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Abstract

The most important factor that complicates the work of dysmorphologists is the
significant phenotypic variability of the human face. Next-Generation Phenotyping
(NGP) tools that assist clinicians with recognizing characteristic syndromic patterns
are particularly challenged when confronted with patients from populations different
from their training data. To that end, we systematically analyzed the impact of genetic
ancestry on facial dysmorphism. For that purpose, we established the GestaltMatcher
Database (GMDB) as a reference dataset for medical images of patients with rare
genetic disorders from around the world. We collected 10,980 frontal facial images —
more than a quarter previously unpublished - from 8,346 patients, representing 581
rare disorders. Although the predominant ancestry is still European (67%), data from
underrepresented populations have been increased considerably via global
collaborations (19% Asian and 7% African). This includes previously unpublished
reports for more than 40% of the African patients. The NGP analysis on this diverse
dataset revealed characteristic performance differences depending on the
composition of training and test sets corresponding to genetic relatedness. For clinical
use of NGP, incorporating non-European patients resulted in a profound enhancement
of GestaltMatcher performance. The top-5 accuracy rate increased by +11.29%.
Importantly, this improvement in delineating the correct disorder from a facial portrait
was achieved without decreasing the performance on European patients. By design,
GMDB complies with the FAIR principles by rendering the curated medical data
findable, accessible, interoperable, and reusable. This means GMDB can also serve
as data for training and benchmarking. In summary, our study on facial dysmorphism
on a global sample revealed a considerable cross ancestral phenotypic variability
confounding NGP that should be counteracted by international efforts for increasing
data diversity. GMDB will serve as a vital reference database for clinicians and a
transparent training set for advancing NGP technology.

Introduction

Facial dysmorphism is one of the most complex and informative clinical features in

syndromic disorders, and is therefore often crucial in terms of establishing a diagnosis
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in rare genetic diseases’?. However, the recognition of dysmorphic patterns, is a
challenging endeavour, and relies on the skills, knowledge, and experience of the
examiner. In certain syndromes, in particular those that are ultra-rare, variability in
facial features can pose challenges even for highly experienced clinicians®. Facial
features can also vary according to sex, age, and ancestry, which further complicates
the recognition of a specific dysmorphic pattern4-5.

Ancestry plays a particularly significant role since considerable inter-ancestral
variability exists in facial gestalt’. Thus, facial features that are common in certain
ancestral groups may be considered dysmorphic in others. For example, while
upslanting palpebral fissures are common in healthy Asians, they may be perceived
as dysmorphic in other populations®. Previous studies have also highlighted
differences in facial gestalt between different ancestries in common dysmorphic
genetic syndromes such as Down Syndrome, 22q11.2 deletion syndrome, Noonan
syndrome, and Williams—Beuren syndrome*®'0. Furthermore, Lumaka et al. have
demonstrated that this variability can influence the assessor, with European clinicians
failing to recognize dysmorphic features in individuals of African ancestry''. This is a
growing problem as globalization and migration increasingly blur ancestral and cultural
boundaries, and geography is no longer a key determining factor in mating patterns™2.
Hence, in diverse populations, such as those with admixed ancestries, the challenge
of accurately diagnosing rare diseases becomes even more pronounced since new

phenotypes can evolve via admixture'.

Ancestry also has a significant impact on the detection of rare dysmorphic disorders
via artificial intelligence (Al)' because in most healthcare datasets, non-European
ancestries are underrepresented'. Many next-generation phenotyping (NGP)
approaches that predict disorders on the basis of facial image analysis, such as
GestaltMatcher’s, have demonstrated high accuracy in patients from the ancestries in
which they were predominantly trained and validated, i.e., European and North

American'®19,

Since the significantly higher birth rates in non-European regions account for 80% of
the global population and 90% of all annual births (Figure 1a)?°, action is required to
include non-European patients currently considered to be underrepresented. So far,

few studies exist about the performance of NGP tools where the ancestry composition
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of individuals in the training and test set differs. Literature suggests that Als trained on
individuals of European ancestry perform better on a test set of Asian rather than
African ancestry?'-?4 that may be explained by their closer genetic relatedness?®. This
raises the question of whether Als need to be trained for different ancestries or whether
a similar performance can be achieved by sufficiently increasing the ancestral diversity
in the joint training set. The latter is indicated by a study conducted on Down syndrome
patients of African ancestry''. However, comparing these studies is difficult since they
were not performed on data compliant with FAIR principles that are findable,

accessible, interoperable, and reusable, meaning the results cannot be reproduced.

The motivation of our work is therefore threefold: 1) scientific, because we wanted to
study the effect of inter- and intra-ancestral phenotypic variability on NGP, such as
GestaltMatcher, in a systematic manner; 2) clinical, because more diverse training
data can presumably increase the performance of NGP on non-European ancestries;
and 3) societal, because so far underrepresented populations would benefit from

potential performance improvements.

To achieve these goals, we aimed for a FAIR database with an increased number of
patients of non-European ancestry with respect to comparable databases?%-2627.
Therefore, we established the GestaltMatcher Database (GMDB) as a community-
driven online framework that facilitates acquiring patient consent and incentivizes data
sharing, acknowledging contributions from clinician-scientists as citeable micro-
publications (Figure 2)?8-3'. Through this framework, we established global

collaborations, enabling the collection of a wide range of data from various ancestries.

GMDB is the first database for medical imaging data of patients with rare genetic
disorders from diverse ancestries that is compliant with the FAIR principles32. By its
machine-readable design, GMDB also enables systematic analyses of the influence
of genetic background on NGP performance, which we will report in this study.

