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Abstract

Isovaleric acidemia (IVA, OMIM 243500) is an inherited disorder of leucine metabolism
caused by a deficiency of isovaleryl-CoA dehydrogenase (IVD), leading to an accumulation
of isovaleric acid and its derivates 3-hydroxyisovaleric acid, isovaleryl (C5)-carnitine and
isovalerylglycine in body fluids. The clinical presentation is highly variable, ranging
from life-threatening metabolic crises with metabolic acidosis and hyperammonemia to a
clinically asymptomatic only biochemical phenotype. Newborn screening for IVA has been
established in many countries. Treatment consists of a protein-restricted diet combined
with supplementation of carnitine and/or glycine and emergency treatment in catabolic
episodes. Still, evidence-based recommendations for the diagnosis and management of IVA
patients with various phenotypes are lacking. Therefore, a systematic search and review of
the literature was conducted to make suggestions for the care of patients with IVA based
on both the available scientific evidence and consensus-derived expert conclusions. Based
on a comprehensive set of literature data published between 1966 and 2024, 15 statements
were phrased on the presentation, diagnosis, management, and outcome of IVA involving
clinical, biochemical, and nutrition expertise. These statements can serve as a basis for
more standardized care for IVA.

Keywords: inborn error of metabolism; IVA; isovaleric acidemia; isovaleryl-CoA
dehydrogenase; systematic search and review; expert opinion; newborn screening; disease
spectrum
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1. Introduction
Isovaleric acidemia (IVA, synonym: isovaleric aciduria or isovaleryl-CoA dehydroge-

nase deficiency) is an autosomal recessive inborn error of leucine metabolism first described
in 1966 in two siblings with mild mental retardation, recurrent episodes of ketoacidosis,
and a characteristic body odor resembling “sweaty feet” [1].

The reported incidence of IVA worldwide is approximately 1 in 100,000 in screened
patients and 1 in 280,000 in clinically diagnosed patients [2,3]. The higher incidence of IVA
in screened populations indicates a significant proportion of asymptomatic patients [4,5].

The isovaleryl-CoA dehydrogenase (IVD) gene (EC 1.3.99.10) is located on chromo-
some 15q14-q15 and comprises 12 exons spanning approximately 15 kb of DNA [6]. IVD is
a homotetrameric mitochondrial flavoprotein with a subunit size of 43 kDa [7]. It catalyzes
the conversion of isovaleryl-CoA to 3-methylcrotonyl-CoA [1,8]. IVD deficiency causes
the accumulation of isovaleric acid and its derivatives, including 3-hydroxyisovaleric acid
(3-HIVA), isovaleryl (C5)-carnitine, and isovalerylglycine (IVG), in plasma, urine, and other
body fluids.

The pathophysiology of IVA is not fully understood. Postulated mechanisms include
impairment of the tricarboxylic acid cycle through the inhibition of citrate synthase and
isocitrate dehydrogenase [9], increased oxidative stress [10], and hyperammonemia due to
the inhibition of N-acetylglutamate synthase (NAGS) and acetyl-CoA depletion [11].

Patients with IVA exhibit a wide range of clinical presentations, ranging from severely
affected to asymptomatic [12]. Historically, two phenotypes of IVA have been described:
Patients with the “acute neonatal form” present in the first days of life with an episode of
fulminant metabolic acidosis, ketosis, and hyperammonemia. Without prompt intervention,
this condition can rapidly progress to coma and ultimately death [13,14]. In contrast, a
“chronic intermittent form” has been defined as a clinical picture of failure to thrive and/or
developmental delay, with or without recurring episodes of acidosis during periods of
catabolic stress [1]. In clinical practice, the disease is best thought of as a continuum of
severity. Diagnosis based on clinical symptoms is usually made in the first few years of
life [15], but more moderate forms of IVA have been diagnosed in adults who may have
gone undetected during infancy or early childhood [16]. Clinical course and outcome are
not well predicted by the initial clinical presentation [17].

A clinically very mild or asymptomatic form of IVA was identified in a high percentage
of patients diagnosed through newborn screening (NBS) [12,18]. Individuals with this
type of IVA appear to have only a biochemical phenotype with no or very mild clinical
symptoms. In these patients, concentrations of relevant metabolites in NBS are lower than
in symptomatic patients [12,19–21]. Patients with IVA have therefore been classified as
“metabolically severe” versus “metabolically mild or intermediate” [22] or, in a recent
analysis of 84 screened patients, as “classical” versus “attenuated” [19].

