'.) Check for updates

Annals of Clinical and Translational Neurology

| RESEARCH ARTICLE CEIEED

Fetal Akinesia/Hypokinesia and Arthrogryposis of
Neuromuscular Origin: Etiologic Groups, Genetics, and
Phenotypic Spectrum

Florencia Pérez-Vidarte! ' | Berta Estévez-Arias’?© | Leslie Matalonga®* | Delia Yubero®® | Anna Codina”® |
Carlos Ortez!” | Julita Medina”® | Lidia DeSena DeCabo!® | Laura Carrera-Garcial”’ | Jesica Exposito-Escudero’ |
Cristina Jou>”? | Eduardo F. Tizzano”!! | Andres Nascimento>>’ | Daniel Natera-de Benito!>’

!Neuromuscular Unit, Department of Neurology, Hospital Sant Joan de Déu, Barcelona, Spain | 2Laboratory of Neurogenetics and Molecular Medicine,
Center for Genomic Sciences in Medicine, Institut de Recerca Sant Joan de Déu, Barcelona, Spain | 3Centro Nacional de An4lisis Gendmico (CNAG),
Barcelona, Spain | “Universitat de Barcelona (UB), Barcelona, Spain | >Center for Biomedical Research Network on Rare Diseases (CIBERER), ISCII],
Spain | ®Department of Genetic and Molecular Medicine, Hospital Sant Joan de Déu, Barcelona, Spain | 7Applied Research in Neuromuscular Diseases,
Institut de Recerca Sant Joan de Déu, Barcelona, Spain | $Department of Pathology, Hospital Sant Joan de Déu, Barcelona, Spain | °Rehabilitation and
Physical Unit Department, Hospital Sant Joan de Deu, Barcelona, Spain | °Department of Pediatric Orthopaedic Surgery, Hospital Sant Joan de Deu,
Barcelona, Spain | '"Medicine Genetics Group, Vall d'Hebron Institut de Recerca (VHIR), Barcelona, Spain

Correspondence: Daniel Natera-de Benito (daniel.natera@sjd.es)
Received: 24 February 2025 | Revised: 7 May 2025 | Accepted: 9 May 2025

Funding: Daniel Natera-de Benito is supported by the Miguel Servet program from Instituto de Salud Carlos III, Spain (CP22/00141). Berta Estévez-Arias
is supported by the predoctoral program “Joan Ord” of the Secretary of Universities and Research of the Department of Research and Universities of the
Government of Catalonia (grant 2024 FI-100075), co-financed by the European Union.

Keywords: Amyoplasia | CHRNG | DYNCI1H1 | myopathy | neuropathy | PIEZO2 | pterygium multiple | TTN | ZC4H2

ABSTRACT

Objective: To provide a comprehensive clinical and genetic characterization of individuals with arthrogryposis multiplex con-
genita (AMC), focusing on the distribution of genetic etiologies across the neuromuscular spectrum and comparing myogenic
and neurogenic subtypes.

Methods: A total of 105 individuals with AMC were clinically and genetically evaluated in a single-center study. Participants
were stratified based on the primary site of involvement, and further classification was performed for neuromuscular cases into
neurogenic and myogenic subtypes. Genetic diagnoses were made through using a range of next-generation sequencing tech-
niques, including exome sequencing (42 individuals), gene panel testing (40 individuals), genome sequencing (24 individuals),
and targeted-gene testing in selected cases. In most individuals who underwent genome sequencing, this was preceded by exome
or gene panel testing.

Results: Of the 105 individuals, 4 were classified as Amyoplasia and 1 as FARAD. Among the remaining 100 cases, 81 (81%) presented
with neuromuscular AMC, with defects involving motor neurons/peripheral nerves (52%, 42/81), neuromuscular junctions (7%, 6/81),
and skeletal muscle (41%, 33/81). A genetic diagnosis was achieved in 55% (55/100) of the entire cohort and in 58% (47/81) of individuals
with neuromuscular AMC. The most frequently implicated genes were TTN (16%, 9/55), CHRNG (10.9%, 6/55), PIEZ0O2 (9.1%, 5/55),
ZC4H2 (9.1%, 5/55), DYNC1H]1 (7.2%, 4/55), MYH3 (5.4%, 3/55), and RYR1 (5.4%, 3/55). Diagnostic yield varied significantly between

Abbreviations: AMC, arthrogryposis multiplex congenita; DA, distal arthrogryposis; ENMG, electroneuromyography; FADS, fetal akinesia deformation sequence;
LCCS, lethal congenital contracture syndrome; MPS, multiple pterygium syndrome; NCS, nerve conduction studies; NGS, next-generation sequencing; SD, standard
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subgroups, with 84.6% (33/39) of myogenic AMC cases genetically resolved, compared to 33.3% (14/42) of neurogenic cases. TTN was

the most common gene in myogenic AMC, while ZC4H2 and DYNC1H]I were predominant in neurogenic AMC.

Interpretation: This study provides a detailed phenotypic and genetic characterization of neuromuscular AMC, highlighting
the most frequently affected genes and their associated phenotypes. The findings underscore the challenges in diagnosing a sig-
nificant proportion of cases, especially within the neurogenic subgroup, and emphasize the importance of integrating detailed

phenotypic data with genetic analysis to enhance diagnosis, prognosis, and management of family expectations.

1 | Introduction

Fetal akinesia/hypokinesia is the common mechanism leading
to a range of clinical presentations characterized by joint con-
tractures due to limited movement during the prenatal period.
Arthrogryposis multiplex congenita (AMC) is an umbrella term
that encompasses a wide range of disorders with congenital joint
contractures, including more specific clinical entities such as
distal arthrogryposis (DA), fetal akinesia deformation sequence
(FADS), lethal congenital contracture syndrome (LCCS), and
multiple pterygium syndrome (MPS), among others [1-3]. Some
individuals with these conditions exhibit overlapping features
that are also a direct result of reduced prenatal mobility, such as
fetal hydrops, lung hypoplasia, and dysmorphic features.

