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Abstract
Background: RASopathies are associated with an increased risk of autism spec-
trum disorder (ASD). For neurofibromatosis type 1 (NF1) there is ample evidence 
for this increased risk, while for other RASopathies this association has been 
studied less. No specific ASD profile has been delineated so far for RASopathies 
or a specific RASopathy individually.
Methods: We conducted a systematic review to investigate whether a specific 
RASopathy is associated with a specific ASD profile, or if RASopathies alto-
gether have a distinct ASD profile compared to idiopathic ASD (iASD). We 
searched PubMed, Web of Science, and Open Grey for data about ASD features in 
RASopathies and potential modifiers.
Results: We included 41 articles on ASD features in NF1, Noonan syndrome 
(NS), Costello syndrome (CS), and cardio-facio-cutaneous syndrome (CFC). 
Individuals with NF1, NS, CS, and CFC on average have higher ASD symp-
tomatology than healthy controls and unaffected siblings, though less than 
people with iASD. There is insufficient evidence for a distinct ASD phenotype 
in RASopathies compared to iASD or when RASopathies are compared with 
each other. We identified several potentially modifying factors of ASD symp-
toms in RASopathies.
Conclusions: Our systematic review found no convincing evidence for a specific 
ASD profile in RASopathies compared to iASD, or in a specific RASopathy com-
pared to other RASopathies. However, we identified important limitations in the 
research literature which may also account for this result. These limitations are 
discussed and recommendations for future research are formulated.
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1   |   INTRODUCTION

RASopathies are a group of disorders resulting from 
germline pathogenic variants in genes encoding compo-
nents or regulators of the Ras/mitogen-activated protein 
(MAP) kinase signaling pathway (Rauen,  2022). The 
Ras/MAP-kinase pathway connects cell surface recep-
tors to transcription factors regulating gene expression 
of proteins important for cell survival, differentiation, 
and replication. Hyperactivation of the Ras/MAP-kinase 
pathway leads to abnormal tissue growth. The most prev-
alent and best-described RASopathies are neurofibro-
matosis type 1 (NF1), Noonan syndrome (NS), Costello 
syndrome (CS), and cardio-facio-cutaneous syndrome 
(CFC). The common pathogenesis explains the overlap 
in phenotypic features such as craniofacial dysmorphia, 
cardiac malformations, increased tumor risk, cutaneous 
manifestations, cognitive deficits, and psychiatric mor-
bidity (Alfieri et al., 2014; Bessis et al., 2019; Friedman 
et al., 2002; Jafry & Sidbury, 2020; McCubrey et al., 2007; 
Rauen et al., 2018; Siegel et al., 2011, 2012; Tidyman & 
Rauen, 2016). The latter includes autism spectrum disor-
der (ASD) (Adviento et al., 2014; Chisholm et al., 2018; 
Garg et al., 2017). The Diagnostic and Statistical Manual 
of Mental Disorders, fifth edition (DSM-5) defines ASD 
by two symptom criteria, each having its own sub-criteria 
(American Psychiatric Association,  2013). Criterion A 
requires persistent deficits in social communication and 
social interaction and criterion B requires restricted and 
repetitive patterns of behavior and interests (RRB). As 
various combinations of sub criteria to fulfill criterion 
B, different symptoms to fulfill the sub-criteria and dif-
ferent degrees of severity of the symptoms are possible, 
ASD is a heterogeneous disorder with a variable behav-
ioral presentation. Challenges arise in the evaluation of 
ASD traits in RASopathies due to psychiatric comorbid-
ity (Garg, Lehtonen, et al., 2013). Different instruments 
exist to describe ASD traits. Some instruments such as the 
Social Communication Questionnaire (SCQ) (Berument 
et  al.,  1999), the Modified Checklist for Autism in 
Toddlers (M-CHAT) (Robins et al., 2001), and the Social 
Responsiveness Scale (SRS) (Constantino, 2002) allow to 
quantify the amount of ASD traits and screening for ASD. 
Others such as the Autism Diagnostic Interview-Revised 
(ADI-R) (Rutter et al., 2003) and the Autism Diagnostic 
Observation Schedule (ADOS) (Lord et  al.,  2012) are 
used for an elaborate diagnostic assessment and yield 
a classification. No instrument matches the clinical di-
agnosis of ASD perfectly. One recent review and meta-
analysis portrayed the ASD characteristics in NF1 
(Chisholm et al., 2018a). To our knowledge, no review 
exists reviewing different RASopathies and comparing 
the ASD profiles across these different syndromes.

Delineating a particular profile of ASD symptoms in 
RASopathies compared to each other or compared to idio-
pathic ASD (iASD) may point to a set of symptoms being 
associated with the RAS/MAP-kinase pathway and could 
lead to a better understanding of the RAS/MAPkinase 
pathway as a molecular mechanism of ASD. In clinical 
practice, this could also lead to a better detection of ASD 
symptoms and allocation of intervention strategies, as 
this may diverge from the approach in the general popu-
lation. Therefore, our main research questions are, firstly, 
whether existing research shows the ASD symptom pro-
file in RASopathies is different from that in iASD and sec-
ondly, whether the ASD profile is different in individual 
RASopathies.

2   |   MATERIALS AND METHODS

2.1  |  Search method and eligibility 
criteria

We conducted a systematic search following the pre-
ferred reporting items for systematic reviews and 
meta-analyses (PRISMA) updated guidelines (Page 
et  al.,  2021) in MEDLINE (PubMed), Web of Science, 
and Open Grey on November 28, 2023. The search pro-
cess was examined and reported as recommended by the 
search extension to the PRISMA statement (PRISMA-S) 
(Rethlefsen et  al.,  2021). The search sequences used 
in MEDLINE, Web of Science, and Open Grey can be 
found in Supplement S1.

Inclusion criteria were: (1) original studies, (2) involv-
ing human participants, (3) reporting about participants 
with a clinical or molecular diagnosis of a RASopathy, (4) 
using an instrument measuring observable ASD traits or 
ASD-related behavior, (5) published in English, (6) pub-
lished after January 1, 1994.

Exclusion criteria were: (1) case reports and case se-
ries, due to selection bias risk, (2) articles only reporting 
non-behavioral data (e.g., stress physiology, biochemis-
try, electro-encephalogram) or performance on explicit 
tasks of social processing without considering DSM-5 
ASD characteristics, (3) articles only reporting ASD di-
agnoses without specifying a measuring instrument 
or fulfillment of diagnostic sub criteria, (4) completely 
overlapping samples with no additional relevant anal-
ysis, (5) articles only reporting data from measuring 
instruments that are not used by any other study and, 
moreover, (a) do not make a comparison between differ-
ent RASopathies or between a RASopathy and idiopathic 
ASD, or (b) do not analyze the data in function of any 
of our prespecified possible moderating factors: age, sex, 
ADHD, cognition and genotype. This is because in these 



      |  3 of 23DEBBAUT et al.

cases a relevant and reliable interpretation of the data in 
the context of our research questions is not possible.

The time of publication was limited to 1994–2023, 
as the Diagnostic and Statistical Manual of Mental 
Disorders, fourth edition (DSM-IV) was published in 1994 
(American Psychiatric Association,  1994). The DSM-IV 
did not use the term ASD but bundled a group of differ-
ent syndromes in the chapter Pervasive developmental 
disorders (PDD), including Autistic Disorder, Asperger's 
Disorder, and Pervasive Developmental Disorder—Not 
Otherwise Specified (PDD-NOS). Although the exact 
DSM-IV criteria for these syndromes differed from the 
DSM-5 criteria for ASD, research showed that the outer 
limits of the population with PDD and ASD were not sub-
stantially different. In addition, even during the DSM-IV 
era the term ASD was already used much more than PDD 
in the scientific literature (King et al., 2014).

We chose not to exclude articles based on absent or in-
complete molecular confirmation of the RASopathy di-
agnoses. The most important reason for this decision was 
that RASopathies had already been described clinically 
before the genes involved in the RAS/MAPkinase path-
way and RASopathies were identified. Hence, excluding 
publications because of incomplete or absent molecu-
lar confirmation could have excluded relevant research 
findings. Including genes nomenclature as search terms 
could have been an alternative approach for the litera-
ture search, but in our paper we chose to approach the 
research questions through the lens of clinically recog-
nizable syndromes, as is still common practice in clini-
cal genetics. Since different RASopathy mutations have 
been described in molecular terms, it is recommended 
to use these in publications on original research, when-
ever possible. However, the aim of our review was to 
review the available literature that potentially contains 
an answer to the research questions, and not to report 
original molecular research. Consequently, the terms 
and definitions most commonly used by authors of the 
reviewed literature were the starting point of the review. 
Furthermore, concepts such as “RASopathy” and “RAS/
MAPkinase” were included in our search terms, making 
it very unlikely that publications on the clinical pheno-
type related to a mutation in the RAS/MAPkinase path-
way without applying a syndrome name to it would not 
be picked up by our search.

We included data on RASopathy subjects, regardless 
of ASD diagnosis. This was motivated by a number of 
considerations. In our research question, we refer to the 
ASD symptom profile as the behaviors that are described 
by the DSM-5 criteria for ASD without necessarily com-
pletely fulfilling the DSM-5 criteria. In our introduc-
tion, we also note that insight into the ASD profile in 
RASopathies may indicate that the RAS/MAPkinase 

pathway is associated with specific ASD symptoms, 
which may lead to a better understanding of the asso-
ciation between genetic factors and behavioral symp-
toms. Naturally, to achieve this, we must also take into 
account RASopathy patients who do not have ASD but 
may exhibit characteristics of ASD to a greater or lesser 
extent. Furthermore, there is no uniform way in which 
the ASD classification is assigned in the research liter-
ature, making the delineation of RASopathy+ASD as 
a study population ambiguous. In addition, commonly 
used measuring instruments (such as the SRS) provide 
quantitative data that are continuously distributed, not 
only within groups with and groups without ASD, but 
also between ASD and non-ASD populations.

Records were first screened by title and abstract by 
one reviewer (M.E.B.). If the record was possibly eligible 
after title and abstract review, the full text was reviewed. 
Afterward, the same search and selection process was 
carried out independently by another reviewer (E.D.) and 
compared to the results by M.E.B. In case of disagree-
ment consensus between the two authors was reached.

2.2  |  Data extraction

Data extracted from the selected articles were: first author, 
year of publication, study design, specific RASopathy/
RASopathies, control group, number and age range of 
participants, ASD-related outcomes, the relationship of 
other prespecified outcome data (age, sex, ADHD, cogni-
tion and genotype) to ASD-related outcomes, molecular 
confirmation, and geographical location. Because all but 
one of the included studies were cross-sectional, quality 
was rated according to the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) recom-
mendations, using the 22-item checklist for cross-sectional 
studies (Vandenbroucke et al., 2007; Von Elm et al., 2007).

3   |   RESULTS

3.1  |  Included studies

The selection process resulted in the inclusion of 41 articles 
and is visualized as a PRISMA flowchart in Figure 1 (Page 
et al., 2021). It is further described in Supplement S1.