More than 100 pathogenic IVD gene variants have been described in IVA patients
(Human Gene Variant Database). No clear phenotype–genotype correlation has been
observed [23–26], except for a “mild variant” (MANE [Matched Annotation from NCBI
and EMBL-EBI] transcript: NM_002225.5:c.932C>T (p.Ala311Val)), also known as c.941C>T,
p.Ala314Val, originally described as c.932C>T, p.Ala282Val [27], found in a homozygous or
compound heterozygous state in a high percentage of asymptomatic individuals detected
by NBS [12].

Treatment of IVA patients consists of a protein-restricted diet to reduce the production
of isovaleryl-CoA from leucine catabolism, with supplementation of L-carnitine and/or
L-glycine to improve the clearance of accumulating metabolites. In case of an impending
catabolic crisis, emergency regimens are implemented with a high-calorie diet and reduced
protein intake.
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Data on the management of IVA patients are limited and mainly based on case reports.
The rarity of the disease prevents individual treatment centres from gaining extensive
first-hand experience of the full spectrum of the disease. Therefore, there is an urgent need
for universal management guidelines and guidance, especially as IVA screening is included
in NBS programmes in many countries worldwide.

Here, we present the results of (i) a systematic search and review of the literature
on IVA and (ii) expert considerations for the management of patients covering the entire
disease spectrum derived from the published evidence.

2. Methods
The expert author group included paediatric metabolic physicians, a medical ge-

neticist, and specialist metabolic nutritionists. The group identified and agreed on a set
of 22 structured key questions related to the clinical features, diagnosis, treatment, and
monitoring, and outcome of IVA (Table S1).

A systematic search and review of the literature on IVA was conducted using Medline,
Embase, the Cochrane Collaboration and Google Scholar for the years 1966 to 2024. The
indexing terms used for the search are listed in Table S2. Included literature was reviewed
by at least two members of the expert author group, and disagreements were resolved by
discussion, before the conclusions were considered as evidence.

Due to the rarity of the condition, large randomized controlled trials are lacking for
almost all aspects of IVA. Therefore, the level of evidence in the literature was often low.
Because “recommendations” are considered evidence-based advice and good evidence
was often lacking, the author group formulated “statements” that are based on both the
available scientific evidence and consensus-derived expert conclusions from the literature.

3. Results of the Systematic Search and Review and Statements
3.1. Clinical Course

Statement 1. Isovaleric acidemia must be considered in the differential diagnosis in any neonate in
poor clinical condition or with suspected sepsis, as well as in patients of any age presenting with
faltering growth, developmental delay, and recurrent episodes of illness associated with ketoacidosis.

The symptoms of IVA overlap with other intoxication-type inborn errors of metabolism
and can occur at any age. IVA manifests either as episodic metabolic decompensation
or as a more insidious chronic course. Classical triggers for metabolic decompensation
involve any situation that induces catabolic stress or excessive protein intake [15,28]. As
with other organic acidurias, a distinction has been made in IVA between “early-onset
acute” and “late-onset chronic” presentation. The term “early diagnosis” includes patients
diagnosed within the first 4 to 5 weeks of life, as published previously [15,28]. The term
“late diagnosis” therefore refers to all patients diagnosed after this period.

3.1.1. Early-Onset Acute Form

The neonate has a restricted range of responses to severe illness. Affected newborns
typically exhibit symptoms such as poor feeding, vomiting, lethargy, and continuous
clinical deterioration to coma or seizures during the first week of life. In addition, affected
individuals may exhibit a characteristic “sweaty feet” body odor [15,28], which can serve
as a clear distinguishing feature from other organic acidurias that otherwise have the same
clinical symptoms. The initial metabolic decompensation in IVA is typically less severe
than in the other classic organic acidemias. However, life-threatening metabolic crisis may
occur [15,29]. Patients with a neonatal crisis due to inborn errors of metabolism are often
difficult to distinguish from neonates with sepsis.
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3.1.2. Late-Onset Chronic Form

In late-onset patients, frequent symptoms are failure to thrive, developmental delay,
or neurocognitive dysfunction, and intermittent episodes of illness, often triggered by
infections with vomiting, ketoacidosis, and altered mental status [15,28].

