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ABSTRACT
Background: Mitochondrial short-chain enoyl-CoA hydratase 1 deficiency (ECHS1D) is a rare autosomal recessive disorder 
affecting valine metabolism, with clinical severity ranging from neonatal death to survival into adulthood. Despite advances in 
understanding ECHS1D, the genetic basis remains underexplored, particularly in underrepresented populations.
Methods: This study aimed to investigate the clinical and genetic characteristics of ECHS1D in two unrelated Chinese families 
and identify novel pathogenic variants. Clinical and genetic data were collected, and whole-genome sequencing was performed 
to identify pathogenic variants in the ECHS1 gene.
Results: The first proband, a 15-month-old girl, presented with developmental delays and metabolic acidosis, with an MRI 
revealing abnormal signals in the basal ganglia. The second proband, a 6.5-year-old girl with movement-induced dystonia, ex-
hibited lethargy following recurrent fever and vomiting, with similar MRI findings. Genetic testing identified novel compound 
heterozygous variants: c.759_762del (p.Gly255Valfs*21) and c.489G>A (p.Pro163=) in Proband 1 and c.518C>T (p.Ala173Val) 
and c.244G>A (p.Val82Met) in Proband 2. The c.759_762del (p.Gly255Valfs21) variant, identified for the first time, likely results 
in severe symptoms due to a loss of normal function.
Conclusion: These findings expand the ECHS1 mutational spectrum and emphasize the importance of genetic testing for 
early diagnosis and personalized management of ECHS1D. Interventions such as dietary valine restriction and the avoid-
ance of triggering factors may improve clinical outcomes, while further research is needed to explore targeted therapeutic 
strategies.

1   |   Introduction

Mitochondrial short-chain enoyl-CoA hydratase 1 deficiency 
(ECHS1D; OMIM # 616277) is a rare and severe autosomal re-
cessive metabolic disorder caused by variations in the ECHS1 
gene (OMIM*602292). This encodes a crucial mitochondrial 

enzyme involved in fatty acid β-oxidation and branched-
chain amino acid metabolism (Peters et al. 2014). Variations 
in ECHS1 impair normal energy production, leading to the 
accumulation of toxic metabolites that result in a range of 
clinical symptoms (François-Heude et al. 2022). ECHS1D typ-
ically manifests during infancy, with a high fatality rate often 
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resulting in death during childhood. The clinical features in-
clude developmental delay, neurodegenerative regression, hy-
perlactatemia, and characteristic basal ganglia abnormalities 
(Peters et al. 2014).

Due to its heterogeneous clinical presentation and lack of 
specific diagnostic markers, ECHS1 deficiency (ECHS1D) is 
frequently overlooked in the differential diagnosis of mitochon-
drial disorders, particularly those associated with Leigh syn-
drome. Leigh syndrome is characterized by defective oxidative 
phosphorylation (OXPHOS), and the loss of OXPHOS function 
in some ECHS1D patients suggests that ECHS1 enzyme activity 
may play a critical role in the assembly and stability of OXPHOS 
protein complexes (Burgin et al. 2023). Precise diagnosis is es-
sential for appropriate counseling and treatment, including early 
intervention and dietary management targeting branched-chain 
amino acid metabolism to alleviate symptoms and improve the 
quality of life for affected individuals (Bernhardt et al. 2024).

First described as a fatal form of Leigh syndrome in 2014, 
ECHS1D has been reported in approximately 85 patients 
worldwide. However, reports from China remain limited, 
highlighting a critical knowledge gap (Balasubramaniam 
et  al.  2017; Yang et  al.  2022). This study provides a retro-
spective analysis of the clinical and genetic profiles of two 
unrelated Chinese families with ECHS1D and includes a 
comprehensive literature review. This study aimed to improve 
awareness and diagnostic accuracy for ECHS1D, facilitating 
better support and treatment for affected families. By identi-
fying novel compound heterozygous variants of the ECHS1 
gene and emphasizing the importance of early diagnosis and 
intervention, this research offers valuable insights into the 
management and understanding of ECHS1D.

