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RESUMO

A presente dissertagdo visa abordar a Hipoplasia Cartilagem Cabelo, uma displasia éssea rara, com
foco no seu diagndstico pré-natal. Esta condicdo é herdada num padrao autossémico recessivo e
apresenta manifestacbes clinicas varidveis, que incluem envolvimento esquelético e extra-
esquelético.

Os individuos afetados podem evidenciar baixa estatura, hipotricose, disfungdo imune, além de
terem maior predisposicdo para doengas hematoldgicas, oncolégicas e gastrointestinais. Algumas
das manifestacbes pré-natais incluem micromelia, encurvamento osseo e atraso no
desenvolvimento tordcico. Estes aspetos podem coincidir com os de outros diagndsticos
diferenciais, o que constitui um desafio a sua abordagem.

Este trabalho encontra-se estruturado em trés capitulos que correspondem a diferentes
contributos realizados no ambito desta tematica.

O primeiro capitulo inclui um artigo de revisdao narrativa intitulado “Prenatal Diagnosis of Cartilage-
Hair Hypoplasia: A Narrative Review”. Esta revisdo procura contextualizar a literatura existente no
que concerne o diagndstico pré-natal desta condicdo. Para isso, foi realizada pesquisa bibliografica
nas plataformas MEDLINE e PubMed, cuja metodologia se encontra detalhada no artigo.

No segundo capitulo encontra-se o caso clinico “Familial Cartilage-Hair Hypoplasia: Prenatal
Ultrasound Features and Clinical Outcomes in Three Siblings with Identical RMRP Variants”. Este
artigo descreve o caso do terceiro filho afetado com Hipoplasia Cartilagem Cabelo numa familia em
gue dois irmaos ja tinham sido previamente diagnosticados com a doencga. Os achados ecograficos
da terceira gravidez levantaram a suspeita de se tratar de uma recorréncia e o diagndstico foi
confirmado apds o nascimento. Para a utilizacdo dos dados e inclusdao das imagens apresentadas
foi obtido o devido consentimento informado com a mae dos pacientes.

O terceiro capitulo inclui o poster “Apresentac¢do Pré-natal de Sindrome de Hipoplasia Cartilagem
Cabelo: A Propdsito de um Caso Clinico”, que foi apresentado na Reunido Anual da Associacao
Portuguesa de Diagndstico Pré-Natal e que sistematiza os pontos principais do caso clinico.

Esta estrutura permitiu explorar o tema da dissertacdo de uma forma abrangente e complementar,
articulando a revisdo tedrica com a pratica clinica e a divulgacdo cientifica. Cada artigo segue a
estrutura da revista a qual foi submetido, incluindo cada um resumo, palavras-chave, resultados,

discussdo e conclusdo, além das respetivas figuras e referéncias bibliograficas.

Palavras-chave: Hipoplasia Cartilagem Cabelo, Osteocondrodisplasias, Diagndstico Pré-natal.
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ABSTRACT

The present dissertation aims to address Cartilage-Hair Hypoplasia, a rare skeletal dysplasia,
focusing on its prenatal diagnosis. This condition is inherited in an autosomal recessive pattern and
presents variable clinical manifestations, which include skeletal and extra-skeletal involvement.
Affected individuals may present with short stature, hypotrichosis and immune dysfunction, as well
as having higher predisposition to hematological, oncological and gastrointestinal disorders. Some
of the prenatal features include micromelia, bowing of the long bones and delay in thorax growth.
These findings may overlap with other differential diagnosis, which presents a challenge to its
approach.

This thesis comprises three chapters, each representing a different contribution made within the
scope of this subject.

Chapter one presents a narrative review entitled “Prenatal Diagnosis of Cartilage-Hair Hypoplasia:
A Narrative Review”. This article seeks to review the current knowledge on the prenatal diagnosis
of this condition. For this purpose, a bibliographic search was conducted in the MEDLINE and
PubMed databases, with the methodology detailed in the article.

Chapter two contains the case report “Familial Cartilage-Hair Hypoplasia: Prenatal Ultrasound
Features and Clinical Outcomes in Three Siblings with Identical RMRP Variants”. This article
describes the case of the third child affected with Cartilage-Hair Hypoplasia in a family with two
previous children diagnosed with the condition. The ultrasound findings of the third pregnancy
suggested disease recurrence and diagnosis was confirmed postnatally. Informed consent was
obtained from the mother of the patients to include the data and images presented.

Chapter three includes the poster “Apresentacdo Pré-natal de Sindrome de Hipoplasia Cartilagem
Cabelo: A Propdsito de um Caso Clinico”, which was presented in the annual meeting of the
Portuguese Association of Prenatal Diagnosis and summarizes the key points of the case report.

This structure enabled a comprehensive and complementary approach to the theme of the
dissertation, combining theoretical revision with clinical practice and scientific communication.
Each article follows the structure of the journal in which it was submitted, each including an
abstract, key words, results, discussion and conclusion, as well as respective figures and
bibliographic references.

Keywords: Cartilage-Hair Hypoplasia, Osteochondrodysplasias, Prenatal Diagnosis.
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ABBREVIATIONS

AC — Abdominal circumference

AD — Anauxetic dysplasia

CHH — Cartilage hair hypoplasia

CMA — Chromosome microarray analysis

CT — Computed tomography

FL — Femur length

MDWH - Metaphyseal dysplasia without hypotrichosis
NGS — Next generation sequencing

RMRP — Ribonuclease mitochondrial ribonucleic acid processing
SD — Skeletal dysplasias

TD — Thanatophoric dysplasia

WES — Whole exome sequencing

WGS — Whole genome sequencing
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ABSTRACT

Cartilage-hair hypoplasia is a rare autosomal recessive skeletal dysplasia. It is particularly prevalent
in the finnish and Amish populations but increasing reports have been documented worldwide. It is
caused by mutations in the RMRP gene. The clinical presentation is highly variable and may include
short-limbed short stature, metaphyseal abnormalities, hypotrichosis and immune deficiency, among
other features. Some of the manifestations may present early in the prenatal period and ultrasound
assessment is often the tool that raises suspicion for this condition. The aim of this review is to
summarize the current knowledge regarding the prenatal diagnosis of cartilage-hair hypoplasia,
focusing on its molecular basis and the role of imaging and genetic testing. A comprehensive
literature search was conducted in the MEDLINE and PubMed databases using the terms ‘Prenatal
diagnosis’, ‘Cartilage-hair hypoplasia’, ‘Skeletal dysplasias’, ‘Osteochondrodysplasias’ and ‘RMRP
mutation’. Prenatal diagnosis of this condition remains challenging, as ultrasound findings may
overlap with other osteochondrodysplasias, including lethal forms. Lethality predictors and the
potential of molecular testing are also explored. A structured prenatal approach, combined with timely
genetic counselling, may allow for an earlier diagnosis and support informed reproductive decisions.
Given the recent advances in reproductive technologies and the potential impact of cartilage-hair
hypoplasia on affected individuals, this condition should be actively considered in futures studies
addressing the prenatal diagnosis of skeletal dysplasias.

