
Organic acidurias (OADs), also known as organic acidae-
mias, constitute a large group of inherited, life-threatening  
intoxication disorders of intermediary metabolism, 
mostly caused by mutations in genes encoding enzymes 
involved in amino acid catabolism1–7. The vast majority 
of OADs show autosomal recessive inheritance, although 
some, such as 2-methyl-3-hydroxybutyryl-CoA dehydro-
genase deficiency, are X-linked. OADs are biochemically 
characterized by tissue accumulation of non-amino 
organic acids and their CoA, l-carnitine and glycine 
esters upstream of the enzymatic blockage. Diagnosis is 
generally based on detection of high concentrations of 
characteristic organic acid patterns in the urine.

OADs commonly manifest in infancy with acute cri-
ses during catabolic stress or can emerge insidiously at 
any time from birth to old age2,4. Neurological signs are 
prominent in these disorders, implying a high vulnera-
bility of the CNS, which was shown to be age-dependent 
and region-specific2,8,9. The classical OADs are charac-
terized by acute life-threatening episodes of intoxication 
encephalopathy with profound hypotonia, lethargy pro-
gressing to coma and seizures, associated with vomiting, 
cardiorespiratory distress and other systemic signs2,6,10. 
The cerebral OADs usually have a late-onset presenta-
tion, and the symptoms are exclusively or predominantly 
neurological. Progressive symptomatology, including 

failure to thrive, psychomotor delay, intellectual disability 
and motor and musculoskeletal disabilities, is common 
to most OADs, whereas renal failure, cardiomyopathy, 
hepatopathy, pancreatitis and gastrointestinal and visual 
problems follow a disease-specific pattern11.

Therapy for OADs is improving but remains insuf-
ficient to prevent many of the long-term neurological 
and systemic complications9,12–15. The pathophysiology 
of the brain injury in OADs is poorly understood, and 
the mechanisms underlying neurodegeneration require 
further investigation.

This article reviews the main features of the OADs, 
with a particular focus on the cerebral findings, and 
highlights the latest advances regarding the pathophysi-
ology and treatment of these conditions. The aims are to 
increase awareness of these neurodegenerative metabolic 
diseases among paediatricians and neurologists and to 
encourage investigation of the underlying pathological 
mechanisms to aid the development of new therapies.

Epidemiology
More than 65 OADs have been described to date4,6, but 
their exact incidence in the general population is unknown 
because they are generally diagnosed by selective (sympto-
matic) screening, and only a few have been incorpo-
rated into newborn screening (NBS) programmes16.  
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Although each OAD is individually rare, the avail-
able data indicate that their cumulative frequency 
approaches 1 in 3,000 individuals4 in the general popu-
lation but may vary from 1 in 740 in Arab popu lations17 
to 1 in 14,000–30,000 newborn babies in European, 
North American and Asian populations18–23. The 
actual prevalence is probably higher because a substan-
tial number of patients are misdiagnosed or remain  
undiagnosed4.

Clinical manifestations
The clinical symptomatology of OADs is hetero-
geneous and nonspecific, although neurological man-
ifestations are very common and are frequently the 
presenting features2,11,13. OADs are divided into classi-
cal and cerebral subtypes, with disease onset ranging 
from the neonatal period or infancy (early onset) to 
adulthood (late onset)5,8,11,24. The classical OADs typ-
ically show early-onset presentation, characterized by 
attacks of metabolic decompensation (acute intoxica-
tion) with severe neurological and systemic clinical 
findings, whereas the cerebral OADs are usually char-
acterized by progressive neurological symptoms that 
tend to manifest during late childhood, adolescence 
or adulthood. Of note, some patients with classical 
OADs are metabolically stable, with no apparent acute 
metabolic episodes throughout life, but they often 
exhibit long-term systemic and cerebral signs, proba-
bly owing to chronic intoxication25. Box 1 displays the 
routine biochemical test alterations found in classi-
cal OADs that become more evident during crises,  
and Box 2 lists the common clinical features of classical and  
cerebral OADs.

Classical organic acidurias
TaBle 1 summarizes the main characteristics of the most 
frequent classical OADs. The phenotypic variability of 
classical OADs has been attributed to multiple factors, 
including residual enzyme activity, age of onset, pathway 
of the enzymatic defect, accumulating toxic endogenous 
metabolites (organic acids and derivatives), permea-
bility of the blood–brain barrier (BBB), interactions 
of the mutated gene with other modifier genes or the 
 environment, and epigenetic factors26–28.

Within the first days or weeks of life, patients with 
complete absence of enzymatic activity experience severe 
acute life-threatening attacks resembling neonatal sepsis 
or encephalitis (early-infantile form) that are generally 
provoked by catabolic stress triggered by infections, 
fever, exercise, immunizations, fasting or surgery, or high 
protein intake. These crises are attributed to accumula-
tion of neurotoxic organic acids and/or their acyl-CoA 
esters and are accompanied by toxic encephalopathy 
with profound hypotonia, vomiting, lethargy progress-
ing to coma, poor feeding, convulsions and cardiores-
piratory distress, often resulting in mortality. Crises are 
usually associated with metabolic acidosis with wide 
anion gap, ketosis or ketonuria,  hypoglycaemia, lactic 
acidaemia and/or hyperammonaemia2,4,13.

In individuals with residual enzyme activity (par-
tial deficiency), cerebral manifestations appear or 
become worse only during metabolic crises, usually 
precipitated by infections, with symptom-free inter-
vals between attacks (intermittent form). During 
disease progression, these patients can manifest with 
mild epilepsy, movement disorders, macrocephaly or 
microcephaly, ataxia, psychomotor developmental 
delay or intellectual  disability, feeding difficulties and 
other systemic signs.

Insidious late-onset forms of classical OADs have 
also been identified, typically affecting adolescents and 
adults, and are characterized by progressive neurologi-
cal features (movement disorders, intellectual disability 
and convulsions) and extracerebral features (gastro-
intestinal symptoms, feeding problems and failure to 
thrive), with no apparent metabolic crises during disease 
evolution2,7,9,13.

Isolated methylmalonic acidurias. Isolated methyl-
malonic acidurias (MMAs) affect 1 in 50,000 newborn 
babies and are caused by total or partial deficiency of 
l-methylmalonyl-CoA mutase activity (mut0 and mut− 
subtypes, respectively), defects in the synthesis of its 
cofactor (5-adenosylcobalamin; cblA, cblB, cblC and 
cblD MMA subtypes)14,29,30 or methylmalonyl-CoA 
 epimerase deficiency31,32.

MMA diagnosis is based on the detection of large 
amounts of methylmalonic acid and lesser amounts of 
3-hydroxypropionic and methylcitric acids, tiglylgly-
cine and propionylglycine in urine, as well as glycine 
and propionylcarnitine in blood. Cellular biochemical 
studies, including 14C-propionate incorporation, enzy-
matic determination, vitamin B12 responsiveness, com-
plementation analysis, cobalamin distribution and DNA 
analysis, are necessary to establish the specific  subtype 
of MMA29.

Key points

•	Organic	acidurias	(OADs)	make	up	a	large	and	prevalent	group	of	inherited	
neurometabolic	intoxication	disorders	caused	by	deficient	enzyme	activities,	mostly	
of	amino	acid	catabolism.

•	Acute	or	progressive	signs	of	metabolic	intoxication	—	predominantly	or	exclusively	
neurological	—	emerge	in	infancy	(early	onset)	or	during	childhood	or	adulthood	(late	
onset),	resulting	in	high	mortality	and	poor	neurological	outcome.

•	A	diagnosis	is	usually	reached	through	detection	of	characteristic	organic	acid	
profiles	in	the	urine.

•	Current	treatment	strategies	have	decreased	mortality	and	overall	morbidity	but	do	
not	prevent	long-term	systemic	and	neurological	complications.

•	A	better	understanding	of	the	precise	mechanisms	underlying	the	pathogenesis	of	
OADs	should	aid	the	development	of	new	therapies	to	target	CNS	injury.

Box 1 | routine laboratory findings

The	classical	organic	acidurias	are	characterized	by	the	
following	findings	on	routine	laboratory	tests:

•	Lactic	acidaemia	and/or	lactic	aciduria

•	Metabolic	acidosis	with	wide	anion	gap

•	Ketosis	and	ketonuria

•	Hypoglycaemia

•	Hyperammonaemia

•	Electrolyte	alterations

•	Anaemia,	neutropenia,	thrombocytopenia	and	
pancytopenia	(long-term	systemic	complications)
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The time of clinical onset of MMA varies from the 
neonatal period to adulthood, although the early-onset 
forms are much more frequent than the late-onset forms. 
Patients usually present early in life with intermittent 
acute attacks associated with hypotonia, anorexia, vom-
iting, respiratory distress, failure to thrive, developmen-
tal and psychomotor delay, lethargy evolving to coma, 
severe ketoacidosis, hyperammonaemia, neutropenia 
and thrombocytopenia26,27,33. Individuals with mutations 
in the MCEE gene, which cause methylmalonyl-CoA 
epimerase deficiency, can be asymptomatic or can 
present with ataxia, dysarthria, hypotonia, mild spastic 
 paraparesis and seizures31,34.

Overall survival in patients with MMA has improved, 
but long-term outcomes remain disappointing, espe-
cially with regard to the neurological complications, 
which include intellectual disability, neuromotor and 
developmental delay, seizures, movement disorders 
and visual and psychiatric problems27,35. Even metabol-
ically stable patients who never experience an episode 
of decompensation can show evidence of poor feeding, 
intellectual disability and kidney failure in adolescence 
or adulthood, possibly owing to chronic intoxication9.

