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Abstract: Systemic sclerosis (SS5c) is a complex autoimmune disease characterized by heterogeneous
changes involving numerous organs and systems. The currently available data indicate that muscle
injury (both smooth and striated muscles) is widespread and leads to significant morbidity, either
directly or indirectly. From the consequences of smooth muscle involvement in the tunica media of
blood vessels or at the level of the digestive tract, to skeletal myopathy (which may be interpreted
strictly in the context of SSc, or as an overlap with idiopathic inflammatory myopathies), muscular
injury in scleroderma translates to a number of notable clinical manifestations. Heart involvement
in SSc is heterogenous depending on the definition used in the various studies. The majority of SSc
patients experience a silent form of cardiac disease. The present review summarizes certain important
features of myocardial, as well as smooth and skeletal muscle involvement in SSc. Further research is
needed to fully describe and understand the pathogenic pathways and the implications of muscle
involvement in scleroderma.
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1. Introduction

Systemic sclerosis (SS5c) is a connective tissue disease defined by a complex patho-
genesis that includes vascular damage, immune system impairment, and fibrosis of the
skin and internal organs [1,2]. The two main subsets of the disease (the limited cutaneous
SSc-1cSSc, and diffuse cutaneous SSc-dcSSc) share numerous features, yet differ in terms of
prognosis, with the diffuse form being associated with a higher risk of morbidity and mor-
tality [1,3-5]. The most widely studied clinical changes of the disease include Raynaud’s
phenomenon, digital ulcers, cardiopulmonary and kidney involvement, and digestive
manifestations [6-8].

Muscle involvement in scleroderma is complex and affects both smooth muscle (such
as vascular and digestive smooth muscle) and skeletal muscle [9]. In recent years, the knowl-
edge of the cellular and molecular mechanisms underlying the heterogeneous involvement
of the smooth muscle has considerably improved. The new methods of analyzing smooth
muscle cells from the vascular wall or gastrointestinal tract have facilitated a better under-
standing of the clinical aspects [10-12]. Regarding skeletal muscle involvement, it has been
shown that in SSc it is represented either by myositis, or by non-inflammatory myopathy,
both being important debilitating factors for SSc patients [13,14].
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The pathogenesis and implications of smooth and striated muscle involvement in scle-
roderma remains poorly studied compared with other types of organ involvement [15,16].
The present review summarizes certain important features of smooth muscle, skeletal
muscle, and myocardial involvement in SSc.

The search of the published data was performed on the EMBASE, EBSCO and PubMed
databases, combining the following terms: “systemic sclerosis” or “scleroderma” with

/a7 i

“smooth muscle”, “skeletal muscle”, “gastric wall”, “intestinal wall”, “muscle biopsy”,
7 i 4 ‘" 7 £’

“myopathy”, “myositis”, “anti-PM-Scl antibodies”, “scleromyositis”, “sarcopenia”, “en-
domyocardial biopsy”, and “cardiac magnetic resonance”.

2. Smooth Muscle Involvement
2.1. Vascular Smooth Muscle

SSc is defined by a widespread vasculopathy existing before the onset of tissue fi-
brosis [5,9,17]. It is one of the main pathogenic features involved in the development of
Raynaud’s phenomenon, digital ulcers, pulmonary arterial hypertension, and scleroderma
renal crisis [6,18,19]. The failure to repair the local vascular injury leads to a chaotic deposi-
tion of extracellular matrix [10]. The progressive tissue fibrosis that follows the microvascu-
lar impairment involves the appearance of profibrotic myofibroblasts [20]. Myofibroblasts
have contractile properties and originate from the vascular endothelial cells through an
endothelial-to-mesenchymal transition (EndoMT), a process that is triggered by molecules
such as TGF-$ (transforming growth factor ), ET-1 (endothelin-1), IL1-$ (interleukin
1-B), TNF-« (tumor necrosis factor-«), and other pro-inflammatory cytokines [12]. These
unique cells are characterized by particular functions and immunophenotypic aspects: a
reduction in their endothelial-specific indicators and the gain of myofibroblast-specific
products such as «-SMA [21-23]. Therefore, EndoMT determines an aberrant architecture
of the microvascular network, with capillary loss and dermal fibrosis [5,9]. Furthermore,
the EndoMT process is not exclusively a skin process, as it has also been detected in the
lungs, gastrointestinal wall, myocardium, and kidneys [23-25].

The vascular tunica media contains smooth muscle cells (VSMCs) that regulate the
blood vessel tone and pressure [26,27]. Fully differentiated VSMCs are characterized by a
contractile phenotype and the expression of normal contractile proteins, maintaining a qui-
escent form [28]. However, as a response to specific stimuli (environmental, inflammatory,
growth, or mechanical factors) they may switch to a synthetic phenotype, developing into
proliferative/migratory cells and extracellular matrix component (ECM) producers [27].
During this change, the expression of x-SMA and smooth muscle myosin heavy chain is
downregulated, while other markers are newly acquired (non-muscle myosin heavy-chain
isoform-B, cellular retinol-binding protein-1, platelet-derived growth factor-A, collagen
type I, and others) [28]. This transformation was described as responsible for the devel-
opment of atherosclerosis or systemic hypertension [27,29,30]. In SSc, this mechanism is
present as well, contributing to the extensive tissue fibrosis that follows the initial vascu-
lopathy [9].

Altorok et al. described a novel method for the isolation of VSMCs from the punch-
skin biopsy. The authors investigated six subjects, three with late dcSSc and three healthy
controls, and observed an increased proliferation rate, with higher metabolic activity,
resistance to apoptosis, and longer viability of VSMCs from SSc patients compared with
the control group. Therefore, the altered VSMCs determine uncontrolled vascular tone, and
intimal and media proliferation, finally leading to subsequent fibrosis [31].

It has been stated that Th17 (T helper 17) cells are involved in the pathogenesis of
SSc [32]. In addition, a study reported the proliferative role of IL-17A (interleukin 17A) on
dermal VSMCs in SSc, causing increased collagen synthesis and secretion [33]. Following
this statement, studies were carried out regarding the inhibition of IL-17A as a potential
therapeutic target in SSc, but more research is needed to elucidate the extent to which IL-17
blockade could influence SSc manifestations [34,35].
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The mesenchymal stromal cells (MSCs)—the main source of VSMCs—possess unique
alterations in their differentiation process as a response to specific growth factors (con-
nective tissue growth factor, CTGF; basic fibroblast growth factor, b-FGF; platelet derived
growth factor BB, PDGF-BB; and transforming growth factor 31, TGF-1). Anin vitro study
showed that the MSCs collected from SSc patients differentiated mainly into myofibroblasts,
with uncontrolled contractile VSMCs conversion. Before adding the growth factors, the
MSCs from healthy controls and SSc patients had a comparable phenotype with irregular
shapes and x-SMA. In response to CTGE, the SSc-MSCs failed to differentiate into normal
contractile VSMCs, while b-FGF promoted the synthetic phenotype. Moreover, in SSc,
TGF-f1 generated more myofibroblast differentiation compared with healthy controls [36].

Notably, pulmonary arterial hypertension is one of the most severe and potentially
life-threatening complications in SSc [37,38]. The VSMCs’ activity also plays an important
role in the development of pulmonary arterial hypertension through the same conversion
from a contractile phenotype to a synthetic one [28,39]. The presence of reactive oxygen
species at the level of pulmonary arterial muscle cells may favor collagen synthesis. After
exposure to the sera from patients with SSc-associated pulmonary arterial hypertension,
pulmonary arterial smooth muscle cells exhibited an oxidative stress-related enhancement
in collagen production [40,41]. Moreover, the level of leukotriene B4 was found to increase
in patients with SSc and pulmonary arterial hypertension [42]. The presence of leukotriene
B4 was shown to determine hypertrophy and increased the proliferation of the pulmonary
arterioles” smooth muscle cells [43].

The pulmonary vascular smooth muscle impairment is associated with the dysreg-
ulation of transcription factors such as Krtippel-like factor 5 (KLF5). These factors play
a key role in the proliferation and apoptosis of VSMCs in pulmonary hypertension [44].
Complex autoimmune and inflammatory mechanisms were investigated as part of the
pulmonary arterial hypertension pathogenesis, along with autoantibody production and
genetic abnormalities [39,45,46]. However, the relationship between inflammation, the
immune system and the pulmonary wall remains a matter of further investigation.

The VSMCs’ dysfunction and the differentiation from fibroblast to myofibroblast
involves the PDGFR (platelet-derived growth factor receptor) molecular pathway [28]. A
recent study indicated the decisive role of macrophage-derived PDGF-B in the pathological
development of the smooth muscle cells [47]. High levels of PDGF, PDGFR-{3, and anti-
PDGEFR-o antibodies were also identified in SSc patients’ skin [48,49]. A study published
in 2017 evaluated the in vitro effects of these molecules on human smooth muscle cells of
11 SSc patients. After exposing the smooth muscle cells to anti-PDGFR-o antibodies from
SSc patients’ sera, the smooth muscle cells converted into a synthetic phenotype, with all
the aforementioned properties [41,50].

