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Abstract

RASopathies include a spectrum of disorders
due to dysregulation of RAS/mitogen activated
protein kinase pathway that plays an essential
role in the control of the cell cycle and differen-
tiation. As a consequence, its dysregulation
has profound developmental consequences, in
particular cardiac malformations. RASopathies
with cardiac features are: Noonan syndrome,
multiple lentigines syndrome, cardio-facio-
cutaneous syndrome, Costello syndrome, neu-
rofibromatosis-1, Legius syndrome, neurofi-
bromatosis-Noonan syndrome. The former
syndromes are associated with a high rate of
cardiac involvement (60-85%) and 12 genes:
PTPN11, SOS1, RAF1, KRAS, HRAS, BRAF,
MEK1/MAP2K1, MEK2/MAP2K2, NRAS, SHOC2,
CBL and SPRED1. Although the majority of
these diseases are readily distinguishable in
clinical terms, an integrated imaging study of
the cardiac condition associated to
RASopathies helps to better define risk assess-
ment, surveillance, and management of these
patients. 

Introduction

RASopathies include a spectrum of disorders
due to dysregulation of RAS/mitogen activated
protein kinase (MAPK) pathway that plays an
essential role in the control of the cell cycle
and differentiation. As a consequence, its dys-
regulation has profound developmental conse-
quences. Although each condition may exhibit
unique phenotypic features, many share char-
acteristic overlapping features may occur,
including craniofacial dysmorphology, cardiac
malformations and cutaneous, musculoskele-
tal and ocular abnormalities, varying degrees
of neurocognitive impairment and, in some
syndromes, an increased risk of developing
cancer.1 RASopathies (or neurocardiofaciocu-
taneous syndromes) with cardiac features are
Noonan syndrome, multiple lentigines syn-
drome (LEOPARD), cardio-facio-cutaneous
(CFC) syndrome, Costello syndrome, neurofi-
bromatosis-1 (NF1), Legius syndrome (NF1-

like), neurofibromatosis-Noonan syndrome
(NFNS). The former syndromes are associated
with a high rate of cardiac involvement (60-
85%) whereas cardiac abnormalities are infre-
quent in Legius and NF1. 

To date, 12 genes are associated with these
spectrum of disease: PTPN11, SOS1, RAF1,
KRAS, HRAS, BRAF, MEK1/MAP2K1,
MEK2/MAP2K2, NRAS, SHOC2, CBL and
SPRED1 (Table 1).2 These gene encode for Ras
proteins, small guanosine nucleotide-bound
GTPases which comprise a critical signaling
hub within the cell.3

This high-gene heterogeneity account for
variety of phenotypic features, leading to dif-
ferent syndromes. Although the majority of
these diseases are readily distinguishable in
clinical terms, with or without diagnostic crite-
ria, none of them have any pathognomonic
signs. Thus an integrated imaging study of the
cardiac condition associated to RASopathies
helps to better define risk assessment, surveil-
lance, and management of these patients. 

RASopathies with cardiac
involvement

Noonan syndrome is a well-recognized
genetic syndrome with a prevalence of approx-
imately 1 to 3500.2,4,5 It is inherited in an auto-
somal dominant pattern although new cases
are common because the de novo mutation
rate is high. The common features of Noonan
syndrome are short stature, pulmonic stenosis
and/or hypertrophic cardiomyopathy, dysmor-
phic features including hypertelorism,
downslanting palpebral fissures, low set poste-
riorly rotated ears, webbing of the neck and
pectus excavatum.2 Genitourinary abnormali-
ties are also common, especially cryp-
torchidism in males, and ophthalmologic prob-
lems and sensorineural hearing loss (10%)
can occur throughout the lifetime of the affect-
ed individual. Developmental delay of variable
severity occurs in approximately 25%.2,4,6

Patients may also have a coagulopathy and this
is important to evaluate and manage appropri-
ately prior to any surgical or invasive proce-
dure.7 Finally, there is a threefold increased
risk of malignancy in Noonan syndrome: most
classically juvenile myelomonocytic leukemia
but acute lymphoblastic leukemia, acute
myeloid leukemia, rhabdomyosarcoma, and
neuroblastoma are seen at higher rates than in
the general population as are myeloprolifera-
tive disorders.2,8-12