2   |   Participants and Methods

2.1   |   Ethical Compliance

Clinical data from two patients diagnosed with ECHS1D were 
collected at the Department of Neurology, Anhui Provincial 
Children's Hospital, in 2023. This study was approved by the 
Ethics Committee of Anhui Children's Hospital, and informed 
consent was obtained from the patients' guardians. Peripheral 
blood samples from both the patients and their parents were sent 
to the Beijing Chigene Translational Medicine Research Center 
Co. Ltd. for whole-genome sequencing analysis.

2.2   |   Sample Collection

Genomic DNA was extracted from peripheral blood using the 
Blood Genome Column Medium Extraction Kit (Kangweishiji, 
China) in accordance with the manufacturer's protocol. Trio-
whole-genome sequencing (trio-WGS) was performed on these 
DNA samples using the DNBSEQ-T7 platform (MGI, China). 
Genomic DNA was randomly fragmented using an ultrasound 
apparatus, and fragments of approximately 300 base pairs (bp) 
were selected for sequencing. WGS libraries were prepared with 
the MGIEasy Universal DNA Library Preparation Kit (BGI, 
China), following the manufacturer's instructions.

2.3   |   Bioinformatics Analysis

Raw sequencing reads were processed using fastp to trim 
adapters and remove low-quality reads. Paired-end reads 
were then aligned to the human reference genome (GRCh37/
hg19) using the Burrows-Wheeler Aligner (BWA v0.7.10). 
Variant calling and annotation were carried out using the 
Genome Analysis Toolkit (GATK v3.5), Picard (v1.128), and 
ANNOVAR. High-quality nucleotide polymorphisms (SNPs) 
and insertions/deletions (Indels) were identified based on 
stringent sequence depth and variant quality metrics. High-
quality nucleotide polymorphisms (SNPs) and insertions/de-
letions (Indels) were identified based on stringent sequence 
depth and variant quality metrics. The average sequencing 
depth for the WGS samples was no less than 25X, with a Q30 
score exceeding 85%, and coverage of 10X or greater was 
achieved for at least 94% of the genome. The total depth of the 
selected variant was > 10×, the depth of the variant was > 5×, 
and the variant frequency was > 0.3.

Minor allele frequencies (MAFs) were annotated using data-
bases such as 1000 Genomes, Exome Aggregation Consortium 
(ExAC), NHLBI Exome Sequencing Project (ESP), dbSNP, 
and the Genome Aggregation Database (gnomAD) through 
the Chigene-developed online system (www.​chige​ne.​org). 
Pathogenicity assessments for gene variants were conducted 
according to ACMG guidelines and supported by bioinfor-
matics predictions from tools such as MutationTaster, SIFT, 
Provean, M-Cap, Revel, and PolyPhen-2. Functional changes 
in splice sites were predicted using MaxEntScan, dbscSNV, 
and GTAG software packages. Candidate pathogenic vari-
ants were validated by Sanger sequencing in both probands 
and their parents to ensure accuracy and reliability (Table S1). 
The HGMD and ClinVar databases were consulted to con-
firm whether the identified variants had been previously 
documented.

3   |   Results

3.1   |   Clinical Findings of the Family 1

Proband 1 (Figure  1:II-2), a 15-month-old female, was ad-
mitted to the Rehabilitation Department of Anhui Children's 
Hospital on August 7, 2023, due to an inability to walk inde-
pendently. Upon admission, she was unable to stand unsup-
ported, exhibited limited speech consisting of monosyllabic 
and reduplicated words, failed to distinguish between rela-
tives and strangers, and demonstrated poor cognitive func-
tion and comprehension. She was readmitted on September 
24, 2023, with a one-day history of vomiting and a half-day 
history of fever. On physical examination, she was conscious 
but lethargic, with unstable head posture, grade VI muscle 
strength in the extremities, low muscle tone, and weakened 
tendon reflexes. Her body length was 82 cm (P90), and her 
weight was 10 kg (P50).

The patient was the second child born full-term via natural 
delivery, with a birth weight of 3850 g. There was no history of 
birth asphyxia or hypoxia. Family history revealed a healthy 
older brother and a 5-month-old younger sister (Figure  1:II-3) 
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who presented with hypotonia and feeding difficulties but nor-
mal brain MRI findings. The parents were healthy, unrelated, 
and reported no family history of genetic disorders. Auxiliary 
examinations, including routine blood tests, liver and kidney 
function tests, and assessments of electrolytes, lactate, blood 
ammonia, ceruloplasmin, and homocysteine levels, were un-
remarkable. However, her CO2 binding capacity was initially 
reduced to 6.5 mmol/L (normal range 22–28 mmol/L), which 
improved to 25.5 mmol/L after 3 days of treatment. Blood gas 
analysis showed a mildly decreased pH value of 7.33 (normal 
range 7.35–7.45) and an HCO3− level of 13.7 mmol/L (normal 
range 21.4–27.3 mmol/L). Cardiac, abdominal, and urinary tract 
ultrasonography revealed no abnormalities.

