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ABSTRACT
Purpose  Facial dysmorphism is a feature of many 
monogenic disorders and is important in diagnostics, 
variant interpretation and nosology. Nevertheless, 
comprehensively assessing the complex facial shape 
changes associated with specific syndromes remains 
challenging. Here, we present three-dimensional (3D) 
morphometric approaches to overcome these limitations, 
using Cri-du-Chat syndrome (CdCS) as a model.
Methods  We analysed 3D facial images from 24 
participants with CdCS, 4540 unaffected controls and 
five participants with rare 5p15.33-15.32 deletions, 
incorporating two methods to account for age- and 
sex-related facial variation. We quantified phenotypic 
variation within and between groups and explored 
genotype-phenotype correlations in CdCS.
Results  We identified changes in the characteristic 
facial features of CdCS with age and found that 
facial shape in CdCS differed from controls in highly 
consistent directions, but with varying magnitudes of 
effect. 5p15.33-15.32 heterozygotes had non-specific 
dysmorphic features that were objectively different from 
those in CdCS, delineating multiple critical regions for 
facial dysmorphism on chromosome 5p.
Conclusion  This work explores 3D facial morphometry 
to complement the standard clinical assessment of facial 
dysmorphism. It provides insights into the genetic basis 
of facial shape in CdCS and highlights the potential 
of 3D morphometric techniques to facilitate clinical 
diagnostics, variant interpretation and delineation of 
syndrome nosology.

INTRODUCTION
Facial dysmorphism exists in many monogenic 
disorders, and accurate assessment of dysmor-
phic features contributes to diagnostics, nosology 
and variant interpretation.1 2 While standardised 
terminology facilitates consistent reporting of 
dysmorphic features by clinicians worldwide,3 it 
remains challenging to capture the complex three-
dimensional (3D) facial phenotype associated with 
specific disorders using this lexicon.4 Furthermore, 
facial shape is influenced by factors such as age, 
sex and genetic ancestry, which complicate evalu-
ating facial dysmorphism and assessing phenotypic 
variation.1 5 This study applies 3D morphometric 
techniques to address these limitations, using 

Cri-du-Chat syndrome (CdCS; MIM: 123450) as 
a model.

CdCS is a contiguous gene deletion disorder 
resulting from heterozygous deletions on chromo-
some 5p, with an incidence of 1/15 000 to 1/50 000 
live births.6 7 There are no recurring breakpoints 
and deletion sizes range from 500 kb to 45 Mb. 
However, most affected individuals carry terminal 
deletions of 10 Mb or larger involving the 5p15.31 
and 5p15.2 regions.6 8–10 Typical clinical features of 
CdCS include global developmental delay, delayed 
speech development, microcephaly, a high-pitched 
cat-like cry in infancy and facial dysmorphism.6 11 
CdCS demonstrates considerable phenotypic vari-
ability, in part attributed to differences in deletion 
size and breakpoints.6 12 Recurring facial features 
include hypertelorism, epicanthic folds, a promi-
nent nasal bridge, short philtrum, microcephaly and 
micrognathia; nevertheless, a recognisable facial 
gestalt is not always present.

Despite the lack of recurring breakpoints, some 
genotype-phenotype correlations have been estab-
lished (figure 1). The degree of intellectual disability 
(ID) is associated with the deletion size and position, 
with usually moderate ID in individuals with dele-
tions limited to 5p15.2 and severe ID in individuals 
with larger deletions or concurrent chromosomal 
abnormalities.6 8 10 11 Similarly, 5p15.32 deletions 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Facial dysmorphism is a core feature of Cri-du-
Chat syndrome (CdCS), but the contributions of 
different regions on 5p to facial dysmorphism in 
CdCS remain unclear.