LEOPARD syndrome (LS) [LEOPARD
acronyms: lentigines, electrocardiogram
(ECG) abnormalities, ocular hypertelorism,
pulmonary stenosis, abnormalities of geni-
talia, retardation of growth, deafness] is an

autosomal dominant condition whose early
diagnosis can be difficult due to phenotypic
overlap with Noonan syndrome.2 Overlap with
the phenotype of NF1 also occurs because both
disorders have skin findings of café-au-lait
macules. Age related development of lentig-
ines with or without hearing loss was neces-
sary for diagnosis prior to the availability of
molecular testing. Approximately 85% of
patients have cardiac involvement, with hyper-
trophic cardiomyopathy (HCM) being most
common.13 Pulmonary valve stenosis and other
structural defects have also been reported.
ECG abnormalities are poorly characterized
and longitudinal follow-up of a larger cohort is
necessary to determine the natural history of
cardiac involvement and appropriate surveil-
lance.2,14

Cardio-facio-cutaneous syndrome has sub-
stantial overlap with Noonan syndrome but can
also be confused with Costello syndrome
because of its common ectodermal involve-
ment and more severe intellectual impair-
ment. Skin abnormalities can be extensive and
include hyperkeratosis, eczema, palmoplantar
hyperkeratosis, and keratosis pilaris. The hair
is typically sparse and curly. CFC syndrome has
similar cardiac and lymphatic findings to
Noonan syndrome.2,15 Approximately 75% of
patients have cardiac involvement.2

Costello syndrome shares features with
Noonan syndrome but is generally regarded as
more severe. Unlike Noonan and CFC syn-
dromes that are genetically heterogeneous,
Costello syndrome is only caused by HRAS
mutations that result in constitutive or pro-
longed activation of the protein.2,16 These
mutations typically originate from the paternal
germline.2,17 Facial features in Costello syn-
drome are coarse. Ectodermal features are
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common and include hyperpigmentation,
papillomas, and curly hair. In infancy, exces-
sive wrinkling of the skin, especially of the
hands and feet, is notable. Individuals with
Costello syndrome have an approximately 15%
lifetime risk for malignancy. Cardiac involve-
ment includes structural anomalies, HCM, and
conduction system abnormalities. Approxima -
tely 65-75% of Costello patients with HRAS
mutations have cardiac involvement.18-20

Pulmonary stenosis occurs in approximately
25%, arrhythmia in 42%, and HCM in 47%. The
arrhythmia most commonly described is
supraventricular tachycardia, especially chaot-
ic atrial rhythm/multifocal atrial tachycardia,
or ectopic atrial tachycardia.20

Neurofibromatosis-1, an autosomal domi-
nant, multisystem disorder that affects approx-
imately one in 3500 individuals, was the first
disorder found to originate from a component
of the Ras/MAPK pathway.21 The NF1 gene
product neurofibromin negatively regulates
Ras signaling by functioning as a Ras GTPase-
activating protein (RasGAP) to accelerate the
hydrolysis of active Ras-GTP to inactive Ras-
GDP.22,23 Loss of neurofibromin leads to hyper-
active Ras signaling, as observed by elevated
Ras pathway activity in cells.24-26 Stowe et al.
demonstrate that Spred1 down-regulates the
Ras/MAPK pathway through an interaction
with the NF1 protein neurofibromin.21

Importantly, this interaction functions to
recruit neurofibromin to the plasma mem-
brane. Furthermore, loss-of-function Spred1
mutants observed in Legius syndrome are
either unable to bind neurofibromin or inca-
pable of recruiting it to the membrane. They
provide evidence for a molecular link between
the phenotypically overlapping developmental
disorders Legius syndrome and NF1.21 The typ-
ical order of appearance of the most common
features in NF1 is as follows: café-au-lait mac-
ules, axillary freckling, Lisch nodules, and neu-
rofibromas. Other features include generalized
hyperpigmentation, tumors, skeletal abnor-
malities, neurologic abnormalities, vascu-
lopathies, and cardiac abnormalities. The
increased incidence of heart defects has long
been debated.27-29

Legius syndrome has been characterized as
a milder form of NF1, with individuals display-
ing multiple café-au-lait spots, axillary freck-
ling, and macrocephaly, but lacking other com-
mon NF1 manifestations such as Lisch nod-
ules, neurofibromas, osseous lesions, or optic
pathway gliomas. Initial experiments revealed
that Spred1 mutations were loss-of-function
mutations, incapable of inhibiting the
Ras/MAPK pathway.30 SPRED1 mutations
account for at least 2% of the pathogenic muta-
tions associated with patients clinically diag-
nosed with NF1.21