Keywords: Cartilage-hair Hypoplasia, Osteochondrodysplasias, Prenatal Diagnosis

RESUMO

A hipoplasia cartilagem cabelo € uma displasia éssea rara, herdada de forma autossémica
recessiva. Embora seja particularmente prevalente nas populagdes finlandesa e Amish, verificam-
se cada vez mais casos documentados noutras populagdes. A doenga é causada por mutacdes no
gene RMRP. A apresentagéo clinica € muito variavel e pode incluir baixa estatura com membros
curtos, alteragbes metafisarias, hipotricose e imunodeficiéncia, entre outras manifestagdes. Alguns
achados podem apresentar-se precocemente no periodo pré-natal e a avaliagdo ecografica é,
muitas vezes, a ferramenta que levanta suspeigéo para esta condigdo. O propésito desta reviséo é
sintetizar a literatura existente sobre o diagndstico pré-natal da hipoplasia cartiiagem cabelo,
focando-se na sua base molecular e no papel da imagem e dos testes genéticos. Foi realizada
pesquisa nas plataformas MEDLINE e PubMed usando os termos ‘Prenatal diagnosis’, ‘Cartilage-
hair hypoplasia’, ‘Skeletal dysplasias’, ‘Osteochondrodysplasias’ e ‘RMRP mutation’. O diagnostico
pré-natal desta doenga permanece um desafio, visto que os achados ecograficos podem coincidir
com os de outras osteocondrodisplasias, nomeadamente formas letais. A discussao incluiu também
preditores de letalidade e o potencial dos testes moleculares. Uma abordagem estruturada na
avaliagao pré-natal desta patologia, combinada com aconselhamento genético atempado, podem
permitir um diagnostico mais precoce e auxiliar as familias nas decisdes reprodutivas. Dado os
avangos recentes nas tecnologias reprodutivas e o potencial impacto que a hipoplasia cartilagem
cabelo pode ter nos individuos afetados, esta patologia deve ser ativamente considerada em
estudos futuros que explorem o diagndstico pré-natal das displasias esqueléticas.

Palavras-chave: Hipoplasia Cartilagem Cabelo, Osteocondrodisplasias, Diagnéstico Pré-natal



INTRODUCTION

Cartilage-hair hypoplasia (CHH) is a rare autosomal recessive disorder first described in 1965 by
McKusick et al' among the Amish community. The global prevalence is difficult to establish given its
rarity and underdiagnosis, but in specific populations, such as the Finnish and the Old Order Amish,
it has been reported as 1 in 23000 births and 1-2 in 1000 births, respectively.?# It is caused by
mutations in the ribonuclease mitochondrial ribonucleic acid processing (RMRP) gene, which is
involved in cell proliferation and differentiation.? The disease is characterized by short-limbed short
stature and extra-skeletal manifestations such as hypotrichosis and variable degrees of immune
dysfunction. There is also an increased risk for anemia, recurrent infections, Hirschsprung disease
and malignancy.?>*® Fetal diagnosis is difficult, considering that the ultrasound findings resemble
other skeletal dysplasias (SD). Some of the first prenatal manifestations include micromelia, bowing
of the long bones and delay in the thorax growth.%2

The purpose of this study is to review the current knowledge on the prenatal diagnosis of this
condition, focusing on the techniques available, their limitations and clinical implications. Early
diagnosis is crucial to allow parents to make informed decisions regarding possible medical
interventions and to guide the management of future pregnancies. Further characterizing the
genotype-phenotype correlations may improve prediction of disease severity and support a
multidisciplinary approach to address potential complications.

METHODS

To develop this narrative review, we performed a bibliographic search in the MEDLINE and PubMed
databases. Articles in English published within the last 30 years, between 1995 and March 2025,
were considered. Combining the terms ‘Cartilage-hair hypoplasia’ and ‘Prenatal diagnosis’ in these
platforms yields nine results, mainly case reports, which emphasizes the lack of literature on this
topic. Additional search terms used were ‘Skeletal dysplasias’, ‘Osteochondrodysplasias’ and ‘RMRP
mutation’ combined, using Boolean operators. To further corroborate the findings, some articles
referenced in the selected articles were also included in the final review, among which was the
original CHH report in 1965. No restrictions were placed on study design. In total, 35 articles were
included (Fig. 1).

RESULTS

Molecular basis and clinical significance

To better understand the prenatal diagnostic approach of CHH, it is important to try to clarify its
molecular basis and pathophysiology. Mutations in the RMRP gene have been well established as
the cause for this condition. So far, over 100 known pathogenic mutations have been identified, the
most common of which being n.71A>G, especially prevalent in the Finnish population.?® The RMRP
gene encodes a long non-coding RNA, which, in association with ten proteins, constitutes the
ribonuclease for mitochondrial RNA processing complex (RNase MRP complex). This
ribonucleoprotein complex is implicated in several cellular functions that contribute to the CHH
presentation. The most extensively studied functions include ribosome synthesis, mitochondrial DNA
replication and cell cycle regulation.>'®'" The RMRP non-coding RNA also seems to create a
complex with telomerase-associated reverse transcriptase that produces double-stranded RNA,
which in turn downregulates RMRP expression.'%!!

