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Abstract

Noonan, Costello, and cardio-facio-cutaneous syndrome are neurodevelopmental

disorders belonging to the RASopathies, a group of syndromes caused by alterations

in the RAS/MAPK pathway. They are characterized by similar clinical features, among

which feeding difficulties, growth delay, and gastro-intestinal disorders are frequent,

causing pain and discomfort in patients. Hereby, we describe the main nutritional and

gastrointestinal issues reported in individuals with RASopathies, specifically in Noo-

nan syndrome, Noonan syndrome-related disorders, Costello, and cardio-facio-

cutaneous syndromes. Fifty percent of children with Noonan syndrome may experi-

ence feeding difficulties that usually have a spontaneous resolution by the second

year of life, especially associated to genes different than PTPN11 and SOS1. More

severe manifestations often require artificial enteral nutrition in infancy are observed

in Costello syndrome, mostly associated to c.34G>A substitution in the HRAS gene.

In cardio-facio-cutaneous syndrome feeding issues are usually present (90–100% of

cases), especially in individuals carrying variants in BRAF, MAP2K1, and MAP2K2

genes, and artificial enteral intervention, even after scholar age, may be required.

Moreover, disorders associated with gastrointestinal dysmotility as gastro-

esophageal reflux and constipation are commonly reported in all the above-

mentioned syndromes. Given the impact on growth and on the quality of life of these

patients, early evaluation and prompt personalized management plans are

fundamental.
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1 | INTRODUCTION

The RAS/MAPK pathway is an essential intracellular network whose

role is critical in cell survival mechanisms. Alterations in genes coding for

components of this pathway underlie a group of neurodevelopmental

disorders sharing phenotypic similarities overall known as the RASopa-

thies (Rauen, 2013; Rodriguez-Viciana et al., 2006; Tidyman &

Rauen, 2009; Tidyman & Rauen, 2016).

Besides neurofibromatosis type 1 (NF1, OMIM 162200), Noonan

syndrome (NS, OMIM PS163950), NS-related disorders (including

Noonan-like syndrome with loose anagen hair [NS-LAH; PS607721],

NS with multiple lentigines [NSML, PS151100], and NS-like disorder

[CBL, OMIM 613563]), Costello syndrome (CS, OMIM 218040) and
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cardio-facio-cutaneous syndrome (CFCS, OMIM PS115150) are the

most common RASopathies.

NS has an estimated prevalence of 1/1,500–2,500 live births

(Roberts, Allanson, Tartaglia, & Gelb, 2013) and it is caused by patho-

genic variants in PTPN11, LZTR1, KRAS, SOS1, RAF1, NRAS, BRAF,

RIT1, SOS2, MRAS, RRAS2, MAPK1, and SPRED2 genes (Altmüller

et al., 2017; Aoki, Niihori, Inoue, & Matsubara, 2016; Chen

et al., 2014; Higgins et al., 2017; Johnston et al., 2018; Motta

et al., 2021; Motta et al., 2020; Roberts, 2001; Roberts et al., 2007;

Sarkozy et al., 2009; Schubbert et al., 2006; Tartaglia et al., 2001). NS

appear to have milder phenotype when compared to what is generally

observed in CS and CFCS. It is characterized by remarkable facial fea-

tures, cardiac abnormalities, growth delay, gastrointestinal

(GI) disorders, psychomotor delay and/or learning difficulties, ocular

anomalies, coagulation disorders, and increased risk to develop hema-

tological malignancies (Alfieri et al., 2014; Artoni et al., 2014; Kratz

et al., 2015; Leoni, Blandino et al., 2022; Linglart & Gelb, 2020;

Perrino et al., 2018).

NS-LAH is caused by variants in SHOC2 and PPP1CB gene and it

is characterized by facial features similar to those observed in NS,

intellectual disability, short stature frequently associated with growth

hormone deficiency, Chiari I malformation and cardiac defects. A dis-

tinctive pattern of ectodermal abnormalities is present with hair

anomaly including easily plickable, sparse, thin, slow-growing hair

called anagen hair, dark skin, and eczema. NSML is characterized by

multiple lentigines, electrocardiographic conduction abnormalities,

ocular hypertelorism and ptosis, hypertrophic cardiomyopathy and/or

pulmonic stenosis, cryptorchidism, and sensorineural deafness.

Growth delay with short stature occurs in fewer than 50% of affected

individuals, although most of them have a final height below the 25th

centile for age. NSML is caused by heterozygous pathogenic variants

in one of four genes PTPN11, BRAF, MAP2K1, and RAF1. NS due to

variants in CBL gene is characterized by predisposition to juvenile

myelomonocytic leukemia, growth delay, cryptorchidism, and neuro-

logical features (Digilio et al., 2011; Garavelli et al., 2015; Gelb &

Tartaglia, 2007; Malaquias et al., 2012; Martinelli et al., 2010;

Mazzanti et al., 2003; Musante et al., 2003; Roberts et al., 2013;

Romano et al., 2010; Sarkozy et al., 2009; Tidyman & Rauen, 2009;

Zenker et al., 2004).

Although the overall prevalence of CS and CFCS is still unknown,

in Japan it has been estimated at one in 810,000 live births for CFCS

and one in 1,290,000 for CS (Abe et al., 2012).

Alterations in only one gene (HRAS) are recognized as causative

of CS (Aoki et al., 2005; Zampino et al., 2007), whereas variants in

BRAF, KRAS, MAP2K1, MAP2K2, and more recently in YWHAZ have

been described in individuals with CFCS (Niihori et al., 2006; Popov

et al., 2019; Roberts et al., 2006). CS phenotype is characterized by a

typical facial appearance, failure to thrive, cardiac disorders, intellec-

tual disability/developmental delay, GI issues, cutaneous anomalies, a

distinctive musculoskeletal phenotype with altered bone homeostasis,

anomalies affecting the central nervous system (CNS), and predisposi-

tion to some solid tumors (Gripp et al., 2019; Kratz et al., 2015; Leoni

et al., 2021; Leoni & Flex, 2018). Similarly, CFCS is characterized by a

recognizable craniofacial appearance, disorders of the GI systems,

ectodermal anomalies, cardiac issues, typical musculoskeletal findings,

and severe epilepsy (Battaglia et al., 2021; Leoni et al., 2021; Pierpont

et al., 2014). Feeding difficulties and failure to thrive are some of the

first issues encountered by a parent/caregiver when dealing with the

diagnosis of a RASopathy, and to be addressed by their physicians.