3.1.3. Symptoms in Patients Diagnosed by Newborn Screening

Statement 2. As a preventive measure, NBS reduces neonatal mortality in patients with classic
IVA. At present, it is doubtful that identification of metabolically mild forms by NBS is of any
clinical relevance.

Most patients with IVA detected by NBS are asymptomatic at the time of
diagnosis [12,18,22,30,31]. Among individuals with an NBS diagnosis, a metabolically
mild form of IVA was identified in major proportions [12,18,19,22,32].

In early-onset patients, diagnosis and subsequent initiation of treatment have been
shown to occur significantly earlier following diagnosis by NBS than after clinical diagno-
sis [18,28]. However, severely affected newborns may present with clinical symptoms before
NBS results are available [5,18,29,32], as seen in patients with methylmalonic acidemia
(MMA) or propionic acidemia (PA) [18,33,34]. An analysis of 24 patients with classic IVA
showed a trend towards lower neonatal mortality of 3.8% when diagnosed by NBS [18]
compared with a cohort of 155 clinically diagnosed patients (mortality 18.7%) [28].

3.1.4. Long-Term Clinical Course

Clinical course and outcome cannot be well predicted by the initial presentation in
symptomatic patients [17,35]. Following diagnosis, a broad clinical spectrum can ensue,
ranging from recurrent episodes of metabolic derangement and severe mental handicap to
an asymptomatic state. The frequency of symptomatic episodes was found to be highest
during early infancy and to decrease with age [18,28,36]. Metabolic crises have rarely been
described in adulthood [16,37]. Large longitudinal studies investigating the clinical course
of patients under standardized treatment regimens are missing.

3.2. Diagnosis
3.2.1. Baseline Laboratory Tests

Statement 3. Blood gases, lactate, ammonia, and ketone bodies should be measured if an organic
acidemia including IVA is suspected.

IVA can present with any of the biochemical findings shown in Table 1, commonly
associated with organic acidurias [17,38]. Less common initial symptoms include severe
hyperglycemia and ketoacidosis mimicking diabetic coma [39] or pancreatitis [40].

Table 1. Baseline laboratory tests in a patient with suspected IVA.

Baseline Laboratory Tests

Metabolic acidosis with elevated anion gap

Elevated ketone bodies (particularly in newborns)

Elevated lactate concentration

Hyperammonemia

Leukopenia, thrombocytopenia, pancytopenia
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3.2.2. Specialized Biochemical Investigations

Statement 4. Organic acids in urine and the acylcarnitine profile in blood should be measured if an
organic acidemia including IVA is suspected.

The hallmarks of IVA in blood and urine, respectively, are elevated isovaleryl (C5)-
carnitine and IVG. In IVA, the concentrations of these metabolites are elevated regardless
of the patient’s actual metabolic condition. Several additional organic acids can also be
elevated and detected in urine, especially 3-HIVA. Isovaleric acid itself is not routinely
measured due to its highly volatile nature. This organic acid, which is responsible for the
distinctive body odor associated with the disorder, cannot be detected using conventional
gas chromatography-based techniques.

3.2.3. Differential Diagnosis

Differential diagnoses for IVA include multiple acyl-CoA dehydrogenase deficiency
(MADD, glutaric aciduria type 2) and riboflavin deficiency or defects in riboflavin
metabolism [41], as these conditions also exhibit elevated concentrations of isovaleryl-CoA
derivatives. Nevertheless, diagnosis of IVA is typically straightforward, as MADD and
disorders of riboflavin metabolism present with increased concentrations of multiple acyl-
glycines and acylcarnitines that are not increased in IVA. Deficiency of 3-methylcrotonyl-
CoA carboxylase is another disorder of leucine catabolism characterized by the excre-
tion of high amounts of 3-HIVA [42]. However, in this disorder, the concentration of
3-methylcrotonylglycine is markedly elevated.

Isovalerylcarnitine cannot be distinguished from other 5-carbon unit acyl iso-
mers, such as 2-methylbutyrylcarnitine and pivaloylcarnitine by direct flow injection
mass spectrometry, without chromatographic separation of acylcarnitine isomers [43].
An increase in 2-methylbutyrylcarnitine concentrations is seen in individuals with 2-
methylbutyrylglycinuria, a condition caused by short/branched-chain acyl-CoA dehy-
drogenase deficiency, which is an inherited disorder affecting isoleucine metabolism [44,45].
These patients excrete elevated concentrations of 2-methylbutyrylglycine in urine. Con-
sequently, organic acid analysis provides essential Supplementary Information that is
complementary to that obtained from acylcarnitine analysis.

