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Introduction: Cerebral palsy (CP) is a permanent movement or postural
disorder due to non-progressive injury to the developing brain, with recent
research suggesting a genetic contribution in many patients. This study aimed
to investigate the genetic etiology of CP in Slovene children without a previously
suspected genetic cause or with prior negative genetic testing.

Methods: All children born after 2003 from the Slovenian National Registry of
Cerebral Palsy (SRCP) without an established genetic diagnosis were invited to
participate in this cross-sectional study. Whole exome sequencing (WES) was
conducted, followed by analysis of 110 CP-associated genes. Thirteen patients
underwent additional family segregation by Sanger sequencing. Genetic findings
were classified according to the ACMG guidelines.

Results: The study included 136 children, of whom 68 (50%) were male. Spastic
CP was identified in 85% of the participants, dyskinetic in 13%, and ataxic in
2%. Gross Motor Function Classification System (GMFCS) levels varied, with
the majority (36%) classified as level |. Pathogenic variants, likely pathogenic
variants, or ‘de novo' variants of unknown significance (VUS) were identified in
nine children (6.6%) in ATL1, CTNNB1, DYRK1, KMT2A, PROC, SPAST, ZC4H2,
and ZSWIM6. Among these nine children, two had normal brain Magnetic
Resonance Imaging (MRI) and three had an unsuspicious medical history.

Conclusion: This study identified plausible, possible, or definite genetic
etiologies in a cohort of children with CP. Apart from the exclusion of individuals
with a previously established genetic diagnosis, no other selection criteria were
applied, allowing for an inclusive assessment of genetic contributions within this
population. With the advent of personalized medicine and genetic treatment,
understanding the genetic underpinnings of CP is crucial for targeted therapy.
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1 Introduction

Cerebral palsy (CP) is the most prevalent physical disability of
early childhood that results in a lifelong impairment (1). According to
Surveillance of cerebral palsy in Europe (SCPE) (2), CP is defined as
a group of permanent, but not unchanging, disorders of movement
and/or posture and of motor function, which are due to a
non-progressive interference, lesion, or abnormality of the developing/
immature brain. In Europe, CP affects roughly 1,8 children per 1,000
live births (3).

Traditionally, CP was believed to be a consequence of birth and
early neonatal complications (4, 5). However, recent studies dispute
traditional risk factors as the exclusive cause, with up to one-third of
CP patients lacking such factors (6). Recent research highlights the
possible role of genetic variants in CP, with at least 4% of patients
with CP carrying pathogenic copy number variants (CNV) and 14%
having pathogenic single nucleotide variants (SNV) or indels (7, 8).
These rates may be higher in patients with additional
neurodevelopmental abnormalities (7, 8). Two recent meta-analyses
(9, 10), which included methodologically diverse studies with
heterogeneous patient populations, reported an overall diagnostic
yield of genetic testing in CP patients between 23 and 31%, with
higher rates observed in cohorts using exclusion criteria for patient
selection or patients without compelling risk factors. Increasing
evidence suggests that CP is a genetically heterogeneous disorder
(11, 12). Each year, new candidate genes are identified in individuals
with CP phenotypes, reflecting a rapidly evolving field and
contributing to a deeper understanding of the underlying
patophysiology (13).

Recently, recognition of genetic causes has gained significant
importance because of the emergence of new therapeutic opportunities
for children affected by rare genetic diseases. A notable example is
aromatic l-amino acid decarboxylase (AADC) deficiency, in which
gene therapy, in the form of intraputaminal infusions of a recombinant
adeno-associated virus type 2 vector containing the human AADC
gene, is already accessible (14, 15).

This study aimed to offer genetic testing to children from the
Slovenian National Registry of Cerebral Palsy (SRCP) without a
previously established causative genetic diagnosis to uncover the
genetic etiology of CP and provide genetic counselling to patients and
their families.