Results:
Overview of FAIR data in GMDB
Retrospective data from curated publications, along with data provided by clinicians or

patients, were made available as FAIR cases in the GMDB (Figure 3, Supplementary
Figures 1 and 2)33. At the time of the data freeze for this paper on April 6" 2024, we

8
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curated the GMDB-FAIR dataset consisting of 10,980 portrait images (Supplementary
Figure 3) of 8,346 patients with 581 genetic disorders, including patients curated from
2,224 scientific publications. 2,312 unpublished images were contributed by 138
clinicians from 106 institutions (indicated by location markers in Figure 1a), including
novel cases from GMDB micro-publications (micro-publication section in
Supplementary Note). For the portrait data, which is the scope of this study, in terms
of sex, the data distribution is relatively balanced (Figure 4a). However, age is biased
toward patients aged below 10 years (Figure 4b). Figure 4c shows a two-dimensional
representation of Human Phenotype Ontology®* (HPO)-defined symptom groups in
GMDB via Uniform Manifold Approximation and Projection (UMAP). While GMDB
incorporates cases from all HPO-defined symptom groups across the disease
landscape, the HPO-defined symptom group ‘facial dysmorphism’ is enriched in
GMDB. Since each individual can be attributed to several HPO-defined symptom
groups according to their features, facial dysmorphism was also present in the other
HPO-defined symptom groups, as shown in the heatmap.

Underrepresented populations benefited from micro-publication case reports in
GMDB

Through our international collaborations (Figure 1a), the representation of non-
European ancestral groups is 19% for Asian, 7% for African, and 7% for Others. 67%
comprises individuals of European descent (Figure 1b). Moreover, the ancestry
distribution varies among different disorders. Some disorders, such as Williams-
Beuren syndrome, Hyperphosphatasia with impaired intellectual development
syndrome, and Cohen syndrome, have relatively diverse and balanced ancestral

distributions (Supplementary Figure 4).

Notably, the proportion of African ancestry was strongly increased by means of GMDB
micro-publications which account for 40% of the individuals with African ancestry
(Figure 4d). In terms of specific sub-ancestries (Figure 4e), more than 80% of cases
with sub-Saharan ancestry and over 20% of cases with North African, Native American,
and Latin American ancestries were obtained through GMDB micro-publications.
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Performance disparities in underrepresented populations

We analyzed the performance of GestaltMatcher on the test set of 882 images of 275
disorders with different ancestries that have not been used for the training of
GestaltMatcher. Performance is measured as a top-k accuracy (as described in
Methods). We report the top-1 to top-30 accuracies in Table 1. When considering top-
1 accuracy, the 'Others' group demonstrated the highest performance at 73.91%,
followed by the African group at 62.07%, the Asian group at 53.54%, and the European
group at 55.45%. The African group achieved the highest top-5 accuracy (82.76%),
the Asian group attained the highest top-10 accuracy (85.04%), while the European
group only achieved 75.14% and 82.60% for top-5 and top-10 accuracies, respectively.
However, the European group contains more than 50% of the testing images (523 out
of 882), covering many more disorders than the other ancestry groups. That includes

ultra-rare disorders known to achieve lower performances™®.

To fairly compare the European group to another non-European ancestry, we only
looked at the disorders that were present in both ancestry groups. In Table 2, when
comparing the African and European groups on the six overlapping disorders, the
European group outperformed the African group by achieving +16.96% top-1 accuracy
and +11.17% top-10 accuracy. The European group also exhibited higher accuracies
compared to the Asian group, with a top-1 accuracy of +6.92% and a top-10 accuracy
of +4.15%. However, the European and ‘Others’ groups achieved relatively
comparable results. The ‘Others’ group had a higher top-1 accuracy, while the
European group performed better on the top-10 accuracy.

We further reported the performance of sex and age groups in Table 1. The distribution
of testing images was relatively balanced across different groups, and no significant
performance gap was observed between males and females. However, the under-
one-year-old group exhibited the lowest performance, while the five- to ten-year-old
group demonstrated notably higher top-5 and top-10 accuracies.

Diverse ancestry data enhance prediction accuracy for underrepresented

populations

To investigate the impact of incorporating ancestry-diverse data on the overall

performance of GestaltMatcher across ancestries, we designed two sets of ancestry

analysis experiments. First, we investigated the expansion of the training set of
10
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GestaltMatcher (as described in Methods), including either European only (EU + EU*)
or European and non-European (EU + non-EU) patients. We measured a top-1
accuracy averaged over all ancestral groups of 49.65% for the European only training
set (EU + EU*) and 66.90% for the diverse training set (EU + non-EU) (Figure 5a).
Similarly, top-5 accuracy of the European training set was 69.95%, and when we
trained on the diverse set, the top-5 accuracy increased to 81.24%. Notably, the
evaluation performance on images of patients with European ancestry showed only a
marginal performance dropdown. Specifically, the top-1 accuracy decreased by 3.82%
and the top-5 accuracy by 3.61% when the dataset was augmented with 50% more
non-European images. Meanwhile, the top-1 and top-5 performance increased notably
for almost every other ancestral group. Figure 5a and Table 3 show further per-

ancestry performances.

The training of GestaltMatcher results in a clinical face phenotype space that can be
populated by additional cases, which we refer to as the gallery set (as described in
Methods). We next investigated the influence of expanding the gallery with ancestry-
diverse data by gradually raising the proportion of included non-European data from
10% to 100%. Figure 5b shows that the top-1 accuracy of the non-European groups
was clearly increased when we added more non-European data in the gallery.
However, the top-1 accuracy of the European group did not change even when we

added 100% of the non-European data into the gallery.

