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Abstract

Cardiac involvement in systemic sclerosis (SSc-Cl) may be either primary or secondary to pathologic
processes in other organs. In contrast to other autoimmune rheumatic diseases, primary SSc-Cl pref-
erentially manifests as non-ischemic myocardial fibrosis, with or without myocardial inflammation
and minimal involvement of epicardial coronary arteries. Recent developments in cardiovascular (CV)
imaging modalities and their increasing availability necessitate the creation of concrete recommen-
dations for use in SSc patients, based on the most recent scientific evidence. Echocardiography offers
rapid, effective, multiparametric, and widely available imaging evaluation of SSc patients, owing to
its ability to analyze both left and right chambers, as well as pulmonary hemodynamics. However,
it is an operator- and acoustic window-dependent modality that cannot perform tissue character-
ization, which is crucial in these conditions. CV magnetic resonance in SSc patients can accurately
evaluate biventricular volumes, ejection fractions, myocardial fibrosis load, and changes suggestive
of myocarditis. T2 mapping is the best index of edema indicating acute myocardial inflammation,
while late gadolinium enhancement is an index of replacement fibrosis. Extracellular volume fraction
(ECV)is an indicator of diffuse myocardial fibrosis only in the absence of significant myocardial inflam-
mation. However, if myocardial inflammation/fibrosis coexist, ECV reflects a combination of the two,
but it cannot completely discriminate between them. SSc-Cl hangs like the sword of Damocles over
physicians managing SSc patients. A constructive partnership between the rheumatologist and the
cardiologist is necessary to provide each SSc patient with a comprehensive screening protocol for
early detection and treatment of cardiopulmonary pathologic processes.

Keywords: Echocardiography, cardiovasular magnetic resonance, systemic sclerosis, oedema, fibrosis,
myocarditis, myositis

Introduction

Systemic sclerosis (SSc) or scleroderma is an autoimmune rheumatic disease, typified by the triad of au-
toimmune activation, vasculopathy, and progressive fibrosis of the skin and internal organs (1). Although
officially labeled a rare disease, recent epidemiologic evidence suggests that SSc affects more than two
million patients worldwide, with approximately 300,000 new cases diagnosed each year (1). The systemic
component of SSc refers to the involvement of major organs, those most often being the lungs and kid-
neys. However, SSc may also involve the cardiovascular (CV) system, which currently represents a significant
contributor to mortality in this patient group (2).

Clinical manifestations of cardiac involvement in SSc

Cardiac involvement in SSc (SSc-Cl) may be either primary or secondary to pathologic processes in other ma-
jor organs (e.g., pulmonary or renal involvement). In contrast to other autoimmune rheumatic diseases main-
ly characterized by the occurrence of ischemic CV disease (CVD), primary SSc-Cl preferentially manifests as
non-ischemic myocardial fibrosis, with or without myocardial inflammation and minimal or no involvement of
epicardial coronary arteries (3). SSc patients may thus present with myocarditis, heart failure (systolic or more
commonly diastolic dysfunction), conduction abnormalities, and/or pericardial and valvular disease (3).

Mild diastolic dysfunction is present in a significant proportion of SSc patients, whereas restrictive cardio-
myopathy leading to severe diastolic dysfunction has been rarely documented (4). Systolic dysfunction
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is relatively uncommon, usually occurring as
a consequence of coronary artery disease or
more commonly in the context of myocarditis
and/or myocardial fibrosis (5). Cardiac conduc-
tion abnormalities including supraventricular/
ventricular arrhythmias and/or atrioventricular
block may be present in up to a third of SSc
patients, and are associated with increased
mortality (4). Small or moderate pericardial
effusions and rarely pericardial tamponade or
constrictive pericarditis have also been report-
ed in SSc patients (6). Valvular disease in the

e The CMR examination in SSc should in-
clude:

e Biventricular volume and ejection frac-
tion evaluation.

e Detection of autoimmune myocardial
inflammation, because such patients
should be promptly treated with im-
munosuppressive medication. Recently,
the Journal of the American College of
Cardiology Scientific Expert Panel pro-
vided consensus recommendations for
an update of the Lake Louise Criteria
that include options to use parametric
mapping techniques. The authors pro-
posed that CMR provides strong evi-
dence for myocardial inflammation, with
increasing specificity, if the CMR scan
demonstrates the combination of myo-
cardial edema with other CMR markers
of inflammatory myocardial injury. This
is based on at least one T1-based crite-
rion (increased myocardial T1, extracel-
lular volume, or LGE) with at least one
T2-based criterion (global or regional
increase in myocardial T2 relaxation
time or an increased signal intensity in
T2-weighted CMR images). Although
having both a positive T2-based mark-
er and a T1-based marker will increase
specificity for diagnosing acute myocar-
dial inflammation, having only one (i.e,
T2-based OR T1-based) marker may still
support a diagnosis of acute myocardial
inflammation in an appropriate clinical
scenario, but with less specificity.