2 Patients and methods

This was a cross-sectional cohort study. All children with CP born
after 1996 who have national medical insurance in Slovenia are
included in the Slovenian National Registry of Cerebral Palsy (SRCP),
which participates in the SCPE. All patients included in the registry
were diagnosed with CP by a developmental pediatrician or child
neurologist, according to the currently established SCPE definition
(2). Children are registered in the SRCP at the University Children’s
Hospital, University Medical Centre Ljubljana by a pediatric
neurologist at a minimum age of 4 years. The data collected in the
registry consists of demographic data, CP classification data,
pregnancy and perinatal complications, neuroimaging reports,
epilepsy and other associated disorders, current medical care, and
socioeconomic data (16, 17).
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All patients with CP registered in the SRCP with available contact
information, who were born between 1.1.2003 and 1.1.2020 and were
at least 4 years of age at the time of enrollment, and did not have an
established genetic diagnosis causative of CP, were invited to
participate in the study. At the time of study initiation in 2022, 685
children were registered in the SRCP—of these, 459 met the age
criterion. Among them, 42 patients had a previously established
genetic diagnosis causative of CP (e.g., a pathogenic variant in
CP-associated genes) and were therefore excluded from the study.
Additionally, 14 patients were registered anonymously and could not
be contacted. As a result, 403 patients were eligible for contact and
were invited to participate in the study. Patients were contacted by
phone when a valid number was available; otherwise, an invitation
letter was sent by post. A total of 139 families responded positively and
agreed to participate. After excluding three families who later declined
participation, 136 children were included in the final cohort.

At enrollment, we actively screened our patients for the presence
of “red flags, which are clinical and imaging signs, raising the
suspicion of a genetic origin of the disease in patients with CP. The red
flags were normal or nonspecific Magnetic Resonance Imaging (MRI)
findings, severe symptoms in the absence of a history of perinatal
injury (uneventful pregnancy and perinatal history), positive family
history of CP, neurodevelopmental regression, progressively
worsening symptomatology (18, 19), paraplegia, rigidity as opposed
to spasticity (18), dysmorphic features, fluctuation in motor
symptoms, paroxysmal symptoms in relation to time of day, diet/
fasting, or activity, peripheral nervous system abnormalities, and eye
movement abnormalities (e.g., oculogyric crises) (19).

2.1 Genetic testing

Genomic DNA was processed and sequencing libraries were
constructed using a tagmentation-based workflow followed by hybrid
capture enrichment with an Illumina-compatible kit (Illumina Inc.,
San Diego, CA, USA) and the IDT xGen Exome Research Panel
probes according to the manufacturer’s protocols (Integrated DNA
Technologies). The resulting libraries were sequenced on an Illumina
NovaSeq 6,000 platform using 150 base pair paired-end reads
(2x 150 bp). Subsequent to this preparation, the size of the
fragmented libraries was accurately gauged using the industry-
standard Agilent 2,100 Bioanalyzer (Agilent Technologies, Inc., USA).
To ensure optimal sequencing, the libraries underwent rigorous
quantification using the NEBNext® Library Quant Kit for Illumina
(New England Biolabs, Inc., USA) and were then loaded for
sequencing at a concentration of 1.1 nM. Raw sequencing reads were
quality-checked and then aligned to the human reference genome
(hg19) using the Burrows-Wheeler Aligner (BWA-MEM, version
0.7.17). Duplicate reads were marked and removed. Variant calling
was performed using the Genome Analysis Toolkit (GATK, version
4.2.0.0) HaplotypeCaller module following the GATK Best Practices
workflow (20).

The genome under investigation belonged to Homo sapiens. Called
variants were filtered to retain those with a minor allele frequency
(MAF) of less than 1% in population databases (e.g., gnomAD). Only
exonic, nonsense, and canonical splice site variants were included in the
downstream analysis. Variant annotations were performed using
Annovar. Variants were further restricted to an authoritative list of genes
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linked to CP. This list of 110 genes was compiled in 2021 using the
Human Phenotype Ontology (HPO) database' by searching under the
CP phenotype term (HP: 0100021). The full list is available in
Supplementary Table 1. Conclusively, from the refined and curated
variant list, a candidate variant was identified as being potentially causal
to the clinical phenotype exhibited by the participant.

Families of children who received positive genetic results, as well
as those with negative results who opted for further consultation, were
referred to a clinical geneticist for genetic counseling.

2.2 Ethics approval

This study was approved by the National Medical Ethics
Committee of the Republic of Slovenia (0120-142/2021/2). Written
informed consent was obtained from all patients/parents. This study
was registered at ClinicalTrials.gov (NCT05123768).

3 Results
3.1 Clinical characteristic of our cohort

Our final cohort consisted of 136 children with a median age of
15 years (IQR 12-17 years, range 4-20 years), and 68 patients were
male (50.0%). The basic clinical characteristics and comorbidity data
of the patients are summarized in Table 1. We also present basic
registry data of all patients entered into the SRCP in Table 1 for easier
assessment of selection bias.