GMDB-FAIR dataset drives the advancement of NGP technology

GMDB-FAIR dataset is the first dataset that can be shared with the research
community to train and benchmark their NGP approaches. After the first publication of
the GestaltMatcher approach in 2022, for which we initially started the collection of our
FAIR data, many researchers have utilized GMDB-FAIR to develop different NGP
approaches. Hustinx et al.’®, Sumer et al.®>, and Campbell et al.*® improved the
prediction accuracy of their models significantly by utilizing different loss functions,
network architectures, and data augmentation. Recently, Wu et al. proposed
combining a large language model with facial image analysis to streamline the rare
disorder diagnosis®’. Furthermore, running facial analysis with an on-premise solution

is possible using the FAIR data set to further prioritize genomic variants®8.
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Moreover, the GMDB-FAIR dataset can be taken as a validatable control cohort to
facilitate the delineation of the facial phenotype of disorders. GestaltMatcher can
detect clusters and assess whether, for example, cases with an identical variant or
pathogenic variants in the same gene share a similar facial phenotype. For example,
Ebstein et al. showed that facial dysmorphism was heterogeneous among the entire
PSMCS3 patient cohort, but facial similarities were found in patients sharing the same
pathogenic variants®®. To date, 15 publications have analyzed the facial phenotype of
the cohort with the GMDB-FAIR dataset and GestaltMatcher3®-53. All results can be
reproduced in the research platform of GMDB, which we introduce in the Methods
section (Figure 2c, Figure 3c and Supplementary Note).

Discussion

GMDB is a modern, searchable reference and publication medium encompassing
diverse populations that is designed for both clinicians and computer scientists
engaged in NGP development. The ultimate goal of this study is to drive research in
rare genetic disorders to understand the phenotypic variability among ancestries

systematically and improve support for underrepresented populations.

GMDB stands out as the sole database compliant with FAIR principles, distinguished
by its extensive collection of facial images covering diverse populations. This was
mainly possible through the contributions and crowd-sourced annotations by our
global collaborators. To increase motivation for data submission in the future, every
case in the database has the potential to become a citable micro-publication with a
Digital Object Identifier (DOI)>*. Furthermore, future micro-publications could be
indexed in reputable scientific indexing services, such as PubMed, as is the case for
some existing micro-publication communication platforms®®. Active patient
involvement and the ability to access, upload and delete their data enhance patient
autonomy and facilitate the acquisition of longitudinal patient data, further enriching
GMDB's repository of facial images. Similar to other natural history study data, the
longitudinal image and associated phenotypic meta data add significant value to the
understanding of disease progression in patients with facial dysmorphism®6. Moreover,
micro-publication encourages the recruitment of patients from underrepresented
populations. For example, more than 40% of all images obtained for Africans had been
previously unpublished. These micro-publications from unpublished images of
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patients with underrepresented ancestries underscored the importance of GMDB
since they cannot be found in any medical journals.

The diverse ancestry data in GMDB further enabled us to investigate the
GestaltMatcher performance differences among ancestral groups systematically. In
Table 2, the performance disparities in the Asian and African groups were observed
when compared to the European group. The “Others” group showed a comparable or
even higher performance than the European group. The reason could be that Latin
Americans in the ‘Others’ group show relatively similar facial phenotypes to the

Europeans.

Our findings indicate that increasing the ancestral diversity in FAIR databases will
particularly benefit populations currently regarded as underprivileged. We investigated
how the top-1 and top-5 accuracies for the different ancestries changed when equally
sized groups of European or non-European patients were added to the training set.
Overall, the top-5 accuracy for non-European ancestral groups increased significantly
when the training set was expanded with non-Europeans (+11.29%). When the
training data were extended from only Europeans to Europeans and non-Europeans,
only a marginal change in the performance of the European group was observed.
Including more non-European patients in the gallery can also improve non-European
groups' performances dramatically while European performance remains roughly the
same (Figure 5b). The results indicate that recruiting non-European patients to support
the underrepresented populations is more effective than recruiting more European
patients, which often leads to models’ extreme bias toward European ancestry.

The GMDB-FAIR dataset offers a transparent Al training set, which is crucial for the
NGP development because all FAIR data are available to the clinical and scientific
community. This transparency, combined with the increased representativeness of the
training set, helps minimise the risk of algorithmic bias, which is key for ensuring
respect for the fundamental right to non-discrimination®’. The high quality of the GMDB
data allows researchers to train, validate, and test Al in a manner that aligns with the
expectation in the EU Al Act and the EU Medical Device Regulation®®. Finally, the
controlled access and consent options as described in the Methods section not only
ensures respect for the fundamental right to protection of personal data®” and EU
General Data Protection Regulation (GDPR)%® compliance, but it also enabled the
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creation of a more diverse, representative, and larger data set as people are more
comfortable with sharing health and genetic data, including images, under controlled
conditions and responsible data governance than in open access publications and
repositories. By this, the GMDB-FAIR dataset falls in line with other large public
datasets, such as ImageNet® for object classification or Labeled Faces in the Wild
(LFW)8'" for face verification, which have been fundamental for deep-learning
technology driving computer vision over the last decade. GMDB-FAIR has been used
to develop many NGP approaches'®35-3" for predicting rare disorders after the first
usage in GestaltMatcher in 2022. Moreover, GMDB-FAIR data can be used in the
research platform (Supplementary Note) to validate the results shown in the published
works39-53 that provides transparency to the researcher using GestaltMatcher and the

probability to extend the existing research with the user’s additional data.