Neurofibromatosis-Noonan syndrome descri-
bes the association of features of Noonan syn-

drome and neurofibromatosis type 1. The
genetic origin of these entities is controver-
sial. Most recent reports suggest that NFNS is
a variety of NF1 based on the fact that muta-
tions of the PTPN11 were not found, whereas
NF1 gene mutations were the most frequent in
these patients. The identification of specific
NF1 alleles recurring in NFNS, the evidence
that these alleles co-segregate with the condi-
tion in families, and the observation of a pecu-
liar mutational spectrum strongly suggest that
the term NFNS does characterize a phenotypic
variant of NF1, which manifests with a low
incidence of plexiform neurofibromas, skeletal
anomalies, and internal tumors, in association
with hypertelorism, ptosis, low-set ears, and
coronary heart disease (CHDs).31

Clinical management, follow-up and treat-
ment of all these conditions greatly overlap.
However, a few issues need to be addressed
differently, taking into account the specific
clinical problems and needs of individuals.

Imaging in the evaluation of
cardiac abnormalities detected
in RASopathies

An adequate definition of cardiac abnormal-
ities in RASopathies implies a multimaging
approach and can be done using different
methods which not only allow a diagnosis of
each defect, but also define its severity and
identify any distinguishing feature. An aim of
this review is to define potentials and limits of
both standard and new imaging echocardio-
graphic techniques.

Standard transthoracic echocardiogram 
Two-dimensional echocardiography (2D-

echo) is the most used, cheap and accessible
technique in the approach to patients with
Rasopathies. Famously, there are cardiac mal-
formations frequently associated with these
diseases and their detection can help to define

their clinical diagnosis. The standard echocar-
diographic approach also helps to characterize
these anomalies providing important informa-
tion about the severity of the clinical situation,
prognosis and the most appropriate treatment.
Newborns, infants and children suspected of
having Rasopathies need a careful cardiac
evaluation, including an echocardiogram.
Evaluation of the heart in early infancy does
not exclude the possibility that an affected
child will develop more severe HCM later in
childhood. This suggests that serial evalua-
tions during this period are indicated. Cardiac
manifestations, most commonly pulmonary
valve stenosis and HCM, are present in up to
90% of individuals with Noonan syndrome
(NS)4,32-34 and, though it is not included in the
acronym, HCM is the most frequent anomaly
observed in LEOPARD syndrome, representing
a potentially life-threatening problem35 HCM
seems to occur with similar frequency in
Costello syndrome and LEOPARD syndrome.36

In CFC patients, HCM is identified in 40% of
patients and is most frequently diagnosed in
infancy but can occur at any age.2

Hypertrophic cardiomyopathy
evaluation

In two-dimensional first of all you can evalu-
ate the extent of the maximum wall thickness,
the distribution of hypertrophy (Figure 1), the
presence of systolic anterior movement (SAM)
of the anterior mitral leaflet (AML), the coexis-
tence of right ventricular hypertrophy. To these
parameters must be added surely data about
the presence of outflow or medioventricular
obstruction, left or right. 

Wilkinson et al. have reported that the NS
cohort differs from other children with HCM in
many respects.37 They were younger, more
likely to have chronic heart failure at diagno-
sis, more likely to have a family history of
genetic syndromes, less likely to have a family

Review

Table 1. Rasopathies with cardiac features: molecular etiologies.

Noonan LEOPARD Costello Cardio-facio-cutaneous

PTPN11 50% 90% N/A N/A
RAF1 3-17% <5% N/A N/A
SOS1 10-20% N/A N/A N/A
KRAS <5% N/A N/A Rare
NRAS <1% N/A N/A N/A
BRAF <2% <5% N/A 75%
MAP2K1 or MAP2K2 <2% N/A N/A 25%
HRAS - N/A 80-90% N/A
SHOC2 <1% N/A N/A N/A
N/A, not available.
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history of cardiomyopathy, and had a smaller
length/height z score. At diagnosis, left ventric-
ular (LV) fractional shortening (percentage)
was higher (52.0±8.9 vs 45.1±8.9, P<0.001),
mean LV mass z score was smaller (mean±SD
0.52±2.70 vs 1.87±2.52, P<0.001), and the
median ratio of LV end-diastolic posterior wall
thickness to LV end- diastolic dimension was
higher (0.32 vs 0.28, P=0.007) in NS children
than in other children with HCM. Asymmetric
septal hypertrophy, defined as an end-diastolic
septal thickness to LV posterior wall thickness
ratio z score N2, was noted in 35% of NS com-
pared with 42% of other children with HCM
(P=0.31). Left ventricular outflow obstruction
was more often present in patients with NS
compared with other HCM (30% vs 9%, respec-
tively, P=0.01), but these data were only avail-
able for 20 patients with NS. Noting that left-
sided lesions (mitral or LV outflow abnormali-
ties) might have affected LV dimension or
function during fetal life, they also compared
the NS cohort after exclusion of cases with
left- sided lesions to the other HCM group. The
inferences were similar, implying that the
smaller LV size and mass of the NS group is not
attributable to the cases of left- sided lesions.