Of the 136 children, 116 (85%) had spastic CP, 17 (13%) had
dyskinetic CP, and three (2%) had ataxic CP. All children were classified
into five categories according to their current gross motor function using
the Gross Motor Function Classification System (GMFCS) tool. Among
them, 49 (36%) were Level I, 26 (19%) were Level I, 11 (8%) were Level
111, 30 (22%) were Level IV, and 20 (15%) were Level V. The prevailing
comorbidities were cognitive impairment in 75 (55%) patients, visual
disturbances in 64 (47%) patients, epilepsy in 55 (40%) patients, and
speech and language disorders in 53 (39%) patients.

According to perinatal history, 21 (15%) children were born after
twin pregnancy, and one (1%) child was born after a triplet pregnancy.
Among the included twins, there were four twin pairs in which both
children had CP. The median gestational age at birth was 37 weeks
(range, 22-41 weeks); 66 (49%) children were delivered preterm, and
28 (21%) children were born after an urgent cesarean section. The
median birth weight was 2,565 g (range, 540-4,850 g). Apgar score
data were available for 120 (88%) children; 24 (18%) children had
Apgar scores lower than 7 at 5 min.

We gathered the neuroimaging data for 123 children (90%) from
the SRCP. The latest brain MRI was utilized for classification where
available, and neonatal ultrasound (US) was employed in patients
without a brain MRI. For the purposes of this study, we did not
re-review the original imaging; instead, neuroimaging findings were
extracted from the SRCP. Most children (108, 79%) had some
abnormalities, and only 8 (6%) children had normal imaging results.

1 hpo.jax.org
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White matter lesions were the most commonly reported abnormalities,
occurring in 79 patients (58%). An example of predominately white
matter lesions in a patient with confirmed pathologic variant in ATL1
gene (patient no. 1) is shown in Figure 1. The neuroimaging data are
summarized in Table 2.

3.2 Genetic findings

Whole-exome sequencing (WES) was performed for all 136
patients. For this analysis, a gene panel of 110 CP-associated genes was
analyzed. After evaluation by a clinical geneticist and laboratory
scientist, the discovered variants were classified into one of four
groups: pathogenic variant (P), likely pathogenic variant (LP), variant
of unknown significance (VUS), and negative result (N), using ACMG
recommendations for reporting of Incidental Findings in Clinical
Exome and Genome Sequencing (21). To determine the origin of the
variant, LP and VUS cases required further evaluation using
segregation studies in both parents. The results showed that in 6/13
patients, the variant was de novo, in 5/13 it was inherited from one
parent, and in 1/13 from both parents. The final genetic diagnostic
yield is shown in Table 3.

We identified pathogenic variants, likely pathogenic variants, or
‘de novo’ VUS (VUS-P; variant of unknown significance—likely
clinically significant) in nine patients, with the following genes being
affected: ATL1, CTNNBI, DYRK1, KMT2A, PROC, SPAST, ZC4H2,
and ZSWIMe. All nine patients showed clinical features consistent
with their genetic diagnosis, which was further confirmed by clinical
evaluations conducted by a geneticist and a neurologist. The VUS-P
category was used to avoid reporting insignificant findings of rare
variants that, according to ACMG criteria, are reported solely due to
their rarity or absence of frequency data in population databases.
VUS-P indicated that the mutation mechanism, gene, and the child’s
clinical signs and symptoms matched; however, because these were
most often missense mutations and had never been previously
reported in the literature, we were unable to increase the confidence
level of the finding to a likely pathogenic variant.

The diagnostic yield of clinically significant genetic variants was
nine of 136 cases (6.6%). All pathogenic, likely pathogenic, and VUS-P
variants were included in the calculation of the diagnostic yield. In
contrast, VUS without clinical correlation to the child’s phenotype
were excluded and not considered in the diagnostic yield calculation.

The clinical characteristics and genetic data of the patients are
shown in Table 4. Most patients had spastic CP (7/9), mostly bilateral
(4/7). Six patients were born full-term. Most (8/9) were exposed to
prenatal and perinatal risk factors. Two patients in our cohort were
twins (patients no. 2 and 3), and one patient was born as a part of a set
of twins where the twin sibling was not affected by CP (patient no. 9).
Neuroimaging studies identified white matter lesions in 7/9 patients,
while two patients had a normal MRI. Among the associated
comorbidities, only one patient had epilepsy, while the majority (6/9)
had intellectual disabilities. “Red flags” were present in 6/9 patients.