CHH integrates a spectrum that ranges from a milder phenotype, metaphyseal dysplasia without
hypotrichosis (MDWH), to a more severe condition, anauxetic dysplasia (AD)."? Short stature with
varying degrees of metaphyseal dysplasia is the defining characteristic of this group of conditions.
MDWH presents with mild metaphyseal dysplasia with no hair abnormalities, CHH exhibits moderate
metaphyseal dysplasia with hair hypoplasia, immunodeficiency, hematological abnormalities, among
other features and AD involves severe spondylo-meta-epiphyseal dysplasia without extra-skeletal
manifestations.10.1213

Mutations of the RMRP gene can be subdivided into two main groups: duplications/insertions in the
promoter region and mutations within the RMRP transcript. The first group influences the distance
between the promotor and the transcription starting point, which can decrease the transcription level
of RMRP, but does not seem to explain the phenotypical diversity observed in the patients.>0
There are very few cases described of homozygous variants in the promoter region, which reinforces



RMRP role in cell life.'*'®> The second group, which mostly consists of mutations in the conserved
region of the RMRP sequence, can lead to RNA instability or impact the RNase MRP complex
function, reducing its enzymatic activity. This group seems to better explain the clinical
variability.210.11

Interestingly, mutations associated with AD, the severe end of the spectrum, appear to cause marked
skeletal dysplasia but are not associated with non-skeletal features. This seems to be linked with a
particularly reduced rRNA cleavage activity. Therefore, the degree of disruption of rRNA cleavage
seems to correlate with the degree of bone dysplasia.*'® Conversely, mutations that lead to reduced
mRNA cleavage activity, which impacts cell-cycle regulation, are particularly observed in patients
with MDWH and CHH. This suggests that lower mRNA cleavage activity is associated with milder
skeletal presentation, but more pronounced extra-skeletal manifestations, such as malignancy
susceptibility, proliferative bone marrow dysfunction and hair hypoplasia.?'%13.15

The pathophysiological mechanisms of CHH are still not entirely understood but relevant advances
have been made in the recent years. In 2019, a study conducted by Vakkilainen et al'® compared
fibroblast cultures from five patients with CHH and five controls. RNA sequencing found 35
upregulated genes and 130 downregulated genes in CHH fibroblasts. The upregulated genes were
involved in the PI3K-Akt signaling pathway, which is associated with cartilage and bone
differentiation, as well as malignancies, whereas the downregulated genes affected cell cycle
pathways. These findings support that RMRP mutations have a significant impact on the cell cycle
network which may be the basis for the clinical manifestations observed in CHH.®

Another research from 2019 developed a zebra fish model to study the mechanisms underlying CHH,
since there are currently no viable animal models and zebra fish share approximately 60% of the
RMRP transcribed region with humans. Using a rmrp knockout model, the researchers performed
bone and cartilage staining to assess skeletal development. The results were in accordance with the
CHH phenotype, with disrupted chondrogenesis and bone ossification. Wnt-f-catenin signaling
appears to be upregulated in rmrp mutants, suggesting a role in disease pathogenesis and identifying
it as a potential therapeutic target. Additionally, intestinal staining revealed impairment in the
gastrointestinal tract development, which may correlate with digestive manifestations observed in
some CHH patients.®

The general process of prenatal assessment of a condition involves various techniques applied to
screening and diagnosis. Screening encompasses serum analysis, ultrasonography, cell-free DNA
testing and carrier studies. For diagnostic purposes, the procedures available during the prenatal
period include chorionic villus sampling, amniocentesis and fetal blood sampling, the latter being
rarely used due to a higher risk of fetal loss. Through these techniques, it is possible to conduct
diagnostic tests such as karyotyping, chromosome microarray analysis (CMA), targeted mutation
testing and next-generation sequencing (NGS) panels. NGS technology also enables tests such as
whole exome sequencing (WES) and whole genome sequencing (WGS)."”

Some of these techniques may be applicable in the particular case of CHH, which will be further
discussed.

Role of prenatal imaging

Ultrasonography constitutes the primary screening method for SD with prenatal presentation. The
sensitivity rate of ultrasound for SD varies among the literature but is estimated to be between 40
and 60%.'820 The main hallmark of most SD on ultrasound, including CHH, is the presence of short
long bones, especially if they are disproportionate in relation to the head circumference.'®
Ossification of the appendicular skeleton occurs around 12 weeks of gestation so it may be possible
to suspect a SD even in the first trimester. Earlier presentation usually correlates with a more severe
phenotype.'®? The presence of femur length below the 5" percentile during routine screening in the
second trimester requires further investigation.'®1°

The usefulness of ultrasound is particularly relevant in assessing lethality risk. Several predictors
have been described in the literature, with different sensitivity rates.'®2° Among the most significant
are a chest-to-abdominal circumference ratio of less than 0.6 and a femur length-to-abdominal
circumference ratio of less than 0.16.'° Additional factors that can be considered include the femur
length-to-biparietal diameter ratio, micromelia more than 3 standard deviations below the mean,
amniotic fluid volume, bone mineralization and the presence of marked bowing or fractures.'®2 Of
note, linear femur measurements may be affected by bowing which could lead to an inaccurate
estimation of true femur length.?°

SD lethality seems to correlate more with pulmonary hypoplasia resultant from small chest
circumference, rather than with limb shortening.'®2° Therefore, fetal lung volumes and chest-to-
abdominal circumference ratio are important to assess the risk of lethal pulmonary hypoplasia.®



However, there are SD that show ultrasonographic evidence of a small thorax and are not lethal.
Despite this, patients with non-lethal SD may still have respiratory compromise in the neonatal period
and thus require close monitoring.®

Ultrasound also allows identification of additional findings, such as facial abnormalities, malformed
digits or vertebral anomalies, that may help in differential diagnosis between SD with overlapping
features. As an example, campomelic dysplasia commonly presents with hypoplastic or absent
scapula, which can help distinguish it from other conditions associated with long bone bowing, such
as CHH.1820

Phenotypical variability is a characteristic of CHH and it can be noted even in the prenatal period.
There are reports describing ultrasound abnormalities as early as 12 and 15 weeks of gestation®2",
others only toward the end of the third trimester®'> and some are only detected after birth'32223,
Hall et alf reported a case series in 2021 that is highly relevant in the context of prenatal diagnosis
of CHH. They describe three sibling fetuses that presented at 12 weeks of gestation with abnormal
ultrasound findings. The parents were healthy, non-consanguineous, and had a healthy daughter.
The thoracic and abdominal circumferences were found to be at the 5" percentile and the long bones
were below the 5" percentile and bowed. Increased nuchal translucency was also noted. The
pregnancy was terminated, and postmortem radiographs and autopsies confirmed bowed, shortened
long bones, as well as a small thorax with mild rib shortening. Additional findings included acetabula
with a trident-shaped appearance, narrow sacrosciatic notches and flattening of the vertebral bodies.
This led the team to suspect the presence of Thanatophoric dysplasia, one of the most common
lethal SD. However, genetic testing did not corroborate this; instead, RMRP mutations were detected,
consistent with CHH diagnosis.®