Longitudinal analysis of LV size and func-
tion in the NS cohort revealed significant
increases in LV end-diastolic and systolic
dimension z scores over time (0.25 SD units
per year for both, P<0.001) but no change in
the LV fractional shortening z score over time.
The ratio of LV end-diastolic posterior wall
thickness to LV end-diastolic dimension
decreased over time (0.013 decrease per year,
P<0.001). 

In patient with LEOPARD syndrome, HCM,
which is generally asymmetric and progressive
and commonly involves the intraventricular
septum, is detected in up to 80% of the patients
with a cardiac defect and may associate with
significant left ventricular outflow tract
obstruction in up to 40% of the cases.13,38-39

Clinical findings of left ventricular hypertrophy
are similar to those found in familial HCM.39

However, despite frequent cardiac involve-
ment, most patients are asymptomatic. In rela-
tion to left ventricular diastolic function, the
most frequent diastolic patterns in patients
with left ventricular hypertrophy are abnormal
diastolic function, followed closely by abnormal
relaxation and more rarely by a restrictive fill-
ing pattern.38

In infants and very young child, Costello
syndrome can overlap Noonan syndrome. Both
can present with HCM of variable severity,
including severe infantile HCM.13,40,41 In
approximately one-third of Costello syndrome
patients each, in fact, HCM was be chronically
severe or worsen during follow-up. The resolu-
tion or regression of HCM was reported in one
patient with a KRAS mutation.42

Anecdotal experience suggests that severe

subaortic obstruction requiring surgical treat-
ment is more frequent in Costello syndrome
than in Noonan or CFC. The resolution by
echocardiographic criteria of HCM in five
patients with Costello syndrome is not unique
among RASopathies, and requires monitoring
across the spectrum of RASopathies in longitu-
dinal studies.36

Compared to children with hypertrophic
cardiomyopathy, those with left ventricular
hypertrophy in the setting of Noonan or
LEOPARD syndromes show more severe dias-
tolic dysfunction, due to both abnormal relax-
ation and reduced compliance. They also
exhibit an increased prevalence of obstruc-
tion of the left ventricular outflow tract, along
with dynamic obstruction of the right ventric-
ular outflow tract.43

Coronary heart diseases evaluation
Among the RASopathies, CHDs appear most

common (~90% of patients with a cardiac
problem).36 Congenital heart defects are pres-
ent in 85% of Noonan syndrome patients, in
whom the most prevalent cardiac anomaly is
pulmonary valve stenosis (Figure 2) , with an
incidence of 50% to 60%.2

The valve may be dysplastic in 25% to
35%(44-46) of them and is often associated with
an atrial septal defect. The anatomic pattern
in quite distinct, with dysplastic pulmonary
valve and fibrous thickening of the anulus
and the leaflets. Stenosis results from fibrous
thickening of the valvular leaflets which
appear deformed, glistening and edematous,
eventually without fusion of commissures.47

Pulmonary valve insufficiency and right ven-
tricular dysfunction are potential problems
after earlier pulmonary valve surgery so they
can be detected in these patients. Pulmonary
stenosis is less frequent than left ventricular
hypertrophy in patients with LS. Limongelli et
al.39 observed pulmonary stenosis in 23% of
the patients with LS (valvular, isolated
infundibular, valvular and infundibular or

with a dysplastic pulmonary valve).
Pulmonary stenosis in Costello syndrome,
usually valvar, is common, and may include
muscular subpulmonary obstruction (related
to HCM), as well as supravalvar narrowing.
Rare patients with severe subpulmonary
stenosis described as double-chambered right
ventriclemay have accounted for early reports
of biventricular cardiomyopathy.36 Pulmonary
valve stenosis have been also identified in
25% of patients with CFC.2