4 Discussion

Cerebral palsy is the most common physical disability of early
childhood and is traditionally associated with perinatal complications
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TABLE 1 Clinical characteristics of the cohort compared to the whole registry.

10.3389/fneur.2025.1615449

Characteristics Cohort Whole Registry
No. of patients N =136 N =685
Age, years, median (IQR), [range] 15 (12-17), [4-20]
Sex, No. (%)
Female 68 (50.00) 305 (44.60)
Male 68 (50.00) 380 (55.40)
CP type, No. (%)

Spastic 116 (85.29) 611 (89.33)
Unilateral 34 (25.00) 204 (29.82)
Bilateral 82 (60.29) 404 (59.06)
Unknown / 3(0.44)

Dyskinetic 17 (12.50) 63(9.21)
Dystonic 13 (9.56) 31 (4.53)
Choreo-athetotic 1(0.74) 6(0.87)
Unknown 3(2.21) 12 (1.75)

Ataxic 3(2.21) 10 (1.32)

GMEFCS, No.%

Level I 49 (36.03) 266 (38.89)

Level IT 26 (19.12) 119 (17.25)

Level I11 11 (8.09) 50 (7.31)

Level IV 30 (22.06) 121 (17.69)

Level V 20 (14.71) 112 (16.37)

Unkown / 16 (2.34)

Comorbidities, No. (%)

Epilepsy 55 (40.44)

Cognitive impairment 75 (55.15)

Visual impairment 64 (47.06)

Hearing impairment 9(6.62)

Autism spectrum disorder 8 (5.88)

Speech and language disorders 53 (38.97)

Behaviour and emotional disorders 14 (10.29)

Attention deficit disorders 15 (11.03)

Feeding difficulties 15 (11.03)

Perinatal history

Birth, No.(%) 88 (64.71) 549 (80.26)
Vaginal birth 18 (13.24) 103 (15.06)
Elective cesarean section 28 (20.59) 4(0.58)
Urgent cesarean section 2(1.47) 30 (4.39)

Unknown 292 (42.69)

Birth types, No. (%) 132
Number of pregnancies 114 (83.82) 141 (20.61)
Singletons 21 (15.44) 167 (24.42)
Twins 8(5.88) 61 (8.92)
Both have CP 13 (9.56) 22 (3.22)
Only one has CP 1(0.74)

(Continued)
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TABLE 1 (Continued)

Characteristics Whole Registry

Triplets /
Unknown
Neonatal history
Gestational age, weeks, median (IQR),[range] 37(31-39), [22-41]

Gestational age category, No.(%)

>=37 69 (50.74)
32-36 31(22.79)
27-31 25(18.38)
<27 10 (7.35)
Unknown 1(0.74)
Birth weight, g, median (IQR), [range] 2,565 (1,630-3,292.5), [540-4,850]

Birth weight category, No. (%)

<1,000 12 (8.82)
1,000-1,499 17 (12.50)
1,500-1,999 15(11.03)
2,000-2,499 18 (13.24)
>2,500 66 (48.53)
Unknown 8 (5.88)

Apgar score at 5 min, No.(%)

>=7 96 (70.59)
<7 24 (17.65)
Unknown 16 (11.76)

FIGURE 1

Brain MRI of Patient no. 1. (A) Axial T2-weighted image shows a small focus of increased signal in the right frontal centrum semiovale (arrow)
Additional subtle white matter hyperintensities were present in the left peritrigonal region and right parietal subcortical white matter (not shown).

(B) Sagittal T2-weighted image demonstrates mild thinning of the dorsal third of the corpus callosum (arrowhead). No additional pathological
intracranial or spinal abnormalities were identified. The neuroradiological interpretation was consistent with mild chronic changes of presumed
ischemic etiology. For data on perinatal history, see Table 4. Genetic testing revealed a de novo pathogenic variant in the ATL1 gene, consistent with a
diagnosis of spastic paraplegia type 3A.

