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Abstract Sections

Hypochondroplasiais a skeletal dysplasia caused by pathogenic Introduction
variantsin FGFR3 and characterized by disproportionate shortstature | methods
andrelative macrocephaly. Diagnostic uncertainty remains common, Recommendations and
particularly in early childhood and inindividuals with mild or atypical discussion
presentations, leading to delayed diagnosis, inconsistent management, | areas of future research
and challenges in counselling and care planning. Individuals can be
affected by medical complications and psychosocial consequences and
have unmet needs for multidisciplinary care. To address these unmet
needs, aninternational, multidisciplinary panel of experts and patient
representatives convened to develop consensus-based diagnostic
recommendations using amodified two-stage Delphi approach,

with a predefined consensus threshold of 70% of respondents rating
statements >70 (on ascale of 0 to 100). The panel integrated clinical,
anthropometric, radiographic, neuroimaging and genetic criteria

to define diagnostic categories that can be applied across diverse
health-care settings globally. Major and minor diagnostic criteria are
proposed, alongside guidance on the appropriate use of molecular
testing, radiographic evaluation and brain magnetic resonance
imaging. These recommendations provide a practical framework to
help standardize timely and accurate diagnosis of hypochondroplasia
in clinical practice and research.
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Conclusion
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Introduction

Hypochondroplasiais arare genetic skeletal dysplasia caused by patho-
genic variantsin the fibroblast growth factor receptor 3 gene (FGFR3)'.
Although there are multiple characteristic physical and radiographic
signs associated with hypochondroplasia, the broad spectrum of phe-
notypic variability can hinder clinical identification®>. The most preva-
lent signs associated with hypochondroplasia are disproportionate
shortstature and relative macrocephaly (a head thatis disproportion-
ately large relative to body size)"*”. Height in hypochondroplasia canlie
within the norms for the average-stature population®’. In addition, the
majority ofindividuals with hypochondroplasia have a head circumfer-
ence within the population norms although it is increased relative to
their overall stature®’, Estimates of prevalence range from approxi-
mately 1in 15,000 to 1in 75,000 live births*'°, but the true frequency
is probably higher because milder cases might be undiagnosed™.

Severe hypochondroplasia can phenotypically overlap with the
allelicconditionachondroplasia, but skeletal features tend to be more
subtle in hypochondroplasia'. Historically, this similarity between
conditions led to rare cases of misdiagnosis in some patients with
more severe hypochondroplasia®, although such misdiagnoses are
becoming less common as our understanding of both conditions has
improved and genetic testing techniques have developed and become
more widespread'.

The pathophysiology of hypochondroplasiais related to the role
of the FGFR3 protein as a physiological negative regulator of skeletal
growth', In hypochondroplasia, gain-of-function variants in different
domains of FGFR3lead to functional inhibition of natriuretic peptide
receptor-B and reduced activity of C-type natriuretic peptide, a key
positive regulator of endochondral bone development™ ™,

Diagnostic criteriafor hypochondroplasiawereinitially proposed
by Hall and Spranger in 1979, who noted its autosomal dominant inher-
itance, characteristic but non-unique radiologic pattern and frequent
macrocephaly®”. Subsequent reports highlighted the high clinical and
radiological variability of hypochondroplasiaand the difficulty of apply-
ing these features to distinguish hypochondroplasia from idiopathic
short stature and from other forms of skeletal dysplasia®*'*". Many of
the initially proposed criteria were developed before the availability
of molecular diagnosis and thus the cohorts probably represented a
genetically heterogeneous group of patients. The genetic causes of hypo-
chondroplasia are now reasonably well characterized, with numerous
hypochondroplasia-associated variantsidentified within FGFR3"". The
availability of genetic testing has helped to provide molecular confirma-
tion of hypochondroplasia for many patients, and helped to differentiate
it from other skeletal dysplasias>'”'*. However, in a substantial minority
of patients with clinically defined hypochondroplasia (30-40%insome
reports), no identifiable FGFR3 variants have been found*". This fact
could be due to historical limitations of the genetic testing performed
inthese cohorts, and in some individuals, due to misdiagnosis.

The effect of hypochondroplasia on individuals extends beyond
reduced stature'*"”, Complications can include orthopaedic issues
suchasgenu varum, lumbar lordosis, spinal deformity and spinal steno-
sis (which, inrare cases, canrequire surgical intervention), as well as ear,
nose and throat, and respiratory complications' . Cases of foramen
magnum stenosis have alsobeen reported"*’. Neurodevelopmental and
neurological complications of hypochondroplasiaare alsoincreasingly
recognized. These complications can include learning difficulties,
attentional disorders, mild intellectual disability, temporal lobe dys-
genesis and epilepsy"**°. Hypochondroplasiais also associated with a
substantial psychosocial burden, resulting from functional limitations

and limbdisproportion”. Together, this array of symptoms and effects
of hypochondroplasiaoften requires a coordinated multidisciplinary
approach®.

Early and accurate diagnosis of hypochondroplasia offers oppor-
tunities for monitoring and intervention, and for the timely delivery
of developmental support and genetic counselling. In addition, sev-
eral growth-modifying therapies are undergoing clinical evaluation
in patients with hypochondroplasia® 2. If approved for use, these
therapies have the potential to improve growth and reduce skeletal
complications in individuals with hypochondroplasia®*. However,
hypochondroplasia remains frequently underdiagnosed or misdiag-
nosed'*'®*, Clinical presentation is variable, radiographicsigns are age
dependent and often subtle in infancy***. Phenotypic overlap with
other causes of short-limbed or disproportionate short stature, includ-
ingidiopathic short stature, achondroplasia, SHOX-related dysplasia
and other metabolic or syndromic conditions, further complicates
accurate diagnosis"*'"'%,

Thereis a paucity of large epidemiological studies of individuals
with hypochondroplasia'®. Several small cohort studies have been pub-
lished, but with diverse methodological approaches***. Developments
inthe recognition and diagnosis of hypochondroplasia over the past
3 yearsinclude neonatalimaging criteria, hypochondroplasia-specific
growth charts’ and the Head Circumference Height Index (HCH-I; used
to quantify relative macrocephaly)®. However, these developments
have not yet been widely implemented.