When combined with IgG from SSc patients” sera, VSMCs were shown to exhibit a
higher growth index and develop a profibrotic response through the activation of vari-
ous protein kinases that adjust the vascular remodeling process [51]. Moreover, studies
reported the presence of VSMC antibodies in SSc patients’ sera, irrespective of pulmonary
hypertension. These antibodies alter VSMCs’ contraction and are directed against STIP1
(stress-induced phosphoprotein 1) and «-enolase [52].

2.2. Digestive Smooth Muscle
2.2.1. Esophageal Involvement

Some of the most common clinical features in SSc patients result from esophageal
involvement, which leads to dysphagia and gastroesophageal reflux disease (GERD) [53,54].
Esophageal dysfunction may appear in approximately 90% of SSc patients [55-57]. In a very
early stage, the clinical symptoms may be absent, although esophageal involvement can be
present at a histological level [58,59]. Smooth muscle atrophy and fibrosis play an important
role in the appearance of esophageal dismotility. This results in reduced pressure and the
absence of coordination in the lower esophageal sphincter, together with an inefficient
peristaltic pump [6,58]. In the beginning, vasculopathy may generate irreversible muscle
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and nerve lesions. Similar to Raynaud’s phenomenon, the vasospasm decreases the muscle
blood supply, leading to motor impairment, and platelet and endothelin activation as a
response to ischemia [60,61]. As a consequence, there is a disproportionate extracellular
matrix formation and aberrant collagen deposition [55,61].

A case—control study evaluated the esophageal biopsy samples of 74 patients with
SSc post-mortem. The authors found important histological findings in the smooth muscle
layer in over 90% of the samples. Atrophic areas observed in the circular smooth muscle
layer were present in all subjects. In 66% of the samples, atrophic modifications in the
longitudinal layer were also present. Moreover, the atrophy was more severe in the circular
layer, although there was no correlation between the disease duration and the degree of
atrophy. In some cases with diffuse esophagitis, inflammatory cells were also present in the
muscular layer of the esophagus [62].

Another study that included the endoscopic and endosonographic examination of
the esophagus in 25 patients with SSc observed a thicker esophageal wall compared with
healthy controls. Moreover, the esophageal muscularis layer and submucosa were thicker
in SSc patients that suffered from dysphagia. The study did not identify any correlation
between disease duration and the structure and width of the esophageal wall [63].

Taroni et al. published a histological and molecular overview of the esophageal
changes in scleroderma. The authors identified three molecular subsets: inflammatory,
proliferative, and non-inflammatory signatures. They are different from the classical
clinical subtypes and do not depend on disease duration, antibodies, skin score, or collagen
deposition. The study suggested the possibility of an inflammatory mechanism as part of
the esophageal involvement, since interferon-induced proteins and inflammasomes were
detected in the inflammatory subset [64].

2.2.2. Gastric Involvement

Gastric involvement appears in approximately 50% of patients with scleroderma [65]
and is characterized by the presence of GAVE (gastric antral vascular ectasia), gastric
hypomotility, and gastroparesis. The most common symptoms of gastric involvement
include early satiety, bloating, regurgitation, nausea, vomiting, eructation, and abdominal
pain [66]. Gastric dysmotility leads to prolonged gastric emptying and is reflected by
altered myoelectric activity [67]. The histological modifications of the gastric wall were
previously described in various studies (Table 1).

Table 1. Histological aspects of the gastric wall in systemic sclerosis.

Authors

Study Participants Results

Ibba-Maneschi et al. [68]

- Important fibrosis among the smooth muscle cells
with disorganized myofilaments and thickened
dense bodies.

Qne pgtie.nt with lcSSc with severe - Nerve endings covered in elastic and collagen
digestive involvement. The sample was fibers, disconnecting them from the smooth
obtained after total gastectomy. muscle cells.

- Erythrocytes and neutrophils partially or
completely clogged the vascular lumen.




Int. . Mol. Sci. 2022, 23, 12011 50f 28

Table 1. Cont.

Authors Study Participants Results

- Extracellular matrix components were
progressively present in the lamina propria and
muscularis mucosae.

- The smooth muscle cells were encircled by focal
fibrosis and areas of atrophy and normal muscle

Eight patients with dcSSc and six with tissue were present in the same section. '
. 1cSSc all with digestive involvement. The - Type L and type III collagen was stocked in the
Manetti et al. [24] samples were obtained through lamina propria, muscularis mucosae, and muscle
endoscopic gastric biopsy. layer.

- Myofibroblast presence was identified in the
muscularis mucosae and muscle layer similar to
the smooth muscle atrophy areas.

- Profibrotic factors (TGF3, CTGF) were present in
all the layers of the gastric wall.

- Collagen deposition was present in the lamina
propria and muscularis mucosae.

Two patients with dcSSc and one with - Focal fibrosis was seen around the smooth muscle
) 1cSSc, all with severe digestive cells with alternating areas of atrophy and normal
Manetti et al. [69] involvement who underwent gastric muscle cells with disorganized myofilaments and

thickened dense bodies.

surgery.
- The myenteric plexus was covered in collagen
bundles.
- The thickness of the gastral corpus layers did not
differ between the two groups.
- The antral muscularis and submucosa were thicker
compared with controls.
The SFUdY included 25 p.atients with SSc - The thickness of the gastric wall was correlated
Zuber-Jerger et al. [63] (2154CV(;’IIIE[};0‘3118CS$; :r;:nlll IWIth 1CSSClztaT1d 4 with the presence o.f dysphagiac but not with the
: ples were obtaine subtype of SSc or disease duration.
through gastric endoscopy. - The duodenal wall, submucosa, and muscularis

were thicker in patients with a greater Medsger
disease severity score, but with no association with
disease duration or subtype.

TGFB—transforming growth factor 3; CTGF—connective tissue growth factor.

2.2.3. Lower Digestive Tract Involvement

Small bowel involvement includes dysmotility, leading to chronic pseudo-obstruction
or small intestinal bacterial overgrowth (SIBO). Patients often present with abdominal
distention, nausea, diarrhea, bloating, abdominal pain, and other symptoms due to mal-
absorption [67,70,71]. Colonic involvement can be suggested by the presence of alter-
nating constipation with diarrhea, fecal incontinence, steatorrhea, or such potentially
life-threatening complications as colonic volvulus or perforation [67,72].

Several studies showed there is a progressive fibrosis of the bowel smooth muscle
and vasculopathy that promotes bacterial overgrowth [73]. Moreover, there is a defective
contractile function, with reduced power and decreased velocity of the smooth muscle
cells that combines with the stiffness of the tissue [74]. There is also an increased collagen
deposition in the mucosa, submucosa and muscularis, especially in the large intestine. The
reduced colonic contractility as a response to a cholinergic agonist was demonstrated using
a scleroderma mouse model [75].

A recent study investigated the histological aspect of the intestines in SSc on autopsy
segments of the small bowel and colon, which were compared with material from healthy
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controls. Vascular impairment was more often present in SSc patients, especially in the
small bowel. The enteric nervous system was altered, especially in the colon, where
neuronal density was decreased in the myenteric plexus, but not in the muscularis propria.
The presence of a-SMA (x-smooth muscle actin) protein was no different between SSc and
healthy controls. However, more inclusion bodies, an both focal and generalized fibrosis
were more often present in the circular layers of SSc patients. Moreover, focal fibrosis was
found with a greater frequency in the colon, as well as in the longitudinal layers [76].

Internal anal sphincter involvement may also be present due to neuropathy or my-
opathy, although it is usually not reported by patients. Studies show that the internal
sphincter’s function is altered, with severe hypotonia due to tissue fibrosis and excessive
collagen deposition [70,77,78].

3. Skeletal Muscle Involvement

Skeletal involvement in SSc can range from unspecific muscle involvement without
muscular inflammation to real inflammatory myositis. However, there is a “grey” area with
patients who are hard to classify as having one or the other.