Blood tandem mass spectrometry indicated reduced valine lev-
els (67.08 umol/L; normal range 80–300 umol/L), while other 
parameters were within normal limits. Urine organic acid anal-
ysis showed elevated levels of 2-methyl-2,3dihydroxybutyrate 
(2,3DH2MB) and S-(2-hydroxypropyl) cysteamine (SCPCM) 
(Table  1). Brain MRI conducted on August 30, 2023, showed 
symmetrical patchy abnormal signals in the bilateral basal 
ganglia, which persisted with diffusion restriction on a fol-
low-up MRI performed on October 1, 2023 (Figure  2). The 
patient received treatment consisting of acid correction and 
mitochondrial supplementation therapy. However, her motor 
skills remained impaired, and no improvements were observed 
in cognitive function.

FIGURE 1    |    ECHS1D pedigree diagram. The black arrow indicates the proband. Proband 1, her sister, and Proband 2 all carried compound het-
erozygous variants in the ECHS1 gene, while their parents were heterozygous carriers of the respective variants.

TABLE 1    |    Characteristics of metabolic markers in pedigree probands.

Proband 1 Proband 2

Urine 
SCPCM

Urine 
2,3DH2MB Blood C4OH

Urine 
SCPCM

Urine 
2,3DH2MB

Blood 
C4OH

Value 3.254↑ 0.011↑ 0.137 1.896↑ 0.0114↑ 0.146

Normal Range < 0.624 < 0.0029 < 0.23 < 0.624 < 0.0029 < 0.23

Ratio 5.215 3.793 0.528 3.042 3.931 0.635

Note: SCPCM is S- (2-hydroxypropyl) cysteamine, 2,3DH2MB is 2,3-dihydroxy-2-methylbutyric acid, C4OH is hydroxybutyl carnitine. Urinary metabolites 2,3DH2MB 
were measured by gas chromatography–mass spectrometry (GC–MS) and are expressed in μmol/mmol of creatinine (Cr). SCPCM and blood C4-OH levels were 
measured by liquid chromatography–tandem mass spectrometry (LC–MS/MS) and are expressed in μmol/L. Values outside of the normal reference range are shown 
with arrows.

FIGURE 2    |    Brain MRI images. Brain MRI of Proband 1 at 14 months old, showing bilateral symmetrical T2 and FLAIR hyperintensities in the 
basal ganglia (A, B) (red arrow). Brain MRI of Proband 1 at 15 months old, showing bilateral symmetrical T2 and FLAIR hyperintensities in the basal 
ganglia, with a slightly expanded area compared to the previous scan (C, D) (red arrow). Brain MRI of Proband 2 at 5.5 years old, showing bilateral 
symmetrical T2 and FLAIR hyperintensities in the globus pallidus (E, F) (red arrow).
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3.2   |   Clinical Findings of the Family 2

Proband 2 (Figure 1:II-4), a 6.5-year-old female, was admitted 
to the hospital on August 25, 2023, with a primary complaint of 
“fever with altered mental status for one day.” The illness was 
characterized by fever, headache, vomiting, and drowsiness. 
Upon admission, a physical examination revealed a body length 
of 127 cm (P90) and a weight of 21.5 kg (P50). The patient was 
lethargic, and limb muscle strength could not be assessed due 
to lack of cooperation. Muscle tone was reduced, and tendon 
reflexes were diminished. Personal history indicated that she 
was the first child of a full-term natural delivery with a birth 
weight of 3000 g. There was no history of asphyxia or hypoxia 
at birth. At approximately four years of age, she developed 
exercise-induced dystonia in her right lower limb, character-
ized by painful spasms in her right foot lasting approximately 
30 min. Her family history revealed that her 1-month-old sister 
(Figure  1:II-5) was currently healthy. The parents, who were 
healthy and not consanguineous, reported no family history of 
genetic disorders.

