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Abstract: Marfan syndrome (MIM: # 154700; MFS) is an autosomal dominant disease representing the
most common form of heritable connective tissue disorder. The condition presents variable multiorgan
expression, typically involving a triad of cardiovascular, eye, and skeletal manifestations. Other multisys-
temic features are often underdiagnosed. Moreover, the disease is characterized by age related penetrance.
Diagnosis and management of MFS in the adult population are well-described in literature. Few studies
are focused on MFS in the pediatric population, making the clinical approach (cardiac and multiorgan)
to these cases challenging both in terms of diagnosis and serial follow-up. In this review, we provide
an overview of MFS manifestations in children, with extensive revision of major organ involvement
(cardiovascular ocular and skeletal). We attempt to shed light on minor aspects of MFS that can have
a significant progressive impact on the health of affected children. MFS is an example of a syndrome
where an early personalized approach to address a dynamic, genetically determined condition can make a
difference in outcome. Applying an early multidisciplinary clinical approach to MFS cases can prevent
acute and chronic complications, offer tailored management, and improve the quality of life of patients.
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1. Introduction

Marfan Syndrome (MIM: # 154700; MFS) is an autosomal dominant (AD) multisys-
temic condition typically characterized by cardiovascular, ocular, and musculoskeletal
system involvement. MFS represents the “paradigm disease” of connective tissue disor-
ders (CTDs); in fact, any organ or system with connective components can be affected.
The estimated prevalence of MFS indicates that it occurs in between 1 in 5000 and 1 in
10,000 people (Dietz GeneReviews, 2001-2022) [1]. This might be underestimated, as major
organ involvement is occasionally absent, making diagnosis more difficult.

MFS has age-related penetrance. In other words, major and minor features can be
progressive in nature, and an extreme variability in disease expression is possible. On one
hand, the diagnostic approach to MFS is certainly more easily applied in adult patients,
considering that the phenotypic characteristics and clinical features of the condition are
more evident and expressed in this population. On the other hand, confirming a clinical
suspicion of MFS in children can be more complex and not definitive due to the age-related
penetrance of the disorder and the possibility that certain manifestations may only be
presented later in life (often after the age of 20) (Lodato et al., 2022) [2].

Moreover, in children, the diagnosis can be secondary to family member screening after
the identification of a molecularly proven parent with FBNT (likely, L.) pathogenic variants. In
cases of children with a positive genotype but a negative phenotype, it is necessary to share
knowledge with parents regarding potential age-related penetrance of the condition, and to
schedule personalized surveillance of the main “target organs” in MFS.

From the genetic point of view, MFS is caused by FBN1 (L.) pathogenic variants
(OMIM* 134797), located on the long arm of chromosome 15 (15q21). This gene is relatively
large, and the coding sequence consists of 65 exons (Corson et al., 1993) [3].

In individuals with classical MFS, the detection rate using genetic analysis is high,
reaching approximately 95% of cases. In 90-93% of cases, an FBN1 (L.) pathogenic variant is
identifiable through Next Generation Sequencing (NGS) analysis. Five percent of elusively
diagnosed patients carry copy number variants (FBN1 deletions or duplications) that
can be disclosed through multiplex ligation-dependent probe amplification (MLPA) or
chromosomal microarrays (Dietz GeneReviews, 2001-2022) [1].

An important step in the NGS molecular diagnosis of MFS through FBN1 analysis
encompasses DNA variants classification. According to the American College of Medical
Genetics and Genomics Guidelines (ACMG), these are divided into five classes: benign
variant (Class 1), likely benign variant (Class 2), variant of uncertain significance (VUS)
(Class 3), likely pathogenic variant (Class 4), and pathogenic variant (Class 5) (Richards,
2015) [4]. The identification of the latter two classes (4 and 5) in FBN1 establishes the
diagnosis of MFS. The detection of VUS (class 3) represents a sort of grey area, and these
variants are often challenging for clinicians. VUS interpretation is not static, since its
classification can be influenced by multiple ACMG criteria. The diagnostic process must be
integrated with different parameters: extensive proband phenotyping, family studies (both
genotyping and phenotyping), and possible functional studies. The classification of VUS
cases must be re-evaluated over time, since they can be reclassified as likely benign/benign,
likely pathogenic/pathogenic, or remain of uncertain significance as they develop.

Fibrillin-1 is an encoded protein composed of 2871 amino acids with an estimated
molecular weight of 350,000 Da. This glycoprotein is rich in cysteine and presents in 75%
of the length of the 47 tandemly repeating domains of epidermal growth factor (EGF)-like
modules (Pereira et al., 1993) [5]. This tandem repetition of EGF-like domains is interrupted
by eight cysteine motifs that have homology to a domain known as the TB domain, which
was first recognized in transforming growth factor beta (TGFf) -1-binding protein.
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Fibrillin-1 is a ubiquitous protein widely distributed in different tissues and organs includ-
ing the heart, blood vessel walls, eyes, skin, cartilage, and lungs. Fibrillin-1 monomers form
macro aggregates known as microfibrils, which represent an essential structural component in
the elastic fibers of the extracellular matrix (ECM). Fibrillin-1 microfibrils play an important role
in the extracellular control of TGF[3 bioavailability. Its main functions are modulating ligand
distribution, storage, and release (Robertson et al., 2015; Asano et al., 2022) [6,7].

The presence of Fibrillin-1 in various tissues explains the extreme variability observed
in clinical manifestations of MFS in terms of involved organs and severity of the disease.
International diagnostic criteria are based on Ghent Nosology and were revised in 2010
(Figure 1) (Loeys et al., 2010) [8]. It is known that the two organic structures most involved
in MFS are the aorta and the eye. In fact, the two major clinical signs included in diagnostic
criteria are aortic root dilatation and ectopia lentis (EL).

Revised Ghent criteria for MFS

NEGATIVE family history of MFS POSITIVE family history of MFS

| r]
L9
EL

+ FH of MFS

(3
EL

.. ')

FBN1 +
95% total detection rate

®

+ FH of MFS Syst Score (> 7 pts)

ﬁ =

Ao (222) Syst Score (27 pts)

+ FH of MFS Ao (Z=2older 20y,
Z >3 younger 20y)

<
\;7
|

FBN1 + with known Ao

Figure 1. Revised Ghent criteria for MFS diagnosis. Abbreviations: Ao, aorta; EL, ectopia lentis;
FBNT1 +: FBN1 positive genetic analysis; FH, family history; y, years; MFS, Marfan syndrome; Syst,
systemic; Z, Z-score.

Aortic root dilatation represents a risk factor for aneurysmatic progressive changes and
subsequent rupture. The 2010 revised Ghent Nosology considers aortic changes for the
establishment of MFS diagnosis based on two main categories. In the first category, when
family history is negative, MFS is confirmed if the aortic root Z-score > 2 in concomitance with
EL or FBN1 variant or a systemic score >7 points. In the second category, MFS is confirmed
when the aortic root Z-score > 2 if the patient is older than 20 years old, or >3 if the patient is
under 20 years old, coupled with a positive family history of MFS (Loeys et al., 2010) [8].

EL is defined as a dislocation or displacement of the natural crystalline lens from the
patellar fossa. The lens is considered dislocated when it lies completely outside of the
hyaloid fossa, it is free floating in the vitreous anterior chamber, or it lies directly on the
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retina. The lens is defined as being subluxated when it is partially displaced, but remains
within the lens space (Kaur and Gurnani 2022) [9].

The systemic score is based on the observation of minor clinical changes, such as
musculoskeletal features (wrist and thumb signs, pectus excavatum or carinatum, scoliosis
and thoracolumbar kyphosis, reduced elbow extension, plain flat foot, hindfoot deformity,
skin striae, protusio acetabulae, reduced upper segment/lower segment, and increased arm
span/height ratio), facial features (dolichocephaly, downward slanting palpebral fissures,
enophthalmos, retrognathia and malar hypoplasia), myopia, mitral valve prolapse (MVP),
pneumothorax, and dural ectasia. The systemic score can be considered the third cardinal
point in MFS diagnostic criteria (Figure 2).

POSITIVE score IF 2 7

of 5 facial features:

lichocephaly, enophthalmes,
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hypoplastia, retrogi
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Figure 2. Systemic score of revised Ghent criteria for MFS diagnosis and possible multisystemic
involvements in MFS. Please note the three principal aspects involved in MFS are indicated in green:

cardiovascular, ocular, and musculoskeletal /bone criteria.

Application of the revised Ghent criteria can therefore be difficult, especially in
younger patients. Thus, in childhood, it is possible that the incidence rate of the disorder is
underestimated, or that it is often not diagnosed in a timely manner (Willis et al., 2009) [10].
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2. Materials and Methods

We performed a review of previous studies documenting clinical manifestations and
management in the MFS pediatric population. We searched PubMed for published stud-
ies without restriction on the date of publication and without restrictions on language,
using the search terms “Marfan Syndrome”, “FBN1” AND “children” AND “aorta”, OR
“valves”, “arrhythmia”, “cardiomyopathy”, “eye”, “musculoskeletal /bone”, “oral”, “cran-
iofacial”, “hearing loss”, “respiratory”, “sleep disorders”, “gastrointestinal”, “endocrino-
logical”, “psychosocial”.

Review and cohort studies with the following specificity were included: MFS + specific
organ and tissue involvement, or clinical and investigational management + pediatric population.

The papers were carefully read and reconsidered according to the abovementioned cri-
teria. Two investigators performed the search independently. The references of the selected
papers were crosschecked with the same inclusion conditions. Duplicates were removed.

3. Results

From an overview of the literature revision regarding MFS in children, two major
distinctive categories can be observed: early onset MFS (eoMFS) (previously known as
neonatal MFS, nMFS) and classical childhood onset MFS. Due to the peculiar characteristics
of the first category, a separated paragraph has been included to report the major charac-
teristic features related to eoMFS, considering also marfanoid—progeroid-lipodystrophy
syndrome (MPLS).

In the subsequent paragraphs, we have included a system-by-system revision for major
(cardiovascular, ocular, and musculoskeletal) and minor (recently emerging) characteristic
features in children with classical MFS. A systematic approach to organ/systemic clinical
assessment at diagnosis and surveillance of MFS children is summarized in Figure 3a,b.
Crucial issues in the management and counselling of families with MFS children include
the high phenotypic variability and age-related penetrance of the condition, which call for a
personalized approach to follow-up programs based on a patient’s health and quality of life.

AT DIAGNOSIS ]f T]

System/Organ

i
L |

Heart Aorta

Pulmonary artery

Valves
Function

Rhythm
- Eye

Musculoskeletal and bone

Ear
Oral
Skin
Lung

Abdominal
(gastrointestinal/renal/liver)
Psychological assessment

Ehat to look for? j

» Echocardiographic measurement of aortic diameter at the sinuses of Valsalva (aortic root) indicating Z-score value
» Echocardiographic evaluation and measurement of the other aortic segments indicating Z-score value

» Echocardiographic evaluation (possible dilatation)

» Echocardiographic evaluation of aortic valve (bicuspid valve?); mitral valve (possible mitral valve propapse and mitral regurgitation); pulmonary
valve (possible cups prolapse and pulmonary regurgitation); and tricuspid valve (possible prolapse and tricuspid regurgitation)

» Echocardiographic evaluation of ventricular (systolic and diastolic) function and diameter (possible cardiomyopathy signs)
> NT-proB-type Natriuretic Peptide (BNP) blood test (if feasible)

> ECG and 24 h-ECG ambulatory registration (possible supraventricular and ventricular arrhythmias and/or abnormal repolarization)

[> Ophthalmological investigations: Slit lamp exam through maximally dilated pupil for evidence of lens subluxation; refraction error; assessment for
glaucoma & cataract.

» Skeletal examination with specific evaluation of the spine, chest deformities, hindfoot, plantar arch and joint mobility.
» Consider vertebral column X-ray if abnormalities are detected

» Occupational therapist/ orthopedic evaluation.

» If major skeletal involvement: Vitamin D and calcium blood test

» Dual-energy X-ray absorptiometry (possible reduced bone mineral density)

» Audiologic screening (described hearing loss)

» Dental and orthodontic examination (possible dental and periodontal abnormalities and craniomandibular dysfunctions).

» In case of skin striae and atrophic scars: consider Dermatologist evaluation

> Function tests and imaging respiratory examinations based on symptoms. To consider sleep studies (possible obstructive sleep apnea)

» If indicated: abdominal ultrasound (rare: kidneys or liver cycstic disease, diaphragmatic hernia, intestinal intussusception, volvulus, diverticulosis,
and rupture)

» Both formal cognitive evaluation and stress related to MFS diagnosis

(a)

Figure 3. Cont.
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'Fiiming

pulmonary artery > Follow up echocardiographic evaluation: every 6 months or periodically based on clinical needs

System/Organ
Heart Aorta,
and valves
Function
Rhythm
- Eye

Musculoskeletal and bone

Oral
Skin
Lung

Psychological assessment

» Follow up echocardiographic evaluation: every 6 months or periodically based on clinical needs
> NT-proB-type Natriuretic Peptide (BNP) blood test: periodically based on ventricular function

» Follow up ECG and 24 h-ECG ambulatory: periodically based on clinical needs

% Follow up ophthalmological investigations: periodically based on clinical needs

» Follow up skeletal examination: every year or periodically based on clinical needs
» Dual-energy X-ray absorptiometry: based on clinical needs

» Follow up dental and orthodontic examination: every year or periodically based on clinical needs
> Follow up dermatological examination: periodically based on clinical needs
» Function tests based on clinical needs

» Based on clinical needs

(b)

Figure 3. (a) Organ/systemic clinical assessment at diagnosis of MFS in children. (b) Organ/systemic
clinical assessment in the surveillance of MFS in children.

3.1. Early Onset MFFS (eoMFS) and Marfanoid—Progeroid—Lipodystrophy Syndrome (MPLS)

EoMEFS, previously widely known as nMFS, can be considered a distinctive condition
that is typically more severe than classic MFS. The age of onset of eoMFS is not clearly
defined, but most of the data included in the literature reports early onset, from the perinatal
phase up to the first few years of life. EOMFS is rarer than classical MFS, reported in less
than 100 patients in the literature, and is usually caused by FBN1 (L.) pathogenetic variants
located in exons 24-32 (96% of cases) (Zarate 2022) [11].