WHAT THIS STUDY ADDS
	⇒ Using three-dimensional (3D) morphometric 
tools, we objectively assess facial dysmorphism 
in CdCS and delineate multiple critical regions 
for facial dysmorphism on chromosome 5p.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This work demonstrates that 3D facial 
morphometry enables an objective, quantitative 
assessment of facial features that is 
complementary to the traditional qualitative 
clinical assessment.
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are linked to speech delay10 and deletions of 5p15.31 appear 
to be critical for the cat-like cry.10 13 For facial dysmorphism, 
however, there is conflicting evidence about which regions are 
critical. Various overlapping and non-overlapping deletions have 
been reported in individuals with varying facial features, and 
the specific contributions of the corresponding chromosomal 
regions to facial dysmorphism in CdCS thus remain unclear.9–12

Recently, efforts towards a more objective evaluation of facial 
dysmorphism have given rise to next-generation phenotyping 
tools. Advances in morphometric analysis have facilitated the 
development of tools that objectively match two-dimensional 
(2D) and 3D photographs to known syndromic gestalts and 
suggest syndromic diagnoses.14 15 Open-source 3D craniofacial 
growth curves enable age-adjusted and sex-adjusted assessments 
of facial morphology,16 and a model to quantify phenotypic vari-
ation was published.1 Together, these advances enable a quanti-
tative, objective assessment of facial dysmorphism.

We used these next-generation 3D phenotyping tools to study 
facial dysmorphism in CdCS. We quantified the phenotypic vari-
ation in CdCS, delineated the recurring facial features and inves-
tigated changes in facial phenotype with age. We also studied 
the facial dysmorphism in five individuals with small 5p15.33-
15.32 deletions and objectively compared it with participants 
with larger 5p deletions, delineating critical regions for typical 
and atypical facial dysmorphism in CdCS.

MATERIALS AND METHODS
Sample composition
We compiled a CdCS reference cohort from 3D facial images, 
demographic data (self-reported age, sex and ancestry) and 
molecular testing results of 98 participants with a clinical and/or 
molecular diagnosis of CdCS from three sources. We obtained 
previously collected data on 59 participants with CdCS from 
the online FaceBase repository (FB00000861 (https://doi.org/​
10.25550/TJ017)) and 37 from Peter Hammond’s legacy 3D 
dysmorphology dataset hosted at KU Leuven. Two participants 
previously diagnosed with CdCS at the Centre for Human 
Genetics of University Hospitals Leuven were recontacted 
for inclusion in this study. We only included participants with 
available molecular testing results (n=34) and further excluded 

participants with poor image quality (n=3), incomplete meta-
data (n=1) and additional pathogenic genetic variants besides a 
5p deletion (n=1). Because we relied on 3D facial growth curves 
limited to individuals of European ancestry,16 we necessarily 
excluded participants of self-reported non-European ancestry 
(n=4) to retain a curated CdCS cohort of 24 participants (online 
supplemental data 1). Genotypes were determined by different 
cytogenetic techniques with different resolutions (conven-
tional karyotyping, bacterial artificial chromosome comparative 
genomic hybridisation array (Agilent) and 180k chromosomal 
microarray analysis (CMA) (Oxford Gene Technologies)). All 
genotype data, including regions of uncertainty due to resolution 
differences, were mapped to GRCh38 genomic locations using 
LiftOver, developed by the University of California, Santa Cruz 
(https://genome.ucsc.edu/cgi-bin/hgLiftOver)18 and Ensembl 
(Release 109)19 (figure 1, online supplemental data 1).

We also collected 3D facial images and clinical data of five 
participants with heterozygous 5p15.33-15.32 deletions from 
three families. All deletions were previously identified through 
CMA in a clinical workup at University Hospital Gasthuisberg 
(Leuven, Belgium).

We used a large control sample (n=4680) of previously 
collected 3D facial images and demographic data (age, sex, 
self-reported ancestry) from the 3D Facial Norms cohort20 
and studies at the Pennsylvania State University and Indiana 
University-Purdue University Indianapolis. We excluded partic-
ipants with ages outside the 3D craniofacial growth curves age 
range (females: 0.5–68.9 years; males: 0.5–51.8 years), retaining 
4540 participants. Sex and age distribution of this sample is 
provided in online supplemental figure 1 and online supple-
mental data 2; sample characteristics and participant recruit-
ment have been described in detail by White et al.21

3D image acquisition and processing
3D facial images were acquired using digital stereophotogram-
metry systems (3dMDface, Vectra H1) with submillimetric accu-
racy.22 We non-rigidly registered an average facial template to 
each image using the MeshMonk toolbox (V.0.0.6)23 to obtain a 
standardised facial representation defined by 7160 homologous 
quasi-landmarks. The deformed template corresponds anatom-
ically across all images and facilitates meaningful comparison 
between images, regardless of pre-processing differences in facial 
position.24

