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Abstract: Background: Noonan syndrome (NS) is a congenital genetic disorder with a prevalence of
1 in 1000 to 2500 live births, and is characterized by distinctive facial features, short stature, chest
deformities, and congenital heart disease. This study aims to evaluate the prevalence of specific genetic
mutations and their impact on cardiovascular and other outcomes in NS. Methods: We conducted a
retrospective clinical study of 25 pediatric patients diagnosed with NS at two institutions: The Mother
and Child Health Care Institute of Serbia and the Clinic for Children Diseases, University Clinical
Center of the Republic of Srpska. Patients underwent whole-exome sequencing (WES) to identify
genetic mutations. Clinical data, including cardiovascular manifestations, psychomotor development,
and stature, were analyzed in relation to mutation types. Results: The cohort comprised 60% male and
40% female patients, with a median age at diagnosis of 7.2 years. Cardiovascular abnormalities were
present in 88% of patients. Mutations in PTPN11 were most commonly associated with pulmonary
valve stenosis (PVS), while RAF1 mutations were prevalent in patients with hypertrophic cardiomy-
opathy (HCM). No significant association was found between cardiac disease and delayed psychomo-
tor development (p = 0.755), even though the likelihood ratio showed significance in that regard
(p = 0.018). Short stature was observed in 48% of patients but was not significantly correlated with ge-
netic type of disease, presence of cardiac disease, or developmental delay. Conclusions: The study con-
firms the high prevalence of cardiovascular manifestations in NS and highlights genotype—phenotype
correlations. While cardiac abnormalities are common, their impact on psychomotor development
and stature is less clear. Further research is needed to explore genetic interactions influencing these
outcomes and refine clinical management strategies.

Keywords: Noonan syndrome (NS); cardio genetics; pediatric cardiology; MEK inhibitors

1. Introduction

The Noonan syndrome (NS) is a relatively common congenital genetic disorder, with a
prevalence of 1 in 1000 to 1 in 2500 live births [1]. It is characterized primarily by distinctive

Genes 2024, 15, 1463. https:/ /doi.org/10.3390/ genes15111463

https://www.mdpi.com/journal /genes


https://doi.org/10.3390/genes15111463
https://doi.org/10.3390/genes15111463
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0003-1186-208X
https://orcid.org/0000-0002-3007-5631
https://orcid.org/0000-0003-3143-3098
https://orcid.org/0000-0001-9589-5502
https://orcid.org/0000-0001-8024-6737
https://doi.org/10.3390/genes15111463
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes15111463?type=check_update&version=1

Genes 2024, 15, 1463

20f11

facial features, short stature, chest deformities, and congenital heart disease. NS follows
an autosomal dominant inheritance pattern, showing complete penetrance but variable
expressivity, which accounts for its wide range of clinical manifestations [2].

Dr. Jacqueline Noonan first described the syndrome in 1962 when she identified nine
patients with shared facial characteristics, short stature, chest deformities, and pulmonary
stenosis. The condition was later named in her honor after a 1968 case series further defined
the syndrome [3]. The facial features of NS, such as hypertelorism, ptosis, and low-set ears,
are most noticeable during infancy and early childhood. Over time, these features may
become less pronounced, although certain characteristics, like ptosis and hypertelorism,
can persist into adulthood [4]. NS also presents with various musculoskeletal abnormalities,
including pectus deformities, scoliosis, and spinal anomalies [2]. Cardiovascular anomalies,
most notably pulmonary valve stenosis (PVS), are common characteristics of the syndrome,
along with other heart defects like hypertrophic cardiomyopathy (HCM) and atrial septal
defects (ASDs) [5,6].

1.1. Genetic Mutations and Pathophysiological Mechanisms

Genetic research has significantly advanced the understanding of NS, linking it to
mutations in the Ras/MAPK pathway, a critical regulator of cell growth and differentiation.
These mutations are found in genes such as PTPN11, SOS1, RAF1, and KRAS, which account
for approximately 60% of NS cases [7,8]. Despite these discoveries, clinical diagnosis
remains essential, especially in cases without identified mutations [9].