e T2 mapping is the best index of edema
indicating acute myocardial inflammato-
ry reaction.

e ECVis an indicator of diffuse myocardial
fibrosis only in the absence of significant
myocardial inflammation. However, if
myocardial inflammation and fibrosis
coexist, ECV reflects a combination of
inflammation and fibrosis, but does not
provide information exclusively about
the extent of diffuse fibrosis.

form of valvular leaflet thickening and valve
prolapse, as well as non-infectious endocardi-
tis has been rarely documented in SSc patients

7).

Aetiopathogenesis of cardiac

involvement in SSc

The hallmark of SSc-Cl is myocardial fibrosis
with or without the presence of inflammation
(4). The most prevalent hypothesis is a vascular
mechanism underlying the fibrotic process (8).
Microvasculopathy is one of the earliest patho-
logical features of SSc, often preceding but
likely contributing to the fibrotic pattern of SSc
and underlying the clinical manifestation of
Raynaud phenomenon and pulmonary hyper-
tension (PH). Similarly, repeated focal micro-
vascular ischemia and reperfusion is thought
to underlie myocardial fibrosis and diastolic
dysfunction (8). More recently, the presence of
myocardial inflammation in the early stages of
the disease has been reported, suggesting that
fibrotic processes may be preceded by inflam-
matory changes (7).

Current criteria according to rheumatologists to
diagnose SSc cardiac involvement

Identification of patients necessitating a high
index of suspicion

Epidemiologic studies have identified the
following risk factors for the development of
SSc-Cl: (a) diffuse cutaneous SSc, (b) anti-to-
poisomerase antibody (anti-Scl70) seroposi-
tivity, (c) male gender, (d) presence of myositis,
(e) interstitial lung disease (ILD), and (f) tendon
friction rubs (5). These factors can be employed
in clinical practice to maintain a higher index of
suspicion in these specific patient subgroups.
The presenting symptoms of SSc-Cl are broad
and typically comprised of dyspnea, peripher-
al edema, fatigue, chest pain, palpitations, or
syncope. Additionally, routine annual echo-
cardiographic monitoring for PH may identify
incidental early myocardial changes.

Further evaluation of suspected primary cardiac
involvement in SSc patients

If SSc-Cl is suspected owing to any of the
aforementioned reasons, further assessment
is necessary. However, few recommendations
are available for guiding clinical practice. The
initial UK SSc working group practice guide-
lines were mainly based on expert opinion
and lacked widespread substantiation by sci-
entific evidence (9). Management of traditional
cardiovascular risk factors is advocated as per
standard practice. Recommendations for the
use of electrocardiography (ECG), Holter mon-
itoring, plasma cardiac biomarkers, echocardi-
ography, and CV magnetic resonance (CMR)
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are also provided. Nevertheless, an integrated,
up-to-date, evidence-based approach to diag-
nostic considerations in SSc-Cl is still needed.

Current gaps in evidence and the

purpose of this review

Recent technological developments in non-in-
vasive CVimaging modalities as well as their in-
creasing availability necessitate the generation
of concrete clinical practice guidelines for their
use in the SSc patient population, based on the
most recent scientific evidence. This, in turn,
may allow the optimization of screening, early
identification, risk stratification, and reduction
of associated mortality of SSc-Cl, as well as the
introduction of tailored treatment based on
diagnostic findings. The purpose of this narra-
tive review is to present available evidence on
non-invasive CV imaging modalities and their
use in SSc-Cl, as well as implications for current
practice and future research.

Echocardiography in systemic sclerosis
Echocardiography offers the advantage of
non-invasive, real-time evaluation of cardiac
structure and function, together with the abili-
ty to estimate pulmonary artery pressure (PAP)
and other non-invasive hemodynamic mea-
surements.

