














Figure 4  Gestalt, dysmorphic features, ICARS, cerebellar atrophy and molecular findings in phosphomannomutase-2 deficiency (PMM2-CDG) patients.
Patients who exhibited increased numbers of Total dysmorphic features presented with a more severe cerebellar syndrome and higher ICARS, as well as
greater cerebellar atrophy on MRI. In bars, the presence of inverted nipples and/or lipodystrophy is detailed at the bottom with dots.

Through Mann-Whitney comparison tests, the presence
of three major DFs (strabismus, inverted nipples and lipodys-
trophy) significantly correlated with both ICARS (p=0.005,
0.002 and 0.02, respectively) and NPCRS assessments (p=0.002,
0.007 and <0.001, respectively).

With respect to neuroimaging, the presence of five DFs (four
major DF—strabismus, inverted nipples, lipodystrophy and long
fingers—and one minor DF—prominent jaw) exhibited a signif-
icant inverse relationship with MVRD (p=0.007, 0.003, 0.002,
0.005 and 0.01, respectively).

Inverted nipples and lipodystrophy were selected to define the
dysmorphology categorizations. Fifteen PMM2-CDG patients
presenting both were included in the ‘severe group’. Nine
PMM2-CDG patients showing one of these DFs were included
in the ‘moderate group’. Finally, seven patients with neither lipo-
dystrophy nor inverted nipples were sorted into the ‘mild group’
(figure 4).

Statistical comparisons of the three dysmorphology severity
groups and their clinical assessments and neuroimaging revealed
significant correlations (figure SA- C).

Genotype—phenotype analysis
The distribution of patients based on potential protein alter-
ations of their molecular findings was as follows: 1 severe, 17
moderate, 1 mild and 11 unknown due to lack of information
regarding at least one of their pathogenic variants.

Categorisation of patients based on molecular findings and
residual enzymatic activity (online supplementary table S1) did
not reveal stratification of the samples by differing severity as
almost all patients possessed both one severe pathogenic variant
and one mild pathogenic variant.

Statistical analysis of dysmorphological, clinical and neurora-
diological features did not to reveal any statistically significant
associations with the molecular severity classification.

Identifying factors with severity predictive value

To evaluate the predictive power of major DFs in PMM2-CDG
with regard to clinical severity, an initial PCA with varimax rota-
tion created two composite variables (or principal components
(PCs)) from the eight original major DFs using the tetrachoric
correlation matrix between them as they were binary variables.
Using the screen test, the set of eight composite variables was
reduced to two. PCA of the data set is visualised as a biplot of
PC1 and PC2, which explained 34% and 27%, respectively, of
the variance in the data set (figure 5D, online supplementary
table S2). A differential distribution of PMM2-CDG patients can
be observed in the biplot. The major DF vectors with direction
and sense point towards the localisation of more severe patients
and are closely associated, likely explaining the largest variance
in the data set and could be considered disease severity predic-
tors. These are five of the eight major DFs: strabismus, lipodys-
trophy, upslanted palpebral fissures, inverted nipples and wide
mouth.

DISCUSSION

This report describes the first and largest cohort of PMM2-CDG
patients from the point of view of next generation phenotyping,
comprising computer facial recognition analysis association with
the study of the diagnostic and prognostic value of DFs.

This condition was first described in 1980 by Jaeken et al.?’
Inverted nipples and lipodystrophy were later described,®® *!
and additional DFs have been subsequently added to the liter-
ature.” © 2 * Among these DFs, the most frequently reported
facial features are dysplastic ears, high forehead, triangular face
and thin upper lip, but these characteristics have never been
related to age or clinical severity. Although there is great diver-
sity in the phenotypic spectrum of PMM2-CDG patients,” '**? 20
differences in DF prevalence between patients and controls were
statistically significant.
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Figure 5 Dysmorphology and neurological correlations in phosphomannomutase-2 deficiency (PMM2-CDG) patients. (A) Box plot representing midsagittal
vermis relative diameter (MVRD) from different phenotypic groups (mean: mild 54.6%, moderate 42.0%, severe 36.5%) (p=0.002) showing lower MVRD