The NS pathogenesis stems from disruptions in the Ras/MAPK pathway, leading to
hyperactivation of cellular processes that control growth, proliferation, and differentiation [1].
This dysregulation explains the broad spectrum of clinical manifestations, including short
stature, heart defects, and facial dysmorphisms [10]. PTPN11 mutations are the most prevalent,
accounting for around 50% of NS cases. These mutations lead to gain-of-function effects in
SHP-2, a protein that regulates several signaling pathways [11]. Studies suggest that PTPN11
mutations drive increased cellular proliferation and altered differentiation, contributing to the
phenotypic diversity seen in NS patients [12].

Mutations in SOS1, RAF1, and KRAS also contribute to the pathogenesis of NS [13].
S50S1 mutations are seen in 10-13% of cases and often lead to milder phenotypes compared
to PTPN11 mutations, while RAF1 mutations, found in 3-17% of patients, are strongly
associated with HCM [14]. KRAS mutations, though rarer, often result in a more severe
phenotype, with significant developmental delay and cognitive impairment [15]. Less
commonly, mutations in NRAS, BRAF, and MAP2K1 have been linked to NS, all of which
led to dysregulation of the Ras/MAPK pathway [16].

1.2. Cardiovascular Manifestations

Cardiovascular defects are a prominent feature of NS, with PVS being the most common.
The narrowing of the right ventricular outflow tract in PVS often leads to right ventricular
hypertrophy [16]. Other congenital heart defects, such as ASD and VSD, can increase the
risk of heart failure due to abnormal blood flow patterns [17]. The most significant form of
cardiomyopathy in NS is HCM, and it is driven mostly by RAF1 and RIT1 mutations that
promote abnormal cardiac muscle growth through Ras/MAPK hyperactivation [16].

Recent advances in treatment have shown promise, and the use of MEK inhibitors
like trametinib is of particular interest [18-20]. These drugs specifically target and inhibit
the MEK1/2 enzymes, reducing the excessive signaling that drives pathological cardiac
hypertrophy in RIT1-associated HCM [16]. Clinical studies have reported regression of
myocardial hypertrophy and improved cardiac function in patients receiving trametinib,
highlighting its potential as a targeted therapy for NS-related cardiac complications. MEK
inhibitors also reduced nt-pro-BNP levels, a biomarker for heart failure, and improved key
cardiac parameters like the left ventricular mass index [19,20].
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This study aims to comprehensively evaluate the prevalence of specific genetic muta-
tions associated with NS, identify potential genotype—phenotype correlations, and investi-
gate their impact on cardiovascular manifestations as well as other clinical outcomes.

2. Materials and Methods
2.1. Study Design and Settings

Our research was designed as a retrospective study. From March 2014 to March 2024,
we recruited 25 pediatric patients diagnosed with NS at the Mother and Child Health
Care Institute of Serbia “Dr Vukan Cupi¢” in Belgrade, Serbia, and the Clinic for Children
Diseases, University Clinical Center of the Republic of Srpska in Banja Luka, Republic of
Srpska, Bosnia and Herzegovina.

The study received approval from the Institutional Ethics Committees of both centers
(approval number 7060/2 and approval number 01-19-349-2/24). All patients underwent
thorough clinical evaluation by clinical geneticists and a pediatric cardiologist.

Whole-exome sequencing (WES) was performed on all 25 patients at the Institute of
Molecular Genetics and Genetic Engineering (IMGGE), Belgrade, Serbia, and the Clinical
Institute of Medical Genetics at University Medical Ljubljana, Slovenia.

We collected and analyzed demographic and clinical parameters, as well as WES
results, with an emphasis on the mode of inheritance; these data can be found in Table S1.

Informed consent for molecular diagnostics and further research use was obtained
from the parents of all patients.

2.2. Data Curation

The data for this study were obtained from medical records, which included both
paper and electronic formats, sourced from both centers.

Data cleaning involved removing duplicate entries and correcting any obvious data
entry errors. We conducted a thorough review to ensure completeness and accuracy,
with no missing data identified. Patient records were selected based on specific criteria,
including the age (0-18 years), gender, and diagnosis of NS according to standardized
assessment tools. We excluded patients with incomplete medical records and cases with
clinical suspicion of NS without genetic confirmation to ensure sample homogeneity and
minimize confounding factors.