Neuroimaging in patients with MMA generally 
reveals symmetrical bilateral damage of the basal gan-
glia, sometimes associated with acute cytotoxic oedema 
(metabolic stroke), and chronic white matter abnormali-
ties with cortical atrophy36. Bilateral asymmetric infarcts, 
mainly of the posterior portion of the globus pallidus but 
occasionally of the substantia nigra, can also be seen on 
cerebral MRI37.

Early detection and treatment by restricting the 
intake of protein and specific precursor amino acids, 
supplemented by l-carnitine, are common therapeutic 
measures that decrease mortality in MMAs33. Liver–
kidney transplants are also necessary in the more severe 
cases, although they do not prevent long-term neurolog-
ical abnormalities38–40, implying intracerebral production 
and entrapment of the accumulated metabolites9.

Propionic acidaemia. Propionic acidaemia is caused 
by deficiency of the biotin-dependent enzyme 
propionyl-CoA carboxylase and is estimated to affect 1 
in 100,000–150,000 newborn babies19. Diagnosis is based 
on high urinary excretion of 3-hydroxypropionic and 
methylcitric acids, tiglylglycine and propionylglycine in 
the absence of methylmalonic acid, as well as increased 
amounts of propionylcarnitine and glycine in the blood14.

In early-onset forms of propionic acidaemia, 
which account for up to 80% of affected individu-
als, life-threatening symptoms appear in the neonatal 
period. Symptoms include profound hypertonia or 
hypotonia, vomiting, irritability and lethargy, progress-
ing to coma and death if the condition is not properly 
treated. Late-onset intermittent presentation with acute 
episodes of encephalopathy has also been observed 
from late infancy to adulthood41. Some affected indivi-
duals develop a more progressive (insidious late-onset) 
clinical phenotype with poor feeding, hepatomegaly, 
protein intolerance, hypotonia, failure to thrive, neuro-
developmental delay and/or intellectual disability, 
epilepsy, psychiatric symptoms, dystonia and chorea. 
Cardiomyopathy is a major complication of propionic 
acidaemia, and acute or chronic pancreatitis and pan-
cytopenia can also be features of this condition25,41. 
Long-lasting chronic neurological complications, such 
as intellectual disability, motor and language delay, meta-
bolic stroke-like episodes leading to acute ganglia basal 
injury associated with choreoathetosis and spastic quad-
riplegia, generalized convulsions, hypotonia and optic 
nerve atrophy, occur in ~70% of patients with propionic 
acidaemia13,42.

Brain MRI findings in patients with propionic acid-
aemia typically include hypodensities of the basal ganglia,  
especially the putamen and caudate, acute brain swelling 
during crises, abnormalities in the cerebral white matter 
with delayed myelination in the early stages and general-
ized cortical atrophy and cerebellar haemorrhage as the 
disease progresses43. Individuals who do not adhere to or 
are unresponsive to treatment seem to be at an increased 
risk of developing more severe brain changes.

Treatment for propionic acidaemia is similar to that 
for the MMAs but is supplemented by biotin in respon-
sive individuals. However, these interventions often fail 
to prevent permanent neurological sequelae.

Box 2 | Clinical features of organic acidurias

Classical organic acidurias
•	Early,	intermittent	or	late	onset

•	Family	history	of	sibling	death	in	the	neonatal	period

•	Episodes	of	acute	intoxication

•	Encephalopathy	with	vomiting,	profound	hypotonia,	
coma	and	seizures

•	Ischaemic	stroke-like	episodes

•	Cardiorespiratory	distress

•	Failure	to	thrive

•	Developmental	delay,	psychomotor	delay	and	
intellectual	disability

•	Feeding	problems,	vomiting	and	hiccups

•	Abnormal	body	odour	resembling	sweaty	feet

•	Skin	lesions	and	alopecia

•	Hepatomegalya

•	Cardiomyopathya

•	Chronic	renal	failurea

•	Pancreatitisa

•	Visual	difficulties	due	to	optic	nerve	atrophya

•	Craniofacial	dysmorphism

Cerebral organic acidurias
•	Progressive	late	onset	(most	common)	or	early	onset

•	Family	history	of	sibling	death	with	neurodegeneration

•	Progressive	developmental	delay,	psychomotor	delay	
and	intellectual	disability

•	Movement	disorders:	hypertonia,	hypotonia,	dystonia	
and	spastic	tetraparesis

•	Ataxia	and	abnormal	gait

•	Cardiomyopathya

•	Craniofacial	dysmorphism

•	Sensorineural	hearing	loss

•	Visual	difficulties	due	to	optic	nerve	atrophya

aLong-term	systemic	complications.
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Table 1 | Features of prevalent classical organic acidurias

Disease (oMIM 
entry)

gene(s) Prevalence Biochemical markers Clinical features long-term neurological outcomes refs

Neurological signs MrI findings

Isolated 
methylmalonic 
acidaemia  
(251000,  
251100, 251110, 
277410 and  
251120)

•	MMUT
•	MMAA
•	MMAB
•	MMADHC
•	MCEE

1 in 50,000– 
80,000

•	Methylmalonic acid
•	3-Hydroxypropionic acid
•	Methylcitric acid
•	Tiglylglycine
•	Propionylglycine
•	Propionylcarnitine
•	Lactic acidaemia or 

aciduria
•	Hyperglycinaemia
•	Hyperammonaemia
•	Neutropenia
•	Thrombocytopenia

•	Early onset 
(neonates): 
recurrent 
ketoacidosis, 
vomiting, 
respiratory distress, 
poor feeding and 
encephalopathy 
(profound 
hypotonia, lethargy 
and/or coma and 
seizures)

•	Late onset 
(late infancy 
to adulthood): 
poor feeding, 
developmental 
delay , psychomotor 
delay and/or  
intellectual 
disability, failure to 
thrive, renal failure, 
pancreatitis and 
visual problems

Seizures, 
intellectual 
disability , 
choreoathetosis, 
dystonia, spastic 
tetraparesis and 
optic nerve atrophy

Metabolic 
stroke and 
alterations 
of the globus 
pallidus, 
progressive 
white matter 
abnormalities 
and cerebral 
atrophy

33,34,36

Propionic  
acidaemia  
(606054)

•	PCCA
•	PCCB

1 in  
100,000– 
150,000

•	3-Hydroxypropionic acid
•	Methylcitric acid
•	Tiglylglycine
•	Propionylglycine
•	Propionylcarnitine
•	Lactic acidaemia or 

aciduria
•	Hyperglycinaemia
•	Hyperammonaemia
•	Pancytopenia

•	Early-onset: 
lethargy and/or 
coma, poor feeding, 
vomiting and 
hypotonia

•	Late onset: 
developmental 
delay , intellectual 
disability, failure 
to thrive, chronic 
gastrointestinal 
complaints, 
cardiomyopathy , 
pancreatitis, 
protein intolerance, 
psychosis, 
hypotonia, 
dystonia and 
choreoathetosis

Intellectual 
disability , 
movement 
disorders and 
seizures

Bilateral 
alterations 
of the basal 
ganglia and 
generalized 
brain atrophy 
with white 
matter 
spongiosis and 
optic nerve 
atrophy

14,41–43

Isovaleric  
acidaemia  
(243500)

IVD 1 in  
100,000– 
200,000

•	Isovalerylglycine
•	3-Hydroxyisovaleric acid
•	Neutropenia, 

thrombocytopenia or 
pancytopenia

•	Hyperammonaemia

•	Some individuals 
are asymptomatic

•	Early onset: severe 
life-threatening 
attacks of metabolic 
ketoacidosis, 
vomiting, profound 
hypotonia, lethargy 
and/or coma and 
death in one-third 
of patients

•	Late onset or 
intermittent: less 
severe crises of 
acidosis associated 
with failure 
to thrive and 
developmental 
delay , pancreatitis 
and cardiac 
arrhythmias

•	All affected 
patients have 
a body odour 
resembling sweaty 
feet

•	Variable cognitive 
outcome from 
normal to mild 
intellectual 
disability

•	Optic nerve 
atrophy

Findings are 
nonspecific 
and can include 
bilateral 
alterations 
of the globus 
pallidus and 
white matter 
abnormalities 
with delayed 
myelination and 
enlargement of 
the ventricular 
system 
and/or the 
extracerebral 
spaces

44–46
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Isovaleric acidaemia. Isovaleric acidaemia (IVA) is caused 
by isovaleryl CoA dehydrogenase deficiency, leading to 
accumulation of isovaleric acid, 3-hydroxyisovaleric  
acid and isovalerylglycine44. Diagnosis is based on high 
urinary excretion predominantly of isovalerylglycine 
but also of 3-hydroxyisovaleric acid and high blood lev-
els of isovalerylcarnitine. Prevalence estimates for IVA 
in the general population range from 1 in 100,000 to  
1 in 200,000 individuals45. A body odour reminiscent of 
sweaty feet is pathognomonic of IVA.