Due to variability in facial phenotypes secondary to ancestry, diverse reference image
databases are crucial in order to enable clinicians to learn about the phenotypic
variability in facial dysmorphism within a given disorder. While efforts have been made
to create an atlas of human malformations that addresses the issue of ancestral
diversity, this remains limited to only a few disorders?°. With GMDB-FAIR, we created
a large-scale dataset that can be searched for disorders or genes of interest in the
GMDB gallery view (Figure 2c, Figure 3b), which provides clinicians with a
comprehensive selection of patient images from different ancestries at a glance,
thereby eliminating the need for extensive literature searches. In addition, it facilitates
facial phenotype comparisons within a given disorder among different ancestries
(Supplementary Note). GMDB also represents a valuable teaching tool for training

students and residents to recognize disorders based on facial features.

To conclude, GMDB is a medical imaging database for rare disorders that
encompasses diverse populations. The FAIR data will serve as reference material for
clinicians that facilitates learning about facial dysmorphism across ancestries, and as
a transparent training and benchmarking dataset for advancing the NGP approach.
While we show improved performance for the underrepresented populations, it is
important to point out that the performance is far from the optimum that can be
achieved by collecting more diverse data. We envision that the gap between the

European ancestral group and the underrepresented ancestries can be mitigated by
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micro-publications in the future, and this will result in substantially improved support

for underrepresented populations.

Methods

Implementation of the online GMDB platform

The online platform was built using Ruby on Rails in order to allow users to input
images and other patient data. A database was set up using MySQL to store the
patient data. GMDB is hosted physically in the University Hospital of Bonn and is
maintained by Arbeitsgemeinschaft fur Gen-Diagnostik e.V. (AGD), which is a non-
profit organization for genomic research. The service is funded by membership fees
of the AGD and donations from the Eva-Luise und Horst Kohler Foundation and the
Wirtgen Foundation.

Image data and meta data stored in GMDB

An entry in GMDB consists of a medical image such as a portrait, X-ray, or fundoscopy
and machine-readable meta information containing: 1) demographic data (including
sex, age, and ancestry); 2) the molecularly confirmed diagnosis (OMIM index®?); 3) the
disease-causing mutation reported in Human Genome Variation Society format®3
(HGVS) or International System for Human Cytogenomic Nomenclature® (ISCN) with
test method and zygosity; and 4) the clinical feature encoded in HPO terminology3*
(Figure 2b). When submitting data, clinicians are also asked to state their expert
opinion concerning the distinctiveness of a phenotype: They are asked to score
whether the medical imaging data was supportive (1), important (2), or key (3) in
establishing the clinical diagnosis. Computer scientists can use this information to
interpret the performance of their Al'S.

Digital consent form and patient-centered data upload

To facilitate faster retrospective patient recruitment, a digital consent form has been
implemented, which allows patients to select conditions for storing their data within the
database and enables the provision of their signature online. To address the specific
requests of patients, this feature was further developed in close collaboration with
patient support groups, e.g., the German Smith-Magenis Syndrome patient
organization Sirius e.V. Patients can access their own cases and provide or withdraw

their consent online. They can also upload images themselves, which greatly simplifies
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the curation process for longitudinal image data and other prospective data. The fact
that documents such as letters from clinicians or laboratory results can also be
uploaded, while only being visible to the responsible clinician, makes it possible to
obtain molecular and phenotype information on patients recruited retrospectively from
patient support groups. This digital consent is developed in such a way that it could
also, in principle, be used as a dynamic consent model in the future®s. The consent
form is available in German and English, and other languages will be incorporated in
the near future. Please find them in Supplementary Note (Digital consent, and
Supplementary Figures 5 and 6) for more details.

Data curation

The curated data can be broadly categorized as retrospective and prospective.
Retrospective refers primarily to data collected from the literature or from similar
projects with global consent for data sharing (e.g., Minerva&Me®®). For cases curated
from the literature, the DOI and PubMed ID as well as the contact details of the
corresponding author were collected in order to clarify whether reuse is possible while
respecting intellectual property rights. Following the provision of written informed
consent, our collaboration partners, clinicians from around the world (Figure 1a and
the co-authors), also recruited patients with an established diagnosis from within their
clinical practice or from patient support groups. Prospective curation refers to the
collection of further images or metadata over time. This can be done by the attending

clinician after subsequent consultations, or by the patients themselves.

The curation process can be broadly subdivided into three phases. First, medical
students in their final year annotated cases from the literature, mainly searched
PubMed and Google Scholar for publications with images of patients with facial

dysmorphism and monogenic molecular diagnosis.

Second, solved patients were recruited from patient support groups. Included patients
were allowed to upload and delete images and findings autonomously and access
their data at any time. To develop a patient-centered, user-friendly platform and
strengthen patient autonomy, feedback was obtained from the recruited patients
during this phase in order to determine whether any adjustments to the process were
required.
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In the third phase, the database was expanded via international collaborations with
clinicians from different continents. Initially, this focused on patients who had already
been solved but had not yet been published in order to improve the Al's performance.
However, as we progressed, more clinicians shared their unsolved cases with the
scientific community. GMDB then started focusing on facial portraits of patients with
rare monogenic diseases, and is now dominated by, but not limited to, such cases.
Later in the curation process, we also annotated cytogenetic disorders with facial
dysmorphism. In addition to these clinicians, the medical students continued to
annotate data from the literature.