Such complications have been reported but their evolution over time

have not been quantified yet. Additionally, GI complications and pain

are also frequently observed, but only few reports are present in liter-

ature to date (Armour & Allanson, 2008; Draaisma, Drossaers, van

den Engel-Hoek, Leenders, & Geelen, 2020; Hopkins et al., 2010;

Leoni, Giorgio, Onesimo, Kuczynska, & Zampino, 2020; Leoni, Giorgio,

et al., 2022; Shah, Rodriguez, Louis, Lindley, & Milla, 1999; Sharland,

Burch, McKenna, & Paton, 1992; Shikany et al., 2020; White et al.,

2005). Nevertheless, an early management plan should be established

to prevent further complications and worsening of the quality of life.

The aim of this review is to describe the feeding difficulties,

growth impairment and gastro-intestinal disorders more frequently

reported in NS, CS, and CFCS, and to propose possible management

strategies. Reviews, consensus opinions, cohort studies, case series,

and case reports were included in this narrative review. In most

papers a molecularly confirmed diagnosis of the described patients

was present. Some major articles published before 2001 (year when

the first genetic variant was associated to a RASopathy) were also

included given the paucity of more recent information about the dis-

cussed topic.

2 | FEEDING DIFFICULTIES

2.1 | Noonan syndrome

Feeding issues have been reported in about 50% of patients with NS

during the first years of life (Croonen, Draaisma, van der Burgt, Roele-

veld, & Noordam, 2018; Shaw, Kalidas, Crosby, Jeffery, &

Patton, 2007), with almost one third of them being tube feeding

dependent (Shaw et al., 2007) (Table 1). Several underlying mecha-

nisms contributing to the development of such disorders in RASopa-

thies were recognized, including interactions between anatomical,

functional, and behavioral factors (Shaw et al., 2007).

During early infancy, individuals with NS may encounter moder-

ate feeding difficulties such as poor suction, prolonged feeding times

and recurrent vomiting (Sharland et al., 1992). A delayed development

of oral-motor abilities is in fact reported (Tiemens et al., 2022), often

in the context of a general delay in reaching motor milestones

(Sharland et al., 1992) (Box 1). Furthermore, an impaired oral sensory

function is described, causing poor texture acceptance (Tiemens, van

Haaften, et al., 2022) and food refusal, with time consuming feeding

sometimes requiring more than 1 hr for each meal (Sharland

et al., 1992).

Gastroesophageal issues, including gagging and vomiting, may

also negatively impact feeding experiences, inducing the child to avoid

meals (Tiemens, van Haaften, et al., 2022). As reported by Draaisma
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et al., the majority (68%, n = 40/56) of children with early onset feed-

ing problems suffered from gastroesophageal reflux disease (GERD).

Feeding problems occur especially in children carrying genetic

variants in genes other than PTPN11 and SOS1, such as KRAS

(Draaisma et al., 2020). Pathogenetic variants in the latter gene seem

also to cause a more severe intellectual disability (Allanson

et al., 2010; Musante et al., 2003; Zenker et al., 2004).

Draaisma et al. reported that during the first 6-year of life, 29%

(n = 31/108) and 37% (n = 40/108) out of the 108 total NS included

children respectively had an oral diet with restrictions and a depen-

dence on feeding tube (Draaisma et al., 2020).

However, spontaneous improvement in feeding difficulties was

also described in the same cohort studied by Draaisma et al. (2020),

with a greater enhancement after the second year of life, confirming

previous findings (Yart & Edouard, 2018). In detail, a faster improve-

ment was detected in patients with mutations in SOS1 (Draaisma

et al., 2020) also showing a better growth profile in infancy compared

to other mutations. Although a late onset of feeding problems may

occur, only a minority of patients still complain about feeding difficul-

ties after the second year of life, requiring an oral personalized diet

(Draaisma et al., 2020).

In the literature, data about the natural history of feeding difficul-

ties in older patients are lacking. Further studies on larger cohorts of

adult patients providing a clear-cut genotype–phenotype correlation

will be helpful to better characterize such issues.

2.2 | Costello syndrome

As first described by Zampino et al. (1993), the progression of feeding

abilities of CS is characterized by two different phases. The first one

begins during the prenatal period and lasts from 2 to 3 years and the

second one occurs immediately after.

The first phase is the most challenging one as almost all patients

show swallowing and feeding difficulties. Specifically, a pathologicalT
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BOX 1 Main feeding-related issues according to age

Age Issues

Prenatal period Polyhydramnios

Birth to 1–2 year of age Sucking difficulties

Prolonged feeding times

Insufficient daily intake

2 to 4–5 years of age Failure to thrive, poor growth

Food aversion

Abnormal response to stimuli in the oral

cavity (oral hypersensitivity)

Swallowing dysfunction

5 years to adolescence

and/or adulthood

Chewing difficulties

Age-inappropriate consistencies

Avoidance in tasting new foods
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increase of amniotic fluid volume is constantly detected, probably

reflecting the early prenatal onset of swallowing disorders frequently

experienced during the postnatal period (Bertola et al., 2017; Digilio

et al., 2008; Digilio et al., 2011; Gripp et al., 2012; Perniola

et al., 2007; Pratesi, Santos, & Ferrari, 1998; Syu et al., 2022; Weaver

et al., 2022). Hennekam (2003) confirmed the high prevalence of poly-

hydramnios, found in 58% (39/67) of mothers of individuals with CS,

a high prevalence of poor feeding (97%, 56/58) and hypotonia among

infants. This finding is commonly followed in the neonatal period by

poor sucking, swallowing dysfunction, slow feeding, and failure to

thrive (Chiu, Leung, Chu, Gripp, & Chung, 2017; Digilio et al., 2008;

Gripp et al., 2012; Hiippala et al., 2016; Ioan & Fryns, 2002; Kawame

et al., 2003; Nwakalor, Said-Delgado, Krinshpun, & Velinov, 2021;

Piccione et al., 2009; Pratesi et al., 1998; Syu et al., 2022; Vuralli

et al., 2020; Weaver et al., 2022) (Table 1) (Box 1).