The clinical presentation of IVA is heterogeneous, 
varying from asymptomatic to severely affected individ-
uals46. Patients with the early-onset acute neonatal form 
account for half of the symptomatic individuals, and 
they present with acute episodes of metabolic acidosis, 
ketosis and vomiting, often progressing to a profound 
coma that can lead to a fatal outcome. The other half 
have a late-onset intermittent form, which manifests in 
later life with intermittent episodes of metabolic acido-
sis during catabolic states or high protein intake and is 
associated with long-term developmental delay, failure 
to thrive, optic nerve atrophy, cardiac arrhythmias and 
pancreatitis35,46.

Bilateral alterations in the globus pallidus and white 
matter changes are common MRI findings in patients 
with IVA, and intracranial haemorrhage has also been 
described47.

Presymptomatic diagnosis through NBS, followed 
by prompt treatment, substantially improves long-term 
physical and neurological outcomes in patients with IVA, 

highlighting the value of early diagnosis48. Aggressive 
treatment is needed during crises to maintain anabo-
lism. Patients are maintained under protein and  leucine 
restriction, combined with l-carnitine and glycine 
supplementation.

3-Hydroxy-3-methylglutaryl-CoA lyase deficiency. 
3-Hydroxy-3-methylglutaryl-CoA lyase (HMGCL) 
deficiency is a life-threatening metabolic disorder 
caused by reduced activity of HMGCL, which results in 
high urinary excretion of 3-hydroxy-3-methylglutaric 
acid, 3-methylglutaric acid, 3-methylglutaconic acid, 
3-hydroxyisovaleric acid and 3-methylcrotonylglycine 
and blood accumulation of 3-hydroxyisovalerylcarni-
tine and 3-hydroxy-3-methylglutarylcarnitine. HMGCL 
deficiency affects fewer than 1 in 100,000 individuals47,49.

In patients with HMGCL deficiency, acute clinical 
episodes of vomiting, dehydration, hypotonia, convul-
sions, lethargy or coma, dyspnoea and hepatomegaly 
with elevated transaminases, associated with metabolic 
acidosis, hypoketotic hypoglycaemia and hyperam-
monaemia and usually precipitated by prolonged fasting 
or infections, occur during infancy or late childhood and 
can have a fatal outcome49. Long-term neurological com-
plications, including variable degrees of psychomotor 
delay and/or intellectual disability, speech delay, hypo-
tonia, seizures, spasticity, tremor and visual impairment, 
occur in half of untreated patients.

Neuroimaging alterations, such as cerebral atrophy 
with white matter abnormalities, delayed myelination 

Disease (oMIM 
entry)

gene(s) Prevalence Biochemical markers Clinical features long-term neurological outcomes refs

Neurological signs MrI findings

3-Hydroxy-
3-methylglutaryl- 
CoA lyase  
deficiency  
(246450)

HMGCL <1 in  
100,000

•	3-Hydroxy-3-
methylglutaric acid

•	3-Methylglutaric acid
•	3-Methylglutaconic acid
•	3-Hydroxyisovaleric acid
•	3-Methylglutarylcarnitine
•	Hypoglycaemia
•	Hyperammonaemia

•	Early-infantile 
onset: convulsions, 
lethargy and/or 
coma, vomiting, 
muscular hypotonia 
and hepatomegaly 
with elevated 
transaminases 
precipitated by 
infections

•	Late onset: milder 
course with 
developmental 
delay associated 
with progressive 
leukodystrophy

Cognitive outcomes 
varying from normal 
(50% of patients) to 
severe intellectual 
disability in 
untreated patients

Cerebral 
atrophy , 
delayed 
myelination and 
leukodystrophy 
in 90% of 
patients and 
basal ganglia 
alterations in 
50%

49,50

Beta- 
ketothiolase 
deficiency  
(203750)

ACAT1 1 in  
230,000

•	2-Methyl-3-
hydroxybutyric acid

•	Tiglylglycine
•	2-Methylacetoacetic 

acid
•	Hypoglycaemia
•	Ketoacidosis or 

ketonuria
•	Mild hyperammonaemia
•	Hyperlactic acidaemia

Early onset: acute 
intermittent 
ketoacidotic 
episodes with 
vomiting, hypotonia, 
dyspnoea, apathy , 
lethargy , coma 
and seizures; 
asymptomatic 
between crises; many 
patients, particularly 
adults, are 
asymptomatic with 
normal cognitive 
development

Asymptomatic to 
minor intellectual 
disability

Bilateral 
changes in 
basal ganglia 
(putamen 
and/or globus 
pallidus and 
dentate nuclei)

52–54

Diagnosis is performed primarily by determination of urinary organic acid profiles and occasionally by enzymatic, complementation and DNA analysis.

Table 1 (cont.) | Features of prevalent classical organic acidurias
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and leukodystrophy, are observed in almost all untreated 
patients with HMGCL deficiency, and around half 
show diffuse signal changes in the basal ganglia49,50. 
Interestingly, these cerebral MRI alterations rarely cor-
relate with the neurological symptoms and might be 
reversible by adequate treatment51.

Treatment for HMGCL deficiency is based on protein 
and leucine restriction, supplemented by l-carnitine and 
a leucine-free amino acid mixture.

Beta-ketothiolase deficiency. Beta-ketothiolase deficiency 
— also known as mitochondrial acetoacetyl-CoA thio-
lase deficiency — is caused by severe deficiency of mito-
chondrial 2-methylacetoacetyl-CoA thiolase and affects 
~1 in 230,000 individuals52. The disease is characterized 
biochemically by high urinary excretion of 2-methyl-3- 
hydroxybutyric acid, tiglylglycine and 2-methylacetoacetic  
acid and blood accumulation of tiglylcarnitine and 
2-methyl-3-hydroxybutyrylcarnitine53.

Untreated patients usually present from infancy to 
adolescence with intermittent metabolic crises precipi-
tated by infections and associated with vomiting, hypoto-
nia, tachydyspnoea, convulsions and somnolence, apathy, 
lethargy and/or coma. If patients are diagnosed early and 
immediately assigned to protein restriction and l-carnitine  
administration, the prognosis is excellent. However, 
patients who fail to adhere to this treatment can develop 
mild-to-moderate speech, psychomotor and mental 
delay, dystonia, chorea, spasticity and/or ataxia. Cerebral 
MRI alterations are rare, although basal ganglia (putamen 
and/or globus pallidus) changes and nonspecific cerebral 
atrophy have been reported in some untreated patients 
but do not correlate with the number of acute attacks of 
ketoacidosis, implying chronic toxicity53–55.

Cerebral organic acidurias
TaBle 2 summarizes the main characteristics of the most 
frequent cerebral OADs. Individuals with cerebral OADs 
usually have a late-onset presentation (childhood or 
adulthood), characterized exclusively or predominantly 
by progressive neurological symptoms and irreversible 
severe brain imaging alterations8,11,56. Frequent neuro-
logical signs of cerebral OADs include psychomotor and 
speech delay, intellectual disability, seizures, muscular 
hypotonia or hypertonia, dystonia, choreoathetosis, 
spasticity, ataxia and macrocephaly. Attacks of metabolic 
decompensation accompanied by acute striatum degen-
eration can occur in untreated glutaric acidaemia type I 
(GA1)57, whereas acute cardiomyopathy is observed in 
d-2-hydroxyglutaric aciduria type II (D2HGA2)58.

Glutaric acidaemia type I. GA1 is caused by severe 
deficiency of glutaryl-CoA dehydrogenase and has an 
estimated prevalence of 1 in 30,000–100,000 newborn 
babies57,59. The disorder is characterized biochemically 
by accumulation of glutaric acid and 3-hydroxyglutaric 
acid (3OHGA) in all tissues but principally within the 
brain57,60. Two biochemical phenotypes, high and low 
excretors, have been described on the basis of urinary 
excretion of glutaric acid. The level of excretion has no 
influence on the clinical course, which is essentially 
neurological. GA1 is also classified into early-onset, 

insidious-onset and late-onset forms. Early-onset GA1 
is the most common variant: in 80–90% of untreated 
patients with early-onset GA1, acute striatal degen-
eration develops between 3 months and 6 years of 
life, following encephalopathic crises that are trig-
gered by catabolic events precipitated by infections, 
 immunizations, surgery or fasting.

Patients with early-onset GA1 usually present at birth 
with macrocephaly, mild motor delay and axial hypo-
tonia. MRI reveals an immature gyral pattern, delayed 
white matter development and frontotemporal atrophy60. 
During acute encephalopathic crises, bilateral degen-
eration of the caudate and putamen occurs. Caudate 
and putamen injury is histologically characterized by 
severe loss of small neurons, accompanied by gliosis. 
Thereafter, the disease progresses to dystonia, some-
times coupled to choreoathetosis superimposed by axial 
hypotonia, and later to severe spastic tetraparesis or fixed 
dystonia associated with akinetic–rigid parkinsonism61. 
Mental capabilities remain unaffected in most patients 
but might deteriorate after some attacks.

Patients with insidious-onset GA1 are usually asymp-
to matic in the first months or years of life but progress  
to mild-to-moderate progressive dystonia, commonly 
accompanied by striatal lesions as the disease advances. 
Late-onset GA1 is diagnosed after 6 years of age. 
Individuals with this condition have no striatal dam-
age and can be asymptomatic or have mild nonspecific 
neurological deficits, epilepsy, tremor or dementia. No 
apparent encephalopathic crises are reported in these two 
milder variants, and they are usually diagnosed during  
childhood or adulthood if NBS is unavailable60,62–64.