Digital Object Identifier assignment

After data submission, the respective case is immediately published on the website.
Subsequently, the author has the option of generating a DOI in order to create a citable
micro-publication®*. To do this, clinicians must, after uploading the required data and
metadata, enter their own personal identifier (e.g.,ORCID), specify all other scientists
or clinicians involved in this case, and provide a title and an abstract. To ensure the
credibility and reliability of the published data, this process will adhere to a rigorous
review similar to that described by Raciti et al.>>. The DOIs are created and managed
by the University and State Library of Bonn using the DataCite Application
Programming Interface (API) (https://datacite.org).

Additionally, a dedicated landing page will be created for each case, according to the
specifications of the DataCite metadata schema (Supplementary Figure 2). The
landing page is accessible via the generated DOI, even for individuals without access
to GMDB or those who are not logged in. The landing page contains the full citation
with the DOI as a link, the abstract, and a description of the case data. No phenotypic
information, HPO terms, or images are available. However, the landing page indicates

how many images the micropublication contains.
Main components of the GMDB online platform

The GMDB consists of three main components that can in principle be utilized by
registered users (Figure 2c). 1) Search: Clinicians can use the Gallery view to search
the GMDB for disorders or genes of interest and get all patients matching this search
criterion displayed in the database at a glance. 2) Analyze: Clinicians and scientists

can use the GMDB-FAIR data to perform similarity comparisons of cohorts with
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GestaltMatcher within the research platform of GMDB. 3) Train: The GMDB-FAIR
dataset that can be used by external researchers to train NGP tools. More detailed
information on these features can be found in the Supplement Note.

GMDB datasets

All analyses performed in this paper are based on GMDB-FAIR data (v1.1.0). But
actually, the GMDB consists of the GMDB-FAIR dataset and the GMDB-private set
(Supplementary Note and Supplementary Figures 7 and 8). We introduced this
distinction because it is known that patient consent to data sharing is higher when not
shared with a broad mass, but only for a specific study®’. However, many patients
agree to controlled access for the general scientific community to advance research®’.
For this reason, patients can decide whether they want to be part of only the GMDB-

private set for Al training or agree to be part of the FAIR data set.

The website displays the statistics to the public, showing how many patients are in the
database and how many disorders and disease genes have been curated. When the
user has the link to a specific case in the GMDB (e.g., from a publication in which the
original image may not be branched, but a link to the case is given in the GMDB), if
the user is not logged in, the landing page for the case will show how many images
and metadata are available for the case. Only sex and ancestry, as well as the disease
gene, are given. If it is a case report published with a DOI in the GMDB, the
corresponding title and abstract of the case can also be viewed. The remaining data
can only be viewed after logging in. To visualize the images, the user has to log in to

the platform.
GMDB-FAIR data set

The FAIR data set (Supplementary Figure 7b) is accessible to the scientific community.
Data comes from publications and from clinicians or patients themselves. However,
the case is accessible in the Gallery view for all registered users of the GMDB, and
the data sheet with all relevant data and metadata can be viewed. It is also available
to all users of the GMDB to perform similarity comparisons of cohorts in the research
platform (Supplementary Note). The data is used for the GestaltMatcher training and
test set but can also be made available to other scientists to train and test their Al after
they have applied to us with an Institutional Review Board (IRB)-approved study and

proposal.
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Data Governance and Ethical, Legal and Social Implications of GMDB

Ethical approval for the GMDB was granted by the IRB of the University of Bonn, and
all patients have given informed written consent to participate. During the
GestaltMatcher consent procedure, patients can also indicate whether they agree to
the use of the images in presentations, teaching activities, or in publications in other
journals. This differentiation from other journals is important since patients/parents
show less willingness to consent to publication in open-access journals than to
publication in access-controlled databases that are not publicly accessible®”. The
patient shown in Figure 3 fully consented to publication of his image data.

The GMDB has four different levels of data access (Supplementary Figure 8): 1) The
public data, which includes a summary of the GMDB statistics on the website and a
landing page for case reports with DOI (Supplementary Figure 2), requires no login
and is openly accessible. 2) The FAIR data, which can be viewed with a GMDB user
account, and in principle, downloaded by external Al researchers. 3) The restricted
data, which is not accessible to GMDB users and external Al researchers and can only
be used to train the GestaltMatcher Al. 4) Patient-shared data: Patients can only view

their own case and upload data if they are invited to do so by the attending clinician.

External scientist in the field of Al can apply to download of GMDB-FAIR data for the
development of NGP approaches. Prerequisites for this are IRB approval and
submission of a proposal to info@gestaltmatcher.org. In addition, external scientists
must sign and adhere to the GDPR. The Advisory Board will conduct a thorough review
of all applications. If the majority of the members of the Board approve the application,
access (under the extent permissable by law) will be granted to applicants within two

to three weeks.
Advisory Board

Advisory Board comprises the following co-authors: Benjamin D. Solomon, Koen
Devriendt, Shahida Moosa, Christian Netzer, Martin Mucke, Christian Schaaf, Alain
Verloes, Christoffer Nellaker, Markus M. N6then, Gholson J. Lyon, Aleksandra Jezela-

Stanek, and Karen W. Gripp.
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HPO-defined symptom groups

In one of our previous works®®, twelve distinct and non-overlapping categories of HPO
terms were defined by clinical experts ("HPO defined symptom groups”). All GMDB
cases for which HPO terms were annotated were then assigned to each of those
groups, if at least one of the HPO terms in this group was annotated; i.e., each GMDB
case can be assigned to several HPO-defined symptom groups. For each case, the
most pronounced HPO-defined symptom group was defined as the single group
comprising the largest number of the case’s annotated HPO terms. The HPO-defined
symptom group “Others” was only assigned as the leading HPO-defined symptom
group if no other HPO-defined symptom group was present for the case.