PH is defined as resting mean PAP>25 mm Hg,
measured invasively, and is a frequent finding
in SSc patients (10). PH may be the result of
an isolated pulmonary arteriopathy, but also
the consequence of ILD or left ventricular (LV)
systolic/diastolic dysfunction (11). Different eti-
ologies are associated with distinct pulmonary
and systemic hemodynamics. Then, the task of
the clinician is to make the correct diagnosis,
to choose specific therapeutic management,
and improve patient prognosis, keeping in
mind that multiple mechanisms can coexist
and overlap. Early diagnosis of PH or cardiac
involvement in SSc is pivotal because identifi-
cation at early stages may confer a better prog-
nosis. However, it should be noted that lung
computed tomography is the gold standard
evaluation for the assessment of pulmonary
pathology, particularly in cases where con-
comitant cardiac involvement may need to be
excluded in patients at high risk of progression.

Standard echocardiography

Resting 2D echocardiography (2DE) in SSc
patients allows the indirect assessment of
systolic PAP (PAPs) and a thorough evalua-
tion of cardiac morphology and function (11)
(Table 1). PAPs measurement is based on the
peak tricuspid regurgitation velocity (TRV)
and right atrial pressure (RAP) estimation,
which, in turn, is derived from the diameter of
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Table 1. Summary for performing a comprehensive transthoracic echocardiographic examination in patients with systemic sclerosis.

Technique

Parameter

Advantages

Limitations

2D linear measurements

2D volumes

3D volumes and mass

e EDD, ESD, IVS, ILW, LVMI, RWT

e EDV, ESV, LAVI, EF

e EDV, ESV, LAVI, EF, LVYMI

Simple
Allows perpendicular
orientation to the LV long axis

Less geometrical assumptions
compared with linear
measurements

No geometrical assumptions
Unaffected by foreshortening
More accurate and reproducible
than 2D when compared to
cardiac magnetic resonance

Measurements are representative of LV size
only in normal shaped ventricles

Reconstruction from only two different views
(apical four-chamber and two-chamber planes)
Apex foreshortening

Endocardial dropout

Time consuming

Low temporal resolution

Image-quality dependent

Needs specific 3D equipment and training for
offline analysis

Speckle-tracking * Peak GLS e Angle independent ¢ Time consuming
e Vendor dependent
¢ Needs specific software and training for
offline analysis
RV/RA size and function
Technique Parameter Advantages Limitations

2D linear measurements

Tissue Doppler Imaging

2D areas

3D volumes

Speckle-tracking

e RVOT, RVD1, RVD2, RVD3, TAPSE

e S’-wave

e Fractional Area Change

e EDV, ESV, RAVI, EF

e Peak GLS

Simple and reproducible

Established prognostic value

Simple and reproducible
Established prognostic value

Relatively easy to measure

No geometrical assumptions
Inclusion of RV global size: inflow,
apical and outflow tracts

More accurate and reproducible
than 2D when compared to
cardiac magnetic resonance

Angle independent

Single-site measurement may underestimate
RV size due to the complex geometry of the RV
Require RV-focused apical four chamber view
to reduce variability

Angle dependency

Partially representative of RV global function
Angle dependency

Partially representative of RV global function
Frequent suboptimal RV endocardial definition
Low inter-observe reproducibility

LV twisting motion and RV crescent shape
affect the end-diastolic and end-systolic
tomographic-plane alignment

Partially representative of RV global function

Low temporal resolution

Image-quality dependent

Needs specific 3D equipment and training for
offline analysis

Time consuming

Vendor dependent

Needs specific software and training for
offline analysis

Few publications

$205
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Table 1. Summary for performing a comprehensive transthoracic echocardiographic examination in patients with systemic sclerosis (Continue).

Hemodynamics

Technique Parameter

Advantages

Limitations

LV diastolic function e E/A, DT, Ele’

Pulmonary circulation o PAPs

e RVOT,, acceleration time o

e PVR

e Simple and reproducible
e Established prognostic value

e Simple
e Noninvasive

Simple
e |ndirect correlation with
mean PAP

o The notched profile of Doppler

flow is associated with higher
mean PAP and PVR
¢ Do not require additional
measurements*
e Noninvasive

* Angle dependency

o Affected by heart rate, cardiac output, LV
volumes, LV filling pressure

e Difficult to apply in patients with arrhythmias,
severe mitral valve disease, previous cardiac
surgery