Crahes et al'? describe another case of a couple with two healthy children, in whom routine
ultrasound during the current pregnancy showed findings consistent with a SD. Marked limb
shortening was detected at 23 weeks of gestation and at 26 weeks mild macrocrania was noted.
Screening for FGFR3 mutations associated with achondroplasia was negative. At 31 weeks, the
ultrasound confirmed bowed femora with absence of bone growth. A medical termination of
pregnancy was carried out due to suspected severity of the condition and an autopsy was performed.
In addition to confirming bilateral rhizomelic limb shortening, post-mortem findings revealed thymic
hypoplasia with immune dysfunction, which pointed towards CHH. RMRP mutations were identified
through genetic analysis, confirming the diagnosis.'?

In families with a previous child affected by CHH, ultrasound still has a crucial role and may even
allow for an earlier recognition in subsequent pregnancies. The case described by Dungan et al’
emphasizes this. A healthy couple had a first child affected with CHH whose rhizomelic limb
shortening was only noted at birth. During the second pregnancy, serial ultrasonography allowed for
detection of bowed, shortened femurs and a small rib cage at 17 weeks gestation, which raised
suspicion for CHH recurrence. Given the older sibling’s history of immune dysfunction and recurrent
infections, a bone marrow transplantation was performed in the second child shortly after birth. This
intervention appeared to be beneficial, as this child experienced fewer infections.”

Apart from the role of two-dimensional ultrasonography, other imaging modalities have been
described in the context of SD. Three-dimensional ultrasound allows for enhanced visualization of
facial abnormalities and may be helpful in the differential diagnosis of SD with distinctive craniofacial
features.'®'® Fetal MRl may sometimes be more accurate in fetal morphological assessment than
ultrasound and does not cause any harm to the fetus or mother.?* It may be useful in fetal spine
evaluation in cases suggestive of vertebral malformations. It may also have a complementary role in
assessing fetal lung volumes, particularly in cases when ultrasound findings are inconclusive or in
the late stages of pregnancy.'®2° Gilligan et al?® corroborate this and propose that fetal MRI also
provides relevant findings regarding the brain, calvarium and cartilage, possibly allowing for earlier
genetic counselling and testing.?

In contrast, in utero radiographs do not offer any advantage to the SD prenatal diagnosis and require
unnecessary exposure to ionizing radiation.'® However, despite also involving ionizing radiation, low-
dose computed tomography (CT) has recently been reported in the literature in the context of SD, as
a potential tool to improve diagnostic accuracy, due to higher skeletal resolution. 2% A prospective
study using low-dose CT prenatally diagnosed SD in 17 out of 19 fetuses suspected through
ultrasound, with postnatal confirmation differing in only one infant. This technique showed a higher
specificity and positive predictive value than ultrasound alone.?® The potential role of low-dose CT
has also been reported as a complement to ultrasound in the specific cases of achondroplasia and
hypochondroplasia.?’

To the best of our knowledge, there are no published reports on the use of these alternative imaging
modalities in the prenatal diagnosis of CHH.



Genetic testing

As stated before, ultrasound is unable to reach a diagnosis in almost half of the SD cases.'®20
Accuracy in the specific case of CHH has not yet been established. Genetic testing enables definitive
CHH confirmation, through identification of pathogenic RMRP mutations. The approach differs
depending on whether the mutation has already been detected in the family or not.

In the cases described by Hall et alf the diagnosis was confirmed post-mortem through WES of fetal
tissue from the second affected fetus, followed by targeted Sanger sequencing of the RMRP gene
in the other siblings and parents. Crahes et al'? also confirmed the diagnosis post-mortem through
RMRP gene sequencing.

When a familial RMRP mutation is known, invasive prenatal diagnosis can be offered in subsequent
pregnancies to assess recurrence risk.® Vatanavicharn et al'® identified RMRP mutations after birth
in a child with CHH, who died at 23 months of age due to infection. In a subsequent pregnancy,
chorionic villus sampling at 14 weeks of gestation allowed for DNA sequencing, which suggested
that the fetus was unlikely to be affected. Ultrasound at 18 weeks of gestation confirmed normal
morphology. The parents decided to continue the pregnancy, and a healthy child was born.'® In other
cases, a mutation is detected postnatally, and in a subsequent pregnancy the parents decline
invasive prenatal testing, opting to carry out the pregnancy and have the confirmation after birth.?'
The literature regarding prenatal genetic testing in SD cases arising de novo with suggestive
ultrasound manifestations does not appear to include CHH. A recent article from 2025 studied 26
fetuses with suspected SD using a sequential analysis with karyotyping, CMA and WES. This
approach warranted a 61,5% detection rate. FGFR3 gene mutations were the most frequently
detected.?® A cohort study conducted by Jian et al® analyzed 147 fetuses with suspected SD and
performed CMA, followed by WES in the CMA negative cases. WES detected pathogenic variants
in 21 out of 58 cases, with a 36.2% detection rate. Thanatophoric dysplasia, achondroplasia and
osteogenesis imperfecta were the most common diagnoses.?® In another study where medical trio
exome sequencing was performed, these were also the conditions most frequently identified. This
technique was able to provide definite molecular diagnosis in 24 out of the 27 fetuses evaluated.3°
Non-invasive prenatal screening is a promising area in the field of genetic evaluation. It has been
more extensively studied regarding chromosomal abnormalities, but there is a growing interest in its
application to single-gene disorders through cell-free fetal DNA. 73

In the context of SD, this technique has been shown to provide definitive prenatal diagnosis of
thanatophoric dysplasia and achondroplasia'®3?33. However, its use has not yet been explored in
the context of CHH.

DISCUSSION

CHH is a rare osteochondrodysplasia caused by mutations in the RMRP gene. The pathophysiology
is not entirely understood but there have been interesting advances in the recent years, trying to
correlate the genotype with the diverse phenotype presented.®"13.1516 Mutations may impact the
promotor region or the RMRP transcript itself, and depending on the RNA function impaired, the
disease can present with varying degrees of skeletal and extra-skeletal manifestations.>1%.11.13.15
CHH does not have a cure, but characterizing its molecular basis might open potential therapeutic
targets, as suggested by Sun et aF.