Thereistherefore aneed for diagnostic recommendations thatinte-
grate clinical, radiographic and geneticapproaches. Suchrecommenda-
tionsarerequired toimprove recognition and facilitate earlier diagnosis
in individuals with hypochondroplasia, and to support optimal care,
which could in future include precision treatments currently in devel-
opment®?2, To thisend, the International Achondroplasia Forum (IAF),
an independent network of specialists managing achondroplasia and
related conditions, used amodified Delphiprocess to consolidate their
insights and expertise, alongside those of other experts in hypochon-
droplasia, into aset of diagnostic recommendations. The outcomes of
that Delphi process arereported here.

Methods

Overview of Delphi methodology

A core group of five hypochondroplasia experts (A.D., M.S.C., S.O.F.,
J.H.-F.and R.S.) was established to lead the Delphi process.

Experts from the International Achondroplasia Forum steering
committee (A.D.,B.F.,E.G.-N.,G.M.,J.C.L.,J.H.-F.,K.O.,K.M.,M.S.C.,M.I.,
M.A,M.M,,PK,RS.,S.S.,S.B.,S.0.F, T.B.-0.,V.C.-D.and V.F.), additional
experts with specific clinical, molecular and/or global expertise in hypo-
chondroplasia (A.C., A.C.O., D.P.C., M.S.C., N.N. and T.K.) and patient
representatives (J.A.,K.R.,M.S.and V.K.) were approached to be part of
the insight-gathering group and subsequent Delphi panel.

ExpertIAF Steering Committee Members and the additional clini-
cal and molecular experts were invited to participate in the Delphi
process; those completing the Delphi process areincluded asauthors.
Patient representatives were included in the Delphi discussions to
provide perspective but were notincluded as part of the Delphi voting.

Members of the different groups involved in the process are
presentedin Supplementary Table1.

Literature search
An initial literature search on PubMed was conducted using the
search term ‘hypochondroplasia’ and limited to English-language
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publications, published from 2001 onwards. The resulting publica-
tions were screened for studies and/or analyses that included at least
tenindividuals with hypochondroplasia. These references, along with
any additional key referencesidentified by the core group, were shared
with the Delphi panel members before voting (Supplementary Table 2).

Development of initial statements

An insight-gathering step was conducted in August 2025. Based on
theliterature search, core themes and areas of interest relating to the
diagnosis of hypochondroplasia were identified and shared with the
insight-gathering group. This was a non-anonymized step in which
experts and patient representatives were asked to provide their per-
spectives and share their experiences. Based on this feedback, pre-
liminary Delphi statements were developed by the core group ata
face-to-face meeting on19 October 2025.

Additional statements relating to the radiographic criteria for
hypochondroplasia diagnosis were developed with input from two
radiologists with acombined experience of over 35 yearsin hypochon-
droplasia and other skeletal dysplasia (A.C.O. and A.C.) at an online
meeting on 2 December 2025.

Delphivoting round1
Statements were shared with the Delphi panel for anonymized voting
using an online voting system. Panel members were requested to vote
usingasliding scale: 0 (completely disagree) to 100 (completely agree).
Members were also asked for any additional comments, which could
be provided as free text.

Consensus was considered to have been reached if at least 70%
of panel members scored a statement with at least 70% agreement;
levels of consensus and agreement are shown after each statement to
help provide context.

Online meeting and Delphi voting round 2
Following the first round of voting, an online meeting was held on
11December2025torefine criteriaand address any concerns and com-
ments from the Delphi panel. This meeting was followed by a second
round of anonymized voting to gaininput on the updated statements.
The modified Delphi processis showninFig. 1.

Recommendations and discussion

Consensus building and Delphi panel results

Inthefirstround of voting, 15 statements were shared with the Delphi
panel.Intotal, 19 responses were received (17 experts, two patient rep-
resentatives) and all statements gained consensus. The full list of state-
ments, associated diagnostic criteria and voting results from round
one of Delphi voting can be seen in Supplemental Tables 3 and 4. M.C.
and A.D. selected areas to focus on based on the free text comments
received from the Delphi panel as part of the voting process, as well as
opening discussion of all statements during the online meeting. As a
result, one statement was removed, one statement was added and six
statements were updated. A second round of anonymized voting was
thenconductedand 20 responses were received (19 experts, one patient
representative). The statements and results from this final round of
voting are reported here.

These recommendations are intended to supportaphenotype-led
diagnostic approach, with genetic testing used to confirm and refine
diagnosis where available. Initial diagnostic assessments can occur
outside specialist centres; these recommendations are intended to
supportboth general and expert clinical settings.

Core group formed
(Five hypochondroplasia experts: A.D., M.S.C., S.O.F.,, J.H.-F., R.S.)

|

Stakeholder identification and invitation
IAF board members; additional hypochondroplasia experts;
patient representatives

Targeted literature search
(PubMed)

|

Insight-gathering step ( August 2025, non-anonymized)
Core diagnostic themes shared; respondents provide
perspectives; no formal voting

Core group drafts preliminary Delphi statements
(Face-to-face meeting)

Reference pack shared with Delphi panel
(Pre-reading)

Radiology-specific statements developed
Core group plus two skeletal dysplasia experts
(A.C.O., AC.; online meeting)

Delphi round 1: anonymous online voting
0-100 scale; free-text comments for each statement;
consensus if 270% of panel members score >70 for a statement

Online refinement meeting
Review round 1 results and comments
Clarify definitions, merge or split, reword statements

!

