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ABSTRACT
Background In clinical genetics, establishing an accurate 
nosology requires analysis of variations in both aetiology 
and the resulting phenotypes. At the phenotypic level, 
recognising typical facial gestalts has long supported clinical 
and molecular diagnosis; however, the objective analysis 
of facial phenotypic variation remains underdeveloped. 
In this work, we propose exploratory strategies for 
assessing facial phenotypic variation within and among 
clinical and molecular disease entities and deploy these 
techniques on cross- sectional samples of four RASopathies: 
Costello syndrome (CS), Noonan syndrome (NS), 
cardiofaciocutaneous syndrome (CFC) and neurofibromatosis 
type 1 (NF1).
Methods From three- dimensional dense surface scans, we 
model the typical phenotypes of the four RASopathies as 
average ’facial signatures’ and assess individual variation in 
terms of direction (what parts of the face are affected and in 
what ways) and severity of the facial effects. We also derive a 
metric of phenotypic agreement between the syndromes and 
a metric of differences in severity along similar phenotypes.
Results CFC shows a relatively consistent facial phenotype 
in terms of both direction and severity that is similar to CS 
and NS, consistent with the known difficulty in discriminating 
CFC from NS based on the face. CS shows a consistent 
directional phenotype that varies in severity. Although NF1 
is highly variable, on average, it shows a similar phenotype 
to CS.
Conclusions We established an approach that can be 
used in the future to quantify variations in facial phenotypes 
between and within clinical and molecular diagnoses to 
objectively define and support clinical nosologies.

INTRODUCTION
Nosology concerns the definition and delineation 
of diseases. It requires a balance between ‘lumping’ 
similar diseases together and ‘splitting’ others into 
separate entities.1 In clinical genetics, this process 
requires consideration of both aetiology and the 
resulting phenotype.2 At the aetiological level, 
next- generation sequencing has greatly informed 
our understanding of the genetics underlying many 
syndromes. This includes genotype- first approaches, 
which have revealed that many monogenic 
syndromes, previously thought to be well defined, 
exhibit a much broader phenotypic spectrum than 
previously realised.3 4 These findings have forced the 
definitions of certain syndromes and syndrome fami-
lies to be revised.5–7

At the phenotypic level, inter- syndrome and intra- 
syndrome variation can be difficult to define objec-
tively. Facial phenotyping in clinical genetics usually 
relies on recognition of a facial gestalt that is consid-
ered typical for a given clinical or molecular diagnosis 
and the translation of observations into standardised 
terminology.8 In recent years, this has been augmented 
with computer software, such as ‘Face2Gene’,9 10 for 
automated recognition of facial gestalts typical of 
various syndromes. Nevertheless, recognising facial 
gestalts does not yield straightforward measures of 
phenotypic variation and similarity. So- called ‘clin-
ical face phenotype spaces’11 12 are high- dimensional 
spaces derived from patient images, wherein distances 
correspond to facial similarities such that similar 
patients and phenotypically similar disorders are 
positioned together. Despite the potential to inform 
nosological discussions, it remains unclear how 
phenotypic variation and similarity should be assessed 
within such a space. Different molecular or clinical 
entities can exhibit similar facial changes to the same 
parts of the face, but with different severity.13 Alter-
natively, different parts of the face may be affected, 
or the same parts may be affected in different ways. 
In this work, we develop an exploratory strategy for 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Nosology in clinical genetics requires 
consideration of both aetiology and the 
resulting phenotype. While next- generation 
sequencing has advanced our understanding 
of the aetiology of many genetic conditions, 
methods for analysing facial phenotypic 
variation are underdeveloped.

WHAT THIS STUDY ADDS
 ⇒ This study describes a method for analysing 
variation in the facial phenotype within and 
among related conditions and applies the 
methods to samples of four RASopathies: 
Costello syndrome, Noonan syndrome, 
cardiofaciocutaneous syndrome and 
neurofibromatosis type 1.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE AND/OR POLICY

 ⇒ This study facilitates the objective study of 
variation in facial phenotypes with a view to 
the development of more objective nosologies 
in clinical genetics.
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quantitatively describing the variation within, and similarities and 
differences among, facial phenotypes using dense three- dimensional 
(3D) surface scans. We deploy this approach to analyse four RASop-
athies. RASopathies are a family of well- studied disorders of the 
RAS/MAPK pathway, comprising Costello syndrome (CS), Noonan 
syndrome (NS), cardiofaciocutaneous syndrome (CFC) and neuro-
fibromatosis type I (NF1), among others. Facial similarity and vari-
ation are well- understood clinically within this family of disorders, 
making them an interesting test case for the proposed methodology.

MATERIALS AND METHODS
Sample
The RASopathy patient sample is derived from three estab-
lished resources: (1) the FaceBase repository (www.facebase. 
org; FB00000861)14 ; (2) the database of the Western Austra-
lian Health Department; and (3) Peter Hammond’s legacy 
3D dysmorphology dataset hosted at KU Leuven, Belgium. 
Data ascertainment is described in online supplemental text 
1. The study used all available data after excluding partici-
pants who: (1) had no image of acceptable quality; (2) did 
not have necessary demographic data (age, sex and ancestry) 
reported; (3) failed image registration (see further); (4) were 
a second image of a patient already included in the analysis; 
or (5) were of non- European ancestry. This last criterion 
was applied because each patient was assessed relative to an 
openly available normative reference for 3D facial shape (see 
further), which is based only on participants of European 
ancestry. The final dataset comprised patients with a diagnosis 
of NS (n=129; 57 female), NF1 (n=42; 23 female), CFC 
(n=51, 28 female) or CS (n=46; 30 female). Online supple-
mental table 1 shows numbers of participants remaining after 
each exclusion criterion was applied. Figure 1 illustrates the 
final dataset broken down by age, sex, clinical diagnosis and 
molecular diagnosis at the level of the affected gene. Online 
supplemental table 2 reports further details of the molecular 
diagnosis per participant.

Image preprocessing
Image processing
To obtain standard facial representations, each 3D facial 
photograph was non- rigidly registered with a standard 
template using the ‘MeshMonk’ MATLAB toolbox,15 16 
resulting in a representation of each face as a standard set 
of 7160 points. Images were visually inspected and were 
excluded if the registration had failed.

Each standardised point configuration was then converted 
into a ‘facial signature’,17 which codes the deviations of each 
point on each patient from an age and sex matched normative 
reference face as z- scores. This essentially removes variation 
due to normal growth and sex differences on the face. This 
was done using the open- source 3D Growth Curves and Facial 
Assessment Toolbox in MATLAB, a normative reference for 
3D facial shape based on a sample with European ancestry.18 
Facial signatures were calculated along the x (lateral–medial), 
y (inferior–superior) and z (anterior–posterior) direction 
as well as the direction normal to the facial surface at each 
quasilandmark. Facial signatures in the x, y and z direc-
tions were concatenated to define a single feature vector for 
each patient, which was used for all subsequent computa-
tion. These procedures essentially define a position for each 
patient in a high- dimensional space where each element of 
the feature vector is an axis and distance corresponds to facial 
similarity. The signatures along the surface normal were only 

used in visualisations. Furthermore, for visualisation, an age- 
normalised and sex- normalised facial shape of each patient 
was created by subtracting the coordinates of the age- and- sex- 
specific expected face from the coordinates of the patient and 
adding back on the coordinates of the overall average face of 
the 3D Growth Curve training data.