in those with more severe dysmorphic phenotypes. (B) Box plot representing ICARS from different phenotypic groups (mean: mild 16.3, moderate 44.9,
severe 63.9) (p=0.003) showing higher ICARS in those with more severe dysmorphic phenotypes. (C) Box plot representing Nijmegen Paediatric CDG Rating
Scale (NPCRS) from different phenotypic groups (mean: mild 8.9, moderate 14.9, severe 24.1) (p=0.005) showing higher NPCRS in those with more severe
dysmorphic phenotypes. (D) Visualisation of initial principal component analysis (PCA) where biplot is, according to NPCRS categorisation, divided into three
groups. Each dot represents a patient with PMM2-CDG and is coloured according to assigned disease severity (black: mild, green: moderate, red: severe).
Each of the eight major DFs is represented by a vector. Length and direction of the vectors indicate their contribution to the data set's variance, represented
as PC1 (35% variance) and PC2 (23% variance). PC1 seems to differentiate patients according to severity, and PC2 seems to be related to severity in minor
degree, while also differentiating those who have joint laxity from those who do not. A division of patients is observed in three distributions, from minor

to greater severity. Major dysmorphic feature (DF) vectors pointing towards the location of more severe patients could be considered as disease severity
predictors, namely inverted nipples, strabismus, ascending palpebral fissures, lipodystrophy and wide mouth.

The frequencies of DFs in our sample are similar to those
reported.>* Although lipodystrophy is a well-known early indi-
cator of PMM2-CDG, its prevalence is scarcely detailed in
previous papers. In our sample its frequency is elevated and
closer to that reported in studies focusing on dermatological
features of CDG.*™” Moreover, its change with time could be
a source of bias.

Eight DFs, denoted here as major DFs, have been identified
as being suggestive and particularly prevalent among patients
compared with controls. Our study demonstrates that the
increased incidence of DFs offers a high sensitivity and specificity
to clinicians faced to a patient with a suspicion of PMM2-CDG.
This is especially true when the patient presents at least three
major DFs or at least seven total DFs.

To the best of our knowledge, how DFs in PMM2-CDG
patients change over time has never been investigated. It is
reported that strabismus and lipodystrophy can disappear over

time (sometimes therapy is a bias, as happens with strabismus),
but it seems to be a slow process, and most patients present these
DFs still during.’® '* We observed that a prominent jaw develops
in place of retrognathia, which is more prevalent in infancy,
and antevertes nares, observed in certain patients at early ages,
seems to be linked to a prominent nose in older children. A
coarse facial appearance, described in older patients,'” may be
due to the confluence of a prominent jaw and a wide mouth.
Its prevalence increases with age in our cohort. Our study is not
longitudinal in nature. Nevertheless, it is desirable to evaluate
changes over time in these patients. Thus, we propose some age
cut-offs to define when certain DFs are more or less frequent in
PMM2-CDG.

New technologies of facial pattern recognition, such as Face-
2Gene, are useful in a wide number of genetic conditions.”” In
PMM2-CDG, a highly variable and rare disease, facial DFs may
be subtle, and the diagnosis requires awareness that relies on
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sialotransferrin analysis by different techniques that may some-
times be normal.” Therefore, the utilisation of computer tools
for new generation phenotyping is a priority.**** Our work
has permitted Face2Gene to be trained for discrimination and
suggestion of PMM2-CDG at different ages even <1year, even
in the absence of multisystem involvement and supplementary
Human Phenotype Ontology (HPO).

In view of both, the potential offered by DF analysis and the
capability of informatised platforms of facial recognition to aid
in clinical diagnosis, two different but synergistic approaches
can be integrated into a single tool to improve diagnostic rates.
These modalities still need to be further explored and the design
of decision algorithms based on exhaustive HPO lists corre-
sponding to all DFs and supplemented by automatic facial anal-
ysis could achieve next-generation phenotyping.