Delphi round 2: anonymous online voting on revised statements
Final consensus statements and voting results generated

Fig.1|Modified Delphi process. A modified Delphi process was used to develop
consensus statements for the diagnosis of hypochondroplasia. Two rounds of
anonymous online voting were undertaken, with statements refined between
rounds; consensus was defined as >70% of panel members assigning a score of
>70o0na0to100scale. IAF, International Achondroplasia Forum.

Diagnosis of hypochondroplasia

R1:accurate and early diagnosis of hypochondroplasia is important
to facilitate appropriate monitoring, management and potential
treatment (mean score: 98; proportion scoring >70:100%).

R2: a definitive diagnosis of hypochondroplasia can be made in
the presence of a pathogenic or likely pathogenic variantin FGFR3 plus
a combination of phenotypic criteria (detailed in Box 1) (mean score:
93; proportion scoring >70: 95%).

Clinical features of hypochondroplasia. The major and minor clini-
cal and radiographic criteria have been developed to reflect data from
published cohort studies and the Delphi panel’s experience of which
signs and symptoms of hypochondroplasia are most characteristic of
and specific to hypochondroplasia when seen in combination. Unless
stated, these criteria canbe applied from birth onwards. The most com-
monly reported phenotypic feature among cohorts of individuals with
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hypochondroplasiais disproportionate short stature, with considerable
variability in the degree of short stature, including individuals with
milder forms where their stature can overlap with the background popu-
lation distribution®*">?, The ratio of sitting height to standing height (or
upperbody segment to lower body segment, in neonates and infants) is
markedly different for individuals with hypochondroplasia compared
withthe average-stature population, with clear differentiation apparent
frombirth®. Forboth of these reasons, the ratio of sitting height to stand-
ing height warrants inclusion both as acomponent of amajor criterion
for defining disproportionate short stature, and as a separate minor
criterion when disproportionis present alone without short stature.

Relative macrocephalyis another core feature. Although absolute
macrocephaly shows strong predictive value for hypochondroplasia’,
justifying its inclusion as a minor criterion, multiple cohorts have
shown that head circumference is often normal or only modestly raised
in absolute terms but clearly increased when expressed relative to
height"*”>°, The recently developed HCH-I (published in February
2026) formalizes head-height disproportion as height z score - half
head circumference z score®. The HCH-I discriminates people with
hypochondroplasia from population controls with good sensitiv-
ity and specificity in infants and children. Indeed, when applied to a
large average-stature cohort of children (n=4,620), only 2.4% of this
cohorthad anHCH-Iscore below -2 compared with 78% of children with
hypochondroplasia (n =364). The efficacy of the HCH-1is improved
for children over 12 months of age, where 1.9% of the average-stature
children compared with 90% of children with hypochondroplasiahad
anHCH-Iscorebelow -2 (ref. 6). These findings support the use of the
HCH-I as an objective major criterion.

Evaluation of changes in the upper limbs consistent with hypo-
chondroplasia can include a reduced arm-span-to-overall-height
ratio®’, rhizomelia®* (assessed from skeletal radiography and defined
as a radial-to-humeral length ratio greater than two standard devia-
tions above the population norm)?¥, assessment of reduced range of
movementatthe elbows'>and brachydactyly (broad, short hands)>*"*'%,

Box 1| Scenarios leading to a diagnosis
of hypochondroplasia

Scenarios leading to a definitive diagnosis
of hypochondroplasia
e Pathogenic variant in FGFR3 plus at least one major criterion
e Pathogenic variant in FGFR3 plus at least three minor criteria
e Likely pathogenic variant in FGFR3 plus at least two major criteria
o Likely pathogenic variant in FGFR3 plus one maijor criterion and
at least three minor criteria

Scenarios in which a diagnosis of suspected
hypochondroplasia can be made
The absence of a definitive diagnosis of an alternate skeletal
dysplasia, but with one of the following:
o Likely pathogenic variant in FGFR3 with no major criteria but at
least six minor criteria
o Variant of uncertain significance (VUS) in FGFR3 plus at least two
major criteria
e VUS in FGFR3 plus one major criterion and at least three minor
criteria
¢ No variant detected in FGFR3 and at least four major criteria

In addition to the signs and symptoms of hypochondroplasia
classified as major and minor criteria, additional phenotypic char-
acteristics are present in some individuals with hypochondropla-
sia. These characteristics can include lumbar lordosis*"*?, tibial
bowing"’, genu varum>'®*, spinal stenosis'®, foramen magnum
stenosis?® and hydrocephalus (reported but rare in people with
hypochondroplasia)®>*°. Symptoms of spinal stenosis can require
interventioninadults with hypochondroplasiamore commonly than
in children with hypochondroplasia, in whom spinal stenosis rarely
causes problems’.

Radiographic features of hypochondroplasia. Radiographically,
failure of the normal craniocaudal increase in lumbar interpedicular
distance, secondary toshortlumbar pedicles, is recognized as the most
characteristic spinal feature of hypochondroplasiaand underpins the
major radiographic criterion in children aged 12 months or older*>>'>*
(Table1). Thisspinal featureis often seenin conjunction with posterior
vertebral scalloping™"”, but this feature was not considered specific
enoughtobeincludedasacriterion. Figure 2 shows examples of these
radiographic features.