Patients may experience non-progressive non-inflammatory myopathy as a conse-
quence of digestive disturbance, malnutrition, a sedentary lifestyle, or contractures of
fibrotic skin. In other cases, it appears as an overlapping syndrome with inflammatory
myopathy when patients meet the classification criteria for both diseases [16,79,80]. SSc-
associated myopathy was also described when patients meeting the SSc classification
criteria developed muscle weakness, myalgia, elevated CK (creatin-kinase), abnormal EMG
(electromyography), MRI (magnetic resonance imaging), or muscle biopsy [16]. Another
term cited in the literature is scleromyositis, referring to patients with anti-PM/Scl au-
toantibodies and Raynaud’s phenomenon, scleroderma skin changes, arthralgias/arthritis,
myalgia/myositis, interstitial lung disease, and/or calcinosis, with increased mortality
due to cardiopulmonary involvement [81]. Patients often have marked peripheral muscle
weakness in the upper and lower limbs, with reduced range of motion in the shoulders,
reduced strength in the lower limbs, and physical disability [82,83].

Moreover, SSc may be associated with idiopathic inflammatory myopathy (IIM).
Maundrell et al. reported that myositis antibodies and myositis-specific histological features
were more often present in the SSc-IIM group compared with IIM alone, suggesting a
possible connection between the two diseases [84].

3.1. Systemic Sclerosis and Inflammatory Myopathy

The prevalence of skeletal myopathy varies between 5 and 96%, with differences
between the geographic areas [85]. This variation depends also on the criteria that each
study used in defining muscle involvement. A recent study showed that SSc patients with
a history of exposure to environmental factors, especially silica, had a higher frequency of
myopathy [86]. In some cases, the SSc/polymyositis overlap syndrome may not be fully
differentiated from SSc-associated myopathy [13,16,87]. Currently, whether the presence of
inflammatory skeletal muscle changes should be regarded primarily as a disease-related
manifestation or rather as a sign of overlap with IIM remains a matter of debate.

The recognition of muscle involvement in SSc can be based on symptoms, clinical
signs, and abnormal elevated values of accessible laboratory tests such as serum CK or
aldolase, and should represent a priority in the clinical follow-up, as it is associated with
higher mortality and poor quality of life [88-90]. The clinical presentation shares symptoms
with polymyositis or dermatomyositis, the most frequently reported being myalgia, muscle
weakness, and tenderness [91]. The skeletal muscle involvement is usually symmetric in the
proximal limbs. Distal weakness can also be present, although it is difficult to differentiate
from the consequences of severe skin sclerosis [13]. Although rare, other muscles may
also be involved, such as the cervical muscles, as a manifestation of SSc-IIM overlap
syndrome [92,93]. Moreover, skeletal and cardiac involvement are associated, patients with
myopathy being at risk for congestive heart failure [79].
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Regarding the laboratory findings in myopathy, CK and aldolase levels have been
studied, the latter having the highest predictive value [80,94]. However, these are some-
times unreliable markers; thus, other examinations are required such as EMG, MR], or
muscle biopsy [88]. EMG is usually altered, with modifications similar to those present in
idiopathic inflammatory myopathies [16]. Currently, whole-body MRI is a more common
method of investigation as it is non-invasive and can detect the presence of myositis, despite
the absence of standard scoring systems. In a cohort of 34 SSc patients, muscle edema was
present in 13 of the subjects, of which only 2 had myopathy symptoms, suggesting the
importance of imaging to fully evaluate these patients, regardless of the presence of symp-
toms. Moreover, it was associated with male gender and the diffuse cutaneous phenotype,
although no relationship was found between skeletal and cardiac muscle involvement [95].
Furthermore, MRI can be used to evaluate the presence of diffuse fibrosis in the peripheral
muscles using extracellular volume determination [96]. Certain key clinical and labora-
tory findings from studies of skeletal muscle involvement in SSc patients are described in
Table 2.

Table 2. Skeletal muscle involvement in SSc as reported by previous studies: clinical and laboratory

findings.

Author

Patients

Myopathy Diagnosis

Muscle Involvement

Other Findings

A total of 40 patients with

The presence of muscle
weakness or myalgia,
more than five times the
normal value of CK

A total of 78% had muscle
weakness, 83% had myalgia,
and CK was increased in 82%
of the patients. Among the

17 subjects who underwent an
EMG, 94% had a myopathic

After multivariate
analysis, the reduced
FVC < 75%, heart

Ranque et al. [91] Sligs(():favr\{gl;g ioa‘tgf: d associated with muscle pattern. Of the 13 patients involvement, and the
healthy controls involvement in at least who received an MRI, 77% absence of anti-centromere
' one of the following showed specific alteration. A antibodies were associated
investigations: EMG, MRI,  total of 35 patients underwent ~ with myopathy.
or muscle biopsy. a muscle biopsy and the
results were published
previously [97].
The presence of muscle
weakness wasodefmed 458 A total of 56% of the Ppatients
decrease of 10% of the .
maximal score from presented myalgia. Fourteen Patients with aldolase
A total of 137 patients patients described proximal

Tolédano et al. [94]

with SSc were included,
31% having a diffuse form.

baseline at the MMT-8
score and muscle
involvement in at least
two of the following
exams: EMG, MRI, or
muscle biopsy.

muscle weakness and nine had
diagnosed myopathy
according to the mentioned
criteria.

levels greater than 9 U/L
were at risk of developing
associated myopathy.

Schanz et al. [98]

A total of 18 patients were
enrolled, 15 with dcSSc.

The presence of myalgia
or muscle weakness. All
of the patients were given
an MRL

Muscle weakness was present
in 28% of the patients, while
myalgia was found in 17% of
them. A total of 47% of the
subjects had elevated levels of
CK. Muscle edema and
hyperemia were present in
78% of the patients.

Muscle weakness was
positively correlated with
edema, hyperemia, and
perifascial enhancement
on MRIL

Jung et al. [89]

A total of 1043 patients
were included, of which
396 had dcSSc.

The presence of elevated
levels of CK (>200 p/L for
women and >250 p/L for
men) and a positive
myositis/myopathy
history documented by a
physician.

Of the subjects included, 5.6%
had elevated CK levels and
9.7% had a history of
myositis/myopathy

The patients with elevated
CK were more frequently
males, younger, with
tendon friction rubs, with
an FVC <70%, and a
higher HAQ-DI score.
Moreover, the
ribonucleoprotein and
Scl-70 antibodies were
more frequently positive
in these patients.
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Table 2. Cont.

Author Patients

Myopathy Diagnosis Muscle Involvement Other Findings

Paik et al. [90]

A total of 1718 subjects
were included.

The patients from the
weak group had more
frequent dcSSc, a higher
mRSS score, a shorter
disease duration from the
first non-Raynaud

There were 392 patients
diagnosed with muscle
weakness. Of them, 24% had a
diagnosis of polymyosi-

The muscle involvement
was defined by the
Medsger muscle severity
score. Muscle weakness . L phenomenon, and more
tis/dermatomyositis from ..
means a score greater than . o frequent renal crisis.
which 47.8% also had a muscle
1. bions Moreover, they had a
psy- higher CK level, more
severe digestive and heart
involvement.

Zhou et al. [99]

A total of 204 patients
were included.

Patients diagnosed with
myopathy more often had
dcSSc, interstitial lung
disease, digestive
involvement, digital
ulcers, a higher mRSS
score, and a higher
Valetini disease activity
score compared with those
without myopathy. In the
myopathy group the
incidence of pulmonary
hypertension and
pericardial effusion was
also higher.

A total of 44 patients were
diagnosed with myopathy, all
having elevated CK levels.
Muscle involvement
symptoms were used for
diagnosis in 24 cases, while
20 underwent an EMG, MRI,
or muscle biopsy as follows:
12-EMG; 4-MRI[; and
4-muscle biopsy.

Symptoms of muscle
involvement (fatigue,
muscle weakness, and
myalgia) and at least one
of the following: elevated
CKlevels (>145U/L),
pathologic muscle biopsy,
EMG, or MRI revealing
inflammatory changes.

In the myopathy group,
scleredema, tendon

friction rubs, dysphagia,
and cardiac arrhythmias

A total of 454 patients fAtHleas.t or.‘lelof the level were found more
were investigated, from ollowing: elevated levels frequently, with patients
. . ’ of CK or aldolase, , ¢ X

which 58 fulfilled the ) having a greater disease
Baumberger et al myopathy criteria and proximal muscle weakness activity score. Moreover,
[100] . were further compared documented by a the anti—PM—écl antibodi,es

with the other 58 };Sc physician, muscle atrophy and elevated levels of CK

atients without on physical exam, or and Troponin T were
P positive myositis P .
myopathy. found more often in the

autoantibodies.
myopathy group

compared with
non-myopathy-SSc
patients.

CK—<creatine kinase; EMG—electromyography; MRI—magnetic resonance imaging; FVC—forced vital capac-
ity; MMT—manual muscle testing grading system; mRSS—modified Rodnan skin score; HAQ-DI—Health
Assessment Questionaire Disability Index.