Patients with all types of GA1 commonly present with 
frontotemporal hypoplasia and subependymal nodu-
les on MRI which, though not associated with clinical  
findings, should direct investigation for this disease. 
Subdural haematomas, mimicking abusive head trauma, 
can also be observed in both symptomatic and asympto-
matic individuals. Patients with the early and insidious 
variants can be high or low excretors, whereas late-onset 
patients are always high excretors63.

In most patients with GA1, cerebral MRI shows extra-
striatal abnormalities consisting of delayed myelination 
(spongiform myelinopathy) with progressive widening 
of anterior temporal and Sylvian cerebrospinal fluid 
(CSF) spaces, as well as alterations of the globus pallidus, 
substantia nigra, dentate nucleus, thalamus and central 
tegmental tract60. Subdural haematomas are found in 
20% of untreated individuals65. 1H magnetic resonance 
spectroscopy (1H-MRS) reveals increased glutaric acid 
and 3OHGA concentrations in the white matter62.

Incorporation of GA1 into NBS programmes has 
allowed presymptomatic diagnosis and early treatment, 
which was shown to prevent encephalopathic episodes 
and neurological sequelae in 89% of patients66. If treat-
ment is delayed, striatal abnormalities and movement 
disorders cannot be reversed.

Acute and long-term treatment for GA1 is based on 
a low-lysine diet, supplemented by l-carnitine and argi-
nine, as well as aggressive treatment with high carbohy-
drate intake to avoid catabolism during acute episodes 
of metabolic decompensation.
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Table 2 | Features of prevalent cerebral organic acidurias

Disease 
(oMIM entry)

gene(s) Prevalence Biochemical 
markers

Clinical features long-term neurological outcomes refs

Neurological signs MrI findings

Glutaric 
acidaemia type 
I (231670)

GCDH 1 in 30,000– 
100,000

•	Glutaric acid
•	3-Hydroxyglutaric 

acid

•	At birth: 
macrocephaly , 
motor delay and 
hypotonia

•	Early onset and 
insidious onset: 
movement 
disorders 
(dystonia and 
choreoathetosis) 
evolving to 
severe spastic 
tetraparesis; lack 
of head control

•	Late onset: 
asymptomatic  
or mild-to- 
moderate 
nonspecific 
neurological 
features, including 
convulsions, 
tremor and 
dementia

•	Early onset: 
dystonia, 
choreoathetosis, 
spastic 
tetraparesis and 
other nonspecific 
neurological 
findings

•	Insidious onset: 
nonspecific 
neurological 
deficits and 
motor problems

•	Late onset: 
nonspecific 
neurological 
signs

•	Early onset: 
putamen 
and caudate 
degeneration, 
moderate 
frontotemporal 
hypoplasia and 
subependymal 
nodules with 
immature 
delayed 
white matter 
development

•	Insidious onset: 
progressive less 
intense striatal 
degeneration; 
other findings 
similar to early 
onset but less 
intense

•	Late onset: 
substantial 
frontotemporal 
hypoplasia 
and no striatal 
damage; 
extensive  
white matter 
changes

57,59,60,62–65,193

l-2-Hydroxy-
glutaric 
aciduria 
(236792)

L2HGDH 150 known 
cases

l-2-Hydroxyglu-
taric acid

Late onset: 
progressive 
psychomotor  
delay and/or  
intellectual 
disability, 
macrocephaly , 
ataxia, epilepsy 
and pyramidal and 
extrapyramidal 
signs starting 
in childhood or 
adulthood

Progressive 
intellectual 
disability, 
cerebellar ataxia 
and pyramidal and 
extrapyramidal 
signs

Subcortical 
leukoenceph-
alopathy with 
involvement of 
dentate nuclei, 
putamen and 
globus pallidus 
and atrophy 
of the cerebral 
white matter 
involving the 
frontal and 
subcortical  
areas with 
swelling and 
the cerebellar 
hemispheresa

69–72

d-2-Hydroxy-
glutaric 
aciduria types 
I and II (600721 
and 613792)

•	D2HGDH
•	IDH2

80 known cases d-2-Hydroxyglu-
taric acid

•	Infantile 
early onset: 
convulsions, 
severe hypotonia, 
psychomotor 
retardation and 
developmental 
delay , as 
well as fatal 
cardiomyopathy , 
facial 
dysmorphism  
and macrocephaly 
in some  
patients

•	Late onset 
(milder form): 
developmental 
delay and/or  
intellectual 
disability and 
hypotonia

Macrocephaly 
and intellectual 
disability

Delayed cerebral 
maturation, 
multifocal 
cerebral 
white matter 
abnormalities, 
subdural 
effusions, 
enlargement 
of the lateral 
ventricles and 
subependymal 
pseudocysts

58,67,68
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D-2-Hydroxyglutaric aciduria. D2HGA1 and D2HGA2 
are rare neurometabolic disorders that are caused by 
mutations in the genes encoding d-2-hydroxygluta-
rate dehydrogenase and isocitrate dehydrogenase 2,  
respectively. Both types result in high levels of d-2- 
hydroxyglutaric acid in urine, plasma, CSF and, in par-
ticular, the brain. The concentrations of this organic 
acid are much higher in D2HGA2 than in D2HGA1. 
Diagnosis is based on detection of elevated concentra-
tions of D-2-hydroxyglutaric acid in body fluids. Over 
80 cases of D2HGA have so far been reported, but the 
prevalence in the general population is unknown58.

D2HGA1 manifests within the first 6 years of 
life, and disease progression is generally insidi-
ous with mild-to-moderate clinical symptoms and 
a still-undefined life expectancy. In D2HGA2, the 

symptoms emerge in the first 2 years of life, are more 
severe than in D2HGA1 and include cardiomyopathy, 
associated with high mortality, in half of patients58,67. The 
characteristic clinical findings of both disorders consist 
of epilepsy, hypotonia and developmental delay67,68. 
Most children with early-infantile onset are affected 
by D2HGA2 and manifest with generalized convul-
sions, severe hypotonia and psychomotor retardation. 
Macrocephaly, visual problems and facial dysmor-
phism can also be observed in both forms as the disease 
progresses.

Neuroimaging findings usually reveal delayed cer-
ebral maturation and myelination, multifocal cerebral 
white matter abnormalities, subdural effusions, enlarge-
ment of the lateral ventricles and subependymal pseudo-
cysts58,68. Patients with the milder forms have less intense  

Disease 
(oMIM entry)

gene(s) Prevalence Biochemical 
markers

Clinical features long-term neurological outcomes refs

Neurological signs MrI findings

Canavan 
disease 
(271900)

ASPA 1 in 100,000 
in the general 
population and 
1 in 10,000 in 
Ashkenazi Jews

N-Acetylaspartate •	Infantile early 
onset: vomiting, 
convulsions, 
lethargy , weak 
cry and suck , lack 
of head control, 
hypotonia, 
poor vision, 
macrocephaly and 
developmental 
delay ; later, 
spasticity and 
opisthotonus

•	Juvenile late 
onset: moderate 
developmental 
delay , speech 
difficulties, 
mild-to- 
moderate 
intellectual 
disability and 
progressive 
neurological 
regression

Intellectual 
disability, 
blindness, 
spasticity and 
opisthotonus

Macrocephaly , 
diffuse symmetric 
spongiform  
changes with 
degeneration  
of myelin,  
sometimes  
associated 
with cytotoxic 
oedema in the 
subcortical 
white matter and 
alterations in the 
globus pallidus  
and thalamusa

73,74

Ethylmalonic 
encephalopathy 
(602473)

ETHE1  >100 cases •	Ethylmalonic acid
•	Methylsuccinic 

acid
•	Isobutyrylglycine
•	Isovalerylglycine
•	Butyrylcarnitine
•	Isovalerylcarnitine
•	Lactic acidaemia
•	Thiosulfate

Early onset: 
severe global 
developmental 
delay with 
progressive 
psychomotor 
regression, seizures 
and vascular 
damage, dystonia, 
hypotonia evolving 
to hypertonia and 
spasticity , loss 
of head control, 
vomiting, chronic 
diarrhoea and 
failure to thrive

Early onset: 
progressive 
developmental 
delay with 
mild-to-severe 
intellectual 
disability , dystonia, 
hypotonia evolving 
to hypertonia or 
spasticity , seizures 
and dystonia

•	Brain 
hypotrophy or 
atrophy mainly 
involving 
frontotemporal 
and parietal 
regions 
bilaterally

•	Basal ganglia, 
cerebellar and 
periventricular 
white matter 
involvement

•	Diffuse 
leukoencephalo 
pathy in more 
severe cases

•	Occasionally ,  
acute 
microhaemor- 
rhages and 
microthrombi

85–87

Diagnosis is performed primarily by determination of urinary organic acid profiles and occasionally by enzymatic, complementation and DNA analysis. aDiagnostic features.

Table 2 (cont.) | Features of prevalent cerebral organic acidurias
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cerebral MRI anomalies. No effective treatment is available  
for these diseases.

l-2-Hydroxyglutaric aciduria. l-2-Hydroxyglutaric aci-
duria (L2HGA) is a rare neurometabolic disorder caused 
by l-2-hydroxyglutarate dehydrogenase deficiency and 
characterized biochemically by high urinary excretion 
and tissue accumulation of l-2-hydroxyglutaric acid, 
particularly in the brain58,69. Diagnosis is based on iden-
tification of high concentrations of l-2-hydroxyglutaric 
acid in urine, plasma and CSF. Over 150 cases of L2HGA 
have been reported, but its prevalence in the general 
population is still unknown.