Regarding CHH prenatal diagnosis, ultrasound is often the tool that raises suspicion for this
condition. Suggestive findings may include marked shortening of the long bones, with relative
macrocephaly, as well as a narrow thorax.%"121521 As reported by Hall et al®, these features might
overlap with those of lethal SD, such as thanatophoric dysplasia. It is suggested that the earlier a SD
is detected, the more severe the prognosis.'82° However, CHH can present early in prenatal life and
still result in a viable fetus with a mild phenotype, reported especially when there is a positive family
history.”:?

Among the lethality predictors described, femur length is a key component in several diagnostic
ratios. However, accurate measurement can be affected by femoral bowing and angulation.'®2° This
is particularly relevant in CHH, since patients often present with bowed femurs and should therefore
be carefully assessed to avoid misdiagnosing disease severity.>?° A small thorax and subsequent
pulmonary hypoplasia are also commonly referenced in the literature as major lethality predictors.'®
20 However, it is important to note that CHH is among the non-lethal SD that can also present with a
small rib cage’.

Additional imaging methods, such as fetal MRI and low-dose CT, might play a complementary role
to ultrasound, but literature evaluating them in the context of CHH is needed to assess their sensitivity
and utility. 18-20.24-27



Therefore, genetic testing and counselling are essential to guide parents in the decision-making,
particularly when sonographic features are ambiguous.

CHH prenatal genetic testing is scarcely explored in the literature. When a familial mutation is known,
targeted testing can be performed through invasive methods in subsequent pregnancies to assess
potential recurrence.®'® When ultrasound suggests features compatible with SD, the priority is to rule
out lethal conditions, such as thanatophoric dysplasia and osteogenesis imperfecta type 11."83* NGS
panels that include the RMRP gene or WES may be able to identify RMRP pathogenic variants, but
the role of molecular testing in the prenatal period is controversial.'® Savarirayan et al'® argue that
these comprehensive tests may have long turnaround times, and results may not be available before
delivery. It might be reasonable to defer testing to the postnatal period in non-lethal conditions such
as CHH. With the advancement in technology, these tests may warrant results faster and thus be
recommended in the prenatal period.'83°

It is important to note that exome sequencing does not include the whole genome, it only assesses
exon regions, which are involved in protein coding. Therefore, the information provided can be
incomplete, and data from promoter and enhancer regions may also be missed.3® Given that the
RMRP gene encodes a non-coding RNA and that mutations can arise in the promoter region, this
may explain why CHH was not identified in the recent SD studies evaluating the role of NGS panels
and WES.%-% Genome sequencing is also a possible approach, although it remains more costly and
less readily available.*

Considering the growing interest in non-invasive techniques for prenatal diagnosis and the fact that
CHH is a monogenic disorder, it seems plausible to hypothesize that testing through cell-free fetal
DNA might be possible in the future. 83

The proposed diagnostic algorithm (Fig. 2) outlines a prenatal approach to CHH suspicion,
depending on whether RMRP mutations are known. If there is positive family history and ultrasound
findings suggest recurrence, invasive testing may confirm the diagnosis. When there is no known
history, the priority is to assess lethality, focusing on specific ratios and signs of pulmonary
hypoplasia. Clinicians should be aware that CHH can present early with a small thorax and bowed
femurs, and yet not be lethal. If findings do not suggest a lethal dysplasia, molecular testing may be
possible prenatally or deferred. This algorithm encompasses a general framework, but decisions
should be individualized.

CONCLUSION

In conclusion, CHH is a complex skeletal dysplasia that continues to pose diagnostic challenges,
particularly in the prenatal period. Despite its low prevalence, CHH significantly impacts affected
individuals, as well as their families. This review attempts to address a gap in the literature regarding
this condition, by compiling current knowledge on its molecular basis, imaging features and available
genetic testing. Given its highly variable presentation and increasing identification in multiple
countries, there is a clear need for additional case reports and cohort studies to better characterize
genotype-phenotype correlation and long-term outcomes.

Combining sonographic findings with molecular diagnosis through an integrated and standardized
approach may facilitate early and accurate diagnosis. Timely genetic counselling, supported by early
identification, will allow parents to make informed reproductive decisions while mitigating uncertainty
in the prenatal setting.

The recent advances in technology regarding imaging and genetic testing are promising and we
propose that CHH should be actively considered in future studies exploring prenatal diagnosis of
skeletal dysplasias.
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Figure 2. Diagnostic approach for prenatal CHH evaluation. FL: femur length; AC: abdominal
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TITLE OF CASE

Familial Cartilage-Hair Hypoplasia: Prenatal Ultrasound Features and Clinical Outcomes in Three
Siblings with Identical RMRP Variants

SUMMARY

Cartilage-hair hypoplasia (CHH) is a rare autosomal recessive skeletal dysplasia. It is often
associated with short stature, metaphyseal abnormalities, hair hypoplasia and immune
dysfunction.

This case describes a pregnant woman in her mid-30s with two previous children diagnosed with
CHH with molecular confirmation of two pathogenic variants of the ribonuclease mitochondrial
ribonucleic acid processing gene. The couple is healthy and non-consanguineous.

Routine ultrasound examination of the current pregnancy suggested this fetus was also likely to be
affected. The couple opted not to perform invasive prenatal diagnosis. Umbilical cord blood was
collected at birth for genetic testing, confirming the diagnosis.

CHH has a significant impact on the quality of life of those affected. Genetic counseling may help
parents understand the disease and its prognosis. Obstetric ultrasound plays an important role in
the diagnosis by allowing early detection of suspected cases as well as assessing fetal growth.

BACKGROUND

Cartilage-hair hypoplasia (CHH) is a rare skeletal dysplasia inherited in an autosomal recessive
pattern, first described in 1965 by McKusick et al. It is also known as McKusick type metaphyseal
chondrodysplasia. The disease has a higher prevalence among the Finnish (1 in 23000 births) and
the Old Order Amish populations (1-2 in 1000 births). The prevalence in other parts of the world is
unknown but estimated to be significantly lower. It is caused by mutations in the ribonuclease
mitochondrial ribonucleic acid processing gene (RMRP gene). The clinical presentation is variable
but some of the common traits include short-limb short stature, hair abnormalities, such as fine,
sparse hair, and immune dysfunction. Additional traits include increased incidence of anemia,
Hirschsprung disease and malignancy®%3.