In SSc-associated skeletal myopathy, the histological changes described to date were
similar to (or suggestive of) polymyositis, dermatomyositis, immune-mediated necrotizing
myopathy, fibrosing myopathy, or non-specific myositis (Table 3) [87]. Lefebvre et al. per-
formed a scoping review including all major studies published between 1955 and 2019 that
provided information on the histological features in patients with SSc and myositis. They
reviewed 77 studies and summarized 559 muscle biopsies. Inflammatory infiltrates, com-
posed mostly of T cells, were the most prevalent finding in 57% of the biopsies, 49% of them
being endomysial, 42% perimysial, and 41% perivascular. In 48% of the biopsies, myofiber
atrophy was described, mostly perifascicular. Necrosis of the muscle fibers was reported in
56% of the biopsies and in 41% regenerative fibers were present. The presented data suggest
that the predominant features are not specific for SSc-myositis patients, although up to a
third of patients present acute neurogenic atrophy and fibrosis [101]. Furthermore, fibrosis
was associated with younger age of SSc onset, diffuse cutaneous form, African American
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population, lower forced vital capacity, positivity for anti-Scl-70 and U3-RNP antibodies,
and increased mortality compared with patients with inflammatory myopathy [102].

A recent study reported a specific histological pattern called “minimal myositis with
capillary pathology” (MMCP) present in a high percentage of patients with 1¢SSc. Usually,
patients with MMCP have rare organ involvement, mild CK elevation, and mild disease
activity, yet no association with SSc-specific antibodies [103].

Table 3. Muscle biopsy patterns reported in patients with SSc and muscle involvement symptoms.

Author

Patients

Findings

Paik et al. [104]

The study included a database
of 2830 patients, from which
42 had muscle weakness and
underwent a muscle biopsy.

Necrosis and inflammation were the
most prevalent findings, accounting for
67% and 48%, respectively. Fibrosis was
present in 33% of the biopsies. A
marker for acute neurogenic atrophy
(esterase positivity of angular atrophic
fibers) was described in 48% of the
muscle biopsies. The most common
patterns found were non-specific
myositis in 38.5% of the cases and
necrotizing myopathy in 21.4% of the
biopsies.

Corallo et al. [15]

The study included

35 patients with clinical,
biological, and EMG exams of
muscle involvement.

The most common patterns found
included fibrosis in 81% of cases and
microangiopathy in 92% of the biopsies.
In 85% of cases there was no
inflammatory infiltrate. They also
described loss in small endomysial

vessels and complement deposition in
endomysial capillaries.

In 12 biopsies, a unique pattern was
described as “minimal myositis with
capillary pathology”, characterized as a
mild myositis with rare
histopathological alterations. The rest
of the biopsies were very different: one
had typical anti-synthetase syndrome
alterations and five were non-specific.

From the 367-patient cohort,
18 patients underwent a
muscle biopsy due to the
presence of muscle
involvement symptoms.

Siegert et al. [103]

From the serology markers, it can be seen that anti-PM/Scl antibodies were associ-
ated with a distinct phenotype, muscle involvement being reported more frequently in
PM/Scl-positive patients [80,105]. In SSc, the prevalence of anti-PM/Scl antibodies varies
between 3 and 17.5% as highlighted in Table 4 [105,106]. They are directed against two main
autoantigenic proteins, PM/Scl-75 and PM/Scl-100. These antibodies are not specific for
SSc as they can be found in polymyositis, dermatomyositis, and SSc-polymyositis overlap
syndrome [107,108]. Patients with anti-PM/Scl antibodies developed muscle weakness
and interstitial lung disease as the disease progressed. Compared with patients with the
antisynthetase syndrome, dermatomyositis, and immune-mediated necrotizing myopathy,
they have been more often diagnosed with the following in the order of their prevalence:
“mechanic’s hands”, Raynaud’s phenomenon, sclerodactyly, telangiectasias, esophageal
reflux disease, subcutaneous edema, puffy hands, and calcinosis [109]. Moreover, posi-
tivity for these antibodies was correlated with pulmonary fibrotic patterns and cardiac
complications [110].
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Table 4. Studies that tested the presence of anti-PM/Scl antibodies in SSc patients.

Author

Patients

Findings

D’Aoust etal. [111]

The study included 763 patients with SSc;
62% with 1¢SSc, and 38% with dcSSc.

Anti PM-1-o antibodies were present in

55 patients, of which almost 50% had no other
SSc-specific antibodies. These patients were
younger at the onset of the disease, being
diagnosed more often with inflammatory myositis,
calcinosis, inflammatory arthritis, and overlap
disease. However, interstitial lung disease and
digestive involvement were present less frequently.

Wodkowski et al. [112]

The study included 1574 patients.

Anti-PM75 antibodies were monospecific in 1% of
the patients, and anti-PM100 were monospecific in
0.7%. In 1.7% both antibodies were present. A total
of 75% of the anti-PM75 group and 90% of the
anti-PM100 group had 1¢SSc. Inflammatory
myositis was present in 36% of the patients with
both antibodies, but only in one patient with
anti-PM75 antibodies and in none of the patients
with anti-PM100 antibodies. High rates of
calcinosis were present in the monospecific groups
of anti-PM75 and anti-PM100 antibodies.

Wielosz et al. [106]

The study included 126 patients with SSc.
After analyzing the presence of
anti-PM/Scl antibodies the two groups
were clinically compared.

Anti-PM/Scl antibodies were present in 22 patients
(17.5%), of which 13 had anti-PM/Scl-100
antibodies and 14 anti-PM/Scl-75 antibodies. In
the positive group the incidence of myalgia,
myositis and joint contractures was higher. Of the
22 positive patients, 9 had overlap syndrome—7
with polymyositis and 2 with dermatomyositis.

Leurs et al. [113]

The study included 300 patients with SSc,
of which 73% had 1cSSc.

A total of 17% of the patients had at least one
myositis-specific or associated antibody, 8% had at
least one myositis-specific antibody, and 9.7% had
at least one myositis-associated antibody. Patients
with anti-PM/Scl-75 antibodies (3%) more often
had ILD and myositis, while those with
anti-PM/Scl-100 antibodies more often had digital
ulcers and myositis.

Lazzaroni et al. [114]

The study included 7353 patients from
the EUSTAR database.

Anti-PM/Scl antibodies were present in 295 (4%)
patients, of which 144 had only anti-PM/Scl
antibodies. Their presence was associated with
male sex, proximal muscle weakness and atrophy,
CK elevated levels, and lung fibrosis. Of the

144 patients with anti-PM/Scl antibodies, 5.56%
had a scleroderma renal crisis, as they were more
exposed to glucocorticoids. Furthermore, elevated
CK levels were correlated with cardiac
involvement, ILD, intestinal dysfunction, joint
contractures, and tendon friction rubs.

Iniesta Arandia et al. [115]

The study included 1797 patients with
SSc from RESCLE, from which

947 patients were tested for anti-PM/Scl
antibodies.

Of the included patients, 7.6% were positive for
anti-PM/Scl antibodies. Puffy fingers and
arthralgias were more common than Raynaud’s
phenomenon at the onset of the disease. In this
group, myositis, arthritis, and interstitial
pulmonary disease with more severe ILD were
more frequent.

ILD—interstitial lung disease; CK—creatine kinase.

Scleromyositis is a term proposed for the SSc-IIM overlap syndrome, characterized by

the presence of both classification criteria of SSc and myositis, using the 2013 ACR/EULAR
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classification criteria for SSc and the 2017 EULAR/ACR classification criteria for idiopathic
inflammatory myopathies [116-118]. It is also the most frequent, accounting for almost
44% of all other SSc overlap syndromes [116]. It is also the most frequent SSc overlap,
accounting for almost 44% of all SSc overlap syndromes [116].

A recent study that included 42 patients with scleromyositis hypothesized the possi-
bility of distinct subsets of scleromyositis based on the autoantibody profile. The subjects
were divided into three groups based on the presence of SSc-specific, SSc-overlap, or no
SSc-related antibodies, where SSc-specific antibodies were considered anti-centromere,
anti-topoisomerase-I, anti-RNA-polymerase-I1I, anti-Th/To, and anti-fibrillarin, and the
antibodies indicative of SSc-overlap were anti-PM/Scl, anti-Ku, and anti-UIRNP antibodies.
The authors found that skin thickening was absent in 50% of the SSc-overlap group and in
30% of the no SSc-related group. Proximal muscle weakness was present in more than 70%
of all of the groups, while distal weakness was present in 57% of the SSc-overlap group and
in 55% of the no SSc-related group. Moreover, head drop/bent spine, elevated CK levels
and other overlap features such as Raynaud’s phenomenon, calcinosis, and arthritis were
more frequent in scleromyositis.