Pivaloylcarnitine is derived from pivalic acid, which is included in several antibiotics
to increase their intestinal absorption rate [43,46]. Pivalate derivatives are also utilized in
the cosmetic industry as moisturizers [46,47]. Organic acids are normal in patients with
elevated concentrations of pivaloylcarnitine [43].

In comparison to other classical organic acidemias such as PA and MMA, the findings
of analysis of plasma amino acid profiles are less informative for the diagnosis of IVA. This
is because glycine concentrations in IVA patients vary considerably and are frequently
normal or only moderately increased at the time of diagnosis [48,49]. Presumably, glycine
tends to decrease in IVA patients as a consequence of conjugation with isovaleryl-CoA [48].
Markedly elevated plasma glycine concentrations in patients with IVA often result from
L-glycine supplementation during follow-up.

3.2.4. Newborn Screening

Statement 5. Following a positive NBS result, the analysis of organic acids in urine (IVG) is
essential to confirm the diagnosis and could potentially be helpful in predicting the severity of the
disease, although further studies are required.

IVA can be identified by NBS and has been included in NBS programmes in numerous
countries [4,50]. Fast processing is necessary to reduce the number of patients who develop
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symptoms before obtaining the result of NBS. As blood isovalerylcarnitine cannot be differ-
entiated from other 5-carbon unit acyl isomers by direct flow injection mass spectrometry,
there is a risk of false positive NBS results. A high number of false-positive NBS results
have been documented following maternal intake of pivaloylester-containing antibiotics
during the final weeks of pregnancy [43,46,51]. Additionally, elevated pivaloylcarnitine
concentrations have been reported in two children following the administration of sivelestat
sodium, a neutrophil elastase inhibitor used for the treatment of acute respiratory distress
syndrome [52].

Second-tier tests have been implemented to enhance the positive predictive value of an
elevated C5-carnitine concentration in NBS. Differentiation of C5 isomers enables screening
laboratories to distinguish between false and true positives [53–56]. After obtaining a
positive NBS result, supplementary urine organic acid analysis is necessary to confirm or
exclude the diagnosis.

In the initial cohort of patients with mild IVA reported by Ensenauer et al. [12], as well
as in a recent analysis of screening results involving 84 patients identified through NBS [19],
a combined assessment of C5-carnitine in blood and IVG in urine was proposed as a means
of predicting which individuals have the biochemically mild form of the condition. The pro-
posed cutoffs were C5-carnitine < 6 µmol/L plus IVG < 195 mmol/mol creatinine [12] and
C5-carnitine < 5.6 µmol/L plus C5-/C0-carnitine ratio < 0.624 or C5-carnitine < 5.6 µmol/L
plus IVG < 334 mmol/mol creatinine [19], respectively. The evaluation of larger patient
populations is needed and may result in further adjustments of the cutoffs.

3.2.5. Molecular Genetic Analyses and Enzyme Assays

Statement 6. IVD gene analysis and/or IVD enzyme assay are recommended to confirm the
diagnosis of IVA.

Enzyme assays and metabolite loading tests in cultured skin fibroblasts or leucocytes
have been used to confirm the diagnosis of IVA [8].

Given that enzyme assays are only conducted in a limited number of specialized
laboratories, sequencing of the IVD gene is the preferred method for confirmation in
most cases. The correlation between genotype and clinical phenotype is generally
poor [17,23]. A definite genotype–phenotype correlation is known for the common vari-
ant NM_002225.5:c.932C>T (p.Ala311Val), which has been detected in a homozygous or
compound heterozygous state in a high proportion of asymptomatic individuals identified
through NBS [12].

Following the identification of disease-causing variants in an index case, it is pos-
sible to conduct carrier testing in parents, provide genetic counselling, and perform
prenatal diagnosis.

3.3. Emergency Treatment
3.3.1. Acute Measures

Statement 7. In the event of severe metabolic decompensation of an IVA patient, it is critical to
initiate therapy immediately.

The emergency treatment of neonatal crises and subsequent episodes of metabolic de-
compensation comprises the discontinuation of protein intake, the promotion of anabolism,
rehydration, and metabolic drug therapy (Table 2) [17,57].
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Table 2. Measures of emergency treatment.