3.2  |  Characteristics of the included  
studies

Table S1 (Supplement S2) summarizes the characteristics 
of the included studies. Because there was clear evidence 
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of overlap between the samples of the different included 
studies, we attempted to estimate the number of unique 
participants. More information about these calculations 
can be found in Supplement S3. We estimated that the 
included studies together included approximately 2601 
unique participants with NF1 (82.5% of the total amount 
of unique RASopathy participants included in our re-
view), 313 with NS (9.9%), 101 with CS (3.2%), 126 with 
CFC (4%), 4 with Noonan-like syndrome with loose an-
agen hair (0.1%) and 6 with NS with multiple lentigines 
(0.2%). These figures must be interpreted with caution be-
cause the overlap between the different samples could not 
always be excluded or confirmed with complete certainty. 
At the same time, they are certainly more accurate than 
a simple sum of the different samples of the individual 
studies and they show that NF1 participants are overrep-
resented in comparison to the other RASopathies.

There were six studies (14.6%) comparing two or more 
RASopathies directly, while 15 studies (36.6%) compared 
one or more RASopathies to a control sample, which 
could be unaffected siblings (US), healthy controls from 
the general population (HC), a non-RASopathy ASD 
group, or another non-RASopathy comparison group. 
Seven studies (17.1%) used a HC comparison group, 
two studies (4.8%) compared with US, and seven stud-
ies (17.1%) compared with an ASD group. Six studies 
(14.6%) had molecular confirmation of the diagnosis in 

all participants with a RASopathy. Seven studies (17.1%) 
had confirmation in a fraction of participants, and 28 
studies (68.3%) did not report molecular confirmation. 
We did not analyze data of individuals with Noonan-like 
syndrome with loose anagen hair and NS with multiple 
lentigines, as there was not enough data to draw con-
clusions. Rating of the quality of the articles according 
to the STROBE recommendations is summarized in 
Table S2 (Supplement S2).

4   |   RESULTS

Table  S3 (Supplement S2) summarizes the outcomes of 
the included studies.

4.1  |  ASD features in general

4.1.1  |  Screening instruments

4.1.1.1  |  Social skills improvement system (SSIS)
SSIS data provide evidence for weaker social skills in NF1 
and NS compared to the general population, but no sig-
nificant differences between both RASopathies. In one 
study 44% of NF1 participants (n = 39), 41% of NS partici-
pants (n = 39), and 13% of US (n = 32) scored lower than 

F I G U R E  1   PRISMA flowchart. Flowchart of the search strategy, and in- and exclusion of articles following the updated PRISMA 
guidelines (Rethlefsen et al., 2021).
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one standard deviation (SD) below the normative mean on 
the SSIS Social skills subscale, indicating low social skills 
(Pierpont et al., 2018). 5% of NF1 and 15% of NS participants 
scored even lower than two SD below the normative mean, 
while none of the US group did. Mean NF1 and NS scores 
did not differ significantly, but were significantly lower than 
US scores. Payne et al. used the same measure in a sample 
of children with NF1 (n = 122) and demonstrated the mean 
score to be 0.65 SD lower than the normative mean, with 
36.9% of participants scoring lower than one SD, 24.6% scor-
ing lower than 1.5 SD, and 8.2% scoring lower than 2.5 SD 
below the mean (Payne et al., 2020).

Glad et  al. found 32% and 24% of their NF1 sample 
scoring one SD below the normative mean, depending on 
whether data from respectively early childhood or school 
age were analyzed (Glad et  al.,  2021). However, scores 
lower than 2 SD below the mean were found in only 4% in 
early childhood and 8% at school age.

4.1.1.2  |  Social communication questionnaire (SCQ), 
modified checklist for autism in toddlers (M-CHAT) and 
childhood autism Spectrum test (CAST)
The SCQ, M-CHAT, and CAST were often administered 
within the same study, the SCQ or CAST being used for 
participants with a higher chronological or mental age, 
and the M-CHAT for younger participants. All instru-
ments yield a score but also have a screening cut-off. Put 
together, these studies indicate an elevated rate of ASD 
symptoms in RASopathies, with quantitative differences 
between the RASopathies: the highest amount of symp-
toms in CFC, the lowest in NF1, and CS and NS showing 
an intermediary level of ASD symptoms.

Adviento et al. compared SCQ data from NF1 (n = 66), 
NS (n = 48), CS (n = 43), CFC (n = 54), US (n = 117) and iASD 
(n = 133) (Adviento et al., 2014). No US participants reached 
the cut-off, whereas 85%, 54%, 26%, 21% and 11% of iASD, 
CFC, CS, NS, and NF1 subjects did, respectively. Alfieri et al. 
screened NS (n = 33), CS (n = 9), and CFC (n = 11) patients 
using the SCQ or the M-CHAT (Alfieri et al., 2014). CFC 
showed the highest proportion of participants reaching 
the cut-off (64%), while 44% and 12% of participants with 
CS and NS also reached the cut-off, respectively (Figure 2). 
These differences in proportions were all statistically sig-
nificant. Tinker et al. screened NF1 children using the M-
CHAT and CAST (Tinker et al., 2014). Of the children for 
whom the questionnaire had completely been filled out, 
none screened positive on the M-CHAT (0/20), while on 
the CAST 12.5% (5/40) screened positive. Both proportions 
were not significantly different from positive screening rates 
in the general population, but CAST mean and median 
scores were higher than reported from a control population. 
Schwartz et al. studied CS (n = 14) using the SCQ and the M-
CHAT (Schwartz et al., 2017). All the participants screening 
positive were in the younger age group, screened using the 
M-CHAT (n = 7). Depending on the cut-off used they found 
that 36% (5 out of 14) or 14% (2 out of 14) of their partici-
pants screened positive.

Pooling data from the studies mentioned above on the 
proportions in each RASopathy exceeding the SCQ/M-
CHAT cut-off, and calculating 95% confidence intervals 
(95%CI) based on a binomial distribution, we found that 
11% of NF1 participants (95%CI 3.45;18.55) screened posi-
tive. Figures in NS (17.28%, 95%CI 9.05;25.52), CS (30.30%, 
95%CI 19.22;41.39), and especially CFC (55.38%, 95%CI 

F I G U R E  2   Proportion of participants reaching the SCQ or M-CHAT threshold. Error bars represent 95% confidence intervals. Separate 
data from Adviento et al. (2014), Alfieri et al. (2014), and Schwartz et al. (2017) are displayed per RASopathy and for iASD, as well as the value 
obtained by pooling data from these studies whenever possible. CFC, cardio-facio-cutaneous syndrome; CS, Costello syndrome; M-CHAT, 
modified checklist for autism in toddlers; NF1, neurofibromatosis type 1; NS, Noonan syndrome; SCQ, social communication questionnaire.
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43.30;67.47) were much higher. The proportion exceeding 
the cut-off in CFC was significantly higher than in the other 
RASopathies (two-tailed α < 0.05). Furthermore, the propor-
tion exceeding the cut-off in CS was significantly higher than 
in NF1. Percentages of participants exceeding the SCQ/M-
CHAT cut-off in RASopathies across studies, including the 
result of pooling these data, are displayed in Figure 2.

4.1.1.3  |  Social responsiveness scale (SRS)
Like the SCQ, M-CHAT, and CAST, the SRS yields a 
quantitative measure of ASD symptoms, but often a 
cut-off is used (total T score ≥60 or ≥75) to classify in-
dividuals. Only one study reported SRS data on other 
RASopathies in addition to NF1, and again, CFC patients 
were found to have the highest level of ASD symptoms, 
and NF1 patients the lowest. Adviento et al. reported that 
NF1 (n = 78; mean 57), NS (n = 51; mean 65), CS (n = 40; 
mean 61) and CFC (n = 49; mean 74) had significantly 
higher SRS T scores than US (n = 114; mean 46), and sig-
nificantly lower T scores than iASD (n = 167; mean 86). 
The mean CFC T score was significantly higher than in 
the other RASopathies (Adviento et al., 2014). One study 
in children with NF1 (n = 143) did not report mean scores 
but reported that 20.3% of their sample scored in the se-
vere clinical range on the SRS (total T score ≥ 76) and 
14.7% in the mild to moderate clinical range (59 < total 
T score < 76) (Hirabaru & Matsuo,  2018). Morris et  al. 
pooled own and previously published SRS data in NF1 
(n = 531) (Adviento et al., 2014; Constantino et al., 2015; 

Garg, Lehtonen, et  al.,  2013; Plasschaert et  al.,  2015; 
Walsh et  al.,  2013) and found total T scores to be con-
tinuously, unimodally distributed, the mean total T score 
(58.21) being pathologically shifted with 0.8 SD relative 
to norms from the general population. 13.2% of individ-
uals scored in the severe clinical range and 26% in the 
mild to moderate clinical range (Morris et  al.,  2016). 
We pooled mean SRS T scores from Morris et al. (2016). 
and seven additional studies in NF1 cohorts (Chisholm 
et al., 2022; Huijbregts & de Sonneville, 2011; Lalancette 
et  al.,  2022; Lubbers et  al.,  2022; Morotti et  al.,  2021; 
Payne et al., 2020; van Eeghen et al., 2013) (n = 1046) and 
2 studies in NS (Adviento et al., 2014; Naylor et al., 2023) 
(n = 96) and compared these data with those from 
Adviento et al. (2014). on the other RASopathies (n = 40 
for CS and n = 49 for CFC), calculating 95%CI's assuming 
normal distributions. We could confirm that NF1 par-
ticipants were least affected, with a mean total T score 
of 58.35 (95%CI 57.52;59.17). CS (61, 95%CI 57.90;64.10) 
and NS (65.34, 95%CI 61.89;68.79) had higher total T 
scores, and CFC (74, 95%CI 70.36;77.64) the highest. 
Thus, CFC mean total T score was significantly higher 
than those in all other RASopathies (two-tailed α < 0.05). 
Furthermore, the NS total T score was significantly 
higher than the NF1 mean total T score. The result of 
the pooling of the SRS total T scores from different stud-
ies is shown in Figure 3. An overview of the SRS total T 
scores across syndrome groups and studies is provided in 
Figure S1 (Supplement S3).

F I G U R E  3   SRS total T scores in different RASopathies and iASD comparison group. Error bars represent 95% confidence intervals. The 
scores for CFC, CS, and iASD have been adopted from Adviento et al. (2014). The score for NF1 has been calculated by pooling data from 
8 studies (Chisholm et al., 2022; Huijbregts & de Sonneville, 2011; Lalancette et al., 2022; Lubbers et al., 2022; Morotti et al., 2021; Morris 
et al., 2016; Payne et al., 2020; van Eeghen et al., 2013). The score for NS has been calculated by pooling data from two studies (Adviento 
et al., 2014; Naylor et al., 2023). CFC, cardio-facio-cutaneous syndrome; CS, Costello syndrome; iASD, idiopathic autism spectrum disorder; 
NF1, neurofibromatosis type 1 regardless of ASD diagnosis; NF1+ASD, NF1 selected on ASD diagnosis; NS, Noonan syndrome; SRS, social 
responsiveness scale.
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4.1.2  |  ASD classifications: Autism 
diagnostic observation schedule (ADOS), 
autism diagnostic interview-revised (ADI-R)

ADOS scores across studies are shown in Table 1. While 
data for each RASopathy are scarce, taken together the 

ADOS and ADI-R scores and classifications reflect what 
would be expected based on the previously mentioned 
questionnaire data, that is CFC patients having higher 
ADOS scores and more often receiving an autism spec-
trum classification based on the ADOS and ADI-R in com-
parison to other RASopathies. However, the ADOS scores 

T A B L E  1   Mean ADOS scores across included studies.