Regarding histopathology features, perifascicular atrophy, necrosis, inflammation,
and neurogenic changes were described in the SSc-overlap group [119]. Furthermore,
in a Hungarian cohort, the genetic features HLA-DRB1 and DQA1 and dysphagia were
more common in overlap patients, while some characteristics present at the onset of SSc,
such as fever, subcutaneous calcinosis, heart involvement, and claw hand deformity, were
correlated with pulmonary arterial hypertension in this group [120,121]. A group of authors
also described a seronegative form of scleromyositis, with the absence of SSc-specific or
SSc-overlap antibodies, and explored the non-ACR/EULAR features that led to a positive
diagnosis of scleromyositis. The authors hypothesized that myositis might represent an
early SSc manifestation since it was present in 55% of the subjects as the first non-Raynaud
manifestation. Moreover, skin involvement was absent in almost half of the patients at
the time of myositis diagnosis, while several features (Raynaud’s phenomenon, ANA, SSc
pattern in capillaroscopy, and lower esophageal dysmotility) were established as possible
indicators for a scleromyositis diagnosis [122].

3.2. Sarcopenia

SSc patients have impaired muscle function associated with fatigue and disability that
can be sometimes a consequence of a natural phenomenon called sarcopenia. Although
it is mainly found in the older population, sarcopenia may also be described in certain
chronic diseases, irrespective of age [123,124]. Several studies have proved that chronic
inflammation is an important risk factor for sarcopenia. Systemic inflammation may
significantly contribute to the appearance of sarcopenia in chronic immune-inflammatory
diseases such as scleroderma [125,126]. Furthermore, SSc disturbs the patients” physical
status and nutrition, being a major risk factor for sarcopenia, especially in cases of longer
disease duration [123,127]. The EWGSOP (European Working Group on Sarcopenia in
Older People) proposed a definition of sarcopenia in 2010, as well as a revised definition
and diagnosis criteria in 2019. In the latter version, low muscle strength indicates probable
sarcopenia, low muscle quantity or quality confirms the diagnosis, and, if low physical
performance is also present, sarcopenia is regarded as severe [128].

The prevalence of sarcopenia in SSc varies between 15% and 53%, depending on the
definition and the analyzed group of subjects. A number of studies use only the SMI (skeletal
muscle index—a tool for the assessment of muscle mass), while others included an evaluation
of muscle strength (the handgrip strength index), as described in Table 5 [129-134].
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Table 5. The presence and clinical significance of sarcopenia in SSc patients.

Author

Year

Participants

Definition of Sarcopenia Used

Results

Doerfler et al. [134]

2017

The study included

18 patients, predominantly
women (89%), aged

51 & 11 years.

RSMI tool was used with the
cutoff values of 7.26 kg/m? for
men and 5.50 kg/ m? for women.

Sarcopenia was present in 53%
of the subjects at the beginning
of the study and in 39% of the

subjects at follow-up, after

6 months of receiving medical

nutrition therapy.

Caimmi et al. [129]

2018

The study included

141 patients with a mean age
of 63 & 13 years. Almost 70%
had 1cSSc.

RSMI tool was used with the
cutoff values of 7.26 kg/ m? for
men and 5.50 kg/m? for women.

Sarcopenia was described in
20.7% of the patients, being
more frequent in malnourished
patients. Sarcopenia was
correlated with lower BMI,
longer disease duration, lower
predicted DLCO values, higher
Medsger severity score for the
lungs and skin, and lower
physical activity. Disease
duration and Medsger severity
score were independent risk
factors for sarcopenia in a
multivariate analysis.

Siegert et al. [130]

2018

The study included

129 patients aged between 28
and 83 years. More than 90%
were women and almost 55%
had IcSSc.

EWGSOP definition was used
with the cutoff values of

7.26 kg/m? for men and

5.50 kg/m2 for women.

Sarcopenia was present in
22.5% of the subjects, with no
statistical differences for age,
disease duration, digestive
involvement, and presence of
myositis or ILD between
sarcopenic and non-sarcopenic
patients. Sarcopenia was
correlated with lower weight,
malnutrition, decreased
handgrip strength and knee
extension, and lower quality of
life.

Corallo et al. [131]

2019

The study included

62 patients aged between 32
and 78 years, of which 81%
had 1c¢SSc.

Sarcopenia was defined using
the EWGSOP definition. They
used the RSMI tool with the
cutoff values of 7.26 kg/m? for

men and 5.50 kg/ m? for women.

HGS was measured with a
dynamometer.

When using the RSMI tool the
prevalence of sarcopenia was
42%. In this case, the condition
was associated with disease
duration, higher mRSS,
esophageal involvement,
higher ESR and ANA levels,
low DLCO, and a more severe
capillaroscopic pattern as the
RSMI worsened. When the
HGS index was used, the
prevalence of sarcopenia was
54.8% and correlated with
disease duration, higher mRSS,
esophageal involvement,
higher ESR and ENA, low
DLCO, and capillaroscopic
pattern.
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Table 5. Cont.

Author Year Participants Definition of Sarcopenia Used Results
Sarcopenia was diagnosed in
23.26% of the patients,
significantly higher compared
with healthy controls. The
“late” pattern on NVC was
correlated with the presence of
The study included Sarcopenia was defined by the sarcopenia, compared with
43 patients with SSc and EWGSOP definition and the “active” or “early” pattern.
Paolino et al. [132] 2020 43 age- and sex-matched RSMI index was used with the Sarcopenic patients presented
healthy controls. cutoff values of 7.26 kg/m? for an important loss of capillaries

men and 5.50 kg/m? for women. and altered capillary array,
lower total/fat/lean mass,
higher incidence of digital
ulcers, decreased DLCO/VA
values, and lower BMD in the
trunk and upper and lower
limbs.

ANA—antinuclear antibodies; BMD—bone mineral density; BMI—body mass index; DLCO—diffusive capacity
of carbon monoxide;DLCO/VA—diffusive capacity of carbon monoxide divided by alveolar volume; DXA—
dual-energy X-ray absorptiometry; ENA—extractable nuclear antigen;ESR—erythrocyte sedimentation rate;
EWGSOP—European Working Group on Sarcopenia in Older People; HGS—hand grip strength; ILD—interstitial
lung disease; NVC—nailfold videocapillaroscopy; RSMI—relative skeletal muscle index.

4. Cardiac Muscle Involvement

Recent studies suggest that the risk of cardiovascular disease in SSc is higher compared
with the general population [135]. Moreover, according to the EUSTAR database analysis, it
accounts for 27% of the deaths [136]. Apart from the traditional cardiovascular risk factors,
there are a series of other risk factors that are associated with the primary myocardial
disease: male gender, advanced age, the diffuse form of SSc, muscle involvement, digital ul-
cers, rapid skin progression, and the presence of anti-topoisomerase I antibodies [137-139].
Cardiac involvement in SSc is heterogenous depending on the definition used in the various
studies, ranging between 80% when defined from the histopathological point of view, and
5% when defined from the clinical point of view [140,141]. The majority of SSc patients
experience a silent form of cardiac disease [142,143].

Besides the myocardium, the pericardium, conduction system, and cardiac valves
may also be involved [139]. The cardiac manifestations include a wide range of clinical
possibilities, including myocardial fibrosis, ventricular systolic and diastolic dysfunction,
myocarditis, congestive heart failure, pericardial disease, arrhythmias, conduction defects,
and microvascular dysfunction [139,140,144].

The pathogenesis of cardiovascular involvement is very complex, beginning with
microvascular and immune dysfunction. The cardiac Raynaud’s phenomenon and the
collagen deposition that lead to hyperplasia of the intramural arteries cause intermittent
ischemia. As a consequence, areas of necrosis develop that will be replaced by myocardial
fibrosis [139,144,145]. Patchy myocardial fibrosis is considered the hallmark of myocar-
dial involvement in SSc. It is present in both ventricles and does not correlate with the
distribution of coronary arteries [139,146]. Histopathological patterns of the myocardium
involvement in SSc are described in detail in Table 6, from the first reported autopsies to
the most recent endomyocardial biopsies.
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Table 6. Histopathological studies performed on SSc patients’ myocardium.

Author

Year

Subjects

Results

D’Angelo et al. [147]

1969

The study included 58 autopsy reports
of SSc patients.

In 81% of the patients, myocardial fibrosis was present, with
significant prevalence at younger ages. Only 17% had lesions
on the small coronary arteries.

Bulkley et al. [148]

1976

The study included 52 patients with
autopsy records. A total of 28 patients
had systemic hypertension, 25 had
congestive heart failure, and 7 had
angina pectoris.

Areas of myocardial fibrosis were found in 26 patients. The
intramural coronary arteries were normal in all patients. The
fibrosis was equally distributed in the left and right ventricles
and extended to the endocardium in the majority of the cases.
A total of 13 patients had severe fibrosis, 10 had moderate to
mild, and 24 had no myocardial fibrosis. Muscle cell necrosis
and contraction band formation were found as a response to
inflammation and fibrosis. Contraction band necrosis was
present in 77% of the patients with severe fibrosis and in 8%
of the patients without fibrosis. The myocardial lesions were
independent of pulmonary, renal, or hypertensive disease.