The underlying defects causing fetal akinesia/hypokinesia can be
classified into five major groups, which do not necessarily account
for an equal proportion of cases: genetic alterations, congenital
infections, extrinsic causes (such as oligohydramnios, amniotic
bands, or anatomical abnormalities of the uterus), maternal im-
mune diseases like myasthenia gravis [4], and Amyoplasia. To
date, more than 400 genes have been associated with AMC [4, 5].
Several previous cohort studies have observed that the genes most
commonly affected in individuals with AMC are those involved
in neuromuscular function, specifically genes encoding key com-
ponents of motor neurons, peripheral nerves, neuromuscular
junctions, or skeletal muscle [3-8]. However, Amyoplasia, which
predominantly affects the muscles, is considered a distinct entity
characterized by limb involvement and is thought to have a vascu-
lar or developmental etiology, rather than being a primary genetic
neuromuscular disorder [9].

To enhance clarity in the classification of neuromuscular AMC,
we distinguish two main groups based on the primary site of dys-
function: neurogenic and myogenic arthrogryposis. Neurogenic
AMC arises from defects in the motor neuron or peripheral nerve,
leading to denervation, impaired muscle activation, and second-
ary joint contractures. Myogenic AMC results from primary ab-
normalities in the muscle or neuromuscular junction, particularly
affecting excitation-contraction coupling and leading to congen-
ital contractures. This distinction is relevant for improving gen-
otype—phenotype correlation and refining diagnostic approaches.

Despite the increasing rate of molecular diagnosis in individ-
uals with arthrogryposis, facilitated by the accessibility of
next-generation sequencing (NGS) methods, the genetic cause
remains unknown in approximately 30%-50% of cases [4-6].
The distribution of genetic subtypes of arthrogryposis within a
neuromuscular unit has not been previously addressed. A better
understanding of the distribution of these subtypes, as well as
deeper insights into the relationship between phenotypes and

genotypes, would be highly beneficial for corroborating genetic
findings, which are often challenging to interpret.

In this single-center study, we clinically and genetically char-
acterized a historical cohort of 105 individuals with AMC. The
individuals were stratified based on the primary site of involve-
ment, with those presenting neuromuscular AMC further clas-
sified into neurogenic and myogenic subtypes. Our objectives
were to characterize the phenotypic and genetic landscape of
these groups, identify the most frequently implicated genes, de-
fine their associated clinical features, and assess the characteris-
tics of individuals who remain without a genetic diagnosis.

2 | Methods

2.1 | Study Design, Inclusion Criteria, and Data
Collection

This retrospective cross-sectional study was conducted at a na-
tional and European reference center for pediatric neuromuscu-
lar disorders (Hospital Sant Joan de Déu, Barcelona). Data were
collected from all individuals diagnosed with AMC, DA, MPS
between January 2010 and December 2024. The study adhered
to the guidelines set forth by the Clinical Ethics Committee of
the hospital (Ethics Committee Reference PIC 147-23).

Phenotypic and genetic data were collected from medical re-
cords, interviews with individuals with arthrogryposis and their
families, and physical examinations. Detailed reviews of electro-
myography (EMG) and nerve conduction studies (NCS), as well
as muscle biopsies, were conducted specifically for this study.

The demographic information collected included age, sex, and eth-
nic origin. Natural history data encompassed the history of motor
developmental milestones, current motor function level, and age at
genetic diagnosis. Additional relevant medical history was docu-
mented, including details on muscle weakness and its distribution,
respiratory function, scoliosis, and bulbar involvement (e.g., gas-
trostomy insertion). Cognitive function was also gathered from the
medical records, although neuropsychological assessments were
not systematically conducted for all individuals.

2.2 | Genetic and Genomic Analyses

Genetic analyses were conducted based on the clinical, neuro-
physiological, and histological phenotypes, utilizing various
NGS techniques, depending on their availability and the specific
phenotype. These techniques ranged from customized panels
targeting selected genes to genome sequencing, with exome
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sequencing being the most frequently employed performed in
42 individuals, followed by gene panel testing (in 40 individu-
als), and genome sequencing (in 24 individuals). In most indi-
viduals who underwent genome sequencing, prior testing with
exome sequencing or gene panels had already been performed.
The most commonly used methods included the Custom
Comprehensive panel 17 Mb (Agilent Technologies, USA), the
Nextera Rapid Capture (Illumina, USA), and the TruSight One
Sequencing Panel (Illumina, USA). Gene panels evolved over
time, incorporating newly discovered genes and adapting to the
most current knowledge. Informed consent was obtained from
parents in every case.

Targeted-gene testing was mainly done in earlier years for indi-
viduals with clinical suspicion of specific genetic causes. It was
performed in 12 individuals, leading to a diagnosis in 3 with
CHRNG-related AMC, 3 with RYRI-related congenital myop-
athy, 2 with PIEZO2 variants, and 1 with TRPV4. Array CGH
was performed in 2 individuals, but no diagnosis was found.
Additionally, in 4 individuals, the genetic diagnosis was estab-
lished through segregation studies after a pathogenic variant
had been identified in a similarly affected family member.

2.3 | Etiological Stratification

Eight etiological subgroups were defined based on obstetric
history, clinical examination, and complementary tests, with
consideration of both the underlying etiology and the pathophys-
iological processes, particularly the structures involved. These
groups were selected based on the various known etiologies and
adapted from the disease classification framework proposed by
Le Tanno et al. [4]. Classification as neurogenic or myogenic
arthrogryposis was determined through a combination of neu-
rophysiological and clinical findings, with muscle pathology
providing additional information in cases where it was avail-
able. The involvement of specific structures, such as muscles,
nerves, or joints, was crucial in determining the pathogenesis of
each subgroup. The eight etiological groups were: (i) Maternal
causes (including space limitations and maternal illness or ex-
posures), (i) Amyoplasia, (iii) Central nervous system (CNS)
defects without peripheral nerve defects, (iv) Peripheral nerve
defects, (v) Neuromuscular junction defects, (vi) Myopathies
(including tension-sensing genes), (vii) Metabolic disorders, and
(viii) Connective tissue and skeletal dysplasia. Amyoplasia was
defined based on the clinical diagnosis established by Hall et al.
[9]. Individuals with characteristics compatible with two differ-
ent etiological groups were classified into the group considered
most predominant. Those who did not exhibit clear features to
be classified into any of the proposed groups were categorized
under “unknown mechanism(s)” arthrogryposis.