Other common structural defects in NS
include branch pulmonary artery stenosis, sep-
tal defects, especially secundum atrial septal
defects and partial atrioventricular canal
defects, and tetralogy of Fallot. Although coarc-
tation of the aorta was originally thought to be
a differentiating feature between Noonan and
Turner syndromes, more recent data indicate
that aortic coarctation is not rare in Noonan
syndrome. In addition, cardiac abnormalities
include an over-representation of mitral valve
dysplasia and septal defects.2 Structural abnor-
malities of mitral valve have been observed in
patients with NS and LS alone or in associa-
tion with HCM. An isolated anomalous inser-
tion of mitral valve on the ventricular septum
causing obstruction of the left ventricular out-
flow tract has been rarely observed in these
patients. The leaflets of mitral valve can be
dysplastic with short cords and nodular mixo-
matous tissue.48

Abnormalities of the aortic valve (23%; e.g.
mild aortic regurgitation, discrete subaortic
stenosis or aortic valve dysplasia) and mitral
valve (38%; e.g. mitral valve prolapse) result
more frequent in LS.2 Atrial septal defects, ven-
tricular septal defects, mitral or tricuspid valve
dysplasia and bicuspid aortic valve are all iden-
tified with lesser frequency in CFC.2

In patients with Costello syndrome, then, in
addition to pulmonary valve stenosis or dyspla-
sia, anomalies of the other valves were seen,
including thick aortic valve, mitral valve pro-
lapse without HCM, and in some cases polyval-

Review

Figure 1. Two-dimensional echocardiographic image of hypertrophic cardiomyopathy in
a patient with Costello syndrome with evidence in the long axis (A) and short axis (B)
views of a severe asymmetric hypertrophy of the left ventricle (LV), mainly localized at
the level of the interventricular septum (IVS). 
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var dysplasia (mitral/tricuspid valve prolapse;
thick mitral/aortic valve and dysplasia of all 4
valves; mitral valve prolapse/bicuspid aortic
valve). Valve anomalies can be associated with
various minor CHDs including muscular ven-
tricular septal defect and thick aortic valve, and
atrial septal defect with bicuspid aortic valve.
Septal defects were usually hemodynamically
insignificant, including ventricular septal
defect, type unspecified, isolated atrial septal
defect, atrial septal defect with pulmonary
stenosis, and combinations (with coarctation,
ventricular septal defect, atrial septal defect;
membranous ventricular septal defect, tran-
sient polyvalvar disease).36

In NF1, the abnormalities (2.1%) included
atrial septal defects, atrial septal aneurysms,
pulmonary stenosis, coarctation of the aorta,
mitral valve prolapse, mitral regurgitation, aor-
tic regurgitation, and hypertrophic cardiomy-
opathy49 and, in Legius syndrome patients,
examples of findings reported in isolated or
only a few individuals include pulmonic steno-
sis and mitral valve prolapsed.

Furthermore, coronary abnormalities, such
as dilatation of the coronary arteries, abnor-
malities of the left ventricular shape, segmen-
tal wall motion, apical aneurysm of the left
ventricle, non-compacted left ventricle, isolat-
ed left ventricular enlargement, atrioventricu-
lar septal defects and ventricular septal defects
were found in RASopathies.35 Aortic dilation
has been rarely reported in patients with
Noonan syndrome. Coronary artery dilation
and peripheral aneurysms have been reported
LS,13,50,51 with aortic dilation in one clinically
diagnosed patient.52

New imaging techniques. Although not yet
reported experience in the literature about the
use of these techniques in the study of
patients with rasophaties, the wide range of
information derived from the analysis of non-
syndromic heart disease or those associated
with other syndromes leads us to predict their
routine use in all patients.53

The evolution of newer ultrasound-based
technologies such as tissue Doppler imaging
(TDI), strain imaging, speckle tracking-based
LV torsion analysis, and three-dimensional
echocardiography (3D-echo) has revolution-
ized the assessment of cardiac performance
from mere assessment of ejection fraction to a
more sophisticated appraisal of regional car-
diac mechanics.54-57 The complex deformations
that constitute systolic contraction, including:
ventricular twist; longitudinal, circumferen-
tial, and radial displacement; velocities; strain;
and strain rate can now be reliably quan-
tified.58-63 These may be useful techniquesin
the cardiac evaluation of RAS/MAPK syn-
dromes but further studies willneed to evalu-
ate this aspect. These novel technologies have
provided profound mechanistic insight into
abnormalities of regional contractility and

diastolic function and have enabled the nonin-
vasive characterization of abnormal intramu-
ral myocardial mechanics emblematic of HCM,
for example. In addition, these advances have
facilitated pre-clinical diagnosis,64,65 refined
risk stratification,66,67 and furthered our under-
standing of existing therapies for HCM.68,69,70

In addition, new echocardiographic tech-
niques can be of great help in improving the
evaluation and study of congenital heart
disease.