2.3. Measurment

Anthropometric measurements were obtained using standardized techniques, includ-
ing height measured with a stadiometer to the nearest 0.1 cm and weight recorded with
a digital scale to the nearest 0.1 kg. Body mass index (BMI) was calculated as weight in
kilograms divided by the square of height in meters (kg/m?).

Psychomotor development was assessed using standardized tools appropriate for
each patient’s age. This standardized assessment was conducted at the time of diagno-
sis, employing specific developmental scales for different age groups (e.g., the Bayley
Scales of Infant Development for ages 0-2, the Denver Developmental Screening Test for
ages 2-5, and for older children, the Wechsler Preschool and Primary Scale of Intelligence
or an equivalent scale). Additionally, anamnestic data on milestone achievements in verbal
and gross motor development were analyzed for each patient. Due to the heterogeneity of
age at diagnosis, psychomotor development was categorized as normal or delayed.

Echocardiographic measurements were performed using a high-frequency transducer
suitable for pediatric patients. Key parameters included interventricular septal thickness
(IVSd), left ventricular posterior wall thickness (LVPWd), and end-diastolic diameter (EDD).
Z-scores for IVSd, LVPWd, and EDD were calculated based on age and body surface area-
specific reference values, with the following formula:

Z = (observed value — mean reference value)/standard deviation.
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We also assessed the presence of HCM and recorded the peak pressure gradients
across the aortic and pulmonary valves.

DNA for WES analysis was isolated from peripheral blood samples using standard
phenol-chloroform extraction and purification methods to ensure high-quality genomic
material. Exome sequencing at the Institute of Molecular Genetics and Genetic Engineering,
University of Belgrade, was performed using the Exome 2.0 Illumina panel (Illumina,
Inc. San Diego, CA, USA) and compared to the reference human genome (hg38). The
sequencing was conducted with the NextSeq2000 sequencer (Illumina, Inc. San Diego, CA,
USA) and analyzed using Variant Interpreter software (The Illumina Variant Interpreter
software v3.17), excluding variants in non-coding regions such as promoter and intronic
areas, as well as repeat expansions.

Exome sequencing at the Clinical Institute of Genomic Medicine in Ljubljana utilized
either the [llumina Nextera Rapid Capture Exome (Illumina, Inc. San Diego, CA, USA)
or the Twist Core Exome (Twist Bioscience Corporation, South San Francisco, CA, USA).
The Illumina Nextera Rapid Capture Exome covered 37 Mbp of the genome, while the
Twist Core Exome covered 33 Mbp. Although mitochondrial sequences were not included
in the capture during the exome-sequencing process, off-target reads were analyzed to
evaluate mitochondrial DNA. This analysis was performed using specific bioinformatics
tools designed to identify and quantify mitochondrial sequences from off-target reads.
Sequencing was initially performed in the proband, and in cases where a potentially
causative variant was detected, subsequent validation and segregation analysis using
Sanger sequencing was performed on parental samples. The pathogenicity of the detected
variants was classified according to the guidelines of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology.

2.4. Statistical Analysis

Data were processed using statistical software SPSS 25.0 (IBM Corp., Armonk, NY,
USA). Among the descriptive statistical methods, measures of central tendency (arithmetic
mean, median, mode), measures of variability (standard deviation), and relative numbers
(structure indicators) were used. The difference in the distribution of specific parameters
among the studied groups was determined using x? or Fisher’s test. Shapiro-Wilk and
Kolmogorov-Smirnov tests were used to assess the normality of the distribution of numeri-
cal variables. The paired t-test and Wilcoxon test were used to compare two dependent
samples. All the statistical methods were considered statistically significant, p < 0.05.

3. Results

In this study, we analyzed a cohort of 25 patients diagnosed with NS, of whom 60%
were male and 40% female (Table 1).

Table 1. Overview of genetic and cardiovascular findings in cohort.