2.4 | Statistical Analysis

Statistical analyses were performed using the Statistical Package
for the Social Sciences, version 24.0 (IBM SPSS Statistics 24.0,
USA). Descriptive statistics were used to summarize the de-
mographic and clinical characteristics of the cohort. Data are
presented as means + standard deviations (SD) for normally dis-
tributed variables or as medians and ranges for skewed variables.

Comparisons between groups (e.g., patients with different ge-
netic diagnoses or those with and without a genetic diagnosis)
were conducted using chi-square tests for categorical variables.
The significance level was set at p <0.05.

3 | Results

3.1 | Demographic and Clinical Characteristics
of the Whole Cohort

Our cohort of individuals with AMC followed up at our neuro-
muscular unit totaled 105 index cases (58 males and 47 females)
from 101 unrelated families. Representative images of some in-
dividuals are shown in Figure 1. Clinical and genetic data are
summarized in Tables 1-3. Electroneuromyography (ENMG)
was performed in 96% (101/105) of individuals (101/105), reflect-
ing its role as the primary diagnostic tool in our Neuromuscular
Unit to identify whether AMC is of neurogenic or myogenic or-
igin. Muscle biopsy was carried out in 36% (38/105), typically in
cases with ENMG findings suggestive of a myogenic pattern. No
muscle biopsies were performed without prior ENMG testing.
Whole-body muscle MRI was conducted in 17 individuals (16%).

Most individuals were of Spanish origin (80/105, 76%), followed
by Moroccan (13/105, 12%), Latin American (5/105, 5%), and
Romanian (3/105, 3%) origins. Additionally, there was one in-
dividual each of Emirati, Nigerian, Ukrainian, and Pakistani
backgrounds (1/105, 1% each). The mean age at the first clinical
evaluation was 3.73years (SD 3.7), while the mean age at the last
evaluation was 12.8years (SD 7.8), with ages ranging from the
neonatal period to 48 years. A genetic diagnosis was established
in 55 out of 105 individuals (52%), corresponding to 51 out of
101 families (50%). Among those with a genetic diagnosis, the
mean age at diagnosis was 9.47years (SD 7.9). Four individuals
died before the conclusion of this study, all due to respiratory
failure during their first year of life, with a median age at death
of 3months (IQR 0.1-0.7). Three of these four individuals had a
myogenic profile associated with variants in NEB (two individu-
als) and ANTXR2 (one individual).

Cognitive involvement, including individuals with intellec-
tual disability and/or autism spectrum disorder, was observed
in 27% of cases (27/100), mostly associated with pathogenic
variants in DYNC1H1, TORIA, and ZC4H2 (Figure 2 and
Tables 1-3). This analysis was performed in individuals older
than 2years, as cognitive assessment in younger children was
not considered reliable. Brain MRI scans were available for
10 of the 12 individuals with variants in DYNCI1HI1, ZC4H2,
or TORIA and revealed abnormalities in all but one case with
DYNCI1H]I-related AMC. Cortical migration defects were the
most common findings in DYNCIH]I-related cases, whereas
white matter volume loss was the predominant abnormality in
individuals with ZC4H2 variants. Among the remaining genes
in the cohort, for which at least two individuals were included,
brain MRIresults were either normal or the individuals did not
undergo MRI. Respiratory insufficiency requiring ventilatory
support affected 17.1% of individuals (18/105), with a mean
age of onset of 4.3years (SD 4.78, range: newborn-15years).
The causative genes identified in individuals requiring ven-
tilatory support were COL6A1 (two individuals), RYRI (two
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FIGURE1 | Clinical images of individuals with AMC. (a) A female with AMC caused by a monoallelic PIEZO2 variant, showing retractions of the
hip flexors, knees, and Achilles tendons, preventing autonomous bipedal stance; (b) A 7-year-old female with ZC4H2-related AMC, note the inability
to flex the knees; (c) Hand of a 14-year-old male with CHRNG-related AMC, associated with multiple pterygium syndrome; (d) A 3-month-old female
with severe LAMAZ2-related congenital muscular dystrophy, note the congenital contractures in the hands and knees; (¢) A male infant with TTN-
related congenital myopathy, presenting with joint contractures and an open-book posture due to muscle weakness.

individuals), and ACTAI, GLDN, LAMA2, TORIA, TTN, and
ZC4H?2, each in one individual (Figure 2 and Tables 1 and 2).
Additionally, 6.9% of the entire cohort (7/102), including indi-
viduals with and without a genetic diagnosis, had swallowing
impairment at the last follow-up and required gastrostomy.
All of them also exhibited respiratory involvement and needed
ventilatory support. Five individuals with swallowing impair-
ment had a genetic diagnosis and carried pathogenic variants
in ACTA1, GLDN, LAMA2, TORIA, and ZC4H2, with one case
reported for each gene (Figure 2).

3.2 | Motor Function and Scoliosis
of the Whole Cohort

In our cohort, 55% of individuals (52/94) achieved independent
walking, with a mean age of walking onset at 20 months (IQR
11-60). Nine individuals were not included in this analysis be-
cause they were younger than 2years at the last follow-up or
due to missing data. At the last follow-up, 96% of those who
had acquired ambulation (50/52) retained the ability to walk
(Figure 2 and Tables 1-3). None of the individuals with arthro-
gryposis caused by pathogenic variants in COL6A1, RYRI, or
ZC4H?2 achieved independent walking. Additionally, there were

individuals with AMC and pathogenic variants in other genes
(BICD2, DYNC1H1, ECELI1, KAT6B, LAMA2, PIEZO2, PLOD2,
SLC26A2, TRPV4, and TTN) who also did not attain the ability
to walk.