In this specific MFS population, the family history of MFS is frequently negative (about
62-78% of cases) (Veiga-Fernandez 2020) [12]; indeed, most of the cases are de novo in origin
for FBN1 variants (Le Gloan 2016) [13]. The prognosis is often poor, with high mortality
within two years of life (mean survival 16.3 months) (Tognato 2019) [14].

Typically, eoMFS patients show extreme musculoskeletal involvement, with condi-
tions such as arachnodactyly (97%), join contractures (87%), pectus deformities, scoliosis,
pes planus or thin skin being combined with severe cardiac involvement, which can be
diagnosed within a progeria-like spectrum. In this specific category, valvular abnormal-
ities are very common, including MVP (69%), mitral regurgitation (89%), and tricuspid
regurgitation (62%), associated to aortic root dilatation in 96% of the cases.

Compared to classic MFS, in eoMFS, mortality is not principally related to aortic
dissection or rupture, but to congestive heart failure (CHF), secondary to massive valvular
regurgitation with indications for surgical intervention. Prognosis can be also negatively
influenced by the presence of congenital emphysema and diaphragmatic hernia (Stheneur,
2011) [15]. Lens dislocation is reported in 64% of the cases.

The need for early diagnosis and dedicated therapeutic and interventional programs
represent a critical issue in eoMFS. Recently, Zarate and colleagues proposed a dedicated
clinical scoring system that was calculated on the basis of an algorithm that includes the
specific features related to the severity and age of onset of the condition. It included
nine clinical parameters, and one molecular parameter: four cardiac features (MVP, mitral
regurgitation, tricuspid regurgitation, and aortic root dilatation), five systemic parameters
(arachnodactyly, join contractures, pulmonary disease, facial features, and lens dislocation),
and an FBN1 variant (variants located within exons 24-32). The combination of clinical
parameters (cardiac and systemic). A specific scoring system based on the severity and
age of observation of each specific feature lead to the production of a specific cutoff level.
The authors described that a cutoff score of >14 points showed high sensitivity (100%) and
specificity (92%) for establishing the diagnosis. The authors underlined the importance of
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the clinical score because the identification of a (L.) pathogenic variant in exon region 24-32
is not sufficient to confirm a diagnosis of eoMFS (Zarate 2022) [11].

Another very rare, particular, and early onset phenotype related to FBN1 variants
specifically located in exon 64 occurs in a progeroid disease known as MPLS, which
comprises lipodystrophy and partial manifestations of MFS. To date, less than 10 patients
have been reported with de novo FBN1 variants. The clinical spectrum includes intrauterine
growth retardation and generalized subcutaneous fat reduction, except in the breast and
iliac regions, leading to a senile appearance of the face at birth. From a practical point of
view, it is difficult to clinically distinguish eoMFS from MPLS. The clinical features have
a high level of overlap with eoMFS, including aortic root dilatation and MVP, EL, joint
hypermobility, arachnodactyly, lumbosacral dural ectasia, pectus excavatum, and myopia
(Passarge 2016; Lin 2020) [16,17].

3.2. Classical MFS in Children
3.2.1. Cardiovascular (CV) Involvement

Cardiovascular (CV) manifestations of MFS involve different parameters that must be
taken in consideration:

e  Patients may exhibit congenital cardiovascular defects (MVP, neonatal dilated aortic root
(rare), and associated congenital heart defects (CHDs)). However, CV involvement is
often an age related penetrance feature. In other words, progressive aspects can prevail.

e  Although CV involvement in MFS is a major component contributing to morbidity
and mortality, the CV system can remain intact in a certain proportion of individuals
(including adults) with MFS. In other words, CV manifestations can occur in up to 50
to 75% of MFS population. This percentage is under-represented in children due to
the potential progressive nature of the disease.

e  CV features are not limited to classical aortic dilatation. MFS might be considered
a prototype for CV involvement in joint hypermobility disorders. CV changes can
be structural (e.g., changes in the bicuspid aortic valve (BAV) and abnormal MVP),
progressive (e.g., plurivalvular regurgitation and aortic root dilatation), dysfunctional
(hypertension and primary myocardial changes (cardiomyopathy—CMP)), or arrhyth-
mic (second cause of sudden cardiac death—SCD in MFS).

In the selected and eo-forms of the condition, CV involvement is often the leading
determinant for MFS diagnosis. Echocardiography represents the gold standard for ex-
amining valvular or aortic abnormalities. Aortic root measurements must be interpreted
with respect to age and body surface area. A center with an expert pediatric cardiothoracic
surgeon might be mandatory when facing CHDs, severe valvular dysfunction, or severe
aortic dilatation. Secondary level imaging processes, such as angio-computed tomography
(angio-CT) and magnetic resonance angiography (MRA), are frequently performed for
point 0 aortic measurements and procedural risk stratification, respectively. The latter
investigations can provide more accurate assessments of the cardiac and other vascular
(cerebral and abdominal) districts (Baban and Castori, 2018) [18].

In the following sections, major CV manifestations are discussed, with a particular
focus on children with MFS.

Aorta

The main CV abnormalities in MFS comprise aortic involvement, which represents
an important risk factor in case of dissection. Aortic root dilatation is a major clinical
criterion in the revised Ghent Nosology. However, it is important to take into consideration
two main aspects in counselling for families with children affected by MFS: first, the
variable expressivity of aortic involvement (up to 75%) in MFS (Wozniak-Mielczarek, L.
etal., 2019) [2,19], and secondly, the age related penetrance of the condition, which is an
indication for periodic cardiac evaluations.

It is important to mention the main anatomical landmarks that can help in understand-
ing the red flags that can raise clinical suspicion and ultimately lead to the diagnosis of MFS.
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The proximal part of the left ventricle (LV) includes the aortic root, which is an ensemble of
distinct entities: the annulus (ventriculoaortic junction), the interleaflet tringles, the aortic
valve leaflets, the leaflet attachments, the sinuses of Valsalva, and the sinotubular junction.
This part is followed superiorly by the ascending aorta, aortic arch, descending thoracic
aorta, and abdominal aorta.

Dilatation of the aortic root is mostly symmetrical and limited to the root, especially
at the initial stages of the disease. Typically, dilatation is located at the sinus of Valsalva
(van Kimmenade et al., 2013) [20]. Therefore, accurate and reproducible measurement of
the aortic root diameter is a crucial point in the diagnosis of the condition, as well as the
follow-up and planning of medical or surgical management.

In the adult population, it is common to use unadjusted absolute aortic root diameters
for clinical and surgical decisions. This aspect is not applicable in the pediatric population
due to specific limits related to progressively changing parameters, and for this reason,
echocardiographic measurements are expressed in terms of a Z-score, which describes how
many standard deviations measurements are above or below a mean value. The parameters
that are taken in consideration for such measurements include age, sex, height, and weight
(body surface area). The Z-score system can help in identifying patients at risk of developing
aortic disease, since only 2.3% of the general population has a Z-score > 2. This proportion
is even less (0.13%) when considering a Z-score > 3. In the latest MFS diagnostic criteria,
the proposed Z-score for diagnosis in children was set at 3 (Loeys et al., 2010) [8]. A lower
threshold was not considered (i.e., >2) since slight differences in measurement can create a
relatively major impact on Z-score in children compared to adults, and in clinical practice,
moderate aortic dilatation in early childhood can disappear later in life (Gautier et al., 2010) [21].
However, there are no multicentric studies to support a concrete decision as to whether to
consider the >2 or >3 threshold at the moment of diagnosis.

Caruana et al. proposed a Z-score threshold governed as well by systemic score.
In other words, they suggested the significance of a >3 Z-score to be associated with
potential aortic disease. However, this threshold gets down to >2 when associated to major
systemic involvement or progressive aortic dilatation. Children in the grey zone (between
2 and 3 Z-score) without clinical manifestations need echocardiographic surveillance every
1-2 years (Caruana et al., 2022) [22].

In 2021 Rutten and his group compared four Z-score calculation methods in children
(Pettersen 2008, Gautier 2010, Colan 2006, Lopez 2017) [21,23-25], reflecting that different
nomograms can lead to clinically important differences in Z-scores, especially in children
with a relatively large aortic root diameter (Rutten et al., 2021) [26].

Regarding the measurement method, there is no standardized unique nomogram,
and each has its own characteristics and pitfalls. Campens et al. proposed the most
updated reference echocardiographic aortic values with the recommendation to use the
same method and nomogram for a given patient, especially for follow-up purposes. This
recently proposed method includes the use of leading edge to leading edge aortic mea-
surements (Campens et al., 2014) [27]. Another reported Z-score measurement method
includes height in patients who are under or overweight (Devereux et al., 2012) [28]. Other
tools might be based on multiple calculators, such as those online (online calculation
https:/ /www.marfan.fr/accueil /z-score-calculus, accessed on 30 March 2024). One partic-
ular measurement, presented by the Marfan Foundation, is based on a study by Colan and
colleagues (Colan et al., 2006) [23].

The normal growth rate of the aortic root in unaffected individuals is 0.1 mm/year
(Turkbey, E. B. et al., 2014) [29], while it is estimated to be 0.5-0.8 mm/year in children with
MEFS on medical therapy, although it can reach up to 3 mm/year. This rate is slower in
adults (0.3-0.7 mm/year), with the fastest growth observed in men and those with higher
root diameter at time of diagnosis. Rates also vary based on treatment regimen (Hascoet, S.
et al., 2020; Wozniak-Mielczarek, L. et al., 2019) [19,30].

Ascending tubular aortic dilatation can be observed in MFS, mostly associated to dilata-
tion of the aortic root. This pattern is reversed in patients with BAV aortopathies, in which
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the tubular ascending aorta is more majorly involved than aortic root dilatation. The largest
diameter of the ascending aorta, independently from being the root or tubular ascending
aorta, must be applied for determining prophylactic repair (Milewicz et al., 2021) [31].

The presence of BAV in MFS is similar to the general population; in fact, the BAV
prevalence ranges from 1% to 2% in the general population and is about 1.8% in the MFS
population (Fedak, 2002) [32]. Interestingly, MFS patients with BAV have predominant
aortic root involvement and dilatation compared to MFS patients with normally composed
aortic valves (Milleron 2019) [33].

Conservative management

Regular cardiac screening and lifestyle modifications are the first step in protecting
the aorta. A conservative therapeutic approach should be considered at early stages and
periodically reevaluated based on aortic echocardiographic measurements. A proper
therapeutic approach can have a considerable impact on natural history and lifespan in
MFS by reducing the progression of aortic dilatation. This therapy should be managed by a
specialist familiar with its use (usually a pediatric cardiologist or clinical geneticist). The
mechanisms of action of implicated molecules, beta-blockers (3-blockers) and angiotensin
receptor blockers (ARBs), are mainly related to myocardial inotropy, chronotropy, or
targeting signaling pathways involved in MFS animal models. The therapeutic protocol
should be initiated at MFS diagnosis at any age, or upon evidence of progression of aortic
root dilatation, even in subjects without a definitive diagnosis (Dietz 2001; Baban and
Castori 2018) [1,19].

Since the 1990s to date, multiple studies have shown slower aortic root dilatation in
patients who were treated with (3-blockers and/or ARB compared to those not treated using a
pharmacological approach (Shores et al., 1994; Silverman et al., 1995; Erbel, R. et al., 2014) [34-36].

Nowadays, there are no doubts regarding the benefits of medical treatment in reducing
aortic root progression in patients with MFS. However, debate remains surrounding the
choice of single ARB or (-blocker treatments separately or in combination. Recently,
Pitcher et al. performed a meta-analysis of randomized trials of these pharmacological
treatments. Studies comparing ARBs versus controls and ARBs versus (3-blockers were
included, indirectly deriving data about (3-blockers versus controls. All included patients
were treated before aortic surgery. Results showed that ARBs reduced the rate of aortic
dilatation progression in terms of Z-score by about one half; the effects of 3-blockers were
similar to ARBs. Combination therapy (ARBs and 3-blockers), when tolerated, also reduced
the rate of enlargement of the aortic root by at least one half, delaying the need for surgery
(Pitcher et al.) [37] (Figure 4).

Another issue to be considered in regard to patients with MFS is the indication to
continue pharmacotherapy even after surgical procedures, due to the risk of developing
distal aortic dissection (Song, H. K. et al., 2012) [38].

Regarding the majority of children with MFS without apparent aortic involvement,
especially those diagnosed secondary to positive family history of MFS, determination of
appropriate medical treatment can be puzzling. At a final point, after full penetrance of
the disease, aortic involvement is not pathognomonic, and it occurs in up to 75% of the
total adult MFS cohort. Treating a priori, for life, a MFS child with normal aortic parameters
might not be the best option. The golden rule remains maintenance of echocardiographic
surveillance (please see the above paragraph for more details), which is key in detecting
potential progressive aortic dilatation and making subsequent decisions regarding potential
medical treatments.

Another aspect to be taken in consideration in children with MFS is the impact of
physical activity and lifestyle measurements. There are no current sport recommendations
for MFS, and knowledge gaps continue to exist. Isometric exercises that require straining or
Valsalva involvement should be avoided (Dietz 2001-2022 Genereviews) [1]. Participation
in competitive dynamic sports and high-intensity physical activity might be discouraged,
particularly in cases presenting a dilated aorta. Frequent ‘burst” exercises and collision
sports are likely risky activities and can favor excessive aortic enlargement and trigger an



J. Cardiovasc. Dev. Dis. 2024, 11, 114 10 of 23

acute aortic dissection. A personal observation of caution should be taken in consideration
when exercising at an intense level, and when playing wind musical instruments that
require excessive Valsalva maneuvers. Wind musical instruments, when played at a
professional level, might have an exacerbating effect on aortic dilatation mechanisms.
However, further studies are needed to confirm this observation.