Murata et al. [149]

1998

The study included 95 patients, of which
31 had dcSSc. During the follow-up
period, 14 died and 6 patients
underwent an autopsy.

From the autopsy results, patchy fibrosis was found in
4 patients. Left ventricular hypertrophy was found in
4 patients. Two patients died of cardiac causes, one with
cardiogenic shock and one with acute myocardial infarction.

Fernandes et al. [150]

2003

The study included 19 patients, of which
10 had 1cSSc. All patients did not have
any cardiac symptoms.

The interstitial collagen volume was present in 94% of the SSc
group, with no significant difference between the types of
disease. Perivascular fibrosis was increased in the SSc group,
but with no statistical significance.

Mueller et al. [151]

2014

The study included 25 patients, of which
18 had dcSSc. All patients had clinical
signs of cardiac involvement and 20%

had arterial hypertension.

Fibrosis was present in all myocardium biopsies.
Inflammation was present in 24 patients, 10 of them having
single inflammatory cells, 8 having a few foci of
inflammation, 4 having several foci of inflammation, and 2
having pronounced inflammation. Severe fibrosis and
hyperplasia of smooth muscle cells were described after
immunohistological staining with smooth muscle actin. The
cardiovascular event rate was 25% for those with few foci of
inflammation and 50% for those with moderate to severe
inflammation.

Sandmeier et al. [142]

2015

The study included 11 autopsy reports,
8 from dcSSc. Of these, 4 died of
cardiovascular causes.

Myocardial fibrosis was described in 5 patients, of which 3
had also coronary arteriosclerosis and 4 had generalized
atherosclerosis. Only 3 patients with myocardial fibrosis had
conduction block or diastolic failure and only one had
palpitations.

De Luca et al. [152]

2020

The study included 34 patients that
underwent endomyocardial biopsy with
proven myocarditis (12 with SSc and
virus negative myocarditis, 12 with
isolated virus negative myocarditis, and
10 with virus negative myocarditis
related to other systemic autoimmune
diseases).

Myocardial fibrosis was higher, with a higher fibrosis score in
SSc-related VNM, compared with isolated VNM and VNM
from other autoimmune diseases. The percentage of
myocardial fibrosis correlated positively with the extent of
skin fibrosis evaluated through modified Rodnan skin score.
The results did not reach statistical significance between the
dc/1cSSc groups and did not correlate with skeletal myositis,
cardiac enzymes, or pulmonary function tests.

dcSSc—diffuse cutaneous form; 1cSSc—limited cutaneous form; VNM—virus-negative myocarditis.

For a proper diagnosis of myocardial involvement in SSc, various investigations
are being used to assess cardiac injury, such as cardiac biomarkers, electrocardiography,
transthoracic echocardiography, cardiac magnetic resonance (CMR), nuclear techniques,
or endomyocardial biopsy [139,144,146]. CMR is one of the most accurate non-invasive
and non-irradiating methods used to evaluate myocardial inflammation and fibrosis, being
able to identify cardiac disease through specific indexes and measurements. High T2
signal values are used to diagnose myocarditis, indicating myocardial edema. LGE (late
gadolinium enhancement) measures focal fibrosis and is frequently found in SSc patients
in a nonischemic pattern. Moreover, T1 mapping and ECV (mean extracellular volume)
quantification are a way of measuring the relaxation and expansion of the myocardial tissue
with values that are significantly higher in SSc [144]. Studies that evaluated SSc patients
using CMR are described in detail in Table 7.
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Table 7. Recent studies that used cardiac magnetic resonance to evaluate systemic sclerosis patients.

Author

Year Subjects

CMR Results

Sano et al. [153]

The study included 40 patients.
2014 Patients with a history of coronary
arterial disease were excluded.

LGE was described in 17.5% of the patients, distributed
mainly in the mid-myocardial wall as follows:

8 sub-epicardial, 13 mid-myocardial, and 5 sub-endocardial.
The pattern of LGE was striated in 23 cases and patchy in
3 cases. LGE-positive patients were more frequently
symptomatic (NYHA classes > II), but no correlation was
made with disease duration, type, or antibodies. Patients
with LGE also had low LVEF, LV asynergy, and low RVEFE.

Rodriguez-Reyna et al. [154]

There were 62 patients included,
of which 29 had dcSSc. None of
the subjects had traditional
2015 cardiovascular risk factors.
Patients that had a cardiac disease
before the onset of SSc were

Myocardial fibrosis was described in 45% of the cases, was
associated with dcSSc form, did not follow the coronary
artery territories, and was mostly in the mesocardium. The
most common pattern is intramural fibrosis in bands,
found in 36% of cases. In the left ventricle basal-septal
anterior and inferior segments were more frequently
involved. The LVEF had lower values in patients with
myocardial fibrosis. A total of 79% of the patients had

excluded. subendocardial perfusion defects, suggesting a possible
microvascular origin of the cardiac involvement.
The study included Acute myocardial inflammation was described in

50 asymptomatic SSc patients
with dcSSc, but only 46 CMR were
available. They were compared

2 patients on T2 images and they developed clinical signs
of acute myocarditis. Fibrosis was present in 40 patients,
although no LGE was identified. In the SSc group a

Mavrogeni et al. [155] 2015 with 20 healthy controls. Patients diffused scar pattern was defined and followed the
that underwent CMR had no distribution of coronary arteries. In 44 patients there was a
history or symptoms of cardiac severely reduced MPRI after a perfusion—fibrosis protocol,
disease. correlated with the presence of digital ulcers.
LGE was described in 23% of subjects with a patchy
The study included 30 SSc pattern in 3 patients, subepicardial in 2 patients, mid-wall
patients, of which 28 had 1cSSC in one patient, and subendocardial / transmural in one
Barison et al. [156] 2015 and 10 healthy controls. All patient. Myocardial ECV was higher compared with
patients were asymptomatic or healthy controls, but with no difference between those with
paucisymptomatic. and without LGE. Myocardial ECV correlated with skeletal
muscle ECV.
A total of 25 patients had Q waves in V1-V6 on ECG. Of
these, 24 had a patchy intramyocardial LGE pattern
105 patients were evaluated with involving mostly the intraventricular septum. Eight
Mavrogeni et al. [157] 2016 dcSSc without any history of patients had Q waves in II, III, and aVF and all of them had
T cardiac disease, but with atypical ~ patchy intramyocardial LGE pattern in the inferior wall of
cardiac symptoms. LV. Five patients had Q waves in V1-V5, II, III, and aVE, in
which cases a patchy intramyocardial LGE pattern was
present in the anterior and inferolateral wall of LV.
LGE was present in 3 out of 19 patients with intermediate
. . signal intensity in linear and patchy patterns. In another
The stuc.ly included 20 patients, of 1ngatients, theyLGE pattern vxf)as diztlfse. In order to have
which 19 had dcSSc. The . e as
.. derwent an myocardial 1r1v.olvement, CMR pathologlc f1r1d1.ngs should
Krumm et al. [141] 2016 participants unde . be present in at least 3 of the following: pericardial
endomyocardial biopsy with ffusion, pathologic LV/RV contractility, reduced LVEF or
results previously reported by ettusion, pathologic - i o,
Mueller et al. [151] RVEF, positive LGE and RV dilatation. Positive CMR
’ ' results were found in 7 patients with three categories, 9
with four categories, and 4 with five categories.
The 15 patients with SSc were Non-segmental perfusion defects were present in 7 patients
evaluated, of which 8 had 1¢SSc. and associated with digital ulcers, while LGE was observed
Kobayashi et al. [158] 2016 None of the patients had cardiac  in another 4. The study showed that in individuals with no

specific symptomatology. The
study also included 10 healthy
controls.

clinical signs of cardiovascular disease there is a decreased
regional function that might predict other myocardial
abnormalities.

Meduri et al. [159]

The study included 50 patients, 19
with 1¢SSc and a mean disease
2017 duration of 73 £ 70.2 months. All
of the participants had a form of
cardiac involvement.

A pathologic MRI was found in 40 patients. Myocardial
edema was described on T2-STIR images in 5 patients
indicating myocardial injury or myocarditis. Increased

interventricular septum thickness was present in 2 patients.

Delayed enhancement was detected in 17 patients with

3 patterns, intramural, subepicardial and subendocardial,
but with no difference between disease type.
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Author

Year

Subjects

CMR Results

Mavrogeni et al. [160]

2017

The study evaluated 72 patients,
of which 62 had dcSSc. Patients
with heart impairment were
excluded.