Scoliosis was noted in 45/100 individuals, with 17 (38%) un-
dergoing corrective surgery at a mean age of 11.6years (SD
4.00; range 3-19). Individuals younger than 2years at the last
follow-up were not included in the scoliosis analysis. A high
proportion of individuals requiring corrective scoliosis sur-
gery was identified among those with AMC associated with
the following genes, all associated with neuromuscular dis-
eases: COL6A1 (100%, 2/2), TOR1A (100%, 2/2), RYR1 (100%,
3/3), CHRNG (80%, 4/5), PIEZ0O2 (80%, 4/5), TTN (67%, 6/9),
ZC4H?2 (40%, 2/5), and DYNCIHI (40%, 2/5) (Figure 2 and
Tables 1-3).

3.3 | Etiological Stratification

Within the total cohort, 81 individuals (77.1%) had arthrogry-
posis of neuromuscular origin, with defects involving motor
neurons/peripheral nerves (42 individuals, 40%), the neuro-
muscular junction (6 individuals, 5.7%), and skeletal muscle (33
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FIGURE2 | Proportion of all individuals with AMC who had cognitive involvement, respiratory insufficiency, swallowing impairment, failure to

achieve independent walking, and scoliosis, along with the distribution of altered genes for each of these characteristics.

individuals, 31.4%) (Figure 3 and Tables 1-3). Seven individuals
(6.7%) were classified under the CNS subgroup, while four in-
dividuals (3.8%) were classified into the connective tissue and
Amyoplasia groups. One individual (1%) with fetal acetylcholine
receptor inactivation syndrome was categorized under the ma-
ternal illness or exposures group, and eight individuals (7.6%)
could not be classified.

3.4 | Gene Distribution and Genotype-Phenotype
Correlations

A genetic diagnosis was achieved in 55 of 105 individuals (52%),
corresponding to 51 of 100 families (51%) (Tables 1 and 2). The
most frequently identified gene was TTN, accounting for 16% of
the genetically resolved cases (9 of 55). Other common genes in-
cluded CHRNG (6/55; 10.9%), PIEZO2 (5/55; 9.1%), ZC4H2 (5/55;
9.1%), DYNCI1H]1 (4/55;7.3%), MYH3 (3/55; 5.4%), and RYR1 (3/55;
5.4%). Figure 1 illustrates the distribution of affected individuals
according to the specific etiology of AMC, while Figure 4 pres-
ents a schematic representation of the genes identified in this
cohort. No cases due to congenital myotonic dystrophy or spinal
muscular atrophy type 0 were identified.

A total of 65 unique genetic variants were identified across 22
different genes. Tables 1 and 2 show the causative variants and
their classification according to ACMG guidelines [10].

The diagnostic rate among the 81 individuals with arthrogry-
posis of neuromuscular origin varied significantly (Figure 3).
The rate was notably lower for individuals with neurogenic
AMC (14 out of 42 individuals, 33.3%) compared with those with
myogenic AMC (33 out of 39 individuals, 84.6%). Gene panel
testing yielded a diagnosis in 32% of cases (13/40), while exome
sequencing had a slightly higher diagnostic rate of 36% (15/42).
Trio-based genome sequencing was performed in 23 individuals
who remained undiagnosed after panel testing, achieving a di-
agnostic yield of 39% (9/23).

The most frequently altered genes among individuals with neu-
rogenic AMC were ZC4H2 and DYNCI1H]1, accounting for five
and four individuals, respectively (5/42; 11.9% and 4/42; 9.5%
of all genetically explained neurogenic AMC cases) (Figure 3).
These nine individuals exhibited a phenotype characterized by
intellectual disability associated with motor axonal neuropathy,
identifiable through ENMG. Other genes identified in neuro-
genic AMC cases included BICD2, ECEL1, GLDN, and TRPV4,
with one case reported for each gene (1/42; 2.4%).

Among individuals with myogenic AMC, the most frequently af-
fected gene was TTN (9/39 individuals, 23.1%), followed by RYR1
and MYH3 (3/39 individuals each, 7.7%), and NEB and COL6A1
(2/39 individuals each, 5.1%) (Figure 3). Variants in LAMAZ2 and
ACTAI were found in one individual each (1/39, 2.6%). In 6/39
individuals (15.4%) the altered gene was CHRNG, and in 5/39
(12.8%) had altered PIEZO2. These individuals were included
in the myogenic AMC group despite CHRNG and PIEZO2 not
being strictly muscle-specific genes, as they typically present
myopathic findings on electromyography.

The ability to achieve independent ambulation varied notably
across genetic subgroups. None of the individuals with AMC
caused by ZC4H2 or RYRI variants acquired independent walk-
ing, whereas all six individuals with CHRNG-related AMC
achieved independent ambulation. Among individuals with
TTN variants, 55.6% (5/9) never walked, while the remain-
ing four individuals achieved ambulation at an average age of
2.9years (range: 1.5-4years). For DYNCI1H] variants, half of the
individuals (2/4) did not acquire ambulation, whereas the others
walked at an average age of 1.5years.