* Age dependency

e Measurement of TRV is not feasible in all the
patients

e Based on the indirect assumption of RAP by
the size and dispensability of inferior vena
cava during inspiration at rest and during
forced inhalation

e Underestimation in the presence of severe
tricuspid regurgitation

e Qverestimated by Doppler gain error

e Inaccurate in the presence of pulmonary valve
stenosis

e Inaccurate in the presence of RV systolic
dysfunction

e Angle dependency

o Affected by heart rate, cardiac output, RV
function

e |ndirect evaluation
¢ See limitations of PAPs and RVOTVTI
e Few publications

*PVR=10 - TRV/RVOTVTI

LV: left ventricle; LA: left; EDD: end-diastolic diameter; ESD: end-systolic diameter; IVS: interventricular septum; ILW: infero-lateral wall; LVMI: left ventricular mass index; RWT: relative wall thickness;
LAVI: left atrial volume index; EF: ejection fraction; GLS: global longitudinal strain; RVOT: right ventricle outflow tract; RVD1: right ventricle basal diameter; RVD2: right ventricle mid diameter; RVD3:
right ventricle longitudinal diameter; TAPSE: tricuspid annular plane systolic excursion; RAVI: right atrial volume index; DT: deceleration time; PAPs: systolic pulmonary artery pressure; VTI: velocity-

time integral; PVR: pulmonary vascular resistance.

the inferior vena cava and its respiratory vari-
ation. Because of the inaccuracy of RAP es-
timation, guidelines recommend using peak
TRV as the primary variable for assigning the
echocardiographic probability of PH (10), tak-
ing into account that underestimation [e.g,,
severe tricuspid regurgitation or right ven-
tricular (RV) systolic dysfunction] or overesti-
mation (e.g., errors in adjusting Doppler gain)
may also occur (12). Other echocardiographic
variables may be considered for confirming a
suspicion of PH, such as an enlarged RV and
right atrium with dilated pulmonary artery
diameter, RV outflow Doppler acceleration

time <105 ms with a mid-systolic notching,
or a systolic flattening of the interventricular
septum due to pressure overload imposed
on the RV (10).

Echocardiographic LV evaluation is well-estab-
lished and reliable, as extensively described
in international recommendations (12), but a
comprehensive assessment of RV structure and
function in SSc is advisable. RV measurements
are challenging, owing to the complex geom-
etry of this chamber. A 2DE RV-focused apical
four-chamber view obtained with either lateral
or medial transducer orientation is advisable

for reducing inter-reader variability (Figure 1).
Increased basal and midlevel diameters indicate
RV dilatation; likewise, the right atrium can be
assessed from the same view, measuring the
area or volume (13). RV free-wall thickness in the
subcostal view should also be evaluated, be-
cause the RV develops concentric hypertrophy
in response to pressure overload during the ad-
aptation phase that precedes heart failure (13).
RV systolic function can be roughly assessed
using the longitudinal excursion of the tricuspid
annular plane during systole (TAPSE). TAPSE has
the advantage of being simple, independent
of RV preload, and related to stroke volume
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Figure 1. Echocardiographic assessment of
right ventricle (RV) from an RV-focused apical
four-chamber view in a healthy subject.

(12). Tissue-Doppler-Imaging-derived S'-wave
velocity of tricuspid lateral annular velocity is
another reliable and reproducible parameter
for expressing RV systolic function (14), even
though it is angle-dependent. However, both
TAPSE and S"-wave do not represent global RV
performance (12). Fractional area change during
the cardiac cycle can offer a more comprehen-
sive assessment of RV systolic function, but ne-
glects the contribution of the RV outflow tract
to overall systolic function and has low inter-ob-
server reproducibility. 3D-echocardiography
(3DE) derived volumetric measurements are
more robust and accurate compared with 2D
linear dimension delineation in assessing cardi-
ac structure and function (12), making 3DE the
preferred approach. Nevertheless, a thorough
echocardiographic evaluation, although high-
ly advised, may sometimes not be possible to
perform owing to patient constraints, lack of ex-
pertise, or lack of appropriate analytic software.
In this case, a core set of basic parameters that
can guide the clinician to refer patients to more
specialized centers should at least include the
parameters presented in Figure 2.

Finally, the addition of lung ultrasound to
conventional transthoracic 2DE is relatively
time-saving and has incremental value in iden-
tifying the etiology of PH (11). Indeed, the pres-
ence of multiple, diffuse, bilateral B-lines with a
regular pleural line and a gravity-related distri-
bution can corroborate the diagnosis of decom-
pensated left heart failure, as a sign of pulmo-
nary congestion (15). In contrast, a normal LV
scan with multiple, diffuse B-lines and an irregu-
lar pleural line are highly suggestive for ILD (16).