Instrument Score type Group Communication Social Total
Authors and year (n patients 
with ADOS data)

ADOS-G AS module 3 NF1 2.07a 4.19a Garg, Green, et al. (2013) (n = 47)

AS module 3 NF1+ASD 3.86 8.36 Garg, Green, et al. (2013) (n = 14)

AS module 3 NF1+bASD 2.08 4.23 Garg, Green, et al. (2013) (n = 13)

AS module 3 NF1-ASD 0.8 1.25 Garg, Green, et al. (2013) (n = 20)

Social affect

Restricted 
and repetitive 
behavior

ADOS-2 AS module 3 NF1 6.54a 1.10a 7.74a Garg et al. (2016) (n = 96)b

AS module 3 NS 4.84a 1.27a 6.11a Garg et al. (2017) (n = 40)
AS module 3 CFC 8.22 4.00 12.22 Garg et al. (2017) (n = 9)
AS module 3 NF1 female 4.52 0.69 5.50 Garg et al. (2016) (n = 42)b

AS module 3 NF1 male 8.11 1.41 9.48 Garg et al. (2016) (n = 54)b

AS module 3 NF1+ASD 9.89/9.73 1.25/2.00 11.11/11.80 Garg et al. (2015) (n = 36) c/Stivaros 
et al. (2018) (n = 30)

AS module 3 NF1+ASD female 8.33 1.67 10.00 Garg et al. (2016) (n = 9)b

AS module 3 NF1+ASD male 10.45 2.16 12.61 Garg et al. (2016) (n = 31)b

AS module 2/3 NF1+ASD female 5.8 1.4 7.1 Chisholm et al. (2023) (n = 28)
AS module 2/3 NF1+ASD male 8.9 1.2 10.1 Chisholm et al. (2023) (n = 34)
AS module 3 NS+ASD 8.8 2.5 11.0 Garg et al. (2017) (n = 12)
AS module 3 NS+bASD 4.0 0.8 4.7 Garg et al. (2017) (n = 12)
AS module 3 NS-ASD 2.5 0.7 3.0 Garg et al. (2017) (n = 16)
AS module 3 iASD 7.29 2.05 9.34 Garg et al. (2015) (n = 186)c

CSS NF1 2.92 0.81 2.48 Lubbers et al. (2022) (n = 260)
CSS NF1+ASD 7.3/5.4/6.73 5.0/4.5/1.57 6.8/4.8/6.11 Geoffray et al. (2021) (n = 48)d/

Chisholm et al. (2022) (n = 65)/
Lubbers et al. (2022) (n = 52)

CSS NS+ASD 6.4 6.5 6.4 Geoffray et al. (2021) (n = 11)d

CSS CFC+ASD 5.3 8.3 6.4 Geoffray et al. (2021) (n = 7)d

Note: Available mean ADOS scores across the included studies. Sometimes the scores are stated in the article, and in other instances, they could be calculated 
from figures reported in the article. The ADOS-G and ADOS-2 have different subscales and scoring algorithms and are reported separately. Furthermore, each 
ADOS module has its own scoring algorithm and classification cut-off. Based on an ADOS-2 algorithm score and the individual's age a calibrated severity 
score can be calculated for comparison between different modules and ages. An ADOS-2 module 3 algorithm total score ≥ 7 or a CSS ≥4 corresponds to an ASD 
classification.
Abbreviations: ADOS-G, Autism Diagnostic Observation Schedule-Generic; ADOS-2, Autism Diagnostic Observation Schedule-second edition; AS, algorithm 
score; CFC, cardio-facio-cutaneous syndrome; CFC+ASD, only CFC participants preselected on ASD; CSS, calibrated severity score; iASD, idiopathic ASD; 
NF1, neurofibromatosis type 1; NF1+ASD, only NF1 participants preselected on ASD; NF1+bASD, only NF1 participants preselected on broader ASD, 
excluding ASD itself; NF1-ASD, only NF1 participants without ASD; NS, Noonan syndrome; NS+ASD, only NS participants preselected on ASD; NS+bASD, 
only NS participants preselected on broader ASD, excluding ASD itself.
aCalculated from figures reported in the article. Because the figures in the article were rounded, the results may differ from those that would have been 
calculated based on the raw data.
bPooled data from Garg, Green, et al. (2013), and Stivaros et al. (2018).
cPooled data from Garg, Green, et al. (2013), Plasschaert et al. (2015), and Stivaros et al. (2018).
dPooled data from Garg, Green, et al. (2013), Garg et al. (2017), and Stivaros et al. (2018).
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of individuals receiving an ASD classification based on 
ADOS and ADI-R were not significantly different between 
RASopathies.

Garg et  al. studied children with NF1 (n = 47) using 
both the ADI-R and the ADOS (Garg, Green, et al., 2013). 
Using the Collaborative Program of Excellence in Autism 
(CPEA) criteria integrating both ADOS and ADI-R 
(Lainhart et al., 2006), 29.8% of the participants had ASD, 
27.7% broader ASD (bASD), and the remaining 42.5% 
were classified as non-ASD. In a later study, Garg et  al. 
used the same technique comparing CFC (n = 9) and NS 
(n = 40) (Garg et al., 2017). 88.9% of CFC patients met the 
criteria for ASD, and the remaining 11.1% was classified 
as bASD. In CS, 30% was classified as ASD and another 
30% as bASD. As could be expected, CFC had higher total 
ADOS algorithm scores than NS (Lainhart et  al.,  2006). 
In a study of children with NF1 by Lubbers et al., 20.0% 
(52/260) received an ADOS autism spectrum classifica-
tion (Lubbers et al., 2022).

Geoffray et  al. analyzed ADOS and ADI-R data from 
RASopathy participants with an ASD classification 
from previous studies (Garg et  al.,  2017; Garg, Green, 
et  al.,  2013; Geoffray et  al.,  2021; Stivaros et  al.,  2018). 
The ADOS total Calibrated Severity Score (a measure 
allowing comparisons between different modules) did 
not differ significantly between NF1+ASD (n = 48), 
NS+ASD (n = 11), and CFC+ASD (n = 7). Garg et al. com-
pared ADOS data from previous studies (Garg, Green, 
et al., 2013; Plasschaert et al., 2015; Stivaros et al., 2018) of 
children with NF1+ASD (n = 36) to normative data of au-
tism and autism spectrum from the ADOS manual (Garg 
et al., 2015; Lord et al., 2012). The total algorithm score in 
NF1+ASD was significantly lower than autism norms but 
did not differ significantly from autism spectrum norms.

Importantly, while the findings from ADOS and ADI-R 
parallel those from the SRS and other questionnaires, their 
classifications do not completely capture the same entity. 
In the Eijk et al. study, for the majority of the participants 
(n = 103) SRS and ADOS scores were available and ADOS 
and SRS classifications disagreed in 25.2% or 16.5% of in-
dividual cases, depending on SRS cut-off (total T score ≥60 
or ≥76, respectively), each instrument classifying a number 
of individuals as non-spectrum while the other instrument 
classified them in the autism spectrum (Page et al., 2021). 
Data from the Supplementary materials of Lubbers et  al., 
expanding on the data from Eijk et al., indicate that both 
SRS and ADOS data were available for 206 NF1 participants 
(Lubbers et al., 2022). Using SRS total T score ≥60 as a cut-
off, there was disagreement going both directions in 22.8% 
of the cases. Furthermore, Chisholm et  al., reported that 
only 33.8% and 63.1% of their sample of NF1 participants 
having an SRS total T score ≥60 met the ADI-R and ADOS-2 
algorithm cut-offs, respectively (Chisholm et al., 2022).

4.1.3  |  Relationship of measuring 
instruments with clinical expert diagnosis

In the study by Eijk et al., 10.9% (14/128) of participants 
received a clinical DSM-IV ASD diagnosis after systematic 
assessment (Eijk et al., 2018). This figure was lower than 
the proportion of children classified as autism spectrum 
according to the ADOS or the SRS. While negative pre-
dictive values were good (all >0.90), ADOS and SRS had 
a poor positive predictive value of clinical diagnosis (0.45 
and 0.35/0.63 depending on SRS cut-off, respectively) and 
this increased to only 0.71/0.75 when combining both. In 
the study by Alfieri et  al., DSM-IV-TR criteria for ASD 
were met in 71% of CFC patients reaching the SCQ/M-
CHAT cut-off (5 out of 7), while this was only the case 
in 25% of CS patients screening positive (1 out of 4), and 
none of the NS patients screening positive (0 out of 4) 
(Alfieri et al., 2014).

4.2  |  Detailed analysis of ASD profiles

4.2.1  |  SRS

The SRS not only yields a total score, but also scores on 
five subscales: Social awareness, Social motivation, Social 
communication, Social cognition, and Autistic manner-
isms. Comparison across these subscales indicates a simi-
lar profile in RASopathies compared to iASD, and in NF1 
compared to other developmental pathology.

Taking the individuals with CFC, CS, NS, and NF1 
scoring above the SCQ cut-off together (n = 54) and com-
paring them to iASD (n = 167), Adviento et al. found the 
five SRS subscales to be affected in a similar pattern, with 
highest T scores on Autistic mannerisms, and lowest on 
Social awareness and Social motivation. Visual inspec-
tion of a diagram of the first two components of principal 
component analysis of SRS subscale scores showed that 
RASopathy+ASD and iASD did not cluster separately 
(Adviento et al., 2014). Research in minors with NF1 that 
were not selected for ASD (n = 52) showed the same pat-
tern, with most impairment on Autistic mannerisms and 
least on social cognition and social motivation (Walsh 
et  al.,  2013). In contrast, a study by Plasschaert et  al. 
found that children and adolescents with NF1 (n = 82) 
were most impaired on social cognition, social communi-
cation, and autistic mannerisms (Plasschaert et al., 2015). 
Van Eeghen et al. also reported most impairment in NF1 
(n = 50) on Autistic mannerisms and Social cognition and 
least on Social awareness and they observed a similar pro-
file in tuberous sclerosis complex (n = 64), non-familial 
childhood-onset epilepsy of unknown cause (n = 66), 
and iASD (n = 210) (van Eeghen et al., 2013). Garg et al. 
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pooled data on NF1+ASD from several studies (n = 36) 
(Garg, Green, et al., 2013; Plasschaert et al., 2015; Stivaros 
et  al.,  2018), and found a similar pattern as the one re-
ported by Plasschaert et  al., with 67% exhibiting severe 
impairments on Autistic mannerisms, 53% on social cog-
nition, 47% on Social communication, 44% on Social mo-
tivation and 42% on Social awareness (Garg et al., 2015).