(1). Recent advancements and improved accesibility of genetic This study aimed to investigate the genetic etiology of CP in
diagnostics have significantly enhanced our understanding of the  Slovene children. Slovenia is a Central European country with a
genetic factors influencing the development of CP (6, 22, 23). relatively ethnically homogeneous population of approximately 2.1

Frontiers in Neurology 05 frontiersin.org


https://doi.org/10.3389/fneur.2025.1615449
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Arkar Silan et al.

TABLE 2 Neuroimaging data*.

Neuroimaging findings N (%)
Predominantly white matter lesion 79 (58.1)
Periventricular leukomalacia 37(27.2)
Sequelae of IVH or periventricular haemorrhagic 9 (6.6)
infarction

Combination of PVL and IVH sequelae 11 (8,1)
Not Subclassified 22(16.2)
Predominantly gray matter lesion 10 (7.4)
Basal ganglia/thalamus lesions 6(4.4)
Cortico-subcortical lesions only not covered under C3 0(0.0)
Arterial infarctions 3(2.2)
Not Subclassified 1(0.7)
Maldevelopments 10(7.4)
Disorders of cortical formation 5(3.7)
Other maldevelopments 3(2.2)
Not Subclassified 2(L5)
Miscellaneous 9 (6.6)
Normal 8(5.9)
Unknown 7(5.2)

*Neuroimaging data were primarily classified using MRI findings, where available. In cases
where MRI was not performed, US findings were used, provided that US had been
conducted. For classification, MRI classification system—MRICS was used (41).

TABLE 3 Final genetic diagnostic outcome based on WES methods.

Finding N (%)
Positive genetic finding 9(6.62)
Pathogenic 5(3.68)
Likely pathogenic 1(0.74)
VUS, likely clinically significant 3(2.21)
VUS, likely clinically insignificant 4(2.94)
Negative finding 123 (90.44)

million (24) and averages 18,300 births annualy over the past 5 years
(24). Slovenia has a universal publicly funded healthcare system, in
which every child is assigned a primary pediatrician who refers them
to specialist care when needed. Children with suspected CP are
typically referred to child neurologists, who are available at two
tertiary centers and secondary hospitals across Slovenia. Genetic
testing and counseling are predominantly conducted at the University
Medical Centre Ljubljana. The SRCP is managed from the University
Children’s Hospital in Ljubljana, where data on all children with CP
in Slovenia are centrally collected.

In our study, we searched for the genetic etiology of CP in children
in whom physicians did not suspect a genetic cause, or in whom
limited genetic testing with negative results was previously performed.
This is a different approach from other studies that have concentrated
on specific subgroups of patients with CP (25, 26) or on all CP patients
with available blood samples (8, 12, 13). In our cohort, the yield of
genetic testing was 6.6%, revealing six children with confirmed genetic
diagnoses and 3 children with probable genetic diagnoses that
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underlie CP, which emphasizes the importance of dedicated NGS
panels in evaluation of patients with CP. Our relatively low diagnostic
yield, compared to other studies (9, 10), can be attributed to the fact
that many children from SRCP already had confirmed genetic
diagnoses and were thus excluded from our study. Nevertheless, our
findings highlight a prevalent clinical decision-making dilemma:
determining whether to refer children with unsuspicious history for
genetic etiology for genetic testing and whether to retest those who
have previously recieved negative results.

Estimating the true prevalence of genetic etiology in CP is
challenging because of inconsistent approaches to CP diagnosis
among published studies and variations in study design (22).
Consequently, it is difficult to compare our findings to other studies.
Pham et al. (22) conducted a systematic review on phenotypic
definition and case ascertainment in genetic studies of CP, including
57 studies. They found limited compliance with the SCPE international
guidelines on defining CP, hindering result comparison among genetic
studies of CP and potentially leading to misclassification of unrelated
neurological conditions as CP. They noticed that many studies
included children under 4 years of age, which further increased the
potential for misclassification. They also noted that some studies have
focused on specific subgroups of patients, such as idiopathic CP (22,
27). In our study, we included children aged > 4 years, and CP
diagnosis was re-evaluated before inclusion.

Some “red flags,” which are clinical characteristics pointing to
genetic or metabolic etiology of CP have recently been defined (16, 18,
25). Although the presence of “red flags” aids in suspecting an
underlying genetic diagnosis in a clinical setting, it is essential to note
that certain red flags may exclude a diagnosis of CP. For instance,
progressive symptoms or isolated hypotonia contradict the updated
2014 SCPE decision tree (17). Furthermore, the absence of red flags
does not exclude a genetic etiology. In our study, out of nine children
with definite or probable genetic etiology, we identified three children
with absence of red flags, while six presented with the red
flag symptoms.