Exercise echocardiography

The study of pulmonary hemodynamics during
exercise is fascinating and challenging at the
same time. Right heart catheterization is the
gold standard for assessing PH at rest and
during exercise, but exercise echocardiography
represents a non-invasive tool with evolving
clinical applications (11). Exercise PH can be de-

Ejection
Fraction

e Haemo-
Collapsibility .
dynamics

Left
Ventricle

Mavrogeni et al. Cardiac imaging in SSc

Left
Atrium

Consider
e referral to
tertiary center

Diameter

Right
Atrium

Cardiac
Valves

Right

Ventricle

Dimensions

Figure 2. Core echocardiographic parameters that should be considered in all cases before re-
ferral to a tertiary scleroderma center. TDI tissue Doppler imaging, PASP pulmonary artery systol-
ic pressure, IVC inferior vena cava, TAPSE tricuspid annular plane systolic excursion.

fined as the presence of resting mean PAP<25
mm Hg and mean PAP>30 mm Hg during exer-
cise, with pulmonary vascular resistance (PVR)
greater than 3 Wood units (10). It represents the
result of early pulmonary vascular disease, left
heart disease, lung disease, or a combination of
these conditions. As all these mechanisms may
evolve and/or coexist in SSc, exercise echocar-
diography could be useful in evaluating pulmo-
nary hemodynamics as well as the state of the
left and right heart chambers.

[tis essential to consider that exercise PH in SSc
patients is dependent not only on PVR but also
on LV filling pressure (17). Echocardiography
may help identify the relative hemodynamic
contribution of each parameter during exercise
to better understand the main determinants of
increased PAP, unveiling early signs of LV or RV
dysfunction (18). However, even though exer-
cise PH has a high prevalence in SSc patients,
only a small proportion go on to develop PH
during follow-up (19). Additionally, PH does not
occur over time in SSc patients without exercise
PH (20). So far, there is a lack of robust clinical ev-
idence on targeted medical therapy for exercise
PH, as recognized by the latest European Guide-
lines (10). Larger studies are needed to test the
value of exercise echocardiography in assessing
the pathologic background of altered pulmo-

nary hemodynamics in SSc and determining its
role in detecting patients with a very low proba-
bility of developing PH.

New frontiers: 3DE and STE

3DE overcomes the limitations of conventional
2DE, providing an accurate reconstruction of
LV and RV volumes. Dedicated single-beat or
multi-beat 3D acquisition software is available
for evaluating the left and right cardiac cham-
bers without geometric assumptions; specific
training in image post-processing and analysis
is required for their operation. Although 3DE
tends to underestimate cardiac volumes in
comparison with CMR, the gold standard for
right heart evaluation (21), the correlation be-
tween 3DE and CMRis significantly higher than
that between 2DE and CMR (22).

Speckle tracking echocardiography (STE) pro-
vides a useful assessment of both LV and RV
global and regional systolic function (23). 2DE-
STE is influenced by image quality and frame
rate, but is independent of the angle of inson-
ation. Peak LV global longitudinal strain (GLS)
reflects the deformation of all LV segments and
represents the most robust and reproducible
STE-derived parameter in various cardiac dis-
eases, including SSc (23). In the context of the
RV, GLS usually refers to the RV free wall seg-
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Figure 3. a-d. (a) Speckle-tracking echocardiography for longitudinal strain analysis of the right
ventricle (RV) free-wall from an RV-focused apical four-chamber view in a healthy subject. (b) The
different colors of the curves represent different myocardial segments, while the white dotted
curve represents the peak RV longitudinal strain of the free-wall during the cardiac cycle. ()
Regional and global peak RV free-wall longitudinal strain. (d) Anatomical M-mode color-coded
display of segmental strain variations during the cardiac cycle.

Figure 4. Four chamber inversion recovery
image showing diffuse subendocardial fibro-
sis from an SSc patient with rapid cardiac de-
terioration.

ments alone (Figure 3); peak RV-GLS provides
incremental prognostic value in PH (24).

To conclude, echocardiography offers rapid,
effective, multiparametric, and widely available
imaging evaluation for the study of SSc patients,
owing to its ability to analyze both left and right
chambers, as well as pulmonary hemodynam-
ics. A constructive partnership between the
rheumatologist and the cardiologist is neces-
sary to give each patient with SSc a comprehen-
sive screening protocol for early detection of
both heart and pulmonary involvement.