Phenotypic similarity between cases was calculated using the R-package
ontologySimilarity (version 2.5). Pairwise similarities were calculated for the combined
data set of GMDB cases with HPO terms (n=4,474), the TRANSLATE-NAMSE exome
sequencing data set (n=1,577), and data on known diseases and their clinical features
downloaded from the HPO website (n=7,765,
https://hpo.jax.org/app/download/annotation, file: genes_to_phenotype.txt,
downloaded on 10 April 2021). The resulting distance matrix was projected in a four-
dimensional space via Uniform Manifold Approximation and Projection (UMAP). The
first two dimensions were plotted using ggplot2 (version 3.4.4). To analyze which
HPO-defined symptom groups occur jointly, the proportion of patients assigned to the
first group that were also assigned to the second group was assessed. All analyses
were conducted in R (version 4.3.2).

GestaltMatcher Algorithm

GestaltMatcher' is the extension of the DeepGestalt approach'. DeepGestalt is a
deep learning-based NGP tool using frontal face photos to classify up to 216
syndromes it has seen during training. However, it needed a lot of training data to
achieve a reasonable performance on these syndromes. That also meant it could not
classify unseen syndromes during training (ultra-rare syndromes). This led to the
development of GestaltMatcher, which uses a clustering approach. As such, if at least
one image of the sought-after syndrome is in the gallery set, a test image can be
matched to/clustered with that image using some similarity metric. Later, this approach

was further enhanced by Hustinx et al.'®, using a more recent architecture (iResNet)
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and training loss (ArcFace Loss), as well as test-time augmentation and a model
ensemble to improve robustness. That is also the approach we used for our
experiments. Thus, for fine-tuning, we utilized the Adam optimizer, cross-entropy loss,
and class weighting to deal with the imbalance in data availability between disorders.
In this study, we used 7,787 images representing 275 disorders as the training set and
a validation set of 1,007 images during the model training. We then tested the model
on a test set consisting of 882 images.

The overall idea behind the methodology is to train a classifier on a more frequent
subset of the syndromes, achieving a model that generalizes well on those seen
syndromes. In practice, the authors of both papers decided to use syndromes with at
least seven patients as the training set for this classifier. Thereafter, everything up to
the penultimate layer of the classifier is used as an encoder, obtaining feature
embeddings of images of interest. These could be images for the gallery set or images
for the test set.

The aforementioned gallery set is the set of images (and their feature embeddings)
with known syndromes. This can include the syndromes used for training (seen) and
syndromes with too few images to train on (unseen). The theory is that similar facial
phenotypes form clusters in the feature space, which is spanned by the feature
embeddings in 512 dimensions and which we refer to as clinical face phenotype space.
The similarity between images and clusters is computed using the cosine distance,
where a lower distance implies a higher similarity. Contrary to the approach by
Gurovich et al."?, this approach can easily increase support for ultra-rare syndromes.
The quality and diversity of the gallery set is crucial for this approach to match test

images to clusters in the gallery set.
Performance metric (top-k accuracy)

The applied performance metric was top-k accuracy. Top-1 indicates that the disorder
was correctly classified as the first guess, while top-5 indicates the correct class was
in the first five guesses. We reported top-k accuracies (k=1, 5, 10, and 30) as the
performance readout.
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Ancestry analysis

The genetic ancestry of each individual was documented as precisely as possible
using self-reported data. For instance, if an individual was born in Germany and all of
the respective grandparents also originated from there, this individual was assigned
to Germany (country) and Europe (continent). The same approach was used for all
individuals with no self-reported migration history in previous generations. For
individuals with mixed ancestry, the respective ancestries were combined. For
example, an individual with a father from Gambia and a mother from Eastern Europe
was assigned European-African mixed ancestry.

The performance of GestaltMatcher is highly dependent on the training set and the
gallery set. To investigate the impact of incorporating diverse ancestry on the
performance, we have therefore conducted two sets of experiments for those two
components, respectively. First, we analyzed the influence on the models’
performance when including only European versus both European and non-European
data into the training set. And second, we analyzed the same performance when

iteratively increasing the amount of non-European data into the gallery set.

In the first experiment, a subset of images of European patients (EU) was extended
by either the inclusion of a different subset of images of European patients (EU*), or a
subset of patients with non-European ancestries (non-EU) (Supplementary Figure 9).
Random sampling of these subsets was performed five times. EU consisted of on
average 3,139.2 images, and EU* comprised on average 1,567.6 images. First, the
model was trained on the EU + EU* set containing on average 4,706.8 images of
patients of solely European ancestry. For EU + non-EU, a subset containing on
average 1,567.6 images of patients with any non-European ancestry was used,
totaling to 4,706.8 images. The experiment design ensured the maintenance of the
same distribution of disorders as that found in the training data.

The model was fine-tuned for 50 epochs on subsets EU + EU* and EU + non-EU of
GMDB (v1.1.0). All other hyperparameters were left unchanged. It is important to note
that the model was not tasked with learning to classify the ancestry, only with learning
to classify the disorder.
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Post-training, the models' performances were measured on the same evaluation set,
containing images of patients with diverse ancestral backgrounds. This evaluation set
consisted of 649 images and was sampled in such a manner that there was no overlap
between patients or images in any subset. Top-k accuracy was averaged over each
ancestry rather than each image in order to address the imbalance in ancestry
frequency. As such, the performance of any infrequent group weighed equally with
those of the more frequent groups.