Patients Sex Affected Initial Age of First Cardiovascular
Number Gene Ccvs/st cvs/st Manifestation
1 Female RAFI1 HM 2 Neonatal HCM 4
2 Male RAF1 HM 2 Neonatal HCM 4
3 Female RAF1 Chesfc pain, 12 years HCM 4
Fatigue
4 Female  PTPNII HM 2 6 years Physiological

Murmur
5 Male PTPN11 HM 2 Neonatal HCM 4
6 Female PTPN11 HM 2 Neonatal PVS?
7 Female PTPN11 HM 2 2 months PVS?®
8 Female PTPN11 HM 2 Neonatal PVS?
9 Male PTPN11 Fatigue, 6 months HCM
Hyperhidrosis

10 Male PTPN11 None N/A3 None
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Table 1. Cont.

Patients Sex Affected Initial Age of First Cardiovascular
Number Gene Ccv s/st Ccv s/st Manifestation

11 Male 5081 HM 2 2 months PVS?

12 Female SOS1 HM 2 2 years PVS?

13 Female 5081 Perlcz.ard Neonatal HCM 4

Effusion

14 Male 5081 HM 2 Neonatal PVS?

15 Male LZTR1 HM 2 Neonatal PVS?®,VSD ¢

16 Male KRAS HM 2 Neonatal HCM ¢

17 Male PTPN11 HM 2 3 months PVS®

18 Male PTPN11 HM 2 Neonatal HCM 4

19 Male PTPN11 None N/A3 None

20 Male PTPN11 HM 2 Neonatal HCM #

21 Female PTPN11 Fatigue 2 months pPVs®

22 Male RAF1 HM 2 Neonatal PVS>®

23 Male RAF1 HM 2 14 years HCM 4

24 Female LZTR1 HM 2 Neonatal ASD7

25 Male RIT1 Arrythmia Neonatal PVS5, ASD”

1 CV S/S—cardiovascular signs and symptoms; 2 heart murmur; > N/A—not applicable; * HCM—hypertrophic
cardiomyopathy; > PVS—pulmonary valve stenosis; ® VSD—ventricular septal defect; 7 ASD—atrial septal defect.

Detailed clinical manifestations and organ involvement in patients with confirmed
genetic causes of NS are presented in Table S1.

At the time of the study, 24 out of 25 patients were alive, with 1 patient lost to follow-
up. The median age at genetic diagnosis was 7.2 years, ranging from 6m to 17 years. The
most common subtype was type 1 (PTPN11), which was present in 48% of the patients,
followed by type 5 (RAF1) in 20%. Regarding mutation pathogenicity, 76% of the mutations
were classified as pathogenic, 16% as likely pathogenic, and 8% as variants of uncertain
significance (VUS).

Cardiac manifestations were registered in 88% of patients. The most common cardiac
manifestation was HCM (12/25), followed by pulmonary valve stenosis (9/25). Three
patients had an ASD and one had VSD. One patient had an adult type of aortic coarctation
(CoA), and he underwent surgical correction at the age of 2 months. Atrioventricular valve
diseases were observed in five patients. Patients with ASD had LZTR1, RIT1, and SOS1
mutations, while those with VSD had KRAS gene mutation. Two patients had supraventric-
ular tachycardia—atrial ectopic tachycardia and antidromic reentrant tachycardia. Those
patients had mutations in RAF1 and SOS1 genes. One patient with type (RIT1) had a
prolonged QTc interval in the neonatal and early infant period.

The follow-up period from diagnosis to the last echocardiography examination was
1 year (IQR 0.5-1; min—-max 0.5-5 years).

At the time of diagnosis, echocardiography findings are presented in Table 2.

Table 2. Echocardiography findings at the time of diagnosis.

