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Abstract

The “Nosology of genetic skeletal disorders” has undergone its 11th revision and
now contains 771 entries associated with 552 genes reflecting advances in molecu-
lar delineation of new disorders thanks to advances in DNA sequencing technology.
The most significant change as compared to previous versions is the adoption of
the dyadic naming system, systematically associating a phenotypic entity with the
gene it arises from. We consider this a significant step forward as dyadic naming is
more informative and less prone to errors than the traditional use of list numberings
and eponyms. Despite the adoption of dyadic naming, efforts have been made to
maintain strong ties to the MIM catalog and its historical data. As with the previous
versions, the list of disorders and genes in the Nosology may be useful in consider-
ing the differential diagnosis in the clinic, directing bioinformatic analysis of next-

generation sequencing results, and providing a basis for novel advances in biology

and medicine.

When the first “Nosology” was compiled and published in 1970, few
would have predicted that it would gain such an important role in
genetics clinics and research to motivate an 11th revision 52 years
later (Table 1). Yet, the reasons that stimulated the first Nosology are
the same that uphold the present new revision: coping with the
wealth of novel information on the growing number and variety of
skeletal phenotypes with a genetic basis and trying to assure a com-
mon naming system to facilitate diagnosis and communication.

The recognition of chromosomal aneuploidies at the transition
between the 50s and the 60s provided a biological foundation to
genetics and ushered in a first golden era of clinical genetics. The
Birth Defects Conferences between 1969 and 1971 signaled the
awareness and importance of clinical genetics throughout the sixties
and initiated a prolific period in disease identification, delineation,
and description. In this context, it became apparent that “chondro-
dysplasia” was not a single diagnosis, but that many distinct, true-
breeding forms existed; for example, diastrophic dysplasia, spondylo-
epiphyseal dysplasia congenita, and the so-called “pseudo-Morquio”
disorders were distinguished and clinically described. In addition,
biochemistry allowed subtypes of clinically similar disorders to be
distinguished, the most notable example at the time being the muco-
polysaccharidoses. The contribution of radiologic features and radi-
ologists to the delineation of skeletal dysplasias deserves explicit
recognition. In many instances, it was the radiographic features and
their time dependent evolution (the “fourth dimension” emphasized
by the late Andres Giedion) that permitted not only to discriminate
between disorders that had outward similarities but also to recog-
nize a gene's radiographic signature in phenotypically distinct disor-
ders (e.g., Achondrogenesis type 2 and Spondyloepiphyseal dysplasia
congenita) and thus create the first gene families (Spranger, 1985)
(and see below).

In 1970, the first prototype of the “Nosology” was drafted

(A nomenclature for constitutional (intrinsic) diseases of bone, 1971;

[International nomenclature of constitutional bone diseases. Constitu-
tional bone diseases without known pathogenesis], 1971; [Interna-
tional nomenclature of constitutional diseases of bone], 1970;
McKusick & Scott, 1971). At that time, however, the work was called
a “Nomenclature” rather than a Nosology; the goal was to bring all
scholars to use the same name for the same condition.

Molecular criteria began to inform the Nosology in the 1980s,
first with osteogenesis imperfecta and the discovery of genetic vari-
ants in collagen 1. The concept of “bone dysplasia families” originating
from different pathogenic variants in a single gene was proposed in
the 1980s (Spranger, 1985) and confirmed in the 1990s, with the
COL2A1 and FGFR3 disorders being prominent examples. Ever since,
the Nosology has straddled the fence between defining disorders
based either on their clinical and radiographic features or on the
responsible genes (Beighton et al., 1992; Bonafe et al, 2015;
Hall, 2002; International nomenclature and classification of the osteo-
chondrodysplasias (1997). International working group on constitu-
tional diseases of bone, 1998; International nomenclature of
constitutional diseases of bone, 1979; International nomenclature of
constitutional diseases of bone. Revision, May 1983, 1983;
Lachman, 1998; Mortier et al., 2019; Superti-Furga & Unger, 2007;
Warman et al., 2011).