Neuroimaging findings play a crucial role in identifying the
genetic basis of CP (28). Children with normal MRI findings or brain
malformations often have an underlying genetic cause (28). In our
cohort, neuroimaging data were not available for all the patients;
however, of the nine patients with positive genetic findings, two had
normal MRI findings, while seven were classified as having
predominantly white matter changes, which were probably linked to
supposed perinatal adverse events and therefore limited the clinicians’
push for further diagnostic testing. We presented the brain MRI of a
patient (Patient no. 1, Figure 1) carrying a pathogenic variant in the
ATL1 gene, consistent with spastic paraplegia type 3A. The scan
showed predominately white matter lesions and corpus callosum
thinning, interpreted as mild chronic changes of presumed ischaemic
aetiology. Although a thin corpus callosum has been reported in some
patients with this condition (29), white-matter abnormalities have not
previously been described or associated with spastic paraplegia type
3A (30).

Recent studies have shown that a subset of neonates with clinical
signs of hypoxic-ischemic encephalopathy may, in fact, have an
underlying genetic disorder that mimics or predisposes to
encephalopathy (31-33). This underscores the potential value of early
genetic testing in the neonatal period, particularly when perinatal
history is ambiguous or sentinel events are present. Compared to
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TABLE 4 Clinical characteristics of patients with clinically significant genetic findings.

Gene; diagnosis Gender @ CP subtype; Family and perinatal Weeks of Radiologic Associated Red flags!
ACMG category; ACMG GMFCS history gestation; findings disease
Criteria mode of
Zygosity tipe delivery
Variant origin
ATL1 (NM_001127713.1):c.715C > T; F Spastic bilateral; I FH: Neg. 38; vaginal birth MRI: Predominantly Congenital megaureter | /
Spastic paraplegia 3A PH: Maternal Rh isosensibilization white matter changes,
P; PS4, PM5, PM2, PP3 and gestational diabetes, abnormal bilaterally, thinner
Het neurological signs and corpus callosum, see
De novo hyperbilirubinemia after birth Figure 1
CTNNBI NM_001904.4:c[688dup];[=]; M Dystonic diskinetic; | FH: Mother has Bainbridge-Ropers 31; vaginal US: Predominantly Moderate intelectual FH: twin with CP
Neurodevelopmental disorder with 111 syndrome. Two half-sisters have white matter changes, disability
spastic diplegia and visual defects Bainbridge-Ropers syndrome and bilaterally
P; PVS1, PM2, PP1 SCN1A-related epilepsy MRI not performed
het PH: Twin pregnancy, premature
De novo birth, reanimation at birth, HIE,

NICU admission
CTNNBI NM_001904.4:c[688dup];[=]; M Dystonic diskinetic; | FH: Same as patient no. 2 31; vaginal US: Predominantly Moderate intelectual FH: twin with CP
Neurodevelopmental disorder with 111 PH: Twin pregnancy, premature white matter changes, disability
spastic diplegia and visual defects birth, HIE, NICU admission, hyaline bilaterally
P; PVS1, PM2, PP1 membrane disease MRI not performed
het
De novo
KMT2A (NM_001197104.2):c.3960del(p F Spastic bilateral; I FH: Neg. 39; vaginal MRI: Predominantly Intelectual disability, Dysmorphic features
Thr1322ProfsTer34); Wiedemann- PH: Uneventful pregnancy and birth white matter changes speech and feeding
Steiner syndrome history, NICU admission, -bilateral PVL, corpus disorder, congenital hip
P; PVS1, PM2 dysmorphic features callosum agenesis dysplasia
Het
De novo
SPAST (NM_014946.4):c.1276C > T (p M Spastic bilateral; I FH: Neg. 40; urgent CS MRI: Predominately Speech fluency Paraparesis
Leu426Phe); Spastic paraplegia type 4 PH: Weak fetal movements, white matter changes— | disorder, specific
P; PS4_Mod, PM2, PM5, PP2, PP3 unprogressive labor, swallowing bilateral PVL, normal learning difficulties
Het difficulty and hyperbilirubinemia spinal MRI
Unknown after birth

(Continued)
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TABLE 4 (Continued)