Diameter Detroit Z Score
Interventricular septum 6.7 (IQR 5-9.75) 1.9 (1.7-5.2)
Posterior wall 4.5 (IQR 4-6.5) —3.6 IQOR —4.3-1.5)
End diastolic diameter 23 (IQR 16-34.3) —1.3 (IQR —2.5--0.3)
Aortic valve 10 (IQR 8-14)

Pressure gradient (mmHg)
Pulmonary artery 35 (IOR 18.5-53.5)
Tricuspid valve 20 (IQR 15-35)
Aortic valve 25 (IQR 23-75)
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Almost half (5/12) of the patients with HCM were referred to pediatric cardiologists
due to a heart murmur. Ten male patients and two female patients had HCM. Type 1
(PTPN11) and type 5 (RAF1) were identified in five patients each, while no patients were
diagnosed with type 2. All patients were heterozygotes. The most common mutation
in the group of patients with HCM was observed in RAF1 (5/12), followed by PTPN11
(4/12), RIT1 (1/12), KRAS (1/12), and SOS1 (1/12). None of the patients with HCM had a
mutation in LRZT1 (Table 3). Six patients had the progressive form of HCM.

Table 3. Summary of the most common CVS manifestations and affected genes.

Genes Affected Total Patients PVS 1 (%) HCM 2 (%)
PTPN11 12 60.00 33.3
RAF1 5 0.0 41.66
Other Genes 8 40.0 25.0
Overall 25 40.0 48.0

! PVS—pulmonary valve stenosis; 2 HCM—hypertrophic cardiomyopathy.

A Z-score of IVS diameter in diastole did not significantly change during follow-up
(1.9; IQR 1.67-5.2 vs. 1.2; IQR 0.2-3.3; p = 0.4). Nine patients were treated with propra-
nolol, and in one patient, trametinib was added due to rapidly progressive HCM and the
development of a double-chamber right ventricle.

Eight out of ten patients with a PVS were referred to pediatric cardiologists due
to a heart murmur. The first echocardiography examination revealed mild to moderate
pulmonary stenosis (Table 1). PVS was less frequently observed in males (11/15 patients;
p = 0.09). One patient was a combined heterozygote, while the rest were heterozygotes.
Patients with type 1 NS (PTPN11) had the highest incidence of PVS (6 out of 10), while
none of the patients with type 5 or type 3 NS exhibited a PVS.

Six out of ten patients with PVS had a mutation in PTPN11, two in SOS1, and one in
LTZR1 and RIT1 (Table 1). In three patients with a PTPN11 mutation, the same missense
mutation, c.922A>G, was detected.

During the follow-up period, the pressure gradient across the pulmonary artery
decreased slightly (29, IQR 20-38 mmHg) (Table 4).

Table 4. Follow-up echocardiography findings.

Diameter Detroit Z Score
Interventricular septum 8 (IQR 6-12) 1.6 (0.2-3.2)
Posterior wall 6.5 (IQR 4-6.5) —1.3. IQR —4.4-2.1)
End diastolic diameter 32 (IQR 16-34.3) —1.5 IQR —2.5-—0.05)
Aortic valve 10 (IQR 8-14)
Pressure gradient (mmHg)
Pulmonary artery 29 (IQR 20-38)
Tricuspid valve 48 (IQR 45-48)
Aortic valve 50 (IQR 17-50)
Mitral valve insufficiency (+) 0.5 (IQR 0.5-2.0)

Two patients underwent pulmonary balloon valvuloplasty (PBVP) due to progressive
severe PVS. Both patients had a missense mutation in the PTPN11. The peak-to-peak
gradient before balloon dilatation was 59 and 59 mmHg, while after balloon dilation, it was
18 mmHg. In a female patient, PBVP was performed twice, at ages 7 and 10. Four years
after the second procedure, residual mild—moderate PVS lags were observed. In the male
patient, mild PVS lags were noted.

Regarding psychomotor development, 36% of the patients exhibited developmental
delay, while 64% had normal development. The chi-square analysis showed no statistically
significant association between age at diagnosis groups and psychomotor delay (x? = 1.981,
p = 0.739). The potential relation of specific genes associated with NS and psychomotor
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delay was determined by the chi-square test and showed borderline statistical significance
(p = 0.054). The likelihood ratio test highlighted a significant result (p = 0.018), pointing to
a potential influence of specific genes on psychomotor development. The chi-square test
did not demonstrate a statistically significant association between the presence of cardiac
disease and psychomotor development (p = 0.755).

In terms of stature, 48% of the patients had a z-score below —2 SD, although no
significant association has been found between cardiac disease and stature (p = 0.920), nor
between psychomotor development and stature (p = 0.494).