Auxiliary examinations, including routine blood tests, liver and 
kidney function tests, and assessments of electrolytes, lactate, 
blood ammonia, ceruloplasmin, homocysteine, and pyruvate 
levels, returned normal results. Cerebrospinal fluid (CSF) anal-
ysis, including cytology smear, cell count, and protein, glucose, 
and chloride levels, was normal, with no pathogens detected in 
metagenomic testing. The CO2 binding capacity was slightly re-
duced at 17.2 mmol/L (normal range 22–28 mmol/L). Cardiac, 
abdominal, and urinary tract ultrasonography findings were 
unremarkable.

Blood tandem mass spectrometry showed a valine level of 
175.39 umol/L (normal range 80–300 umol/L), with other 
values within normal limits. Urine organic acid analysis re-
vealed elevated levels of 23DH2MB and SCPCM (Table  1). 
Brain MRI on August 25, 2023, demonstrated symmetrical ab-
normal signals with restricted diffusion in the bilateral globus 
pallidus (Figure 2). Following admission, the patient received 
fluid rehydration, mitochondrial supplementation therapy, 
and treatment for dystonia. Despite these interventions, the 
patient remained unable to walk and exhibited increased 
muscle tone.

3.3   |   Genetic Analysis

Whole-genome sequencing identified compound heterozy-
gous variants in the ECHS1 gene (NM_004092) in both pro-
bands. In family 1, proband 1 and her younger sister carried 
the frameshift variant c.759_762del (p.Gly255Valfs*21) in 
exon 7 and the synonymous variant c.489G>A (p.Pro163) in 
exon 4. The c.759_762del variant was maternally inherited, 
while the c.489G>A variant was inherited from the father. 
The older brother of proband 1 was found to be wild-type for 
both ECHS1 variants (Figure 3). In family 2, proband 2 carried 
two missense variants: c.518C>T (p.Ala173Val) in exon 5 and 
c.244G>A (p.Val82Met) in exon 2. These variants were inher-
ited from her unaffected parents (Figure 3). No additional sig-
nificant genetic variations consistent with disease phenotypes 
were identified in either proband.

The c.759_762del variant, which results in a glycine-to-valine 
substitution at position 255 and causes a frameshift leading 
to a premature stop codon at position 274, has not been pre-
viously reported. This truncation likely leads to loss of nor-
mal function (LoF) (PVS1) (Figure 4). The variant is cataloged 
in the dbSNP database as rs751562208 but is absent from 
major population databases, including ESP, 1000 Genomes, 
ExAC, and gnomAD, indicating its rarity (PM2_Supporting). 
According to ACMG guidelines (Richards et  al. 2015; Riggs 
et  al. 2020), the c.759_762del variant is classified as likely 
pathogenic (PVS1+ PM2_Supporting). The synonymous vari-
ant c.489G>A (p.Pro163=) is listed in the dbSNP database as 
rs140410716, with frequencies of 0.0024 in 1000 Genomes and 
0.001 in gnomAD (BS1). This variant has been observed in 
multiple patients with relevant phenotypes and in trans with 
pathogenic or likely pathogenic variants (PM3) (Table  2). 
RT-PCR analysis demonstrated that this variant reduces lev-
els of normally spliced ECHS1 mRNA, leading to nonsense-
mediated decay. Western blot analysis of fibroblasts from the 
patient showed a significant reduction in protein levels, with 
only 10% of normal levels detected (PS3) (Simon et al. 2020). 
Despite being classified as of uncertain significance under 
the ACMG guidelines, this variant is listed as disease-causing 
(DM) in the HGMD database.