Traditionally, the Nosology has been organized into groups of
disorders—initially based on radiographic criteria, then by biochemical
criteria (metabolic pathways) and subsequently, more and more, by
functional and molecular criteria. The organization into groups has
been maintained in the current revision as it helps in finding the disor-
ders relevant for a particular patient of finding. On the other hand,
Nature has more complexity than can be captured in the Nosology,
and our attempt at classification is necessarily both arbitrary and a
simplification, as many disorders might warrant classification in more
than one group. Thus, we have elected to drop the term “classifica-

tion” from the title; this is just a “Nosology”.
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1 | NAMING PROBLEMS AND THE DYADIC
APPROACH AS A WAY FORWARD

Between 2010 and 2020, the technology of massively parallel
sequencing has taken center stage in medical genetics research and
diagnostics. Among the many lessons learned from next-generation
sequencing (NGS) results are (1) the large number of previously unrec-
ognized rare and ultrarare disorders in each domain of genetic medi-
cine, (2) the phenotypic heterogeneity arising from a single locus is
much greater than previously suspected, and (3) for many dyadic enti-
ties, individuals who present all the phenotypic criteria as described in
the textbooks are the exception rather than the rule.

On this background, it has been proposed that the phenotypic
descriptor of a genetic disorder (the “name” of a condition) is no longer
sufficient to distinguish the disorder unequivocally. Furthermore, the
sequential numbering of conditions with the same name (as applied
e.g., for osteogenesis imperfecta or ataxias in Mendelian Inheritance in
Man [MIM]) may be unsatisfactory, as a number has no inherent infor-
mation, making it necessary to consult the numbering reference. As a
consequence, it has been suggested that instead of being attributed by
a number (or an eponym, see below), the main phenotypic descriptor of
a genetic disorder should best be coupled to the name of the underly-
ing gene, allowing for more direct and pertinent information, less prone
to ambiguities and errors; the so-called dyadic approach (Biesecker
et al., 2021). Of note, the dyadic concept has been pioneered by the
editors of the well-known resource GeneReviews starting in 2020
(Dr. M. Adam, personal communication; and Biesecker et al., 2021).

The Nosology has not been immune to the proliferation of num-
bered lists, such as, for example, in osteogenesis imperfecta
(Sillence & Rimoin, 1978; Sillence et al., 1979; Van Dik &
Sillence, 2014). In this 2023 revision, the curators have decided to
adopt the dyadic naming approach as it allows for more precision both
in the clinic and in the laboratory. However, compromises have been
made in some instances to account for the historic evolution of the
Nosology, as well as to maintain congruence and interoperability with
what is considered the most important reference database for genetic
disorders, MIM (MIM and its online version, OMIM).

2 | THE MENDELIAN INHERITANCE IN
MAN CATALOG AND THE NOSOLOGY

The late Victor McKusick's opus, MIM, remains the single most impor-
tant general reference database for genetic disorders. The way in which
MIM was created and is still curated allows for a detailed documentation
of the history of each and every disorder. For the same reason, it is less
well-suited to document the changes that occur in the nosography, for
instance when one disorder is subsumed under another; several disor-
ders listed in MIM have been subsumed under other conditions in the
Nosology, or are altogether not recognized as distinct phenotypic enti-
ties in the Nosology (e.g., mesomelic dysplasia, Camera type; MIM
611886). Also, MIM makes extensive use of eponyms to distinguish
related but distinct disorders (e.g., Dyggve-Melchior-Clausen disease and

medical genetics B-WILEY-L_%

Smith-McCort dysplasia); while for others the eponymic descriptors are
too similar, leading to diagnostic confusion (e.g., Shprintzen-Goldberg
and Goldberg-Shprintzen syndromes represent distinct disorders). MIM's
choice of these eponyms may not reflect the most significant contribu-
tion to the delineation of a phenotypic entity. By adopting the dyadic
system, we have elected to describe each disorder with the name of the
responsible gene rather than with an eponym. While MIM remains the
central reference database, the dyadic system allows the Nosology to
group, lump, or dump disorders based on their molecular basis, especially
in the light of the lessons of NGS (see above), and is less bound by his-
torical constraints. Nevertheless, the Nosology curators have strived to
maintain strong bridges to MIM: MIM numbers are included for all disor-
ders when available, and when not available, the MIM number for the
responsible gene is included. Moreover, references are made to the
MIM denomination of individual disorders as well as to other MIM disor-

ders arising from pathogenic variants in the same gene.