Radiographic and neuroimaging findings should be interpreted
in the context of age, clinical presentation and available expertise.
When interpreting radiographic assessments of neonates, infants or
young children with suspected hypochondroplasia, it should be noted
that findings meeting the major criterion can develop as the child
ages. Because of this fact, in individuals who fail to meet the major
criterion, or where equivocal results are observed, radiographic assess-
ment can be repeated 1year later, or after the child’s third birthday
(whicheverislater).

Inneonates andinfants, lumbar changes are often subtle or absent,
hence no radiographic signs were considered to meet the threshold
to beincluded as a major criterion for hypochondroplasia diagnosis.
However, aseparate set of radiographic signs hasbeen proposed, all of
which showed sufficient discriminatory performance in neonates
with hypochondroplasia-associated pathogenic FGFR3 variants to
form the basis for the neonatal minor radiographic criteria®. In older
children and adults, additional radiographic features that are highly
characteristic, althoughindividually nonspecific, comprise the minor
radiographic criteria' ">,

Brain MRl and neurocognitive features of hypochondroplasia. The
major criterion related to brain MRI findings reflects accumulating
evidence that temporallobe malformations are commonin people with
hypochondroplasia.Inaseries of 13 patients with hypochondroplasia
and pathogenic variants within FGFR3 leading to the p.N540K substi-
tution, temporal lobe dysgenesis with abnormal transverse temporal
sulci, hippocampal malrotation or dysplasia, and abnormal configura-
tion of the temporal horns and adjacent white matter were observedin
all eight of the patients who had undergone MRI assessments®’. Brain
MRIis notrequired for a diagnosis of hypochondroplasiaifthe patient
fulfils the other diagnostic criteria, but should be performedif clinically
indicated, suchasinachild withseizures, developmental concerns or
increasing head circumference.

Brain MRI findings of asymptomatic ventriculomegaly and/or
increased extra-axial fluid have been observed in patients with hypo-
chondroplasia and are therefore included as a minor criterion**.
Although hydrocephalus has been reported in patients with
hypochondroplasia with the p.N540K substitution**°, this is a rare
complication.

Nature Reviews Endocrinology


http://www.nature.com/nrendo

Consensus statement

Across several cohorts of patients with hypochondroplasia, sei-
zures (often focal or temporal lobe in origin), learning disabilities,
specificlearning disorders, attention difficulties and broader executive
function problems have beenreported at higher frequency thanin the
general population®*°,

Clearly more study is needed, but these observations prompted
the inclusion of the minor criteria relating to a history of afebrile
seizures and to attention deficit hyperactivity disorder, diagnosed
learning difficulties or executive dysfunction.

Additional diagnostic evaluations. R3: if a patient does not meet the
criteriafor a diagnosis of definitive hypochondroplasia, consider per-
formingadditional evaluations that willincrease the chances of reaching
aspecific diagnosis (mean score: 97; proportion scoring >70:100%).

The goal of performing additional evaluations should be to help
guide a diagnosis, so that appropriate management and care can be
provided. Based on clinical judgement, and guided by results from
previous assessments, these evaluations can be clinical, radiographic
or genetic. In the case of clinical and radiographic assessments, it
should be noted that some signs of hypochondroplasia can become
more apparent as children age (see R7 and associated discussion). In
individuals where certain diagnostic assessments have not previously
been performed, such as brainimaging or comprehensive radiological
evaluation, additional assessments might help to confirm a diagnosis,
either of hypochondroplasia or of another skeletal dysplasia. Identifi-
cation of analternative diagnosis might occur where initial diagnostic
assessments are performed outside specialist centres and the initial
interpretations missed important diagnostic criteria.

If there is a strong clinical suspicion of hypochondroplasia, but
previous genetic assessments have not identified a hypochondroplasia-
associated variant within FGFR3 (Table 2), a clinician should consider
the possibilities of technical and/or laboratory error affecting the
initial genetic findings orincomplete genetic testing. Relevant FGFR3
variants might have been missed in different scenarios: genetic analysis
only focused on specific pathogenic variants or specific exons, exons
orregionsofthe geneincludedinthe test but not well covered, or rare
deep intronic variants not assessed in routine testing®®. Case-by-case
discussion with a reference skeletal dysplasia genetics laboratory
is important. Repeating genetic testing and/or undertaking more
comprehensive genetic analysis can be considered. These additional
investigations should also include the confirmation that genetic test-
ing for hypochondroplasia differential diagnoses has been performed.
This genetic testing could include SHOX-deletions testing, or skeletal
dysplasia multigene next-generation sequencing panel and/or whole-
exome or whole-genome sequencing to confirm whether variants are
presentinnon-FGFR3 genes that might have overlapping phenotypes
with hypochondroplasia (for example, SHOX, ACAN, GNAS, NPR2,
COL2A1and IHH)"*™',

R4: a diagnosis of suspected hypochondroplasia can be made
based on a combination of genetic and phenotypic criteria (detailed
inBox 2) (mean score: 96; proportion scoring >70:100%).

Theterminology for thissituation was discussed and, after various
suggestions, the term ‘suspected hypochondroplasia’ was selected by
most Delphi panel members (63%).

R5:inindividuals with at least four major criteria for hypochon-
droplasia diagnosis (Box 2), in whom genetic testing has not been
performed (or is not available), a diagnosis of ‘hypochondroplasia,
genetically unconfirmed’ can be made (mean score: 92; proportion
scoring >70:100%).