In Proband 2, the missense variant c.518C>T (p.Ala173Val) has 
a frequency of 0.0007 in EXAC, 0.0002 in ESP, and 0.0010 in 
gnomAD. The missense variant c.244G>A (p.Val82Met) is ab-
sent from ESP, 1000 Genomes, ExAC, or gnomAD databases, 
suggesting its rarity (PM2_Supporting). The c.518C>T variant 
has been identified in multiple patients with similar pheno-
types and in trans with pathogenic or likely pathogenic variants 
(PM3_VeryStrong) (Table  2). Similarly, the c.244G>A variant 
was detected in one patient with a related phenotype and in 
trans with a pathogenic variant (PM3). Both missense variants 
are predicted to be harmful by bioinformatics tools, with CADD 
scores of 23.2 for c.518C>T and 23.4 for c.244G>A (PP3). These 
variants segregated with the disease in both cases and were 
consistent with previous reports in the literature (PP1). Based 
on ACMG guidelines, the c.518C>T and c.244G>A variants are 
classified as pathogenic. The compound heterozygous variants 
identified in the ECHS1 gene in both probands align with the 
clinical manifestations and were confirmed as the causative fac-
tors of ECHS1D.

3.4   |   Literature Review

A systemic search was conducted using the keywords “ECHS1” 
and “ECHS1D” in the CNKI, Wanfang database, and PubMed, 
covering the period from database inception to May 2024. 
This search identified seven English-language articles with 
comprehensive data on ECHS1-related variants c.489G>A (p. 
Pro163=) and c.518C>T (p.Ala173Val) (Abdenur et  al.  2020; 
Bernhardt et  al.  2024; Engelstad et  al.  2021; Illsinger 
et  al.  2020; Mahajan et  al.  2017; Marti-Sanchez et  al.  2021; 
Olgiati et  al.  2016). Including the present study, data were 
gathered on 28 patients. For the c.518C>T variant, nine pa-
tients were identified, comprising five males and four females. 
The age of onset ranged from 6 months to 20 years, and the age 
of diagnosis ranged from 4 to 22 years. Five patients presented 
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with paroxysmal exercise-induced dystonia triggered by in-
fections or metabolic abnormalities, while four had feeding 
difficulties. Two patients exhibited intellectual disabilities. 
However, there were no reports of seizures, optic atrophy, 
hearing loss, or nystagmus. MRI scans in all patients showed 
symmetrical long T2 signals in the bilateral globus pallidus, 
with no significant increases in blood lactate levels. Elevated 
levels of 2,3DH2MB were detected in the urine of both pa-
tients. Importantly, no fatalities were reported in this group.

For the c.489G>A variant, data from 19 patients were reviewed, 
including five males, six females, and eight with unspecified 
sex. The age of onset ranged from 5 to 15 months, and the age 
of diagnosis ranged from 5 months to 47 years. Four patients 
experienced paroxysmal exercise-induced dystonia, and four 
presented with metabolic acidosis. Eleven cases were associated 
with infections or metabolic abnormalities. Eight patients had 
feeding difficulties, and eight exhibited intellectual disabilities. 
Six patients experienced optic nerve atrophy, five had hearing 
loss, and 11 presented with nystagmus. None of the patients 

FIGURE 3    |    ECHS1 gene sequencing diagram. (A) Proband 1 and her sister carry compound heterozygous variants in the ECHS1 gene: c.759_762del 
(p.Gly255Valfs*21) inherited from their mother, and c.489G>A (p.Pro163=) inherited from their father. Their brother is wild type for these variants. 
(B) Proband 2 has compound heterozygous variants in the ECHS1 gene: C.518C>T (p.Ala173Val) inherited from their father, and c.244G>A (p.Val-
82Met) inherited from their mother.
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reported epileptic seizures. MRI findings consistently revealed 
symmetrical long T2 signals in the bilateral pallidum. Elevated 
blood lactate levels were noted in one patient, while increased 
urine 2,3DH2MB were reported in four patients. Unfortunately, 
one patient with early onset symptoms during infancy suc-
cumbed to the disease.

4   |   Discussion

This study presents the clinical and genetic characteristics of 
two families affected by ECHS1D, a rare mitochondrial dis-
order caused by variations in the ECHS1 gene. ECHS1D is 
associated with a wide spectrum of clinical manifestations, 
including intellectual disabilities, muscle hypotonia, feed-
ing difficulties, mitochondrial encephalopathy, hypotension, 
sensorineural hearing loss, seizures, optic atrophy, cardio-
myopathy, respiratory insufficiency, pulmonary hyperten-
sion, hepatomegaly, steatosis, and skin laxity (Ferdinandusse 
et al. 2015; Fitzsimons et al. 2018; Haack et al. 2015). Based on 
the age of onset and clinical presentation, ECHS1D is classi-
fied into four types (Kuwajima et al. 2021): (1) Neonatal onset 
type: This form presents acutely with severe systemic involve-
ment, often leading to rapid mortality. (2) Infancy-onset type: 
Typically occurring between 2 and 6 months of age, this sub-
type features developmental delays, muscular hypotonia, optic 
atrophy, and hearing loss. Infections exacerbate symptoms, 
resulting in feeding difficulties and, in some cases, seizures. 
(3) Slowly progressive young childhood type: Manifesting be-
tween 6 months and 3 years of age, this form primarily affects 
the basal ganglia and progresses slowly, allowing patients to 