Assessing phenotypic consistency within the RASopathies
We assessed phenotypic consistency in terms of variation in 
direction (what parts of the face are affected and in what 
ways) and severity (to what degree is the face affected in 
a manner that is typical of the syndrome). The foregoing 
calculations can be interpreted geometrically as illustrated in 
figure 2. The aggregate phenotype of each RASopathy was 
defined as the mean feature vector (mean signature) of all 
patients with the syndrome. Directional similarity of the ith 
individual to the jth syndrome mean signature was calculated 
as the cosine distance between the individual and group mean 
feature vector:

 
xij = 1−

ai·µj

∥ai∥·∥µj∥  
where  ai  is the feature vector of the individual and  µj  is 

the average feature vector of the jth syndrome. This defined 
the typical phenotype of each syndrome as a transformation 
away from normal. Geometrically speaking, this was a direc-
tion or vector and similarity to it was measured as an angle 
(figure 2). Anatomically, an example direction might, for 
instance, be loosely verbally described as the distance between 
the eyes widening in conjunction with a shrinking chin. Patients 
displaying this pattern (irrespective of severity) will have a small 
cosine distance to the mean. In the example, a patient with severe 
hypertelorism and micrognathia will have a low cosine distance, 
as will a patient with less severe hypertelorism and micrognathia, 
as well as a patient that is within normal range but has relatively 
widely spaced eyes and a small chin. A patient with the inverse 
difference (eg, hypotelorism and macrognathia) will have a high 
cosine distance. The cosine distance is readily interpretable as it 
is on a normalised scale from 0 to 2. Values greater than 1 indi-
cate the patient is better described displaying the inverse of the 
typical pattern than the typical pattern.

For the ith individual, their severity on the jth mean signature 
was:

 
pij =

ai·µj

∥µj∥  
Geometrically, this was a projection onto the average signature 

and was a scalar measure of the magnitude of the facial effect 
in the direction of the average signature. In the example intro-
duced previously, a patient with more extreme micrognathia and 
hypertelorism will have a higher severity score than one with 
these features to a lesser degree. Variation in direction within 
a syndrome was measured as the root mean squared cosine 
distance from their average signature; we call this the ‘direc-
tional variation statistic’. Variation in severity was measured by 
the standard deviation (SD) of their severity scores; we call this 
the ‘severity variation statistic’.

Assessing phenotypic variation among the RASopathies
Two clinical or molecular entities may drive variation along 
similar or different directions. We assess this for each pair of 
disorders using the cosine of the angle between the mean signa-
tures of the two disorders μI and μj:

 
cij =

µi·µj

∥µi∥·∥µj∥  
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We call this this the ‘phenotype agreement score’. This ranges 
from 1 indicating the two signatures point in the same direction 
to −1, indicating the two signatures point in opposite directions.

Clinical or molecular disease entities may produce similar 
directional phenotypes but differ in severity. Therefore, we 
suggest a complementary measure: the ‘severity difference 
score’. For each pair of syndromes, we compute the mean of 
the two average signatures and compute the severity scores 
of patients along this combined phenotype. We then compare 

the distributions of severity scores between the two syndromes 
using Cohen’s d statistic, which is the difference between the 
syndrome means divided by the average of the SD of the two 
groups. Throughout, we use a leave- one- out approach, where 
the patient being scored is excluded from the estimation of the 
average signature. To estimate CIs of each statistic observations 
within each syndrome were randomly resampled 1000 times 
and the cosine distances, severity and derived statistics were 
recalculated.

Figure 1 The RASopathy sample. Left shows the distribution of ages for each sex per group and the proportion of subjects coming from each of the three 
databases. Right shows numbers of molecularly confirmed (broken down by the affected gene) and unconfirmed cases. FB: the FaceBase repository; PH: 
Peter Hammond’s legacy three- dimensional dysmorphology collection; WAHD: the Western Australian Department of Health.
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Interpreting the magnitude of the statistics
To estimate what constitutes moderate, strong and very strong 
consistency, we computed the two variation statistics on a 
sample of 39 syndromes and craniofacial malformations. We 
defined values indicating ‘moderate’, ‘strong’ and ‘very strong’ 
consistency as those lower than the 20th, 10th and 5th percen-
tiles, respectively, of the distributions of these statistics. Simi-
larly, to determine what is a ‘moderate’, ‘strong’ or ‘very strong’ 
phenotype agreement or severity difference, we computed these 
statistics for all pairs of syndromes in the expanded dataset 
and used thresholds corresponding to the 80th, 90th and 95th 
percentiles, respectively. These thresholds are arbitrary but quite 
conservative compared with common guidelines for interpreting 
other effect sizes. For comparison commonly used thresholds for 
Cohen’s d (small=0.3, mod=0.5, large=0.8) indicate the mean 
of the second sample is positioned at the 62nd, 69th, and 79th 
percentiles of the first sample, respectively. The data used are 
described in online supplemental table 3, and the distributions 
of the statistics are reported in online supplemental figure 1 and 
online supplemental table 4.

RESULTS
Average signatures
In this section, we assess the typical facial phenotypes of each 
RASopathy. Figure 3 illustrates the average signature of each of 
the RASopathies. The signatures in the left panel describe the 
transformation visually in the horizontal (blue indicates lateral 
displacement, red indicates medial displacement), vertical (blue 
indicates inferior displacement, red indicates superior displace-
ment) and depth (blue indicates posterior displacement, red indi-
cates anterior displacement) directions as well as the directions 
locally perpendicular to the surface (blue indicates locally inward 
displacement, red indicates locally outward displacement). 
Many dysmorphic features typically used in clinical genetics can 
be inferred from particular colour patterns in these signatures: 
anterior and locally outward displacement of the points on the 
lips is consistent with full lips; posterior and inward displace-
ment of the zygomatic region is consistent with malar hypoplasia; 
superior and posterior displacement of the points of the nose is 
consistent with a short, depressed nose; and inward and poste-
rior displacement of points on the chin, together with a medial 
displacement of the left and right sides of the chin, indicates 
a retruded chin and narrow jaw consistent with micrognathia. 
These four clinical features, while most pronounced in CS, are 
present to some degree in all four of the RASopathy syndromes. 
Anterior displacement of the forehead indicates forehead prom-
inence, which occurs to differing degrees in CFC, CS and NF1. 
Complex changes in all three dimensions, although also coded 
in the facial signatures, are most easily visually appreciated by 
inspecting the average and exaggerated faces. For example, the 
eyes in CFC and NS are prominent and widespaced with down- 
slanting palpebral fissures.

Phenotypic consistency within the RASopathies
In this section, we assess the consistency of the facial phenotypes 
displayed within the samples of each of the four RASopathies. 
As described in the Methods, similarity to the average signature 
and severity was measured for each individual. Kernel densities, 
fitted to the distributions of these statistics for each syndrome, 
are shown in figure 4A. Syndromes in which the face is typically 
affected in the same direction (the same facial features are trans-
formed in the same way, though potentially to different degrees) 
will have generally low cosine distances. This is indicated by the 
central tendency of these distributions and is summarised for 
each syndrome in the directional variation statistic (figure 4B). 
Individuals may also vary in the degree of this transformation 
(‘severity’), and syndromes may vary in how much individuals 
within the syndrome vary in severity. This is captured in the 
dispersion of the distributions of severity scores (figure 4A), 
which is measured for each syndrome in the severity variation 
statistic (figure 4B). The central tendency of the severity distri-
butions also partially reflects the average magnitude of the effect 
on the face but only in the direction modelled by the average 
signature; for example, faces exhibiting an extreme phenotype 
that is dissimilar to the average signature could have a low 
severity score. To put the two variation statistics into context, 
the estimated cut- offs indicating moderate, strong and very 
strong consistency are plotted as vertical and horizontal lines 
on figure 4B. To visually illustrate the breadth of the pheno-
types observed within each syndrome, figure 4C shows average 
faces and signatures of the five patients that are most and the 
five patients that are least similar to the average signature (left). 
The phenotypes in CS and CFC show moderate to strong consis-
tency in direction. NS shows slightly lower consistency, and NF1 

Figure 2 Description of cosine distance and severity measures. Each 
patient (A, B and C) is represented by their facial signature. The facial 
signature is shown graphically as a colour- coded map where red indicates 
the point on the face of the patient is displaced outwardly relative to 
normal and blue indicates it is displaced inwardly. The average signatures 
of all patients with Noonan syndrome and all patients with Costello 
syndrome are shown by the larger colour maps. Geometrically, each 
signature can be interpreted as a vector. Anatomically each signature can 
be interpreted as a particular transformation of facial shape away from 
average (blank signature), for example, eyes widening (red) in combination 
with a shrinking (blue) chin. Similarity, in terms of what parts of the face 
are affected in what ways is measured by the angle between two vectors. 
For example, patients A and B have small angles (low cosine distance) 
to the Noonan phenotype, indicating they are affected in a way that is 
characteristic of Noonan syndrome.
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shows very low consistency. CS and NF1 shows low consistency 
in severity, whereas CFC and NS are more consistent. This indi-
cates that within CS and within CFC, and to a lesser extent 
within NS, the face is usually affected in similar directions (facial 
features are affected in similar ways). CS stands out because the 
direction of the effect is very consistent, though with variable 
severity (facial features may be affected to a greater or lesser 
degree). The phenotype of NF1 shows low consistency in terms 
of both direction and severity.