The prevalence of cognitive impairment also varied across ge-
netic subgroups. Intellectual disability was universally present
in individuals with variants in ZC4H2 (5/5), DYNCI1H]1 (4/4),
TORIA (2/2), KAT6B (1/1), GLDN (1/1), and GPC3 (1/1), signi-
fying a strong association between these genes and cognitive
deficits. In contrast, cognitive impairment was observed in only

11 of 20

85UB017 SUOLILLIOD SAINRID 3ot dde ay) Aq peupAob a2 S9[o1e YO 88N J0 S3|N 10} Akeuq1 ] 8UIIUO A8]1M UO (SUONIPUOD-PUE-SWBIALIOY A8 | 1M AReq 1 pul|uo//Sdny) SUoNIpUOD pue swie | 81 88S " [6202/50/0€] Uo Ariqiauljuo A|im * Uess3-6ingsing BelsieAlun - oliusg ap eeN Piueq Aq 88002 '€UIR/Z00T 0T/I0PALIOY A8 | AReiq 1 puljuo//Sdny Woj pepeojumoq ‘0 '£0S68252



23289503, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/acn3.70088 by Daniel Natera de Benito - Universitaet Duisburg-Essen , Wiley Online Library on [30/05/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
((9Nd ‘TINd ‘€dd) SOA) av)
ON (€T ye A1331nS) SOX ON PAASIYIR JON 1985029Yd°d Q<L ¥19°9 zaonig oTua80INaN 44 ov 4%
((9Nd ‘TN “TSAd) d) awv)
al (A1381ms ou) sox ON paAaIyde JON seIn[o'd {1<oped CHVYDZ oTua80INaN €1 6€ 9%
((9Nd “TINd “TSAd) d) @awv)
al ON ON paAdIyde JON I<DI-66£2 CHYDZ orussoInaN ¥ 8¢ T
%S AV — o10s0U
u1 Jup1inA (9N
‘TINd ‘TSAd) d)
ST.SIADcsdsyd @av)
al ON ON PaAdIYIR JON JOPTILL 8ST™D CHYDZ orussoInaN 9 LE 7
(TN “€Sd ‘TSd ‘ISAd) d) awv)
al ON ON paAdIydE JON +£981v°d {1.<D661°2 CH¥OZ orusdoInaN € 9¢ ov
((9Nd ‘TN “TSAd) d1)
€4SISTHYgT01g"d @av)
al (b1 18 A1981InS) S8 (1BIA ) AINN  PaAdIYIR JON OIPPISS CH¥OZ orusdoInaN €1 o3 6€
((¢dd ‘zdd ‘9Nd
‘TN “PSd) d1) @av)
at ON ON paAdIyoRION  SATyezIN[D d V<0889 THIDNAQ oruagoInoN 11 43 8¢
((SINd ‘TINd ‘Tdd ‘TSd) d'T) av)
at (A1931ms ou) sox ON 91 sAQ1Sz8av d L L<DTSLD THIDNAQ orusgoInaN LT €€ LE
((SINd ‘TINd ‘Tdd ‘TSd) d'T) av)
al ON ON PaAdIYIR JON sAQTSz8av d {L<OTSLD THIDNAd orusBoInaN 6 (43 9¢
((ONd ‘TN ‘TINd
‘cdd ‘zdd ‘vSd) d) @av)
al ON ON €T NATISSIPIN'd { LSV IPLID THIDNAd orusBoInaN 1T 1€ e
((9Nd ‘SINd ‘TINd
‘edd ‘zdd ‘vSd) d)
diyszorsay-d @av)
dsv pue g1 (ST ye L1031n8) S9K ON 14 L1<DL98Y" THIDNAQ orusdoInaN ST 0€ 143
JUIUIIA[OAUT ((reaK) Ax98ans (1234 ‘a8e) (1eak) yes Aypruaoyjed (eoueyrdoyur  dnoaS yeorSoronng (1K) wey  pul
aanruso) je 98e ‘oN 310ddng juapuadapur JO 90uUdpIAd Jo uianyed) yeap
/S9X :A198ang) Axoyerrdsoy e a8y OIANDV (S)IueLIes Quan /ud93s
SISOI[09S ISB]
a8y
"}10409 INO JO DNV OTUZ0AUW-UOU [IIM STBNPIAIPUT pasougerp A[[eo13ouag [[e JO UOTIRULIOJUT O1}oud3 pue [edIUl)) | ¢ HTIV.L

Annals of Clinical and Translational Neurology, 2025

12 of 20




23289503, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/acn3.70088 by Daniel Natera de Benito - Universitaet Duisburg-Essen , Wiley Online Library on [30/05/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
((SINd ‘€INd ‘TINd
‘TN ‘€dd ‘Tdd ‘€Sd) d)
195€59SL) diV<L LS6T D “eisedsAp
((EINd “TINd ‘€Sd ‘TSAd) av) [e19[9Ys pue
ON (A13811s ou) S9x ON PaAdIYO®R JON d) «8L181v d: 1<DTES O ZV9zI1S 9NSST) 9AN}02UUO0)) L W % S
(TN ‘sdd ‘TSd ‘TSAd) d)
L+S¥31vE9TTSAT d @av)
at ON ON PaAdIYIR JON ‘VVIPP68LE 88LED gLV $109J9p SNID S d Ly s
((TNd) SNA) av)
ar ON ON € #Isedar d fy<DeSoTd £0dD $309J9P SND 4! W 9t 0S
(PN ‘€N ‘TN
‘€Sd) d) PPE0En d
‘19P606 L06°2
(TN “TSAd “vSd) d) V)
ai (£1931ms ou) sax (129KG) AINN  P9OASIYOR JON +88781v°d {1<D798"d VIdOL $199J9p SND 0T | St 6
((TNd) snA)
SayzITI9sd {y<D9¢Ed V)
ar (K1031ns ou) sax ON € ((£dd ‘TNA) SNA) L<DE-D VIOL $309J9p SND vI I 44 8t
((SWd ‘TINd ‘TINd
‘Idd ‘€Sd ‘2Sd) d) @av)
T d st 43 SIH69Z81v d {y<D908"9 AdYL orusBoInaN T d 5% Ly
((TNd ‘Sdd ‘TSAd) dT)
#6LY8IV d {1<OSEYTO
((TINd ‘TSAd) dT)
(1BaKT1>) P+SPIPINLOTIN[D d v
asv (6 18 A19311S) SO AINN ST 1OPSTE 6IED NaTo orusBoInaN L W w 9%
((eNd ‘TINd ‘€dd) d'1)
01dsT191Yy L'd {D<VEFSTD
((eNd ‘TN ‘TSAD) Mv)
ON (£1981ms ou) sax ON PaAdIYIE JON d)I<LZ+ISITD I'THDH orusBoInaN € N 87 Sy
JUIWIIA[OAUT ((reaK) Ax98ans (1234 ‘a8e) (1eak) yes Aypruaoyjed (oueyrdyur  dnoaSyesrSoronng  (1e9f) x9S weg  pul
aanruso) je 98e ‘oN 310ddng juapuadapur JO 90uUdpIAd Jo uianyed) Yieap
/S9X :A198ang) Aaoyerrdsoy e a8y OIANDV (S)IueLIes Quan /ud93s
SISOI[09S Ise[
a8y
(ponunuod) | zATAVL