In the second set of experiments, we trained the models of Hustinx et al.'® using the
GMDB-FAIR training set, including different proportions of non-EU data for the gallery
set. We compared the performance of the syndromes our models have seen during
training. For completeness, Table 1 shows the top-k accuracy (over all images) for
different categories (sex, ancestry, and age range) using the entire gallery set
consisting of 8,794 images (100% EU [4911] + 100% non-EU [3883]). For the
experiments, we computed the performance when including different proportions of
non-EU data, extending the gallery set by +10% per iteration. This experiment was
repeated tenfold, randomly sampling patients with different ancestries and all their
photos for the gallery set. As such, at 0%, we include only data from EU patients in
the gallery set, and at 100%, we include all patient data for the relevant syndromes.

We further computed the performance on syndromes that occur in both the European-
group and each non-European group to more accurately reflect the performance
differences, avoiding the imbalance between offered support for each ancestral group.

Data and code availability
GMDB-FAIR can be downloaded in GMDB after the application is approved by the

advisory board. Please find more details in the Data Governance and ELSI section.
Code is available in the GitHub repository (github.com/igsb/GestaltMatcher-
Arc/tree/gmdb).
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Figure 1: a) Birth rate distribution worldwide. The size of country is scaled in
accordance with the respective birth rate. The map indicates countries from which
unpublished images were obtained (source: https://worldmapper.org/faq/, modified).

b) Distribution of ancestry groups in GestaltMatcher Database. 16% of the patients
without ancestral information were categorized as Unknown. The breakdown of
ancestries in the dataset with known ancestry is as follows: European 67%, Asian 19%,
African 7%, and Others 7%.
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Figure 2: GestaltMatcher Database (GMDB) Architecture and Dataflow. a)
Retrospective data are collected from the literature and annotated by data curators or
are uploaded by collaborating attending clinician. Patients can also upload images of
their own cases, incorporate prospective data, and view their own data at any time. b)
The data (multimodal image data, including portrait images as well as magnetic
resonance imaging, X-ray, fundscopy and extremity images) are stored in the GMDB
(MySQL database) together with the relevant meta information (such as sex, age,
ancestry, molecular, and phenotypic information). ¢) Registered users can view and
search the FAIR data in the GMDB Gallery. The patient image can also be analyzed
using the Next-Generation Phenotyping tool GestaltMatcher within the Research
Platform. In addition, once their application has been approved by the Advisory Board,
external computer scientists can use the GMDB-FAIR data set for training purposes

for their projects.
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Figure 3: An example case presentation of a FAIR case with a Digital Object
Identifier (DOI). a) FAIR cases in the GestaltMatcher Database (GMDB) are displayed
to GMDB users via the data sheet. Each FAIR case can also be assigned a DOI in

order to render it a citable micro-publication. This micro-publication contains the image

data and metadata, including demographic, molecular, and phenotype information.

The dynamic nature of the GMDB case report enables longitudinal image data storage

even after initial publication, which is not possible in conventional journals. b) After

uploading, case reports can be viewed and searched by other users in the Gallery

view. ¢) The image data can also be used for inter-cohort comparisons of the gestalt

scores within the research platform.
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Figure 4: Overview of the GestaltMatcher Database (GMDB)-FAIR dataset. a) Sex
distribution. Number of images shown in brackets. b) Distribution of patient age in
years. c¢) Left: Two-dimensional representation of phenotypic similarities between
patients, as calculated on the basis of Human Phenotype Ontology (HPO) terms via
Uniform Manifold Approximation and Projection (UMAP). HPO terms were annotated
for 4,474 individuals in the GMDB, and expert clinicians defined twelve distinct HPO-
defined symptom groups. Based on the annotated HPO terms, each case was
assigned to one or more HPO-defined symptom groups. All OMIM diseases were
included, using their HPO annotations (gray background dots) as a reference. GMDB

cases are color-coded according to their most pronounced HPO-defined symptom

28



837
838
839
840
841
842
843
844
845

group, i.e., the group that includes the majority of their HPO terms. The dataset is
dominated by two major clusters (facial dysmorphism in vyellow and
neurodevelopmental in blue) but shows cases from across the complete disease
landscape. Right: Heatmap of the proportion of GMDB individuals within the HPO-
defined symptom group on the X-axis who are also assigned to the HPO-defined
symptom group on the Y-axis. Notably, facial dysmorphism is present in at least 70%
of the cases of each HPO-defined symptom group. d) Proportion of the unpublished
and published images in each ancestry group. e) Proportion of the unpublished and

published images in each sub-ancestry group.
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Figure 5: Performance of ancestry analysis. a) Top-1 and top-5 accuracy of
GestaltMatchers’ disorder classification accuracy per ancestral group. Top-1 and top-
5 accuracy of the models' disorder classification accuracy per ancestral group, where
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(blue) belongs to the EU only subset, and (yellow) belongs to the diverse subset. Each
wide, darker bar and each light, thinner bar indicate the top-1 and top-5 accuracy per
ancestral group, respectively. The horizontal dashed lines and dotted lines indicate
the top-1 and top-5 overall accuracy averaged over all ancestral groups, respectively.
The order of the ancestry group in the x-axis is ranked according to standard deviation
between top-1 accuracies of the 5-fold experiment. b) Top-1 accuracy of
GestaltMatcher when including different proportion of non-European patients in the
gallery. The x-axis is the proportion of non-European data included in the gallery. The
y-axis is the top-1 accuracy. The colored region along the line indicates the standard

deviation.
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Tables

Table 1: Performance of GestaltMatcher on different categories of sex, ancestry,
and age. The top-1, top-5, top-10, and top-30 accuracy are reported. For the top-1 to
top-30 columns, the best performance in each category is boldfaced. In the ancestry
category, the sampling influences European and other ancestry groups' performance
due to the significant difference in the test image size. They may evaluate the different
sets of disorders. We, therefore, presented the performance of the overlapped
disorders in Table 2. In the age category, the notation [x, y) represents a half-open
interval, which includes the starting point x but excludes the endpoint y. For example,
[0, 1) years range from birth but do not include one year old.