Emergency Treatment

Rehydration

Anabolic therapy through intravenous high-energy supply
(glucose, insulin, lipids)

Decrease or stop protein intake

Intravenous supplementation of L-carnitine

Oral supplementation of L-glycine

Ammonia scavengers and carglumic acid in hyperammonemia

Extracorporeal detoxification (in case of severe hyperammonemia and insufficient effect
of conservative treatment) according to the UCD guideline [58]

In the event of severe hyperammonemia, treatment depends on whether the under-
lying diagnosis has been established. The management of severe hyperammonemia of
unknown cause adheres to the published guidelines for the diagnosis and management
of urea cycle disorders (UCD) [58,59]. There are no published guidelines for the manage-
ment of hyperammonemia in patients with confirmed IVA. However, guidelines exist for
the emergency treatment of MMA and PA [60]. Hyperammonemia observed in organic
acidemias results from inhibition of NAGS, which activates the first enzyme of the urea
cycle, carbamoylphosphate synthetase 1 (CPS1) [61,62]. Carbamoylglutamate (carglumic
acid) stimulates CPS1, thereby reducing hyperammonemia by inducing the production
of carbamoylphosphate, the first by-product of ammonia in the urea cycle. It has been
demonstrated that carglumic acid has a beneficial effect on hyperammonemia in MMA
and PA [63,64]. Similarly, two retrospective investigations and one case study report a
rapid and dramatic decrease in the plasma ammonia concentration in IVA patients treated
with carglumic acid [65–67]. A persistent tendency to hyperammonemia is less common in
patients with IVA than in patients with MMA or PA, and hyperammonemia tends to resolve
with correction of metabolic status and usually requires no additional specific treatment.
To date, no long-term treatment with carglumic acid has been reported in IVA patients [68].

According to existing guidelines, extracorporeal detoxification therapy is considered
in acute hyperammonemic decompensation, if the blood ammonia concentration is within
the range of 250 to 500 µmol/L, and started immediately when ammonia concentrations
are above 500 µmol/L [60,69]. Different modalities can be applied, including continuous
venovenous hemodiafiltration, which is considered the method of choice for the treatment
of hyperammonemia [70,71]. Nevertheless, outcome depends on both the severity and the
duration of hyperammonemia rather than on the specific dialysis technique employed [72].

Parenteral glucose administration is required to provide a high-energy supply, which
is necessary to promote anabolism. Administration of insulin may be considered due to
its anabolic effect, but requires close monitoring [57]. The glucose demand is dependent
on the age of the child [73]: 8 to 10 mg/kg·min of glucose are recommended for neonates
and infants [74]. Oral intake or nasogastric tube feeding of protein-free formula should be
started as early as possible. Once a β-oxidation defect has been excluded in a symptomatic
neonate, intravenous lipids at 2 g/kg·d can be introduced to further promote anabolism
as recommended for MMA and PA patients [60]. After 24 (up to a maximum of 48) hours
of emergency treatment, protein is reintroduced successively while monitoring ammonia
concentrations and blood gases [60].

L-carnitine is administered to prevent secondary carnitine depletion resulting from
isovalerylcarnitine excretion [75]. Intravenous administration of 100 mg/kg·d is recom-
mended for the emergency treatment of MMA and PA [60]; the same treatment is employed
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for patients with IVA [57,74]. The dose has sometimes been increased to enhance excretion
of isovalerylcarnitine, but studies demonstrating efficacy of this approach are lacking.

Glycine supplementation promotes the formation of IVG, a non-toxic conjugate of
isovaleric acid, which is rapidly excreted in the urine [76]. Consequently, glycine is fre-
quently included in the long-term treatment of IVA. A reduction in plasma isovaleric acid
concentrations and clinical improvement following an increase in oral L-glycine dose dur-
ing acute metabolic decompensation have been described in individual patients [76–79].
A comprehensive evaluation of the efficacy and optimal dosage of L-glycine has yet to
be conducted.

3.3.2. Laboratory Tests to Monitor Emergency Treatment

Statement 8. Blood ammonia and lactate concentrations and blood gases should be measured to
guide acute treatment.

Laboratory tests that are useful for the assessment of the severity of a metabolic
crisis and guidance of therapy include measurement of ammonia, blood gases, anion
gap, lactate, glucose, blood or urine ketones, electrolytes, creatinine, urea, and blood cell
count [15,80]. Specific metabolic tests (organic acids, acylcarnitines) are not helpful for
monitoring acute therapy.