3 | THE ORPHANET NOMENCLATURE AND
THE NOSOLOGY

In the context of a joint collaboration between the International Skel-
etal Dysplasia Society (ISDS), the European Reference Network on
Rare Bone Disorders (ERN-BOND) and Orphanet, co-coordinated by
Houda Ali (curator at Orphanet) and Geert Mortier (main curator of
the 2019 Nosology), a detailed analysis of the Orphanet database in
comparison with the 2019 Nosology, resulted in a list of approxi-
mately 248 phenotypic entities that were present in the Orphanet
nomenclature of rare diseases but absent in the 2019 Nosology. To
be included in the 2023 Nosology, disorders had to have a recogniz-
able phenotype and a clear inheritance pattern or molecular definition.
Approximately 30 of these disorders met inclusion criteria and have
thus been included in the Nosology. Other disorders in this list had
either been described in a single paper without molecular confirma-
tion, or represent historical descriptions with limited available infor-
mation, reflecting the policy followed by Orphanet to represent all
disorders fitting the definition of a rare disease to the advantage of
individuals affected by ultrarare presentations, as long as they consti-
tute phenotypically distinct diagnoses (Ref. https://www.orpha.net/
orphacom/cahiers/docs/GB/eproc_disease_inventory_R1_Nom_Dis_

EP_04.pdf). On the other hand, it became evident that many entries in
the list do not seem to represent distinct phenotypic entities in view
of the current knowledge and of the Nosology criteria. This has
prompted an ongoing revision process by the Orphanet team to
review and identify entries that need to be deactivated and subse-

quently removed from the Orphanet nomenclature of rare diseases.

4 | THENOSOLOGY AND THE CLINGEN
CURATION INITIATIVE

The ClinGen initiative (https://clinicalgenome.org/affiliation/40065/)
is currently working on a set of genes associated with skeletal
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disorders in order to provide strength of evidence for gene-disease
associations, and using strictly verified criteria to assess pathogenicity
of variants in genes found to have a definitive association with dis-
ease. It has already done so for other groups of genetic disorders,
such as the cardiomyopathies and others. Several of the present
Nosology curators participate in this effort. However, the sheer num-
ber of genes involved in constitutional skeletal conditions is such that
the ClinGen section for skeletal dysplasia genes will take time to be
completed. In this context, the Nosology, with its list of curated genes
and disorders (albeit not to the extent set out in the ClinGen initia-
tive), will remain the best available resource for the foreseeable
future. Of note, the ClinGen approach is much more “lumping” than
the Nosology, to the extent that phenotypes due to pathogenic vari-
ants at a single locus must have significant qualitative differences to
justify separate nosologic entries (phenotypic entities); a simple quan-
titative difference (typically, more or less severe) is not enough to jus-
tify separation. This may lead us to reflect on what constitutes a
“dysplasia” or a “syndrome”. Some of us have also contributed to the
development of the “Nosology of inborn errors of metabolism” and
the subsequent “International Classification of Inherited Metabolic
Disorders” (ICIMD) (Ferreira et al., 2019, 2021). That nosology applies
the “one gene - one condition” principle, unless there are qualitative
differences. However, it is more difficult to apply this principle to the
skeletal conditions. For example, children affected by methylmalonic
acidemia may have different urinary concentrations of methylmalonic
acid but will be considered to have the same disorder (MIM 251000).
It would be more difficult to claim that a fetus with achondrogenesis
type 1B (MIM 600972) and a child with recessive multiple epiphyseal
dysplasia (MIM 226900) have the same disorder, even if the responsi-
ble gene is the same and the phenotypes represent opposite ends of
severity within the same spectrum, as the morphologic features and

clinical prognosis are so radically distinct.

5 | CHANGES COMPARED TO PREVIOUS
REVISIONS

Some changes in the structure of the Nosology deserve to be men-
tioned. The total number of groups decreased from 42 to 41. This
decrease has to do with restructuring of a few groups. Specifically,
the previous “Perlecan group” and “Aggrecan group” were incorpo-
rated into the new group of “Proteoglycan core protein disorders”,
and the former groups of “Neonatal osteosclerotic dysplasias” and of
“Other sclerosing bone disorders” were fused into the group of (non-
osteopetrotic) “Osteosclerotic disorders”. A new group of “Skeletal
disorders of parathyroid hormone signaling cascade” was added to
the current Nosology. The two brachydactylies groups (isolated or as
part of syndromes; now groups 18 and 19) were found to be more
organically placed right after the acromesomelic and acromelic groups
(groups 16 and 17).