Growth curves and facial signatures
We calculated facial signatures to measure local shape devia-
tion compared with a normative reference.25 Per participant, 
we compared all quasi-landmarks to an age-matched and sex-
matched normative reference, determined using open-source 
3D craniofacial growth curves.16 We calculated facial signatures 
as z-scores for local shape deviation along three Cartesian axes 
(x-, y- and z-signatures) and, for visualisation purposes, locally 
perpendicular to the facial surface. Since the control sample 
was previously included to construct the growth curves, we 
calculated their facial signatures using a modified approach, 
comparing each participant’s facial shape with a variation model 
constructed on the entire sample, excluding their own facial 
shape. To distinguish between facial shape differences affecting 
the full face or parts of the face, we performed the assessments 
described below twice; once including all quasi-landmarks (full 
face) and once including only the quasi-landmarks of the midface 
(online supplemental figure 2).

Figure 1  Map of chromosome 5p. Map of chromosome 5p with 
cytogenetic bands displayed at the top. In red, the previously reported 
critical regions for different phenotypic characteristics of Cri-du-Chat 
syndrome (CdCS); in grey, the genotype-phenotype correlations for 
intellectual disability (ID) and in yellow, the deleted regions of the 
5p15.33-15.32deletion heterozygotes. Blue bars represent the minimal size 
of the deletions in the CdCS reference cohort, the white areas correspond 
to the maximal size (ie, last present array probe).
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Quantifying phenotypic variation through facial signatures
We assessed phenotypic variation within and between groups 
following the methodology outlined by Matthews et al.1 We 
concatenated facial signatures in the x-, y- and z-directions, 
followed by dimensionality reduction using singular value 
decomposition. This way, each participant’s face is represented 
by a single feature vector in a high-dimensional ‘feature vector 
space’ and facial signature similarity is reflected by proximity 
in that space.26 We calculated a mean feature vector for each 
diagnostic group (CdCS cohort, 5p15.33-15.32 deletion and 
controls), representing its average facial signature.

The phenotypic similarity between two (individual or mean) 
facial signatures was then calculated as the cosine similarity 
(cos(α), where α is the angle between the corresponding feature 
vectors; figure 2). The cosine similarity ranges from −1 to 1, 
indicating two feature vectors have exactly opposite or identical 
directions, respectively (thus representing a multivariate correla-
tion between two facial signatures). We measured phenotypic 
severity as the projection of a participant’s feature vector onto the 
group mean, yielding a ‘severity score’ (figure 2). We performed 
pairwise comparisons of the cosine similarities with the CdCS 
mean and CdCS severity scores across groups using two-sample 
Kolmogorov-Smirnov tests (kstest2, Matlab R2024b).

We quantified within-group phenotypic variation using two 
metrics: ‘directional variation’ and ‘severity variation’. Direc-
tional variation measures the variation in direction of individual 
feature vectors and was computed as the root mean square of 1−
cosine similarity to the group mean. Severity variation measures 
the variation in magnitude of individual feature vectors along a 
specific direction and was computed as the standard deviation 
of the severity scores. Throughout these calculations, we used 
a leave-one-out approach, where the participant being scored 
is excluded from the group mean. Variation magnitudes were 
compared with previously published values from 39 monogenic 
disorders with facial dysmorphism.1

Statistical shape analysis through covariate-adjusted 
principal component analysis
We performed principal component analysis (PCA) to assess 
phenotypic similarity independent from the cosine similarity 
analysis. We aligned the control facial shapes using gener-
alised Procrustes analysis and adjusted for sex, age and age-
squared using partial least squares regression (PLSR). We then 
Procrustes superimposed the CdCS shapes onto the control 
mean and adjusted for covariates using the PLSR coefficients 
from the control model. The aligned and covariate-adjusted 
shapes were then subjected to PCA in three different designs. 
We performed PCAs on the CdCS cohort (CdCS-PCA) and 
control sample (control-PCA) separately to assess within-group 
variation, and assessed between-group variation through a joint 
PCA of the CdCS cohort and an age-matched and sex-matched 
control subset (matched-PCA, online supplemental data 3) that 
was randomly selected from the larger control sample without 
replacement. Lastly, we projected the facial shapes of the 
5p15.33-15.32 deletion heterozygotes into the matched-PCA 
space to evaluate similarity-based clustering. For all PCAs, we 
used a 98% cumulative variance explained cut-off.