CMR in SSc

CMR is a non-invasive imaging modality that
does not employ ionizing radiation and is of
great importance for the assessment of CVD.
Specifically, for SSc patients, an integrated
CMR examination should include the follow-

ing:

Measurement of ventricular volumes and ejec-
tion fractions: CMR is the current diagnostic
gold standard for the assessment of cardiac
volumes and ejection fractions of both ven-
tricles and specifically of the RV, which is of
special interest in SSc. RV assessment is not al-
ways adequately performed when using 2DE,
whereas 3DE seems more promising; there are
still diagnostic dilemmas in cases with RV dil-
atation (21). CMR measurements of volumes
and ejection fractions are more accurate and
reproducible compared with other imaging
modalities. Although other modalities cor-
relate well with CMR-derived measurements,
the absolute cut-off values are different and
not interchangeable between modalities.
Therefore, it is absolutely necessary that the
same patients be followed with the same
modality over time. CMR is ideal for the serial
evaluation of individual patients with respect
to changes in RV and LV volumes, ejection
fractions, LV mass, and wall motion, owing
to its high reproducibility and operator inde-
pendence (21). This, in turn, permits the early

Eur J Rheumatol 2020; 7(Suppl 3): 5203-11

detection of subclinical deterioration or the
evaluation of medication effectiveness in clin-
ical trials with SSc patients (21).

Evaluation of inflammation: CMR excels at evalu-
ating inflammation, owing to its ability to char-
acterize myocardial tissues. In order to perform
CMR, a strong magnetic field is used to polarize
hydrogen atoms in the body so that their mag-
netic moments (vectors perpendicular to their
angular momentum) align along the same axis,
either parallel or anti-parallel to the magnetic
field. A radiofrequency photon pulse is then
emitted, which provides additional energy for
the protons to transition from the low-energy
state (parallel) to the high-energy state (an-
ti-parallel). As the protons start to return to the
lower energy state, they re-emit the energy
they absorbed in the form of photons, which
are used by a detector to digitally reconstruct
an image. Protons have two ways of returning
to their original position, the so-called longitu-
dinal relaxation and transverse relaxation. The
average amount of time required for longitu-
dinal relaxation (T1) and transverse relaxation
(T2) differs according to the composition of
each tissue and can thus be used to character-
ize myocardial tissues essentially on the basis
of their proton content (25).

CMR is the only non-invasive imaging modali-
ty capable of detecting myocardial inflamma-
tion, before functional changes start to occur
(e.g., in LV and RV volumes and ejection frac-
tions). Combined with the use of a paramag-
netic gadolinium-based contrast agent, CMR
provides a fundamental contribution to the
diagnosis of myocarditis using three types
of images: T2-weighted (T2-W) images, early
T1-weighted (T1-W) images (early gadolinium
enhancement [EGE]), and delayed enhanced
images (late gadolinium enhancement [LGE])
(the former taken after 1 min and the latter
after 10-20 min following the injection of para-
magnetic contrast agent).

According to Lake Louise criteria for the diag-
nosis of myocarditis, the myocardial to skeletal
muscle T2-signal ratio, as well as EGE and LGE
imaging should be evaluated before reach-
ing a diagnostic conclusion. The examination
is considered as positive for myocarditis, if
2/3 of the examined indices are positive (26).
These criteria have been successfully used for
acute myocarditis detection, with sensitivities
and specificities ranging from 53% to 92%
and 57% to 95%, respectively. However, low-
er values were seen when endomyocardial
biopsies (EMBs) were used as reference stan-
dard instead of clinical/angiographic findings
(26). In an EMB-based study, Lurz et al. (27)
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differentiated the diagnostic performance of
the criteria for acute and chronic myocarditis.
In acute myocarditis, sensitivity and specifici-
ty were 76% and 54%, respectively. However,
they were considerably less accurate in chronic
myocarditis, yielding a sensitivity and specific-
ity of 63% and 40%, respectively, for the diag-
nosis of EMB-documented chronic myocarditis
(27). In a study on EMB-documented acute
and chronic myocarditis, T2-mapping alone
yielded an area under the receiver-operator
characteristics curve (AUC) of 0.81 and 0.77 for
the detection of acute and chronic myocardi-
tis, respectively, whereas the criteria yielded an
AUC of 0.56 and 0.53, respectively (28). These
findings raise concerns about the diagnostic
value of the Lake Louise criteria, particularly in
patients with chronic myocarditis.

More recently introduced T1-based indices
reflect myocardial disease involving both the
myocytes and interstitium, whereas the ex-
tracellular volume fraction (ECV) is a direct
gadolinium contrast-based measurement of
extracellular space size, reflecting the presence
of interstitial pathology. A recent study docu-
mented that ECV and native T1 mapping per-
formed at least equally well compared with es-
tablished CMR-indices such as the Lake Louise
criteria (29). In another study, the application of
Lake Louise criteria revealed silent myocarditis
in SSc patients without cardiac symptoms and
had no correlation with blood inflammatory in-
dices, cardiac troponin, or disease characteris-
tics (30). In this study, CMR was proven a prom-
ising tool for diagnosing and monitoring the
response to immunomodulatory treatment in
SSc patients with silent myocarditis (30).