13 of 20



23289503, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/acn3.70088 by Daniel Natera de Benito - Universitaet Duisburg-Essen , Wiley Online Library on [30/05/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

'PIOQ UT UMOYS dTk sjuelres onauad sjuaned oy [, -oouedlyTusdIs Ure)rooun jo Jueliea ‘SN A {Awojsoayoer) jusueurtad Qv L, doruadoyied | (uone[nuaa
QAISBAUT-UOU [RUINJOOU ‘ATNN {U0T)OUN[ JB[NOSNUIOINAU ‘[N {UOTIR[TIUSA JAISBAUI-UOU ‘AN ‘o1uadoyyed AJoyI] ‘d'T (AITIQESIP [ENJOS[[IUT ‘(] (I9PIOSTP WNI)0ads wsHne ‘qSV ‘Aouanbaij o1a[[e 9ANRUINE ‘I V'V :SUOTIBIAIQQY
*PaJeOIpUI ST JUBLIBA 1o Jo Joedur uSruaq 1o/pue orusdoyyed Jo 90UapIAT “(HZ0T IOQUIDAON SS9 JSEB]) UI[ueL] Suisn ‘[6T] SaurfepIng (DNDV) SOTWOUID PUE SANAUID [LITPIA JO 939[[0) UBILIOWY
91} UO Paseq SUOP Sem UONBIIJISSE[O JUBLIBA "$'0€ECT0 NN 9LV ‘TLI9YITTO0 NN £Id9 ‘S'STITZ0 NN PAJ Y.L *€ €¥6ZST NN CAOTd “+'978¥00 NN I'TAOA “T°008€00100 NN ZdDIF *9°TLI8S0 NN CYX.INV *#'CI1000” NN

ZV9ZIIS ‘€°€1T000 NN VIJOL ‘T'€818LET00 NN COZHId ¥ '¥89810” WN ZH#IZ ‘S'9LET00” N THIDNAQ S}d11osUuEI) 90Ua19J91 ) 0} SUIPI0dIE ST FULIDqUINU SPIOI[ONU PUE LEYDYD/618Y Ul PJEIOUUE dIE SJUBLIBA [[V :2JON

(TN ‘sdd ‘TSAd)
dT) O<VT-Te1Td
((SWd ‘Tind

eIse[dsAp

‘TN ‘€dd) SOA) (av) [E39[3s pue
ON (A1931ms ou) sax ON PaAdIYIE JON SAD7Z9AID d {1<DHP98T D zao1d ONSST) DAI}OAUUOD 41 W 1S SS
(€Nd ‘TN “TSAD)
d) 9TSJIIIC0E3S d
JUSWIDAJOAUT ‘{dnpgo6d
K10ye11dsax ((ENd ‘TINd ‘TSAd) eise[dsAp
JISIA JSB] 9I9A3S 0} JISIA JSB] d) 914S¥211Z0€19S d V) [eI9[oYs pue (yreap)
Je IBAA T > JIS1A )se] Je 1BaK T > anp yreaq Je IB9A T > ‘dnpgo6o ZIXINV ONSSI) DAI}OAUUOD L0 d 0S ¥S
(€4 ‘TN
‘TINd ‘€dd ‘€Sd) )
direLz8rv-d {1<Ds€8™d
((€d ‘TINd “erse[dsAp
‘TN ‘€dd ‘€Sd) d) av) [E32[R3S pue
ON ON ON €1 dayeLz8av-d {1<DS€8°d cv9coIS ONSST} 9ANO_UUOD 1T W 61 €S
JUIUIIA[OAUT ((reaK) Ax98ans (1234 ‘a8e) (1eak) yes Aypruaoyjed (oueyrdyur  dnoaSesrSoronng  (1e9f) x9S weg  pul
aanruso) je 98e ‘oN 310ddng juapuadapur JO 90uUdpIAd Jo uianyed) yeap
/S9X :A198ang) Axoyerrdsoy e a8y OIANDV (S)IueLIes Quan /ud93s
SISOI[09S I5%]
a8y