L2HGA exclusively affects the CNS, manifesting 
insidiously in childhood or adulthood with progressive 
psychomotor delay, intellectual disability, macroceph-
aly, epilepsy, hypotonia, cerebellar ataxia, pyramidal and 
extrapyramidal signs and behavioural problems.

MRI findings in L2HGA are characteristic and diag-
nostic, usually revealing white matter abnormalities, 
swelling or rarefaction in the frontal and temporal areas 
and abnormalities of the basal ganglia, dentate nuclei and  
globus pallidus70,71. Cerebellar atrophy and gliomatosis 
can also be observed in some patients, resulting in rapid 
neurological deterioration72. 1H-MRS shows high levels 
of l-2-hydroxyglutaric acid in the brain69. No treatment 
is available for this disease.

Canavan disease. Canavan disease, also known as spongy 
degeneration of the brain, is a devastating leukoencepha-
lopathy caused by aspartoacylase deficiency, which results 
in high levels of N-acetylaspartate (NAA) in the brain, 
CSF, plasma and urine. The prevalence of the disease is 
~1 in 100,000 in the general population and 1 in 10,000 
in Ashkenazi Jews73. Diagnosis is based on detection of 
elevated urinary concentrations of NAA. However, NAA 
levels might be only slightly increased in the juvenile var-
iant, so molecular genetic testing of the aspartoacylase 
(ASPA) gene is required to confirm the diagnosis73.

Patients with the neonatal-infantile form of Canavan 
disease present during infancy with vomiting, convul-
sions, lethargy, weak cry and suck, lack of head control, 
developmental delay, hypotonia progressing to spasticity, 
macrocephaly and poor vision due to nerve optic atro-
phy, and they die before 3 years of age73. Patients with 
the juvenile (late-onset) variant show moderate develop-
mental delay, speech difficulties, mild-to-moderate  
intellectual disability and progressive neurological 
regression.

Neuroimaging findings in Canavan disease are diag-
nostic and include macrocephaly, diffuse symmetrical 
spongiform changes with degeneration of myelin, some-
times associated with cytotoxic oedema of the subcortical 
white matter, and alterations in the globus pallidus and 
thalamus74,75. Increased cerebral NAA concentrations 
are found on 1H-MRS76. As the disease advances, white 
matter atrophy with ventriculomegaly can be observed.

No effective treatment is available for Canavan dis-
ease, although recent observations in an animal model 
might aid the development of new therapies. In this 
model, aspartoacylase activity was restored by deliv-
ering a functional ASPA gene to oligodendrocytes77. 

In addition, normalization of NAA levels through 
knockout of the neuronal N-acetyltransferase 8-like 
enzyme, which synthesizes NAA, permitted normal 
CNS myelination, thereby suppressing the development 
of spongiform leukodystrophy78–80.

Ethylmalonic encephalopathy. Ethylmalonic enceph-
alopathy, also known as ETHE1 deficiency, is a rare 
autosomal recessive, devastating and invariably fatal 
neurometabolic disorder that was first described  
by Burlina and collaborators81. The disease is caused by 
pathogenic variants in the ETHE1 gene, which encodes a 
mitochondrial sulfur dioxygenase involved in the catabo-
lism of sulfide. These variants result in accumulation of  
hydrogen sulfide and its by-product thiosulfate, mainly 
in the liver, brain and colonic mucosa82,83. Over 100 cases 
of this disorder have been confirmed to date84.

Diagnosis of ethylmalonic encephalopathy is based 
on detection of high amounts of the accumulating com-
pounds in urine and/or blood and can be confirmed by 
enzymatic activity determination or mutation analysis. 
Patients usually have early-onset progressive global 
developmental delay with neurological deterioration, 
manifested by psychomotor retardation, intellectual 
disability, refractory generalized tonic–clonic seizures, 
dystonia, axial hypotonia evolving to hypertonia and 
spasticity with hyperflexia in the lower limbs and, finally, 
paraparesis until a wheelchair is needed. Systemic find-
ings include Leigh-like syndrome, vomiting, chronic 
haemorrhagic diarrhoea, recurrent petechial rash, espe-
cially on the trunk, and orthostatic acrocyanosis. The 
prognosis is very poor, and mortality occurs in the first 
decade, most frequently within the first 2 years of life 
and often during metabolic decompensation triggered 
by infections85.

Neuropathological findings on MRI include abnor-
malities in the basal ganglia, especially the caudate and 
dentate nuclei, and periventricular and cerebellar white 
matter changes involving the corpus callosum and the 
brainstem that can evolve to diffuse leukoencephalo-
pathy with varying degrees of cerebral and cerebellar 
atrophy85. Lesions in the basal ganglia, midbrain and pons  
are characterized by vascular congestion with multiple 
foci of neuronal loss, gliosis and increased vessel den-
sity that are consistent with ischaemic damage86,87. EEG 
shows marked diffuse depression of cerebral activity and 
persistent epileptic abnormalities with rapid evolution 
towards a pattern of hypsarrhythmia.

As regards the pathogenesis of ethylmalonic enceph-
alopathy, high levels of hydrogen sulfide were proposed 
to damage cell membranes, including vascular endothe-
lial cells of the large intestine in humans and in the 
experimental animal model, leading to chronic haemor-
rhagic diarrhoea86,88,89. The vasculopathy is also con-
sidered to cause multiple necrotic brain lesions, which  
are responsible for the neurological manifestations of 
the disease86,90. In addition, hydrogen sulfide was shown 
to inhibit short-chain acyl-CoA dehydrogenase and 
cytochrome c oxidase activities in the skeletal muscle 
and brain, leading secondarily to accumulation of ethyl-
malonic acid, C4-acylcarnitine, C5-acylcarnitine and 
lactate88,91,92. Moreover, ethylmalonic acid and hydrogen 
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sulfide were demonstrated to provoke bioenergetics dys-
function, oxidative stress and mitochondrial permeabil-
ity transition in the rat brain, and glutathione levels were 
found to be reduced in fibroblasts from patients with 
ethylmalonic encephalopathy93–100.

The usual treatment for ethylmalonic encephalopathy 
is supportive and includes antispastic agents, muscle relax-
ants and antiepileptic drugs85. A recently developed therapy 
involves a diet restricted in sulfur-containing amino acids 
and the combined chronic use of N-acetylcysteine and 
metronidazole, as well as haemodialysis during acute 
episodes of metabolic decompensation101,102. In addition, 
some patients might benefit from liver transplantation84.

Long-term neurological complications
Patients affected by OADs generally develop irreversible 
long-term complications, such as intellectual disability, 
convulsions, movement disorders (dystonia, choreoathe-
tosis, spasticity or ataxia), epilepsy and behavioural and/or  

psychiatric problems2,9,22, which might be partially — or, 
in rare cases, totally — prevented by early treatment.

Acute oedema and injury of the basal ganglia are com-
monly found in various early-onset classical OADs and 
in GA1 during or following encephalopathic crises, sug-
gesting severe intoxication due to elevated concentrations 
of the accumulating organic acids. These lesions lead to 
irreversible neurological signs, such as dystonia, atheto-
sis, convulsions and intellectual disability9. Progressive 
bilateral hypodensities and atrophy of the basal ganglia 
associated with permanent neurological signs are also 
seen in late-onset insidious classical OADs in the absence 
of metabolic crises, as well as in cerebral OADs (GA1 and 
L2HGA), implying chronic intoxication26,33,36,57,58,60,61. The 
proposed neurotoxic effects of accumulating metabolites 
are supported by the positive correlation between the lev-
els of the accumulating organic acids and the severity 
of the clinical and neurological symptoms in MMAs, 
 propionic acidaemia and IVA13,46.

In some of these disorders, neuroimaging reveals 
macrocephaly (or microcephaly), which might be 
combined with brainstem, cortical and cerebellar atro-
phy associated with diffuse white matter changes and 
delayed myelination13,36,60,63,71,74,103,104. Neuroimaging is 
also helpful in discriminating OADs from other com-
mon pathological states with similar presentations, 
such as cerebral hypoxic injury and neonatal sepsis. 
Furthermore, although the brain imaging alterations 
that are observed on conventional or advanced MRI can 
be nonspecific, in some OADs, such as Canavan disease, 
GA1 and L2HGA, they have a central role in the diagnos-
tic work-up and can expedite laboratory investigations 
to achieve a rapid and definitive diagnosis47,58,104.

In patients with classical OADs, an early age of onset 
and a severe clinical presentation usually correlate with a 
poor neurological prognosis, whereas later disease onset 
is associated with a better outcome9. Factors that have 
been proposed to contribute to behavioural and psy-
chiatric manifestations in patients with OADs include 
intellectual impairment, chronic and/or acute cerebral 
intoxication, and the overall effects of chronic illness on 
the psychological well-being of adolescents and young 
adults105,106.