Pathophysiology behind the CMR

assessment of inflammation-fibrosis

The increase in water content of myocardial
tissues, owing to myocardial edema occurring
during the inflammatory process, is the main
cause of longer T2 relaxation times. Paramag-
netic contrast agents are not used for T2-based
sequences, as they only affect T1 relaxation
time. There are three ways to assess edema us-
ing T2-W sequences.

1. The visual assessment: T2-W sequences
are very sensitive to water increase. There-
fore, there is a bright area in the myo-
cardium using T2-W images because of
increased water and myocardial edema.
This is a qualitative approach and can be
potentially misleading, if there are mo-
tion/respiratory artifacts (31).

2. T2 signal ratio of myocardium to skeletal
muscle: This is a semi-quantitative ap-
proach. A T2 signal ratio of >1.9 has been

used as an indicator of myocardial edema
in Lake Louise criteria (31).

3. T2mapping:Thisis a pure quantitative ap-
proach. Normal myocardial T2-mapping
values, acquired using steady-state free
precession imaging, have been reported
to be 52.184+3.4 ms using a 1.5T magnetic
field (32) and 51.6+3 ms using a 3T mag-
netic field (33).

EGE

EGE describes the phenomenon of regional
vasodilatation, increased blood flow, and capil-
lary leakage usually occurring in inflammatory
processes. These phenomena lead to increased
paramagnetic contrast retention in the early
washout period, resulting in prolongation of
T1 relaxation times (34). Analysis of EGE images
is commonly performed using the global rel-
ative enhancement (gRE), which is calculated
as myocardial SI divided by skeletal muscle
SI. Most studies use a gRE value of 4.0 as the
threshold between healthy and abnormal
myocardium (35).

The sensitivity, specificity, and diagnostic accu-
racy of EGE fordiagnosing acute myocarditis are
66%, 70%, and 67%, respectively, with a wide
range of diagnostic performances reported
for both myocardial signal enhancement and
gRE analysis techniques. Interestingly, Bohnen
et al. (36) found no statistical difference in gRE
between heart failure patients with histologi-
cally confirmed inflammation and those with-
out. gRE values significantly decrease between
acute and convalescent phases of myocarditis
(37). EGE may also be an index of area at risk of
both reversible and irreversible cardiac lesions
post-acute myocardial infarction (38).

LGE

CMR can detect and quantify replacement-type
myocardial fibrosis, due to irreversible myocar-
dial damage (viability study). The preferred im-
aging time for replacement fibrosis detection
is between 10 and 20 min after paramagnet-
ic contrast agent administration, when the
contrast agent concentrations in the different
tissue compartments have reached a steady
state. This method is referred to in the literature
as LGE CMR and is the diagnostic gold stan-
dard for the assessment of replacement-type
fibrosis in vivo (Figure 4) (39). CMR can detect
fibrosis in as little as 1 cm? of tissue, thus having
significantly higher spatial resolution than oth-
er in vivo methods of evaluation, such as echo-
cardiography and nuclear imaging modalities.
CMR also has excellent agreement with histo-
logic findings in both animal and human stud-
ies (39). However, SSc may be accompanied by
diffuse interstitial-type myocardial fibrosis next
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to the replacement-type identified by LGE (39).
Diffuse interstitial fibrosis takes place in the in-
terstitial space between myocardial cells and
cannot be detected by LGE. Therefore, novel
CMR indices have been developed that are
sensitive for the expansion of the extracellular
space (presented in the following section).

New CMR indices

Native T1 mapping

Native T1 is a promising method for the de-
tection of myocardial abnormalities without
the need for administration of paramagnet-
ic contrast agents. Normal myocardial na-
tive T1 values, acquired using the modified
look-locker inversion recovery magnetic res-
onance (MR) method, have been reported to
be 930+21 msand 1052423 ms at a magnetic
field strength of 1.5T and 3T, respectively (40).
The native T1 value of the myocardium is also
dependent on age and sex with men and old-
er subjects having slightly higher values than
women and younger subjects (41). Pathologic
processes can alter either the water compo-
sition or the molecular environment of the
myocardium and consequently alter T1 relax-
ation time in diffuse interstitial fibrosis, ede-
ma, and inflammation (42, 43).