Analyses of the NS types revealed that neonatal cardiovascular manifestations ap-
peared in approximately equal proportions, with 41.2% of patients with type 1 NS and
44.4% with type 5 NS (Table 5).

Table 5. Frequency of neonatal cardiovascular manifestations (CVMs) by Noonan syndrome type.

NS Type Affected Genes Neonatal CVMs Total Patients
Type 1 PTPN11 41.2% 12
Type 5 RAF1 44.4% 5
Other Types Various 25.0% 8

Heart murmurs were notably more frequent in type 1 patients; all 10 type 1 patients
had murmurs, compared to only 8 patients with murmurs among other types.

The growth z-scores showed that half of NS patients with a PTPN11 mutation had a
short stature. Other NS types showed similar results, with the chi-square test confirming the
absence of difference in stature between genetic types of NS (p = 0.260). HCM was observed
in five type 1 patients, three type 5 patients, and three patients with other subtypes, while
PVS has been recorded in five type 1 patients, two type 5 patients, and three others. In
terms of psychomotor development, 6 type 1 patients had developmental delays compared
to 11 with normal development, whereas other types had 5 patients with developmental
delays and 10 with normal development. Lastly, the occurrence of other symptoms was
slightly higher in type 1 patients, with six reporting additional symptoms, compared to
five in other types (Table 6).

Table 6. Comparative analysis of clinical features by Noonan syndrome types.

NS Type Affected Gene HCM! PVS?2 Developmental Delay Stature Below —2SD  Additional Symptoms
Type 1 PTPN11 33.3%  60.0% 50.0% 50.0% 60.0%
Type 5 RAF1 41.7% 0.0% 20.0% 40.0% 20.0%
Other Types Various 25.0%  40.0% 30.0% 37.5% 30.0%

! HCM—hypertrophic cardiomyopathy; > PVS—pulmonary valve stenosis.

4. Discussion

This study highlights the significant cardiovascular manifestations in patients with NS,
confirming their high prevalence and genetic basis. Almost 90% of our patients exhibited
some form of cardiac involvement, with nearly half showing signs of HCM, a notably
higher incidence than reported in other studies. Conversely, we observed a slightly lower
incidence of PVS, contrasting with earlier reports that suggested that it occurs in nearly
half of all patients with NS [3,6,21,22].

The increased frequency of HCM in our cohort can be attributed to several factors.
First, the genetic variability within our patient population, particularly a higher prevalence
of RAF1 mutations known to correlate with HCM, likely contributes to this discrepancy.
Additionally, the relatively small size of our cohort may introduce variability in observed
outcomes and differences in diagnostic methods or screening protocols at various centers
may also play a role in these variations.

A closer analysis of the genetic mutations in our cohort revealed specific genotype—
phenotype correlations. PTPN11 mutations were predominantly associated with PVS,
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while RAF1 mutations showed a strong correlation with HCM, reflecting findings from
previous reports [16,22,23]. This reinforces the role of the RAS/MAPK pathway in the
pathogenesis of NS, with different mutations within the pathway leading to distinct cardiac
manifestations. The relatively high frequency of HCM in patients with RAF1 mutations
further emphasizes the importance of early genetic screening and targeted surveillance for
cardiomyopathy in this group [23].

HCM was most commonly observed in patients with RAFI mutations. Similarly
to sarcomere-associated HCM, Noonan syndrome-associated HCM (NS-HCM) is charac-
terized by fibrotic changes in the myocardium and myocyte disarray [24]. Unlike other
forms of pediatric HCM, which typically manifest around the age of 8, NS-HCM often
presents much earlier, with over half of the cases diagnosed by six months of age. More-
over, children with NS-HCM are at a higher risk of developing congestive heart failure
compared to those with other types of HCM (24% versus 9%). They also tend to have
more severe ventricular outflow obstruction, leading to higher rates of hospitalization and
medical interventions [6,16]. This finding emphasizes the importance of early diagnosis and
timely intervention.