Newly diagnosed child with MFS:
basic cardiac assessment, ECG, echocardiography

N

—

N .n . Aortic root dilatation
~.....>3Zscore

\ 4

Periodic surveillance: every 6 months

Periodic surveillance (please but even more frequently if
refer to figure 3b for details) in titration up for medical treatment
\ / (Consider medical treatment especially in evidence of

Prepuberal: Pose’:lp;l::z:alz
every 12 months B

Family counselling:

» Reassurance of family
regarding variable expressivity
(50-75% cardiac involvement
in adults with MFS);

> Remind family of age related
penetrance (potential

progressive disease) v

Periodic assessment: cardiac evaluation,

In selected cases: stress test, holter monitoring for

S

Evidence of progr

Consider ARB/B-blockers: e.g. Losartan. Start low
(0.4mg/kg) and keep titration up to 1-1.4mg/kg (in few months);

Stab!

Figure 4. Flowchart for MFS cardiac involvement, adapted from our institution as the regional referral
center for children with MFS. Abbreviations: angio-MRI, angio-magnetic resonance imaging; ARB,
angiotensin II receptor blockers; CT-scan, computed tomography scan; ECG, electrocardiogram; MFS,
Marfan syndrome; S&S, signs and symptoms.



J. Cardiovasc. Dev. Dis. 2024, 11, 114

11 of 23

Conversely, capable individuals with MFS should be encouraged to engage in low-
to-moderate aerobic activities, low-intensity recreational sports, and even the use of
lightweights (multiple repetitions without straining). Certainly, a degree of caution is
appropriate when advising exercise to those with inherited thoracic aortic disease (Cheng
et al., Monda et al., Jouini et al., Dietz 2001-2022 Genereviews) [1,39-41].

In general, most MFS patients should exercise regularly at a non-strenuous pace, or at
about 50% of capacity. It is recommended to avoid contact sports, intense weight training,
and isometric exercises, since shear stresses on the aorta might accelerate aortic dilatation.
Physical activity, when surveilled by a sports medicine specialist, can lead to improved
physical and mental outcomes (Hiratzka, L. F. et al., 2010) [42].

Surgical management of aortic dilatation

Surgical management in children with MFS is an unusual event within pediatric co-
horts. Consequently, no multicentric studies have gained consensus status in this very
specific field. The age and BSA of the child, the extent of aortic dilatation, preoperative
haemodynamic stability, associated arrhythmias, and HF are probably major factors de-
termining outcomes of these procedures (Tirone David, 2019) [43]. Many children with
MFS reach “adult” BSA presentation at 10-12 years of age. It is thought that repair of the
aortic root and mitral valve can be performed more safely starting at this age. However,
the prognosis is usually poor when surgery is indicated during infancy. This is even worse
when surgery is indicated on the aorta in neonates.

One of the earliest related studies in the literature was from The Johns Hopkins
Hospital and was based on the results of aortic root replacement, mitral valve repair or
replacement, and combinations of aortic root and mitral valve operations in 26 children
with a mean age of 10 years (range 8 months to 17 years) (Gillinov et al., 1997) [44]. No
mortality was reported and overall survival at 10 years was 79%, with 41% freedom from
reoperation. suggesting that reoperation was indicated in more than half of the children
within a decade of the initial procedure. There have been a few reports on the outcomes of
aortic valve sparing operations in children with fairly good results (Fraser et al., 2019; Kluin
etal., 2016) [45,46]. Reimplantation of the aortic valve has provided better outcomes than
remodeling of the aortic root or composite replacement of the aortic valve and ascending
aorta, particularly in children older than 10 years of age.

A multicentric retrospective and prospective registry on surgical management of
children with a proven diagnosis of MFS would improve our knowledge and skills to better
serve this population. Surgical management of children with MFS should be conducted
in specialized centers, given that perioperative complications are frequent and can be
unpredictable at a multisystemic level (e.g., respiratory and infective complications and
delayed wound healing).

In the adult population with MFS, surgery is indicated with a maximal aortic diameter
>50 mm. In MFS patients with additional risk factors (see below), surgery should be
considered at lower threshold (>45 mm). Major additional risk factors include: a family
history of aortic dissection (or personal history of spontaneous vascular dissection); severe
valvular regurgitation (aortic or mitral); fertile women; systemic hypertension; aortic
size increase >3 mm/year (on repeated measurements using the same electrocardiogram
(ECG) gated imaging technique, measured at the same level of the aorta, with side-by-side
comparison, and confirmed by another technique); dyslipidemia; and atrial fibrillation (AF)
(Vahanian et al., 2022) [47].

It is important to take into consideration that there are no current guidelines regarding
aortic root replacement in children with MFS, although some experts suggest the adaptation
of adult aortic roots for children.

A multicentric retrospective and prospective registry on surgical management of
children with a proven diagnosis of MFS would improve our knowledge and skills to better
serve this population. Surgical management of children with MFS should be managed in
specialized centers since perioperative complications are frequent and can be unpredictable
at the multisystemic level.
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Valves

Tricuspid valve

Tricuspid valve anomalies are not considered suggestive of MFS. However, several
studies show that frequent tricuspid valve prolapse (TVP) can be detected in MFS. In
2010, Rybczynski and colleagues reported a TVP prevalence of 22% in 204 MFS patients
(Rybczynski et al., 2010) [40]. Prevalence appears to be lower in the first two decades of life
(4% in 0-10 years and 17% in 10-20 years), increasing in age groups up to 40 years (29%
in 20-30 years and 32% in 30—40 years). In a 2020 study published by Bombardieri et al.,
observed a slightly lower TVP prevalence (13%) in a cohort of 69 FBN1 positive patients
with a median age of 23 years (range 1-75) (Bombardieri et al., 2020) [48].

An interesting finding by Rybczynski and his group was that TVP was commonly
associated to MVP with a severe grade of regurgitation (Rybczynski et al., 2010) [40].
Concurrent involvement of the mitral and tricuspid valves was reported by Gu in 9.6% of
MEFS adults (seven patients of 73) (Gu et al., 2015) [49].

Limited data are available concerning tricuspid valve disease in MFS children. A study
on a small pediatric cohort (seven patients) showed a TVP prevalence of 63.6% (Ozdemir
et al., 2011) [50]. Recently, Stark and his collaborators performed a retrospective and
observational study focused on TVP and its predictive value for the outcome of pediatric
MFS. They found TVP in 68.5% of patients (89/130 aged 10.7 £ 4.8 years). TVP seems to be
a possible marker of potentially more aggressive cardiovascular and systemic phenotypes;
in fact, at baseline, children with TVP had a higher incidence rate of aortic root dilatation,
MVP, and systemic manifestations than patients without TVP. Also, at follow-up, aortic
root dilatation and systemic manifestations were more present in the TVP group than the
non-TVP group. Considering that TVP appears early in the disease course, the authors
concluded that TVP should be routinely and regularly assessed in the echocardiography of
MEFS children as a possible predictor of clinical severity outcome (Stark et al., 2022) [51].

There is no standard protocol for TVP and related regurgitation. The measurement
of the entity of this parameter is evaluated as part of the echocardiogram surveillance
conducted in MFS. In cases of severe regurgitation or symptomatic patients with right-
sided HEF, surgery might be indicated (Vahanian, 2022) [47].

Mitral Valve

Mitral valve disease represents the other major cardiac involvement in MFS beyond aortic
root dilatation. MVP is one of the systemic MFS score criteria. In MFS adults, the prevalence
of MVP is higher compared to the general population (40-68% versus 1-2%) (Milewicz et al.,
2021; Pyretz et al., 1993; Muhlstadt et al., 2019) [31,52,53]. MVP is also a relevant manifestation
in the pediatric MFS population, occurring in 32% to 38% of cases, and the prevalence is
age-dependent (Mueller et al., 2013; Selamet Tierney et al., 2013) [54,55].

In 2010, Rybczynski and colleagues performed a large population-based cohort study
focused on mitral valve dysfunction in MFS, reporting an MVP cumulative distribution
of 8.7% at 1 year of age, 26.7% at 10 years, 36.1% at 20 years, 42.6% at 30 years, 47.7% at
40 years, 51.8% at 50 years, and 60.8% at 80 years of age. Severe mitral valve regurgitation
increases with age: the estimated cumulative distribution is 0 at 1 year, 2.5% at 20 years,
13.3% at 40 years, 32.7% at 60 years, and 55.8% at 80 years of age. In addition, the same
authors found that MFS patients with MVP have a 28% increased risk of complications,
such as operations, endocarditis, or HF, compared with 13% in patients with idiopathic
MVP (Rybczynski et al., 2010 and Rybczynski et al., 2011) [56,57].

Interestingly, the prevalence of MVP in MFS children and young adults is also gender-
related; in fact, Lacro et al. reported that the prevalence of measurable (mild or worse)
mitral regurgitation (MR) was higher among female subjects (MVDP: females 45% versus
males 33%, MR: females 25% versus males 13%) (Lacro et al., 2013) [58].
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Cardiomyopathy (CMP)

Cardiac involvement in MFS is known to be classically associated with aortic or valvu-
lar abnormalities. However, the presence of myocardial changes predisposing to CMP is
increasingly emerging in the literature. In the 1950s, the definition of “arachnodactyly heart”
was introduced to underline the peculiar myocardial aspects of MFS (Glesby, 1989; Bradley
et al., 2016; Fusco et al., 2022) [59-61]. Nevertheless, myocardial impairment is frequently
related to valvular anomalies and consequent ventricular volume overload. However, it
is not possible to exclude a priori a “primum” myocardial changes independently from
hemodynamic factors. In 1994, Savolainen and colleagues reported that LV early diastolic
function is impaired in children with MFS, probably due to primitive connective tissue
abnormalities (Savolainen et al., 1994) [62].

Interestingly, in 2021, Mosquera and De Backer defined two possible myocardial
expression entities in MFS: HF in neonatal (eoMFS)/infantile MFS, and CMP in classical
MFS. As discussed in Section 3.1, in the eoMFS population, it is common to observe
hemodynamic abnormalities related to valvular prolapse (tricuspid /mitral), causing severe
progressive regurgitation and subsequent CHF. In contrast with classical MFS, aortic root
dilatation in eoMFS does not represent the major morbidity factor in this population. In
fact, prognosis and survival are mainly related to the severity of valvular involvement and
HF symptoms (Mosquera and De Backer 2021, Faivre 2009) [63,64].

Regarding CMP in classical MFS, which can also be defined as “Marfan CMP”, the
reported prevalence in the literature is widely variable, ranging from 3% to 68% (Hetzer
2016, Yetman 2003) [65,66]. In Marfan CMP. myocardial impairment can be intrinsic with
biventricular involvement, and is associated to both systolic and diastolic dysfunctions (De
Backer 2006) [67]. The latter finding seems not to be related to reduced aortic elasticity; in
fact, there is no significant relation between LV ejection fraction and flow wave velocity
(FWYV), a parameter related to aortic elasticity (de Witte, 2011) [68]. This evidence suggests
that Fibrillin-1 anomalies are probably causative not only for aortic wall injuries, but also
for myocardial changes.

Arrhythmias

Structural CV involvement in MFS is traditionally described in the literature. Growing
evidence in the last decades has shed light on associated arrhythmic spectrum in MFS.
Limited data are available regarding heart rhythm abnormalities in the natural history of
MEFS in children.

These changes can be classified into three main groups: supraventricular arrhythmias,
ventricular arrhythmias, and repolarization disorders. Supraventricular (SV) and ventricular
arrhythmias have been reported in the literature in MFS populations (both children and
adults), independently from valvular involvement (Aydin et al., 2013; von Kodolitsch et al.,
2019) [69,70].

Three studies have reported life-threatening arrhythmias in 7-9% of MFS patients,
along with SCD, most likely due to arrhythmia, in up to 4% (Yetman et al., 2003, Aydin
et al., 2013) [66,69]. Major causes of cardiac death include aortic dissection/rupture, HF,
and ventricular arrhythmias (Gott et al., 1999; Yetman et al., 2003) [66,71].

Attempts to achieve arrhythmic risk stratification in MFS reported some involved param-
eters: ventricular ectopy (VE), non-sustained ventricular tachycardia, ventricular tachycardia,
LV systolic dysfunction, and elevated serum N-terminal pro-brain natriuretic peptide levels
(NT-proBNP) (Hoffmann et al., 2013) [65]. The latter seems to be the strongest independent
predictor of arrhythmogenic events (Aydin et al., 2013, Hoffmann et al., 2013) [69,72].

Supraventricular (SV) and ventricular arrhythmias

In children with MFS, SV and ventricular arrhythmias might be underestimated
aspects with potential dynamic implications for CV outcome. No serial multicentric studies
on pediatric populations with MFS are available.
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It is important to take in consideration that VE is classically considered to be a com-
mon finding among children, especially when associated with negative familial history,
asymptomatic and monomorphic presentation, a common ECG pattern, and it is often
suppressed by exercise (Cicenia et al., 2021) [73].

One of the few multicentric studies in the area was conducted in 2018 by Mah and
colleagues on 274 MFS children and young adults (11 £ 6 years) with 24 h ECG ambulatory
data available for review. Only 7% of patients presented significant VE, and 5% had
significant supraventricular ectopy (SVE); two patients (1%) had both. Only two from those
with VE had a burden >10% (about 20%). Ventricular tachycardia (VT) or supraventricular
tachycardia (SVT) were not reported. On one hand, no correlation was observed among
VE and MVP, MR, LV size and function, and aortic dimensions or stiffness. On the other
hand, the authors detected a relationship between SVE and dilatation of the sinotubular
junction and the aortic stiffness measures. A novel observation from that study included
the correlation between a higher heart rate variability (HRV) and increased risk of aortic
dissection. It was hypothesized that the greater oscillation in heart rate and increased
sympathetic tone may induce higher aortic wall stress, increasing the risk of dilatation and
dissection (Mah et al., 2018) [74].

In a single center report from Yetman and his group, 21% of children with MFS
presented VE and 6% presented non-sustained ventricular tachycardia. In contrast with the
Mah study, a greater prevalence of MVP with MR and LV dilatation was observed with VE
(Yetman et al., 2003) [66].