Initial suspicion based on clinical features, including dysmor-
phism, which primarily depends on doctors’ skills and training,
would lead to subsequent laboratory studies and a final diag-
nosis. If this suggestion comes automatically from a computer-
ised tool, it will be less dependent on the observer’s experience,
increasing the rate of diagnostic success.

At present, there are no studies describing a clear correlation
between genotype and phenotype for PMM2-CDG.' ¥ *! More
than 100 pathogenic variants have been described to cause
PMM2-CDG."® ¥ ** and most patients are double heterozygous.
This hinders the possibility of establishing correlations between
phenotype and genotype'®?' *'*¥ despite some previous reports
suggesting milder clinical phenotypes related to some specific
mutations.'® However, at the clinical level, there are validated
scores to graduate systemic involvement (NPCRS), cerebellar
syndrome (ICARS) and cerebellar atrophy (MVRD). In our
cohort, there was a good correlation between DFs and clinical
or neuroimaging analysis. However, we could not demonstrate
a correlation between molecular severity classifications based
on either protein alterations or residual activity and clinical
aspects, such as DFs, cerebellar syndrome or neuroimaging
findings. As a limitation to our work, we have no patients with
the same pair of pathogenic variants, despite having one of the
largest cohorts ever reported. Moreover, the presence of poly-
morphisms in other genes of the N-glycosylation pathway that
could alter biological processes has not been considered (eg, in
ALG6).**

Moreover, cerebellar atrophy is not always evident in the
newborn but rather progresses during the first decade.” This
lack of valuable prognostic signs in infants incites clinicians to
look for early informative markers. We identified a correlation
between measurable DFs and neurological phenotype of patients.
Moreover, based on the presence or absence of two of the most
common early DFs (lipodystrophy and inverted nipples), three
phenotypic severity groups were defined that showed statistical
correlation with different levels of clinical and neuroradiological
manifestations.

Our study suggests that when a patient belongs to the severe
group, presenting lipodystrophy and inverted nipples, neuro-
logical involvement will be greater. This needs to be confirmed
through evaluation of longitudinal samples in future studies.

Interestingly, factorial analysis showed that five major DFs are
associated with PMM2-CDG and are sufficient (either isolated
or coexisting) for predicting disease severity The five major DFs
proven to predict clinical severity were strabismus, lipodystrophy,
upslanted palpebral fissures, long fingers, inverted nipples and
wide mouth. These DFs can be easily evaluated by physicians at
early ages, helping to provide early and relevant information to
the family and to guide the management of patients.

Dysmorphology analyses should be interpreted in the context
of a complete clinical picture of a patient and always consid-
ering that PMM2-CDG molecular confirmed patients may
associate subtle dysmorphisms as shown in our sample. When
PMM2-CDG is suspected, we suggest to determine whether
the child possesses three or more major DFs or at least seven of
all DFs, and to upload a frontal face picture to the Face2Gene
CLINIC application. Additionally, once a PMM2-CDG diagnosis
is confirmed, our results offer clinicians a dysmorphology cate-
gorisation based on two major DFs to guide neurological prog-
nosis. However, dysmorphology information should never be a
substitute for biochemical tests or clinical or radiological scores
but may be helpful in very young patients in whom cerebellar
atrophy is subtle so that cerebellar syndrome scores are not suit-
able. Currently, molecular studies remain the gold standard to
make a final diagnosis, and clinical assessment remains essential.

In summary, on the basis of a dysmorphology analysis of a
large sample of patients, we propose (1) a classification of DFs
into major and minor with diagnostic risk implications, and (2)
a facial pattern recognition analysis that trained the Face2Gene
mathematical algorithm to discriminate PMM2-CDG at different
ages. Moreover, we elaborated a simple severity dysmorphology
categorisation with predictive value, and we identified five major
DFs associated with clinical severity.
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