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Long-chain fatty-acid oxidation disorders (LC-FAODs) are autosomal recessive inherited metabolic conditions that occur due to 
a disruption in the body’s ability to perform mitochondrial beta oxidation. Expanded newborn screening is widening phenotypic 
understanding of these disorders, as well improving our knowledge of disease incidence. Management of these disorders is focused on 

avoidance of fasting, dietary changes and supplementation with energy sources that bypass the metabolic block. Recent US Food and Drug 
Administration approval of triheptanoin has improved the outcome for affected individuals. New research into dietary modifications and 
novel pharmacologic therapies continues for these disorders. In this article, we review the major LC-FAODs and their clinical presentation.
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Long-chain fatty-acid oxidation disorders (LC-FAODs) are pan-ethnic, autosomal recessive, 

inherited metabolic conditions causing disruption in the processing or transportation of fats into the 

mitochondria to perform beta oxidation.1 In normal metabolism, long-chain fatty acids are bound 

to carnitine within the cytosol of cells, and transported across the mitochondrial membranes. 

Within the mitochondria, they are then cleaved from carnitine to undergo beta oxidation by a 

complex of enzymes specific to the length of the carbon chain. These enzymes go through cycles 

of beta oxidation until the carbon chain has been reduced to a structure that may feed into the 

tricarboxylic acid cycle for energy production. This energy source is critical when the body is in a 

fasting state, providing energy for skeletal and cardiac muscle, the liver and other tissues.2 

Disorders result from defects in the transportation or utilization of these long-chain fats for 

energy, which become critical when the body has exhausted its glycogen stores.3 Classical 

symptoms shared among all disorders include hypoketotic hypoglycaemia, hepatic dysfunction, 

cardiomyopathy, skeletal myopathy, rhabdomyolysis and sudden death.1 However, there is 

wide variability within phenotypes that may range from critical illness in an infant, to exercise 

intolerance in an adult. Understanding of these presentations is increasing due to expansion in 

testing for these conditions, and a broader understanding of genotype–phenotype correlations. 

Early recognition of the diagnosis of LC-FAOD is important in optimizing outcomes. Even if patients 

with LC-FAODs are asymptomatic at presentation, most can be expected to suffer from recurrent 

decompensation during times of acute illness or stress, requiring acute and chronic medical 

management.4 In this narrative review we explore the current clinical approach to the diagnosis 

and management of LC-FAODs. A subjective literature review was conducted using PubMed, in 

addition to utilization of current clinical guidelines, with the aim of providing a concise resource for 

practicing clinicians and other healthcare professionals treating patients with LC-FAODs.

Long-chain fatty-acid oxidation disorders
Systemic primary carnitine deficiency
Systemic primary carnitine deficiency (CDSP), also known as carnitine transport disorder or carnitine 

uptake disorder, is caused by biallelic variants in SLC22A5.5 This disorder results in a defect in the 

transportation of carnitine from the serum into cells. Carnitine is essential in the transportation 

of long-chain fats from the cytosol into the mitochondria for beta oxidation. CDSP has a wide 

range of clinical prestations. The classic phenotype includes recurrent episodes of hypoketotic 

hypoglycaemia, elevated transaminases, hepatomegaly and hypoglycaemia. There is a severe 

childhood myopathic form that affects both skeletal and cardiac muscle, with increased risk for 

sudden death. Due to the implementation of newborn screening, mild forms have become more 

commonly diagnosed, with easy fatiguability or no clinical symptoms reported.6 Since carnitine is 

transported from maternal serum across the placenta during pregnancy, there have been many 

cases in which low carnitine on newborn screening is actually due to an underlying diagnosis 
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of CDSP in the mother.7 While these women may be asymptomatic on 

diagnosis, they may be at risk for decompensation if not treated during 

times of stress.

Carnitine palmitoyltransferase 1A deficiency 
Carnitine palmitoyltransferase 1A (CPT1A) encodes for the homonymous 

enzyme that resides on the outer mitochondrial membrane.8 Its function 

is to convert long-chain acyl-CoAs to long-chain acylcarnitines, which 

can be transported into the mitochondria for beta oxidation. Individuals 

with CPT1A deficiency may present with episodes of hypoketotic 

hypoglycaemia, acute liver failure, hepatic encephalopathy and 

hyperammonaemia. It differs from the other LC-FAODs in that cardiac 

manifestations are very rare in CPT1A deficiency.