Extracellular volume fraction values

The myocardium can be divided into its cellular
and extracellular or interstitial components. The
extracellular space contains interstitial free flu-
id, collagen fibrils, and glycoproteins (44). The
interstitium is a dynamic environment of vital
significance for normal cardiac function (44,
45). Extracellular space expansion is an import-
ant factor in ventricular remodeling and a po-
tential therapeutic target. Myocardial fibrosis, a
common pathologic finding of heart diseases
and a major independent predictor of adverse
cardiac events, is the major cause of extracellu-
lar space expansion (44). Other pathologic pro-
cesses such as edema and inflammation may
also cause extracellular space expansion (45).
Until recently, EMB was the only available meth-
od for the quantification of diffuse fibrosis. T1
mapping sequences have enabled the non-in-
vasive quantitative estimation of myocardial
interstitial remodeling. The myocardial ECV is
derived on the basis of native T1 mapping val-
ues and T1 mapping values after injection of
paramagnetic contrast agent corrected for the
hematocrit level, and its clinical utility has been
demonstrated by several studies (43).

CMR issues in the evaluation of SSc patients
Specifically in SSc, several difficulties may be
encountered in the evaluation of myocardial
inflammation/fibrosis:
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a) Replacement-type myocardial fibrosis con-
stitutes the “trademark” of SSc and thus cannot
be considered as an acute myocarditis index.
Distinguishing between edema and fibrosis
in SSc patients is not possible even when em-
ploying T1 mapping (46). In addition, there is a
great variation in LGE signal intensity, although
the significance of this variation remains un-
known. A signal intensity above 5 standard de-
viations (SD) of the normal myocardium should
be considered as full intensity LGE and a gray-
scale analysis of intermediate-signal intensity
LGE should be performed for cases with >2SD
but <55D of the normal myocardium (47). The
presence and extent of LGE is also linked to
ventricular arrhythmias in SSc patients (48).

b) In parallel with replacement fibrosis, identi-
fied by LGE in SSc, diffuse interstitial fibrosis can
be also detected. The latter remains unidenti-
fied by LGE and only the new CMR indices in-
cluding T1 mapping and extracellular volume
index (ECV) are able to assess it (46). However,
recent findings comparing ECV with EMB in
inflammatory cardiomyopathies proved that
the concept of ECV as an index of diffuse myo-
cardial fibrosis is correct only in the absence
of significant myocardial inflammation. Taking
into account that various degrees of myocar-
dial inflammation and fibrosis may coexist in
various diseases including SSc, the measured
ECV will reflect a sum of different pathologies
occurring in the extracellular volume, but will
not inform exclusively about the extent of dif-
fuse fibrosis (47, 49).

¢) CMR maybe not always be in agreement
with EMB. However, considerations including
the exact timing of CMR and/or EMB play an
important role in this case. Furthermore, CMR
is more suited to identification of acute in-
flammatory processes and may underestimate
chronic inflammatory lesions (35).

Conclusion

Non-invasive CV imaging in the form of echo-
cardiography and CMR are of paramount im-
portance for the detection of CVD in SSc. We
recommend a thorough baseline echo and, if
available, a CMR evaluation at diagnosis. Serial
echocardiographic evaluations are also strong-
ly recommended, possibly every 6-12 months,
according to the overall clinical picture. Pa-
tients with any change in echocardiographic
parameters during follow-up or with any signif-
icant increase in myocardial necrosis biomark-
ers (cardiac troponins) should be immediately
evaluated with CMR, and administration of
relevant cardiac and anti-rheumatic medica-
tion should be promptly contemplated. CMR
can be also used as a screening tool in order

to avoid unnecessary coronary angiography
in patients presenting with chest pain, ECG
changes, and/or elevated cardiac biomarker
levels.

To conclude, the indications to refer SSc pa-
tients for CMR include:

1. ECGand/or echocardiographic abnormal-
ities necessitating further evaluation.

2. Typical or atypical cardiac symptoms not
otherwise clearly explained.

3. Asignificant increase in myocardial stress/
injury biomarkers.

4. Any mismatch between clinical symp-
toms and echocardiographic findings or
biomarker values.

5. Evaluation/change of cardiac and an-
ti-rheumatic medication.

Most of these indications are unfortunately not
supported by solid published data yet, and up-
to-date essentially reflect routine clinical expe-
rience. There is a strong need of a cooperative
effort from the scientific community to pro-
vide robust evidence for the use of advanced
cardiac imaging to support the management
of these patients, whose natural history and
specific needs in presence of SSc-Cl are so
different from the more common and known
cardiac conditions.
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