Gene; diagnosis CP subtype; Family and perinatal Weeks of Radiologic Associated Red flags!
ACMG category; ACMG GMFCS history gestation; findings disease
Criteria mode of
Zygosity tipe delivery
Variant origin

6 DYRKI (NM_001396.4):c.1316_1317del Spastic bilateral; I FH: Neg. 38; vaginal MRI: Normal Epilepsy, moderate Normal MRI
CTinsTCATAC; AD intellectual PH: TUGR, hyperbilirubinemia, intellectual disability,
disability type 7 NICU admission—perinatal SGB speech disorder, hiatal
LP; PVS1, PM2 sepsis and pneumonia hernia, microcephaly
Het
De novo

7 PROC Spastic unilateral; T | FH: Sudden cardiac arrest in many 38; vaginal MRI: Predominantly Attention disorder /
(NM_000312.4):c.119G > A(;)1181G > A; family members white matter changes—
Protein C deficiency PH: bilateral ventriculomegaly at 34 Combination of cystic
VUS-P; 1. PM2, 2. PM2 GW, abnormal neurological signs PVL and IVH sequelae
c-het after birth, obstructive hydrocephalus (left), ventricular
Parents carriers in the first month of life drainage

8 ZC4H2 (NM_018684.4):c.170A > C; Spastic unilateral; II | FH: Family member with CP 40; vaginal MRI: Normal Intelectual disability, Uneventful PH, family
Wieacker Wolff syndrome PH: uneventful speech and language member with CP,
VUS-P; PM2, PP2, PP3 disorder normal MRI
Hemi
Unknown

9 ZSWIM6 Spastic unilateral; T FH: Neg. 35; elective CS MRI: Predominantly Intelectual disability, /

(NM_020928.2):c.1022A > G(p.

VUS-P; PP3
Het

De novo

Asn341Ser); Neurodevelopmental
disorder with movment abnormalities,

abnormal gaint and autistic features

PH: twin pregnancy, [UGR, NICU
admission-meconium aspiration,
IVH, hydrocephalus, outer and VP

shunt

white matter changes,

bilateral cystic PVL

strabismus, learning

disorder, short stature

P, pathogenic variant; LP, likely pathogeniv variant; VUS-P variant of unknown significance—likely clinically significant; het, heterozygous; hom, homozygous; c-het, compound heterozygous; hemi, hemizygous; F, female; M, male; FH, family histrory; PH, perinatal

histroy; Neg., negative; CS, cesarean section; IUGR, intrauterine growth restriction; LP, likely pathogenic; Neg., negative; NICU, neonatal intensive care unit.

'Red flags are defined in the methods section.
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retrospective assessment in older children with CP—where
documentation is often incomplete and medical histories span several
years—genetic evaluation in neonates allows for interpretation within
a clearer and more complete clinical context.

CP is sometimes the initial diagnosis given to patients who later
develop progressive neurological disorders. For example, patient no.
5 in Table 4 was initially diagnosed with bilateral spastic CP GMFCS
I, as mild spasticity, jerky reflexes, and clonus were observed in his
lower limbs. However, our study revealed a pathogenic variant in
SPAST gene, leading to a revised diagnosis of spastic paraplegia type
4, which is a progressive disease (34). According to the International
Cerebral Palsy Genomics Consortium (35), CP is primarily diagnosed
based on clinical manifestations rather than etiology. Consequently,
in patients in which the clinical presentation remains stable, the
original diagnosis of CP should not be changed based on findings
from brain imaging, metabolic screening, or genetic etiology (35). Our
patient met the criteria for CP diagnosis at evaluation, although over
time, the progression of the disease will probably become obvious,
which will exclude the diagnosis of CP and he will be excluded from
SRCP. Such cases highlight the importance of early genetic testing to
ensure accurate diagnosis and appropriate follow-up.

Identifying the genetic cause of motor problems in patients
diagnosed with CP is also important because of the possibility of
targeted therapies for genetic and metabolic diseases, as some are
already available or are being developed (36). Our study identified two
twins with CTNNBI1 syndrome (37), for which considerable effort has
been made to develop gene replacement therapy by Mirosevi¢ and
colleagues at the CTNNBI foundation (38, 39).

Interestingly, our study found that most patients with clinically
significant genetic variants had milder forms of CP—6/9 patients were
GMECS I, which may indicate underdiagnosis in this subgroup.
Notably, our cohort contained a higher number of patients with
GMEFCS I (36%), which could partially contribute to this pattern.