Effect of age, sex and deletion size
To investigate associations between facial shape and age or dele-
tion size in the CdCS cohort, we performed linear regressions 
(fitlm, Matlab R2024b) using age and deletion size as predictors 
and CdCS severity scores, cosine similarities to the CdCS mean 
and covariate-adjusted CdCS-PCA scores as response variables. 
P values were Bonferroni corrected. To validate the covariate 
adjustment in the CdCS cohort, we applied it to 100 matched 
control sets (n=24), selecting sex-matched and age-matched 
controls from the larger sample without reselecting participants. 
Facial shapes were aligned and adjusted for sex, age and age-
squared using PLSR coefficients from the remaining controls 
(n=4516) and then subjected to PCA. We found no significant 
associations between age and PCA scores postadjustment (online 
supplemental figure 3, online supplemental data 4).

RESULTS
Cohort description
We assembled a CdCS reference cohort of 24 participants with 
heterozygous 5p deletions (figure 1). Twenty-one deletions were 
terminal and three were interstitial, ranging from 7 to 42 Mb 
(online supplemental data 1). All deletions encompassed 5p15.2, 
which was previously reported as critical for the ID and facial 
dysmorphism of CdCS (figure 1).10 12 In addition to this refer-
ence cohort, we included five participants from three families 
with smaller heterozygous 5p15.33-15.32 deletions of 3.3 Mb 
or 6.0 Mb (figures  1 and 3). Molecular karyotyping in these 
families was initially performed because of facial dysmorphism 
and motor delay (participant 1:II-1) or developmental delay 
(participants 2:II-1 and 3:II-1). Clinical and molecular summa-
ries are shown in table 1, detailed clinical data are provided in 
online supplemental data 5.

Facial signatures reliably assess individual and recurring 
dysmorphic features
Clinical assessment of the CdCS reference cohort showed that 
all participants had some facial features typical for CdCS, such as 
short philtrum (24/24; 100%), prominent nasal bridge (21/24; 
88%), epicanthic folds (20/24; 83%), micrognathia (17/24; 
71%) and hypertelorism (12/24; 50%) (figure 4A, online supple-
mental data 1). Only seven participants (29%) showed all five 

Figure 2  Quantifying phenotypic variation: cosine similarity and severity 
score. Two-dimensional representation of the multidimensional ‘face space’ 
used to quantify phenotypic variation. The mean facial signature of the Cri-
du-Chat syndrome (CdCS) cohort and 5p15.33-15.32 deletion (5p15.33-
15.32del) heterozygotes is shown, as well as their corresponding feature 
vectors (black bold lines). The facial shape and signature of a participant 
of each group (orange=5p15.33-15.32del; blue=CdCS) are displayed. As 
illustrated for participant CdCS1, the cosine similarity to the CdCS mean is 
calculated based on the angle α between the individual and mean CdCS 
feature vectors, providing a value between −1 and 1 that represents the 
multivariate correlation between the directions of the individual and mean 
feature vectors. The CdCS severity score is calculated by projecting the 
individual vector on the mean feature vectors (blue dotted line), measuring 
the magnitude of the projected vector along the phenotype axis of interest 
(green dotted line).
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features, while 18 (75%) had at least four. Clinically, two partic-
ipants (8%; I161647 and I091532) lacked the typical CdCS 
facial gestalt. Both had the characteristic short philtrum and one 
had epicanthic folds, but both also had coarser facial features 
without prominent nasal bridge, micrognathia or hypertelorism 
(online supplemental figure 4, online supplemental data 1).