Fetal diagnosis is difficult, considering that the ultrasound findings suggest several differential
diagnoses. Some of the first prenatal manifestations include micromelia, bowing of the long bones
and delay in the thorax growth*>,

The aim of this study is to present a clinical case of the third child affected by CHH in a Portuguese
family, where two siblings were previously diagnosed with identical RMRP variants. This enables
the understanding of genotype-phenotype correlations in this rare condition and includes a review
of the relevant literature.
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CASE PRESENTATION

We report the case of a pregnant woman in her mid-30s. Gravida 3, para 2, two previous children
diagnosed with CHH with molecular confirmation of compound heterozygosity with two pathogenic
variants of the RMRP gene (deleterious variants n.197C>T and n.-25_-4dup). Other than having
nontoxic nodular goiter, the patient is healthy. Both her and her partner are not affected by CHH
and are non-consanguineous.

To provide context, we summarized the relevant data regarding the first two pregnancies.
First Pregnancy

Prenatal Findings: The ultrasound performed at 21 weeks gestation identified shortening of the
long bones, with progressive worsening of the growth discrepancy between the long bones and the
head and abdominal circumference as gestational age advanced. Due to the fetal growth restriction
and the suspicion of a skeletal dysplasia, prenatal genetic testing was performed, including exome
sequencing and CGH array. Two genetic variants of the RMRP gene were identified and the parental
study allowed to conclude that they were located on different alleles.

Perinatal Data: The child was born via cesarean section at 39 weeks, due to pelvic presentation. He
weighed 2910 g (15t percentile), measured 41 cm (<15 percentile) and had a head circumference
of 35 cm (69t percentile). He had rhizomelic shortening and bowing of the long bones and relative
macrocephaly. He had genu varum and a slight elbow flexion. The thorax had normal dimensions.
His hair was thin, sparse and light-colored.

Postnatal Developments: During infancy, it was noted that the child had CD8 lymphopenia and
hypogammaglobulinemia. He was followed in a primary immunodeficiency consultation. A
lymphocyte transformation test was performed, which showed low response to mitogens.

Current Status: At the time of writing, the couple’s first child remains clinically stable, with no
history of significant infectious complications or other major medical issues. He is not receiving any
specific treatments or therapies.

Second Pregnancy

Prenatal Findings: The second child also had a normal first trimester ultrasound, but during the
second trimester it was noted significant shortening and bowing of the limbs and he was growing
below the 5% percentile since 25 weeks of gestation. The parents decided not to have invasive
prenatal testing performed, choosing to do umbilical cord blood sampling after birth.

Perinatal Data: A cesarean section was scheduled at 40 weeks gestation, due to pelvic presentation.
At birth, the baby weighed 3025 g (25 percentile), measured 42 cm (<1°t percentile) and had a
head circumference of 33.50 cm (19 percentile). On physical examination, marked limb shortening
was noted with bowing of some segments, mainly of the legs, bilaterally and symmetrically. He had
limited elbow extension and joint stiffness.
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Postnatal Developments: The molecular study of the umbilical cord blood confirmed the diagnosis
of CHH. The complete blood cell count indicated lymphopenia with CD19 levels of 344 cells/cm3.
His hair was initially described as brown, without thinning. However, as a toddler it was noted to
be fine, sparse and light. A consultation around that time revealed decreased levels of CD8, CD19
and IgG.

Current Status: The child is currently in early childhood and is not undergoing any specific therapies.
He has had no major medical issues. His height and weight remain below the 1% percentile for age.

Third Pregnancy

Despite the 25% risk of recurrence, the couple planned a spontaneous third pregnancy, opting not
to resort to assistive reproductive technology such as preimplantation genetic testing. Routine
ultrasound examination of the current pregnancy performed at 13 weeks showed no abnormalities.
At 20 weeks of gestation, the ultrasound revealed significant shortening of the long bones, below
the fifth percentile (<P5), with no other apparent morphological abnormalities (Figure 1). At 27
weeks, the thorax dimensions were found to be below average for the gestational age (Figure 2).
These findings, combined with the previous history, were suggestive of CHH recurrence. The couple
was informed of the available techniques for prenatal diagnosis and decided against them, opting
to have the etiological study performed after birth, as was done in the second pregnancy, since
they would want to carry out the pregnancy either way.

The pregnancy was otherwise uneventful, and an elective cesarean section was performed at 39
weeks. The fetus was in breech presentation. The birth weight was 2465 g (3™ percentile), the
length 39.20 cm (<1t percentile) and the head circumference 35 cm (69t percentile). The newborn
boy presented with an APGAR score of 7 in the 15t minute and 9 in the 5" and 10™ minutes. On
physical examination, he presented with short limbs, being considered asymmetrical small for
gestational age. Umbilical cord blood was collected for genetic testing. He initially showed signs of
respiratory distress, which resolved after receiving nasal CPAP for the first 24 hours and
intermittent high flow nasal cannula oxygen therapy until day 8t of life. Bowel movements were
present since the first 24 hours of life. Enteral feeding was initiated on day 1 with good tolerance,
achieving full oral intake by day 9. He had glycemic stability, no fluid and electrolyte imbalances
and preserved urine output. The complete blood count showed no evidence of blood dyscrasia,
with a hemoglobin level of 18.6 g/dI, leucocyte count 16,810/uL and platelet count 287,000/ uL.

OUTCOME AND FOLLOW-UP

The newborn was discharged from the hospital on the 11t day in good general condition and with
adequate weight gain but showing signs of stiffness in the extension of the elbows, worse on the
left side, and difficulty in mobilizing the left hand, as well as a slight limitation in hip abduction. The
abdomen was distended, but soft, without palpable masses or organomegalies, nor tenderness on
palpation. The remaining physical examination was unremarkable. Given the stiffness of the limbs,
he was referred to rehabilitation medicine. The umbilical cord blood analysis also detected the
familial variants n.197C>T and n.-25_-4dup, confirming the diagnosis of CHH. During infancy, there
have been no major medical issues, other than a single episode of acute bronchiolitis, which was
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managed with supportive care in an outpatient setting, without the need for bronchodilators or
antibiotic therapy. No episodes of cyanosis or respiratory arrests reported during the follow-up.