Our study consisted of a patient population in which 49% of
the children were born prematurely. Of the nine patients with
positive genetic findings, 6/9 were born full-term, while three were
delivered preterm all due to twin pregnancy. A study conducted by
Takezawa et al. focused on a specific subgroup of CP patients who
were born full-term and exhibited normal or nonspecific findings
on brain MRI (26). The researchers identified pathogenic or likely
pathogenic candidate variants in nine out of 17 cases (53%). They
concluded that a higher percentage of full-term children with CP
can be attributed to genetic factors compared to the general
population of patients with CP (26), which is consistent with
our findings.

Finally, the accessibility of genetic diagnostics has grown
considerably, leading to the identification of an expanding number of
cases in which CP can be definitively or probably attributed to genetic
factors. Therefore, we suggest that the presence of red flags should
always prompt comprehensive genetic testing. It is crucial to note that
children with a genetic etiology of CP might not exhibit these red
flags—therefore, when faced with a case of etiologically unexplained
CP, genetic testing should be considered. In our study, we offered an
inclusive and comprehensive approach to genetic testing in patients
with CP, resulting in the identification of nine patients with definite or
probable genetic diagnoses, of which three exhibited no red flags.
Although one could argue that our yield of genetic testing was low
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(6.6%) compared to other studies (9, 10), all genetic findings and
genetic counselling were very important to all families participating
in the study.

4.1 Strengths and limitations

The strength of our study is the relatively large cohort of patients
compared to other similar studies. We used an inclusive approach when
enrolling patients, as we offered genetic evaluation to all Slovenian
children with CP without an established genetic diagnosis, without other
exclusion criteria. The diagnosis of CP was reevaluated at enrollment.
All the genetic findings were carefully interpreted by a clinical geneticist.

An important limitation of our study was the inability to
accurately estimate the prevalence of genetic etiology in the entire CP
population, as the study relied on voluntary participation. There was
a potential bias in patient selection, as families of children with an
unknown etiology may have been more keen on participating, as well
as families of children with milder forms of CP, as these children are
more likely to have their own families in the future. We believe that
further larger prospective studies including the whole population of
children with CP would provide a better approximation of the true
prevalence of genetic etiology in CP.

Our findings are limited by the gene panel used, which was based on
CP-associated genes listed on the HPO website in 2021. We acknowledge
that many additional genes have since been linked to CP phenotypes.
Furthermore, CNV analysis was not performed. These aspects may have
contributed to underestimating the diagnostic yield. We recognize that
broader panels and reanalysis in the future may improve diagnostic rates.

Another limitation of our study is that information on prior negative
genetic testing was not systematically available for all included patients.
Although we made efforts to gather this information, it was not
previously collected in the SRCP, which limited our ability to assess how
many participants had undergone prior testing without a diagnosis or
whether reinterpretation could have yielded new findings. Recognizing
the importance of this information, we plan to systematically include and
prospectively collect prior genetic testing data in the SRCP in the future.

Another limitation of our study was that it included only patients
from Slovenia. Because Slovenia is a small country, our number of
participants is limited, and as a result, we found only a small number
of patients with positive genetic finding, and those findings
were heterogenous.

4.2 Future perspectives

Research like ours significantly contributes to the understanding
of genetic factors in a complex condition like CP. Understanding the
genetic etiology promises a broader range of therapeutic possibilities
for children with CP, with targeted therapies including gene therapy,
as well as new therapeutic options developed through drug
repurposing (40). Our study reconfirms the previously suggested
claim that a significant number of patients with CP actually carry an
underlying genetic disease that could potentially benefit from such
treatment. These findings suggest the importance of genetic screening
for all patients with CP, not only for those with suggestive clinical
signs, using a dedicated NGS CP panel.
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5 Conclusion

In conclusion, definite or probable genetic etiology in children
diagnosed with CP can be readily identified with appropriate genetic
testing and is present in a significant number of patients with
CP. Uncovering the underlying genetic mechanisms of the disease
offers potential for targeted personalized treatment options. The
presence of red flags in children with CP should always prompt
comprehensive genetic testing, while we advocate offering genetic
testing to all children with etiologically unexplained CP, even in the
absence of red flags. Further prospective studies are warranted to
support our recommendations and better understand the genes that
are most commonly affected in patients with CP.
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