We calculated facial signatures for the CdCS cohort to 
perform an objective assessment of facial shape (figure  4B). 
Individually, facial signatures highlight how a participant’s facial 
shape deviates from an age-matched and sex-matched normative 
face (figure  4A–B). Concordance was high between the facial 
signatures and the clinical assessment for the nasal bridge and 
philtrum, with lower concordance for micrognathia (online 
supplemental data 1). In three participants, micrognathia was 
clinically subtle but clear in the facial signature, while in another 
three, a clinical impression of micrognathia was not confirmed 
by the facial signature. Evaluating the concordance was not 
possible for epicanthic folds and hypertelorism, as these features 
cannot be distinguished from each other on a facial signature. 
The CdCS mean facial signature (figure  4C) showed a short 
philtrum, prominent nasal bridge, triangular facial shape with 
micrognathia and a strong signal at the inner canthi consistent 

with epicanthic folds and/or hypertelorism. In contrast, the 
control mean facial signature (n=4540) showed no recurring 
features (figure 4C). These findings align with the clinical assess-
ment and previous reports,6 11 demonstrating the utility of facial 
signatures in visualising recurring facial features in a cohort.

Cosine similarity provides quantitative assessment of 
between-group variation
To quantify facial differences between the CdCS cohort and 
controls, we used two metrics derived from facial signatures: 
cosine similarity and severity score. The cosine similarity reflects 
the similarity in direction of facial deviation of two faces, while 
the severity score measures the magnitude of that deviation 
along a specific phenotype axis (figure  2). Participants with 
CdCS showed significantly higher cosine similarities to the 
CdCS mean than controls for both the full face and the midface 
(p=4.0×10−15 and p=1.1×10−11, respectively; two-sample 
Kolmogorov-Smirnov test), indicating their facial phenotypes 
were consistently different from controls (figure  5A,B, online 
supplemental data 6). CdCS cosine similarities and severity 
scores were not associated with deletion size or age (online 
supplemental figure 5). A PCA of CdCS and matched controls 
(matched-PCA) confirmed these findings. PC1 and PC2 were 

Figure 3  5p15.33-15.32 deletion heterozygotes. (A) Pedigrees of 
the 5p15.33-15.32 deletion heterozygotes. (B) Facial photographs of 
the five 5p15.33-15.32 deletion heterozygotes. All participants gave 
permission for publication of these pictures. (C) Facial signatures of the 
five 5p15.33-15.32 deletion heterozygotes. The colours correspond to 
the degree of local shape deviation (in z-scores compared with an age-
matched and sex-matched normative reference) locally perpendicular to 
the surface (blue=inward displacement, red=outward displacement). For 
participant 3:I-1, no facial signature was calculated, as their images did not 
pass quality control due to their beard.

Table 1  Summary of primary data for five participants with 5p15.33-15.32 deletion

Identifier

Age at 
inclusion 
(years) Sex

High pitched 
voice as 
infant DD Microcephaly

Speech 
delay Molecular results (GRCh38 breakpoints) and inheritance

1:I-2 47.8 Female Unknown No No No 46, XX, del 5p15.33-5p15.32 (NC_000005.10:g.2682860_5982650del), inheritance unknown

1:II-1 12.5 Male Yes Motor delay* No No 46, XY, del 5p15.33-5p15.32 (NC_000005.10:g.2682860_5982650del), maternally inherited

2:II-1 19.6 Male Yes Mild global 
DD

No No 46, XX, del 5p15.33-5p15.32 (NC_000005.10:g.16497_6093321del), de novo

3:I-1 59.5 Male Unknown Mild global 
DD

No No 46, XY, del 5p15.33-5p15.32 (NC_000005.10:g.2682860_5982650del), inheritance unknown

3:II-1 31.3 Female No Yes No Yes 46, XX, del 5p15.33-5p15.32 (NC_000005.10:g.2682860_5982650del), paternally inherited

DD, developmental delay; ID, intellectual disability.

Figure 4  Facial dysmorphism in CdCS. (A) Participant from the Cri-du-
Chat syndrome (CdCS) cohort with typical facial features of CdCS, including 
a prominent nasal bridge, short philtrum, hypertelorism and micrognathia. 
Written informed consent for recognisable publication was provided. (B) 
Facial signature of the same participant, highlighting how their facial shape 
deviates from an age-matched normative face. Red indicates outward 
deviation locally perpendicular to the surface, blue indicates inward 
deviation. (C) Mean facial shapes and signatures for the control sample, 
CdCS reference cohort and 5p15.33-15.32del heterozygotes.
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both strongly correlated with the CdCS cosine similarity and 
severity scores (online supplemental figure 6) and captured core 
clinical characteristics of CdCS such as the short philtrum, prom-
inent nasal bridge, hypertelorism and micrognathia (figure  5, 
online supplemental media 1 and 2). The PC1 and PC2 scores 
varied considerably for the CdCS cohort, but still effectively 
distinguished cases from controls (figure 5C). This supports the 
findings of the cosine similarity analysis that the facial pheno-
type in CdCS is variable but consistently different from controls.