Phenotype agreement and severity differences among the 
RASopathies
In this section, we assess similarities and differences, in terms 
of direction and severity, among the RASopathy phenotypes. 
The relationship among the four syndrome phenotypes is 
summarised graphically in figure 5. Figure part A plots the 
phenotype agreement and severity difference statistics for each 
pair of syndromes. In terms of phenotype agreement, CFC is 
very strongly similar to NS and to CS, while CS is less similar 
(in the strongly–very strongly range) to NS. This indicates that 
CFC phenotype is intermediate between NS and CS. NF1 is very 
strongly similar to CS.

To assess differences in severity between two syndromes along 
a single direction, the average signatures of both syndromes were 
averaged, and the two groups were ordinated and compared 
along this combined signature. This assessment is less mean-
ingful when there is less agreement between the average signa-
tures of both groups. NF1 shows a strong to very strong severity 

difference to CS and CFC, with NF1 being less severe and is 
very strongly similar to CS. CFC paired with NS shows less than 
moderate severity difference, as does CFC paired with CS, CS 
paired with NS, and NF1 paired with NS.

The overall relationship among the average signatures is also 
approximated graphically on the first two axes of an uncen-
tred principal components analysis of the average signatures 
and a signature that is all zeros (figure 5B). Here, the similarity 
between NF1 and CS is shown by their position along a similar 
vector from the origin, but at different distances, reflecting the 
difference in severity.

DISCUSSION
Over the past two decades, discovery of the molecular bases of 
many disorders has revealed unsuspected biological relationships 
among disorders that were previously thought to be unrelated.4 
At the same time, it has become clear that, for many Mende-
lian disorders, the range of associated phenotypes is consider-
ably broader than was realised initially.3 4 In many cases, this 
has resulted in substantial revision of syndrome nosology.5–7 The 
recognition of typical facial gestalts has long supported clinical 
delineation of craniofacial syndromes. However, as the range of 
associated phenotypes for a given syndrome has broadened, the 
facial phenotypic gestalt often has become unclear.

Clinical face phenotype spaces (CFPSs)11 12 position indi-
viduals within a continuous high- dimensional space, where 
informative image- based features, derived for all patients, are 
axes. Facially similar individuals and groups of individuals are 

Figure 3 Average facial signatures in the horizontal direction (medial displacement=red; lateral displacement=blue); vertical direction (inferior 
displacement=blue, superior displacement=red); and depth (posterior displacement=blue, anterior displacement=red) and the direction locally perpendicular 
to the face (locally inward displacement=blue, locally outward displacement=red). The middle panel shows the average age and sex normalised face of each 
group, and the final panel shows an exaggerated version of the age and sex normalised average face.
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positioned closely together in the space. Despite their potential 
for informing syndrome nosology, no established framework 
exists for establishing how syndromes are inter- related within 
such a space and how syndromes vary internally. In this work, we 
establish a CFPSfrom dense 3D surface scans, modelling varia-
tion in four RASopathies and develop a framework for exploring 
phenotypic variation within and among them.

An intuitively appealing approach to appreciate variation in 
a CFPS is to visualise the high- dimensional space as projections 
onto a low- dimensional space, via a dimension reduction tech-
nique such as principal components analysis,19 20 t- distributed 
stochastic neighbour embedding12 21 or signature graph anal-
ysis.17 Any low- dimensional projection of a high- dimensional 
space will lose some aspects of the high- dimensional variation and 
a weakness of the aforementioned approaches is that the axes of 
the low- dimensional space are not necessarily biologically infor-
mative. Here, we began by modelling each syndrome group as 
a vector from average to the average signature of the syndrome. 
Projections onto this vector correspond to the degree to which 

an individual displays this combination of features. This differs 
from and complements other metrics of overall severity such as 
distance from the origin or the ‘signature weight’22 as it measures 
only variation that is most typical of the syndrome and has previ-
ously been shown to represent a biologically meaningful axis of 
‘severity’. For example, position along a similarly estimated axis 
was shown to correlate with the size of the causal deletion in 
Wolf- Hirschhorn syndrome.13 The natural complement to this 
is angular variation with respect to the average signature vector, 
which corresponds to deviation from the typical facial transfor-
mation. To assess consistency of the facial phenotype, we use 
two univariate variation statistics based on angular similarity to 
and variation in the projection onto the average signature. These 
differ from other metrics of overall variation such as the trace 
of the within- class covariance matrix23 in that they partition the 
variation into two separate components with different meanings. 
To investigate similarities and differences between facial pheno-
types, we measure directional similarity between each pair of 
average signatures and differences in severity between each pair 

Figure 4 Consistency of the phenotypes of the four RASopathies. Figure part A plots fitted kernel densities to distributions of severity scores and cosine 
distance for each of the four syndromes. Figure part B plots the directional and severity variation statistics along with the defined cut- offs for mod, strong 
and very strong consistency. Error bars indicate the 95% CIs of the statistics estimated by resampling (see Materials and methods). Figure part C shows 
the average age- normalised and sex- normalised faces and of the five patients that are most and the five patients that are least similar (in terms of cosine 
distance) to the average signatures for each of the four groups as well as their average facial signatures, computed along the surface normals (red indicates 
locally outward displacement; blue indicates locally inward displacement).
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of syndromes along a joint average signature. To interpret the 
magnitude of these statistics and to ascertain what are biolog-
ically meaningful values, we defined cut- offs based on distri-
butions of similarly computed statistics from a larger sample 
of 39 genetic syndromes and craniofacial malformations. This 
constitutes a stronger approach than statistical hypthesis testing, 
which would only demostrate that the values of the statistics 
are non- zero in the population. However, this is limited by the 
particular constitution of this larger sample of syndromes, which 
cannot be assumed to be wholly representative of the population 
of all relevant conditions. Our particular choice of thresholds is 

conservative relative to most guidelines for interpreting effect 
sizes, although remains essentially arbitrary. More work is 
needed to understand fully how the magnitude of these statistics 
should be interpreted. Particularly how the variation statistics 
present in genetically homogeneous, as opposed to heteroge-
neous conditions can be investigated. Furthermore, it should 
be established how the statistics relate to measures of biological 
relatedness between syndromes, such as DNA methylation epi- 
signature similarity.24

While acknowledging the previous limitations, these statistics 
can be interpreted in combination to more fully assess phenotypic 

Figure 5 Phenotype agreement and severity difference among the RASopathies. Figure part A plots the phenotype agreement and severity difference 
statistics for each pair of RASopathies. The sign of the severity difference indicates whether the first syndrome was more severe than the second (positive) 
or the opposite (negative). Error bars indicate the 95% CIs of the statistics. Figure part B plots the average signatures on the first two principal components 
of an uncentred principal components analysis of the average signatures and a signature that is all zeros (the blank face at the origin). The facial signatures 
shown here are computed along the surface normals (red indicates locally outward displacement; blue indicates locally inward displacement).
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variation among patient groupings, both within and between 
syndromes. Here we highlight some key findings in the context 
of clinical knowledge about the four RASopathies analysed in the 
study. CFC shows a relatively consistent phenotype in terms of 
both direction and severity. This is unexpected from a clinical 
point of view, as CFC is usually difficult to discriminate from CS 
and NS based on the face. This finding is more understandable 
when one also considers the phenotypic similarity among CS, 
CFC and NS. CFC is very strongly similar to CS and to NS. The 
average signatures illustrate that the phenotype of CFC entails a 
strong component of orbital hypertelorism as in NS while also 
displaying a more prominent forehead and full lips and cheeks, 
similar to CS. The face of CS is usually easy to recognise clini-
cally, consistent with strong directional consistency of the pheno-
type, which comprises full- lips, malar hypoplasia, depressed nose, 
protruding forehead and retrognathia. More surprising is the low 
consistency (high variation) in severity for CS. As CS is genetically 
relatively homogeneous and is, with very few exceptions, caused 
by variants in the HRAS gene, the biological underpinnings of this 
variation are an important avenue for future research. NF1 shows 
a generally mild but highly variable phenotype in terms of both 
direction and severity, consistent with clinical lore that NF1 does 
not have a distinctive facial phenotype. Nevertheless, the average 
signature of NF1 is very strongly similar to that of CS, although 
with a strong severity difference between the two syndromes, 
indicating that the phenotype of NF1 is to some extent a milder 
version of that of CS. While some cases of NF1 have previously 
been found to be similar to NS,25 the similarity between NF1 and 
NS is weaker than between NF1 and CS. Age- related changes 
to the statistics are investigated in online supplemental text 1. 
Directional variation declines with age for both NS and CS. CFC 
and CS increase in severity with increasing age, but variation in 
severity remains constant. Phenotype agreement between all pairs 
of syndromes, except NF1 paired with CS, declines with age. 
Severity difference increases with age for syndrome pairs CFC- 
NF1, CS- NF1 and NS- NF1.