4.2.2  |  ADOS and ADI-R

When the subdomains of the ADOS and the ADI-R are 
considered there is again evidence of CFC patients having 
more ASD symptoms than other RASopathies. However, 
when only RASopathy patients with an ASD classification 
are being compared, differences between the RASopathies 
are not significant. Furthermore, based on one study com-
paring individual ADOS items NF1+ASD patients could 
have better eye contact and less stereotyped and repetitive 
language than iASD, but evidence from other studies to 
corroborate this finding is lacking. Only in NF1 a more de-
tailed analysis of the profile of separate ADOS and ADI-R 
items endorsed has been reported.

Garg et  al. found that participants with CFC (n = 9) 
had higher ADOS Social affect (SA) and Restricted and re-
petitive behavior (RRB) subscale scores than NS (n = 40). 
The same pattern of higher scores in CFC was seen for 
all three domains of the ADI-R (Garg et  al.,  2017). In 
analyses by Geoffray et  al. individuals with NF1+ASD 
(n = 48) had lower levels of ADOS RRB compared to 
NS+ASD (n = 11) and CFC+ASD (n = 7), but this differ-
ence did not survive Bonferroni correction for multiple 
testing and on the ADI-R RRB domain the NF1+ASD 
sample was most impaired, though this difference was 
not statistically significant either. ADOS SA and RRB 
in these RASopathies were comparable with data on 
iASD from two large cohorts (Geoffray et al., 2021; Hus 
et al., 2014; Hus Bal & Lord, 2015). Garg et al. found in 
another study that NF1+ASD (n = 36) had a significantly 
lower RRB algorithm score than autism spectrum norms 
from the ADOS manual, while total algorithm scores 
were not different. Further exploration by comparisons 
of all algorithm items separately found that on almost 
all the SA algorithm items the NF1+ASD group had sig-
nificantly higher scores than the autism spectrum group, 
but significantly lower scores on Unusual eye contact. 
Comparisons of individual RRB algorithm items were 
not significant, except for the NF1+ASD group scor-
ing lower on Stereotyped/idiosyncratic use of words 
and phrases. Compared to autism norms NF1+ASD 
had a significantly lower RRB algorithm score as well, 
and significantly lower scores on SA algorithm item 
Unusual eye contact and all RRB algorithm items (Garg 

et al., 2015). Lubbers et al. reported that their NF1+ASD 
group (n = 52) did not differ from iASD concerning ADOS 
Social affect and Restricted and repetitive behavior scores 
(Lubbers et al., 2022). Chisholm et al. found that in their 
NF1+ASD sample (n = 68) on the ADOS and the ADI-R 
a number of algorithm items from both the A and the B 
domains were endorsed in more than 60%, including play 
with peers, reciprocal conversation, sharing, quality/ap-
propriateness of social responses, difficulties with minor 
changes and sensitivity to noise. In contrast, some items 
were endorsed in <20% of cases, exclusively involving the 
B domain: mannerisms, unusual preoccupations, verbal 
rituals, unusual attachments, neologisms, idiosyncratic 
language, and immediate echolalia. Without comparison 
to other RASopathies and iASD this finding is not easy to 
interpret (Chisholm et al., 2022).

4.2.3  |  Other instruments

Foy et al. compared NF1, NS, CS, CFC, and iASD using 
the Social Emotional Assets and Resilience Scales 
(SEARS) and found social competence and empathy 
in RASopathy patients to be better than in iASD (Foy 
et al., 2022). For both RASopathies and iASD, the rat-
ings for empathy were higher than for social compe-
tence, but in al the RASopathies this difference was 
significantly larger than in iASD. In all RASopathies 
but CS, participants were more likely to have severe 
deficits in social competence than in empathy. The 
mean difference between the two SEARS sub-scale 
scores was the largest in NS (6.1 points) followed by 
NF1 (5.9 points), CFC (5.3 points), and the smallest in 
CS (3.9 points). Those RASopathy participants who had 
a previous clinical diagnosis of ASD were as likely as 
the iASD group to have severe deficits in social com-
petence, but were less likely to have severe deficits in 
empathy. Morotti et al. found significantly lower RRB 
in NF1 (n = 45) compared to ASD cases without NF1 
(n = 180), according to the Repetitive Behavior Scale-
Revised (RBS-R) (Morotti et  al.,  2021). Based on data 
from the Centers for Disease Control and Prevention 
Autism and Developmental Disabilities Monitoring 
Network Bilder et  al. found that 8-year-old children 
with NF1+ASD (n = 22) significantly less often met 
DSM-IV criterion 1a (Difficulty using or understanding 
non-verbal communication) than their peers with only 
ASD (n = 12,249) (58% vs. 84%, respectively) (Bilder 
et  al.,  2016). Using the Sensory Profile (SP), NF1 par-
ticipants were compared to healthy controls and were 
found to have more difficulties in sensory processing 
involving auditory, touch, movement, body position, 
and oral modalities (Pride et al., 2023). In comparison 
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to published iASD data, they had similar scores on the 
quadrants Registration and Seeking, but lower on the 
quadrants Sensitivity and Avoidance. The SP quadrant 
scores were correlated with higher impairment in so-
cial responsivity (as measured with the SRS) and lower 
social skills (as measured with the SSIS), suggesting a 
connection between these different behavioral domains 
of ASD. There were no includable SP data on NS and 
CS, but Onesimo et al. reported a high degree (45%) of 
CFC participants (n = 27) having a score in the atypi-
cal range for the oral modality (Onesimo et al., 2023). 
Because this study focused on feeding skills, other mo-
dalities were not reported. Naylor et al. reported that, 
according to the KSADS, no NS participants met the 
DSM-5 A criterion for ASD, but 9.5% met the B criterion 
(Naylor et al., 2023).

4.3  |  Moderating factors

An overview of the main outcomes regarding moderating 
factors is provided in Table 2.

4.3.1  |  Age

The available data indicate a possible age effect in NF1, 
CS, and NS on ASD symptomatology, but some findings, 
including contradictions, may be attributable to differ-
ences between instruments.

In NF1 Glad et  al. compared SSIS data from “early 
childhood” (3–6 years) and “school age” (9–13 years) 
(Glad et al., 2021). Early childhood and school-age social 
skills were not significantly different. However, within the 
data from early childhood, there was a positive correlation 
of social skills with age, and social skills at 3 years were 
significantly lower than social skills at 6 years. Only so-
cial skills at 5–6 years correlated with social skills at school 
age. Haebich et  al. found no significant correlation be-
tween SSIS scores and age in their NF1 sample (Haebich 
et al., 2022). Morris et al. found a peak in SRS total T scores 
at 8 to 17 years compared to younger children and adults 
(n = 531) (Morris et al., 2016). Including only participants 
younger than 18 years, Plasschaert et  al. found signifi-
cantly less individuals under 8 years with SRS T scores 
in the severe or clinically relevant range and a significant 

T A B L E  2   Main outcomes from studies investigating moderating factors.

Moderating factor Main outcome

Age •	 In NF1 evidence for an age effect, but findings, including the direction of this effect, are conflicting. This 
could partly be attributed to the different instruments being used (Chisholm et al., 2023; Eijk et al., 2018; Glad 
et al., 2021; Haebich et al., 2022; Kenborg et al., 2021; Morris et al., 2016; Plasschaert et al., 2015; Pride et al., 
2023; Tinker et al., 2014)

•	 In NS and CS possible age effect (ASD symptoms decreasing with age) attributable to small sample sizes and 
instrument properties (Niemczyk et al., 2015; Schwartz et al., 2017; Young et al., 2018) 

Sex •	 ASD sex ratios in RASopathies are lower than in iASD
•	 Variable sex ratios in NF1 and NS, attributable to small sample sizes and different diagnostic criteria 

(Adviento et al., 2014; Eijk et al., 2018; Garg, Green et al., 2013; Garg et al., 2015; Garg et al., 2017; Geoffray 
et al., 2021; Hirabaru & Matsuo, 2018; Morris et al., 2016; Plasschaert et al., 2015; Stivaros et al., 2018)

•	 Sex ratio in CFC close to 1 and less variable, attributable to high fulfillment of ASD diagnosis (Adviento et al., 
2014; Garg et al., 2017; Geoffray et al., 2021) 

•	 NF1 pathogenic variants increase ASD trait expressivity in both males and females (Constantino et al., 2015, 
Morris et al., 2016; Payne et al., 2020)

ADHD symptoms •	 In NF1 high correlation ADHD traits and ASD traits, in part due to instruments not being entirely specific for 
ADHD or ASD (Constantino et al., 2015; Morris et al., 2016; Walsh et al., 2013)

•	 In NF1 high comorbidity ADHD and ASD (Cohen et al., 2022; Garg, Green et al., 2013; Hirabaru & Matsuo, 
2018; Walsh et al., 2013)

Cognition •	 In NF1 and NS ASD traits mostly independent of total IQ (Eijk et al., 2018; Garg et al., 2017; Haebich et al., 
2022; Pride et al., 2013; van Eeghen et al., 2013)

•	 In NF1 executive functioning and ASD traits negatively correlated, but moderating effect of ADHD (Haebich 
et al., 2022; Huijbregts & de Sonneville, 2011; Loitfelder et al., 2015; Plasschaert et al., 2016)

Genotype •	 Unimodal distribution and positive shift of ASD traits in NF1, CS, NS, and CFC suggest that all pathogenic 
variants related to RASopathies increase ASD traits (Adviento et al., 2014; Constantino et al., 2015; Morris 
et al., 2016; Payne et al., 2020)

•	 Intraclass correlations between NF1 first-degree relatives suggest mutation specificity for the amount of ASD 
traits (Constantino et al., 2015; Morris et al., 2016)

•	 Higher ASD traits in NF1 with microdeletions (Kehrer-Sawatzki et al., 2020)

Abbreviations: CFC, cardiofaciocutaneous syndrome; CS, Costello syndrome; NF1, neurofibromatosis type 1; NS, Noonan syndrome.
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correlation between age and total raw SRS scores (n = 82) 
(Plasschaert et al., 2015). Tinker et al. screened children 
with NF1 (n = 67) for ASD, using the M-CHAT in those 
younger than 4 years and the CAST in those being older. 
No child screened positive using the M-CHAT, but 12.5% 
of the children screened using the CAST did. It is unclear 
if this finding is attributable to a coincidence, an age effect, 
or different psychometric properties of these instruments 
(Tinker et al., 2014). Eijk et al. found a significant age ef-
fect on DSM-IV ASD diagnosis in children with NF1 aged 
2 to 10 years old (n = 128). The mean age of children with 
NF1+ASD was 6.36 years, significantly older than chil-
dren with NF1 without ASD (5.13 years) (Eijk et al., 2018). 
Chisholm et al. found SRS, ADI-R, and ADOS-2 scores to 
be not correlated with age in a group of children with NF1 
aged 3–16 years who screened positive on the SRS (total 
T score ≥60) (Chisholm et  al.,  2023). When they com-
pared lifetime and current ratings on the ADI-R at the 
group level there was a significant abatement of symp-
toms in all three domains, and they found an interesting 
interaction between sex and age. There was a significant 
decline in RRB in both sexes, but a significant decline in 
impairment on the sub-scales social and communication 
was only found in males. Individual trajectories of impair-
ment in social communication varied widely, with some 
participants improving, others staying fairly constant, and 
some others deteriorating. When comparing to the gen-
eral population, Kenborg et al. found only a statistically 
increased hazard ratio for ASD-related hospital contacts 
in NF1 patients in the age group between 0 and 7 years 
(Kenborg et al., 2021). Pride et al. found sensory sensitiv-
ity measured using the SP to be not associated with age in 
their NF1 sample (Pride et al., 2023).