3.3.3. Sick Day Management at Home

Statement 9. In case of minor illnesses, a sick day regimen with increased caloric intake and
decreased protein intake can be initiated at home. If symptoms persist or worsen, the patient must be
admitted to the hospital. In young children, early presentation to the hospital always needs to be
considered irrespective of the clinical condition.

Emergency regimens for sick day management at home comprise anabolization and
low protein intake [17,57,74], most effectively achieved by using oral solutions containing
glucose polymers and/or leucine-free formula. Similar recommendations have been made
for patients with MMA and PA [81].

3.3.4. Perioperative Management

Statement 10. Peri-interventional fasting must be bridged with low protein parenteral nutrition to
prevent metabolic decompensation.

The MMA/PA guideline provides comprehensive guidance on perioperative manage-
ment, and these recommendations are also applied for IVA patients in clinical practice [81].
In patients undergoing surgery, it is essential to ensure adequate parenteral caloric intake
to prevent catabolism [82]. Following consultation with the anesthetist, food intake is
suspended as late as possible. Clear solutions containing glucose polymers can be admin-
istered up to 2 h or even less before anesthesia [83]. During periods of fasting, glucose
infusion is provided to cover the age-appropriate glucose requirement. For extended
procedures or if delayed postoperative food intake is anticipated, the administration of
additional intravenous lipids is reasonable (2 g/kg·d). Following a fasting period of 12 to
24 h, intravenous amino acids are administered. L-carnitine is administered intravenously
at a dosage of 100 mg/kg·d.

It is recommended that enteral nutrition is resumed as soon as possible following
surgery. The infusion therapy is continued until the patients tolerate their usual diet.
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3.4. Long-Term Treatment

Management of patients with symptomatic forms and those with biochemically mild
forms of IVA focusing on long-term strategies are presented separately.

3.4.1. Long-Term Management of Symptomatic IVA

The objective of long-term management is to reduce the production of disease-
specific metabolites and enhance their excretion by adjusting protein intake, energy intake,
and pharmacotherapy.

Protein Intake

Statement 11. Natural protein intake should be restricted to reduce the isovaleric acid burden while
ensuring that the minimum amount of protein intake recommended by FAO/WHO/UNU 2007 and
EFSA 2012 is achieved. The supplementation with leucine-free L-amino acid supplements appears
useful when the natural protein tolerance is below the minimum required level of protein intake.

Leucine is an essential amino acid that plays a pivotal role in regulating metabolism by
stimulating protein synthesis [84,85]. Over-restriction of leucine can result in weight loss
and muscle weakness [86]. In IVA, the restriction of leucine intake results in a reduction
of produced toxic metabolites from leucine degradation. At the same time, protein intake
must be sufficient to prevent protein catabolism leading to metabolic instability and permit
growth [36]. The dietary therapy prescribed for IVA patients varies considerably depending
on the severity of the disease and local practice [87].

Natural protein intake should be maintained at a concentration that meets or exceeds
the minimum amount of protein intake recommended by the FAO/WHO/UNU 2007 and
EFSA 2012 guidelines [88,89] (Table 3). Patients tolerating considerably larger quantities
of protein than FAO/WHO/UNU safe levels have been documented [87]. In many cases,
dietary restrictions are eased during late childhood or adolescence to allow for an increase
in natural protein intake, without any adverse effects on the patient’s condition [18].

Table 3. FAO/WHO/UNU 2007 safe levels of protein intake † [88,89].

Age 1 m 2 m 3 m 6–12 m 1–10 y 11–16 y >16 y

(g/kg·d) 1.77 1.50 1.36 1.31 0.92–1.14 0.88 (f)–0.90 (m) 0.84 (f)–0.87 (m)
m, month; FAO, Food and Agriculture Organization of the United Nations; UNU, United Nations University;
WHO, World Health Organization; y, year; (f), female; (m), male. † Safe levels of protein intake are defined as the
average protein requirement (sum of maintenance and growth requirement) plus 1.96 SD.

The addition of leucine-free L-amino acid supplements is considered in cases where
the natural protein or leucine tolerance does not allow sufficient protein or leucine intake for
normal growth and health [87]. The quantity of leucine-free L-amino acid supplementation
must be tailored on an individual basis, bearing in mind that the use of amino acid supple-
ments has not been demonstrated to be either necessary or efficacious in IVA patients.