The four RASopathies considered in this study are clinically 
defined entities that we treated as unified groups. It is possible 
that this may inflate variation and obscure interesting subtypes 
as these disorders are, to different degrees, genetically hetero-
geneous. CFC and NS can each be caused by variants in several 
genes including some genes (eg, BRAF) that can cause both. 
NF1 is caused exclusively by variants in the NF1 gene; however, 
patients with microdeletions show relatively severe NF1 pheno-
types.26 CS is almost exclusively caused by a small number of 
variants affecting various codons in the HRAS gene. Analysis 
of molecularly defined categories is not feasible given the small 
sample sizes of patients with less common pathogenic variants 
available to us but is an important avenue for future work. 
Another possible effect of our reliance on clinical categorisa-
tion may be to reduce variation. In the absence of molecular 
confirmation, or in cases where the pathogenic variant does not 
uniquely specify the clinical diagnosis, the facial phenotype may 
have already been factored into the diagnosis. This could have 
reinforced the facial differences between the groups. This may 
be especially the case for NS and CS where the face is commonly 
used as part of diagnosis. This is likely to have had little influ-
ence on NF1 where the presence of particular facial features is 
not a diagnostic criterion.27 28 Another possible impact of reli-
ance on clinical diagnosis is the possible presence of misdiag-
noses in the dataset, especially for patients where the diagnosis is 
not confirmed molecularly.

The application of next- generation sequencing in clin-
ical genetics has rapidly expanded our understanding of the 

aetiology of many disorders; however, the complementary 
development of deep phenotyping technology has lagged far 
behind. Here, we have developed an approach to quantitatively 
measure both within and between- syndrome phenotypic varia-
tion, consistency and severity, and we apply these techniques to 
characterise both similarity and differences of both direction and 
severity. We applied these techniques to analyse a clinically well- 
studied group of related disorders characterised by variants in 
genes encoding protein components of the RAS/MAPK pathway, 
and we show how this approach can highlight phenotypic rela-
tionships among these related clinical entities. In the future, we 
anticipate that these techniques can contribute to developing a 
more objective nosology in clinical genetics.
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Supplementary Text 1 

1 Data Ascertainment 

Patients from the FaceBase repository (collection: FB00000861) were recruited at patient 

meetings and genetics clinics in Colorado,  Los Angeles, San Francisco, Stanford, USA and 

Alberta, Canada. If patients were recruited at a patient meeting, diagnosis was usually self-

reported. When patients were seen at a clinic, a clinical diagnosis was established by a clinical 

geneticist, often followed by molecular confirmation. Patients in the database of the  Western 

Australian Health Department were ascertained through multi-stakeholder (including 

patient) scientific meetings after individual in person review by a clinical geneticist (author 

GB) or via clinical geneticists directly from clinical genetics services. Patients in Peter 

Hammond’s collection were recruited at patient support groups across the United States, UK 

and Italy. At initial recruitment, diagnosis was recorded as reported by families or suggested 

by clinical geneticists attending the meetings; some patients were in contact over several 

years and molecular diagnoses were reported by parents or by collaborating clinical 

geneticists. 

2 Age-related changes to variation and similarity statistics 

In the main text we use facial signatures to describe each patient. These represent how each 

patient differs from an age- and sex- appropriate normal reference population. Using facial 

signatures adjusts for the effects of normal growth and development on the face. However, 

age-related changes due to abnormal growth (such as the gradual appearance of syndrome-

specific features) may still occur and these can affect the statistics presented in this paper. In 

this section we investigate these changes in the sample of RASopathies.  

 

2.1 Age-related changes to directional variation 

Directional variation is defined as the central tendency of the distribution of cosine distances 

from the mean signature. To investigate age-related changes to directional variation we 

regressed cosine distance to the mean signature onto age within each of the four syndromes. 

This was done using ordinary least-squares regression. The results are shown in 

Supplementary Text Figure 1. The regressions within CS and NS were significant suggesting 

that directional variation declines with age in these syndromes.  

 
Supplementary Text Figure 1. Age-related changes to the directional variation statistic. In general cosine distance to the 

mean signature declines with age in CS and NS. 
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2.2 Age-related changes to severity and severity variation 

We assessed age-related changes to severity via ordinary least-squares regression of severity 

onto age. Severity variation is the dispersion of severity scores from their central tendency. 

To assess age-related changes to severity variation we tested for changes to the dispersion 

relative to the linear regression (i.e. the dispersion of the residuals of the regression) using 

the Breusch-Pagan test for heteroscedasticity. Results are shown Supplementary Text Figure 

2. CFC and CS become more severe with age. There is no evidence of heteroscedasticity for 

any of the syndromes and thus no evidence for age-related changes in severity variation.  

 
Supplementary Text Figure 2. Age-related changes in severity and severity variation. The top row plots the linear regression 

of severity onto age. CFC and CS become more severe with age. The bottom row plots the standardized residuals of each 

regression. BP denotes the Breusch-Pagan statistic.  

 

2.3 Age-related changes to the typical phenotype and the phenotype agreement 

statistics 

Age-related changes to phenotype agreement were assessed by firstly modelling the age-

related change in the facial signatures for each syndrome. This was approximated using a 

multivariate linear partial least-squares regression of the signatures onto age. This fits the 

model: 

!" = $% + ' 

Where !"  denotes the matrix of fitted values (expected signatures), $ denotes the matrix of 

regression coefficients, % denotes the matrix of predictors (in this case only age), and ' 

denotes the matrix of constant values. A model was fitted separately for each syndrome and 

statistical significance was evaluated using a permutation test on the variance explained (R2) 

as per Shrimpton et al. [1]. The regressions were also evaluated at ages 5 and 50, yielding 
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expected signatures for each age for each syndrome. As these result from the imposition of a 

linear model, where changes would in fact be expected be non-linear, these should not be 

taken as exact age-specific estimates of the typical phenotype. Nevertheless, comparing the 

expected signatures at different ages can reveal the general trend of changes in the 

phenotype. For calculating phenotype agreement and statistical significance we used as 

signatures feature vectors combining signatures in the x y and z direction, as were used as the 

basis for all statistical analysis in this article. For illustrating the expected signatures we fitted 

separate models regressing the signatures in the direction normal to the surface onto age.  

 

For illustration, the expected signatures in the direction normal to the surface are shown in 

Supplementary Text Figure 3 part (a). The regressions for CS (R2=.070; p<.001) and NS 

(R2=.020; p=.003) were significant. In general, the trend in CS is for features to become more 

extreme (the colors become deeper) consistent with the age-related change in severity 

observed in section 2.2 above. The submalar and mandibular portion of the cheeks also 

become less prominent (this region goes from being orange to light blue). In NS the 

prominence of the lips increases (this region becomes redder). The forehead and chin become 

bluer consistent with increased retrusion of the forehead and increased micrognathia. The 

middle malar and submalar regions of the cheeks become more prominent (redder). The 

regressions for CFC (R2=.031; p=.109) and NF1 were non-significant (R2=.019; p=.641). 