Diagnosis
A diagnostic approach for OADs is outlined in Fig. 1. 
Unexplained acute or chronically progressive neurolog-
ical symptoms and brain abnormalities on conventional 
or advanced MRI, associated with nonspecific systemic 
signs and alterations on routine biochemical tests (meta-
bolic acidosis with wide anion gap, lactic acidaemia, 
ketonaemia and/or ketonuria, hypoglycaemia, hyperam-
monaemia and pancytopenia), and/or a previous family 
history of unexplained infant deaths are highly indicative 
of classical OADs. More common acquired causes of acute 
encephalopathy intoxication, including sepsis, bacterial 
or virus encephalitis, drug or poison intake and vascu-
lopathies, should be always considered. However, investi-
gation of OADs should never be delayed or stopped, even 
in the presence of sepsis that requires urgent treatment. 
Suspected OADs should be rapidly confirmed through 
specific biochemical and genetic tests by reference 

History and clinical signs indicative of organic acidurias

• Acute or chronic encephalopathy (coma, hypotonia, hypertonia or 
dystonia, psychomotor delay and/or intellectual disability and brain 
morphological abnormalities)

• Respiratory distress
• Poor feeding and suck
• Vomiting
• Early sibling death of unknown cause
• Consanguinity: investigate three-generation inheritance pattern

Exclude more common causes

• Acquired acute encephalopathy due to inflammatory causes 
(bacterial or viral encephalitis)

• Unexpected drug or poison intake
• Vasculopathies

First-level (routine) tests

• Blood: pH, HCO
3

–, glucose, lactate, ammonia, electrolytes, red, 
white and platelet cell counts and bacteriological studies

• Urine: pH, sugar and ketones
• Cerebrospinal fluid: biochemistry and culture
• Renal and liver function tests

Second-level tests

• Blood: quantitative analysis of amino 
acids, acylcarnitines and total and 
free carnitine

• Urine: qualitative analysis of organic 
acids and acylglycines

• Ketosis and/or ketonuria
• Metabolic acidosis
• Lactic acidosis
• Hypoglycaemia
• Hyperammonaemia

Diagnosis 
of organic
acidurias

Third-level tests

• Loading and other tests on patients 
and parents

• Enzymology on biopsied material 
(skin fibroblasts, blood cells, liver 
and muscle)

• DNA analysis

Fig. 1 | Diagnosis of organic acidurias. Flow diagram showing the main steps of the 
diagnostic process for organic acidurias.
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centres in association with specialized metabolic lab-
oratories. In urgent situations during acute meta bolic  
crises with rapid deterioration, samples should be imme-
diately collected, nonspecific emergency treatment insti-
tuted and investigations commenced to prevent mortality 
and attenuate cerebral and non-cerebral injury.

The gold standard test for biochemical diagnosis of 
classical and cerebral OADs is urine organic acid deter-
mination by gas chromatography coupled to mass spec-
trometry (GC–MS). In the vast majority of patients, a 
definitive diagnosis is achieved by identification of 
a characteristic profile of high amounts of urinary 
organic acids on GC–MS4,107. Samples should prefer-
ably be collected during episodes of acute metabolic 
decompensation, as in some OADs, the concentrations 
of the pathognomonic organic acids and derivatives 
can be normal or near-normal when patients are in a 
compensated state with normal pH and serum HCO3

−. 
Quantitative analysis of carnitines (free and total) and 
especially the acylcarnitine profile in dried blood, 
plasma or urine by the sensitive diagnostic technology 
tandem mass spectrometry (MS–MS) are also helpful 
to screen for or diagnose some OADs108. Blood amino 
acid analysis is important for the diagnosis of the MMAs 
and propionic acidaemia, which are characterized by 
elevations of blood glycine levels, as well as for differen-
tial diagnosis with amino acidopathies, which can have 
 similar clinical signs to the OADs.

1H-MRS permits noninvasive quantification of 
cerebral metabolite levels and is used to confirm the 
diagnosis and monitor disease progression in Canavan 
disease76, L2HGA69 and GA1 (reF.62). In some cases in 
which the biochemical phenotype is not diagnostic, 
measurement of enzymatic activities and/or genetic 
testing by single DNA mutational studies or exome 
 sequencing is necessary to make a conclusive judgement.

In recent years, NBS for inherited metabolic dis-
orders, utilizing acylcarnitine analysis by MS–MS, 
has been developed in many countries, enabling early 
diagnosis and immediate treatment of presymptomatic 
patients with various OADs. However, mass NBS has 
proved successful only for GA1, late-onset IVA and pos-
sibly cblA, in which symptoms and neurological deterio-
ration usually develop a few months after birth, allowing 
prompt and effective treatment following diagnosis in 
the neonatal period48,64,109.

Current and future therapies
The ideal therapy for OADs should be brain-sparing, 
tailored to the multi-systemic nature of the disease and 
personalized to the affected patients. The main goal is to 
maintain normal growth and development. Psychological 
support should also be offered to patients, and their fam-
ilies should be placed in touch with patient associations 
and national and international networks (see below).

Current therapeutic approaches for classical OADs 
can substantially decrease mortality and overall mor-
bidity but in most cases cannot completely prevent 
long-term complications, especially neurological out-
comes. As a consequence, long-term survivors fre-
quently develop serious neurological sequelae, including 
intellectual disability, convulsions, movement disorders, 

ataxia and prominent cerebral abnormalities9,13 (Box 3). 
With the exception of GA1, therapy for the cerebral 
OADs is limited or non-existent.

Box 4 summarizes the general treatment strategies 
for OADs. Controlled dietary nutrient intake afford-
ing the required but not excessive essential amino acids 
through natural (complete) protein, as well as micro-
nutrients, carbohydrates and fats, is crucial to maintain 
normal plasma amino acid ratios and anabolism in the 
affected patients. Thus, patients with OADs should be 
maintained with oral protein restriction (0.8–1.0 g pro-
tein per kg body weight). However, this diet can result in 
vomiting and anorexia, in which case gastrostomy tube 
placement or gastrojejunostomy tube feeding might be 
required to ensure caloric and fluid intake. The use of 
medical foods as a source of amino acid-deficient pro-
tein should be minimized to prevent amino acid defi-
ciencies that might worsen patient outcomes33. Studies 
have indicated that these formulas can decrease plasma 
methionine levels and head circumference in patients 
with cblC and can reduce valine and isoleucine levels, 
possibly compromising brain development, in patients 
with mut0 MMA110–112, although these findings have 
been disputed113. Further well-controlled studies are 
needed to establish the efficacy, safety and optimal 
composition of amino acid mixtures in the dietary 
management of  disorders of propionate metabolism  
(MMA and  propionic acidaemia).

Emergency treatment is required during episodes 
of intercurrent illness, which frequently lead to a 
fatal outcome in the OADs. This treatment should be 
aggressive and aimed at rapidly restoring and main-
taining anabolism, providing high-energy substrate 
intake (mainly carbohydrates), restoring volume sta-
tus and acid–base balance and decreasing production 
and facilitating removal of toxic organic acids and 
by-products to protect patients from irreversible brain 
damage and death14,114. During acute crises of metabolic 

Box 3 | long-term neurological outcomes

The	outcomes	listed	below	are	observed	in	both	classical	
and	cerebral	organic	acidurias.

Neurological signs
•	Progressive	neurological	deterioration

•	Hypotonia,	dystonia,	hypertonia	and	spasticity

•	Cerebellar	ataxia

•	Generalized	or	isolated	seizures

•	Psychomotor	delay,	intellectual	disability	and	speech	
problems

•	Macrocephaly	or	microcephaly

•	Behavioural	and	psychiatric	problems

•	Ischaemic	and	stroke-like	events

•	Irritability,	mood	disorders	and	psychiatric	problems

MrI findings
•	Leukodystrophy	with	white	matter	abnormalities

•	Delayed	myelination	and/or	hypomyelination

•	Basal	ganglia	alterations

•	Region-specific	cerebral	or	cerebellar	atrophy

•	Cytotoxic	cerebral	oedema
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decompensation triggered by infections, it is essential 
to rapidly prescribe antibiotics, treat hypoglycaemia 
with high-dose intravenous glucose, treat metabolic 
acidosis with sodium bicarbonate and treat hyperam-
monaemia with N-carbamylglutamate, sodium benzoate 
and sodium phenylbutyrate. In addition, protein intake 
must be stopped to prevent generation of toxic organic 
acids from amino acid metabolism, and l-carnitine 
supplementation is required to avoid deficiency of this 
compound and allow excretion of organic acid carnitine 
esters. Extracorporeal detoxification through haemo-
dialysis and/or haemofiltration should also be consid-
ered in severely decompensated patients who present 
with persistent metabolic acidosis,  hyperammonaemia 
and  electrolyte imbalances15.

Long-term treatment for OADs comprises several 
steps. First, anabolism should be maintained and an 
endogenous catabolic state — in particular, proteolysis —  
should be prevented with adequate caloric intake to 
meet metabolic needs. Second, concentrations of the 
toxic accumulated metabolites should be decreased 
through substrate restriction (usually of protein and/or  
the precursor amino acids) combined with precise sup-
plementation with disease-specific amino acid mixtures 

enriched with vitamins, minerals, micronutrients and 
sometimes fatty acids (after excluding a fatty acid oxi-
dation disorder) as energy precursors. Metabolic stress, 
accompanied by infections and/or prolonged fasting, 
which also results in endogenous metabolite accu-
mulation, should be avoided by prompt treatment. 
Last, residual enzyme activities should be stimulated 
by high-dose cofactor (vitamin) administration in 
responsive patients (for example, hydroxocobalamin 
for cobalamin-responsive MMAs). l-Carnitine supple-
mentation should also be used in most OADs in order to 
prevent its secondary depletion, to regenerate the intra-
cellular pool of CoA and to accelerate the removal of the 
toxic intramitochondrial organic acids12,14,115.