In 2019, a study performed by Wozniak-Mielczarek and collaborators showed no
major differences among adults and children with MFS in terms of VE, with a prevalence
of 12.28% in adults and 4.55% in children. SVE was detected in five patients with MFS
(4.95%), with similar observed prevalence in adults and children, three (5.26%) versus two
(4.55%), respectively (Wozniak-Mielczarek et al., 2019) [18].

Recently, Demolder and colleagues performed a large international multicenter retro-
spective study on a cohort of thoracic aortic disease patients (12 years or older). On one
hand, they reported that atrial arrhythmia (atrial fibrillation/atrial flutter) is most common
in patients with (L.) pathogenic variants affecting FBN1 compared to patients with (L.)
pathogenic variants in other TGF-f3 signaling genes. On the other hand, no significant dif-
ference was found between these two populations regarding ventricular arrhythmia. They
also reported an association between mitral annular disjunction (MAD) and ventricular
arrhythmias in MFS patients (Demolder et al.) [75]. Further studies are needed to show the
prevalence of these events in the pediatric MFS population.

Repolarization disorders

In a similar manner, two MFS cohorts showed a higher frequency of QTc prolongation
>440 ms, reaching up to 9-20% of children with MFS and 16-20% of adults (Yetman et al.,
2003 and Savolainen et al., 1997) [66]. QT interval prolongation was unrelated to aortic
root dilatation, LV function, or dimension and mitral valve prolapse (Savolainen et al.,
1997) [76].

Arrhythmic predisposition, combined with abnormal repolarization, remarkably sug-
gests a subclinical aberration background in the electrophysiological substrate. To date, the
mechanism underlying these disorders remains unknown. Based on these observations,
careful consideration should be undertaken when prescribing drugs with proarrhythmo-
genic/QT prolonging aspects.

3.2.2. Eye

Ocular involvement in MFS is one of the major defining criteria, in addition to CV and
musculoskeletal involvement. It is imperative to undertake all eye studies in the diagnostic
setting of MFS. On one hand, ocular implications and management protocols in MFS adults
are well-described in the literature. On the other hand, few studies are focused on the
pediatric MFS population.



J. Cardiovasc. Dev. Dis. 2024, 11, 114

15 of 23

EL represents a distinctive and severe manifestation in the revised Ghent Nosology,
with prevalence reaching ~60% in adult MFS. To the best of our knowledge, no multicentric
or large single center studies are available regarding the exact prevalence of this feature in
the pediatric MFS population.

In differential diagnosis, EL is not pathognomonic for MFS, and might be associated
to ocular trauma, infection, inflammation and tumors (Cross and Jensen 1973; Hayward
and Brock 1997; Kainulainen 1994) [77-79]. EL is a possible sign of classical homocystinuria
(occurring in about 85% of cases). Additionally, isolated EL is also associated to (L.) variants
in FBN1 in dominant traits, or to (L.) variants in ADAMTSL4 in recessive traits.

In a single center study combining ophthalmic and cardiac department observations,
Salchow and Gehle performed a retrospective comparative study on MFS in patients
younger than 17 years old (52 children with MFS versus 73 controls). EL was diagnosed
in 25/52 (49%) of MFS patients; it was bilateral in 68% of these cases. Age and gender
were not significantly different among patients and controls. The most frequent direction
of lens subluxation was superior (47.6%). As in adults, EL is frequently associated with a
decrease in visual acuity (VA); in fact, EL can cause myopia, irregular astigmatism, and
high hyperopia (Salchow and Gehle 2019) [80].

Other common ocular manifestations of MFS are myopia >3 diopters (>50%), tran-
sillumination defects with increased axial length (AL) (>23.5 mm), flat cornea (<41.5 D
average corneal curvature), decreased corneal curvature, and greater corneal astigmatism.
In addition to EL, other major ocular complications include retinal detachment (RD) (<25%)
and glaucoma (~30%) (Gehle et al., 2017; Dietz GeneReviews 2001-2022) [1,81].

In adults, MFS eyes have been found to be longer than those of control groups. Based
on Salchow and Gehle, this was not the case in children, where the eyes were shorter.
Moreover, AL was comparable in children with MFS with and without EL, which contrasts
with reported data in adults, in whom EL is associated with increased AL. This parameter
might represent a dynamic aspect of the condition which progressively changes through
adolescence (Salchow and Gehle, 2019) [80].

Another ocular characteristic in MFS adult patients is reduced corneal curvature (Gehle
etal., 2017) [81]. Salchow and Gehle demonstrated that children with MFS have a significantly
reduced average corneal curvature (Kmed) compared with controls, suggesting this parameter
as a diagnostic criterion for MFS at pediatric age (Salchow and Gehle, 2019) [80]. In a similar
manner, corneal astigmatism in MFS children was significantly higher than in controls, and
often associated with EL (Kinori et al., 2017; Konradsen et al., 2012) [82,83].

Kinori and colleagues suggested that corneal parameters should be well established
if MFS is suspected, especially in children. This aspect might represent part of a risk
stratification tool for those at risk of developing EL.

In Ghent revised criteria, the minor diagnostic criteria of myopia >3 diopter (D) may
not be present in children with MFS due to the compensatory effects of a flattened cornea,
which balances the increased AL in terms of refractive error. A few studies have reported
certain specificities of myopia in children with MFS, where it was detected at a level of >3
D in 34.9% and >0.75 D in 41.9% of MFS children versus 12.9% for both D measurements
in the control group (Kinori et al., 2017; Salchow and Gehle 2019) [80,82]. The presence of
severe myopia should be considered a red flag for EL.

Another less characterized criterion includes a decreased central corneal thickness (CCT),
which can represent a risk factor for primary open-angle glaucoma. In an analyzed MFS
cohort studied by Salchow and Ghele, only one patient had suspected glaucoma (Salchow and
Gehle 2019) [79]. Lower intraocular pressure (IOP) has been previously reported in children
and adults with MFS overall and in association with EL (Drolsum et al., 2015) [84].

Iris transillumination defects (ITD) were diagnosed in a lighter way in MFS children’s
eyes (19.6% versus 4.3% in controls). Regarding RD, it was not reported in MFS children,
while it is typically observed in adults with MFS. However, early screening for RD risk
factors is recommended, with periodic ocular fundus examination (Salchow and Gehle
2019) [80].
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Based on the relevant and often severe ocular involvement, it is essential to perform all
ophthalmological investigations when MFS is suspected. Especially in children, screening
must be early and periodic, at the time of diagnosis, and at least annually or based on clinical
needs, because many signs may not initially be present, such as EL or myopia. In addition to
standard screening, measurement of AL and corneal curvature should be considered and are
obtainable in a clinical setting, even in young children (Kinori et al., 2017) [82].

3.2.3. Musculoskeletal and Bone

Osteoarticular anomalies are extremely common in MFS, and represent the third major
feature in this condition, in addition to those observed in the CV and ocular systems.
Skeletal changes may involve any segment, but primarily the abnormalities are observed
in the chest (pectus excavatum or carinatum), spine (scoliosis and thoracolumbar kyphosis),
and feet (plain flat foot and hindfoot deformity). Other possible features include reduced
elbow extension, protusio acetabulae, reduced upper segment/lower segment, and increased
arm span/height ratio. There are few studies in the literature regarding musculoskeletal
aspects in the MFS pediatric population. In 2014, Stheneur and his group performed a
large study on 259 MFS children compared with 474 non-MFS children in which they
attempted to clarify phenotype evolution during childhood. They interestingly found that
skeletal features are very heterogeneous and evolve during growth with an age-dependent
mechanism. In detail, the prevalence of pectus abnormalities increased from 43% at 0-6
years to 62% at 15-17 years, wrist signs increased from 28 to 67%, and scoliosis increased
from 16 to 59%. Hypermobility decreased from 67 to 47% and pes planus decreased from
73 to 65% (Stheneur et al., 2014) [85].

Recently, an Italian group investigated the correlation between musculoskeletal fea-
tures and CV abnormalities in 72 MFS pediatric patients (range 3 to 14 years) (De Maio et al.,
2021, De Maio et al., 2016) [86,87], showing a statistically significant correlation between
pectus excavatum and aortic root dilatation with Z-score >3.

Another multicentric retrospective study evaluated the correlation between spinal and
chest anomalies and pulmonary function in MFS pediatric patients with clinical history of
surgically managed spinal deformity. The authors demonstrated an impaired pulmonary
function test in 70% of these patients. Kyphosis, chest wall deformity, and increasing
coronal curve magnitude are the three most relevant factors related to decreased pulmonary
function (Otremski et al., 2020) [88].

Certainly, tall stature can be the leading sign for MFS diagnosis in children, although
height is not considered a specific diagnostic criterion. In fact, height can be influenced by
many factors, such as target family final height. Initially, some studies proposed specific
growth charts for MFS children (Pyeritz et al., Erkula et al., Kwun et al.) [89-91]. In 2017,
the French research group lead by Benoist developed the first European growth charts
(height, weight, bode max index -BMI, and arm span) for MFS children (males and females)
on the basis of an observational study of 259 MFS children and 474 variant-negative sibling
controls. MFS children (both genders) were substantially taller than control group children
at all ages. However, MFS children’s overgrowth reduced with age. At 17 years old, the
mean height was 191.2 + 8.4 cm in the MFS male group versus 182.9 + 8.1 in the male
control group, and 178.3 & 7.6 cm in the MFS female group versus 169.5 & 6.8 in the female
control group. In contrast, MFS children showed BMI similar to non-MFS children, and
inferior to the values observed in the French general population (Benoist et al., 2017) [92].

In addition to the morphological skeletal changes, the state of reduced bone miner-
alization related possibly to osteoporosis is a potential underestimated indicator in MFS
children that has received growing interest in the literature. Most of the studies related to
this aspect of the condition have recommended periodic screening of bone mineral status
and to evaluate diet, physical exercise, vitamin D status, and bone turnover markers to
prevent reduced bone mass (Grover et al., 2012, Haine et al., 2015, Trifiro et al., 2015, Trifiro
et al., 2020) [93-96].
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3.2.4. Systemic Manifestations

Other systemic manifestations are described in Supplementary Materials [97-134].

4. Conclusions

MES is an extremely complex and variable condition. Major organ involvement is not
constant. Age penetrance is an important factor to be considered in children with MFS.
Initial family counselling must be shared and acknowledged by families. Specific organ
surveillance is a fundamental issue, and clinical approaches must be focused on the cardiac,
ocular, and skeletal aspects of the condition (Figure 3a,b). Other less frequently reported
or underestimated issues must be included at point zero diagnosis in order to recognize
dedicated organ/systemic involvement. Overall, in MFS children, a multispecialty man-
agement strategy should be the main point of consideration both in the diagnosis and long
term follow-up of the condition.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/jcdd11040114/s1. The supplementary file includes detailed description of
other systemic manifestations that can be of impact on the health of children with MFS. References [97-134]
are cited in the Supplementary Materials.

Author Contributions: Conceptualization, methodology, software, data curation and writing—original
draft preparation, G.P. (Giovanni Parlapiano), M.C. (Marianna Cicenia), A.P. and A.B. (Anwar Baban);
writing—review and editing, G.P. (Giovanni Parlapiano), M.C. (Marianna Cicenia) and A.B. (Anwar
Baban), G.L.; patient care: G.P. (Giovanni Parlapiano), M.C. (Marianna Cicenia), M.A., A.F. (Alessio
Franceschini), C.P,, A.P,, M.C. (Martina Caiazza), A.F. (Adelaide Fusco), G.Z., A.R., G.P. (Gianluigi Perri),
L.G,M.CD,, PSB., A.B. (Andrea Bartuli), AN., M.R. and A.B. (Anwar Baban); supervision, A.B. (Anwar
Baban) and G.L. All authors listed have made a substantial, direct, and intellectual contribution to the
work and approved it for publication. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Italian Ministry of Health with Current Research funds.
This project is part of 5x1000 project with the current code (202405).

Institutional Review Board Statement: Ethical review and approval were waived for this study since
it represents a literature revision.

Informed Consent Statement: Informed consents were waived for this study since it represents a
literature revision.

Data Availability Statement: Details regarding where data supporting reported results is available
upon request.

Acknowledgments: We thank the families for helping us to better understand these complex disor-
ders. We acknowledge that this work is part of the Good Clinical Practice program: “cardiogenetic
assessment of children with heart diseases”. Part of this study belongs to the “Bando Finalizzato GR
2018 12368395”. We thank Paola Pagliari, Daniela Corbo, Carla Fosco, and Lorenzo De Luca for their
support. Bambino Gestu Children Hospital is an HCP for The European Reference Network for rare,
low prevalence, and complex diseases of the heart (ERN GUARD-Heart).

Conflicts of Interest: The authors declare that the study was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1. Dietz, H. Marfan Syndrome. In GeneReviews®; University of Washington: Seattle, WA, USA, 2001.