 
Supplementary Text Figure 3. Age-related changes in the typical phenotype and changes in the phenotype agreement 

statistic. Part (a) plots the expected signature at ages 5 and 50 predicted by a linear regression of the signatures in the 

direction normal to the facial surface (red indicates outward displacement, blue indicates inward displacement). Part (b) 

plots the expected changes in the phenotype agreement statistic as a result of the changes in the typical phenotype. 95% 

confidence intervals were calculated by resampling the data within each syndrome with replacement 1000 times, refitting 

the models and revaluating the expected signatures and phenotype agreement. 

 

To assess how these changes affect the phenotype agreement statistic the phenotype 

agreement (cosine) between corresponding pairs of expected signatures was calculated. For 

example, to estimate the phenotype agreement between CS and NS at age 5 the cosine 
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between the expected signatures for CS at age 5 and for NS at age 5 was computed. 

Comparing the phenotype agreement at age 5 to age 50 reveals the general trend of how age-

related changes in the phenotype influence the phenotype agreement statistic. These trends 

are plotted in Supplementary Text Figure 3 part (b). In general, the trend is for each syndrome 

to become more distinct (phenotype agreement decreases between all pairs of syndromes 

except NF1 and CS). The largest divergence is between NS and NF1 and NS and CS.  

 

2.4  Age-related changes to severity differences 

 
Supplementary Text Figure 4. Age-related changes to severity difference statistics. Each panel plots the severity scores along 

a combined phenotype for a particular pair of syndromes as a function of age. This is annotated with the linear regressions 

of age onto severity computed separately for each group. Text labels show the partial R2 and p value associated with the 

interaction term of the corresponding general linear model (see text) and indicate the significance of the differences between 

regression slopes.  

 

Severity difference is the difference between the central tendencies of the distributions of 

severity scores (expressed as Cohen’s D statistic) of two syndromes. For calculating severity 

difference, severity is calculated with respect to the combined typical phenotype of both 

syndromes (estimated as the mean of the two mean signatures of the syndromes separately). 

This is done to jointly ordinate both syndromes on a common axis. To assess age-related 

changes in severity difference between each pair of syndromes we compare the slopes of 

linear regressions of these severity scores for each syndrome. This was done for each pair of 

syndromes by fitting a general linear model consisting of a main effect of syndrome (with two 

levels corresponding to the two syndromes in question), a main effect of age and a 

syndrome*age interaction. A significant interaction term indicates the slopes of the 
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regressions of age on severity differ between the two groups and that the difference in 

severity is either increasing or decreasing. Results are plotted in Supplementary Text Figure 

4. For NF1 paired with CFC and CS and NF1 paired with NS the interaction is significant 

indicating that severity difference increases with age between these pairs of syndromes.  
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Supplementary Figures 

 
Supplementary Figure 1. Distributions of the directional variation, severity variation, 

phenotype agreement and severity difference statistics computed from the sample of 

disorders described in Supplementary Table 2. 
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Supplementary Tables 

 

Supplementary Table 1. Image exclusion criteria. This shows the numbers remaining in each  

sample after each successive exclusion criterion was applied. Images were excluded due to 1) 

poor image quality including non-neutral facial expression, 2) missing data on age and sex or 

ethnicity, 3) failed image registration, 4) being a duplicate image of a patient already included 

in the analysis and 5) non-European ancestry. The final row, therefore, shows final numbers 

after all exclusion criteria were applied.  

 

 CFC CS NF1 NS 

INITIAL NUMBERS 76 77 94 174 

POOR IMAGE QUALITY 62 60 87 161 

MISSING DEMOGRAPHIC DATA 57 54 60 143 

REGISTRATION FAILED 54 47 58 139 

DUPLICATE PATIENT 54 46 55 132 

NON-EUROPEAN ANCESTRY 51 46 42 129 
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Supplementary Table 2. Age, sex, clinical, and, where available, molecular diagnoses for each participant. Where available the molecular 

diagnosis at the gene, DNA and protein level as well as the variant’s American College of Medical Genetics (ACMG) classification is reported. 

Patient Study ID Age (years) Sex Diagnosis 

Molecular confirmation 

available Gene DNA Protein ACMG classification 

CFC001 12.1 M Cardiofaciocutaneous syndrome Yes MEK2    

CFC002 19.2 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC003 2.2 M Cardiofaciocutaneous syndrome No     

CFC004 2.5 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC005 1.5 F Cardiofaciocutaneous syndrome No     

CFC006 11.4 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC007 17.8 F Cardiofaciocutaneous syndrome No     

CFC008 9.4 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC009 3.7 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC010 4.6 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC011 7.8 F Cardiofaciocutaneous syndrome Yes MEK1    

CFC012 4.4 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC013 19.0 F Cardiofaciocutaneous syndrome Yes MEK1    

CFC014 6.5 F Cardiofaciocutaneous syndrome No     

CFC015 11.8 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC016 11.1 M Cardiofaciocutaneous syndrome No     

CFC017 15.9 F Cardiofaciocutaneous syndrome Yes MEK1    

CFC018 6.9 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC019 7.9 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC020 8.8 F Cardiofaciocutaneous syndrome Yes BRAF c.770A>G p.Gln257Arg Pathogenic 

CFC021 18.3 F Cardiofaciocutaneous syndrome No     

CFC022 20.7 M Cardiofaciocutaneous syndrome Yes MAP2K1 c.389A>G p.Tyr130Cys Pathogenic 

CFC023 22.8 M Cardiofaciocutaneous syndrome No     

CFC024 9.6 M Cardiofaciocutaneous syndrome No     
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CFC025 6.1 M Cardiofaciocutaneous syndrome No     

CFC026 4.8 F Cardiofaciocutaneous syndrome Yes BRAF c.1787G>T p.Gly596Val Pathogenic 

CFC027 24.3 F Cardiofaciocutaneous syndrome No     

CFC028 6.8 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC029 11.4 F Cardiofaciocutaneous syndrome Yes BRAF c.770A>G p.Gln257Arg Pathogenic 

CFC030 11.9 M Cardiofaciocutaneous syndrome Yes BRAF c.1787G>T p.Gly596Val Pathogenic 

CFC031 23.7 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC032 0.9 F Cardiofaciocutaneous syndrome Yes BRAF c.1497A>C p.Lys499Asn Pathogenic 

CFC033 6.8 F Cardiofaciocutaneous syndrome Yes BRAF c.1406G>A p.Gly469Glu Pathogenic 

CFC034 3.0 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC035 17.6 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC036 13.0 M Cardiofaciocutaneous syndrome Yes MAP2K1 c.389A>G p.Tyr130Cys Pathogenic 

CFC037 22.5 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC038 14.5 M Cardiofaciocutaneous syndrome Yes MAP2K2 c.395G>A p.Gly132Asp Likely Pathogenic 

CFC039 18.6 F Cardiofaciocutaneous syndrome No     

CFC040 8.4 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC041 4.5 M Cardiofaciocutaneous syndrome No     

CFC042 12.8 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC043 2.4 M Cardiofaciocutaneous syndrome No     

CFC044 11.1 F Cardiofaciocutaneous syndrome Yes BRAF    

CFC045 10.4 F Cardiofaciocutaneous syndrome No     

CFC046 21.2 F Cardiofaciocutaneous syndrome No     

CFC047 23.7 F Cardiofaciocutaneous syndrome No     

CFC048 47.6 M Cardiofaciocutaneous syndrome Yes BRAF    

CFC049 35.0 F Cardiofaciocutaneous syndrome Yes BRAF c.1787G>T p.Gly596Val Pathogenic 

CFC050 2.5 F Cardiofaciocutaneous syndrome No     

CFC051 5.3 M Cardiofaciocutaneous syndrome No     
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Costello001 0.9 F Costello syndrome Yes HRAS    