Despite the reported poor sucking capacity when awake, periodic

rhythmic movements of the tongue in a sucking-like pattern have

been observed during sleep (Della Marca, Rubino, et al., 2006).

Feeding issues may also be worsened by respiratory distress due

to structural malformation as tracheo-laryngo-malacia or laryngomala-

cia, causing obstructive sleep apneas syndrome (Della Marca, Vasta

et al., 2006; Digilio et al., 2008; Gomez-Ospina et al., 2016; Gripp

et al., 2012; Kawame et al., 2003; Lindsey-Temple, Edwards, Rickassel,

Nauth, & Rosenberger, 2022; Zampino et al., 2007).

Severe feeding problems, usually characterized by food aversion

and swallowing difficulties, persist even beyond the first month of

life (Bertola et al., 2017; Blachowska et al., 2016; Digilio et al., 2008;

Kizilcan Cetin et al., 2020; Nwakalor et al., 2021; Piccione

et al., 2009; Pratesi et al., 1998; van Eeghen, van Gelderen, &

Hennekam, 1999) up to the second or third year due to the

interaction of several possible causes (Figure 1) (Box 1) (Leoni

et al., 2016; Zampino et al., 1993).

Prolonged meal times due to oral hypersensitivity, general hypo-

tonia, and recurrent vomiting, make the feeding experience a challeng-

ing event for both patients and caregivers (Kawame et al., 2003).

Recurrent vomiting, with pain and nausea may worsen discomfort in

the oral cavity (Silverman, 2015).

Dysphagia and poor oral-motor coordination and esophageal

alterations, such as esophageal stenosis (Digilio et al., 2008) may

increase the risk of aspiration pneumonia, although rarely reported

(Pratesi et al., 1998).

All the above-mentioned issues are often managed through a

temporary placement of nasogastric tube (ng-tube) or gastrostomy (G-

tube) to ensure appropriate daily nutritional intake (Bertola

et al., 2017; Digilio et al., 2008; Gripp et al., 2019; Leoni et al., 2019;

Leoni, Viscogliosi, Tartaglia, Aoki, & Zampino, 2022; Nwakalor

et al., 2021; Schwartz et al., 2017; Weaver et al., 2022). For example,

in a recent paper, Leoni et al. (2020) reported the need of NG-tube in

95% of the total CS cohort (n = 20) and G-tube placement in 35%

(Table 1).

Later on in life (4–5 years of age) food aversion and feeding diffi-

culties improve (Blachowska et al., 2016; Kawame et al., 2003) and

artificial enteral nutrition in CS is usually discontinued (Bertola

et al., 2017; Hiippala et al., 2016; Leoni et al., 2020; Schwartz

et al., 2017) with an improvement in the oral-motor abilities (Leoni

et al., 2020) (Box 1).

By this time, an improvement in oral over-sensitivity acquired

thanks to habilitative therapies and of foregut enteral nervous system

maturation may also occur (Leoni et al., 2019, 2020; Rodríguez

et al., 2018).

F IGURE 1 The multidisciplinary team to assess and manage the multiple causes of failure to thrive
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The natural history of adults with CS on this topic needs to be

improved with long-term follow-up multicenter studies.

2.3 | Cardio-facio-cutaneous syndrome

Feeding difficulties are frequent findings in patients with CFCS, com-

monly contributing to the failure to thrive and delayed growth. In

2011, a large international cohort study enrolling 132 molecularly

confirmed CFCS patients reported polyhydramnios in 62% (60/96) of

BRAF and in 69% (25/36) patients with MAP2K1/MAP2K2 variants

(Allanson et al., 2011) (Table 1). Polyhydramnios is often followed by

premature birth (Armour & Allanson, 2008), with no statistically signif-

icant differences between the two genotypic groups (Allanson

et al., 2011). In the neonatal period most individuals with CFCS expe-

rience poor breast or bottle feeding with a decreased sucking endur-

ance (Grebe & Clericuzio, 2000; McDaniel & Fujimoto, 1997;

Rauen, 2007; Rodríguez et al., 2018; Sanri, Gurkan, & Demir, 2020)

frequently associated to generalized hypotonia (56–81%) and oral

aversion (Allanson et al., 2011; Armour & Allanson, 2008; Estrem,

Pados, Park, Knafl, & Thoyre, 2017; Gripp et al., 2007; Narumi

et al., 2007; Nava et al., 2007) (Table 1). The decreased appetite and

the feeding impairment may have multiple causes such as neurodeve-

lopmental delay, seizures, GI issues, and rarely upper airways malfor-

mations. In a recent multinational cohort study of 138 CFCS patients

by Pierpont et al. (2022), the authors found that the prevalence of

feeding issues varies according to the underlying molecular

alteration—from 30% in MAP2K2, 58% in BRAF, 69% in MAP2K1 and

100% KRAS—(Pierpont et al., 2022) (Table 1).

Poor muscle tone and developmental delay mostly cause oral feed-

ing incompetence in CFCS, with swallowing difficulties (Amaizu, Shul-

man, Schanler, & Lau, 2008). Seizures of various types are reported in up

to 50% of CFCS patients, failing the development of age-appropriate

skills (Armour & Allanson, 2008; Gripp et al., 2007; Narumi et al., 2007;

Pierpont et al., 2022; Yoon, Rosenberg, Blaser, & Rauen, 2007).

It is furthermore necessary to exclude structural malformations

involving the larynx, as first-degree laryngeal cleft and trachea/laryn-

gomalacia, since, even though rarely reported, they would make oral

feeding unsafe (Armour & Allanson, 2008; Grebe & Clericuzio, 2000).