2. Lodato, V,; Parlapiano, G.; Calj, F; Silvetti, M.S.; Adorisio, R.; Armando, M.; El Hachem, M.; Romanzo, A.; Dionisi-Vici, C.; Digilio,
M.C; et al. Cardiomyopathies in Children and Systemic Disorders When Is It Useful to Look beyond the Heart? . Cardiovasc.
Dev. Dis. 2022, 9, 47. [CrossRef] [PubMed]

3. Corson, G.M.; Chalberg, S.C.; Dietz, H.C.; Charbonneau, N.L.; Sakai, L.Y. Fibrillin Binds Calcium and Is Coded by CDNAs That
Reveal a Multidomain Structure and Alternatively Spliced Exons at the 5" End. Genomics 1993, 17, 476-484. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcdd11040114/s1
https://www.mdpi.com/article/10.3390/jcdd11040114/s1
https://doi.org/10.3390/jcdd9020047
https://www.ncbi.nlm.nih.gov/pubmed/35200700
https://doi.org/10.1006/geno.1993.1350
https://www.ncbi.nlm.nih.gov/pubmed/7691719

J. Cardiovasc. Dev. Dis. 2024, 11, 114 18 of 23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
Pereira, L.; D’Alessio, M.; Ramirez, F; Lynch, J.R.; Sykes, B.; Pangilinan, T.; Bonadio, J]. Genomic Organization of the Sequence
Coding for Fibrillin, the Defective Gene Product in Marfan Syndrome. Hum. Mol. Genet. 1993, 2, 961-968. [CrossRef] [PubMed]
Robertson, E.; Dilworth, C.; Lu, Y.; Hambly, B.; Jeremy, R. Molecular Mechanisms of Inherited Thoracic Aortic Disease—From
Gene Variant to Surgical Aneurysm. Biophys. Rev. 2015, 7, 105-115. [CrossRef] [PubMed]

Asano, K.; Cantalupo, A.; Sedes, L.; Ramirez, F. Pathophysiology and Therapeutics of Thoracic Aortic Aneurysm in Marfan
Syndrome. Biomolecules 2022, 12, 128. [CrossRef]

Loeys, B.L.; Dietz, H.C.; Braverman, A.C.; Callewaert, B.L.; De Backer, J.; Devereux, R.B.; Hilhorst-Hofstee, Y.; Jondeau, G.; Faivre,
L.; Milewicz, D.M,; et al. The Revised Ghent Nosology for the Marfan Syndrome. J. Med. Genet. 2010, 47, 476-485. [CrossRef]
Kaur, K.; Gurnani, B. Ectopia Lentis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Willis, L.; Roosevelt, G.E.; Yetman, A.T. Comparison of Clinical Characteristics and Frequency of Adverse Outcomes in Patients
with Marfan Syndrome Diagnosed in Adulthood versus Childhood. Pediatr. Cardiol. 2009, 30, 289-292. [CrossRef]

Zarate, Y.A.; Morris, S.A.; Blackshare, A.; Algaze, C.A.; Connor, B.S.; Kim, A.].; Yutzey, K.E.; Miller, E.M.; Weaver, K.N.; Collins,
R.T., II. A Clinical Scoring System for Early Onset (Neonatal) Marfan Syndrome. Genet. Med. 2022, 24, 1503-1511. [CrossRef]
Veiga-Ferndndez, A.; Joigneau Prieto, L.; Alvarez, T.; Ruiz, Y.; Pérez, R.; Gadmez, F; Ortega Abad, V.; Yllana, F.; De Leén-Luis, J.
Perinatal Diagnosis and Management of Early-Onset Marfan Syndrome: Case Report and Systematic Review. J. Matern. Fetal.
Neonatal Med. 2020, 33, 2493-2504. [CrossRef]

Le Gloan, L.; Hauet, Q.; David, A.; Hanna, N.; Arfeuille, C.; Arnaud, P; Boileau, C.; Romefort, B.; Benbrik, N.; Gournay, V.; et al.
Neonatal Marfan Syndrome: Report of a Case with an Inherited Splicing Mutation Outside the Neonatal Domain. Mol. Syndromol.
2016, 6, 281-286. [CrossRef] [PubMed]

Tognato, E.; Perona, A.; Aronica, A.; Bertola, A.; Cimminelli, L.; De Vecchi, S.; Eshraghy, M.R.; Loperfido, B.; Vivenza, C.; Manzoni,
P. Neonatal Marfan Syndrome. Am. |. Perinatol. 2019, 36 (Suppl. 2), S74-576. [CrossRef] [PubMed]

Stheneur, C.; Faivre, L.; Collod-Béroud, G.; Gautier, E.; Binquet, C.; Bonithon-Kopp, C.; Claustres, M.; Child, A.H.; Arbustini, E.;
Ades, L.C.; et al. Prognosis Factors in Probands with an FBN1 Mutation Diagnosed before the Age of 1 Year. Pediatr. Res. 2011, 69,
265-270. [CrossRef] [PubMed]

Passarge, E.; Robinson, PN.; Graul-Neumann, L.M. Marfanoid-Progeroid-Lipodystrophy Syndrome: A Newly Recognized
Fibrillinopathy. Eur. J. Hum. Genet. 2016, 24, 1244-1247. [CrossRef] [PubMed]

Lin, M,; Liu, Z; Liu, G.; Zhao, S.; Li, C.; Chen, W.; Coban Akdemir, Z.; Lin, J.; Song, X.; Wang, S.; et al. Genetic and Molecular
Mechanism for Distinct Clinical Phenotypes Conveyed by Allelic Truncating Mutations Implicated in FBN1. Mol. Genet. Genom.
Med. 2020, 8, e1023. [CrossRef] [PubMed]

Wozniak-Mielczarek, L.; Sabiniewicz, R.; Drezek-Nojowicz, M.; Nowak, R.; Gilis-Malinowska, N.; Mielczarek, M.; Labuc, A.;
Waldoch, A.; Wierzba, ]. Differences in Cardiovascular Manifestation of Marfan Syndrome between Children and Adults. Pediatr.
Cardiol. 2019, 40, 393-403. [CrossRef] [PubMed]

Baban, A.; Castori, M. Pharmacological Resources, Diagnostic Approach and Coordination of Care in Joint Hypermobility-Related
Disorders. Expert Rev. Clin. Pharmacol. 2018, 11, 689-703. [CrossRef] [PubMed]

van Kimmenade, R.R.J.; Kempers, M.; de Boer, M.].; Loeys, B.L.; Timmermans, J. A Clinical Appraisal of Different Z-Score
Equations for Aortic Root Assessment in the Diagnostic Evaluation of Marfan Syndrome. Genet. Med. 2013, 15, 528-532. [CrossRef]
[PubMed]

Gautier, M,; Detaint, D.; Fermanian, C.; Aegerter, P.; Delorme, G.; Arnoult, F.; Milleron, O.; Raoux, E; Stheneur, C.; Boileau, C.;
et al. Nomograms for Aortic Root Diameters in Children Using Two-Dimensional Echocardiography. Am. J. Cardiol. 2010, 105,
888-894. [CrossRef]

Caruana, M.; Baars, M.J.; Bashiardes, E.; Benke, K.; Bjorck, E.; Codreanu, A.; de Moya Rubio, E.; Dumfarth, J.; Evangelista, A.;
Groenink, M.; et al. HTAD Patient Pathway: Strategy for Diagnostic Work-up of Patients and Families with (Suspected) Heritable
Thoracic Aortic Diseases (HTAD). A Statement from the HTAD Working Group of VASCERN. Eur. J. Med. Genet. 2023, 66, 104673.
[CrossRef]

Colan, S.D.; McElhinney, D.B.; Crawford, E.C.; Keane, ].E,; Lock, J.E. Validation and Re-Evaluation of a Discriminant Model
Predicting Anatomic Suitability for Biventricular Repair in Neonates with Aortic Stenosis. J. Am. Coll. Cardiol. 2006, 47, 1858-1865.
[CrossRef] [PubMed]

Pettersen, M.D.; Du, W.; Skeens, M.E.; Humes, R.A. Regression Equations for Calculation of z Scores of Cardiac Structures in a
Large Cohort of Healthy Infants, Children, and Adolescents: An Echocardiographic Study. J. Am. Soc. Echocardiogr. 2008, 21,
922-934. [CrossRef] [PubMed]

Lopez, L.; Colan, S.; Stylianou, M.; Granger, S.; Trachtenberg, E; Frommelt, P.; Pearson, G.; Camarda, J.; Cnota, J.; Cohen, M.; et al.
Relationship of Echocardiographic Z Scores Adjusted for Body Surface Area to Age, Sex, Race, and Ethnicity: The Pediatric Heart
Network Normal Echocardiogram Database: The Pediatric Heart Network Normal Echocardiogram Database. Circ. Cardiovasc.
Imaging 2017, 10, e006979. [CrossRef]


https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1093/hmg/2.7.961
https://www.ncbi.nlm.nih.gov/pubmed/8364578
https://doi.org/10.1007/s12551-014-0147-1
https://www.ncbi.nlm.nih.gov/pubmed/28509973
https://doi.org/10.3390/biom12010128
https://doi.org/10.1136/jmg.2009.072785
https://doi.org/10.1007/s00246-008-9346-5
https://doi.org/10.1016/j.gim.2022.03.016
https://doi.org/10.1080/14767058.2018.1552935
https://doi.org/10.1159/000443867
https://www.ncbi.nlm.nih.gov/pubmed/27022329
https://doi.org/10.1055/s-0039-1691770
https://www.ncbi.nlm.nih.gov/pubmed/31238364
https://doi.org/10.1203/PDR.0b013e3182097219
https://www.ncbi.nlm.nih.gov/pubmed/21135753
https://doi.org/10.1038/ejhg.2016.6
https://www.ncbi.nlm.nih.gov/pubmed/26860060
https://doi.org/10.1002/mgg3.1023
https://www.ncbi.nlm.nih.gov/pubmed/31774634
https://doi.org/10.1007/s00246-018-2025-2
https://www.ncbi.nlm.nih.gov/pubmed/30417312
https://doi.org/10.1080/17512433.2018.1497973
https://www.ncbi.nlm.nih.gov/pubmed/29979900
https://doi.org/10.1038/gim.2012.172
https://www.ncbi.nlm.nih.gov/pubmed/23306803
https://doi.org/10.1016/j.amjcard.2009.11.040
https://doi.org/10.1016/j.ejmg.2022.104673
https://doi.org/10.1016/j.jacc.2006.02.020
https://www.ncbi.nlm.nih.gov/pubmed/16682313
https://doi.org/10.1016/j.echo.2008.02.006
https://www.ncbi.nlm.nih.gov/pubmed/18406572
https://doi.org/10.1161/CIRCIMAGING.117.006979

J. Cardiovasc. Dev. Dis. 2024, 11, 114 19 of 23

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rutten, D.W.E.; Aarts-Janssen, L.].H.; Kempers, M.].E.; Reimer, A.G.; Udink Ten Cate, FEE.A ; Loeys, B.L.; Slieker, M.G. Compara-
bility of Different Z-Score Equations for Aortic Root Dimensions in Children with Marfan Syndrome. Cardiol. Young 2021, 31,
1962-1968. [CrossRef]

Campens, L.; Demulier, L.; De Groote, K.; Vandekerckhove, K.; De Wolf, D.; Roman, M.].; Devereux, R.B.; De Paepe, A.; De Backer,
J. Reference Values for Echocardiographic Assessment of the Diameter of the Aortic Root and Ascending Aorta Spanning All Age
Categories. Am. J. Cardiol. 2014, 114, 914-920. [CrossRef] [PubMed]

Devereux, R.B.; de Simone, G.; Arnett, D.K.; Best, L.G.; Boerwinkle, E.; Howard, B.V.; Kitzman, D.; Lee, E.T.; Mosley, TH., Jr.;
Weder, A.; et al. Normal Limits in Relation to Age, Body Size and Gender of Two-Dimensional Echocardiographic Aortic Root
Dimensions in Persons >15 Years of Age. Am. J. Cardiol. 2012, 110, 1189-1194. [CrossRef]

Turkbey, E.B.; Jain, A.; Johnson, C.; Redheuil, A.; Arai, A.E.; Gomes, A.S.; Carr, J.; Hundley, W.G.; Teixido-Tura, G.; Eng, J.; et al.
Determinants and Normal Values of Ascending Aortic Diameter by Age, Gender, and Race/Ethnicity in the Multi-Ethnic Study
of Atherosclerosis (MESA). |. Magn. Reson. Imaging 2014, 39, 360-368. [CrossRef]

Hascoet, S.; Edouard, T.; Plaisancie, J.; Arnoult, E;; Milleron, O.; Stheneur, C.; Chevallier, B.; Zordan, C.; Odent, S.; Bal, L.; et al.
Incidence of Cardiovascular Events and Risk Markers in a Prospective Study of Children Diagnosed with Marfan Syndrome.
Arch. Cardiovasc. Dis. 2020, 113, 40-49. [CrossRef] [PubMed]

Milewicz, D.M.; Braverman, A.C.; De Backer, J.; Morris, S.A.; Boileau, C.; Maumenee, LH.; Jondeau, G.; Evangelista, A.; Pyeritz,
R.E. Marfan Syndrome. Nat. Rev. Dis. Primers 2021, 7, 64. [CrossRef]

Fedak, PW.M.; Verma, S.; David, T.E.; Leask, R.L.; Weisel, R.D.; Butany, J. Clinical and Pathophysiological Implications of a
Bicuspid Aortic Valve. Circulation 2002, 106, 900-904. [CrossRef]

Milleron, O.; Ropers, J.; Arnoult, E; Bouleti, C.; Delorme, G.; Langeois, M.; Tchitchinadze, M.; Guien, C.; Beroud, C.; Boileau,
C.; et al. Clinical Significance of Aortic Root Modification Associated with Bicuspid Aortic Valve in Marfan Syndrome: An
Observational Cohort Study. Circ. Cardiovasc. Imaging 2019, 12, e008129. [CrossRef] [PubMed]

Shores, J.; Berger, K.R.; Murphy, E.A.; Pyeritz, R.E. Progression of Aortic Dilatation and the Benefit of Long-Term Beta-Adrenergic
Blockade in Marfan’s Syndrome. N. Engl. J. Med. 1994, 330, 1335-1341. [CrossRef] [PubMed]

Silverman, D.I.; Gray, J.; Roman, M.].; Bridges, A.; Burton, K.; Boxer, M.; Devereux, R.B.; Tsipouras, P. Family History of Severe
Cardiovascular Disease in Marfan Syndrome Is Associated with Increased Aortic Diameter and Decreased Survival. J. Am. Coll.
Cardiol. 1995, 26, 1062-1067. [CrossRef] [PubMed]

Erbel, R.; Aboyans, V.; Boileau, C.; Bossone, E.; Bartolomeo, R.D.; Eggebrecht, H.; Evangelista, A.; Falk, V.; Frank, H.; Gaemperli,
O.; et al. 2014 ESC Guidelines on the Diagnosis and Treatment of Aortic Diseases: Document Covering Acute and Chronic
Aortic Diseases of the Thoracic and Abdominal Aorta of the Adult. The Task Force for the Diagnosis and Treatment of Aortic
Diseases of the European Society of Cardiology (ESC): Document Covering Acute and Chronic Aortic Diseases of the Thoracic
and Abdominal Aorta (ESC). Eur. Heart . 2014, 35, 2873-2926. [CrossRef]