Costello002 11.4 F Costello syndrome No     

Costello003 10.3 M Costello syndrome No     

Costello004 4.5 M Costello syndrome Yes HRAS    

Costello005 12.3 F Costello syndrome Yes HRAS    

Costello006 11.8 F Costello syndrome Yes HRAS    

Costello007 26.4 M Costello syndrome Yes HRAS    

Costello008 24.5 M Costello syndrome Yes HRAS    

Costello009 22.4 M Costello syndrome Yes HRAS    

Costello010 5.8 F Costello syndrome Yes HRAS    

Costello011 21.8 F Costello syndrome Yes HRAS    

Costello012 18.1 F Costello syndrome Yes HRAS    

Costello013 21.5 M Costello syndrome Yes HRAS    

Costello014 5.7 M Costello syndrome Yes HRAS    

Costello015 21.9 F Costello syndrome Yes HRAS    

Costello016 13.9 F Costello syndrome Yes HRAS    

Costello017 11.6 F Costello syndrome Yes HRAS    

Costello018 33.4 F Costello syndrome No     

Costello019 6.8 F Costello syndrome Yes HRAS c.34G>T p.Gly12Cys Pathogenic 

Costello020 20.3 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello021 5.0 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello022 7.9 F Costello syndrome Yes HRAS c.37G>T p.Gly13Cys Pathogenic 

Costello023 30.0 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello024 4.3 F Costello syndrome Yes HRAS c.37G>T p.Gly13Cys Pathogenic 

Costello025 14.3 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello026 30.4 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello027 5.9 F Costello syndrome Yes HRAS c.34G>T p.Gly12Cys Pathogenic 
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Costello028 38.6 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello029 6.9 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello030 1.4 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello031 21.7 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello032 4.9 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello033 2.2 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello034 11.2 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello035 4.0 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello036 7.4 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello037 9.6 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello038 6.1 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello039 3.2 F Costello syndrome No     

Costello040 12.4 F Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello041 5.4 F Costello syndrome Yes HRAS c.34G>T p.Gly12Cys Pathogenic 

Costello042 6.8 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello043 2.4 F Costello syndrome Yes HRAS c.37G>T p.Gly13Cys Pathogenic 

Costello044 7.4 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello045 28.4 M Costello syndrome Yes HRAS c.34G>A p.Gly12Ser Pathogenic 

Costello046 10.7 M Costello syndrome Yes HRAS c.37G>T p.Gly13Cys Pathogenic 

NF001 13.4 M Neurofibromatosis type 1 Yes NF1 c.7954C>T p.Gln2652Ter Pathogenic 

NF002 7.7 M Neurofibromatosis type 1 Yes NF1    

NF003 13.3 F Neurofibromatosis type 1 No     

NF004 3.3 M Neurofibromatosis type 1 No     

NF005 54.3 F Neurofibromatosis type 1 No     

NF006 10.6 M Neurofibromatosis type 1 No     

NF007 51.9 F Neurofibromatosis type 1 No     

NF008 16.5 M Neurofibromatosis type 1 Yes NF1 c.1466A>G p.Tyr489Cys Pathogenic 
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NF009 10.2 M Neurofibromatosis type 1 No     

NF010 12.8 F Neurofibromatosis type 1 Yes NF1 Deletion exons 39-45  Pathogenic 

NF011 7.5 F Neurofibromatosis type 1 No     

NF012 9.3 F Neurofibromatosis type 1 No     

NF013 10.9 F Neurofibromatosis type 1 No     

NF014 12.3 M Neurofibromatosis type 1 No     

NF015 5.5 M Neurofibromatosis type 1 Yes NF1 c.1756_1759del p.Thr586ValfsTer18 Pathogenic 

NF016 7.3 F Neurofibromatosis type 1 No     

NF017 5.8 F Neurofibromatosis type 1 Yes NF1 Microdeletion  Pathogenic 

NF018 9.1 F Neurofibromatosis type 1 Yes NF1 c.3457_3460del 

p.Leu1153fsMetfsTer

4 Pathogenic 

NF019 13.2 M Neurofibromatosis type 1 No     

NF020 4.6 F Neurofibromatosis type 1 Yes NF1 c.7031del p.Asn2344IlefsTer31 Pathogenic 

NF021 16.5 F Neurofibromatosis type 1 Yes NF1    

NF022 6.4 M Neurofibromatosis type 1 No     

NF023 3.2 M Neurofibromatosis type 1 No     

NF024 5.5 F Neurofibromatosis type 1 No     

NF025 5.2 M Neurofibromatosis type 1 No     

NF026 6.0 F Neurofibromatosis type 1 Yes NF1 c.3938_3942del p.Asp1313AlafsTer4 Pathogenic 

NF027 8.9 M Neurofibromatosis type 1 No     

NF028 33.1 M Neurofibromatosis type 1 No     

NF029 56.5 F Neurofibromatosis type 1 No     

NF030 10.3 M Neurofibromatosis type 1 No     

NF031 6.3 F Neurofibromatosis type 1 No     

NF032 64.8 F Neurofibromatosis type 1 No     

NF033 7.3 F Neurofibromatosis type 1 No     

NF034 26.4 F Neurofibromatosis type 1 Yes NF1 c.1019_1020del p.Ser340CysfsTer12 Pathogenic 

NF035 55.4 F Neurofibromatosis type 1 No     
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NF036 43.8 F Neurofibromatosis type 1 No     

NF037 32.0 F Neurofibromatosis type 1 No     

NF038 33.1 M Neurofibromatosis type 1 No     

NF039 14.7 M Neurofibromatosis type 1 No     

NF040 29.4 M Neurofibromatosis type 1 No     

NF041 5.7 F Neurofibromatosis type 1 No     

NF042 5.1 M Neurofibromatosis type 1 Yes NF1 c.4105del p.Tyr1369ThrfsTer16 Pathogenic 

Noonan001 2.4 M Noonan syndrome No     

Noonan002 28.6 F Noonan syndrome Yes PTPN11    

Noonan003 14.9 M Noonan syndrome Yes RAF1    

Noonan004 5.0 F Noonan syndrome Yes NRAS    

Noonan005 9.0 M Noonan syndrome No     

Noonan006 4.0 M Noonan syndrome No     

Noonan007 46.5 M Noonan syndrome No     

Noonan008 47.6 F Noonan syndrome Yes PTPN11    

Noonan009 7.4 M Noonan syndrome No     

Noonan010 13.2 M Noonan syndrome Yes PTPN11    

Noonan011 40.9 F Noonan syndrome Yes PTPN11    

Noonan012 16.5 F Noonan syndrome No     

Noonan013 12.6 M Noonan syndrome No     

Noonan014 5.0 F Noonan syndrome No     

Noonan015 37.2 F Noonan syndrome No     

Noonan016 5.2 F Noonan syndrome No     

Noonan017 18.6 M Noonan syndrome No     

Noonan018 7.1 F Noonan syndrome No     

Noonan019 38.3 F Noonan syndrome No     

Noonan020 1.2 F Noonan syndrome Yes PTPN11    
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Noonan021 2.0 M Noonan syndrome No     

Noonan022 7.9 M Noonan syndrome No     

Noonan023 5.3 M Noonan syndrome No     

Noonan024 45.5 M Noonan syndrome No     

Noonan025 6.0 F Noonan syndrome Yes PTPN11    

Noonan026 7.6 M Noonan syndrome No     

Noonan027 8.3 M Noonan syndrome No     

Noonan028 6.3 M Noonan syndrome Yes PTPN11    

Noonan029 37.3 F Noonan syndrome Yes PTPN11    

Noonan030 7.2 M Noonan syndrome No     

Noonan031 5.1 M Noonan syndrome Yes BRAF    

Noonan032 0.8 M Noonan syndrome No     

Noonan033 19.0 F Noonan syndrome Yes PTPN11    

Noonan034 8.4 M Noonan syndrome No     

Noonan035 8.4 M Noonan syndrome No     

Noonan036 2.7 M Noonan syndrome Yes PTPN11    

Noonan037 5.9 F Noonan syndrome No     

Noonan038 5.6 F Noonan syndrome No     

Noonan039 11.8 F Noonan syndrome No     

Noonan040 23.1 M Noonan syndrome No     

Noonan041 17.5 M Noonan syndrome No     

Noonan042 28.6 F Noonan syndrome No     

Noonan043 10.1 M Noonan syndrome No     

Noonan044 11.2 F Noonan syndrome No     

Noonan045 37.8 M Noonan syndrome No     

Noonan046 2.5 F Noonan syndrome No     

Noonan047 8.7 F Noonan syndrome No     
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Noonan048 42.6 M Noonan syndrome No     