survive into adulthood. (4) Paroxysmal exercise-induced dys-
tonia: Onset occurs after 3 years of age with no significant 
neurological abnormalities between episodes. Episodes are 
usually triggered by exercise.

In this study, Proband 1 developed symptoms of developmen-
tal delay at 15 months of age, which progressed to metabolic 
acidosis. Brain MRI revealed symmetrical abnormal signals in 
the bilateral basal ganglia, and urine analysis indicated a met-
abolic disorder involving methacrylic coenzyme A. These find-
ings are consistent with the slowly progressive young childhood 
type of ECHS1D. Movement disorders such as dystonia, chorea, 
tremor, myoclonus, Parkinsonism, and athetosis are frequently 
observed in ECHS1D, with dystonia being the most prevalent 
(François-Heude et al. 2022). Proband 2 exhibited paroxysmal 
exercise-induced dystonia starting at 4 years of age, which wors-
ened significantly during infections and eventually progressed 
to permanent dystonia. Brain MRI revealed abnormal signals 
in the bilateral globus pallidus, and urine metabolite analysis 
confirmed a methacryloyl-CoA metabolic disorder, consistent 
with ECHS1D. These findings align with reports by Olgiati 
et al. (2016), which indicate that paroxysmal dystonia typically 
begins in late childhood. This study underscores the complexity 
and heterogeneity of ECHS1D, emphasizing the importance of 
detailed clinical and genetic assessments for accurate diagnosis 
and management.

ECHS1D was first linked to increased excretion of SCPCM 
and Leigh syndrome (LS) in 2014 and was identified as a dis-
tinct disease entity in 2015. Leigh syndrome, a common mi-
tochondrial disorder in children, is also known as subacute 

FIGURE 4    |    3D protein structure of the new ECHS1 gene variant. The 3D structure of the wild-type ECHS1 protein (PDB ID: 2HW5) (A) and the 
3D structure of the ECHS1 protein with the c.759_762del (p.Gly255Valfs*21) variant, which affects the α-helix structure and hexamer structure of 
ECHS1 (B, the black region of the lower section), is visualized using ChimeraX software.
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necrotizing encephalomyopathy. This neurodegenerative con-
dition is genetically heterogeneous and linked to mutations in 
over 75 genes. Its pathogenesis is primarily associated with 
mitochondrial dysfunction. Mitochondrial diseases are rel-
atively rare and present with diverse symptoms, which can 
delay diagnosis. Children with developmental delay, hypo-
tonia, abnormal eye development, gastrointestinal dysfunc-
tion, and no clear genetic diagnosis should undergo regular 
re-evaluation, with particular attention to blood lactate and 
ammonia levels. Patients with ECHS1D often exhibit ele-
vated lactic acid levels, moderate hyperammonemia, and 
increased organic acid levels in blood and urine (Ganetzky 
et al. 2016). Although lactate levels are nonspecific, the detec-
tion of 2-methyl-2,3dihydroxy butyrate and its metabolites in 
urine provides a more specific diagnostic marker (Kuwajima 
et al. 2021; Peters et al. 2015). In this study, both probands exhib-
ited elevated urinary levels of 2-methyl-2,3dihydroxybutyric 
acid, underscoring its potential as a critical diagnostic indi-
cator for ECHS1D. This condition leads to the accumulation 
of methacryloyl-coenzyme A and acryloyl-CoA, which causes 
brain cell damage. Brain MRI findings typically include sym-
metrical T2 hyperintensities in the caudate nucleus, putamen, 
and globus pallidus, consistent with Leigh syndrome (Yamada 
et al. 2015). Given the clinical and imaging overlaps between 
ECHS1D and Leigh syndrome, timely genetic testing and 
metabolite analysis are essential for accurate diagnosis and 
effective management of affected patients.