Carnitine acylcarnitine translocase deficiency 
Carnitine acylcarnitine translocase is a transporter in the inner 

mitochondrial membrane to traffic acylcarnitines into the inner 

mitochondria and free carnitine back towards cytosol. This condition is 

very rare, with most patients presenting in the neonatal period. Clinical 

presentation includes hypoketotic hypoglycaemia, hepatomegaly, 

hyperammonaemia, myotonia, seizures, cardiomyopathy and respiratory 

distress.1 Mortality is high in the neonatal period. Survivors typically 

experience recurrent rhabdomyolysis.1 

Carnitine palmitoyltransferase 2 deficiency 
The carnitine palmitoyltransferase 2 gene (CPT2) encodes for an inner 

mitochondrial membrane protein that cleaves fatty acids from carnitine 

to be used in beta oxidation. There are three classical presentations of 

this disorder. The first is a lethal neonatal form that commonly presents 

shortly after birth with hypoketotic hypoglycaemia, hepatic dysfunction, 

cardiomyopathy, arrhythmias, encephalopathy and seizures. Structural 

abnormalities are also seen with dysmorphic facial features, cystic renal 

dysplasia and neuronal migration defects.9 Survival is rare. The second 

form is an infantile form with recurrent episodes of hypoglycaemia, 

liver dysfunction, rhabdomyolysis and cardiomyopathy, requiring close 

monitoring and aggressive treatment for life. The third disorder is 

characterized primarily by muscle involvement with exercise intolerance 

and recurrent episodes of rhabdomyolysis. There is also hypotonia and 

weakness during attacks.10 However, many patients are asymptomatic 

between attacks and some may not present until adulthood. 

Very long-chain acyl-CoA dehydrogenase deficiency
Very long-chain acyl-CoA dehydrogenase (VLCAD) is the most common 

LC-FAOD. It is due to biallelic variants in ACADVL, which encodes 

an enzyme involved in the metabolism of acylcarnitines with 14–20 

carbons.1 Severely affected patients present in the neonatal period 

with the typical hypoketotic hypoglycaemia, hypotonia, myopathy, 

hepatic dysfunction, cardiomyopathy and cardiac arrythmias.  

In the long-term, patients typically experience recurrent rhabdomyolysis 

and may exhibit cardiac disease progression with significant stress. With 

the expansion of newborn screening, many more individuals with a milder 

phenotype are being identified, with symptoms of skeletal myopathy and 

rhabdomyolysis not presenting until adolescence or adulthood; some 

may remain asymptomatic for life.11 This milder form has now become 

the most commonly diagnosed phenotype.11 

Long-chain 3-hydroxyacyl-CoA dehydrogenase 
deficiency/trifunctional protein deficiency 
Long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) and trifunctional 

protein (TFP) are two disorders that are clinically indistinguishable. 

Molecularly, they can be differentiated through the evaluation of HADHA 

and HADHB.1 Most affected patients present in infancy or early childhood 

with hypoglycaemia, hepatic dysfunction, cardiomyopathy and sudden 

death. LCHAD may also present with maternal HELLP (haemolysis, 

elevated liver enzymes, and a low platelet count) syndrome or acute 

fatty liver of pregnancy when the foetus is affected. Long-term sequelae 

include myopathy, recurrent rhabdomyolysis and exercise intolerance. 

Unique phenotypic features of LCHAD/TFP include peripheral neuropathy 

and retinopathy.12 Concern has also been raised for the increased 

comorbidities of intellectual disability and autism spectrum disorders in 

LCHAD.13 Further research on the underlying mechanism is still required.

Diagnosis
Biochemical investigations
General laboratory findings that may be suggestive of a diagnosis of a 

LC-FAOD include hypoglycaemia accompanied by a lack of, or decrease 

in, ketone production; an elevation in transaminases; or elevations 

in creatine kinase. If a medical provider is suspicious of a LC-FAOD, 

biochemical testing is the best initial step. Diagnostic laboratory studies 

include plasma total and free carnitine, acylcarnitine profile, urine organic 

acids and, in some cases, urine acylglycines depending on availability. 

Table 1 shows the typical biochemical profile for each LC-FAOD.14 

It is important to consider that a patient, especially one with a mild defect, 

could have a normal biochemical profile in a well-fed state. This is why the 

most accurate acylcarnitine profiles for diagnosis are obtained with critical 

sample laboratory tests during a period of hypoglycaemia. It should also be 

noted that, if there is a severe defect causing significantly low levels of all 

carnitine species, the specific diagnostic abnormality may not be evident 

until the carnitine has been replenished. The wide use of next-generation 

sequencing has made molecular testing relatively inexpensive, enabling 

gene-based testing when there is high clinical suspicion.

Table 1: Classical biochemical findings for long-chain fatty-acid oxidation disorders

Disorder Acylcarnitine abnormalities1 Urine abnormalities3,14

CDSP ↓ C0 ↑ Carnitine, nonspecific dicarboxylic aciduria

CPT1A ↑ C0, C0/C16+C18; ↓C2 ↑ Dodecanedioic acid, C12 dicarboxylic acid

CACT ↑ C16, C18, C18:1, C18:2

CPT2 ↑ C16, C18, C18:1, C18:2

VLCAD ↑ C12, C14, C14:1, C16, C18 ↑ Longer-chain dicarboxylic aciduria

LCHAD ↑ C14OH, C16, C16OH, C18OH, C18:1OH ↑ Longer-chain 3-hydroxydicarboxylic acids