Table 1| Major and minor radiographic criteria for
hypochondroplasia diagnosis by age group

Age group Major radiographic Minor radiographic criteria for
criterion for hypochondroplasia diagnosis
hypochondroplasia
diagnosis

Neonates No major criteria (1) Short sciatic notches

and infants

(<12 months
old)

(2) Short, relatively broad long
bones

(3) Broad femoral necks

(4) Horizontal acetabular roofs
(5) Smalliliac bones, with
reduced diameter in

craniocaudal and transverse
directions

Individuals
>12 months
old

Radiological signs of
progressive lumbar canal
stenosis (L1to L4), defined
as:

On anteroposterior view
of lumbar spine: lack of
normal widening of the
L1to L4 interpedicular
distance;

and

On lateral view of lumbar
spine: L1to L4 progressive
lumbar pedicle shortening

(1) Relatively long distal fibulae,
defined by position of lower
fibular growth plate at or
below level of ankle mortice
(lower border of lower tibial
epiphysis)?

(2) Smalliliac bones,

with reduced diameter in
craniocaudal and transverse
directions

(8) Short and/or broad femoral
necks

(4) Short, relatively broad long

bones; metaphyses can appear
flared

(5) Prominent sites of muscular

insertion, e.g., at deltoid
insertion in humeral diaphysis

?In children 3years and older, to qualify for minor radiographic criteria, minor criterion (1)
must always be met.

The diagnostic category ‘hypochondroplasia, genetically uncon-
firmed’ should be used to differentiate from cases where genetic testing
for hypochondroplasia-associated FGFR3 variants was performed but
none were detected.

R6: individuals with a suspected hypochondroplasia diagno-
sis require further clinical and/or genetic evaluation and periodic
re-evaluation of variant interpretation (mean score: 97; proportion
scoring >70:100%).

R7: physical features of hypochondroplasia typically become
more pronounced as the child ages; in some less severe cases, first
presentation can be in late childhood or adulthood (mean score: 94;
proportionscoring >70: 95%).

Clinical features of hypochondroplasia are often subtle inearly life.
Many affected infants have normal or only mildly reduced birthlength,
withrelative macrocephaly and minimal limb-trunk disproportion'®*.
In many individuals, short stature is frequently not recognized until
late infancy or early school age when slowing of growth and clearer
disproportion become apparent™**. As growth proceeds, heights in
children with hypochondroplasia tend to diverge progressively from
average-stature populations. An often blunted or absent pubertal
growthspurt canlead to height deficitand body disproportionbecom-
ing more obvious over time®*. This fact is reflected in observational
cohorts documentingindividuals first diagnosed in late childhood or
in adulthood, often during evaluation of short stature, back or limb
symptoms, or when arelative is diagnosed">'%*,
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a/b: 1.042
b/a: 0.96
a: 23.8 mm
b: 22.8 mm

a/b: 0.881
b/a: 1135
a: 221 mm
b: 2561 mm

Fig. 2| Radiographs showing key features of hypochondroplasia.
Anteroposterior view of lumbar spine (part a) in a 5-year-old boy with a
¢.1620C>A variantin FGFR3 and corresponding view (partb) in a healthy 5-year-
old boy without hypochondroplasia. Callipers highlight the lack of normal
widening of the L1to L4 interpedicular distances in hypochondroplasia, with the

- .

interpedicular distance at L1 wider than at L4. Lateral view of lumbar spine
(partc)ina7-year-old girl with a c.1620C>A variant in FGFR3 and corresponding
view (partd) in a healthy 7-year-old boy without hypochondroplasia. There is
posterior scalloping of the vertebrain the patient with hypochondroplasia, and
arrows highlight L1to L4 progressive lumbar pedicle shortening in this patient.

Although many features of hypochondroplasia become
more pronounced as the child ages, seizures are more common in
infants with hypochondroplasia than in children and adults with
hypochondroplasia™'®*,

Prenatal diagnosis of hypochondroplasia

R8: features of hypochondroplasia can be detectable prenatally by
ultrasound, and as early as 20 weeks of gestation (mean score: 85;
proportion scoring >70:89%).

Features of hypochondroplasia most commonly identifiable
prenatally by ultrasound are shortening of the long bones and rel-
ative macrocephaly®*. Detection as early as 20 weeks of gestation
has been documented®. Although many countries do not schedule
routine ultrasound assessments after 20 weeks, signs of hypochon-
droplasia become more pronounced in assessments performed at
24-28 weeks™.

Although prenatal detection is possible, there are many cases
where hypochondroplasia is not detected antenatally’. This later
detectioncanbe duetothe variable presentation of hypochondropla-
sia — prenatally identifiable features can be within the normal range
of the general population. However, it is also the panel’s view that
greater awareness of the prenatal signs of hypochondroplasia could
lead to higher levels of prenatal diagnosis or earlier postnatal referral
and evaluation of individuals with hypochondroplasia. Indeed, when
retrospectively examining ultrasonography images in individuals
diagnosed antenatally, it is not unusual to see prenatal signs of hypo-
chondroplasia that were not identified as being indicative of skeletal
dysplasia at the time?.

R9:non-invasive prenatal screening (NIPS) is availableinsome coun-
triestoscreenfor variantsin FGFR3associated with hypochondroplasia
(meanscore: 93; proportion scoring >70: 94%).

R10: if a pathogenic or likely pathogenic variant in FGFR3 associ-
ated with hypochondroplasia is identified via NIPS, definitive testing

should be offered, which could include amniocentesis or postnatal
genetic testing (mean score: 97; proportion scoring >70:100%).

NIPS of cell-free fetal DNA (that s, of placental trophoblast origin)
is being increasingly used in routine prenatal care®?*, starting from
around 10 weeks gestation. Insome settings, thisincludes single-gene
screening for variants in FGFR3, including those associated with hypo-
chondroplasia. However, at present, NIPS is still not available to many
people, and it remains a screening tool rather than a diagnostic test.
Where a pathogenic or likely pathogenic FGFR3 variant associated
with hypochondroplasiaisidentified, confirmatory invasive prenatal
testing (typically amniocentesis) should be offered, or genetic test-
ing can be deferred until after birth. If there is a known family history
of hypochondroplasia, chorionic villus sampling can be considered,
or non-invasive testing (if the father is the affected parent).