A delayed acquisition of oral motor functions may also be observed

(Armour & Allanson, 2008), whereas drooling, which would be

expected due to marked oral motor involvement, has been scarcely

evidenced (Sforza et al., 2022).

During childhood, prolonged enteral tube feeding is needed if oral

aversion persists, and if the oral intake is inadequate. Gastrostomy

placement in the first year of life is indeed reported in multiple papers

(Armour & Allanson, 2008; McDaniel & Fujimoto, 1997; Shionoya,

Yamamoto, Sunada, & Nakamura, 2020), occurring in more than 50%

of children (Allanson et al., 2011).

Gastrointestinal issues and an abnormal response to tactile stimuli

even in the oral cavity increases irritability, crying and defensiveness

episodes during mealtime (Armour & Allanson, 2008; Kawame

et al., 2003).

A difficulty in sensory integration with solid food can persist in

adolescence and adulthood, especially in children with severe intellec-

tual disability and seizures. Therefore, patients often need tube feed-

ing from birth, but in some cases, the occurrence of severe epileptic

encephalopathy, severe intellectual disability and/or progressive neu-

rological deterioration may cause the necessity of prolonged artificial

enteral nutrition (Abe et al., 2012; Armour & Allanson, 2008; Pierpont

et al., 2014).

2.4 | Noonan syndrome-related disorders

Since sharing the same dysregulated Ras/MAPK signaling, the group

of RASopathies has further expanded to include NS-LAH, NSML, and

NS-like disorder due to variants in CBL. These rare conditions share

overlapping features with NS, although clinical manifestations are het-

erogeneous. Affected individuals may experience feeding difficulties

from birth, eventually accompanied by GI issues. However, data about

these specific issues in NS-related disorders are limited to sporadic

clinical reports.

Mazzanti and colleagues in 2003 first described a case of NS-LAH

syndrome presenting clear GI symptoms, namely recurrent vomiting,

gastroesophageal reflux and a hiatal hernia accompanied by feeding

difficulties (Mazzanti et al., 2003). Later on in 2015, Garavelli and col-

leagues in their clinical report presented a patient with NS-LAH carry-

ing a c.4A>G, p.Ser2Gly variant in SHOC2 gene (Garavelli et al., 2015)

who early developed a respiratory distress with feeding problems,

requiring a six-months placement of ng-tube (from 3 to 9 months of

age) and failure to thrive. In this condition, as well as other RASopa-

thies, a generalized hypotonia along with developmental delay, are

possible factors negatively affecting feeding skills and causing delay in

their acquisition. Later on in life, abnormal palate morphology and

micrognathia, if present, may further interfere with feeding, prevent-

ing optimal chewing and swallowing abilities (Green & Resnick, 2021).

Perez and colleagues reported a case of a 26 months infant carry-

ing an heterozygous germline mutation in the CBL gene (Y371H;

165360.0005), with delayed psychomotor development, failure to

thrive, previous poor sucking and postnatal growth retardation (Pérez

et al., 2010). Another case of CBL syndrome (de novo heterozygous

c.1168G > T) presenting severe feeding difficulties from birth associ-

ated to generalized hypotonia has been reported by Martinelli and

colleagues (Martinelli et al., 2010).

Finally, in NSML syndrome, disrupted tooth eruption and macro-

glossia (Cao et al., 2017) may cause early poor sucking, and difficulty

in transitioning to solids (Dietrich, Grimaux, Martin, & Samimi, 2022).

3 | GROWTH DELAY AND NUTRITIONAL
ASPECTS

Feeding difficulties may contribute to the failure to thrive often

described in RASopathies, especially in CS and CFCS. Failure to thrive

and poor growth in postnatal period/infancy are almost universal in

482 ONESIMO ET AL.

 15524876, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajm

g.c.32019 by R
adboud U

niversity N
ijm

egen Inform
ation A

nd L
ibrary Services, W

iley O
nline L

ibrary on [19/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CS, and often present in CFCS (Abe et al., 2012; Allanson et al., 2011).

Both syndromes are characterized by a normal weight at birth, that

may drop early in infancy (Gripp et al., 2019; Leoni et al., 2020;

Pierpont et al., 2014).

Multiple causes determining growth delay are recognized in

RASopathies: feeding problems, GI issues, energy metabolism alter-

ations, and also neurodevelopmental milestones delay (Figure 1).

Given the heterogeneity of presentations of the pediatric popula-

tion with RASopathies, no standardized recommendations concerning

energy requirements and appropriate caloric intake are available and

their assessment should be personalized. Indirect calorimetry is the

gold standard method to evaluate the energy expenditure in individ-

uals with special care needs, even if patients are not always compliant

since the exam needs to be performed with an empty stomach (the

last meal should not be performed later than 7 hr before) and it may

require some time.

Leoni et al. (2016) observed an increased resting energy expendi-

ture in individuals with CS, making a further step in the comprehen-

sion of the causes of growth failure, besides already reported the

feeding difficulties, in individuals with RASopathies. This finding has

also been reported in a patient with NS due to SHOC2 variant

(Tiemens, van Haaften, et al., 2022).

Generally, oral feeding should by preferred for all children, includ-

ing individuals with RASopathies but, whenever it is not indicated due

to inadequate/complicated oral intake, insufficient weight gain, food

refusal, or safety reasons (e.g., dysphagia, risk for ab ingestis pneumo-

nia, dehydration, etc.), enteral artificial nutrition will be eventually

required (Mehta et al., 2013) (Box 2).

The intragastric access may be obtained via either the placement

of a ng-tube or a gastrostomy, the latter being surgically or endoscopi-

cally placed (percutaneous endoscopic gastrostomy, PEG).

A common risk for patients with artificial enteral nutrition may be

overfeeding. In absence of tailored recommendations for RASopa-

thies, the best way to assess the efficacy of any nutritional interven-

tion is to evaluate growth. The use of specific growth charts, when

available, is important to monitor the target growth. It is essential to

remember that the nutritional intervention does neither aim at reach-

ing the 50th percentile for weight for age (standard growth charts),

nor at a fast weight gain that may have complications on mobility and

on the respiratory effort (Sullivan et al., 2006).