Currently, the child is growing below the 1%t percentile for weight and length, with 5105 g and 50
cm, respectively, whereas the head circumference is between the 5" and 15% percentile (41.4 cm).
The marked limb shortening is more evident at the rhizomelic level in the lower limbs. On physical
examination, he has a pectus carinatum and wrist asymmetry, with hyperextension of the left wrist.
It is also noted some difficulty in leg extension. Hip mobility is apparently preserved. Normal lung
and cardiac sounds. No hair abnormalities apparent. A radiograph performed suggested alteration
of the distal metaphysis of the radius and ulna, as well as the metacarpals. All phalanges are
present, with normal anatomy. In terms of psychomotor development, he is still unable to sit, roll
over or bring objects to his mouth. He babbles a lot, showing excellent social interaction. He is
undergoing physiotherapy once a week and occupational therapy twice a week.

DISCUSSION

Many skeletal dysplasias such as Thanatophoric dysplasia (TD) and Ellis van Creveld syndrome have
shown to present sonographic finds by 14 weeks gestation. The early prenatal diagnosis is
facilitated by a known family history. Although many of the responsible genes for
osteochondrodysplasias are known, the existence of multiple mutations and genetic variants make
it difficult for an accurate prenatal molecular diagnosis. Therefore, postnatal exams are usually
necessary®.

Ultrasonography is highly operator-dependent but defining uniform criteria may bring many
advantages to the prenatal diagnosis of skeletal dysplasias, in particular CHH. Developing charts of
fetal size has been shown to help distinguish TD from other conditions’. This is especially important
since TD is usually a lethal condition and can be confused with CHH*. Using parameters such as head
and abdominal circumference, thoracic dimensions and long bone length that are adjusted to the
typical growth pattern of CHH during gestation may facilitate diagnosis and support parental
decision-making regarding the need for invasive testing or pregnancy termination.

A similar case to ours was described in 1996, in which a prenatal diagnosis of a fetus was made
based on ultrasound findings and family history of CHH. The couple was also healthy and non-
consanguineous and had a previous child affected by the condition, diagnosed after birth. The fetus
had a normal appearance at 14 weeks of gestation and at 17 weeks marked limb shortening was
noted. In our case, all three siblings also had normal first trimester ultrasounds and only after 20
weeks of gestation did they start to exhibit abnormal growth. The report questions a direct
relationship between the severity of growth abnormalities and the immune system involvement.
Although both siblings had marked limb shortening, the younger one seemed to have a lesser
degree of immunodeficiency, which could have been related to an earlier bone marrow
transplantation®. A more recent article, from 2023, studied thirty-two children with CHH and
concluded that shorter birth length correlated with lower lymphocyte counts and the occurrence
of infections®.

In our case, none of the children have had recurrent infections. The birth length of the first child
was 41 cm and he appears to have the most significant immune dysfunction with CD8 lymphopenia
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and hypogammaglobulinemia. The second child measured 42 cm at birth and has shown CD19
lymphopenia, as well as progressively decreasing levels of CD8 and IgG. The third child, born with
the shortest length, 39.2 cm, has not demonstrated any immunological or hematological
abnormalities to date. All the siblings are growing below the 1°t percentile in terms of length and
weight. Long-term follow-up may help further characterize their clinical manifestations. However,
up to this point, no clear correlation has been observed between the degree of limb shortening and
the severity of immune dysfunction. A case report from Japan also corroborates this, as they did
not find differences in birth length between affected individuals with and without extraskeletal
symptoms®. It is important to note that this could have been due to the small sample size in our
cases.

A report from 2013 describes another case suspected antenatally at 23 weeks gestation through
shortened limbs (<3 percentile) and bowing femora. A medical termination was performed and
the CHH diagnosis confirmed postmortem. They also discuss the association between birth length,
levels of IgG, IgA and Nk cells after birth and the subsequent infection risk. CHH patients appear to
exhibit marked heterogeneity. Given that phenotypic variability has been described among siblings,
factors beyond RMRP mutations might contribute to the phenotype®. The siblings described in our
report appear to have a similar phenotype with marked rhizomelic limb shortening and bowing of
the femurs, as illustrated in the photographs provided (Figures 3-5). The two oldest siblings show
evidence of hypotrichosis. The youngest has not exhibited any hair abnormalities to date. However,
since such features were also not noted at birth in the older siblings, it is possible that he may
develop over time.

Studying the genotype-phenotype correlation may also help determine which RMRP mutations are
linked to more severe forms of the disease. The RMRP gene is located on chromosome 9p13.3 and
has been shown to be involved in cell cycle regulation, mitochondrial RNA processing and ribosome
synthesis. Compound variants in the RMRP gene have been shown to lead to functional
impairment, which could affect various organs, such as bone marrow, hair and cartilage. However,
the mechanisms underlying the link between this gene and CHH remain unclear!?.

The variants identified in our case were n.197C>T and n.-25_-4dup. The variant n.197C>T is
reported in the gnomAD database with an estimated frequency of 0.00003464 (24/692778 alleles)
and is classified as pathogenic. Twelve of the alleles are from Latin Americans, two from
African/African-Americans, nine from non-Finnish Europeans and one from another ethnic group.
This variant was first described in the literature in 2002 in a patient with metaphyseal dysplasia
without hypotrichosis'2. Two recent studies conducted by Gomes et al analyzed Brazilian patients
with CHH and identified a particularly high prevalence of the variant in their population, suggesting
a possible founder effect. They advance the hypothesis that this variant originated from a single
mutational event and was transmitted from a common ancestor with a possible European
origin'*14, Given the historical ties and migratory flows between Portugal and Brazil, it is interesting
to observe the presence of this mutation in a Portuguese case, such as the one we present in this
report. Haplotype analysis in additional cases could help trace the origin of this variant, determining
whether it arose from a single occurrence and subsequently spread globally. Regarding the other
variant identified in our case, n.-25_-4dup, it is not listed in the gnomAD database. Although its
clinical significance remains uncertain, the fact that it was found in trans with the n.197C>T variant
supports its pathogenicity. Of the 23 patients studied by Gomes et al in 2019, five harbored the n.-
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25 _-Adup variant, four of whom shared the same genotype as the siblings in our case. To our
knowledge, these are the only reports in the literature identifying this variant.