The ECHS1 gene is located in the chromosomal region 
10q26.2-q26.3 and contains eight exons. It is widely ex-
pressed in various tissues. The encoded precursor protein 
comprises 290 amino acids and is processed in the mitochon-
dria to form the mature 28.3 kDa ECHS1 protein, which as-
sembles into a “dimer trimer” structure of a homologous 
hexamer (Sharpe and McKenzie  2018). The ECHS1 protein 
functions as a crotonase, catalyzing the second step of mi-
tochondrial fatty acid β-oxidation (FAO) by converting C4-
C6 fatty acyl-CoA to β-hydroxyacyl-CoA. Moreover, ECHS1 
plays a role in valine and isoleucine catabolism, converting 
methacryloyl-CoA to 3-hydroxyisobutyryl-CoA and acrylyl-
CoA to 3-hydroxypropionoyl-CoA. ECHS1 deficiency leads to 
the accumulation of toxic metabolites, impairing mitochon-
drial oxidative phosphorylation and energy production, thereby 
causing various clinical symptoms (Fitzsimons et al. 2018). As 
of January 2025, the HGMD included 93 ECHS1 variants, pri-
marily missense variants, along with splicing, insertion, and 
deletion variants. Most variants are compound heterozygous 
and do not cluster as significant hotspot mutations. While all 
genotypes reduce ECHS1 function, the severity of pathogenicity 
varies widely.

For instance, the p.Asn59Ser variant is associated with high 
lethality in some patients, whereas the p.Ala173Val variant is 
linked to milder symptoms, highlighting the clinical hetero-
geneity of ECHS1D. The p.Ala173Val variant, located near an 
exon-intron boundary, replaces a highly conserved amino acid, 
potentially disrupting mRNA splicing. Clinically, this variant 
presents with dystonia, mitochondrial encephalopathy, and 
brain white matter degeneration but manifests predominantly 
as paroxysmal dystonia. Symptoms typically occur at approxi-
mately 3.4 years of age and are triggered by prolonged exercise, 

fasting, or fever, with normal neurological function between ep-
isodes (Burgin and McKenzie 2020).

In this study, Proband 2 developed postexercise unilateral lower 
limb dystonia at 4 years of age, which initially resolved sponta-
neously within minutes. However, following a febrile episode, 
the proband experienced acute encephalopathy and persistent 
dystonia. This phenomenon has been reported previously, sug-
gesting that increased energy demand may trigger paroxysmal 
dystonia, potentially indicating ECHS1D (Olgiati et  al.  2016). 
Despite undergoing rehydration, mitochondrial replacement 
therapy, and dystonia management, the patient remained un-
able to ambulate and exhibited increased muscle tone. Common 
imaging findings in mitochondrial disorders include white 
matter demyelination, brain atrophy, ventricular dilatation, 
and thinning of the corpus callosum (Bonfante et  al.  2016). 
However, carriers of the p.Ala173Val variant typically do not ex-
hibit such abnormalities, whereas carriers of the p.Pro163 vari-
ant often exhibit brain atrophy and white matter abnormalities. 
The p.Pro163 variant, first identified in 2020 in four ECHS1D 
patients, has a high carrier frequency and is often overlooked 
in routine genomic testing. Homozygous carriers of this variant 
generally exhibit mild phenotypes, though detailed long-term 
effects remain underreported. This discrepancy may explain the 
high carrier frequency of the variant relative to the lower inci-
dence of ECHS1D.

Patients with compound heterozygous variants, such as 
p.Pro163 and p.Ala278Thr, often have poorer prognoses, 
presenting with metabolic acidosis, acute encephalopathy, 
and extensive basal ganglia lesions on imaging (Abdenur 
et al. 2020). In this study, proband 1 carried a compound het-
erozygous variation of p.Pro163 and c.759_762del, presenting 
with metabolic acidosis and developmental delay. The newly 
identified c.759_762del variant, which causes a frameshift, 
may be associated with metabolic acidosis and acute encepha-
lopathy. This finding expands the known spectrum of ECHS1 
variations and highlights the complex pathogenic mecha-
nisms underlying ECHS1D.