Schwartz et al. screened CS patients aged 22 months 
to 18 years for ASD (n = 14). In the group younger than 
48 months the M-CHAT was used, and, depending on 
using the recommended or a more conservative cut-
off, 71% (five out of seven) or 29% (two out of seven) 
screened positive, respectively. In contrast, children 
older than 48 months were screened using the M-CHAT, 
but 0% (none out of seven) screened positive (Schwartz 
et  al.,  2017). In a reaction to this, Young et  al. supple-
mented the CS data from Adviento et al. with new data 
(n = 53) and analyzed these in function of age. They 
found no significant correlation between SRS scores and 
age and, contrasting Schwartz et al.'s findings, the ASD 
rate according to the SCQ was higher in children older 
than 4 years (Young et al., 2018).

Niemczyk et  al. administered the Developmental 
Behavior Checklist (DBC)-Parent in children with NS 
from 5 to 17 years and the DBC-Adult in adults with NS be-
tween 18 and 48 years (n = 29). 35% of children and 10% of 
adults reached the clinical cut-off (Niemczyk et al., 2015).

4.3.2  |  Sex

Reported male-to-female ASD ratios in different 
RASopathies are shown in Table 3. Whenever possible, we 
corrected ratios for the male-to-female ratio of the sample in 
which individuals with ASD were identified, assuming equal 
ratios of males to females in each RASopathy. Most data are 
available for NF1, and indicate a male predominance to a 
variable extent, with 10 studies discovering more males than 
females with NF1 displaying ASD according to ADOS, ADI-
R, SRS, SCQ, or clinical diagnosis (Adviento et al., 2014; Eijk 
et al., 2018; Garg et al., 2015, 2016; Garg, Green, et al., 2013; 
Geoffray et  al.,  2021; Hirabaru & Matsuo,  2018; Morris 
et  al.,  2016; Plasschaert et  al.,  2015; Stivaros et  al.,  2018). 
Only from one study, we deduced a male-to-female ratio in 
which females were slightly more represented (Chisholm 
et al.,  2022). Corrected male-to-female ASD ratios in NF1 
range from 0.97:1 to 3.04:1. Of note, even the higher end of 
this estimate is lower than the reliable estimate of the sex 
ratio in iASD of 3.3:1 (Loomes et al., 2017). It is worth noting 
that ratios based on SRS total T score cut-offs lead to lower 
ratios than those based on ADOS and/or ADI-R classifica-
tions. Unexpectedly, Kenborg et al. found no significant dif-
ference in hazard ratios for ASD-related hospital contacts 
between males and females with NF1 in their cohort study 
(Kenborg et al., 2021).

Not only do NF1 males more often receive an ASD diag-
nosis than females, most evidence also indicates more ASD 
symptoms in NF1 males. Garg et al. found higher scores in 
male than female NF1 (n = 194) on all total scores and sub-
scales of SRS, ADOS and ADI-R, which after Bonferroni 
correction for multiple testing was still significant for all 
SRS raw scores, ADI-R subscales A1 (non-verbal behav-
iors), A3 (shared enjoyment), A4 (socio-emotional reci-
procity), B2 (conversational interchange), B3 (stereotyped, 
repetitive or idiosyncratic speech), C1 (preoccupation or 
circumscribed pattern of interest), and the ADOS SA and 
total algorithm scores. Including only participants meeting 
the criteria for a research diagnosis of ASD, after Bonferroni 
correction males only had significantly higher scores than 
females on ADI-R subscales A1 and B2 (Garg et al., 2016). 
Chisholm et al. studied children with NF1 who screened 
positive on the SRS (total T score ≥60) and found no signif-
icant differences between males and females in the ADI-R 
and ADOS RRB domains (Chisholm et al., 2023). In con-
trast, males had higher impairment on the ADI-R Social 
and Communication domains, and on the ADOS Social af-
fect sub-scale. This resulted in higher proportions of males 
exceeding ADI-R Social and Communication cut-offs and 
ADOS autism spectrum cut-offs. Even though roughly 
twice as many males fulfilled all three ADI-R sub-scale cut-
offs, this difference was not statistically significant. Based 
on the difference between lifetime and current scores on 
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the ADI-R subscales there was a decline in RRB in both 
sexes, but on the sub-scales Social and Communication 
only in males. In four other studies, SRS T scores in NF1 
did not differ between males and females (Constantino 
et al., 2015; Morris & Gutmann, 2018; Payne et al., 2020; 
van Eeghen et al., 2013). Nevertheless, Morris et al. found 
significantly higher total T scores and subscale scores in 
males compared to females in their meta-analysis (n = 531) 
(Morris et al., 2016). In another study, males had signifi-
cantly more often T scores of 60 or higher on the SRS sub-
scales Social motivation and Social communication (n = 66) 
(Walsh et  al.,  2013). Using the SPSS Pride et  al. found 
that males with NF1 exhibited significantly less observer-
rated prosocial behavior than females (n = 62). This sex 
difference was absent in the control group (n = 39) (Pride 
et al., 2013). Three studies showed continuously, unimod-
ally distributed SRS T scores in both males and females, 
suggesting a pathological shift in NF1 participants as a 
whole (Constantino et al., 2015; Morris et al., 2016; Payne 
et al., 2020). Glad et al. found no significant difference in 
social skills between male and female NF1 participants 

using the SSIS (Glad et  al.,  2021). Haebich et  al., on the 
contrary, found a significant but weak correlation with 
sex (girls having higher social skills) in their NF1 sample 
(Haebich et al., 2022). According to the study by Pride et al. 
using the SP, sensory sensitivity in children with NF1 is not 
related to sex (Pride et al., 2023).

Considering other RASopathies, one study found a 
non-significant difference in the proportion of males 
and females reaching the SCQ threshold (1.28:1) in 
NS (n = 52) (Adviento et  al.,  2014). However, estimates 
of the male-to-female ASD ratios in NS according to 
ADOS and ADI-R were higher. While Garg et al. (n = 40) 
used the CPEA criteria and found a sex ratio of 1.80:1, 
Geoffray et al. (n = 11) required meeting both the ADI-R 
and ADOS cut-off and found a sex ratio of 2.70:1 (Garg 
et al., 2017; Geoffray et al., 2021). These three studies also 
included CFC participants and found no significantly el-
evated male bias (Adviento et al., 2014; Garg et al., 2017; 
Geoffray et  al.,  2021). In CS, one study (n = 44) found a 
non-significantly elevated male-to-female ratio using the 
SCQ of 2.57:1 (Adviento et al., 2014).

T A B L E  3   ASD sex ratios in RASopathies across the included studies.

Diagnostic instrument NF1 CS NS CFC
Authors and year (n participants identified 
with ASD)

ADOS, ADI-R, CPEA criteria 1.93:1a Garg, Green, et al. (2013) (n = 47)

SCQ cut-off NAb 2.57:1 1.28:1 1.52:1 Adviento et al. (2014) (n = 7/11/10/29)

Clinical DSM-IV diagnosis 3.02:1 Plasschaert et al. (2015) (n = 27)

SRS and ADOS cut-off 3.00:1c Garg et al. (2015) (n = 36)d

SRS, ADOS and ADI-R cut-off 2.68:1 Garg et al. (2016) (n = 40)e

SRS total T score threshold 
(60/76)

1.25:1/1.6:1 Morris et al. (2016) (n = 208/70)f

ADOS, ADI-R, CPEA criteria 1.80:1 1.00:1 Garg et al. (2017) (n = 24/8)

Clinical DSM-IV diagnosis 3.04:1 Eijk et al. (2018) (n = 14)

SRS T score threshold (60/76) 1.40:1/1.50:1 Hirabaru and Matsuo (2018) (n = 50/29)

ADOS, ADI-R CPEA criteria 4.00:1c Stivaros et al. (2018) (n = 30)

ADOS and ADI-R cut-off 3.00:1c 2.70:1 1.07:1 Geoffray et al. (2021) (n = 48/11/7)g

SRS T score threshold (60) 0.97:1 Chisholm et al. (2022) (n = 77)

Note: All ratios are male-to-female ratios and, whenever possible, corrected for the male-to-female ratio of the sample in which participants with ASD were 
identified, under the assumption of an equal number of males and females within each RASopathy population.
Abbreviations: ADI-R, Autism Diagnostic Interview-Revised; ADOS, Autism Diagnostic Observation Schedule; CFC, cardio-facio-cutaneous syndrome; CPEA, 
Collaborative Program of Excellence in Autism; CS, Costello syndrome; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, 4th edition; NA, not 
applicable; NF1, neurofibromatosis type 1; NS, Noonan syndrome; SCQ, Social Communication Questionnaire; SRS, Social Responsiveness Scale.
aSubsample from Garg, Lehtonen, et al. (2013)39, proportional to the original distribution categories of SRS scores. When corrected for the original male-to-
female ratio in the sample of Garg, Lehtonen, et al. (2013) instead of the ratio in the subsample, ASD sex ratio is estimated at 2.00:1.
bNot possible to calculate a sex ratio because only NF1 males (27% of males) scored above the SCQ cut-off.
cUncorrected for male-to-female ratio of the sample in which the ASD participants were identified, as this was not reported.
dPooled data from Garg, Green, et al. (2013)1, Plasschaert et al. (2015)10, and Stivaros et al. (2018)5.
ePooled data from Garg, Green, et al. (2013)1, and Stivaros et al. (2018)5.
fPooled original data with those from Garg, Lehtonen, et al. (2013)39, Walsh et al. (2013)31, Adviento et al. (2014)25, Constantino et al. (2015)27, and Plasschaert 
et al. (2015)10.
gPooled data from Garg, Green, et al. (2013)1, Garg et al. (2017)3, and Stivaros et al. (2018)5.
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4.3.3  |  Attention-deficit/hyperactivity 
disorder (ADHD)