A variety of genetic testing approaches are available, includ-
ing skeletal dysplasia panel analysis, whole-genome sequencing,
whole-exome sequencing and targeted sequencing of specific vari-
ants or genes . How these are used in the diagnostic process will
be guided by the clinical situation and established processes within
individual health-care systems with appropriate pre-test genetic
counselling.

R11: infants with a clinical suspicion of hypochondroplasia but
negative NIPS (or in the absence of prenatal genetic testing) should
undergo postnatal assessment (mean score: 98; proportion scoring
>70:100%).

Family history
R12:inindividuals with suspected hypochondroplasia and/or skeletal
dysplasia, family history should be considered to identify potential
cases of autosomal dominantinheritance (meanscore: 99; proportion
scoring >70:100%).

Consideration of family history should initially focus on whether
first-degreerelatives have clinical signs of hypochondroplasia or other
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Table 2 | Selected pathogenic and likely pathogenic FGFR3 variants related to hypochondroplasia

Comments (genotype-phenotype, ClinVar
ID, variant frequency)

Protein change (protein ACMG
domain) NP_O00133.1 classification

Nucleotide change (exon
number) NM_000142.5

Key citations

c.251C>T p.Ser84Leu P Heuertz et al.*® 16358
(exon 3) (Igl) Hasegawa et al.” Moderate phenotype™
Andrade et al.”!
Plachy et al.*
MacCarrick et al.*®
c.598C>T p.Arg200Cys LP Heuertz et al.*® 287276
(exon 5) (Igll) Almeida et al.”®
Hasegawa et al.”
c.667C>T p.Arg223Cys LP Mejia et al.** 838879
(exon 6) (Igll) Andrade et al.”!
MacCarrick et al.**
c.791C>T p.Thr264Met LP Song et al.® 1680030
(exon 7) (Igli-Iglll linker) MacCarrick et al.*®
c.802G>T p.Gly268Cys LP Heuertz et al.*® 1680033
(exon7) (Igl-Iglll linker)
c.833A>G p.Tyr278Cys P Heuertz et al.*® 16357
(exon7) (Igllt) Song et al.® Severe phenotype, overlapping with
Chen et al.° achondroplasia in some patients**“®
Xue etal.”
Lietal.”®
Zhao et al.”
Chandler et al.*®
Cheungetal.’
c.835A>T p.Ser279Cys LP Heuertz et al.*® 16356
(exon7) (Iglln) Friez et al.*’ Severe skeletal phenotype overlapping with
achondroplasia at birth, then evolving to
mild-moderate hypochondroplasia“’
c.970C>G p.Leu324Val LP Saito et al.”® 1680048
(exon 7) (Iglil) Ishii et al.”!
MacCarrick et al.*®
c971T>A p.Leu324His LP Nagahara et al.* No ClinVar ID
(exon7) ((1ID) Ishii et al.”!
c.983A>T p.Asn328lle LP Winterpacht et al.>* 65916
(exon 7) (Ig) Heuertz et al.*®
¢1043C>G p.Ser348Cys LP Couser et al.** 1526266
(exon7) (Iglln) Bengur et al.”® Severe hypochondroplasia phenotype,
Hasegawa et al.*® overlapping with mild achondroplasia,
Chaudhry et al.® acanthosis nigricans
¢.1052C>T (exon 7) p.Ser351Phe LP Yao et al.*® 649812
(Iglit) MacCarrick et al.*®
c.1052C>G p.Ser351Cys LP Ishiietal.”! 372751
(exon 7) (Ig) MacCarrick et al.*®
¢1075+95C>G p.A359delinsG LP Xuetal.?® 2664079
(intron 8) TGFCCCCCSAL Ouedraogo et al.**
SGGRWLGTR
QSCQDGRESS
(TM)
c.1138_1139GG>AA p.Gly380Lys LP Almeida etal.” No ClinVar ID
(exon 10) (TM) Santos et al.*®
c1612A>G p.lle538Val P Grigelioniene et al.*® 16345
(exon 13) (TK1) Plachy et al.*

MacCarrick et al.**
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Table 2 (continued) | Selected pathogenic and likely pathogenic FGFR3 variants related to hypochondroplasia

Nucleotide change (exon ACMG

number) NM_000142.5

Protein change (protein
domain) NP_000133.1

classification

Key citations Comments (genotype-phenotype, ClinVar

ID, variant frequency)

c.1618A>G p.Asn540Asp LP = 374828
(exon 13) (TK1)
c.1619A>C p.Asn540Thr P Deutz-Terlouw et al.”’ 16344
(exon 13) (TK1) Barbour et al.®
MacCarrick et al.**
c1619A>G p.Asn540Ser P Mortier et al.*® 16349
(exon 13) (TK1) Thauvin-Robinet et al.%*
MacCarrick et al.*®
c.1620C>A p.Asn540Lys P Bellus et al.*® 16337
(exon 13) (TK1) Prinos et al.®® Most common hypochondroplasia causative
Xue et al.” variant. Variable phenotypes, but often severe
MacCarrick et aL® and can overlap with achondroplasia’”
c.1620C>G p.Asn540Lys P Bellus et al.®® 16338
(exon 13) (TK1) Prinos et al.?® Most common hypochondroplasia causative
Xue et al.” variant. Variable phenotypes, but often severe
MacCarrick et aL® and can overlap with achondroplasia”
c.1948A>C p.Lys650GIn P Bellus et al.”’ 16348
(exon 15) (TK2) Blomberg et al.?”’ Acanthosis nigricans
Ishiietal.” Mild-moderate skeletal phenotype
Xue etal.”
c.1949A>C p.Lys650Thr P Berk et al.®® 65855
(exon 15) (TK2) Castro-Feijoo et al.*® Acanthosis nigricans
Muguet Guenot et al.”® Mild-moderate skeletal phenotype
Xue et al.”
MacCarrick et al.**
c1950G>T p.Lys650Asn P Bellus et al.”’ 16346
(exon 15) (TK2) Mild-moderate skeletal phenotype
¢.1950G>C p.Lys650Asn P Bellus et al.”’ 16347
(exon 15) (TK2) Mild-moderate skeletal phenotype
¢.2005C>G p.Arg669Gly LP Spurna etal.”' 579912
(exon 16) (TK2) Patani et al.”?