Noonan049 0.6 M Noonan syndrome No     

Noonan050 13.5 F Noonan syndrome No     

Noonan051 16.0 F Noonan syndrome Yes PTPN11    

Noonan052 12.7 M Noonan syndrome Yes PTPN11    

Noonan053 4.6 M Noonan syndrome No     

Noonan054 10.0 F Noonan syndrome No     

Noonan055 4.5 M Noonan syndrome No     

Noonan056 29.5 M Noonan syndrome No     

Noonan057 16.0 M Noonan syndrome No     

Noonan058 8.2 M Noonan syndrome No     

Noonan059 2.6 M Noonan syndrome No     

Noonan060 44.6 F Noonan syndrome No     

Noonan061 19.5 M Noonan syndrome Yes PTPN11    

Noonan062 2.4 F Noonan syndrome Yes PTPN11    

Noonan063 4.5 M Noonan syndrome No     

Noonan064 5.7 M Noonan syndrome No     

Noonan065 10.0 F Noonan syndrome No     

Noonan066 7.4 M Noonan syndrome No     

Noonan067 7.4 M Noonan syndrome No     

Noonan068 1.8 F Noonan syndrome No     

Noonan069 39.7 M Noonan syndrome No     

Noonan070 9.4 M Noonan syndrome No     

Noonan071 2.0 F Noonan syndrome No     

Noonan072 1.9 M Noonan syndrome Yes PTPN11    

Noonan073 2.4 M Noonan syndrome Yes PTPN11    

Noonan074 1.7 M Noonan syndrome Yes PTPN11    
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Noonan075 3.1 M Noonan syndrome No     

Noonan076 6.4 M Noonan syndrome No     

Noonan077 12.1 M Noonan syndrome Yes PTPN11    

Noonan078 30.4 F Noonan syndrome Yes SOS1    

Noonan079 0.8 F Noonan syndrome Yes SOS1    

Noonan080 14.9 F Noonan syndrome Yes PTPN11 c.922A>G p.Asn308Asp Pathogenic 

Noonan081 18.4 M Noonan syndrome No     

Noonan082 6.5 M Noonan syndrome Yes PTPN11 c.1472C>A p.Pro491His Pathogenic 

Noonan083 5.9 F Noonan syndrome Yes PTPN11 c.1510A>G p.Met504Val Pathogenic 

Noonan084 5.5 F Noonan syndrome Yes PTPN11 c.922A>G p.Asn308Asp Pathogenic 

Noonan085 31.3 F Noonan syndrome Yes PTPN11 c.922A>G p.Asn308Asp Pathogenic 

Noonan086 17.5 M Noonan syndrome Yes PTPN11 c.922A>G p.Asn308Asp Pathogenic 

Noonan087 5.0 F Noonan syndrome No     

Noonan088 2.1 M Noonan syndrome No     

Noonan089 1.3 F Noonan syndrome Yes PTPN11 c.802G>T p.Gly268Cys Pathogenic 

Noonan090 19.3 M Noonan syndrome Yes PTPN11    

Noonan091 51.9 F Noonan syndrome Yes PTPN11 c.317A>C p.Asp106Ala Pathogenic 

Noonan092 36.4 F Noonan syndrome No     

Noonan093 21.7 F Noonan syndrome No     

Noonan094 17.2 F Noonan syndrome Yes PTPN11 c.417G>C p.Glu139Asp Pathogenic 

Noonan095 8.3 M Noonan syndrome Yes RAF1    

Noonan096 13.5 F Noonan syndrome Yes PTPN11    

Noonan097 18.9 M Noonan syndrome Yes PTPN11    

Noonan098 3.8 M Noonan syndrome Yes PTPN11 c.923A>G p.Asn308Ser Pathogenic 

Noonan099 9.6 M Noonan syndrome Yes PTPN11    

Noonan100 15.3 F Noonan syndrome Yes PTPN11 c.1403C>T p.Thr468Met Pathogenic 

Noonan101 3.9 M Noonan syndrome Yes PTPN11    
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Noonan102 0.3 F Noonan syndrome Yes PTPN11    

Noonan103 34.6 F Noonan syndrome No     

Noonan104 8.6 M Noonan syndrome Yes PTPN11 c.1471C>T p.Pro491Ser Pathogenic 

Noonan105 9.2 F Noonan syndrome No     

Noonan106 16.4 F Noonan syndrome Yes PTPN11    

Noonan107 15.6 M Noonan syndrome Yes PTPN11    

Noonan108 10.3 M Noonan syndrome Yes PTPN11    

Noonan109 6.4 M Noonan syndrome Yes PTPN11    

Noonan110 27.3 F Noonan syndrome Yes PTPN11    

Noonan111 9.6 M Noonan syndrome Yes SOS1 c.1654A>G p.Arg552Gly Pathogenic 

Noonan112 36.3 F Noonan syndrome Yes SOS1 c.1654A>G p.Arg552Gly Pathogenic 

Noonan113 26.9 F Noonan syndrome No     

Noonan114 24.8 M Noonan syndrome Yes SOS1    

Noonan115 24.5 F Noonan syndrome Yes RAF1    

Noonan116 12.2 M Noonan syndrome Yes PTPN11    

Noonan117 15.7 M Noonan syndrome Yes SOS1    

Noonan118 4.2 M Noonan syndrome Yes PTPN11    

Noonan119 9.7 F Noonan syndrome Yes SHOC2 c.4A>G p.Ser2Gly Pathogenic 

Noonan120 9.7 F Noonan syndrome Yes SHOC2 c.4A>G p.Ser2Gly Pathogenic 

Noonan121 17.7 F Noonan syndrome Yes SOS1 c.1859A>G p.Asp.620Gly Likely Pathogenic 

Noonan122 54.3 F Noonan syndrome Yes SOS1 c.1310T>C p.Ile437Thr Pathogenic 

Noonan123 3.9 F Noonan syndrome Yes PTPN11 c.184T>G p.Tyr62Asp Pathogenic 

Noonan124 4.7 M Noonan syndrome Yes CBL c.1477C>T p.Leu493Phe Uncertain Significance 

Noonan125 8.0 F Noonan syndrome Yes PTPN11 c.1403C>T p.Thr468Met Pathogenic 

Noonan126 6.7 M Noonan syndrome Yes PTPN11 c.1403C>T p.Thr468Met Pathogenic 

Noonan127 13.0 M Noonan syndrome Yes PTPN11 c.1403C>T p.Thr468Met Pathogenic 

Noonan128 12.1 M Noonan syndrome Yes SOS1 c.1310T>C p.Ile437Thr Pathogenic 
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Noonan129 5.8 M Noonan syndrome No     
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Supplementary Table 3. Samples used to calculate the distributions of the directional 

variation, severity variation, phenotype agreement and severity difference statistics shown 

in Supplementary Figure 1. The sample contains only patients of European ancestry. It is 

known that in the portion of the data coming from the Peter Hammond collection images of 

the same participant, taken at multiple times, were not always linked by a consistent subject 

ID. As such this data (although not the RASopathy sample) may contain duplicate images of 

the same subjects.   