Although no specific treatment exists for ECHS1D, symptoms 
can be alleviated and quality of life improved through dietary 
management, drug therapy, and comprehensive treatment 
strategies. Mitochondrial vitamin supplement therapy, which 
combines multiple vitamins and coenzymes to enhance mito-
chondrial function, has demonstrated limited and inconsistent 
clinical efficacy, requiring further validation and optimiza-
tion. The ketogenic diet—a high-fat, low-carbohydrate regi-
men—offers an alternative energy source while reducing the 
production of toxic metabolites from sugar and protein catabo-
lism. Additionally, this diet improves antioxidant activity and 
mitigates cellular damage caused by reactive oxygen species 
(ROS), making it a promising therapeutic option for ECHS1D 
(Gano et al. 2014).

A low-protein diet may help reduce the accumulation of toxic 
metabolites and potentially slow disease progression. Restricted 
valine intake has been reported to improve clinical symptoms, 
biochemical markers, and imaging findings (Stenton et al. 2022). 
Valine intake should follow established guidelines for managing 
metabolic disorders such as maple syrup urine disease (MSUD), 
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propionic acidemia (PA), and methylmalonic acidemia (MMA) 
to prevent excessive metabolite accumulation. The antioxidant 
N-acetylcysteine (NAC) replenishes neuronal glutathione stores 
and protects nerve cells from oxidative damage. Combination 
therapy incorporating NAC and other agents may enhance 
therapeutic efficacy and positively impact clinical symptoms 
(Stenton et al. 2022). Tricarboxylic acid (TCA), an energy metab-
olism enhancer, has been shown to alleviate energy deficiency 
symptoms by increasing energy production through the TCA 
cycle in ECHS1D patients (Engelstad et al. 2021). Additionally, 
physical exercise and physiotherapy can improve mitochondrial 
function and overall patient outcomes.

Certain medications, including valproic acid, topiramate, 
statins, aminoglycosides, erythromycin, and acetaminophen, 
may exacerbate ECHS1D symptoms and should be avoided. 
Viral infections, as observed in the two probands in this study, 
can significantly worsen symptoms. Therefore, it is impera-
tive to closely monitor the status of vaccinated children during 
routine immunization against infectious diseases in order to 
prevent potential complications arising from infections and 
mitigate the risk of symptom exacerbation. Despite interven-
tions such as acid rehydration, mitochondrial supplement 
therapy, and other treatments, the clinical symptoms of both 
probands in this study showed limited improvement. This un-
derscores that while comprehensive treatment can alleviate 
certain symptoms, current therapeutic options remain insuffi-
cient for addressing severe manifestations of ECHS1D. Future 
research should focus on developing novel therapeutic strate-
gies, including precise regulation of mitochondrial function, 
gene repair techniques, and interventions targeting specific 
metabolic pathways.

5   |   Conclusions

This study examined two families affected by ECHS1D and 
highlighted the clinical diversity and complexity associ-
ated with ECHS1 variants. Previous studies have shown that 
ECHS1D typically manifests early, progresses rapidly, and is as-
sociated with high disability and mortality rates. Patients often 
present with severe symptoms such as intellectual disabilities, 
hypotonia, and metabolic disorders, resulting in a poor prog-
nosis. However, patients whose primary symptom is paroxys-
mal exercise-induced dystonia (PED) generally have a milder 
condition and a better prognosis. Furthermore, a subset of pa-
tients experienced disease onset during adulthood. These ob-
servations highlight the clinical variability of ECHS1D, which 
manifests not only in differing presentations and severities but 
also in age at onset. Likewise, significant variations in disease 
severity and outcomes are contingent upon the specific phe-
notype. In clinical practice, ECHS1D should be considered in 
patients presenting with unexplained PED, and genetic testing 
should be conducted for early diagnosis. For patients diagnosed 
with ECHS1D, early interventions—including nutritional sup-
port, vitamin therapy, a low-protein diet, and antioxidant treat-
ment—may help slow disease progression and enhance quality 
of life. Future research should focus on validating the func-
tional impact of novel ECHS1 variants, conducting longitudinal 
studies to assess long-term outcomes, and exploring the genetic 

diversity of ECHS1D in larger and more diverse populations. 
These efforts may ultimately lead to improved diagnostic algo-
rithms and the development of targeted therapeutic strategies 
for this rare but complex disorder.
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