(ponunuod) | zATIVL

Annals of Clinical and Translational Neurology, 2025

14 of 20



23289503, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/acn3.70088 by Daniel Natera de Benito - Universitaet Duisburg-Essen , Wiley Online Library on [30/05/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(=}
N
G
(senunuo)) "
—
al ON ON 71 orussoInaN €1 qd €L LL
art ON ON PaASIYOR JON oruagornaN €1 N 7L 9L
ON ON ON ST orus8oInaN €1 A L SL
dnoi3 oryroads Aue
ON (1894 6 7€ A1931NS) SOX AINN S ur paz110391ed JON 71 I 0L yL
ON ON ON 4 orusSoInaN 14! W 69 €L
dnoi3 orjroads Aue
ON ON ON 1 url paz110391ed JON 14! d 89 L
ON ON ON ‘1 orusgoInaN 1C A L9 IL
ON ON ON [4 orus8oInaN 91 e 99 0L
dnoi3 oyroads Aue
ON (1894 1T 38 A1981NS) SOX ON ‘T ur paz110391ed JON 91 I g9 69
ON (A1381ns ou) sox ON ‘1 o1rua8oInaN ST W +9 89
ON ON ON J[qe[IeAR JON oruafornaN 91 q €9 L9
ON ON ON J[qe[IeA® JON oruagornaN ST A 79 99
ON (1894 8 18 £1981NS) SOX ON 4 orueSoInaN LT W 19 g9
ar (1894 6 1€ £1931NS) SOX ON PaAdIYOR JON oruagoInaN €1 W 09 +9
ON ON ON 4 OIua30INaN LT d 65 €9
ar (A1981ns ou) sox ON J[qe[IeA® JON $109J9p SND € N 8S 79
ai (A19381ns ou) s9x ON POASIYOR JON oIuaSoInaN 91 I LS 19
ON ON ON PaA3IYOE JON eisejdoAury 9 A 9S 09
OoN ON ON PoASIYIE 10N eiserdoAwry € N sS 65
ON ON AINN ‘T erse[dofury ST N ¥S 8¢
ON (A19381ns ou) s9x ON PaASIYO®R JON eisejdoAury ST I €S LS
sa1nsodxa 10
ON (1894 6T 18 A1981NS) SOX (1894 ST) AINN 1 SSOUT[I [RUIBIN ST N S oG
JUIUIIA[OAUT ((1e9K) A138ans (1234 ‘a8e) (1eak) yres dnoaS resrSorong (1eak) yyeap p'EIN urej pur
aanrugo) Je 3% ‘ON/S9X j110ddns L10jeardsoy jyuapuadapur je a8y /ua9s 3se[ A8V
:£198anSs) SISOI[09S
*SIsougerp 9139uas B INOYIIM 310709 INO JO DNV I S[ENPIAIPUT [[& JO UOTIBULIOJUT [BJTUTD | € HTIV.L



23289503, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/acn3.70088 by Daniel Natera de Benito - Universitaet Duisburg-Essen , Wiley Online Library on [30/05/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(senunuo))
ON ON ON €1 $309J9p dAIaU [eI1YdLIad 148 a| €6 L6
(souag Sursuos uoIsud) pue
ON ON ON PoASIYIE 10N [INN Surpnjour) oruadoA € d 6 9%
(soua8 3ursuas uoIsua) pue
at ON ON 9°C [N Surpnpour) oruadok iy 91 d 16 S6
JISIA JSB] JUSWIdA[OAUT A10jeIIdSaI dnoi3 orj1oads Aue
je IeoK T > JISIA ISB[ 1€ 1BA T > 9I9AS 0) NP YB3 JISIA ISB] 18 TBOA T > Ul paz110391ed J0N 1°0 W 06 )
dnoi3 orj1oads Aue
ON ON ON 1 ur paz110391ed JON 8T W 68 €6
(Kerop dnoai3 orjroads Aue
o3en3ueT) oN ON ON T ur1 paz11039)ed JON ¥ I 88 6
ON ON ON 8°1 oruadornaN L W L8 16
ON ON ON J[qe[TeA® JON oruagoInaN ST N 98 06
(souag 3ursuas uoIsua) pue
ON (£ 9 18 £1931N5) SOX ON POAdIYO® JON [TAN Surpnpour) oruagoAN S I S8 68
ar ON ON peAdIyde JON S399J9p SND 6 W 8 88
ON (A19381ns ou) s9x ON POASTYOE JON oTuaSoInaN 4 W €8 L8
ON ON ON [4 oruadornaN ST W 8 98
ON ON ON a[qe[TeA® JON oruagomaN ST i 18 S8
arl ON ON 8‘C oruadoInaN (018 W 08 8
(e1x9[sAQ) ON ON ON J[qe[reAe JoN oTuaSoInaN 61 W 6L €8
(souad 3ursuas uoIsud) pue
ON ON ON §°1 [N Surpnpour) oruadoA iy ST d 8L z8
art ON (Teak€) AINN PaAdIYE JON OIUdZ0INAN o1 W LL 18
ON ON ON €1 O1ud301INaN 148 W 9L 08
ON ON ON J[qe[IeAR JON oruagoInaN 91 el SL 6L
dnoi3 oyroads Aue
ON oN oN Sz ur paz1103a1ed JoN 4t d YL 8L
JUIUIIA[OAUT ((1e9K) A138ans (1234 ‘a8e) (1eak) yres dnoaS resrSorong (1eak) yyeap p'EIN urej pur
aanrugo) Je 3% ‘ON/S9X j110ddns L10jeardsoy jyuapuadapur je a8y /ua9s 3se[ A8V
:£198anSs) SISOI[09S
(penupuo)) | €HTAVL

Annals of Clinical and Translational Neurology, 2025

16 of 20



| (Continued)

TABLE 3

Scoliosis (surgery:

Cognitive
involvement

Yes/No; age at

Respiratory support

Age at independent

Age last seen/

(age; year) surgery (year))

gait (year)

Etiological group

death (year)

Fam Sex

Ind

No No No

1,3

Myogenic (including NMJ
and tension sensing genes)

13

94

98

No

1,5 No No

Neurogenic

95

99

No

Yes (no surgery)

No

Not achieved

Neurogenic

96

100

No

No

No

Not categorized in

97

101

any specific group

No No ID

Not achieved

13 CNS defects

98

102

No

Neurogenic 1,3 No Yes (no surgery)

99

103

No

No

No

Neurogenic

100

104

No No No

Not available

Myogenic (including NMJ
and tension sensing genes)

48

101

105

Abbreviations: ID, intellectual disability; NNIV, nocturnal non-invasive ventilation.

one additional case, an individual with AMC due to pathogenic
variants in TTN.

A noteworthy observation is the high prevalence of myogenic
AMC associated with TTN variants. In all such cases, at least
one variant was identified within metatranscript-only regions.
These sequences, not included in the skeletal muscle N2A iso-
form (NM_133379.5), exhibit elevated expression during the
prenatal period and have consequently been associated with
AMC [11].