Nearly half of the patients with HCM initially presented with a progressive form of
the disease and were treated according to the HCM treatment guidelines, primarily with
propranolol [25]. One of our patients exhibited very rapid progression of hypertrophy and
developed a double-chambered right ventricle (DcRV), so we treated him with trametinib.
Trametinib, a MEK 1/2 inhibitor, has shown favorable results in various studies addressing
neurological, lymphatic, and cardiac manifestation [20,26-32].

PVS was the second most common cardiac manifestation in our cohort, with the most
prevalent mutations detected in PTPN11. PTPN11 encodes a protein tyrosine phosphatase
called SHP-2. SHP-2 plays an important role in signal transduction for various biological
processes, including forming semilunar valves [33]. The level of severity of PVS in patients
with NS was similar to the reported rates [3]. None of our patients had critical PVS.
However, two patients had severe PVS and required PBVP, with one of them needing re-
intervention. The study conducted by Prendiville et al. found that three-quarters of patients
who underwent initial PBVP still had clinically significant residual PVS, which required
further intervention (either repeat PBVP or surgery). The risk factor for re-intervention
was a younger median age at the time of the initial PBVP. Patients with NS are recognized
to have dysplastic pulmonary valve leaflets that may inherently be more refractive to the
relief of obstruction by PBPV [23].

Despite the clear cardiovascular involvement, our study did not demonstrate a sta-
tistically significant association between cardiac disease and psychomotor development.
This lack of association suggests that while cardiac abnormalities are prevalent, they do
not necessarily correlate with developmental outcomes. However, the likelihood ratio test
hinted at potential genetic interactions affecting psychomotor development, a finding that
warrants further exploration in larger cohorts [10].

Similarly, short stature emerged as a notable feature in our cohort, with nearly half
of the patients presenting a stature below —2 SD. However, no significant association
was found between growth impairment and cardiac disease or developmental delay.
These results suggest that the growth impairment in NS is likely multifactorial, influenced
by both genetic and possibly endocrine factors, rather than being directly linked to the
cardiac manifestations [13,14,17].

The borderline statistical significance observed for the relation between specific ge-
netic changes and psychomotor development suggests a possible genotype—phenotype
correlation. This is particularly relevant given that certain mutations, such as those in
KRAS, are known to be associated with more severe developmental delay phenotypes [14].
While our results did not reach full statistical significance, the trend observed aligns with
existing literature, which highlights the importance of genotype in determining the severity
of developmental outcomes in NS [12,14]. The lack of association between age at diagnosis
and psychomotor delay may be attributed to genetic heterogeneity within the sample.
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Variations in genetic mutations could produce diverse phenotypic effects on psychomotor
development, potentially masking any connection with the age at diagnosis. Additionally,
the small cohort size further limits the statistical power to detect a meaningful association.

Our findings also highlight the importance of early diagnosis and genetic testing in
NS, with the median age of diagnosis being slightly lower than that reported in previous
studies. Early diagnosis is critical for the timely management of complications, particularly
cardiovascular and developmental issues, which can significantly impact the patient’s
quality of life [9,12,14,18].

5. Novel Contribution and Limitations of the Study

Although this study does not primarily aim to identify novel mutations associated
with NS, it offers valuable insights into genotype—phenotype correlations, highlighting
specific clinical features linked to known mutations. Additionally, while the cohort size may
be considered small for a comprehensive analysis, the unique phenotypic and genotypic
characteristics examined provide a distinct perspective that enhances our understanding of
phenotypic variability and contributes to a more refined clinical characterization of NS.

6. Conclusions

This study reinforces the significant prevalence of cardiovascular manifestations in
NS patients with the highest prevalence of PVS and HCM. Our findings confirm the role of
specific genetic types of NS, particularly those associated with PTPN11 and RAF1 mutations,
in shaping these cardiac abnormalities. No correlation was found between the presence of
cardiac disease and delayed psychomotor development. Potential genotype—phenotype
correlation was observed with regard to delayed development in NS patients. No risk
factors for the short stature in NS were identified. Early clinical suspicion and final genetic
diagnosis remain crucial for predicting complications and improving patient outcomes.
Further research is needed to elucidate the complex genotype—phenotype relationships in
NS and refine clinical management strategies.
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