Facial signatures in CdCS have a consistent direction but 
variable magnitude of effect
We quantified within-group phenotypic variation using ‘direc-
tional variation’ and ‘severity variation’ metrics derived from 
cosine similarity and severity scores, calculated separately for the 
full face and midface. Directional variation quantifies differences 
in the pattern of how facial features covary, while severity varia-
tion describes differences in the magnitude of facial features. Full 
face directional variation in the CdCS cohort was in the ninth 
lowest percentile (0.54; 95% CI (0.45 to 0.58)) compared with 
other monogenic disorders.1 The midface, which includes most 
of the characteristic dysmorphic features of CdCS, showed even 
lower directional variation (0.45; 95% CI (0.35 to 0.45)). In 
contrast, directional variation was significantly higher in controls 
(full face=1.01; 95% CI (1.00 to 1.02), midface=1.04; 95% CI 

(1.02 to 1.05)). Severity variation was low in both groups for the 
full face (CdCS severity variation=35.4; 95% CI (27.5 to 49.7), 
control severity variation=30.4; 95% CI (29.7 to 31.0)), scoring 
in the seventh and third lowest percentiles, respectively. Inter-
estingly, midface severity variation was significantly higher in 
CdCS than in controls (CdCS severity variation=26.7; 95% CI 
(20.8 to 37.5), control severity variation=17.2; 95% CI (16.8 
to 17.5)). These results suggest that facial features in CdCS are 
highly consistent in direction, especially in the midface, but with 
variable expressions of severity across participants.

The typical facial features of CdCS change with age
We performed a PCA on the CdCS facial shapes (CdCS-PCA) 
to investigate the primary axes of phenotypic variation within 
this cohort. PC1 was significantly associated with age even 
though the facial shapes were adjusted for general facial vari-
ation associated with age, corroborating previous reports that 
the facial features of CdCS change as individuals get older8 27 
(online supplemental figure 7A). The shape effects captured by 
PC1 (online supplemental figure 7A) showed a more prominent 
nasal bridge and micrognathia as participants got older, and less 
pronounced hypertelorism and/or epicanthic folds. The phil-
trum, which was consistently assessed as short in all participants 
in the CdCS cohort, remained largely unchanged. The same 
effects were present when comparing the mean facial signatures 
of the youngest and oldest halves of the CdCS cohort (ages 2–12 
vs 15–43 years) (online supplemental figure 7C,D). A covariate-
adjusted PCA of facial shape in the control sample (control-PCA) 
showed no significant associations with age and captured 
different primary axes of variation (online supplemental figure 
7B), indicating that the age-associated axis of variation is specific 
to the CdCS cohort. Linear regression of the covariate-adjusted 
CdCS shapes on age also indicated a changing phenotype with 
age (online supplemental media 3). Interpretation is limited by 
the cohort’s uneven age distribution, but applying these method-
ologies to larger or longitudinal cohorts would enable a detailed 
study of age-related facial changes in CdCS.

Objective analysis explains outlier phenotypes
Two CdCS participants (I091352 and I161647) lacked the typical 
CdCS facial gestalt on clinical assessment, and we attempted 
to quantify this outlier clinical impression. For both partici-
pants, the facial signatures corresponded well to the clinically 
described coarser facial features and the absence of a prominent 
nasal bridge and epicanthic folds (online supplemental figure 
4A). For I091352, this was reflected in a low cosine similarity to 
the CdCS mean, a low CdCS severity score and close clustering 
to controls on the matched-PCA (figure 5A–C), confirming an 
atypical CdCS phenotype. In contrast, I161647 showed average 
cosine similarity to the CdCS mean and CdCS severity scores, 
suggesting a relatively typical CdCS phenotype (figure 5A–B). As 
the oldest participant of the CdCS cohort, their facial features 
were atypical for their age group (online supplemental figure 8). 
The clinical impression of an outlier phenotype in this partic-
ipant was thus likely explained by their less prominent nasal 
bridge and absence of micrognathia on a background of normal 
age-related variation, which is an unusual combination among 
older individuals with CdCS.