Despite the lack of cardiac symptoms, 7 dcSSc and 2 1¢SSc
patients had myocarditis according to CMR. No correlation
was found between CMR findings and blood inflammatory
indices, cTnT or disease type. After treatment with
prednisone and azathioprine, at 6-month follow-up no
signs of myocarditis were present on CMR.

Hromadka et al. [161]

2017

The study included 33 SSc
patients (87.9% with dcSSc) and
20 healthy controls.

In SSc group, there was a higher prevalence of LGE in the
form of small focal areas with non-ischemic patterns in the
intra-myocardial layer. Myocardial edema was present in
one patient on T2 STIR sequence. GDF 15 had a
significantly higher concentration and was correlated with
ECV and native T1 in SSc patients. CMR fibrosis findings
were correlated with serum galectin-3 levels, ECV and
native T1.

Giacomelli et al. [162]

2017

The study included 16 SSc
patients at recent onset,
immediately after diagnosis and
with no signs of internal organ
involvement.

Perfusion defects were described in 16 patients, in five
cases being sub-endocardial unrelated to coronary artery
blood flow. None of these patients were LGE-positive.
Only in one patient was the perfusion defect in the basal
inferoseptal segment present during the stress and rest
phase and associated with a positive LGE, suggesting a
fibrotic lesion.

Muresan et al. [163]

2018

There were 30 patients included,
of which 16 had dcSSc. Patients
with a history of ischemic heart
disease or known myocarditis
were excluded.

Myocardial fibrosis was described in 83.3% of the cases,
being more prevalent in the dcSSc type. There were no
significant differences in the prevalence and characteristics
of myocardial fibrosis between patients with dcSSc and
1cSSc, apart from a higher prevalence of subepicardial
fibrosis in the dcSSc and a higher prevalence of midwall
fibrosis in the 1cSSc. A total of 60% of the patients with
myocardial fibrosis had ventricular arrhythmias or
conduction disorders. Myocardial fibrosis was present with
no difference between those with or without arrhythmias
or conduction disorders.

Lee et al. [164]

2018

The study included 24 SSc
patients, 13 with dcSSc, with early
disease and 12 healthy controls.
Of these, 67% had cardiac
symptoms and 50% had
hypertension.

LGE was described in 33% of patients with SSc compared
with 0% in healthy controls. In the other 16 patients
without LGE, diffuse myocardial fibrosis was found on T1
mapping techniques, ECV being the best index. They also
found a positive correlation between mRSS and T1
mapping indexes.

Gyllenhammar et al. [165]

2018

The study evaluated 19 SSc
patients (7 with dcSSc and 12 with
1cSSc) and 22 healthy controls. No

patient had a history of ischemic
heart disease.

Global myocardial perfusion was similar in the controls
and SSc group at rest, but during adenosine infusion SSc
patients had lower myocardial perfusion without
connection to the disease type. Hypoperfusion at stress can
be considered a possible marker for cardiac disease in SSc.
In 3 patients LGE was present with septal fibrosis in the
right ventricular insertion points.

Bissell et al. [166]

2018

The study included 19 patients
with ILR inserted, of which 32%
suffered from dcSSc. No patient

had a history of systemic
hypertension. A total of 15 of
these patients underwent CMR
with LGE and ECV data available
only for 14 of them.

Five of fourteen patients had LGE as evidence of focal
fibrosis. These patients had higher levels of cardiac
enzymes (hs-Tnl and NT-proBNP). Higher ECV values
were identified in patients with significant arrhythmias and
were also correlated with higher levels of hs-Tnl.

Tipparot et al. [167]

2019

The study included 30 patients
with SSc, 73.3% with dcSSc with a
median duration of disease of
2 years.

Myocardial inflammation was described in 73.3% of cases,
more often in women and dcSSc. Patients with myocardial
inflammation were younger at onset, with higher mRSS at
onset, and more frequently had a FVC < 70% and hand
deformity. No correlation was found between
inflammatory markers and cardiac enzymes.
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Author Year Subjects

CMR Results

The study included 49 patients, of

Sugiyama et al. [168] 2019 which 25 had deSSe.

Morphological myocardial changes were present in 29% of
the patients, 55% of patients having an asymptomatic form.
LGE was described in 55% of the patients, mostly in a
linear pattern without coronary artery distribution and
more frequently in patients with morphological changes.
LGE presence was correlated with anti-Scl-70 positivity
and higher BNP levels.

The study followed the subjects
Rodriguez-Reyna et al. [169] 2019 previously described by
Rodriguez-Reyna et al. in 2015.

After 43.5 months of follow-up, heart failure and coronary
artery disease were more frequently found in patients with
myocardial fibrosis, while digital ulcers were associated
with microvascular damage. Myocardial fibrosis of the
middle LV segments was found to be an independent
predictor of heart failure, together with elevated
ultrasensitive CRP and higher mRSS.

The study evaluated 50 patients
with dcSSc, of which 31 were
included in the event group as
they experienced one or more
cardiac events 3-10 days before
recruitment.

Markousis-Mavrogenis et al. [170] 2019

In the beginning of the study, only 29% of the event group
had elevated hs-cTnT values and cardiac functional
impairment. The percentage increased to 40% in the event
group and to 10 % in the no-event group after a median
follow-up of 1.2 years. In the event group, the LGE values
were higher compared with the other group, but with no
difference between the T2 mapping or native T1 mapping.
The only variables that could separate the event and
no-event groups at baseline and independently predict
prognosis at follow-up were LGE, T2 mapping, and native
T1 mapping.

The study evaluated 20 patients
with SSc and 10 healthy controls.

Focal areas of LGE were present in 5 patients, with patchy
mesocardial distribution in the basal lateral wall or basal

Gigante et al. [171] 2019 . . .. inferior septum, similar to a cardiac Raynaud’s
Patients with cardiac involvement . AT
phenomenon. Myocardial blood flow was similar in the
were excluded.
two groups.
The research included 54 SSc LGE Pattern consistent v.v1th IInyociardlal mfa.rctlc.)n was
. - present in 4 patients, and fibrosis at right ventricle insertion
patients (30 of them with 1cSSc) d din 9 pati In the other 37 pati
with no known clinical cardiac was detected in 9 patients. In the other 37 patients, no
Bratis et al. [172] 2019 localized fibrosis was found. When compared with
symptoms and 21 healthy individuals without fibrosis, LV longitudinal strain was
controls. Only 47 of the : . iy ;oY oSt o
. lower in patients with insertion fibrosis and significantly
54 patients underwent CMR. . . 1 s ;
lower in patients with infarction.
T1 values were higher in SSc patients, with higher quartiles
being associated with dcSSc form, suggesting an increased
collagen myocardial infiltration. Patients with higher T1
The study included 40 patients, 19 values had a more severe phenotype, with extensive skin
with dcSSc. Four patients had a involvement and ILD, low use of ACEi and vasodilators,
Terrier et al. [173] 2020 form of myocardial involvement and usage of glucocorticoids. Increased T1 values were
and seven had systemic also associated with microvascular myocardial impairment
hypertension. and a higher incidence of arrhythmogenic events. LGE was
described in 5 patients, especially intramural and
subepicardial, without correlation with the disease type.
One patient had myocardial edema.
On native T1 mapping, 50% of the patients showed
There were 72 patients included, elevated T1, indicating a significant prevalence of diffuse
of which 38 had dcSSc, 21 had a myocardial fibrosis. Focal fibrosis on LGE was present in
Poindron et al. [174] 2020 disease duration < 2 years, 19 had 25% of the patients and was associated with decreased
' hypertension, 7 had ischemic LVEF < 50%, although no correlation was found between
heart disease and 8 peripheral myocardial LGE and T1 mapping values. In the elevated
artery disease. T1 group, 13 patients had a normal echocardiography with
no clinical sign of heart failure.
A total of 48.7% of the SAnCtUS cohort had one or more
The study subjects consisted of rhythm dlsturl.)anlces.}{dG}If was identified efls a preii%ctlor of
150 participants, of which 79 had supraventricular rhythm disturbance after multiple
Mavrogeni et al. [175] 2020 ¢ comparisons. T2 ratio and LGE are also predictors of any

cardiovascular symptoms at
inclusion and 89 had dcSSc.

type of thythm disturbances. This proves an important
relationship between inflammation or fibrosis and rhythm
disturbances.
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CMR Results

The study evaluated 59 patients
with dcSSc and cardiac
symptomatology, 34 with a
clinical suspicion of infectious
myocarditis, and 31 healthy
controls.

Markousis-Mavrogenis et al. [176] 2020

LV mass and T2 signal ratio were significantly higher in
myocarditis patients compared with SSc. However, T1
mapping and EVC were lower in the myocarditis group
compared with the SSc group. Furthermore, only 25% of
SSc symptomatic patients had an acute inflammatory
process, whereas all myocarditis patients had at least one
pathologic T2-based index.