Category Test images | Top-1 Top-5 Top-10 | Top-30
Overall 882 56.58% | 76.08% | 82.61% | 90.36%
African | 29 62.07% | 82.76% | 82.76% | 86.21%

Asian | 127 53.54% | 78.74% | 85.04% | 89.76%

Ancestry European | 523 55.45% | 75.14% | 82.60% | 90.25%
Others | 69 73.91% | 81.16% | 81.16% | 92.75%

Unknown | 134 53.73% | 73.13% | 81.34% | 91.04%

Male | 419 55.37% | 74.22% | 80.67% | 88.78%

Sex Female | 393 55.98% | 75.83% |83.21% | 91.09%
Unknown | 70 67.14% | 88.57% | 91.43% | 95.71%

[0, 1) years | 53 52.83% | 71.70% |79.25% | 90.57%

[1, 5) years | 137 56.20% | 75.91% | 81.02% | 90.51%

Age [5, 10) years | 115 57.39% | 83.48% | 86.09% | 90.43%
[10, «) years | 165 58.18% | 71.51% | 77.58% | 85.45%

Unknown | 412 56.31% | 76.46% | 84.71% |92.23%

Table 2: Performance comparison between European and other ancestry groups
on the overlapping disorders. This table is an extension of the ancestry section in
Table 1, taking the overlapped disorders between European and other ancestry
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groups. Each category compares European and non-European ancestry groups'

performance on the same set of disorders. The number of overlapped disorders is

reported in the ‘Disorders’ column. In comparing African and European groups, six

disorders exist in the test sets of both ancestry groups. The top-1, top-5, top-10, and

top-30 accuracy are reported. For the top-1 to top-30 columns, the best performance

in each category is boldfaced.

Category Disorders Test images Top-1 Top-5 Top-10 Top-30
. African | 14 64.29% | 8571% |8571% | 92.86%

[African, 6
European] European | 32 81.25% | 96.88% | 96.88% | 100.00%
. Asian | 83 57.83% | 79.52% |84.34% |87.95%

[Asian, 36
European] European | 139 64.75% | 82.73% | 88.49% | 91.37%
Others | 53 81.13% | 90.57% |90.57% | 100.00%

[Others, 20
European] European | 115 69.56% | 84.35% |93.91% | 96.52%
Unknown | 77 50.74% | 81.81% |88.31% | 96.10%

[Unknown, 32
European] European | 170 62.35% |81.18% |89.41% | 94.12%

Table 3: Training accuracy with EU + non-EU and EU + EU* datasets. Within the

European training row, numbers annotated with * in brackets indicate the training

images from EU + EU. Higher top-1 and top-5 accuracies between EU + EU* and EU

+ non-EU training are denoted in bold.

Number of images Performance EU + non-EU Performance EU + EU*
Training Testing Top-1 Top-5 Top-1 Top-5
European (70022 248) ) 4446:222| 5235:230%| 7205+266%| 56.17£2.27%| 75.66%2.70%
East Asian 283.2+5.0 31:62| 5578+10.25%| 74.56+5.90%| 37.77 +5.45%| 60.13+5.77%
Latin/Hispanic 2578470  284+47| 68.86:8.92%| 82.567.77%| 66.16+7.89%| 80.51+6.58%
gle-East 21124628 30:58| 46.76£7.01%| 67.59+7.52%| 36.10+6.81%| 59.67 +3.68%
South Asian 2002454  188+27| 72.15+12.24%| 87.32 £10.04%| 53.70 + 14.86%| 66.13 + 13.40%
Asian Others 1706+2.4|  164+41| 64.66%10.93%| 80.06£13.87%| 41.64+18.51%| 66.84 + 11.87%
Sub-Saharan 119+27|  182+34| 54.23+£7.32%| 75.49£15.27%| 28.91+11.18%| 46.55 + 11.71%
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911

North African 64.8+32 74+16| 79.64%20.19%| 86.64+14.62%| 42.71+19.34%| 71.64 + 18.38%
Native American 632+68 148+16| 84.55+12.77%| 99.09%1.82%| 83.94+11.18%| 94.65+8.62%
African Others 53220 6.2+22| 72.78%18.29%| 85.00+13.33%| 5556 + 17.57%| 73.33 £+ 22.61%
South-East Asian 51420 54+13| 7212£13.36%| 78.81£24.61%| 2440 +6.76%| 46.83 + 17.97%
Others 546+23 6+29| 68.71123.67%| 79.43+£22.38%| 59.00 +22.35%| 71.57 +21.09%
African American 38.4+43 3.8+26| 77.08+%18.04%| 87.50%21.65%| 59.38 +24.00%| 69.79 + 18.49%
Overall 4706.8 + 26.7 631+238 66.90% 81.24% 49.65% 67.95%
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