The appropriate caloric intake varies according to the physical

conditions of the individual. Anyway, notwithstanding the sarcopenia

constitutionally present in individuals in RASopathies, no univocal

indication about the right number of calories that should be ingested

by these patients or about protein implementation exist to date.

4 | MANAGEMENT OF FEEDING AND
NUTRITIONAL ISSUE

Feeding management in children with RASopathies may be challeng-

ing for both caregivers and physicians as it needs a timely comprehen-

sive approach, typically involving integrated multidisciplinary

interventions from birth (Figure 1). Once the diagnosis of a RASopa-

thy is prompted, the management of feeding and nutritional issue

should be provided by a multidisciplinary team according to ESP-

GHAN recommendations (Rosen et al., 2018).

Specifically, the evaluation of growth parameters should be per-

formed as soon as possible, and infant anthropometric parameters

should be closely monitored through the use of specific growth charts

when possible (e.g., the normative growth charts for CS) (Isojima

et al., 2016; Malaquias et al., 2012; Sammon et al., 2012). To note, in

CS an increased skull circumference and weight at birth may led to an

improper diagnosis of macrosomia (Gripp et al., 2019). Moreover, in

CFCS during early infancy growth parameters may drop to below the

fifth centile during early infancy while a relative macrocephaly can be

observed (Rauen, 2007). A 3-day-food diary may be filled in by par-

ents/caregivers to estimate the daily caloric intake and macro/micro-

nutrients' distribution and to provide a personalized diet.

In patients with an inadequate nutritional intake, “power packing”
foods with modular supplements, sometimes using hypercaloric for-

mulas (Leoni et al., 2020; Romano et al., 2017) can be recommended

and overfeeding should be avoided (Figure 2).

Moreover, GERD should be promptly managed since it is one

important contributing factor to the failure to thrive and may also

develop into ARFID (DSM-V classification) (Tiemens, van Haaften,

et al., 2022; Tiemens, Wegberg, Druten, & Draaisma, 2022). A timely

evaluation of the oral motor and oral sensory skills is fundamental to

start the most age appropriate medical and/or habilitative interven-

tions performed by a multidisciplinary team (Cooper-Brown

et al., 2008).

Most children with RASopathies require intensive, long-term and

costly habilitative protocols even for oral sensory regulation and to

improve sucking and swallowing abilities (Box 3). An objective quanti-

fication through well-validated questionnaires of oral-motor functions,

feeding abilities and quality of life related to meal-time may be col-

lected to target feeding-related issues and improve health outcomes.

Instrumental investigation of swallowing through a video-

fluoroscopic swallowing study (VFSS) or a fiberoptic endoscopic eval-

uation (FEE) is advised if there is concern about safe swallowing

(American Speech-Language-Hearing Association, 2022; Krishnan

et al., 2016).

If the daily nutritional intake is unattainable a tube feeding can be

prescribed (Box 2). As Ng-tube may be preferred for short periods, G-

tube should be placed if enteral nutrition is planned for more than

3 months (Mehta et al., 2013; Romano et al., 2017). Enteral feeding

BOX 2 Criteria for considering artificial enteral nutrition

Child focus Family reported

Inadequate oral intake Prolonged feeding times

Malnutrition indicators Frustration during feeding with little

time left for positive interaction

Aspiration pneumonia or

recurrent respiratory

infections

Fatigue and coughing during feeding
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can be administered as a bolus, or continuously if the clinical and

instrumental evaluation (gastric emptying scintigraphy) shows a slow

gastric emptying. The choice of feeding regimen should be personal-

ized based on child's enteral access, caloric needs, and tolerance to

feeds as underlined by ESPGHAN guidelines (Romano et al., 2017). A

standard polymeric formula (1 kcal/ml) is usually preferred; before

12 months of age specific infants’ formulas should be chosen

(Pencharz, 2010). If gastric emptying is excessively slow, hydrolyzed

protein formulas can be selected (Box 4).

Besides standard enteral formulas, pediatric organic alternatives

may be preferred. The use of organic enteral formulas derives from

the reported clinical benefit and personal choices. They are composed

of purified vegetable proteins, alpha-linolenic acid, organic coconut

MCT oil, organic extra-virgin oil, complex sugars from whole grains,

insoluble fibers, anti-inflammatory phytonutrients (gluten-free, dairy-

free, soy-free, corn-free, tree nut-free, plant-based, 100% GMO-free,

and no added sugar) (Box 4). A positive impact on intestinal micro-

biota was reported in pediatric patients undergoing chronic enteral

nutrition (McClanahan et al., 2019).

F IGURE 2 Flow chart to manage sucking difficulties, prolonged feeding time and/or poor growth

BOX 3 Interventions on feeding

Postural and positioning techniques:

To guarantee safe posture during feeding

Adapt equipment and utensils:

Modified nipples

Cut-out cups

Sectioned plates

Modify diet to facilitate safety and ease of swallowing:

Try new taste/temperature to provide additional sensory input for

swallowing

Try new consistencies

Oral sensory-motor treatments:

Active and passive exercises to reach age-appropriate eating skills

Improvement of oral and pharyngeal phases of swallowing

Thermal-tactile or tactile stimulation with adequate proprioceptive

approach

BOX 4 Options of tailored diet to manage nutritional issues

Oral

nutrition

Power packing foods

Hydrolyzed protein formulas (excessively slow

gastric emptying)

Avoid overfeeding

Enteral

nutrition

Hydrolysed protein formulas (slow gastric emptying)

Specific infants' formulas (<12 months of age)

Standard polymeric formula (1 kcal/ml)

Hypercaloric formula (1.5 kcal/ml)

Avoid overfeeding (see manuscript)
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Overfeeding may promote bacterial overgrowth causing inflam-

mation, increased permeability, translocation and cholestasis (Romano

et al., 2017). Clinicians had to evaluate regularly BMI to avoid the

effects of overfeeding even in RASopathies patients (Box 4).