When the usual treatment options fail, liver or com-
bined liver–kidney transplantation might be required for 
some patients with classical MMAs that are complicated 
by renal failure, as well as for propionic acidaemia38,116,117. 
Furthermore, administration of the PPAR–PGC1 sig-
nalling pathway activator bezafibrate can enable phar-
macological correction of partial respiratory chain 
deficiencies118, potentially improving mitochondrial 
bioenergetics. The pleiotropic drug triheptanoin has 
been shown to improve mitochondrial respiration and 
oxidative stress-associated neuronal degeneration in 
animal models and humans119–121 and could be a useful 
therapy for these disorders. However, further clinical 
trials are still required before these drugs — especially 
bezafibrate — can be used for treatment purposes 
in patients with OADs or other disorders involving  
mitochondrial dysfunction.

In the future, gene therapy could be a viable strat-
egy to correct the intracerebral accumulation of some 
organic acids in people with OADs. Genetic delivery 
of the deficient enzyme to liver cells and oligodendro-
cytes in animal models of MMA (methylmalonyl-CoA 
mutase) and Canavan disease (aspartoacylase), respec-
tively, has produced promising results79,80,122. Future 
strategies might include intrathecal administration 
of enzymes or other compounds, as well as the use of 
chaperones to attempt to decrease cerebral accumulation 
of the toxic organic acids in cases where the enzymatic 
blockage occurs in neural cells.

Prognosis
Overall, the prognosis in patients with OADs depends 
on the type and severity of the enzyme deficiency, age at 
onset, early diagnosis and treatment, patient adherence 
to treatment, type and concentrations of the toxic accu-
mulated organic acids and CoA esters, environmental 
triggering factors and possibly modifier genes that syn-
ergistically cause acute life-threatening episodes and/or 
chronic clinical manifestations7,13,26,27.

Current treatments for these disorders are substan-
tially reducing mortality and attenuating morbidity in 
a growing number of classical OADs if the diseases are 
diagnosed early and treated immediately. However, late 
disease manifestations and irreversible cerebral damage 
cannot yet be prevented or reliably predicted7,13,48, high-
lighting the need to clarify the exact pathomechanisms 
involved in brain dysfunction so as to optimize  treatment 
and long-term care in all diseases of this group.

Box 4 | Main treatment strategies for organic acidurias

emergency treatment
•	Prevent	catabolism,	promote	anabolism	and	correct	hypoglycaemia	through	
intravenous	administration	of	high-dose	glucose	(≥10%)6,7,14,33

•	Stop	or	reduce	protein	intake	for	24–48	h	to	decrease	the	production	of	toxic	organic	
acids	and	derivatives6,14,15,33,35

•	Maintain	acid–base	balance,	correcting	metabolic	acidosis	with	sodium	
bicarbonate6,14,15,35

•	Treat	dehydration	by	volume	replacement	with	isotonic	solutions6,14,15

•	Administer	l-carnitine	(100–200	mg/kg	daily)	to	facilitate	removal	of	the	toxic	
accumulating	compounds6,14,33,35

•	Use	a	cocktail	of	high-dose	vitamins,	including	biotin	(10–40	mg	daily),	
hydroxocobalamin	(1	mg	daily),	thiamine	(200	mg	daily)	and	riboflavin	(200	mg	daily),	
to	improve	residual	enzyme	activities	in	responsive	patients6,14,33,35

•	Correct	hyperammonaemia	with	N-carbamylglutamate	(100	mg/kg	daily),	sodium	
benzoate	(250	mg/kg	daily)	and	sodium	phenylbutyrate	(250	mg/kg	daily)6,14,33,212

•	Consider	extracorporeal	detoxification	by	haemodialysis	and	haemofiltration	in	
severely	decompensated	patients,	particularly	those	with	very	high	ammonia	levels	
(200–500	µmol/l),	severe	metabolic	acidosis	and	electrolyte	imbalances6,12,14,15,35

long-term management
•	Substrate	reduction,	usually	via	a	low-protein	diet	or	precursor	amino	acid	restriction,	
supplemented	by	synthetic	amino	acid	mixtures,	minerals	and	
micronutrients7,12,14,33,35,213

•	Adequate	caloric	intake	with	energetic	substrates	to	prevent	catabolism	and	promote	
anabolism,	avoiding	prolonged	fasting14,35

•	Vitamin	supplementation	to	improve	residual	enzymatic	activity	in	responsive	
patients12,14,33

•	l-Carnitine	supplementation	to	correct	depletion	of	this	compound	and	accelerate	
the	removal	of	toxic	acidic	compounds	by	the	kidney12,14,33,35,213

•	Correct	persistent	hyperammonaemia	with	N-carbamylglutamate	(100	mg/kg	daily),	
sodium	benzoate	(250	mg/kg	daily)	and	sodium	phenylbutyrate	(250	mg/kg	daily)	and	
metabolic	acidosis	with	sodium	bicarbonate14,33,212

•	Organ	transplantation	(liver	or	combined	liver	and	kidney)

•	Potential	future	therapies	in	selected	disorders	include	gene	and	chaperone	therapy,	
mitochondrial	respiration	enhancers	and	pleiotropic	substances14,35,119,120,214
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Pathophysiology of brain damage
Multiple interacting and synergistic mechanisms of 
intracellular toxicity, caused by the accumulating organic 
acids and possibly their CoA esters, have been impli-
cated in the pathogenesis of brain damage in OADs. 
The neurotoxic effects of organic acids are reflected in 
the positive correlation between plasma organic acid 
levels and long-term neurological outcomes in MMA, 
propionic acidaemia and IVA13,46. Figure 2 and Box 5 
summarize the main mechanisms that are postulated to 
contribute to OAD neuropathology.

The available data indicate that most of the under-
lying mechanisms of brain damage are similar in the 
classical and cerebral OADs (Box 5; Fig. 2). In the cere-
bral OADs, local production and entrapment of acidic 
compounds, in particular, dicarboxylates and acyl-CoA 
ester precursors, could result in accumulation of these 
compounds in the cerebrum, causing toxic effects that 
lead to progressive neurodegeneration57,123,124. In the clas-
sical OADs, organic acids must penetrate into the brain 
from the circulation to exert their toxicity, although in 
some diseases of this group, including MMAs, propionic 
acidaemia and HMGCL deficiency, intracerebral synthe-
sis and entrapment of organic acids have been proposed 
to participate in the brain injury9,125

.

Mitochondrial dysfunction
Observations in humans and animal models suggest a 
central role for secondary disturbances of mitochondrial 
bioenergetics and redox homeostasis — presumably facil-
itated by intramitochondrial production and accumula-
tion of toxic organic acids and their CoA esters — in brain 
dysfunction in patients with OADs126–130. This idea is sup-
ported by findings of lactic acidaemia, lactic aciduria and 
high urinary excretion of citric acid cycle intermediates, 
as well as mitochondrial morphological abnormalities, 
rhabdomyolysis, respiratory chain complex inhibition, 
reduction in antioxidant defences and protein and lipid 
oxidative damage in various tissues, in patients with dis-
eases such as propionic acidaemia, MMAs, IVA, HMGCL 
deficiency, GA1, D2HGA and L2HGA131–143. The antiox-
idants resveratrol, α-tocopherol and MitoQ markedly 
reduced reactive oxygen species (ROS) formation in 
fibroblasts from patients with propionic acidaemia144, and 
l-carnitine supplementation markedly decreased lipid, 
protein and DNA oxidative damage in patients with GA1 
or propionic acidaemia143,145, implying that antioxidant 
therapy is a potential adjuvant option for these and other 
OADs. However, the ability of this therapy to reduce 
the burden of free radical attack and prevent disease 
progression requires further investigation.
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Fig. 2 | Pathomechanisms of brain damage in organic acidurias. Various pathological mechanisms have been postulated 
to contribute to brain damage in the organic acidurias (OADs), including (1) intramitochondrial increase in organic acid 
levels due to a blockage of amino acid catabolism (most OADs) or carbohydrate catabolism (OADs involving pyruvate 
metabolism); (2) bioenergetics disruption due to inhibitory effects of organic acids on the respiratory chain, Krebs cycle and 
mitochondrial creatine kinase, as well as mitochondrial depletion of CoA and l-carnitine secondary to formation of organic 
acid esters with these compounds; (3) oxidative stress caused by an organic acid-induced increase in reactive species  
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In vitro and in vivo studies in rodent models of 
classical and cerebral OADs also indicate that accu-
mulation of major organic acids in the brain disrupts 
critical pathways of bioenergetics127,146,147 and cellular 
redox status126,148–158. The brain is highly vulnerable to 
bioenergetics dysfunction because of its high metabolic 
demand and is also susceptible to oxidative stress owing 
to its high iron and polyunsaturated fatty acid content 
and low antioxidant defences and capacity for regener-
ation. ROS formation, leading to oxidative stress, is a 
hallmark of mitochondrial dysfunction, so the human 
and animal data strongly indicate a link between 
organic acid-induced mitochondrial dysfunction and 
 neurodegeneration in OADs.

Neuroinflammation
Microglial activation and astrogliosis are associated with 
acute brain inflammation and might be involved in the 
severe neurological symptoms and irreversible brain  
injury that occur during life-threatening episodes of 
meta bolic decompensation in various OADs2,11,148,149,159,160. 
As illustrated in Fig. 2, inflammatory processes triggered 
by infections in patients with classical OADs might act 
synergistically with other mechanisms, including mito-
chondrial dysfunction, leading to neuronal death and 
brain abnormalities.