Tissue Doppler imaging
Tissue Doppler and deformation imaging,

including Doppler-derived strain and speckle
tracking, have significantly improved our
understanding of cardiac mechanics in both
physiological and pathological states.54,71,72 The
various modes of left ventricular deformation
(longitudinal, circumferential, radial and
twist) leading to systolic contraction can nowa-
days be quantified.54,71,72 One of the best appli-
cations of deformation imaging is in the area
of hypertrophic cardiomyopathies.53,73,74

Systolic myocardial velocity, a measure of
longitudinal systolic function, has been shown
to be attenuated in HCM (Figure 3), even in
nonhypertrophied ventricular segments.75

Early diastolic mitral annular velocity is a pre-
load-independent index for evaluating dias-
tolic function. Early mitral annular velocities
are reduced in patients with HCM compared
with age-matched controls and relate to the
magnitude of ventricular hypertrophy.76 Useful
diagnostic64,77,78 as well prognostic79 informa-
tion has emerged from clinical studies assess-
ing the role of TDI in patients with HCM. First,

Nagueh et al.64 investigated myocardial veloci-
ties in genotype-positive individuals with HCM
in the absence or presence of left ventricular
hypertrophy (LVH). Compared with normal
controls, all individuals with HCM presented
significantly reduced systolic tissue velocities
(Sa) and early diastolic tissue velocities at
both corners of the mitral annulus. The use of
TDI also can assist in differentiating between
variants of LVH. Vinereanu et al.57 used TDI to
distinguish pathological from physiological
LVH in a study comprising patients with HCM,
patients with systemic hypertension, athletes,
and normal subjects. A significant negative
correlation also has been observed between
TDI Sa (peak systolic), early diastolic mitral
annular velocities, and left ventricular outflow
tract (LVOT) peak gradient, underscoring the
influence of LVOT obstruction on longitudinal
myocardial performance.79 In a recent report of
patients with established HCM, low lateral
mitral annular systolic velocity (<4 cm/s) was
found to have prognostic value and independ-
ently predicted death or hospitalization for
worsening heart failure.80

Although TDI was initially advocated as a
technique for assessing regional myocardial
performance, its inability to discern myocar-
dial contractility from passive motion led to the
development of strain imaging that assesses
myocardial motion relative to the adjacent
myocardium.58 Systolic myocardial strain (ε) is
a dimension-less quantity and a measure of
tissue deformation. TDI-derived strain was
first used for the evaluation of HCM by
Weidemann et al.81 in a case report of a child
with non-obstructive HCM. Subsequently, Yang
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Figure 2. Doppler study of severe pulmonary valve stenosis in a patient with Noonan
syndrome.
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et al.82 reported the assessment of regional
myocardial function in 31 adults with HCM
diagnosed echocardiographically. This study,
along with the case reported by Weidemann et
al.,81 highlight the relevance of myocardial dis-
array and fibrosis on regional performance
(rapidly and reproducibly detected by strain
imaging), because the commonly affected mid-
septum typically shows the greatest degree of
dysfunction. Longitudinal deformation abnor-
malities in HCM often are focal or subsegmen-
tal and may be underestimated when conven-
tional segmental techniques are used to esti-
mate myocardial strain. Sengupta et al.83 com-
pared ε values using a conventional technique
to linear mapping in 20 healthy volunteers and
20 individuals with HCM. These data suggest
that the heterogeneity of myocardial function
in HCM ranges from focal subsegmental to
larger segmental abnormalities and emphasize
the need for careful spatial mapping to
increase diagnostic yield. This effort can be
facilitated by information gleaned from para-
metric color strain maps. 

Speckle traking imaging
This rapidly expanding technology entails

spatial and temporal tracking of adjacent natu-
rally occurring acoustic markers or speckles
from standard black and white echocardio-
graphic images in 2 dimensions (Figure 4).
Interestingly, a base-apex gradient was
described, with a progressive increase in lon-
gitudinal strain values noted from basal to api-
cal segments. Serri et al.63 applied 2D strain
echocardiography to a subset of patients with
familial non-obstructive HCM. Average longi-
tudinal ε was reduced in affected individuals
compared with healthy controls (15.1±6.2% vs
�20.3±5.6%), despite apparently normal sys-
tolic function (with the use of standard crite-
ria). No significant difference in the values
obtained by TDI versus 2D ε was observed.
Furthermore, transverse, circumferential, and
radial strain were significantly reduced in
affected individuals (23.3±17% vs 27.2±14.9%,
�16.8±7.1% vs �19.6±5.2%, 25.2±13.9% vs
36.8±17.2%, respectively). Although overall
longitudinal values were reduced in the HCM
group, a base to apex gradient was still
observed, as in the control group. Similarly,
radial strain in the mid- and apical short-axis
segments in HCM was significantly attenuated
compared with patients with hypertensive
LVH.67 The authors concluded that 2D ε can be
used to identify subclinical global systolic dys-
function in patients with HCM, with improved
interobserver as well as intraobserver variabil-
ity compared with TDI-derived strain (7.5% vs
13.7% and 7.9% vs 14.5%, respectively).