Whenever intragastric enteral feeding is contraindicated due to

severe gastric dysmotility or GERD not amenable to medical treat-

ment or surgery, a jejunal access may be chosen.

Alternative feeding does not require personalized habilitation

treatment discontinuation since speech-language pathologists (SLP)

interventions are oriented to support the transition to the oral nutri-

tion and consequently to attain age-appropriate eating skills.

Finally, it is important to consider multiple factors related to

energy expenditure and treat them accordingly. The presence of met-

abolic diseases (by assessing serum glucose concentration, ammonia

blood level, serum lactic acid level, acid–base imbalances, lipidic pro-

file, liver, and kidney function tests), cardiopathies, endocrinologic dis-

orders (IGF-1 levels and thyroid function profile), GI malabsorption

(antibodies for celiac disease, serum vitamin D levels, and iron profile),

stool infections (cultural analysis for bacteria as Clostridium difficile

and parasites), urinary tract infections (Leoni et al., 2016; Leoni,

Massese, et al., 2022), pulmonary disease and an increased basal met-

abolic rate has to be excluded.

5 | GASTROINTESTINAL ISSUES

To date, very few studies concerning GI issues in RASopathies are

present in literature. Nevertheless, disorders affecting the GI system

are often reported by caregivers. GERD, nausea, recurrent vomiting,

constipation, aerophagia, and other motility disorders, have been

described in individuals with NS, CS, and CFCS from early infancy to

adult age (Leoni et al., 2019). Some anecdotal malformations were

also reported (Shikany et al., 2020).

5.1 | Upper gastrointestinal tract

GERD, nausea, and frequent vomiting have been reported as the most

common disorders affecting the upper GI tract in RASopathies

(Table 2).

GERD has a high prevalence in the overall pediatric population.

Since GERD symptoms are nonspecific—such, as irritability and sleep

disturbances—and pediatric patients are often unable to express their

feeling, the diagnosis is particularly difficult (Box 5). This is further

worsened by the intellectual disability often observed in RASopathies

(Shikany et al., 2020).

In RASopathies, other common signs of upper GI tract disorders

as nausea and vomiting may be also associated to diseases apart from

GERD, such as anxiety, and Chiari malformation—the latter mostly

associated to CS. After other causes of GI symptoms have been

excluded, evaluation by gastroenterologist and nutrition specialist is

required to develop personalized management strategies to reduce

the usual discomfort and troublesome symptoms related to GI tract.

5.1.1 | Noonan syndrome

Upper-GI symptoms, and symptoms suggestive of foregut dysmotility

have been reported in NS (Shah et al., 1999).

Shah et al. (1999) observed GER symptoms in 7/16 (44%) of the

studied population of individuals with NS and GI symptoms. They

used contrast radiology, pH monitoring, surface electrogastrography

(EGG), and antroduodenal manometry (ADM), and demonstrated that

GER symptoms are a manifestation of an underlying foregut dysmoti-

lity and immaturity. In fact, 50% of the subgroup of patients with NS

and GER symptoms had evidence of motility problems affecting both

the stomach and the upper small intestine, causing delayed gastric

emptying and thus worsening GER (Shah et al., 1999).

In 2012, also Smpokou et al. reported results of questionnaires

fulfilled by 35 adolescents and adults with NS (age range 16–68 years

old), complaining GERD and constipation as the most frequent GI

TABLE 2 Gastrointestinal issues

Noonan syndrome Costello syndrome Cardio-facio-cutaneous syndrome

Total PTPN11 SOS1 Total/HRAS Total BRAF MAP2K1 MAP2K2

GERD 5–60%C,D,F 38%F 63% F 50–92%B,C,E,G 19–55%A,C – – –

Frequent vomiting 19–40%C,D – – 24%C 24–57%A 56%A 67%A 50%A

Constipationa 36–51%C,D,F 54%F 50%F 25–87%C,E 69–85%A,C 67%A 75%A 100%A

Abdominal pain 28–36%C,D – – 59%C 48%C – – –

A: Armour and Allanson (2008); B: Hopkins et al. (2010); C: Leoni, Massese, et al. (2022); D: Shah et al. (1999); E: Shikany et al. (2020); F: Smpokou,

Tworog-Dube, Kucherlapati, and Roberts (2012); G: White et al. (2005)

aShikany et al. (2020) reported a prevalence of 25% of constipation/diarrhea.

BOX 5 Clinical signs of GERD

Recurrent vomiting (with differential diagnosis to exclude metabolic

and celiac disease, malformations, and neurological abnormalities)

Feeding refusal, irritability, excessive crying, poor appetite, gagging

Failure to thrive

Sleeping disturbance with obstructive apnea
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issues (prevalence of 60% and 51%, respectively). In this cohort, 34 of

35 subjects (97%) were sequenced resulting positive for PTPN11 vari-

ants in 37% (13/35), 23% SOS1 (8/35), and 3% BRAF (1/35); whereas

12/35 subjects (34%) had no identified molecular alterations. Focus-

ing on GI disorders 38% of PTPN11 and 63% of SOS1 positive individ-

uals had a diagnosis of GERD (Table 2).

It was also hypothesized that GERD could be due to an immatu-

rity of gut motility and delayed GI motor development (Romano

et al., 2010). The severe gut motility problems that occurred during

infancy were shown to remarkably improve after 3 or 4 years of age

(Shah et al., 1999).

Knowing that GERD can lead to feeding difficulties, investigations

for the presence of GERD itself need to be undertaken as early as

possible in order to start the best medical treatment.

Besides GERD, vomiting is one of the most frequent upper-GI

symptoms in NS. Although the underlying cause still remains unclear,

studies on animal model showed that emesis is induced through a

5-HT3 receptor calcium dependent pathway in which the Ras/MAPK

signaling may play a regulating role (Tiemens, Wegberg, et al., 2022;

Zhong, Chebolu, & Darmani, 2016).