Hypoglycaemia and hyperammonaemia
Hypoglycaemia and hyperammonaemia are observed 
in some classical OADs, especially during episodes of 
 metabolic decompensation, and might have a role in 
brain pathogenesis (Fig. 2; TaBle 1). In propionic aci-
daemia, MMA and IVA, however, blood alterations of 
 ammonia and glucose levels are usually mild to moderate 
and do not seem to be associated with the evolution of  
cerebral signs13.

Insights from glutaric acidaemia type I
GA1 is the most extensively investigated OAD with 
respect to brain pathogenesis. A knockout mouse model 
of GA1 (Gcdh−/−) was generated, which showed diffuse 
spongiform myelinopathy161. This model was subse-
quently subjected to lysine overload to more closely 
mimic the biochemical and clinical phenotype of the 
human condition, including the typical striatal lesions149. 

Important insights into the pathogenesis of brain injury in  
GA1 have been gained from this model, as well as from 
in vitro and in vivo studies testing the influence of the 
major organic acids that accumulate in GA1 on essen-
tial brain processes. Figure 3 illustrates the hypothe-
sized pathomechanisms of cerebral damage in GA1 that  
have arisen from this work.

The high millimolar levels of glutaric acid and 
3OHGA found in the brains of patients with GA1 
and Gcdh−/− mice are intriguing149,162–164. As the BBB is 
poorly permeable to dicarboxylic acids165,166, glutaric 
acid and 3OHGA cannot penetrate into the CNS from 
the circulation, so their elevated concentrations in the 
brains of patients with GA1 can be explained by only 
de novo synthesis11 and reduced efflux transport from 
the brain (trapping hypothesis)124,125,167, unless the BBB 
is disrupted149,168,169.

Secondary mitochondrial dysfunction146,170–172 and 
disturbance of redox homeostasis173–176 caused by glutaric 
acid and 3OHGA might have important roles in GA1 
pathogenesis. This view was strengthened by the obser-
vation of mitochondrial swelling and disintegration 
and biochemical alterations suggestive of Krebs cycle 
disturbance, as well as decreased levels of phosphocre-
atine and ATP and induction of oxidative stress, in the 
cerebral cortex and striatum in Gcdh−/− mice148,149,177–179. 
In addition, alterations of glutamatergic neurotransmis-
sion through inhibition of astrocytic synaptic membrane 
Na+, K+-ATPase activity and glutamate uptake180–185,  
and overstimulation and overexpression of N-methyl-
d-aspartate (NMDA) and α-amino-3-hydroxy-5- 
methyl-4-isoxazole propionic acid (AMPA) receptors  
and transporters184,186–189, were demonstrated to be 
caused by glutaric acid and/or 3OHGA in the brains 
of developing rats and Gcdh−/− mice, strongly suggest-
ing glutamate excitotoxicity as a pathomechanism of 
brain dysfunction in GA1. Furthermore, the decreased 
intracerebral amounts of GABA found in post-mortem 
brain tissue from Gcdh−/− mice and patients with GA1 
(reFs148,164,190), possibly caused by inhibition of glutamate 
decarboxylase by glutaric acid and 3OHGA191, and  
the altered electrophysiological findings verified in the 
Gcdh−/− mice192 indicate disruption of the GABAergic 
neurotransmission system in GA1. These effects could be 
attributable to similarities in chemical structure between 
glutaric acid, 3OHGA and glutamate. Interestingly, typ-
ical excitotoxic-like cerebral lesions57,162,193 and the mas-
sive death of striatal medium spiny neurons, which are 
highly vulnerable to excitotoxicity194, are observed at 
post-mortem in the brains of Gcdh−/− mice and patients 
with GA1 (reFs148,162,164,193), supporting excitotoxicity as a 
central deleterious mechanism in striatal pathogenesis 
in GA1.

Other mechanisms that have been implicated in 
GA1-associated neurodegeneration include endothelial 
damage149,168,169, astrogliosis and neuroinflammation- 
associated microglial activation162,164,195, disruption 
of astrocyte–neuron coupling disturbing the normal 
anaplerotic course between astrocytes and neurons196 and  
cerebral vascular alterations169,197–199 (Box 5; Figs 2,3).

The excitotoxin quinolinic acid, produced via acti-
vation of the kynurenine pathway during infections or 

Box 5 | Pathogenic mechanisms of brain damage

The	following	mechanisms	are	thought	to	contribute	to	
the	pathogenesis	of	organic	acidurias:

•	Dysfunction	of	mitochondrial	bioenergetics

•	Disruption	of	redox	homeostasis

•	Microglial	activation,	gliosis	and	neuroinflammation

•	Hyperammonaemia	and	hypoglycaemia

•	Disturbance	of	glutamatergic	and	GABAergic	
neurotransmission

•	Astrocyte	dysfunction	and	loss	of	astrocyte–neuron	
metabolic	coupling

•	Cerebral	vascular	and	blood–brain	barrier	dysfunction

•	Impairment	of	dicarboxylic	acid	transport	efflux	across	
the	blood–brain	barrier	(trapping	theory)
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inflammatory events, was proposed to act synergistically 
with glutaric acid and 3OHGA to disrupt mitochondrial 
bioenergetics and redox homeostasis, leading to acute 
striatal degeneration in GA1 (reF.200). This hypothesis has 
been supported by studies in rat and mouse models201–203. 
The same synergistic actions of quinolinic acid and accu-
mulating organic acids might operate in MMA, propionic 

acidaemia, HMGCL deficiency and other disorders of 
organic acid metabolism, in which acute encephalopa-
thy and irreversible brain damage are triggered during 
infections, although conclusive evidence is lacking.

Finally, Gcdh−/− mice subjected to long-term lysine 
overload showed a marked decrease in the size of striatal 
myelinated areas, associated with progressive vacuolation 
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of white matter tracts204. These findings were attributed to 
disruption of myelinating oligodendrocytes provoked by 
endoplasmic reticulum stress and linked to high levels of 
glutaric acid and 3OHGA, possibly explaining the diffuse 
myelinopathy that commonly affects patients with GA1.

More work on the underlying mechanisms of brain 
injury in GA1 and other OADs is required. Mouse mod-
els of propionic acidaemia205, MMA122,135,206,207, D2HGA208, 
L2HGA209 and Canavan disease210 have been developed 
and are already generating interesting results135,157,211.

Patient advocacy and research networks
OADs are a large group of inherited neurometabolic 
orphan diseases in which the available treatment should 
be offered to all affected individuals to alleviate the 
neurological and systemic burden. Patients’ families 
should have open and full access to the latest knowl-
edge on important aspects of these diseases. To this end, 
national patient associations and international founda-
tions for rare disorders that include the OADs, such as  
the National Organization for Rare Disorders (NORD), the  
European Union Committee of Experts on Rare Diseases 
(EUCERD), the European Registry and Network for 
Intoxication Type Metabolic Diseases (E-IMD), Metabolic 
Support UK, the Organic Acidemia Foundation and the 
Propionic Acidemia Foundation, were established to raise 
awareness of these conditions among patients, families, 
doctors and the general public; report on clinical trials 
and new medical devices; help patients to afford medica-
tion and treatment; aid the development of new drugs and 
therapeutic strategies by funding research on novel treat-
ment strategies; and lobby for legislation with the unique 
purpose of benefiting the rare diseases community.

Furthermore, the European Registry and Network for 
Intoxication Type Metabolic Diseases (E-IMD) and the 
European Reference Network for Hereditary Metabolic 
Diseases (MetabERN) were created to collect data from 
a large number of affected patients from European and 
non-European countries in order to ascertain preva-
lence, clinical course, mortality, prenatal diagnosis and 
treatment options and other epidemiological data. They 
also aim to establish common care guidelines and pro-
vide detailed material through newsletters, websites and 

contact addresses for families and health professionals, 
which can currently be found in 11 languages, and finally 
to publish their results in the form of peer-reviewed 
publications22.

Equally important is the formation of national and 
international multicentric networks of collaborative 
research aiming to elucidate the main pathomecha-
nisms of brain injury of OADs through basic and clin-
ical research. Ideally, metabolic physicians, scientists, 
patients and funding bodies should cooperate to gen-
erate new knowledge to develop improved and novel 
therapies for these diseases.

Conclusions and future directions
OADs constitute a group of genetic neurometabolic 
orphan diseases with a low individual prevalence in the 
general population. Collectively, however, they make 
up one of the most frequent groups of inborn errors 
of metabolism with predominant or almost exclusive 
neuro logical symptoms. Prompt diagnosis based on 
detection of elevated concentrations of organic acids  
and glycine esters in urine and acylcarnitines in blood and  
early treatment for these disorders are of the utmost 
importance to prevent mortality and attenuate over-
all morbidity. Thus, neurologists and paediatricians 
need to be aware of these rare diseases to permit early 
identification of affected patients.

Owing to improvements in diagnosis and therapy, an 
increasing number of individuals with OADs are reach-
ing adulthood. However, despite considerable advances 
in our understanding of the disease process, patients with 
OADs often present with multiple cerebral and extracer-
ebral complications that deserve special attention. Thus, 
further insights into OAD pathophysiology, clarifying the 
alterations of brain intracellular processes, are necessary 
to allow the development of new strategies to prevent or 
attenuate disease progression and improve neurological 
outcomes. Because of the rarity of these conditions, collab-
orative basic and clinical research into their pathogenesis 
and international clinical trials to provide evidence-based 
novel and effective approaches are needed.
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