Findings on the relationship between ADHD and ASD in 
NF1 are shown in Table 4. Based on these findings, a high 
comorbidity between ASD and ADHD is evident, with a 
correlation between ASD and ADHD symptoms. Cohen 
et al. reported that the 10% of their NF1 sample who met 
the SCQ cut-off for ASD already had a clinical ADHD di-
agnosis (Cohen et al., 2022). Indicating high comorbidity, 
Garg et al. found 40.3% of their NF1 sample (n = 109) to 
have both ASD and ADHD according to the SRS (total T 
score >60) and the Conners' Parent Rating Scale-Revised, 
and 18.2% to have ASD without ADHD. Using a more con-
servative SRS T score cut-off of 76, these figures became 
25% and 4.8%, respectively (Garg, Lehtonen, et al., 2013). 
Hirabaru and Matsuo (n = 143) found the same pattern 
using the SRS cut-off of 76: 18.9% with ASD and ADHD, 
and only 1.8% with ASD without ADHD (Hirabaru & 
Matsuo, 2018). T scores higher than 60 on the SRS Total 
scale and the Social cognition and Social communication 
subscales were found significantly more frequently in NF1 
patients with a research diagnosis of ADHD compared to 
NF1 patients without ADHD by Walsh et al. (n = 66). After 
correction for false discovery rate, significant correlations 
were found between the Inattention score of the Vanderbilt 
ADHD Diagnostic Parent Rating Scale (VADPRS) and all 
SRS subscales, except Social awareness. There was a sig-
nificant correlation between the Hyperactivity/impulsiv-
ity VADPRS score and the SRS Social cognition subscale 
as well (Walsh et al., 2013). Three studies found positive 
correlations in NF1 between SRS total T scores and differ-
ent versions of the Conners ADHD rating scales, but the 
two variables displayed different distributions. SRS scores 
were unimodally distributed, whereas ADHD indices 
were bimodal, implying comorbidity instead of confound-
ing (Constantino et  al.,  2015; Morris et  al.,  2016; Payne 
et  al.,  2020). Another study (n = 122) found a moderate 
positive correlation between both Conners' parent scales 
inattention and hyperactivity/impulsivity T scores, and 
SRS T scores. SSIS scores were also moderately correlated 
with inattention, and weakly with hyperactivity/impul-
sivity (Payne et  al.,  2020). Using the same instruments 
Haebich et al. found moderate to strong intercorrelations 
between ADHD symptoms and social skills (Haebich 
et  al.,  2022). In their analyses, ADHD symptoms medi-
ated the relationship between executive functions and so-
cial skills. Glad et al. found that SSIS social skills in early 
childhood were negatively correlated to Conners' hyper-
activity and inattention at the same age (Glad et al., 2021). 
At school age, social skills were negatively correlated 
with both inattention in early childhood and inattention 
and hyperactivity at school age. Morotti et al. applied the 

SRS in children with NF1 (n = 45) and typically develop-
ing children (n = 180). They found 30% of the significant 
difference in SRS total T score to be explained by CBCL 
ADHD subscale scores, and after analysis of covariance 
with the CBCL ADHD subscale, CBCL Internalizing 
scale, and Vineland Communication standard score, the 
difference became negligible. Stepwise multiple logistic 
regression with high or low SRS T score as dependent 
variable retained CBCL ADHD and Internalizing and 
Vineland Communication standard scores as significant 
predictors, but not group status (Morotti et  al.,  2021). 
When classifying based on the ADI-R and ADOS-G, Garg 
et al. (n = 47) found no significant differences in parent-
 and teacher-rated ADHD symptoms between children 
with NF1+ASD, NF1+bASD and NF1 without ASD 
(Garg, Green, et al., 2013). Chisholm et al. found a weak 
correlation between hyperactivity/impulsivity and ADI-R 
scores, but no correlation between ADHD symptoms and 
ADOS-2 scores (Chisholm et al., 2022). Concerning sen-
sory processing, Pride et al. found SP quadrant scores to 
be positively correlated with both inattention and hyper-
activity/impulsivity (Pride et al., 2023).

One study comparing ADHD rate in NS (n = 40) with 
and without ASD found no difference (Garg et al., 2017).

4.3.4  |  Cognition

Total Intelligence Quotient was not found to be a sig-
nificant modifier of ASD symptomatology in almost all 
studies involving NF1 and NS (Eijk et  al.,  2018; Garg 
et al., 2017; Pride et al., 2013; van Eeghen et al., 2013), 
but was not investigated in CS and CFC. Only Haebich 
et  al. found a significant but weak positive correla-
tion between SSIS social skills and full-scale IQ in NF1 
(Haebich et  al.,  2022). Furthermore, Pride et  al. found 
a weak negative relationship between full-scale IQ and 
SP quadrants Sensory registration and Sensory seeking 
(Pride et al., 2023). According to Garg et al., verbal IQ 
and SRS T scores were significantly correlated in NF1 
(n = 36) (Garg et al., 2015).

Four studies looked at the association between exec-
utive functioning and ASD symptoms in NF1. The first 
study measured the correlation between SRS scores and 
five tests from the Amsterdam Neuropsychological Tasks 
(n = 30). The researchers found significant correlations 
between ASD traits and information processing speed, 
social information processing, cognitive control, and total 
cognition. Autistic traits remained significantly higher 
in NF1 compared to HC after correction for total cogni-
tion (Huijbregts & de Sonneville, 2011). Because of these 
correlations, a second study (n = 14) corrected SRS scores 
for the total score on the parent-rated Behavior Rating 
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T A B L E  4   Effect ADHD on ASD outcome in NF1.

ADHD instrument
ASD 
instrument Reported relationship between ADHD and ASD Authors and year

CPRS-R, CTRS-R ADI-R, 
ADOS-G

•	 Equal ADHD symptoms in NF1+ASD, NF1+bASd, and 
NF1 without ASD

Garg, Green, 
et al. (2013)

CPRS-R SRS •	 Using SRS cut-off ≥60: 40.3% ASD+ADHD and 18.2% ASD 
without ADHD

•	 Using SRS cut-off ≥76: 25% ASD+ADHD and 4.8% ASD 
without ADHD

Garg, Lehtonen, 
et al. (2013)

VADPRS/taking 
stimulant medication

SRS •	 In NF1+ADHD significantly more often total T score, social 
cognition, and social communication >60 than in NF1-ASD

Walsh et al. (2013)

Conners-3, CAARS SRS •	 Moderate positive correlation between SRS total T score 
and ADHD measures, but different distribution

Constantino 
et al. (2015)

CAARS, CADS, 
Conners-3, CPRS

SRS •	 Moderate positive correlation between SRS total T score 
and ADHD measures, but different distribution and sex 
ratio

Morris et al. (2016)a

ADHD-RS4 SRS •	 Using SRS cut-off ≥76: 18.9% ASD+ADHD and 1.8% ASD 
without ADHD

Hirabaru and 
Matsuo (2018)

CADS, Conners-3 SRS, SSIS •	 Moderate positive correlation between SRS total T score 
and both Inattention and Hyperactivity/impulsivity

Payne et al. (2020)

CBCL SRS •	 Significant positive correlation between SRS and CBCL 
ADHD subscale

•	 30% of SRS difference between NF1 and TD accounted for 
by CBCL ADHD

•	 In the regression model CBCL ADHD, CBCL Internalizing, 
and Vineland Communication significant predictors of SRS 
score, but not NF1/TD group status

Morotti et al. (2021)

CPRS, Conners-3 SSRS, SSIS •	 Hyperactivity and inattention in early childhood negatively 
correlated with social skills in early childhood

•	 Both inattention in early childhood and hyperactivity and 
inattention at school age negatively correlated with social 
skills at school age

Glad et al. (2021)

CADS, Conners-3 SRS, ADOS-2, 
ADI-R

•	 Both hyperactivity/impulsivity and inattention weak to 
moderately positively correlated with SRS total T scores

•	 Hyperactivity/impulsivity weakly positively correlated with 
ADI-R scores

•	 No correlations between ADHD symptoms and ADOS-2 
scores

Chisholm et al. (2022)

VABS-II, DSM-IV-TR SCQ •	 All participants screening positive on the SCQ had a 
diagnosis of ADHD

Cohen et al. (2022)

SDQ SEARS-P •	 Higher hyperactivity/inattention predictive of both lower 
social competence and lower empathy

Foy et al. (2022)

CADS, Conners-3 SSIS •	 Moderate to strong intercorrelations between social skills, 
ADHD symptoms, and executive functions

•	 ADHD symptoms mediate the relationship between 
executive functions and social skills

Haebich et al. (2022)

Abbreviations: ADHD-RS4, ADHD Rating Scale 4; ADI-R, Autism Diagnostic Interview-Revised; ADOS-G, Autism Diagnostic Observation Schedule-Generic; 
CAARS, Conners Adult ADHD Rating Scale; CADS, Conners ADHD/DSM-IV Scales; CBCL, Child Behavior Checklist; Conners-3, Conners parent report form; 
third edition; CPRS-R, Conners Parent Rating Scale–Revised; CTRS-R, Conners Teacher Rating Scale-Revised; NF1+ASD, only NF1 participants preselected on 
ASD; NF1+bASD, only NF1 participants preselected on broader ASD, excluding ASD itself; NF1-ASD, only NF1 participants without ASD; SDQ, Strengths and 
Difficulties Questionnaire; SRS, Social Responsiveness Scale; TD, Typically developing; VABS-II, Vineland Adaptive Behavior Scales-2nd edition; VADPRS, 
Vanderbilt ADHD Diagnostic Parent Rating Scale.
aPooled original data with those from Garg, Lehtonen, et al. (2013)39, Walsh et al. (2013)31, Adviento et al. (2014)25, Constantino et al. (2015)27, and Plasschaert 
et al. (2015)10.
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Inventory of Executive Function (BRIEF) and the cogni-
tion scale of the Dysexecutive Questionnaire, but the SRS 
Total score and subscales Social motivation and Autistic 
mannerisms remained significantly higher than in HC 
(Loitfelder et al., 2015). The third study (n = 42) compared 
executive functioning in NF1 with iASD and HC using 
an extensive test battery involving inhibition, flexibility, 
generativity, spatial working memory, and planning, and 
the BRIEF (Plasschaert et  al.,  2016). Because many dif-
ferences in EF remained after correction for IQ and SRS 
scores, executive functioning was considered a core fea-
ture in NF1 and ASD symptomatology was not corrected 
for executive functioning. Finally, as already mentioned 
in the section on ADHD symptoms, Haebich et al. found 
significant moderate to strong intercorrelations between 
social skills measured with the SSIS, ADHD symptoms ac-
cording to the Conners rating scales, and executive func-
tions measured with the BRIEF. According to mediation 
analyses, there was an important direct effect of executive 
functions on social skills, but also a mediating effect of 
both inattention and hyperactivity/impulsivity (Haebich 
et al., 2022).