Tiemens, Wegberg, et al. (2022) reported a case of a girl, with

diagnosis of NS due to a pathogenic SHOC2 variant, who developed

vomiting problems with a frequency of 15–20 times a day, from

3 months to 5 years of age, with no anatomical abnormalities and no

acid gastro-esophageal reflux. Only ondansetron therapy, started

when she was 5 years old, successfully treated vomiting (Tiemens,

Wegberg, et al., 2022). Heimrich et al. (2017) described a case of a

27 years old NS patient with bloating, postprandial nausea and recur-

rent vomiting after solid food intake. A gastric emptying scintigraphy

showed a delayed gastric emptying, defining gastroparesis.

Vomiting problems can have psychological effects on the ability

of a child to learn how to eat, leading to persistent food refusal behav-

ior. It can, moreover, contribute to malnutrition having a high impact

on the whole family. For such reasons it is important to define the

underlying cause and treat vomiting (especially if recurrent) at an

early age.

5.1.2 | Costello syndrome

Abnormal GI motility, and in particular GERD, is the most prevalent

GI complaint reported by individuals with CS and their caregivers,

with an estimated prevalence of 50–92% (Hopkins et al., 2010;

Rauen et al., 2011; Shikany et al., 2020) (Table 2). In particular,

GERD, causing vomiting, irritability and disrupted sleep, is a dis-

abling condition, especially in younger populations who suffer from

important oro-motor delay and failure to thrive, contributing to the

lack of weight gain (Chiu et al., 2016; Kawame et al., 2003; Leoni

et al., 2016).

Adult-onset reflux was reported by White et al. (2005); three of

the four described individuals had Chiari malformation (as it is com-

monly reported in CS) (Gripp et al., 2019; Gripp & Rauen, 2006;

Hopkins et al., 2010), therefore it is often unclear if GERD is a primary

feature or if it is secondary to the neurological condition.

Even if clearly prevalent, GERD diagnosis is usually clinical, but

should be confirmed by performing pH-impedance monitoring (gold

standard diagnostic method) or gastroscopy, to exclude mucosal dam-

age and esophagitis (Rosen et al., 2018).

Cases of ongoing episodes of cyclic vomiting treated symptomati-

cally with ondansetron were also reported (Leoni, Giorgio,

et al., 2022). Furthermore, a patient with chronic nausea that

improved after omeprazole administration and treatment of his anxi-

ety was observed (Shikany et al., 2020). It is important to keep in mind

that, when progressive vomiting occurs in infants between 2 and

4 months-old with established or suspected CS, pyloric stenosis

should be promptly excluded (Digilio et al., 2008; Gripp et al., 2008;

Gripp et al., 2019).

5.1.3 | Cardio-facio-cutaneous syndrome

Upper GI issues are common in individuals with CFCS but only a lim-

ited number of studies evaluating their prevalence are available in lit-

erature (Table 2).

Armour and Allanson (2008) reported the results obtained by

questionnaires completed by a cohort of individuals with CFCS (age

range 13 months to 23 years and 4 months), showing GI symptoms in

92% of the evaluated population.

GERD was described in 55% of individuals with CFCS sometimes

requiring fundoplication when medical treatment is not sufficient to

improve symptoms (Armour & Allanson, 2008; Pierpont et al., 2014)

(Table 2). Coherently to NS and CS, hyperemesis is observed in indi-

viduals with CFCS since infancy (Roberts et al., 2006). Frequent

vomiting was also reported by Armour and Allanson (2008) (57% of

evaluated individuals) and by Leoni, Giorgio, et al. (2022) as well as

hypertrophic pyloric stenosis requiring pyloroplasty (Armour &

Allanson, 2008) (Table 2).

Other functional GI disorders are also frequent in RASopathies.

Aerophagia was more frequently associated to CFCS compared to

other disorders, and it was associated to abdominal distension and

pain (Leoni, Giorgio, et al., 2022). Allanson et al. (2011) tried to com-

pare phenotypic features of individuals carrying a pathogenic variant

in BRAF and MAP2K1/MAP2K2, but they found that GI issues were

present regardless of the genotype.

5.2 | Lower gastrointestinal tract

Patients with RASopathies often have to face disorders affecting the

lower GI tract, even though only few and anecdotal data is present in

literature. GI motility disorders are common, and they often result in

constipation and functional obstruction, causing pain and discomfort

to the patient, being one of the main problems to be addressed (Leoni

et al., 2019) (Table 2).
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Chronic constipation is really common among children, and in the

great majority of cases it is considered to have a functional origin

(Leoni, Giorgio, et al., 2022). Functional constipation is defined by

Rome IV criteria, and the most suggestive symptoms include infre-

quent bowel evacuation, hard consistency of feces, painful defecation,

large-diameter stools, and stool retention.

Pseudo-obstruction is another commonly reported disturbance of

the lower GI system affecting patients with RASopathies. It is charac-

terized by signs and symptoms of mechanical obstruction of the

bowel but without any recognizable anatomical reason. At imaging

evaluation, it is possible to identify the presence of bowel dilation.

Pseudo-obstruction can either have an acute or chronic presentation.

In individuals affected by RASopathies it is probably a consequence of

chronic intestinal dysmotility (Shah et al., 1999).

5.2.1 | Noonan syndrome

Constipation is one of the most prevalent GI symptoms reported by

patients with NS, affecting 51% of them, in particular 54% of subjects

with variants in PTPN11 gene and 50% in SOS1 (Table 2). It is caused

by an immature GI motility and delayed motor development

(Smpokou et al., 2012). Some cases of pseudo-obstruction were

reported by Shah et al. (1999) as a consequence of GI motility disor-

der. Two patients with clinical characteristics resembling a pseudo-

obstructive syndrome were described, both of whom had midgut mal-

rotation requiring surgery. Both of them continued to have sporadic

episodes of constipation without mechanical obstruction, managed

with medical therapy (Shah et al., 1999).