Several groups were renamed. The group of “Osteopetrosis and
related disorders” is now named “Osteopetrosis and related osteo-
clast disorders”, to highlight the fact that the osteopetroses represent

disorders in the number or function of osteoclasts. The “Osteogenesis
Imperfecta and decreased bone density group” was renamed “Osteo-
genesis Imperfecta and bone fragility group” to reflect the fact that
skeletal fragility is a hallmark of these disorders irrespective of the
bone mineral density (as in fact a small subset of osteogenesis imper-
fecta patients can have high bone mass). The name of the group of
“Overgrowth (tall stature) syndromes with skeletal involvement” was
changed to the more encompassing “Overgrowth (tall stature) syn-
dromes and segmental overgrowth”. The group of “Craniosynostosis
syndromes” was renamed “Syndromes featuring craniosynostosis”, as
although disorders in this group frequently feature craniosynostosis,
this finding does not always represent the most salient feature. Other
changes in group nomenclature included “Brachydactylies (without
extraskeletal manifestations)” to “Isolated brachydactylies”; “Brachy-
dactylies (with extraskeletal manifestations)” to “Brachydactylies as
part of syndromes”; “Ciliopathies with major skeletal involvement” to
“Skeletal disorders caused by abnormalities of cilia or ciliary signaling”;
“Abnormal mineralization group” to “Disorders of bone mineraliza-
tion”; and “Ectrodactyly with and without other manifestations” to
“Split hand/foot with and without other manifestations”.

Some disorders were reassigned. As an example, trichorhinopha-
langeal dysplasia types 1/3 was moved from the “Acromelic dyspla-
sias” group to the group of “Brachydactylies as part of syndromes”.

The total number of disorders increased from 461 to 771, and the
number of genes from 437 to 552. Although we are aware of the
problems inherent to numeric lists (as discussed above), we have ten-
tatively included a numbering system including the abbreviation
“NOS” (for “Nosology, skeletal”), the group number, and a sequential
number withing the group, taking care to leave gaps that may allow
for the inclusion of disorders in the future. Such a numbering system
might prove helpful in cross-referencing with MIM, Orphanet and
other databases.

6 | WHATIS THE UTILITY OF THE
NOSOLOGY?

Since its early revisions, the Nosology has been helpful for pediatri-
cians, geneticists, radiologists, and others as a reminder of the differ-
ential diagnosis. Its original structure in groups of disorders with
similar radiographic features reflected the diagnostic approach of the
clinical geneticist and, even more, of the radiologist, to the osteochon-
drodysplasias. Over the years, the inclusion of brachydactylies, cranio-
synostoses, craniofacial dysostoses, syndactylies, limb reductions, and
other dysostoses, as well as primordial short stature and overgrowth
syndromes has broadened its utility for the differential diagnosis
within these groups of disorders. The 2010 revision stated that “The
aim is to provide the Genetics, Pediatrics and Radiology community with
a list of recognized genetic skeletal disorders that can be of help in the
diagnosis of individual cases, in the delineation of novel disorders, and in
building bridges between clinicians and scientists interested in skeletal
biology. (...) The Nosology should be useful for the diagnosis of patients
with genetic skeletal diseases, particularly in view of the information flood
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expected with the novel sequencing technologies; in the delineation of
clinical entities and novel disorders, by providing an overview of estab-
lished nosologic entities; and for scientists looking for the clinical corre-
lates of genes, proteins and pathways involved in skeletal biology.”
Thirteen years later, the Nosology may have an additional role in molec-
ular genetic diagnostic testing. In a pre-test setting, the Nosology may
inform the decision on which genes to include in a diagnostic panel tai-
lored to a specific clinical situation. Current diagnostic workflows often
involve plausibility verification of variants observed in panel or exome
sequencing tests (reverse phenotyping). Also, in the post-test setting,
the Nosology may be helpful for rapid reference and orientation.

The Nosology is also an illustration of the complexity of the
human genome as demonstrated by the sheer number of genes and
gene products required for normal skeletal development and growth.
The included table with its over 750 entries and its rows and columns
is like the musical score for the orchestra of skeletal development and
growth that may be an inspiration to geneticists and basic scientists.
Perhaps the hybrid nature of the Nosology, combining clinical, radio-
graphic, and molecular criteria, is a strength and not a weakness,
allowing colleagues with varied backgrounds an approach to the data.

It is clear that no nosology in medicine is perfect nor complete.
They are always dynamic and evolving. However, the frequent cita-
tions of previous versions of the Nosology suggest that, despite the
many compromises necessary in its preparation the Nosology has
been useful to, and widely adopted by, the medical and scientific com-
munity. Thanks to the continuous progress in delineating genetic con-
ditions, the Nosology starts its obsolescence at the moment it is
published. Nevertheless, may this new version encounter the same
benevolent reception, and also be replaced in time by novel and more

complete versions.
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