Because of its intrinsic ability to provide
angle- independent strain data, 2D strain holds
a unique advantage over tissue Doppler-
derived strain, which is particularly relevant

when one analyzes myocardial deformation in
the apical LV segments. 

Left ventricular twist is defined as the dif-
ference between the mean values on the peak
rotation at the apical and at the mitral valve
level (twist ¼ mean peak apical rotation 2
mean peak basal rotation).

Similarly LV twist rate is defined as the dif-
ference between the mean values of the peak

rotation rate at the apical and at the mitral
valve level (twist rate ¼ mean peak apical rota-
tion rate 2 mean peak basal rotation rate). The
untwisting onset is expressed as a percentage
of systolic duration (the ratio between the
time to peak twist, i.e. onset of untwisting, and
the duration of systole until the aortic valve
closure) by the use of cardiac cycles with
matched RR intervals (time to peak twist/sys-

Review

Figure 3. Reduced systolic velocity (S') and altered diastolic patterns (inverted ratio A'/E')
at the level of the basal segment of the interventricular septum in patients with hyper-
trophic cardiomyopathy.

Figure 4. Two-dimensional strain study in a patient with hypertrophic cardiomyopathy:
re-duced peak of strain of the hypertrophic segments evidenced in the corresponding
curve (arrow) and reduced segmental myocardial deformation evidenced in the schemat-
ic bull eye.
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tolic time). This normalization for systolic
duration has to be made to overcome the heart
rate dependence, as previously described.

All CM patients have an impairment of the
longitudinal, circumferential, and radial
myocardial deformations. Peak LV twist is pre-
served in patients with normal or increased
ejection fraction (EF). However, LV twist is
prolonged and untwisting is delayed in all CM
patients (even with normal EF and peak sys-
tolic twist), suggesting that a mechanical
adaptation to subclinical systolic abnormalities
might induce, by a prolonged LV twist, the
onset of an early diastolic dysfunction.84

The usefulness of these new technologies is
further confirmed in the study of congenital
heart disease.85,86 Also in this case the experi-
ences reported in the literature do not relate
specifically to patients suffering from
rasophaties but, undoubtedly, the collected
data open new openings of application also in
this type of patients.

Speckle traking imaging can be useful for
the study of right ventricle in congenital heart
disease too.

Patients with tetralogy of Fallot undergoing
surgical correction, even if asymptomatic,
showed an alteration of the properties of longi-
tudinal strain of the right ventricle considering
strain and strain rate, and these changes are
accentuated in patients in which it was carried
out the reconstruction of the outflow tract of
the right ventricle compared to correction by
infundibular patch.87 Another study showed
that the two-dimensional longitudinal strain
and strain rate were reduced 1 month after the
surgical replacement of the pulmonary valve,
then after 6 months had increased although
without reaching the pre-intervention values.88

A longer follow-up may show whether the right
ventricular dysfunction after pulmonary valve
replacement is stable or transient, but in con-
clusion we can say that beyond the clinical and
hemodynamic improvement has questioned
the actual improvement of right ventricular
function after surgical correction. 

Three-dimensional echocardiography 
The use of 3D-echo has provided insights

into the mechanics of SAM and deformational
geometry of the LV outflow tract.89 Data suggest
that the medial segments of the mitral valve
are predominantly involved in SAM, resulting
in a narrow laterally located LVOT in patients
with obstructive cardiomyopathy.90 Likewise,
3D-echo facilitates the assessment of LVOT
area after intervention for septal reduction.91

and after surgical myectomy,92 volumetric esti-
mates of left atrial mechanical function,93 and
accurate estimation of LV ejection fraction as
well as LV mass in hypertrophied hearts (com-
paring favorably with cardiac magnetic reso-
nance imaging).94 Live 3D-echo also improves
recognition of location and extent of LV cavity

obliteration95 and may be used in conjunction
with LV contrast opacification for this pur-
pose.96 Echocardiographic evaluation of pul-
monary valve (PV) anatomy is more difficult
than other valves due to poor acoustic access
even by 2D-transthoracic echocardiogram
(TTE).97 Real-time (RT)3D-TTE could describe
the morphological features of the 3 cusps
simultaneously through the en face view only
in 60% of patients.98 This percentage increases
in patients with pulmonary stenosis due to
increased cusp thickness.99 In study, only 5
patients with PV stenosis were examined by
RT3D-TTE. It was possible to assess the cusp
thickness, commissures and mobility in addi-
tion to measurement of PV annulus (area and
diameter) and PV area. 