Pitcher, A.; Spata, E.; Emberson, J.; Davies, K.; Halls, H.; Holland, L.; Wilson, K.; Reith, C.; Child, A.H.; Clayton, T.; et al.
Angiotensin Receptor Blockers and 3 Blockers in Marfan Syndrome: An Individual Patient Data Meta-Analysis of Randomised
Trials. Lancet 2022, 400, 822-831. [CrossRef] [PubMed]

Song, HK,; Kindem, M.; Bavaria, J.E.; Dietz, H.C.; Milewicz, D.M.; Devereux, R.B.; Eagle, K.A.; Maslen, C.L.; Kroner, B.L.; Pyeritz,
R.E,; et al. Long-Term Implications of Emergency versus Elective Proximal Aortic Surgery in Patients with Marfan Syndrome in
the Genetically Triggered Thoracic Aortic Aneurysms and Cardiovascular Conditions Consortium Registry. J. Thorac. Cardiovasc.
Surg. 2012, 143, 282-286. [CrossRef] [PubMed]

Cheng, A.; Owens, D. Marfan Syndrome, Inherited Aortopathies and Exercise: What Is the Right Answer? Br. |. Sports Med. 2016,
50, 100-104. [CrossRef] [PubMed]

Monda, E.; Verrillo, F.; Rubino, M.; Palmiero, G.; Fusco, A.; Cirillo, A.; Caiazza, M.; Guarnaccia, N.; Mauriello, A.; Lioncino, M.;
et al. Thoracic Aortic Dilation: Implications for Physical Activity and Sport Participation. Diagnostics 2022, 12, 1392. [CrossRef]

Jouini, S.; Milleron, O.; Eliahou, L.; Jondeau, G.; Vitiello, D. Is Physical Activity a Future Therapy for Patients with Marfan
Syndrome? Orphanet ]. Rare Dis. 2022, 17, 46. [CrossRef]

Hiratzka, L.F,; Bakris, G.L.; Beckman, J.A.; Bersin, R.M.; Carr, V.F; Casey, D.E,, Jr.; Eagle, K.A.; Hermann, L.K,; Isselbacher,
E.M.; Kazerooni, E.A; et al. 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM Guidelines for the Diagnosis and
Management of Patients with Thoracic Aortic Disease: A Report of the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, American College of Radiol-
ogy, American Stroke Association, Society of Cardiovascular Anesthesiologists, Society for Cardiovascular Angiography and
Interventions, Society of Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine: A Report
of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, American
Association for Thoracic Surgery, American College of Radiology, American Stroke Association, Society of Cardiovascular
Anesthesiologists, Society for Cardiovascular Angiography and Interventions, Society of Interventional Radiology, Society of
Thoracic Surgeons, and Society for Vascular Medicine. Circulation 2010, 121, e266-e369. [CrossRef]

David, T. Cardiovascular Operations in Children with Marfan Syndrome. Semin. Thorac. Cardiovasc. Surg. 2019, 31, 826-827.
[CrossRef] [PubMed]

Gillinov, A.M.; Zehr, K.J.; Redmond, ].M.; Gott, V.L.; Deitz, H.C.; Reitz, B.A.; Laschinger, ].C.; Cameron, D.E. Cardiac Operations
in Children with Marfan’s Syndrome: Indications and Results. Ann. Thorac. Surg. 1997, 64, 1140-1145. [CrossRef] [PubMed]


https://doi.org/10.1017/S1047951121001311
https://doi.org/10.1016/j.amjcard.2014.06.024
https://www.ncbi.nlm.nih.gov/pubmed/25092193
https://doi.org/10.1016/j.amjcard.2012.05.063
https://doi.org/10.1002/jmri.24183
https://doi.org/10.1016/j.acvd.2019.09.010
https://www.ncbi.nlm.nih.gov/pubmed/31735609
https://doi.org/10.1038/s41572-021-00298-7
https://doi.org/10.1161/01.CIR.0000027905.26586.E8
https://doi.org/10.1161/CIRCIMAGING.118.008129
https://www.ncbi.nlm.nih.gov/pubmed/30841707
https://doi.org/10.1056/NEJM199405123301902
https://www.ncbi.nlm.nih.gov/pubmed/8152445
https://doi.org/10.1016/0735-1097(95)00258-0
https://www.ncbi.nlm.nih.gov/pubmed/7560600
https://doi.org/10.1093/eurheartj/ehu281
https://doi.org/10.1016/S0140-6736(22)01534-3
https://www.ncbi.nlm.nih.gov/pubmed/36049495
https://doi.org/10.1016/j.jtcvs.2011.10.024
https://www.ncbi.nlm.nih.gov/pubmed/22104675
https://doi.org/10.1136/bjsports-2014-306440rep
https://www.ncbi.nlm.nih.gov/pubmed/26729892
https://doi.org/10.3390/diagnostics12061392
https://doi.org/10.1186/s13023-022-02198-9
https://doi.org/10.1161/CIR.0b013e3181d4739e
https://doi.org/10.1053/j.semtcvs.2019.07.009
https://www.ncbi.nlm.nih.gov/pubmed/31330182
https://doi.org/10.1016/S0003-4975(97)00849-7
https://www.ncbi.nlm.nih.gov/pubmed/9354541

J. Cardiovasc. Dev. Dis. 2024, 11, 114 20 of 23

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fraser, C.D., 3rd; Liu, R.H.; Zhou, X,; Patel, N.D.; Lui, C.; Pierre, A.S.; Jacobs, M.L.; Dietz, H.C.; Habashi, J.; Hibino, N.; et al.
Valve-Sparing Aortic Root Replacement in Children: Outcomes from 100 Consecutive Cases. J. Thorac. Cardiovasc. Surg. 2019, 157,
1100-1109. [CrossRef] [PubMed]

Kluin, J.; Koolbergen, D.R.; Sojak, V.; Hazekamp, M.G. Valve-Sparing Root Replacement in Children. Eur. J. Cardiothorac. Surg.
2016, 50, 476-481. [CrossRef] [PubMed]

Vahanian, A.; Beyersdorf, F.; Praz, F.; Milojevic, M.; Baldus, S.; Bauersachs, J.; Capodanno, D.; Conradi, L.; De Bonis, M.; De
Paulis, R.; et al. 2021 ESC/EACTS Guidelines for the Management of Valvular Heart Disease: Developed by the Task Force
for the Management of Valvular Heart Disease of the European Society of Cardiology (ESC) and the European Association for
Cardio-Thoracic Surgery (EACTS). Rev. Esp. Cardiol. 2022, 75, 524. [CrossRef] [PubMed]

Bombardieri, E.; Rohrbach, M.; Greutmann, M.; Matyas, G.; Weber, R.; Radulovic, ].; Fasnacht Boillat, M.; Linka, A.; De Pasquale,
G.; Bonassin, E; et al. Marfan Syndrome and Related Connective Tissue Disorders in the Current Era in Switzerland in 103
Patients: Medical and Surgical Management and Impact of Genetic Testing. Swiss Med. Wkly 2020, 150, w20189. [CrossRef]

Gu, X,; He, Y,; Li, Z.; Han, J.; Chen, J.; Nixon, J.V.I. Echocardiographic versus Histologic Findings in Marfan Syndrome. Tex. Heart
Inst. J. 2015, 42, 30-34. [CrossRef] [PubMed]

Ozdemir, O.; Olgunturk, R.; Kula, S.; Tunaoglu, ES. Echocardiographic Findings in Children with Marfan Syndrome. Cardiovasc.
J. Afr. 2011, 22, 245-248. [CrossRef] [PubMed]

Stark, V.C.; Olfe, J.; Pesch, J.; Tahir, E.; Weinrich, ].M.; Wiegand, P.; Kozlik-Feldmann, R.; von Kodolitsch, Y.; Mir, T.S. Tricuspid
Valve Prolapse as an Early Predictor for Severe Phenotype in Children with Marfan Syndrome. Acta Paediatr. 2022, 111, 1261-1266.
[CrossRef]

Pyeritz, R.E. Marfan Syndrome: Current and Future Clinical and Genetic Management of Cardiovascular Manifestations. Semin.
Thorac. Cardiovasc. Surg. 1993, 5, 11-16.

Miihlstadt, K.; De Backer, J.; von Kodolitsch, Y.; Kutsche, K.; Muifio Mosquera, L.; Brickwedel, J.; Girdauskas, E.; Mir, T.S,;
Mahlmann, A.; Tsilimparis, N.; et al. Case-Matched Comparison of Cardiovascular Outcome in Loeys-Dietz Syndrome versus
Marfan Syndrome. J. Clin. Med. 2019, 8, 2079. [CrossRef]

Mueller, G.C,; Stark, V.; Steiner, K.; von Kodolitsch, Y.; Rybczynski, M.; Weil, J.; Mir, T.S. Impact of Age and Gender on Cardiac
Pathology in Children and Adolescents with Marfan Syndrome. Pediatr. Cardiol. 2013, 34, 991-998. [CrossRef] [PubMed]
Selamet Tierney, E.S.; Levine, ].C.; Chen, S.; Bradley, T.].; Pearson, G.D.; Colan, S.D.; Sleeper, L.A.; Campbell, M.].; Cohen, M.S.; De
Backer, J.; et al. Echocardiographic Methods, Quality Review, and Measurement Accuracy in a Randomized Multicenter Clinical
Trial of Marfan Syndrome. J. Am. Soc. Echocardiogr. 2013, 26, 657—666. [CrossRef] [PubMed]

Rybczynski, M.; Mir, T.S.; Sheikhzadeh, S.; Bernhardt, A.M.].; Schad, C.; Treede, H.; Veldhoen, S.; Groene, E.F,; Kiihne, K.; Koschyk,
D.; et al. Frequency and Age-Related Course of Mitral Valve Dysfunction in the Marfan Syndrome. Am. J. Cardiol. 2010, 106,
1048-1053. [CrossRef]

Rybczynski, M.; Treede, H.; Sheikhzadeh, S.; Groene, E.F,; Bernhardt, A.M.].; Hillebrand, M.; Mir, T.S.; Kiihne, K.; Koschyk, D.;
Robinson, PN; et al. Predictors of Outcome of Mitral Valve Prolapse in Patients with the Marfan Syndrome. Am. J. Cardiol. 2011,
107, 268-274. [CrossRef]

Lacro, R.V,; Dietz, H.C,; Sleeper, L.A.; Yetman, A.T.; Bradley, T.].; Colan, S.D.; Pearson, G.D.; Selamet Tierney, E.S.; Levine, ].C.;
Atz, AM.; et al. Atenolol versus Losartan in Children and Young Adults with Marfan’s Syndrome. N. Engl. . Med. 2014, 371,
2061-2071. [CrossRef]

Glesby, M.].; Pyeritz, R.E. Association of mitral valve prolapse and systemic abnormalities of connective tissue. A phenotypic
continuum. JAMA 1989, 262, 523-528. [CrossRef]

Bradley, T.].; Bowdin, S.C.; Morel, C.E].; Pyeritz, R.E. The Expanding Clinical Spectrum of Extracardiovascular and Cardiovascular
Manifestations of Heritable Thoracic Aortic Aneurysm and Dissection. Can. J. Cardiol 2016, 32, 86-99. [CrossRef]

Fusco, A.; Mauriello, A.; Lioncino, M.; Palmiero, G.; Fratta, F.; Granato, C.; Cirillo, A.; Caiazza, M.; Monda, E.; Credendino, A.;
et al. The Heart Muscle and Valve Involvement in Marfan Syndrome, Loeys-Dietz Syndromes, and Collagenopathies. Heart Fail.
Clin. 2022, 18, 165-175. [CrossRef] [PubMed]

Savolainen, A.; Nisula, L.; Keto, P.; Hekali, P; Viitasalo, M.; Kaitila, I.; Kupari, M. Left Ventricular Function in Children with the
Marfan Syndrome. Eur. Heart ]. 1994, 15, 625-630. [CrossRef]

Muifio-Mosquera, L.; De Backer, J. Cardiomyopathy in Genetic Aortic Diseases. Front. Pediatr. 2021, 9, 682390. [CrossRef]
[PubMed]

Faivre, L.; Masurel-Paulet, A.; Collod-Béroud, G.; Callewaert, B.L.; Child, A.H.; Stheneur, C.; Binquet, C.; Gautier, E.; Chevallier,
B.; Huet, E; et al. Clinical and Molecular Study of 320 Children with Marfan Syndrome and Related Type I Fibrillinopathies in a
Series of 1009 Probands with Pathogenic FBN1 Mutations. Pediatrics 2009, 123, 391-398. [CrossRef] [PubMed]

Hetzer, R.; Siegel, G.; Delmo Walter, E.M. Cardiomyopathy in Marfan Syndrome. Eur. J. Cardiothorac. Surg. 2016, 49, 561-567;
discussion 567-568. [CrossRef] [PubMed]

Yetman, A.T.; Bornemeier, R.A.; McCrindle, B.W. Long-Term Outcome in Patients with Marfan Syndrome: Is Aortic Dissection
the Only Cause of Sudden Death? J. Am. Coll. Cardiol. 2003, 41, 329-332. [CrossRef] [PubMed]