4.3.5  |  Genotype

Multiple authors reported an unimodal distribution of 
SRS T scores in NF1 in combination with significantly 
higher mean scores than population norms (Constantino 
et al., 2015; Morris et al., 2016; Payne et al., 2020), imply-
ing that all pathogenic NF1 variants are associated with 
an increase in ASD traits. One study reported the same 
phenomenon in NS, CFC, and CS (Adviento et al., 2014). 
The lowest variance was seen in the group with CS, 
which is also the RASopathy with the least heterogene-
ous pathogenic variants of these three syndromes (Grant 
et al., 2018). Intraclass correlations between first-degree 
relatives with NF1 found high correlations, suggesting 
specificity of NF1 pathogenic variants for the increase 
in ASD symptoms (Constantino et  al.,  2015; Morris 
et al., 2016). One study found NF1 patients with a micro-
deletion (n = 30) to have a higher level of ASD symptoms 
compared to NF1 patients with an intragenic variant ac-
cording to the SRS (Kehrer-Sawatzki et al.,  2020). One 
study (n = 57) detected significantly lower SRS T scores 
in NF1 caused by a variant in the 5′-end of the NF1 gene, 
with scores in the normal range compared to participants 
with a variant in the 3′ end (Morris & Gutmann, 2018). 
In the study by Alfieri et  al., comparison of SCQ/M-
CHAT scores between NS (n = 38) caused by a variant in 
the PTPN11, SOS1, and RAF1 genes showed no signifi-
cant difference (Alfieri et al., 2014).

5   |   DISCUSSION

5.1  |  ASD profiles in RASopathies

With this systematic review, we investigated if 
RASopathies have a distinct ASD profile compared to 
iASD and whether a specific RASopathy is associated 
with its own ASD profile. RASopathy patients on average 
display more ASD features than US and the general pop-
ulation, and less than iASD. For all RASopathies, there 
is evidence for more individuals fulfilling an ASD diag-
nosis than in the general population. The available evi-
dence does not support the existence of an ASD profile in 
RASopathies that differs from the one observed in iASD. 
However, because the current literature contains many 
limitations and inconsistencies, a distinct ASD profile in 
RASopathies cannot be ruled out.

Based on studies that directly compare RASopathies 
CFC patients have the highest levels of ASD features and 
most frequently receive an ASD classification, while NF1 
patients have the lowest levels and are least likely to re-
ceive an ASD classification. Findings for NS and CS are 
situated in between. While quantitative differences in 
ASD traits between the RASopathies exist, these differ-
ences become non-significant when only individuals 
with both a RASopathy and ASD are compared. Here too, 
the available literature does not allow us to confirm that 
RASopathies differ in terms of their ASD profile, with-
out being able to rule out this possibility. Once again, the 
lack of a clear conclusion can largely be traced back to a 
number of inherent limitations in the research literature. 
A number of these limitations are discussed in a separate 
section below.

5.2  |  Moderating factors

5.2.1  |  Age

There exists evidence for an age effect on ASD traits in 
NF1, but the direction of this effect depends on the instru-
ment being used. While SRS data suggest that the amount 
of ASD symptoms is the highest between 8 and 17 years 
(Morris et al., 2016; Plasschaert et al., 2015), ADI-R data 
suggest an improvement in impairment on the ASD symp-
tom domains after 4–5 years of age (Chisholm et al., 2023). 
Furthermore, parents report most impairment in social 
skills on the SSIS at 3 years of age (Glad et al., 2021). Both 
the SRS and the SSIS have recently been recommended to 
measure social functioning in NF1 (Janusz et al., 2021), but 
while the SRS was specifically designed to capture impair-
ments in social interaction and communication related to 
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ASD, the SSIS is a measure of broader social functioning. 
This different scope may in part explain the contradic-
tory findings, but an increase in ASD-related behavior as 
picked up by the SRS remains difficult to reconcile with 
an improvement in social functioning measured by the 
SSIS. Other studies used different instruments depending 
on age, making differences between age groups hard to 
interpret (Tinker et  al.,  2014). Clearly, further research 
evaluating ASD symptoms across a wide age range with 
an instrument that performs reliably at all ages is most 
welcome. Longitudinal data instead of cross-sectional 
measurements would be ideal to assess age effects on ASD 
symptoms in NF1. Findings in other RASopathies are lim-
ited and inconclusive, mainly because possible age effects 
can also be explained by differences between instruments 
and small sample sizes (Niemczyk et al., 2015; Schwartz 
et al., 2017; Young et al., 2018).

5.2.2  |  Sex

In NF1 more males than females are classified as having 
ASD, but the reported male-to-female ASD ratio is vari-
able and smaller than in iASD (Adviento et al., 2014; Eijk 
et al., 2018; Garg et al., 2015, 2016; Garg, Green, et al., 2013; 
Geoffray et  al.,  2021; Hirabaru & Matsuo,  2018; Morris 
et al., 2016; Plasschaert et al., 2015; Stivaros et al., 2018). 
Moreover, NF1 studies found higher total scores and 
sub-scores on the SSIS, SRS, ADOS, and ADI-R in boys 
compared to girls. Most of these differences disappear 
when only participants with a research diagnosis of ASD 
are compared (Chisholm et  al.,  2023; Garg et  al.,  2016; 
Morris et al., 2016; Pride et al., 2013; Walsh et al., 2013). 
NF1 pathogenic variants increase the expressivity of ASD 
traits in both males and females (Constantino et al., 2015; 
Morris et al., 2016; Payne et al., 2020). In NS, all included 
studies find a male predominance, but the sex ratios are 
variable (Adviento et al., 2014; Garg et al., 2017; Geoffray 
et  al.,  2021). Estimates of the ASD sex ratio in CFC are 
all close to one (Adviento et al.,  2014; Garg et al.,  2017; 
Geoffray et  al.,  2021). The variability in ASD sex ratios 
in NF1 and NS can at least partly be explained by differ-
ences in methodology to attribute ASD status. An impor-
tant issue in studying sex differences in ASD traits is the 
choice to use norm scores that have been adjusted for sex 
or not. Some norm scores (e.g., SRS T scores) take the 
generally better social and communicative functioning 
of females into account. This method increases the sen-
sitivity to detect an increase in ASD traits in females but 
in doing so tends to diminish differences between males 
and females. The ADI-R and ADOS algorithms, in con-
trast, have no separate cut-offs for males and females. Of 
course, this does not completely rule out the possibility 

that parents and clinicians rate the same behaviors differ-
ently depending on sex. However, this difference could 
explain why estimates of ASD sex ratios in NF1 based on 
SRS cut-offs are closer to one than those based on ADOS 
and/or ADI-R. Chisholm et al. also note that in their study 
comparing boys and girls with NF1 selected on exceeding 
the SRS T score cut-off boys still have higher ADI-R and 
ADOS scores, which may in part be due to the fact that the 
SRS-selected boys with a slightly higher level of ASD traits 
than that in the girls (Chisholm et al., 2023). The appro-
priateness of the choice to use norms based on biological 
sex is related to the precise question to which an answer 
is sought: comparing symptomatology between men and 
women within the same population, detecting a difference 
between two groups of mixed gender, screening for pos-
sible ASD in an individual, or something else.

In the case of CFC however, due to the generally high 
symptom burden, the majority of patients received an 
ASD diagnosis regardless of study criteria, explaining why 
the sex ratio is closer to one and less variable.

5.2.3  |  Cognition

ASD traits in NF1 and NS were mostly found to be in-
dependent of total IQ, and whenever significant correla-
tions were found, these were weak (Eijk et al., 2018; Garg 
et  al.,  2017; Pride et  al.,  2013; van Eeghen et  al.,  2013). 
However, the majority of NF1 patients have a total IQ in 
the normal range (TIQ > 70), and it is possible that the im-
pact of total IQ is more pronounced at extreme values. An 
indication for this is NF1 patients with an NF1 microde-
letion having more often a TIQ < 70 in combination with 
higher SRS scores in comparison to NF1 patients with 
other pathogenic variants (Kehrer-Sawatzki et al., 2020). 
In NF1 ASD traits and aspects of executive functioning are 
negatively correlated, but deficits in executive functioning 
do not completely explain the high ASD symptomatology. 
The relationship between executive functioning and ASD 
symptoms is mediated by ADHD symptoms (Haebich 
et al., 2022; Huijbregts & de Sonneville, 2011; Loitfelder 
et al., 2015; Plasschaert et al., 2016). Our review did not 
include studies on the correlations between intelligence, 
adaptive or executive functioning, and ASD traits in CS 
or CFC. Because total IQ and adaptive functioning are 
generally lower in these syndromes (Axelrad et al., 2011; 
Pierpont et  al.,  2014) and instruments such as the SRS 
tend to yield higher scores in the case of intellectual dis-
ability or impairment in adaptive functioning (Havdahl 
et al., 2016; Hus et al., 2013), significant correlations could 
be expected. The higher burden of ASD traits in CFC in 
comparison to other RASopathies could be attributable to 
lower IQ, but we found no data to corroborate this.
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5.2.4  |  ADHD

Evidence in NF1 points toward a correlation between meas-
ures of ADHD and ASD traits (Constantino et al., 2015; 
Morris et al., 2016; Walsh et al., 2013). However, instru-
ments are not entirely specific for ASD or ADHD this is to 
be expected (Grzadzinski et al., 2016; Havdahl et al., 2016; 
Hus et al., 2013) and the literature also indicates a high 
comorbidity in NF1 (Cohen et al., 2022; Garg, Lehtonen, 
et al., 2013; Hirabaru & Matsuo, 2018; Walsh et al., 2013). 
There is an intercorrelation between measurements of 
ASD traits, ADHD symptoms, and executive functioning 
in NF1 (Haebich et  al.,  2022). While these concepts are 
theoretically distinct, it is a challenge to unambiguously 
attribute observable behaviors to only one of them, even 
leading to some authors questioning if there is a “true” 
increase in ASD symptoms in NF1 or if elevated scores 
can be attributed to confounding with ADHD (Fombonne 
et al., 2021; Morotti et al., 2021). Furthermore, it can be 
argued that statistically correcting one variable for cor-
relations with another artificially reduces the clinical 
phenotype of NF1 consisting of impairments on multiple 
domains (Morris et al., 2021).

5.2.5  |  Genotype

The unimodal, pathologically shifted distributions of ASD 
features in NF1, NS, CS, and CFC suggest that all patho-
genic variants involved lead to an increase in ASD traits. 
However, in one study higher quantitative autism traits 
were detected in NF1 subjects with a variant at the 3′ end, 
as opposed to variants at the 5′ end of the NF1 gene (Morris 
& Gutmann, 2018). In addition, intraclass correlation be-
tween NF1 first-degree relatives suggested mutation speci-
ficity for quantitative ASD traits (Constantino et al., 2015; 
Morris et al., 2016). NF1 microdeletions lead to a higher 
burden of quantitative autism traits, which is in line with 
the more severe somatic phenotype and a higher preva-
lence of neurodevelopmental disorders in these patients, 
reported in the same study (Kehrer-Sawatzki et al., 2020). 
Because these patients with a microdeletion also have a 
lower IQ, it is unclear if the elevated SRS scores mainly re-
flect an effect of cognition, higher ASD symptom burden, 
or a combination of both.