3.5 | Characteristics of Individuals Who Remain
Without a Genetic Diagnosis

Despite genetic studies, 44.6% of individuals (45 out of 100,
after excluding four individuals with Amyoplasia, in which the
cause is assumed to be non-genetic [9], and one individual with
FARAD, where the cause is immunological due to maternal-
origin antibodies [12]) in the entire cohort remain genetically
undiagnosed (Table 3). The mean age at the last evaluation for
this subgroup was 12.6years (SD 8.1), which was not signifi-
cantly different from the mean age of individuals with a genetic
diagnosis (13.2years; SD 7.7).

Clinical exome sequencing or whole exome sequencing was con-
ducted in 41 of the 45 undiagnosed individuals, and additionally,
trio genome sequencing was performed in 13 of these individu-
als. In the remaining four undiagnosed individuals, a limited
number of genes were studied individually, and CGH-array was
performed in two cases.

Among individuals without a genetic diagnosis, the proportion
who never achieved independent walking was significantly
lower (29% vs. 53%). One individual in the undiagnosed sub-
group died during their first year of life due to respiratory failure.

In terms of AMC etiology, the majority of undiagnosed cases
were neurogenic (28 out of 45 individuals; 62.2%), followed by
cases with unclear classification (8/45; 17.8%), myogenic AMC
(6/45; 13.3%), and AMC with CNS involvement (3/45; 6.7%). The
proportion of neurogenic AMC in the undiagnosed group was
notably higher than in the overall cohort, likely due to the lower
diagnostic yield in the neurogenic subgroup.

4 | Discussion

The findings in this study provide a detailed overview of the ge-
netic and phenotypic characteristics in individuals with AMC
of neuromuscular origin, contributing to our understanding of
fetal akinesia/hypokinesia disorders. The etiological classifica-
tion established in this study highlights the diversity of genetic
factors, with peripheral nerve defects and skeletal muscle abnor-
malities representing the most prevalent groups. Notably, the
myogenic subgroup demonstrated a significantly higher rate of
genetic diagnosis than the neurogenic subgroup. This difference
in genetic resolution rates underscores the potential for more
precise diagnostic algorithms targeting the etiologic subgroup,
which could improve diagnostic yield and allow for more indi-
vidualized clinical management.
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The observation of specific genotype-phenotype correlations,
such as the increased association of intellectual disability with
variants in DYNC1H1, ZC4H2, and TOR1A, is valuable for early
prognosis and family counseling. Furthermore, identifying that
respiratory insufficiency and nutritional support were associated

with a subset of these genes provides a clearer understanding of
how these complications are distributed within the genetic sub-
types of AMC. Future studies could examine larger cohorts to
validate these associations, potentially enabling genotype-based
risk stratification in clinical practice.
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The study also points out the limitations of current genetic
diagnostic techniques. Despite using advanced NGS ap-
proaches, approximately half of the individuals remained ge-
netically unresolved, particularly in neurogenic AMC cases.
Although the diagnostic yields of gene panels, exome sequenc-
ing, and genome sequencing ranged from 32% to 39%, a direct
comparison between these methods is not appropriate due to
differences in how they were applied. Gene panels and exome
sequencing were primarily used as first-line tests, whereas
genome sequencing was performed only as a second-tier in-
vestigation in individuals who remained undiagnosed after
initial testing. Additionally, genome sequencing was mostly
performed in a trio format, while exome sequencing was typi-
cally conducted in singleton cases.

The diagnostic rate in our cohort is comparable to that observed
in other recently published cohorts, which range from 42.6%
(81/190) in Ravescroft et al. [3], 52.7% (166/315) in Laquerriere
et al. [5], to 66% (83/125) in Le Tanno et al. [4]. However, given
the heterogeneity of these cohorts, which include individuals
with varying characteristics such as a higher or lower propor-
tion of cases with Amyoplasia or with neurogenic or myogenic
etiologies, a direct comparison of the diagnostic strategies em-
ployed is not feasible.

Several factors may contribute to the high proportion of unre-
solved cases in AMC, including the involvement of novel genes
(with a suspicion particularly directed at genes with isoforms
that are exclusively highly expressed during the fetal period) or
the presence of pathogenic variants in regulatory regions that
are poorly covered by exome sequencing and remain challenging
to interpret even with genome sequencing. Continued efforts to
integrate genome sequencing, transcriptomic, and epigenomic
analyses may increase the diagnostic yield in these unresolved
cases, as well as the periodic reanalysis of sequencing data to
identify variants in genes not yet associated with AMC at the
time of the initial analysis. Additionally, expanding biobanking
and registries of individuals with AMC could facilitate future
research into these undiagnosed cases and foster national and
international collaborations that are necessary to identify rarer
or complex etiologies.

Despite the comprehensive approach in this study, several
limitations should be considered. First, its retrospective de-
sign relies on clinical data from a single-center cohort, which
may limit the generalizability of the findings to broader pop-
ulations or different healthcare settings. Additionally, not all
individuals underwent systematic neuropsychological assess-
ments, which could have provided a more detailed under-
standing of the cognitive impact of different genetic variants.
Another limitation is that the extent of genetic testing varied
among cases, leaving room for further analyses that may help
resolve currently unsolved cases. Finally, the lack of long-
term follow-up data for all individuals may have limited in-
sights into disease progression.

Our study does not aim to determine the true prevalence of each
cause of AMC, as this would require a prospective study starting
in the gestational period, involving obstetricians and neonatol-
ogists, and including pregnancy terminations. In our cohort, fo-
cused on individuals with AMC of likely neuromuscular origin,

it is understandable that cases with Amyoplasia and maternal
causes are underrepresented, likely due to a selection bias, as
they may not be referred to our neuromuscular unit.

Finally, this study underscores the importance of phenotypic
characterization as an essential complement to genetic analysis.
The clinical stratification of individuals with AMC, particularly
by neurogenic versus myogenic origins, was instrumental in in-
terpreting the genotypic data and led to a more precise identifi-
cation of the affected molecular pathways.
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