De Backer, ].E; Devos, D.; Segers, P.; Matthys, D.; Frangois, K.; Gillebert, T.C.; De Paepe, A.M.; De Sutter, J. Primary Impairment of
Left Ventricular Function in Marfan Syndrome. Int. J. Cardiol. 2006, 112, 353-358. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jtcvs.2018.09.148
https://www.ncbi.nlm.nih.gov/pubmed/30982542
https://doi.org/10.1093/ejcts/ezw096
https://www.ncbi.nlm.nih.gov/pubmed/27436872
https://doi.org/10.1016/j.rec.2022.05.006
https://www.ncbi.nlm.nih.gov/pubmed/35636831
https://doi.org/10.4414/smw.2020.20189
https://doi.org/10.14503/THIJ-13-3848
https://www.ncbi.nlm.nih.gov/pubmed/25873795
https://doi.org/10.5830/CVJA-2010-085
https://www.ncbi.nlm.nih.gov/pubmed/21161115
https://doi.org/10.1111/apa.16307
https://doi.org/10.3390/jcm8122079
https://doi.org/10.1007/s00246-012-0593-0
https://www.ncbi.nlm.nih.gov/pubmed/23183959
https://doi.org/10.1016/j.echo.2013.02.018
https://www.ncbi.nlm.nih.gov/pubmed/23582510
https://doi.org/10.1016/j.amjcard.2010.05.038
https://doi.org/10.1016/j.amjcard.2010.08.070
https://doi.org/10.1056/NEJMoa1404731
https://doi.org/10.1001/jama.1989.03430040095032
https://doi.org/10.1016/j.cjca.2015.11.007
https://doi.org/10.1016/j.hfc.2021.07.007
https://www.ncbi.nlm.nih.gov/pubmed/34776077
https://doi.org/10.1093/oxfordjournals.eurheartj.a060558
https://doi.org/10.3389/fped.2021.682390
https://www.ncbi.nlm.nih.gov/pubmed/34336739
https://doi.org/10.1542/peds.2008-0703
https://www.ncbi.nlm.nih.gov/pubmed/19117906
https://doi.org/10.1093/ejcts/ezv073
https://www.ncbi.nlm.nih.gov/pubmed/25755184
https://doi.org/10.1016/S0735-1097(02)02699-2
https://www.ncbi.nlm.nih.gov/pubmed/12535830
https://doi.org/10.1016/j.ijcard.2005.10.010
https://www.ncbi.nlm.nih.gov/pubmed/16316698

J. Cardiovasc. Dev. Dis. 2024, 11, 114 21 of 23

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

de Witte, P,; Aalberts, ].J.J.; Radonic, T.; Timmermans, J.; Scholte, A.].; Zwinderman, A.H.; Mulder, B.].M.; Groenink, M.; van den
Berg, M.P. Intrinsic Biventricular Dysfunction in Marfan Syndrome. Heart 2011, 97, 2063-2068. [CrossRef]

Aydin, A.; Adsay, B.A.; Sheikhzadeh, S.; Keyser, B.; Rybczynski, M.; Sondermann, C.; Detter, C.; Steven, D.; Robinson, P.N.; Berger,
J.; et al. Observational Cohort Study of Ventricular Arrhythmia in Adults with Marfan Syndrome Caused by FBN1 Mutations.
PLoS ONE 2013, 8, €81281. [CrossRef]

von Kodolitsch, Y.; Demolder, A.; Girdauskas, E.; Kaemmerer, H.; Kornhuber, K.; Muino Mosquera, L.; Morris, S.; Neptune, E.;
Pyeritz, R.; Rand-Hendriksen, S.; et al. Features of Marfan Syndrome Not Listed in the Ghent Nosology—The Dark Side of the
Disease. Expert Rev. Cardiovasc. Ther. 2019, 17, 883-915. [CrossRef] [PubMed]

Gott, V.L.; Greene, P.S.; Alejo, D.E.; Cameron, D.E.; Naftel, D.C.; Miller, D.C.; Gillinov, A.M.; Laschinger, ]J.C.; Pyeritz, R.E.
Replacement of the Aortic Root in Patients with Marfan’s Syndrome. N. Engl. ]. Med. 1999, 340, 1307-1313. [CrossRef]
Hoffmann, B.A.; Rybczynski, M.; Rostock, T.; Servatius, H.; Drewitz, I.; Steven, D.; Aydin, A.; Sheikhzadeh, S.; Darko, V.; von
Kodolitsch, Y.; et al. Prospective Risk Stratification of Sudden Cardiac Death in Marfan’s Syndrome. Int. . Cardiol. 2013, 167,
2539-2545. [CrossRef]

Cicenia, M.; Silvetti, M.S.; Drago, F. When Should Premature Ventricular Contractions Be Considered as a Red Flag in Children
with Cardiomyopathy? J. Cardiovasc. Dev. Dis. 2021, 8, 176. [CrossRef] [PubMed]

Mah, D.Y;; Sleeper, L.A.; Crosson, ].E.; Czosek, R.J.; Love, B.A.; McCrindle, B.W.; Muifio-Mosquera, L.; Olson, A.K,; Pilcher, T A,;
Tierney, E.S.S,; et al. Frequency of Ventricular Arrhythmias and Other Rhythm Abnormalities in Children and Young Adults with
the Marfan Syndrome. Am. . Cardiol. 2018, 122, 1429-1436. [CrossRef] [PubMed]

Demolder, A.; Bianco, L.; Caruana, M.; Cervi, E.; Evangelista, A.; Jondeau, G.; Buttigieg, L.L.; Lépez-Sainz, A.; Delmas, E.M.; Pini,
A.; et al. Arrhythmia and Impaired Myocardial Function in Heritable Thoracic Aortic Disease: An International Retrospective
Cohort Study. Eur. J. Med. Genet. 2022, 65, 104503. [CrossRef] [PubMed]

Savolainen, A.; Kupari, M.; Toivonen, L.; Kaitila, I.; Viitasalo, M. Abnormal Ambulatory Electrocardiographic Findings in Patients
with the Marfan Syndrome. J. Intern. Med. 1997, 241, 221-226. [CrossRef] [PubMed]

Cross, H.E.; Jensen, A.D. Ocular Manifestations in the Marfan Syndrome and Homocystinuria. Am. J. Ophthalmol. 1973, 75,
405-420. [CrossRef] [PubMed]

Hayward, C.; Brock, D J. Fibrillin-1 Mutations in Marfan Syndrome and Other Type-1 Fibrillinopathies. Hum. Mutat. 1997, 10,
415-423. [CrossRef]

Kainulainen, K.; Karttunen, L.; Puhakka, L.; Sakai, L.; Peltonen, L. Mutations in the Fibrillin Gene Responsible for Dominant
Ectopia Lentis and Neonatal Marfan Syndrome. Nat. Genet. 1994, 6, 64—69. [CrossRef] [PubMed]

Salchow, D.J.; Gehle, P. Ocular Manifestations of Marfan Syndrome in Children and Adolescents. Eur. J. Ophthalmol. 2019, 29,
38-43. [CrossRef] [PubMed]

Gehle, P,; Goergen, B.; Pilger, D.; Ruokonen, P.; Robinson, P.N.; Salchow, D.]. Biometric and Structural Ocular Manifestations of
Marfan Syndrome. PLoS ONE 2017, 12, e0183370. [CrossRef]

Kinori, M.; Wehrli, S.; Kassem, 1.S.; Azar, N.F.; Maumenee, . H.; Mets, M.B. Biometry Characteristics in Adults and Children with
Marfan Syndrome: From the Marfan Eye Consortium of Chicago. Am. J. Ophthalmol. 2017, 177, 144-149. [CrossRef]

Konradsen, T.R.; Koivula, A.; Kugelberg, M.; Zetterstrom, C. Corneal Curvature, Pachymetry, and Endothelial Cell Density in
Marfan Syndrome. Acta Ophthalmol. 2012, 90, 375-379. [CrossRef]

Drolsum, L.; Rand-Hendriksen, S.; Paus, B.; Geiran, O.R.; Semb, S.O. Ocular Findings in 87 Adults with Ghent-1 Verified Marfan
Syndrome. Acta Ophthalmol. 2015, 93, 46-53. [CrossRef]

Stheneur, C.; Tubach, E; Jouneaux, M.; Roy, C.; Benoist, G.; Chevallier, B.; Boileau, C.; Jondeau, G. Study of Phenotype Evolution
during Childhood in Marfan Syndrome to Improve Clinical Recognition. Genet. Med. 2014, 16, 246-250. [CrossRef]

De Maio, F; Pisano, C.; Caterini, A.; Bertoldo, F.; Ruvolo, G.; Farsetti, P. Marfan Syndrome in Children: Correlation between
Musculoskeletal Features and Cardiac Z-Score. J. Pediatr. Orthop. B 2021, 30, 301-305. [CrossRef]

De Maio, F; Fichera, A.; De Luna, V.; Mancini, F.; Caterini, R. Orthopaedic Aspects of Marfan Syndrome: The Experience of a
Referral Center for Diagnosis of Rare Diseases. Adv. Orthop. 2016, 2016, 8275391. [CrossRef]

Otremski, H.; Widmann, R.F,; Di Maio, M.F,; Ovadia, D. The Correlation between Spinal and Chest Wall Deformities and
Pulmonary Function in Marfan Syndrome. J. Child. Orthop. 2020, 14, 343-348. [CrossRef]

Pyeritz, R.E.; Murphy, E.A ; Lin, S.J.; Rosell, EM. Growth and Anthropometrics in the Marfan Syndrome. Prog. Clin. Biol. Res.
1985, 200, 355-366.

Erkula, G; Jones, K.B.; Sponseller, P.D.; Dietz, H.C.; Pyeritz, R.E. Growth and Maturation in Marfan Syndrome. Am. |. Med. Genet.
2002, 109, 100-115. [CrossRef]

Kwun, Y.; Kim, S.J.; Lee, J.; Isojima, T.; Choi, D.-S.; Kim, D.-K,; Hubh, ].; Kang, L.-S.; Chang, M.; Cho, S.Y.; et al. Disease-Specific
Growth Charts of Marfan Syndrome Patients in Korea. J. Korean Med. Sci. 2015, 30, 911-916. [CrossRef]

Benoist, G.; Tubach, E; Roy, C.; Rioux, S.; Michelon-Jouneaux, M.; Chevallier, B.; Jondeau, G.; Stheneur, C. Skeletal Evolution in
Marfan Syndrome: Growth Curves from a French National Cohort. Pediatr. Res. 2018, 83, 71-77. [CrossRef]

Grover, M.; Brunetti-Pierri, N.; Belmont, J.; Phan, K.; Tran, A.; Shypailo, RJ.; Ellis, K.J.; Lee, B.H. Assessment of Bone Mineral
Status in Children with Marfan Syndrome. Am. |. Med. Genet. A 2012, 158, 2221-2224. [CrossRef]


https://doi.org/10.1136/heartjnl-2011-300169
https://doi.org/10.1371/journal.pone.0081281
https://doi.org/10.1080/14779072.2019.1704625
https://www.ncbi.nlm.nih.gov/pubmed/31829751
https://doi.org/10.1056/NEJM199904293401702
https://doi.org/10.1016/j.ijcard.2012.06.036
https://doi.org/10.3390/jcdd8120176
https://www.ncbi.nlm.nih.gov/pubmed/34940531
https://doi.org/10.1016/j.amjcard.2018.07.006
https://www.ncbi.nlm.nih.gov/pubmed/30115424
https://doi.org/10.1016/j.ejmg.2022.104503
https://www.ncbi.nlm.nih.gov/pubmed/35427808
https://doi.org/10.1046/j.1365-2796.1997.115125000.x
https://www.ncbi.nlm.nih.gov/pubmed/9104435
https://doi.org/10.1016/0002-9394(73)91149-5
https://www.ncbi.nlm.nih.gov/pubmed/4633235
https://doi.org/10.1002/(SICI)1098-1004(1997)10:6%3C415::AID-HUMU1%3E3.0.CO;2-C
https://doi.org/10.1038/ng0194-64
https://www.ncbi.nlm.nih.gov/pubmed/8136837
https://doi.org/10.1177/1120672118761333
https://www.ncbi.nlm.nih.gov/pubmed/29587526
https://doi.org/10.1371/journal.pone.0183370
https://doi.org/10.1016/j.ajo.2017.02.022
https://doi.org/10.1111/j.1755-3768.2010.01996.x
https://doi.org/10.1111/aos.12448
https://doi.org/10.1038/gim.2013.123
https://doi.org/10.1097/BPB.0000000000000798
https://doi.org/10.1155/2016/8275391
https://doi.org/10.1302/1863-2548.14.200076
https://doi.org/10.1002/ajmg.10312
https://doi.org/10.3346/jkms.2015.30.7.911
https://doi.org/10.1038/pr.2017.210
https://doi.org/10.1002/ajmg.a.35540

J. Cardiovasc. Dev. Dis. 2024, 11, 114 22 of 23

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

Haine, E.; Salles, J.P.; Khau Van Kien, P.; Conte-Auriol, F.; Gennero, I.; Plancke, A.; Julia, S.; Dulac, Y.; Tauber, M.; Edouard, T.
Muscle and Bone Impairment in Children with Marfan Syndrome: Correlation with Age and FBN1 Genotype: Muscle and Bone
Impairment in Marfan Syndrome. J. Bone Miner. Res. 2015, 30, 1369-1376. [CrossRef]

Trifiro, G.; Marelli, S.; Viecca, M.; Mora, S.; Pini, A. Areal Bone Mineral Density in Children and Adolescents with Marfan
Syndrome: Evidence of an Evolving Problem. Bone 2015, 73, 176-180. [CrossRef]

Trifiro, G.; Mora, S.; Marelli, S.; Luzi, L.; Pini, A. Increased Fracture Rate in Children and Adolescents with Marfan Syndrome.
Bone 2020, 135, 115333. [CrossRef]

Alam, M.K,; Alfawzan, A.A; Shrivastava, D.; Srivastava, K.C.; Alswairki, H.J.; Mussallam, S.; Abutayyem, H.; Ahmed, N. Oral
Health Status in Marfan Syndrome: A Systematic Review and Meta-Analysis of 353 Cases. Int. |. Environ. Res. Public Health 2022,
19, 5048. [CrossRef]

Rahman, A.; Adam, K.; Winkler, N.; Schulz-Weidner, N.; Staufenbiel, I.; Pd, A.; Rahman, K.; Adam, N.; Schmidt-Park, Y. Caries
Experience in Children with Marfan Syndrome a Noninterventional Case-Control Study. DZZ Int. 2021, 5, 200. [CrossRef]
Venza, N.; Danesi, C.; Conto, D.; Fabi, F; Mampieri, G.; Sangiuolo, F; Lagana, G. Periodontal Condition in Growing Subjects with
Marfan Syndrome: A Case-Control Study. Peer] 2019, 7, e6606. [CrossRef]