Facial features in 5p15.33-15.32 deletion heterozygotes are 
different from those in typical CdCS
Finally, we compared the facial features of the 5p15.33-
15.32 deletion heterozygotes with the CdCS reference 

Figure 5  Between-group phenotype comparisons. Probability density 
functions of the cosine similarity to the Cri-du-Chat syndrome (CdCS) mean 
(A) and CdCS severity scores (B) for the participants of the CdCS reference 
cohort, controls and the 5p15.33-15.32 deletion (5p15.33-15.32del) 
heterozygotes, calculated on the full face (right) and midface (left). In 
(A), significant differences between density functions are marked with an 
asterisk (two-sample Kolmogorov-Smirnov test, Bonferroni correction). 
(C) Scatter plot of the first two principal components of the PCA on the 
CdCS cohort and matched controls. 5p15.33-15.32del heterozygotes were 
projected into the PC space, stars indicate the projected positions of the 
group means. The facial shapes show the facial shape at ±3 SD of the 
PC scores. In all panels, the scores for the two participants with a clinical 
outlier phenotype are indicated.
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cohort, who have ‘typical’ deletions involving 5p15.2, to 
assess the contribution of these distinct 5p regions to the 
facial dysmorphism in CdCS. Clinically, only participant 
1:II-1 had some facial features resembling typical CdCS, with 
hypertelorism and epicanthic folds (figure  2B). The other 
5p15.33-15.32 deletion heterozygotes showed no marked 
facial dysmorphism and no recurring dysmorphic features. 
Their facial signatures (figure 2C) highlighted hypertelorism 
in three participants, but none showed the typical prominent 
nasal bridge or short philtrum. The 5p15.33-15.32 deletion 
mean signature suggested a shared nasion shape and a prom-
inent chin (figure  3C), although interpretation is limited 
by sample size. Their cosine similarities to the CdCS mean 
were significantly lower than in the CdCS reference cohort 
(p=0.001, two-sample Kolmogorov-Smirnov test), and did 
not differ significantly from those of controls (p=0.93) 
(figure  5A). When projected into the matched-PCA space, 
the 5p15.33-15.32 deletion heterozygotes clustered with 
controls rather than with the CdCS cohort, again indicating 
their facial features are different from participants with 
typical 5p deletions.

DISCUSSION
Accurately assessing dysmorphic facial features can contribute 
to correct diagnosis, accurate nosology and variant interpre-
tation in clinical genetics, yet remains challenging even for 
experienced dysmorphologists.5 28 In this study, we applied 3D 
morphometric techniques to objectively study facial dysmor-
phism in CdCS. We calculated facial signatures to account 
for age-related and sex-related variation and found they were 
highly concordant with the clinical assessment on an indi-
vidual level. In some younger participants, clinical impressions 
of micrognathia were not supported by the facial signatures. 
Re-evaluation confirmed its absence, suggesting prior knowl-
edge about the diagnosis influenced the initial assessment (ie, 
confirmation bias). At the group level, the mean facial signa-
ture showed that the most consistent facial features of CdCS 
are hypertelorism, prominent nasal bridge, short philtrum 
and prominent upper lip. These findings align with the clin-
ical literature,6 9 12 and we consider the mean facial signature 
as a valid representation of the CdCS facial gestalt. In addi-
tion to previous reports,1 our results illustrate that individual 
and mean facial signatures can objectively quantify complex 
syndromic shape transformations and can support clinicians in 
interpreting facial dysmorphism.