5.3  |  Limitations of the 
included literature

The number of participants with NS, CFC, and CS in 
the included studies is minor compared to NF1 partici-
pants, even though NS (prevalence 1:1000–1:2500) is 

estimated to be more frequent than NF1 (prevalence 
1:2600–1:3000) (Jafry & Sidbury,  2020). This makes 
comparisons between NF1 and other RASopathies chal-
lenging and makes it tempting to generalize findings 
from NF1 to other RASopathies. An important amount 
of research results has already been published describ-
ing the ASD phenotype of NF1, while this cannot be said 
about the other RASopathies. Another striking finding 
is that children and young people are better represented 
in published research than adults, which poses the risk 
of extending conclusions based on minors to the adult 
population with RASopathies. Although we decided to 
include studies published from 1994 onwards, we note 
that the oldest publication we could include in our re-
view dates from 2011. In our opinion, this illustrates 
that only quite recently has a clear interest in ASD in 
RASopathies, coupled with a systematic research effort, 
emerged. However, a review by Chisholm et al. does sug-
gest that active research was already being conducted 
into broader social functioning within NF1 in the pre-
ceding period (Chisholm et al., 2018).

While we already reduced the amount of research in-
struments through our exclusion criteria, different instru-
ments measuring ASD symptoms are used across studies, 
each highlighting different behavioral aspects and com-
plicating comparisons. Furthermore, most data consist 
of a general measurement of ASD symptoms and do not 
allow a fine-grained appreciation of different ASD sub-
domains. When more refined analyses were performed 
than just determining the total quantity of ASD symp-
toms, this was often at the level of the A and B domains 
of the DSM-5 criteria. At the same time, it is already clear 
based on these criteria themselves that the A and B do-
mains are composed of very different behaviors that can 
be further broken down. The DSM-5 criteria for ASD un-
derwent an important change compared to the DSM-IV 
in that abnormalities in sensory sensitivity were also 
included. Yet the only 2 studies that specifically investi-
gated this domain in RASopathies and that we were able 
to include only dated from 2023 (Onesimo et  al.,  2023; 
Pride et al., 2023). The included studies were flawed due 
to small sample sizes, inconsistent investigation of mod-
ifiers, and inconsistent use of HC and iASD controls, 
compromising our analysis and reducing the precision of 
effect estimates. In some studies, bias arose due to retro-
spective review of medical documents, parent-reported 
previous diagnosis of ASD, and in-depth analysis of ASD 
features exclusively in participants who screened pos-
itive on screening instruments. A major limitation of 
studies comparing RASopathies+ASD is that they often 
analyze scores on the instrument used to assign the ASD 
classification (e.g., scoring above the cut-off on the SRS 
or the ADOS/ADI-R). Against the background of a rather 
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continuous quantitative distribution of ASD symptoms 
in the population, the precise reason for doing this is 
often poorly substantiated but it also reduces an import-
ant part of the variation and lessens the chance of find-
ing a statistically significant difference. Some studies did 
not find significant differences comparing SRS T scores 
between males and females (Constantino et  al.,  2015; 
Morris & Gutmann, 2018; Payne et al., 2020; van Eeghen 
et  al.,  2013). Because norms to convert raw scores into 
T scores differ by sex, this could have reduced existing 
differences.

Essential differences exist between studies in how par-
ticipants were “diagnosed” with ASD. Sometimes this was 
a research classification based on either screening instru-
ments, in-depth assessment, or a combination of both. In 
other cases, this was a clinical diagnosis. Caution should 
be taken in the interpretation of results of screening in-
struments since specificity is low and ASD criteria are not 
elaborated. It can be questioned to what extent different 
measuring instruments and clinical assessments capture 
the same entity. This issue was illustrated by the few stud-
ies that reported the relationship between SCQ/M-CHAT, 
SRS, and ADOS, on the one hand, and clinical diagnosis 
on the other hand (Alfieri et al., 2014; Eijk et al., 2018). 
In a recent study, an interesting fine-grained analysis of 
endorsement of ADI-R and ADOS items was done in a 
group of NF1 participants selected based on an SRS total 
T score ≥ 60 (Chisholm et al., 2022). The authors acknowl-
edged this makes their sample not representative of all 
children with NF1, but were confident that they selected 
the majority of children that would show significant fea-
tures of ASD on the ADI-R or the ADOS. Given the fact 
that SRS and ADOS have been shown to disagree on clas-
sifications in both directions (Eijk et  al.,  2018; Lubbers 
et al., 2022), this assumption is debatable.

Incomplete molecular confirmation may have resulted 
in the inclusion of participants with an incorrect clinical 
RASopathy diagnosis and constrained the possibility to 
investigate genotype–phenotype correlations. The lack 
of molecular confirmation was most remarkable in NF1 
participants, as the NF1 gene was already cloned in 1990 
(Viskochil et al., 1990). Diagnostic criteria for NF1 were 
until recently based on clinical findings and did not men-
tion genetic status (National Institutes of Health,  1988). 
In the revised criteria, a pathogenic NF1 variant has been 
adopted, but it is still not a necessary criterion (Legius 
et  al.,  2021). Furthermore, as the authors of the revised 
criteria admit, patients with the much rarer Legius syn-
drome, caused by a pathogenic variant in the SPRED1 
gene, meet these criteria for NF1 as well. One to 2% of 
patients with a clinical diagnosis of NF1 are estimated to 
carry pathogenic variants in SPRED1 (Muram-Zborovski 
et  al.,  2010). No study included in this review makes a 

reference to the new diagnostic criteria for the inclusion 
of participants, and it is not clear if they will have an in-
fluence on the degree of molecular confirmation of NF1 
diagnosis in future research.

5.4  |  Implications for clinical 
practice and future research

Because of the high incidence of ASD symptoms in 
RASopathies clinicians should screen with low thresh-
olds. However, they should be careful when interpret-
ing screening results because in-depth assessment of 
individuals who screen positive shows that many do not 
meet the diagnostic criteria. Screening instruments are 
too little specific and capture developmental problems 
in RASopathies that are not related to an ASD diagnosis. 
Data to widely implement genotype–phenotype correla-
tion concerning ASD in RASopathies into clinical practice 
and counseling is currently lacking.

Future studies should compare sufficiently sized sam-
ples of different molecularly confirmed RASopathies, de-
scribing the observed ASD phenotype more extensively. 
This involves in-depth assessment of all participants. A 
broader arsenal of instruments should be used, with full 
reporting of all subscales to comprehensively cover the 
different diagnostic criteria of ASD. To inform clinical 
practice, comparing the data from these instruments with 
systematic clinical assessments of these patients would 
be particularly relevant. However, when trying to under-
stand the relationship between RASopathies and ASD 
symptoms, considering the indications for a continuous, 
unimodal distribution of ASD symptoms in these syn-
dromes, the unclear relationships between instrument 
classifications and clinical diagnoses, and the statistical 
limitations caused by delineating subgroups for analysis, 
it seems advisable to take a more dimensional approach, 
studying the entire RASopathy population, regardless of 
ASD status. Researchers should appreciate the variability 
observed between and within syndromes. This heteroge-
neity invites us to not only look at the mutation in the 
Ras/MAP-kinase pathway but also to consider other fac-
tors that shape the phenotype: genetic and environmen-
tal factors, level of cognitive impairment, and adaptive 
functioning. Consistent analysis and reporting of influ-
ence of gender, age, executive functioning, and ADHD 
should be considered. Prospective or repeated cross-
sectional study designs are warranted to map age effects. 
The study sample and the choice of the comparison group 
should also be tailored to the specific research question 
at hand. When we want to investigate the effect of RAS/
MAPkinase pathway mutations on ASD symptoms irre-
spective of ASD diagnosis and distinguish this from the 
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effect of other genetic and environmental influences, in 
most cases unaffected siblings are the preferred compari-
son group, but a comparison group from the general pop-
ulation that is matched on important parameters such as 
gender and age can also serve. If we specifically want to 
know whether the ASD symptom profile of persons with 
RASopathy and ASD differs from that in iASD, an iASD 
comparison group is logical, but it would be particularly 
useful if the diagnosis of ASD in both groups was made 
in the same way, for example after clinical assessment. 
In the included literature, RASopathy patients are often 
selected for ASD on the basis of a measuring instrument, 
while in the iASD group, the diagnosis was often made 
after a clinical assessment. These recommendations are 
summarized in Table 5.

An interesting objective for future research that 
even goes beyond a better understanding of ASD in 
RASopathies is to develop treatments and interventions 
for individuals with RASopathies and ASD, determine 
how effective these are, and how their effectiveness can be 
improved. In this context, we should not lose sight of the 
fact that improving overall functioning and quality of life 
is probably an even more relevant endpoint than reducing 
ASD symptoms.

6   |   CONCLUSION

This systematic review indicates an elevated level of ASD 
traits in RASopathies compared to the general population. 
RASopathies differ from each other regarding the amount 
of ASD traits, while a qualitative difference in ASD symp-
toms is not supported by the data. Furthermore, as in the 
general population, ASD symptoms are unimodally and 

continuously distributed in RASopathy patients. The 
current literature does not provide sufficient evidence to 
indicate a specific ASD profile in RASopathies, but also 
contains many gaps and methodological limitations. Age 
effects on ASD symptomatology can be suspected, espe-
cially in the case of NF1, but longitudinal studies to cor-
roborate this are missing. There is a lack of validated, 
uniform, and comprehensive in-depth measurements of 
ASD traits in studies, inconsistent use of controls, and in-
consistent choices of control groups. Although we have 
not found a clear answer to our research questions, an im-
portant added value of our review is that it not only sum-
marizes what is already known, but critically reexamines 
the interpretation of some findings that are put forward 
in the research literature. This concerns, among other 
things, the question to what extent the different instru-
ments measure the same construct and how specifically 
it concerns ASD-related behavior instead of other devel-
opmental problems. In addition, we raise the question of 
how the results of scientific research relate to the clinical 
diagnoses of ASD in RASopathies, and why this has not 
received much attention so far. The added value of spe-
cifically delineating subgroups with a research diagnosis 
of ASD for separate analyses is also questioned in light of 
the continuous distribution of ASD characteristics. In ad-
dition to critically questioning some assumptions in the 
literature and identifying methodological shortcomings 
that hinder a better understanding, we also formulate 
several recommendations that can remedy this. We urge 
researchers to consider a dimensional approach across 
diagnostic boundaries. To get a grip on the ASD pheno-
type in RASopathies and advance the fields of behavioral 
genetics and developmental psychiatry, future research 
should use samples of adequate size and with molecularly 
confirmed clinical diagnoses, comprehensive phenotyp-
ing using reliable instruments, and control groups that 
are consistent with the research questions.
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T A B L E  5   Recommendations for future research on ASD in 
RASopathies.

•	 Molecular confirmation of RASopathy diagnosis
•	 Sufficiently sized samples for the effect being studied
•	 Systematic in-depth assessment of all participants, regardless 

of screening status
•	 Use of a broad arsenal of validated instruments to 

comprehensively cover the different behavioral aspects of 
ASD

•	 Dimensional approach of ASD symptoms
•	 Contrasting of research findings with clinical assessment of 

participants
•	 Systematic measurement and reporting of possible modifiers 

(e.g., age, sex, cognition, ADHD symptoms)
•	 Prospective or repetitive cross-sectional designs to assess age 

effects
•	 Matching the study sample and comparison group to the 

main research question
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