The calculation of leucine intake, rather than of protein intake, is not standard practice.
However, it has been employed in very unstable patients [87]. The minimum required
intake of leucine has been defined (Table 4) [88–90].

Energy Intake

Energy intake for patients with IVA, as for patients with other organic acidurias,
should align with the recommendations set forth by the FAO/WHO/UNU [91], with
adjustments made on an individual basis. In the event of an impending catabolic crisis,
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emergency plans should aim to increase caloric intake compared to the patient’s usual
diet [92].

Table 4. Leucine requirements.

Age Groups

Mean Leucine Requirements
FAO/WHO/UNU 2007 [88,89]
for the Healthy Population

(mg/kg·d)

Leucine
for Patients with Disorders of

BCAA Metabolism [90]
(mg/kg·d)

0–12 m 6 m: 73 0–6 m: 65–120
7–12 m: 50–90

1.0–2.9 y 54 40–90

3.0–10.9 y 44 40–60

11.0–14.9 y 44 11.0–12.9 y: 40–60
13.0–14.9 y: 30–60

15.0–18.0 y 42 30–60

>18.0 y 39 30–60
BCAA, branched-chain amino acids; FAO, Food and Agriculture Organization of the United Nations; m, month;
UNU, United Nations University; WHO, World Health Organization; y, year.

Pharmacotherapy

Statement 12. L-carnitine is recommended for the long-term treatment of IVA, as is the case for other
organic acidurias. The dosage should be individually adjusted to maintain a normal concentration of
free carnitine in blood. Patients with metabolically severe types of IVA are additionally treated with
L-glycine. There are no studies confirming the clinical effect of this therapy.

L-carnitine can be conjugated with isovaleryl-CoA to form non-toxic isovalerylcar-
nitine, which is efficiently excreted in urine, as an effective physiological detoxification
pathway [75]. However, the formation of isovalerylcarnitine can result in a secondary
deficiency of carnitine in patients with IVA [93,94], resulting in the need for L-carnitine
supplementation. L-carnitine supplementation is well tolerated, and adverse effects are
rare (Table S3). However, dose-dependent diarrhea has been reported [95]. Prolonged use
at a high dose may result in the development of a fish-like body odor [96]. The need for
riboflavin supplementation to treat an unpleasant body odor during L-carnitine therapy
has not been reported in patients with IVA.

Recommended doses of L-carnitine vary widely, from 10 to 300 mg/kg·d (Table S3),
with a median dosage of 100 mg/kg·d [17,28,92] in two to three daily doses. Often,
significantly lower doses than 100 mg/kg·d are sufficient.

The conjugation with glycine to form IVG reduces the accumulation of isovaleric
acid in blood [48,78,97]. This reaction can be enhanced through the oral administration
of L-glycine.

In individual cases, the administration of L-glycine has been associated with a reduc-
tion in the duration and severity of disease symptoms [48,76,97]. Although detailed data
are lacking, fewer patients were treated with L-glycine than with L-carnitine in larger pa-
tient cohorts [28,29]. The administration of L-glycine is considered in patients with a more
severe clinical course. Efficacy and dose-finding studies are lacking, and recommendations
on L-glycine dosage are largely derived from case reports. In infants, oral L-glycine doses
of 10 to 500 mg/kg·d have been employed (Table S3), and frequently used doses are 150
to 250 mg/kg·d. Generally, L-glycine supplementation is well tolerated. Encephalopathic
side-effects including lethargy and ataxia may occur following the administration of ex-
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ceedingly high doses of L-glycine (300 mg/kg·d), leading to massively elevated plasma
concentrations of above 1000 µmol/L [98,99].

3.4.2. Monitoring of Long-Term Therapy

Statement 13. Regular monitoring of plasma amino acid and free carnitine concentrations in blood
is recommended to detect deficiencies in essential amino acids and to adjust the L-carnitine dose.

Treated patients with IVA require life-long care from both a metabolic specialist
and a dietician. Laboratory investigations comprise plasma amino acid analyses every
3 to 12 months depending on the age of the patient [87] to assess possible imbalances
or deficiencies of essential amino acids. Expert nutritional counselling is necessary to
avoid malnutrition due to insufficient nutrient intake or to prevent excessive intakes.
Concentrations of essential amino acids in the normal range should be aimed for.