Quantitative assessment of phenotypic variation revealed a 
highly consistent direction of facial shape change in the partic-
ipants with typical 5p deletions. Although this might appear 
contradictory to the previously reported phenotypic variability 
in CdCS,6 11 it highlights the complementarity of quantitative 
3D phenotyping and traditional clinical assessments. While 
the direction of facial shape change associated with CdCS was 
highly consistent, the magnitude of these changes was variable, 
especially in the midface. The direction of effect and effect size 
of a facial shape transformation are likely difficult to discern 
clinically, contributing to the perceived phenotypic variability in 
CdCS. Variation in age and sex introduces additional phenotypic 
variability that complicates the clinical assessment, whereas our 
approach corrects for these sources of variation using cranio-
facial growth curves. Lastly, minor qualitative features like 
epicanthic folds can influence a dysmorphologist’s opinion 
in comparing patients.28 In facial signatures, however, minor 
features involving few data points have less influence on the 

global shape transformation than shape changes involving many 
data points such as prominent nasal bridge or short philtrum.

We applied these tools to a male patient aged 13 years (partic-
ipant 1:II-1) with motor delay, pronounced hypertelorism and 
epicanthic folds. Genetic testing identified a small heterozygous 
5p15.33-15.32 deletion, and the dysmorphic features were clin-
ically interpreted as consistent with typical CdCS. However, 
morphometric analyses of five 5p15.33-15.32 deletion hetero-
zygotes showed no consistent dysmorphic features. Although 
the limited sample size warrants caution in interpretation, their 
facial signatures differed from typical CdCS and their cosine 
similarity to CdCS was as low as that of controls. This high-
lights a common pitfall in clinical dysmorphology, where certain 
features (e.g. epicanthic folds) can be overinterpreted despite the 
overall facial phenotype matching poorly. Overinterpretation 
is especially likely when facial features are reinterpreted after 
molecular results are known, an increasingly common scenario 
with genotype-first approaches.29 3D facial phenotyping can 
provide objective measures to complement the clinical art of 
dysmorphology, avoiding overinterpretation of either assess-
ment through careful integration of the findings with clinical 
knowledge and expertise.

Previous studies were inconclusive about which chromosomal 
regions are critical for facial dysmorphism in CdCS.10 12 Our 
findings support the presence of multiple critical regions for 
facial dysmorphism on chromosome 5p. Individuals with dele-
tions limited to 5p15.33-15.32 showed heterogeneous facial 
dysmorphism, distinct from the typical CdCS features in indi-
viduals with deletions including 5p15.2. This suggests the exis-
tence of a region on 5p15.33-15.32 for which deletion causes 
atypical facial dysmorphism that can include epicanthic folds, 
and a second region on 5p15.2 critical for features such as ocular 
hypertelorism, prominent nasal bridge and short philtrum. This 
could explain the conflicting previously reported regions, as 
well as the occurrence of atypical phenotypes in individuals with 
small terminal or subterminal deletions.9 10 12 30 We found no 
other correlations between deletion size and phenotypic severity 
or typicality, suggesting that facial phenotypic variation in CdCS 
is not driven by additional critical regions but rather by other 
factors such as DNA methylation and polygenic background.31 32

3D imaging captures more anatomical data than 2D photos 
and is robust to differences in lighting and position,24 enabling 
detailed analyses even with limited sample sizes. This is partic-
ularly advantageous when investigating rare diseases. However, 
3D morphometry still faces methodological challenges. Cranio-
facial growth curves have improved the reliability of 3D pheno-
typing,16 33 but are currently limited to individuals of European 
ancestry. Second, the scarcity of 3D images of individuals with 
rare conditions increases the risk of ascertainment bias.34 35 
Accessible 3D facial imaging using smartphones could facilitate 
broad data collection across diverse populations and address 
these limitations.36 Lastly, the development of user-friendly 3D 
morphometry software is necessary to improve accessibility to a 
broader audience.

Despite these challenges, previous work showed that 3D 
morphometric tools can assist in diagnostics and variant 
interpretation33 37 and provide insights into the genetics of 
facial shape.21 32 38 We applied recent advances like 3D facial 
growth curves and phenotypic variation metrics to identify 
outlier phenotypes, genotype-phenotype correlations and 
dissect sources of phenotypic variation. We illustrate how 
clinicians and researchers can combine 3D photos of indi-
viduals with rare disorders with open-source 3D morphom-
etry tools and databases to answer key questions in clinical 
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genetics. 3D facial morphometry enabled an objective char-
acterisation and interpretation of facial dysmorphism, 
offering a valuable complement to traditional clinical assess-
ment and a promising tool in the era of precision medicine.
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