The study evaluated 40 SSc
patients with a disease duration of
Galea et al. [177] 2020 8.7 £ 7.3 years without cardiac
symptoms and 10 healthy
controls.

Areas of focal edema were present in 12% of patients on T2
imaging. Focal areas of LGE were also present in 30% of
the subjects, with a nonischemic pattern, mostly patchy
mesocardial distribution in the basal lateral wall or basal
inferior septum. SSc patients had higher native T1 (72%)

and T2 (52%) values and ECV (52%) compared with healthy

controls, even if there was no ventricular contractile

dysfunction. Almost 60% of 1cSSc and 44% of dcSSc
patients had a reduced increase in myocardial blood flow
after cold pressor test, suggesting a reduced vasodilatory
response as a consequence of microvascular dysfunction.

The study included 34 patients (12
with SSc and virus-negative
myocarditis, 12 with isolated

virus-negative myocarditis, and
De Luca et al. [152] 2020 10 with virus-negative
myocarditis related to other
systemic autoimmune diseases).

Half of the SSc group subjects had

early disease (<3 years).

Myocardial edema was more frequently found in isolated

virus-negative myocarditis and virus-negative myocarditis

associated with other systemic autoimmune diseases. LGE
was present in all SSc patients with virus-negative

myocarditis and in more than 80% of the other two groups
predominantly subepicardial with midwall/patchy

patterns. No correlation was found between myocardial
fibrosis on biopsy and CMR results.

The study comprised
33 individuals with SSc and
33 healthy controls. Twenty of the
Bordonaro et al. [178] 2020 thirty-three patients suffered from
dcSSc. Twelve patients (36.4%) in
the patient group showed no
clinical cardiac symptoms.

Compared with the healthy group, T1 and T2 mappings
were noticeably greater, with the native T1 value increased
for 16 patients. A total of 18 patients had significantly
higher ECV compared with the healthy controls.LGE was
seen in eight patients, while none of the healthy volunteers
had cardiac LGE. LGE, higher native T1, and higher ECV
were predictors of adverse clinical outcomes and could
represent novel markers of risk stratification in SSc.

The study included 25 patients
out of 33 that were previously
described by Hromadka et al. in
2017 [161].

Hromadka et al. [179] 2021

Although there are some individuals who have CMR
indicators of the progression or regression of cardiac
degeneration, the mean values of native T1 time and ECV
did not change significantly during a 5-year follow-up. The
GDF-15 showed a strong correlation with the change in
clinical scores for the disease’s progression in the skin or
lungs, becoming a potential biomarker for disease activity.

The study included 83 SSc
patients with a disease duration of
Dumitru et al. [180] 2021 7 years. A total of 22 patients had
at least one cardiovascular risk
factor associated.

Focal LGE fibrosis was described in 21% of the SSc patients
and in none of the healthy controls in a non-ischemic
pattern, with a linear pattern in 9 subjects, focal pattern in 6
subjects, and diffuse pattern in 2 subjects. The LGE
distribution was mainly midwall and subepicardial.
Furthermore, it was associated with a higher mRSS score,
higher CRP, and higher hs-Tnl levels. ECV was higher in
52% of SSc patients compared with healthy controls and
was associated with digital ulcers and higher values of
NT-proBNP. Native T1 values were higher in 61% of SSc
patients. No patient had regional perfusion defects
suggestive of coronary artery disease. Treatment with
DMARD or angiotensin-converting enzymes inhibitors
was not associated with CMR results of fibrosis and
vasculopathy.

The study evaluated 74 SSc
patients, including 50 with 1cSSc
and with no clinical SSc primary

Dumitru et al. [181] 2021 heart involvement or history of
heart disease. In 10 patients there
were cardiovascular events
recorded during follow-up.

In 72 cases LGE was available and 14 patients had focal
fibrosis in a noncoronary distribution. Of these, only one
patient had a cardiovascular outcome. A total of 48 out of
71 patients had higher ECV. The probability of
cardiovascular events was higher in patients with higher
NT-proBNP, ECV, or hs-Tnl values, but with no difference
in patients with LGE compared with those without LGE.
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The study included 100 patients,
half of them with dcSSc. A total of
54% presented with dyspneaand  LGE was present in 21% of the patients, in 10 cases being a
Vos et al. [182] 2022 24% with chest pain. CMR was non-ischemic pattern. In these cases, the patients had a
performed for suspected worse outcome compared with those without LGE.
myocarditis (41%), followed by
newly onset heart failure (19%).
Focal areas of fibrosis of LGE were present in 9 patients.
The study included 34 patients, More than 90% of the subjects presented high native T1
Ross et al. [95] 2022 with 31 CMI available for analysis.  times. In 40% of the subjects, muscle edema was present on
There were 19 patients with dcSSc. CMR. No association was found between diffuse
myocardial inflammation and SSc-associated myopathy.
The study included 31 patients, of
which 10 had dcSSc, 10 had 1cSSe,  Tissue tracking on CMR enables the identification of early
and 11 fulfilled the VEDOSS cardiac involvement in SSc when compared with healthy
Palumbo et al. [183] 2022 criteria for early SSc. They were controls. Disease accrual damage predominately affected
followed up for 6.8 years and the dcSSc patients, even though there was no statistically
compared with a healthy group of significant difference between the three subgroups.
23 participants.
The study evaluated 260 patients, ~LGE was present in 37% of the subjects, mainly with major
167 with 1cSSc and a median time ventricular insertion point patterns. In the SSc and
from SSc diagnosis of 9 years. A pulmonary hypertension group there was higher native
total of 30% of the participants myocardial T1 and T2 values, with higher myocardial ECV
Knight et al. [184] 2022 had an overlap connective tissue and a greater prevalence of major ventricular insertion

disease and 43% had pulmonary
hypertension. The main
indication for CMR was
pulmonary hypertension.

point LGE and pericardial effusion. Native myocardial T1
values were an independent predictor of mortality. They
defined 5 clusters based on CMR modifications that are
associated with different outcomes.

ACEi—angiotensin-converting enzyme inhibitors; BNP—brain natriuretic peptide; CMR—cardiac magnetic
resonance; CRP—C-reactive protein; dcSSc—diffuse cutaneous form of systemic sclerosis; DMARD—disease-
modifying antirheumatic drugs; ECG—electrocardiography; ECV—mean extracellular volume; FVC—forced vital
capacity; GDF-15—Growth/Differentiation Factor-15; hs-cTnT—high-sensitivity cardiac troponin T; hs-Tnl—high-
sensitivity troponin I; ILD—interstitial lung disease; ILR—implantable loop recorder; 1cSSc—limited cutaneous
form of systemic sclerosis; LGE—Iate gadolinium enhancement; LV—left ventricle; LVEF—Ieft ventricle ejection
fraction; mRSS—modified Rodnan skin score; NT-proBNP—N-terminal prohormone of brain natriuretic peptide;
NYHA—New York Heart Association Classification; RV—right ventricle; RVEF—right ventricle ejection fraction;
STIR—Short Tau Inversion Recovery.

5. Conclusions

The muscle involvement in SSc includes, to a variable extent, both smooth and skeletal
muscle. The altered VSMCs acquire higher metabolic and proliferative rates, leading to
important remodeling of the vessel wall. Very few studies have managed to isolate VSMCs
from SSc patients and describe the intimal and media proliferation together with the final
fibrosis stage. This conversion is clinically translated into Raynaud’s phenomenon, digital
ulcers, pulmonary arterial hypertension, and scleroderma renal crisis.

GI dysmotility develops through a staged process where different pathophysiological
mechanisms overlap, leading to the clinical forms that the clinician sees. Progressive
vasculopathy and myopathy, a neurological disorder of the neuromuscular junction, or
the presence of antimyenteric antibodies appear to be the most common theories for the
mechanism of GI dysfunction.

Skeletal involvement is often part of the onset symptoms of the disease, causing
significant disability and low quality of life together with a poor prognosis. Regardless of
the diagnosis method used (electromyography, MRI, elevated CK levels, or muscle biopsy),
fatigue, muscle weakness, and myalgia are the most common symptoms. Furthermore, the
impaired muscle function can lead to secondary sarcopenia.

Heart involvement in SSc is heterogenous depending on the definition used in the
various studies. The majority of SSc patients experience a silent form of cardiac disease.

Systemic sclerosis is a complex autoimmune disease characterized by heterogeneous
changes involving numerous organs and systems. The currently available data suggest that
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muscle injury (both smooth and striated muscles) is widespread and leads to a number of
notable clinical manifestations. Nevertheless, further research is needed to fully describe
and understand the pathogenic pathways and the implications of muscle involvement in
scleroderma.
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