The information in this table was based on literature review and the authors’ experience. Certain variants reported in the literature to be related to hypochondroplasia were not included in
this table when evidence thus far was insufficient to declare them as pathogenic (P) or likely pathogenic (LP), or phenotypic data were not available. Examples of this include p.Asn262His*,
p.Ser269Cys’”, p.Leu326Trp™, p.Gly342Cys’, p.Glu360Lys", p.Val381Glu*® and p.Gly382Asp’®. Variants considered causative for hypochondroplasia and their degree of pathogenicity will
change over time. Clinical descriptions with familial segregation analysis, functional studies and deep mutational screening are relevant for this reclassification process. A maintained list of
variants linked to hypochondroplasia can be found on the IAF website at achondroplasiaforum.com/resources. If ambiguity persists, multidisciplinary expert opinion, including clinicians and
molecular geneticists with experience in skeletal dysplasia genetic studies, is encouraged. ACMG, American College of Medical Genetics.

skeletal dysplasia. This consideration can help to inform the diagnos-
tic process, based on current understanding of relevant autosomal
dominantinherited conditions’.

R13: hypochondroplasia is most frequently caused by a de novo
heterozygous pathogenic variantin FGFR3 (mean score: 96; proportion
scoring >70:100%).

Thereare diverse published findings regarding the proportion of
patients with hypochondroplasia that lack a variant within FGFR3">'%,
It had previously been reported that this figure was approximately
30% of patients with hypochondroplasia”. However, astudy from 2014
of 29 patients with hypochondroplasia found that only two lacked a
hypochondroplasia-associated variant within FGFR3; the authors sug-
gested thatincomplete genetic screening of FGFR3in previous studies
could account for this apparent disparity".

Based on available published literature, the proportion of cases
of hypochondroplasia caused by de novo variantsis thought to be less
thanin achondroplasia'®. However, it is hard to estimate the true pro-
portion of cases of hypochondroplasia caused by de novo versus inher-
ited variants owingto the paucity of large epidemiological studies, and
because cohort studies so far have been limited in size and scope'®.

R14: although the most common hypochondroplasia-causing
variants are those leading to the p.N540K (p.Asn540Lys) substitution,
several other variants causing hypochondroplasia have beenidentified
within FGFR3 (mean score: 99; proportion scoring >70:100%).

Genetic testing and clinical interpretation of FGFR3 variants are
often complex. Different germline variants in this gene are known
to cause a variety of distinct phenotypes*®, primarily driven by mis-
sense variants. Although some genotype-phenotype correlations
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are well established, others remain challenging to define. A striking
feature of FGFR3is that different substitutions at the same amino acid
residue canresultin vastly different clinical outcomes. The most nota-
ble example involves the lysine residue at position 650: p.Lys650Glu
causes thanatophoric dysplasia type Il (MIM#187601), p.Lys650Met
causes severe achondroplasia with developmental delay and acan-
thosis nigricans syndrome (OMIM#616482) whereas p.Lys650Asn,
p.Lys650GIn and p.Lys650Thr cause milder phenotypes fitting a
diagnosis of hypochondroplasia”. The diagnostic criteria refer to
heterozygous pathogenic or likely pathogenic variants (per American
College of Medical Genetics and Association for Molecular Pathol-
ogy guidelines)* specifically linked to hypochondroplasia, for which
Table 2 provides a selection. Variants should be annotated using the
‘standard’ Matched Annotation from the NCBI and EMBL-EBI (MANE)
transcript (NM_000142) to avoid misinterpretation.
Hypochondroplasiais typically caused by FGFR3 gain-of-function
heterozygous missense variants’, although one deep intronic vari-
ant affecting splicing and leading to an in-frame insertion has been
described®*.No deletions or duplicationsinvolving FGFR3have been
reported to cause hypochondroplasia'. At the time of writing, there is
notyetacomprehensive database focused on FGFR3 variant classifica-
tion, nor specific ClinGen recommendations. There are still a substan-
tial number of variants that should be classified as variants of unknown
significance (VUS), not only the ones affecting previously unreported
amino acid residues™®. Difficultiesininterpretation derive fromlack of
detailed phenotypic descriptions or functional studies inthe literature,
making it difficult to apply American College of Medical Genetics
criteria confidently even when one identifies some of the previously

reported variants (Table 2, footnote). When a VUS is identified, it is
importanttoreassess the possibilities of reclassification, focusing on
thelocation of affected amino acid residue, theinsilico deleteriousness
prediction, the regional missense constraint, the parents’ phenotype
and segregation studies (de novo versus inherited). We anticipate
additional hypochondroplasia-associated variants will continue to be
identified and, because of this, genetic analysis of FGFR3in individuals
with suspected hypochondroplasia should refer to online resources
(for example, ClinVar and Leiden Open Variation Database) for the
latest data, and expert consultation might be required.

R15:in cases where anindividual is diagnosed with hypochondro-
plasia due to a pathogenic or likely pathogenic variant, first-degree
relatives should be assessed for potential signs of hypochondroplasia
and referred for genetic counselling as appropriate (mean score: 96;
proportion scoring >70:100%).