LEARNING POINTS/TAKE HOME MESSAGES

e CHHis arare disease with important skeletal and extra-skeletal manifestations that require
close and ongoing multidisciplinary monitoring starting in the prenatal period.

e Prenatal ultrasound can be a valuable diagnostic tool, allowing for an early recognition of
skeletal abnormalities and for serial assessment of fetal growth, particularly of the limbs
and thorax.

e Defining standardized ultrasonographic criteria adjusted to the CHH growth patterns may
improve diagnostic accuracy and support parental decision-making regarding the need for
invasive testing or pregnancy termination.

e Characterizing the genotype-phenotype correlation may contribute to expanding current
knowledge and guiding prognosis and management strategies.

e Genetic testing confirming pathogenic variants in the RMRP gene is crucial to establish the
diagnosis and provide family counselling, especially in recurrent cases, such as this one.
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FIGURE/VIDEO CAPTIONS

Figure 1 — Third child. Ultrasound assessment at 22 weeks. Short femur (<P5).

Figure 2 — Third child. Ultrasound assessment at 27 weeks. Small thorax dimensions.

Figure 3 - First child in early childhood. Short-limbed short stature. Genu varum.

Figure 4 — Second child as a toddler. Short-limbed short stature. Genu varum.

Figure 5 — Third child. Newborn in the delivery room. Asymmetric small for gestational age.
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Figure 1 — Third child. Ultrasound assessment at 22 weeks. Short femur (<P5).
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Figure 2 — Third child. Ultrasound assessment at 27 weeks. Small thorax dimensions.
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Figure 3 - First child in early childhood. Short-limbed short stature. Genu varum.
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Figure 4 — Second child as a toddler. Short-limbed short stature. Genu varum.
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Figure 5 — Third child. Newborn in the delivery room. Asymmetric small for gestational age.
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CHAPTER THREE

“Apresentacgao Pré-natal de Sindrome de Hipoplasia Cartilagem Cabelo:
A Propésito de um Caso Clinico”

APQPN E «\lalllll\(l'\(l‘li()

APRESENTAGAO PRE-NATAL DE SINDROME DE HIPOPLASIA
CARTILAGEM CABELO

A PROPOSITO DE UM CASO CLINICO

Andreia Lima Martins1, Catarina Carvalho2, Luisa Ferreira1,2, Luis Guedes Martins1,2
1-Centro Materno Infantil do Norte, Centro Hospitalar Universitario de Santo Ant6nio; 2-Instituto de Ciéncias Biomédicas Abel Salazar

SINDROME DE HIPOPLASIA CARTILAGEM - CABELO

A Hipoplasia Cartilagem Cabelo (HCC) é uma doenca genética rara, de hereditariedade autossémica recessiva, causada por mutacdes no
gene RMRP. Trata-se de uma displasia éssea caracterizada por baixa estatura, hipotricose, variados graus de imunodeficiéncia, anemia e
problemas gastrointestinais. A apresentacdo fenotipica e o prognéstico sdo bastante variaveis.

As primeiras manifestacdes ocorrem no periodo pré-natal com micromelia,_encurvamento dos 0ssos longos e atraso de crescimento do
térax fetal. No entanto, o diagnéstico fetal é dificil, apresentando os achados ecogréaficos uma grande variedade de diagnésticos
diferenciais.

CASO CLiNICO

Gravida, 37 anos. 3G2P, 2 filhos com diagnéstico de HCC com confirmagao molecular
de heterozigotia composta para duas variantes patogénicas do gene RMRP
(variantes deletérias n.196C>T. e n.-25dup).

—p*

Apesar do risco de recorréncia de 25%, o casal planeou nova gravidez espontanea.

Em ecografia realizada as 20 semanas é detectado um encurtamento significativo dos ossos longos (<P5), sem outras alteracées morfologicas
aparentes,

Posteriormente, as 27 semanas, constata-se torax de dimensdes reduzidas para a idade gestacional. Embora possivel e disponivel, o diagnéstico
pré-natal laboratorial nao foi opgao do casal.

Fig 1. Avaliagdo ecogrdfica ds 22 semanas. Ossos longos curtos <P5 Fig 2. Avaliagdo ecogrdfica as 27 semanas. Torax de reduzidas dimensdes
(fémur na imagem)

A gravidez decorreu sem outras intercorréncias. Foi realizada cesariana eletiva as 39 sem, que
resultou num recém-nascido do sexo masculino,_ com 2465g,_APGAR 7/9/9. Ao exame objetivo
destacam-se membros curtos, que condici um LIG assimétrico. Foi realizada colheita de
sangue do corddo umbilical para teste genético, para confirmagao diagndstica.

Teve alta hospitalar ao 11° dia de vida, com bom estado geral e ad d o ponderal,

q

encaminhado para consulta externa de Neonatologia e Medicina Fisica e de Reabilitagdo por sinais

de rigidez na extensdo dos cotovelos e dificuldade na mobilizacdo ativa e preensdo da mao
esquerda.

LY
Fig 3. Recém-nascido o bloco de partos. LIG assimétrico

CONCLUSOES

A HCC é uma condigdo genética rara na populacdo portuguesa (1 em 200 000).

Estd associada a importantes comorbilidades, exigindo uma gestdo em contexto multidisciplinar. O aconselhamento genético revela-se
particularmente importante, ajudando as familias a compreender a patologia e o seu prognéstico.

A ecografia obstétrica representa um papel preponderante no seu diagnéstico, ao permitir uma identificagdo precoce de casos suspeitos e, de
uma forma seriada, avaliar o crescimento fetal, com particular aten¢do ao desenvolvimento dos membros e térax.
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CONCLUSION

The primary purpose of this dissertation was to address the topic of skeletal dysplasias and to raise
awareness about the specific case of CHH. Despite being rare, this condition has an undeniable
impact on those affected, requiring the need for a multidisciplinary support.

CHH can present early in the prenatal period and developing a standardized approach combining
imaging and genetic testing may allow for early recognition and timely management.

The structure of this work is organized in three complementary chapters that aim to contribute to
a scarcely explored area in the literature.

Reviewing the available information on the prenatal diagnosis of CHH as well as presenting the case
of a Portuguese family with three children affected by it allowed for a better understanding of the
condition, particularly regarding its presentation, diagnosis and clinical significance.

However, further research is needed, including studies with larger sample sizes, to more accurately
characterize genotype-phenotype correlations and the underlying pathophysiological mechanisms.
In conclusion, it is hoped that this thesis encourages discussion around rare skeletal dysplasias, with
the ultimate goal of improving healthcare responses to the specific needs of these patients and
their families.
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