The 3D study of the right ventricle in pedi-
atric cardiology seems particularly promising
since the frequent involvement of this cham-
ber of the heart in congenital heart disease. It
is also well established that in pressure over-
load of the right ventricle congenital classic
numerical systolic function do not correlate
with cardiac function in these patients the
radial function prevails and overcomes the lon-
gitudinal, therefore may be useful other
indices such as ejection fraction or the three-
dimensional transverse strain.

Finally has been demonstrated in some
studies a correlation between volumes and
function of a functionally single ventricle
(right or left) calculated through resonance
and echo 3D.

Currently there are new probes pediatric
transthoracic three-dimensional high-fre-
quency three-dimensional image that improve
the quality and allow you to use this method in
children. Also, the ability today to have a three-
dimensional view image directly using special
glasses increases the immediacy of the tech-
nique. There is some evidence on the useful-
ness Three-dimensional imaging in selected
patients with congenital heart disease, but the
extensive use of echocardiography laborato-
ries for congenital heart disease remains to be
determined.

Significant technical limitation for applica-
tion in pediatric full volume is the acquisition
that requires breath holding and sometimes
sedation (child). On the other hand for all con-
genital heart disease need a custom post-pro-
cessing, which consists in aligning the image
with the anatomical structure to be studied in
the best point of view, the post-processing can
be long and tedious and requires an appropri-
ate learning curve.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) is an

important imaging technique with an expand-
ing role in the contemporary evaluation of
patients with HCM; it provides complete LV
reconstruction and a precise definition of the

distribution and pattern of hypertrophy. This is
particularly useful in patients without a clear
LV anatomic characterization by echocardiog-
raphy. Measurements of maximum wall thick-
ness (MWT) by echocardiography and by MRI
are strictly related whereas MWT shows weak
relationship when related to LV mass.

In patients highly suspected to have HCM,
but with a negative echocardiogram for LV
hypertrophy, MRI represents an additive diag-
nostic chance as proposed by Rickers et al.
Authors found, in a population involving
almost 50 patients, that MRI was capable of
identifying regions of LV hypertrophy (in par-
ticular at anterolateral level) not readily recog-
nized by echocardiography, which were solely
responsible for diagnosis of the HCM pheno-
type in an important minority of patients.100

Moreover, the measure of LV mass and the
characterization of abnormal substrate of
fibrosis will probably provide implications of
these findings in the risk stratification.101-107

Nevertheless, it must be underscored that MRI
doesn’t provide complete LV tissue characteri-
zation and, thus, can not be used as a non-
invasive biopsy.

In patients with valvular heart disease, MRI
is uniquely suited to identify and assess the
magnitude of valvular stenosis or regurgita-
tion, as well as determine the influence of the
valve lesion on ventricle performance. The
subjective presence or absence of valvular dis-
ease can be made on cine GRE sequences by
visualization of a signal void/turbulent jet
above or below the valve in systole or diastole.

MRI imaging can be used to assess the pul-
monary arteries for pulmonary arterial
stenoses (as in congenital heart disease).
Pulmonary arterial size can also be assessed.
Primarily, pulmonary contrast enhancement
magnetic resonance angiography (CE-MRA) is
used with the bolus timed to opacify the pul-
monary arteries at the center of k-space data
acquisition.

Time-resolved CE-MRA is particularly useful
for imaging the pulmonary vasculature as it
allows complete separation of the pulmonary
and systemic phases.

MRI may be used for identifying coronary
artery anomalies and aneurysms and for deter-
mining coronary artery patency. In specialized
centers, MRI may be uniquely useful in identi-
fying coronary artery disease without exposure
to ionizing radiation or iodinated contrast
medium.108

Conclusions

All imaging techniques provide important
and useful information on the most frequent
cardiac abnormalities observed in the
RASopathies. The use of recent imaging meth-
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ods requires, though, specific expertise. The
identification of specific defects (HCM, PVS,
CHDs), which represent hallmarks of these
syndromes, requires careful clinical evaluation
and specific management and treatment.
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