Johnson, C.M.; Spruiell, B.; Wiesen, C.; Pimenta, L.A.; Vann, W.; Frazier-Bowers, S.A. Craniofacial Characterization of Marfan
Syndrome. Orthod. Craniofac. Res. 2019, 22 (Suppl. 1), 56-61. [CrossRef]

De Coster, P; De Pauw, G.; Martens, L.; De Paepe, A. Craniofacial Structure in Marfan Syndrome: A Cephalometric Study. Am. J.
Med. Genet. A 2004, 131, 240-248. [CrossRef]

Docimo, R.; Maturo, P; D’Auria, E; Grego, S.; Costacurta, M.; Perugia, C.; Chiariello, L. Association between Oro-Facial Defects
and Systemic Alterations in Children Affected by Marfan Syndrome. J. Clin. Diagn. Res. 2013, 7, 700-703. [CrossRef]

Hamberis, A.O.; Mehta, C.H.; Valente, T.A.; Dornhoffer, ].R.; Nguyen, S.A.; Meyer, T.A. The Pattern and Progression of Hearing
Loss in Marfan Syndrome: A Study of Children and Young Adults. Int. J. Pediatr. Otorhinolaryngol. 2020, 138, 110207. [CrossRef]
Wood, J.R.; Bellamy, D.; Child, A.H.; Citron, K.M. Pulmonary Disease in Patients with Marfan Syndrome. Thorax 1984, 39, 780-784.
[CrossRef]

Viveiro, C.; Rocha, P.; Carvalho, C.; Zarcos, M.M. Spontaneous Pneumothorax as Manifestation of Marfan Syndrome. BM] Case
Rep. 2013, 2013, bcr2013201697. [CrossRef]

Roman, M.].; Devereux, R.B.; Preiss, L.R.; Asch, EM.; Eagle, K.A.; Holmes, K.W.; LeMaire, S.A.; Maslen, C.L.; Milewicz, D.M.;
Morris, S.A.; et al. Associations of Age and Sex with Marfan Phenotype: The National Heart, Lung, and Blood Institute GenTAC
(Genetically Triggered Thoracic Aortic Aneurysms and Cardiovascular Conditions) Registry: The National Heart, Lung, and
Blood Institute GenTAC (Genetically Triggered Thoracic Aortic Aneurysms and Cardiovascular Conditions). Registry. Circ.
Cardiovasc. Genet. 2017, 10, e001647. [CrossRef]

Karpman, C.; Aughenbaugh, G.L.; Ryu, J.H. Pneumothorax and Bullae in Marfan Syndrome. Respiration 2011, 82, 219-224.
[CrossRef]

O’Lone, E; Elphick, H.E.; Robinson, P.J. Spontaneous Pneumothorax in Children: When Is Invasive Treatment Indicated? Pediatr.
Pulmonol. 2008, 43, 41-46. [CrossRef]

Dyhdalo, K.; Farver, C. Pulmonary Histologic Changes in Marfan Syndrome: A Case Series and Literature Review. Am. |. Clin.
Pathol. 2011, 136, 857-863. [CrossRef]

Teoh, P.C. Bronchiectasis and Spontaneous Pneumothorax in Marfan’s Syndrome. Chest 1977, 72, 672-673. [CrossRef]

Tun, M.H.; Borg, B.; Godfrey, M.; Hadley-Miller, N.; Chan, E.D. Respiratory Manifestations of Marfan Syndrome: A Narrative
Review. J. Thorac. Dis. 2021, 13, 6012-6025. [CrossRef]

GeneCards Human Gene Database. FBN1 Gene—GeneCards. Genecards.org. Available online: https://www.genecards.org/cgi-
bin/carddisp.pl?gene=FBN1 (accessed on 12 March 2023).

Konig, P.; Boxer, R.; Morrison, J.; Pletcher, B. Bronchial Hyperreactivity in Children with Marfan Syndrome. Pediatr. Pulmonol.
1991, 11, 29-36. [CrossRef]

Jacobs, A.M.; Toudjarska, I.; Racine, A.; Tsipouras, P; Kilpatrick, M.W.; Shanske, A. A Recurring FBN1 Gene Mutation in Neonatal
Marfan Syndrome. Arch. Pediatr. Adolesc. Med. 2002, 156, 1081-1085. [CrossRef]

Revencu, N.; Quenum, G.; Detaille, T.; Verellen, G.; De Paepe, A.; Verellen-Dumoulin, C. Congenital Diaphragmatic Eventration
and Bilateral Uretero-Hydronephrosis in a Patient with Neonatal Marfan Syndrome Caused by a Mutation in Exon 25 of the
FBN1 Gene and Review of the Literature. Eur. . Pediatr. 2004, 163, 33-37. [CrossRef]

Oh, A.Y; Kim, YH.; Kim, B.K.; Kim, H.-S.; Kim, C.S. Unexpected Tracheomalacia in Marfan Syndrome during General Anesthesia
for Correction of Scoliosis. Anesth. Analg. 2002, 95, 331-332, table of contents. [CrossRef]

Shinawi, M.; Boileau, C.; Brik, R.; Mandel, H.; Bentur, L. Splicing Mutation in the Fibrillin-1 Gene Associated with Neonatal
Marfan Syndrome and Severe Pulmonary Emphysema with Tracheobronchomalacia. Pediatr. Pulmonol. 2005, 39, 374-378.
[CrossRef]

Rybczynski, M.; Koschyk, D.; Karmeier, A.; Gessler, N.; Sheikhzadeh, S.; Bernhardt, A.M.].; Habermann, C.R.; Treede, H.; Berger,
J.; Robinson, P.N.; et al. Frequency of Sleep Apnea in Adults with the Marfan Syndrome. Am. J. Cardiol. 2010, 105, 1836-1841.
[CrossRef]

Lurie, A. Obstructive Sleep Apnea in Adults: Epidemiology, Clinical Presentation, and Treatment Options. Adv. Cardiol. 2011, 46,
1-42. [CrossRef]


https://doi.org/10.1002/jbmr.2471
https://doi.org/10.1016/j.bone.2014.12.006
https://doi.org/10.1016/j.bone.2020.115333
https://doi.org/10.3390/ijerph19095048
https://doi.org/10.3238/dzz-int.2021.0024
https://doi.org/10.7717/peerj.6606
https://doi.org/10.1111/ocr.12295
https://doi.org/10.1002/ajmg.a.30393
https://doi.org/10.7860/JCDR/2013/5656.2885
https://doi.org/10.1016/j.ijporl.2020.110207
https://doi.org/10.1136/thx.39.10.780
https://doi.org/10.1136/bcr-2013-201697
https://doi.org/10.1161/CIRCGENETICS.116.001647
https://doi.org/10.1159/000322958
https://doi.org/10.1002/ppul.20734
https://doi.org/10.1309/AJCP79SNDHGKQFIN
https://doi.org/10.1378/chest.72.5.672
https://doi.org/10.21037/jtd-21-1064
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FBN1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FBN1
https://doi.org/10.1002/ppul.1950110106
https://doi.org/10.1001/archpedi.156.11.1081
https://doi.org/10.1007/s00431-003-1330-8
https://doi.org/10.1213/00000539-200208000-00017
https://doi.org/10.1002/ppul.20174
https://doi.org/10.1016/j.amjcard.2010.01.369
https://doi.org/10.1159/000327660

J. Cardiovasc. Dev. Dis. 2024, 11, 114 23 of 23

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Paoloni, V.; Cretella Lombardo, E.; Placidi, F; Ruvolo, G.; Cozza, P.; Lagana, G. Obstructive Sleep Apnea in Children with
Marfan Syndrome: Relationships between Three-Dimensional Palatal Morphology and Apnea-Hypopnea Index. Int. J. Pediatr.
Otorhinolaryngol. 2018, 112, 6-9. [CrossRef]

Marcus, C.L.; Brooks, L.]J.; Draper, K.A.; Gozal, D.; Halbower, A.C.; Jones, J.; Schechter, M.S.; Ward, S.D.; Sheldon, S.H.; Shiffman,
R.N.; et al. Diagnosis and Management of Childhood Obstructive Sleep Apnea Syndrome. Pediatrics 2012, 130, €714—e755.
[CrossRef]

MacKintosh, E.-W.; Chen, M.L.; Wenger, T.; Carlin, K.; Young, L. Risk Factors and Inadequacy of Screening for Sleep-Disordered
Breathing in Children with Marfan Syndrome. Pediatr. Cardiol. 2021, 42, 510-516. [CrossRef]

Petersons, A.; Liepina, M.; Spitz, L. Neonatal Intrathoracic Stomach in Marfan’s Syndrome: Report of Two Cases. J. Pediatr. Surg.
2003, 38, 1663-1664. [CrossRef]

Herman, T.E.; Siegel, M.].; Mathur, A.; Vachharajani, A. Neonatal Marfan Syndrome with Hiatus Hernia and Intrathoracic
Stomach. J. Perinatol. 2013, 33, 652-653. [CrossRef]

Kouerinis, I.A.; Zografos, G.C.; Apostolakis, E.I.; Menenakos, E.I; Anthopoulos, P; Fotiadis, C.I.; Gorgoulis, V.G.; Argiriou, M.E,;
Bellenis, I.P. Spontaneous rupture of the colon sigmoid following spontaneous recurrent pneumothorax in a patient with Marfan
syndrome. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2006, 12, C521-CS23.

Ayse Esin, K.; Bahar, C.; Fatih, A.; Tugrul, T.; Nur, P.; Ozleml, K. Delayed Presentation of Morgagni Hernia in a Patient with
Marfan Syndrome. Pediatr. Int. 2010, 52, e17-e19. [CrossRef]

Maconi, G.; Pini, A.; Pasqualone, E.; Ardizzone, S.; Bassotti, G. Abdominal Symptoms and Colonic Diverticula in Marfan’s
Syndrome: A Clinical and Ultrasonographic Case Control Study. . Clin. Med. 2020, 9, 3141. [CrossRef]

Yamamoto, T.; Inoue, F,; Matsumura, A.; Kinugasa, A.; Sawada, T.; Hayashi, S.; Hamaoka, K. Report of a Japanese girl with
Marfan syndrome associated with insulin-dependent diabetes mellitus. Acta Paediatr. Jpn. Overseas. 1992, 34, 551-553. [CrossRef]
Zhou, Y;; Du, X,; Chen, C.; Shi, B.; Chen, K. Marfan Syndrome with Type 2 Diabetes Mellitus: A Case Report from China. Medicine
2019, 98, e14176. [CrossRef]

Davis, M.R.; Arner, E.; Duffy, C.R.E.; De Sousa, P.A.; Dahlman, I.; Arner, P; Summers, K. M. Expression of FBN1 during
Adipogenesis: Relevance to the Lipodystrophy Phenotype in Marfan Syndrome and Related Conditions. Mol. Genet. Metab. 2016,
119, 174-185. [CrossRef]

Walji, T.A.; Turecamo, S.E.; DeMarsilis, A.J.; Sakai, L.Y.; Mecham, R.P,; Craft, C.S. Characterization of Metabolic Health in Mouse
Models of Fibrillin-1 Perturbation. Matrix Biol. 2016, 55, 63-76. [CrossRef]

Abonia, J.P.; Wen, T.; Stucke, E.M.; Grotjan, T.; Griffith, M.S.; Kemme, K.A.; Collins, M.H.; Putnam, P.E.; Franciosi, ].P.; von Tiehl,
K.E; et al. High Prevalence of Eosinophilic Esophagitis in Patients with Inherited Connective Tissue Disorders. J. Allergy Clin.
Immunol. 2013, 132, 378-386. [CrossRef]

Warnink-Kavelaars, ].; de Koning, L.E.; Rombaut, L.; Alsem, M.W.; Menke, L.A.; Oosterlaan, J.; Buizer, A.L; Engelbert, RH.H.; On
Behalf of The Pediatric Heritable Connective Tissue Disorders Study Group. Heritable Connective Tissue Disorders in Childhood:
Increased Fatigue, Pain, Disability and Decreased General Health. Genes 2021, 12, 831. [CrossRef]

van Andel, M.M.; Graaumans, K.; Groenink, M.; Zwinderman, A.H.; van Kimmenade, R R.J.; Scholte, A.J. H.A.; van den Berg, M.P;
Dickinson, M.G.; Knoop, H.; Bosch, J.A.; et al. A Cross-Sectional Study on Fatigue, Anxiety, and Symptoms of Depression and
Their Relation with Medical Status in Adult Patients with Marfan Syndrome. Psychological Consequences in Marfan Syndrome.
Clin. Genet. 2022, 102, 404-413. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijporl.2018.06.014
https://doi.org/10.1542/peds.2012-1672
https://doi.org/10.1007/s00246-020-02508-7
https://doi.org/10.1016/S0022-3468(03)00588-8
https://doi.org/10.1038/jp.2013.15
https://doi.org/10.1111/j.1442-200X.2009.03008.x
https://doi.org/10.3390/jcm9103141
https://doi.org/10.1111/j.1442-200X.1992.tb01006.x
https://doi.org/10.1097/MD.0000000000014176
https://doi.org/10.1016/j.ymgme.2016.06.009
https://doi.org/10.1016/j.matbio.2016.02.006
https://doi.org/10.1016/j.jaci.2013.02.030
https://doi.org/10.3390/genes12060831
https://doi.org/10.1111/cge.14211
https://www.ncbi.nlm.nih.gov/pubmed/36059006

	Introduction 
	Materials and Methods 
	Results 
	Early Onset MFS (eoMFS) and Marfanoid–Progeroid–Lipodystrophy Syndrome (MPLS) 
	Classical MFS in Children 
	Cardiovascular (CV) Involvement 
	Eye 
	Musculoskeletal and Bone 
	Systemic Manifestations 


	Conclusions 
	References