Depending on the care pathways within the health-care system,
thisassessment and (if appropriate) the subsequent genetic counsel-
ling canbe undertaken by avariety of specialists. Where possible, these
specialists should have previous experience with hypochondroplasia
and skeletal dysplasia. As previously mentioned, itis not uncommon for
adiagnosis of hypochondroplasia to lead to further diagnoses within
afamily. Multiple family members carrying the same variant can have
differing severities of clinical phenotype due to variable penetrance.

Areas of future research

The recommendations within this Consensus Statement have been
developed based on the available published literature and the expert
opinions of the Delphi panel. Following their publication, there is a

Box 2 | Major and minor criteria for hypochondroplasia diagnosis

Major criteria for hypochondroplasia diagnosis
¢ Disproportionate short stature for age and sex, defined as both:
- Height or length below -2 standard deviations (s.d.)? for age
and sex
and
- Evidence of disproportion, defined as one of the following:
- Sitting height to standing height ratio >2s.d.?
- Upper-to-lower body segment ratio >2s.d.?
¢ Relative macrocephaly with no alternative cause, defined as a
Head Circumference Height Index (HCH-I)® below a score of -2
e The major radiographic criterion (Table 1)
e Characteristic brain MRI finding in the temporal lobes defined as
at least one of the following:
- Temporal lobe dysgenesis including hippocampal dysgenesis
- Sagittal aberrant sulcus and/or deep transverse sulcus within
the temporal lobe
- Incomplete hippocampal inversion
e Family history in a first-degree relative who meets the criteria for a
definitive diagnosis of hypochondroplasia

Minor criteria for hypochondroplasia diagnosis
e Short stature defined as a height or length below -2s.d.? for age
and sex®

and/or

o Height or length below genetic potential defined as a height or
length >2s.d.? below mid-parental target height®

o Evidence of body disproportion, defined as one of the following®:
- Sitting height to standing height ratio >2s.d.?
- Upper-to-lower body segment ratio >2s.d.?

o Absolute macrocephaly defined as a head circumference >2s.d.?,
with no alternative cause

e Clinical evidence of changes in the upper limbs consistent with
hypochondroplasia (rhizomelia, limited arm extension and/or
broad hands)

o Asymptomatic ventriculomegaly and/or increased extra-axial fluid

o History of at least one afebrile seizure

o History of attention deficit hyperactivity disorder, diagnosed
learning difficulties or executive function abnormalities

o At least two minor radiographic criteria (Table 1)

Family history: a first-degree relative who meets the suspected
hypochondroplasia diagnostic criteria (Box 1).

2Standard deviation of appropriate unaffected background population distribution. "HCH-I is defined as height z score minus half the head circumference z score®.
°If the patient meets major criterion 1 (disproportionate short stature), minor criteria 1and 2 should not be used.
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need forreal-world testing and validation of these recommendations.
This validation will provide datato further strengthenand develop our
understanding of the diagnostic process for hypochondroplasia, and
to inform future recommendations. There is also a need for testing,
implementation and validation of the various grading and/or classifi-
cation systems that have been developed to assess different aspects
of hypochondroplasia**®*. This work will help to further refine how
and when these systems should be used, and how they fit within the
overall diagnostic process.

While acknowledging the work over the past 5 years to improve
ourunderstanding of the effect of the variousidentified variants within
FGFR3, further workisneeded to help characterize the potential effects
of VUS. Itis also expected that, with rigorous genetic analysis more widely
available thanin the past, additional variants within FGFR3 will beidenti-
fied. Researchis needed into the ways these variants affect individuals
with hypochondroplasia and genotype-phenotype correlations. With
theincreasingavailability of massively parallel sequencing customizable
gene panels, and the sharing of resulting data, itisalsoimportant to char-
acterize the proportion of individuals with suspected hypochondropla-
sia, or hypochondroplasia ‘genetically unconfirmed’ who subsequently
receive an alternative diagnosis driven by non-FGFR3 genes.

Finally, there is a need for research to help increase our under-
standing of the role that neuroimaging can play in the diagnosis of
hypochondroplasia; for example, how neuroimaging findings are asso-
ciated with neurological clinical findings and what these associations
cantellusaboutthe true prevalence of neurological complicationsin
hypochondroplasia.

Strengths and limitations

The main strengths of this Consensus Statement are that it builds on
the findings of multiple studies in hypochondroplasia and combines
these findings with the experience from a broad international panel
of hypochondroplasia experts froma variety of relevant fields (endo-
crinology, genetics and radiology). The use of the widely accepted
Delphi methodology further strengthens the validity of these
recommendations.

A major limitation of this Consensus Statement is that there are
fewlarge epidemiological studies published. Owing to this, statements
are often based on findings from small cohort studies and prevalence
estimates of specific criteria could be biased based on the setting in
which these small cohort studies were recruited. Also, older studies
oftenlacked comprehensive genetic assessment of FGFR3.Itis also lim-
ited by selection bias of the participating experts and the definition of
‘consensus’ (set here at 70%) thatisinherent to all such Delphi processes.

The panel recognizes that access to molecular diagnostics var-
ies globally. These recommendations are intended to be flexible and
applicableacross diverse health-care settings, with clinical and radio-
graphic criteria remaining central to diagnosis when genetic testing
isunavailable.

Conclusion

These expert guidelines provide a practical framework to help guide
the diagnosis of hypochondroplasia in both general and expert clini-
cal settings. These guidelinesinclude guidance on which assessments
(clinical, radiographic and genetic) should be performed as part of the
diagnostic process and how results should be interpreted to reach an
overall diagnosis.

Published online: 20 August 2026
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