The free plasma carnitine concentration can guide L-carnitine therapy. L-carnitine
supplementation has been demonstrated to increase urinary isovalerylcarnitine concentra-
tions, and the combination with L-glycine therapy, through the conversion of free isovaleric
acid into non-toxic carnitine and glycine conjugates excreted in the urine, appears most
effective [100]. However, the measurement of isovaleric acid in urine is not routinely used
to monitor therapy.

In any patient with a medically modified diet, it is reasonable to undertake regular
measurements of vitamins and trace elements. In an international survey on nutritional
practices in IVA, the monitoring of zinc, selenium, hemoglobin, ferritin, and vitamins B12,
D, A, and E was considered useful [87].

3.4.3. Long-Term Management of Biochemically Mild IVA

Statement 14. Asymptomatic patients with only mild biochemical abnormalities do not have to
adhere to a strict protein-restricted diet.

Patients with biochemically mild IVA have been asymptomatic, irrespective of the
type of treatment [12,18,19]. A strict protein-balanced diet is an unnecessary intervention.
The efficacy of L-carnitine supplementation has not been proven in this patient group [17].
It is unlikely that negative effects related to a catabolic state will occur [12]. Patients may
consider an emergency regimen during periods of severe catabolic stress [4,18], but refrain
from any other specific therapy.

Currently available data suggest that a significant number of patients with mild
courses are subjected to excessive treatment [12,18], with potential consequences for pa-
tients and families.

3.5. Disease Outcome

Statement 15. As psychomotor development cannot be accurately predicted, symptomatic patients
should be connected with a multidisciplinary team comprising pediatric neurologists, physiothera-
pists, educational therapists, speech therapists, and child psychologists.

Disease progression with visceral organ manifestation such as chronic renal failure
or cardiomyopathy has been reported only infrequently in patients with IVA in contrast
to MMA or PA patients [15,18,36]. Optic nerve atrophy has been described in a single
patient [101]. Currently available evidence does not indicate the necessity of organ-specific
follow-up in the absence of symptoms.

The neurocognitive outcome in IVA varies and ranges from normal development
to severe intellectual disability. Severe intellectual impairment and focal neurological
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symptoms are less prevalent in IVA than in MMA and PA patients [29,102]. The IQ of all
published patients with biochemically mild IVA was within the normal range [12,18].

Grünert et al. studied the neurocognitive outcome of 20 patients and supplemented
this dataset with data from 108 patients for whom neurocognitive outcomes were available
in the literature [28]. A significant inverse correlation was observed between the age at
diagnosis and the IQ score in patients who had not experienced more than one severe
catabolic episode. More than 80% of early-diagnosed patients, either within the study
population or in the literature, exhibited a normal cognitive outcome compared to the
group of late-diagnosed patients, where the frequency was slightly below 50%.

In a German cohort comprising 24 patients with classic IVA diagnosed by NBS, in-
dividuals who experienced severe neonatal decompensation had significantly lower IQ
scores compared to those who did not [18].

A trend towards normal achievement of motor milestones was observed in the
screened IVA patients included in the European Registry and Network for Intoxication-Type
Metabolic Diseases (E-IMD) as compared to clinically diagnosed patients [29]. However,
after the exclusion of patients exhibiting only mild symptoms, this trend became unde-
tectable [29].

As psychomotor development cannot be accurately predicted, symptomatic patients
should be connected to a multidisciplinary team comprising pediatric neurologists, physio-
therapists, educational therapists, speech therapists, and child psychologists. This approach
allows to identify additional support needs and provides comprehensive care for patients.

The administration of standardized developmental assessments to preschool-age
children diagnosed with IVA is an effective method for informing decisions regarding the
most suitable educational environment.

4. Conclusions
This is the first comprehensive systematic search and review of the literature since

IVA was described approximately 60 years ago, resulting in 15 statements. Expert opinion
and clinical, biochemical, and dietary expertise were included in the literature review
and evaluation of data. As evidence-based recommendations for the management of
IVA patients are lacking, these statements can form a basis for standardized treatment
and follow-up care. In the future, IVA guidelines can be formulated using larger sets
of patient data. Undoubtedly, new knowledge from structured long-term follow-up of
patients will emerge.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijns11040092/s1, Table S1: Key question checklist for a systematic
search and review on isovaleric acidemia (IVA). Table S2: Terms for literature search. Table S3:
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