5.2.2 | Costello syndrome

Chronic constipation and pseudo-obstruction were reported by Gripp

et al. (2019) as a consequence of GI motility disorder. Their major clin-

ical manifestation is persistent abdominal pain, which represents a

main complaint of individuals with CS also during adult life. Such

chronic pain may also be linked to a visceral hypersensitivity, being

considered part of functional GI disorders (Leoni et al., 2019; Leoni,

Giorgio, et al., 2022) (Table 2). Prompt evaluation and treatment of

such disturbances play an important role in the improvement of the

quality of life of patients with CS. Organoaxial malrotation and atypi-

cal duodenal malrotation treated through a Ladd's procedure were

respectively reported by Vuralli et al. (2020) and Weaver et al. (2014).

5.2.3 | Cardio-facio-cutaneous syndrome

Constipation is frequently observed in individuals with CFCS; it was

reported in 69–85% of cases (Armour & Allanson, 2008; Herman &

McAlister, 2005; Leoni, Giorgio, et al., 2022). Two individuals with

intestinal malrotation have been described (Herman &

McAlister, 2005; McDaniel & Fujimoto, 1997). Other digestive issues

were reported in 50% of patients, while abdominal distension in 38%

(Armour & Allanson, 2008) (Table 2). As in CS, abdominal pain of func-

tional origin was described, even though the severe intellectual dis-

ability often observed in individuals with CFCS make its localization

harder (Leoni et al., 2019).

6 | GASTROINTESTINAL
MALFORMATIONS

GI malformations have been anecdotally reported in patients with

RASopathies.

Bile duct anomalies, caused by RAS and NOTCH pathway syner-

gism was described in a male child with NS (Rasmussen, Zador, Zabel,

Krantz, & Giampietro, 2008).

Concerning CFCS, two individuals described in literature required

pyloroplasty. Cases of intestinal malrotation were anecdotally

reported, as also cases of liver anomalies as haemangioma/

haemangioendothelioma (Armour & Allanson, 2008; Roberts

et al., 2006).

7 | OTHERS

Both chronic and acute pain of GI origin, most probably neuropathic,

were reported in individuals with RASopathies, mainly affecting

patients with CS and CFCS, but the characterization and localization

were difficult to obtain due to the intellectual disability of the majority

of patients (Leoni et al., 2019). Aerophagia, most commonly observed

in individuals with CFCS, may worsen their symptomatology (Leoni,

Giorgio, et al., 2022).

Other anecdotal GI findings were also described, as a case of

spontaneous intraduodenal hematoma in a 4 years old children

with NS due to PTPN11 gene mutation (c.923A>G, p.Asn308Ser)

(Yamazawa et al., 2018). Autoimmune hepatitis was described in

NS by Quaio et al. (2012) and Loddo et al. (2015), coherently with

the know association between NS and autoimmune diseases (14%).

A gastric fibroid polyp was reported in a 4-month-old girl as occa-

sional radiographic finding (Campus et al., 2007). Smpokou et al.

(2012) reported a case of colonic polyps in one 19-year-old SOS1

mutation positive and of duodenal polyp in a 48-year-old SOS1

mutation positive man (neither with a known family history of

colon polyps).

8 | MANAGEMENT OF GI ISSUES

Due to the high prevalence of nutritional and GI issues in RASopathies

a multidisciplinary assessment and long term follow- up are required

in patients with CS, CFCS, and NS.

The main GI-problem in these patients is a delayed gut motility

and immaturity, GERD, vomiting and constipation, and sometimes

intestinal pseudo-obstruction.
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As far as GERD is concerned, it is one of the main causes of

reduction of quality of life for children and their families. It causes

vomiting, general discomfort and reduced food intake, worsening the

growth failure. It is therefore essential to evaluate GER symptoms

during follow-up visits to identify and treat it as early as possible, to

prevent upper GI tract complication on patient's general health. In

case of GERD it may be indicated to start a proton pump inhibitors

therapy (Figure 3). Only few patients described in literature required a

Nissen fundoplication surgical therapy (Leoni et al., 2016; Shah

et al., 1999). In case of recurrent vomiting, after organic causes are

ruled out, cyclic vomiting should be suspected. As stated by Zhong

et al. (2016), although the underlying cause still remains unclear, eme-

sis seems to be induced through a 5-HT3 receptor in which the

RAS/MAPK signaling may play a regulating role; in fact Ondansetron

might be the most effective therapy.

In CS and CFCS, cases of cyclic vomiting treated with Ondanse-

tron were also reported, keeping in mind that in infants between

2 and 4 months-old pyloric stenosis should be excluded (Digilio

et al., 2008; Gripp et al., 2019). Consideration should be given to neu-

rological evaluation and brain MRI when reflux develops in an adult

with CS (White et al., 2005) (Figure 3).

Chronic functional constipation is common in children with RASo-

pathies (Leoni, Giorgio, et al., 2022). Polyethylene glycol at the same

dosage of the general population (Tabbers et al., 2014) is usually

effective in these children even if toilet training is sometimes post-

poned due to the developmental delay. Individuals with CFCS usually

have more severe chronic constipation, but slower intestinal transit

times are common in all children with RASopathies. Concerning

pseudo-obstruction that can be present in children with RASopathies

even if less frequently, intestinal malrotation should be always

excluded, especially in NS and CFCS.

9 | CONCLUSIONS

Feeding issues and GI disorders are very frequent in individuals with

RASopathies, impairing growth and development, and causing trouble-

some symptoms throughout life. It is of utmost importance for clini-

cians and families/caregivers to acknowledge the possible GI

complications that patients with RASopathies may encounter.

The role of the multidisciplinary team is to early evaluate the

patient in order to develop proper habilitative plans/therapeutic strat-

egies to overcome the commonly observed feeding difficulties and

ensure an adequate caloric intake during infancy and early childhood.

A close follow-up should be performed especially in the first years of

life. Later on, signs and symptoms suggestive of the most common GI

disturbances should be promptly recognized to establish early treat-

ment strategies.

In the future, studies on larger cohorts characterizing the evolu-

tion of feeding difficulties and/or associating gene variants to specific

GI disorders may be useful to develop personalized and sustainable

habilitative/therapeutic plans. Individualized management strategies

are fundamental to improve the quality of life of both patients and

their families.

F IG URE 3 Flow chart to manage gastrointestinal and respiratory symptoms
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