 
Condition N(Female) Age Median (IQR) 

22q11.2 Del 146(71) 9.25(7.70) 

5p Del Cri du Chat 61(34) 13.03(15.90) 

Achondroplasia 46(29) 16.28(23.17) 

Alstrom 40(19) 23.85(17.60) 

Angelman 100(49) 8.15(8.57) 

Bardet Biedl  81(40) 24.50(22.92) 

CHARGE 89(48) 13.16(11.23) 

Cleft Lip Palate 76(27) 9.39(6.12) 

Cockayne 33(15) 10.64(9.58) 

Cohen 27(15) 18.58(15.75) 

Cornelia de Lange 169(91) 11.03(11.59) 

Trisomy 21 86(47) 19.71(17.00) 

Ectodermal Dysplasia 59(16) 9.80(10.00) 

Ehlers Danlos 86(73) 28.42(32.40) 

Fabry 35(15) 35.80(26.10) 

Fibrodysplasia Ossificans Progressiva 50(28) 18.90(11.90) 

Fragile X 62(20) 14.95(17.40) 

Galactosemia 38(21) 18.65(18.40) 

Jacobsen 53(33) 10.60(9.80) 

Joubert 46(21) 8.14(8.90) 

Klinefelter 39(0) 16.65(8.60) 

Loeys Dietz 62(38) 19.94(21.47) 

Marfan 84(54) 20.79(22.82) 

Mucopolysaccharidosis 47(22) 18.65(12.42) 

Pallister Killian 23(7) 7.22(7.40) 

Phelan McDermid 37(16) 9.46(11.20) 

Pitt Hopkins 25(15) 8.56(8.41) 

Prader Willi 87(43) 15.40(21.70) 

Pseudoachondroplasia 25(11) 24.42(26.75) 

Rett 45(43) 11.30(8.70) 

Rubinstein Taybi 57(30) 9.75(12.40) 

Russell Silver 31(8) 7.11(5.43) 

Smith Magenis 112(60) 12.40(11.50) 

Sotos 37(18) 15.00(11.67) 

Stickler 25(16) 20.25(27.08) 

Trisomy 18 20(17) 4.70(14.43) 

Turner 76(76) 17.84(25.40) 

Williams 198(93) 13.50(19.70) 

Wolf Hirschhorn 132(73) 7.40(8.50) 
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Supplementary Table 4. Percentiles of the directional variation, severity variation, phenotype 

agreement and severity difference statistics computed from the sample of disorders 

described in Supplementary Table 1. 

Percentile 
Directional 

Variation 

Severity 

Variation 
Phenotype Agreement 

Absolute Value of  

Severity Difference 

1 0.404999599 28.92045205 -0.52858594 0.016847016 

2 0.41691339 29.69415697 -0.485725252 0.021956743 

3 0.433507598 30.7718174 -0.445224629 0.031892556 

4 0.448709565 31.80459449 -0.425861184 0.043587749 

5 0.456254203 32.59051316 -0.400588616 0.050268766 

6 0.46379884 33.37643182 -0.353876627 0.070652875 

7 0.484689684 35.45224114 -0.339692853 0.091097979 

8 0.514864846 38.42536568 -0.318528068 0.101799021 

9 0.544270101 41.32330631 -0.301932579 0.112765583 

10 0.544418946 41.36425794 -0.272389088 0.124896126 

11 0.544567791 41.40520958 -0.246851531 0.130653152 

12 0.549794209 42.42365033 -0.233848096 0.141251409 

13 0.560944463 44.58249504 -0.206593641 0.157235544 

14 0.572094716 46.74133976 -0.189189947 0.160257308 

15 0.574371473 47.32777583 -0.175639719 0.1691268 

16 0.575634115 47.73450807 -0.153246915 0.179394117 

17 0.577545298 48.04556819 -0.137678098 0.190353735 

18 0.58075356 48.16528408 -0.127254361 0.200124617 

19 0.583961823 48.28499997 -0.119635721 0.214921595 

20 0.58826769 48.40684978 -0.102030942 0.224104632 

21 0.592902839 48.52933976 -0.092151505 0.235993994 

22 0.596618194 48.62921088 -0.077809264 0.247289468 

23 0.596769349 48.64143392 -0.06651491 0.257490421 

24 0.596920503 48.65365696 -0.054163178 0.272063147 

25 0.597867259 49.46089825 -0.043292773 0.279704625 

26 0.599259551 50.71334978 -0.025370132 0.287243384 

27 0.600590289 51.87781068 -0.014045098 0.298807062 

28 0.601182369 51.98638412 -0.006242112 0.308058208 

29 0.601774449 52.09495756 0.000322494 0.316834715 

30 0.60286507 52.34537563 0.012634634 0.32727041 

31 0.604429303 52.7305461 0.024875947 0.33640357 

32 0.605993536 53.11571657 0.034724832 0.351132668 

33 0.608881173 53.41453815 0.042863877 0.368565002 

34 0.611840345 53.70869223 0.05612422 0.375131549 

35 0.613835775 53.97945631 0.068660436 0.39415268 

36 0.61428922 54.2127964 0.07463783 0.404921783 

37 0.614742664 54.44613649 0.086679864 0.420028861 

38 0.615680065 55.31488247 0.096996213 0.432109909 

39 0.616723331 56.32262349 0.113122373 0.445920564 

40 0.619354165 57.09764799 0.12264453 0.456350037 

41 0.626588942 57.19779458 0.135664084 0.470895852 

42 0.633823718 57.29794117 0.147722802 0.494885555 

43 0.636096646 57.56437 0.156544542 0.514116247 

44 0.636164307 57.90470205 0.16620765 0.532014946 

45 0.636452491 58.2750225 0.1709629 0.54865238 
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46 0.638240232 58.84926406 0.180212157 0.565157187 

47 0.640027973 59.42350561 0.192127323 0.569425485 

48 0.643633462 59.82844935 0.198317709 0.580330584 

49 0.648643577 60.10257205 0.206122841 0.597527253 

50 0.653653691 60.37669475 0.212676274 0.614732872 

51 0.653922338 60.39669513 0.219226314 0.630485583 

52 0.654190984 60.4166955 0.223379421 0.643380665 

53 0.657222874 60.48027156 0.228085102 0.653735383 

54 0.663830725 60.60023969 0.23749279 0.673943029 

55 0.670438576 60.72020782 0.251534632 0.683933297 

56 0.674979863 60.75346087 0.263092644 0.699428863 

57 0.679217244 60.7739617 0.27420552 0.715200795 

58 0.68265319 60.92039418 0.278728141 0.74044451 

59 0.684285909 61.35017287 0.284528862 0.758677151 

60 0.685918627 61.77995156 0.29123443 0.787295617 

61 0.686591799 62.11642507 0.298745538 0.81105458 

62 0.686934092 62.42072439 0.305713738 0.844772068 

63 0.687565368 62.68240575 0.319709285 0.860189119 

64 0.689517707 62.74926218 0.325550635 0.871315338 

65 0.691470046 62.81611861 0.331809459 0.885007217 

66 0.696886125 63.17359125 0.335124464 0.898300364 

67 0.704467042 63.71269902 0.34129593 0.918053963 

68 0.711883745 64.25939104 0.350479885 0.933788091 

69 0.716262492 64.94639162 0.359060528 0.946742761 

70 0.720641238 65.63339219 0.368632278 0.974973159 

71 0.725311118 66.09200876 0.375512234 0.991180644 

72 0.730287454 66.31022111 0.382475387 1.00885399 

73 0.73526379 66.52843345 0.390684364 1.043605521 

74 0.741733141 66.82796853 0.396356167 1.079276615 

75 0.74832691 67.13428051 0.40249041 1.101180428 

76 0.752678911 67.48566791 0.409013986 1.114756503 

77 0.753027756 67.91754717 0.420882268 1.141143105 

78 0.753376602 68.34942642 0.426383015 1.162120011 

79 0.755461418 69.43105669 0.434304392 1.184544405 

80 0.757994227 70.68036465 0.441321488 1.230923428 

81 0.760371186 71.87864921 0.450976424 1.257246158 

82 0.762228645 72.90685582 0.45956105 1.289676885 

83 0.764086105 73.93506243 0.472471772 1.307930182 

84 0.765616672 74.85288998 0.482581664 1.354532256 

85 0.766983794 75.71552799 0.491598671 1.382650721 

86 0.768777103 76.49413663 0.500678837 1.429282333 

87 0.774299547 76.53748826 0.512852073 1.462859138 

88 0.779821992 76.5808399 0.528063164 1.501453554 

89 0.7843843 76.86151901 0.539582697 1.528268688 

90 0.788123635 77.34562167 0.547404315 1.585376202 

91 0.79186297 77.82972433 0.559359602 1.645946186 

92 0.794951644 77.86422628 0.566901366 1.704244215 

93 0.798023194 77.88689663 0.578600136 1.768111948 

94 0.803268253 79.52813461 0.593754561 1.843759203 
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95 0.811637728 83.49606358 0.609212164 1.926300134 

96 0.820007203 87.46399254 0.618909216 2.098060149 

97 0.857372891 89.70020562 0.646134562 2.250903694 

98 0.900010617 91.62156127 0.672879985 2.414908545 

99 0.930622318 93.00099609 0.726058879 2.567521846 

100 0.930622318 93.00099609 0.858244726 2.957309988 
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