C0 = low levels of free carnitine; CACT = carnitine acylcarnitine translocase; CDSP = systemic primary carnitine deficiency; CPT1A = carnitine palmitoyltransferase 1A;  
CPT2 = carnitine palmitoyltransferase 2; LCHAD = long-chain 3-hydroxyacyl-CoA dehydrogenase; VLCAD = very long-chain acyl-CoA dehydrogenase.
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Newborn screening
Newborn screening is now broadly implemented across all states in 

the USA and in some other countries for LC-FAOD, allowing many 

patients to be diagnosed before initial presentation.6 Newborn 

screening specimens are typically obtained at 24–48 hours of age 

when newborns are still in a relatively stressed state from labour and 

delivery and may not yet be feeding significant amounts. By the time of 

follow-up testing, they are typically feeding regularly and acylcarnitine 

abnormalities seen at screening may no longer be evident. Therefore, 

the acylcarnitine profile alone cannot be used to rule out the diagnosis 

of LC-FAOD and must be combined with either molecular or enzymatic 

testing. Early diagnosis, while improving the outcome, does not 

prevent risk of further decompensations. Furthermore, a normal 

newborn screen does not completely rule out the possibility of an  

LC-FAOD, so any patient who presents clinically with suggestive 

findings should have diagnostic testing.

Newborn screening programmes are giving us a broadened view of 

phenotype and a more accurate understanding of the incidence of these 

disorders. The current incidence estimate for all FAODs is 0.9–15.2 per 

100,000, but there may be significant geographic variability.15 The newborn 

screening programme in Tianjin, China, screened 220,443 infants from 

May 2013 to December of 2018, and diagnosed 15 individuals with FAODs, 

with the most common being CDSP.16 A group from Italy also recently 

published their 5-year screening data, from February 2014 to April 2019. 

They quote a new regional incidence of 1:4,316 newborns with FAODs, 

with 20 confirmed diagnoses.17 Continued global investigations will 

further our understanding of the overall prevalence of these disorders. 

Acute management
Patients with LC-FAODs suffer from recurrent acute metabolic 

decompensations that require emergent medical intervention. Medical 

providers should counsel patients on the avoidance of triggers of 

decompensation, such as prolonged fasting, excess activity and 

emotional stress. However, other stressors, such as intercurrent illnesses 

or surgery, may not be preventable.4 The severity of the disorder will 

often correlate with the timing of initial decompensation, with the most 

severe disorders presenting with significant cardiac or hepatic symptoms 

shortly after birth. During times of acute illness, patients should shorten 

fasting times and increase carbohydrate caloric intake with frequent  

glucose-containing beverages. If patients have severe symptoms, poor oral 

intake or vomiting, it is recommended that they seek immediate medical 

attention and be started on dextrose-containing intravenous fluids. Ten 

percent dextrose solution (D10) at 1.5 times maintenance is usually 

sufficient to stop catabolism; however, this should be titrated with the help 

of a metabolic provider.18 Laboratory studies typically include liver function 

testing and creatine kinase to assess response to therapy. Additional 

medical interventions will be illness or stressor specific. Once the patient is 

in their normal state of health, dextrose fluids should be weaned gradually 

to prevent a rebound catabolic state from the withdrawal of calories. 

Chronic management
Dietary management 
Management of LC-FAODs typically consists of avoidance of prolonged 

periods of fasting, dietary restriction of long-chain fats, supplementation 

with medium-chain triglycerides (MCTs), and a moderate increase 

in carbohydrate intake. Small snacks may be appropriate prior to any 

activity or to provide increased calories at times of physical exercise, or 

at bedtime prior to a longer fasting period. As per the Genetic Metabolic 

Dieticians International guidelines, it is typically recommended that 

dietary fat be limited to 20–30% of total energy intake.19 The patient’s 

severity is used to determine how much energy is from long-chain fat 

versus MCT oil. For example, patients with mild to moderate disease may 

have their calories split 50/50, while those with a severe LC-FAOD would 

have a ratio of 2:1 MCTs versus long-chain fat.

The European guidelines allow slightly more liberalization of fats in 

asymptomatic individuals, with fats constituting 30–40% of total energy 

and only 10–15% from MCTs.15 MCTs work well for LC-FAOD treatment, 

because these shorter-chain fats bypass the metabolic defect, are able 

to diffuse across the mitochondrial membrane without the requirement 

of transporters, and then undergo fewer rounds of beta oxidation to 

feed into the tricarboxylic acid cycle for energy production.15 Essential 

fatty acids should also be monitored and appropriately supplemented. 

Current dietary therapy guidelines are largely consensus driven. 

Carnitine supplementation is controversial. Docosahexanoic acid is 

recommended for LCHAD/TFP, and new research suggests consideration 

of supplementation in other LC-FAODs as well.20 Despite this long-standing 

therapeutic guidance, even patients with well-controlled symptoms 

experience recurrent hospitalizations and high morbidity/mortality rates.21

Triheptanoin 
Triheptanoin is a highly purified, 7-carbon chain triglyceride that has 

recently been approved by the US Food and Drug Administration (FDA) 

for the treatment of LC-FAODs in the USA. The metabolism of odd-chain 

carbon species allows for broad replenishment of tricarboxylic acid 

cycle intermediates by supplying both acetyl CoA and propionyl CoA, 

differing from C8 oils that supply acetyl CoA only. In clinical studies, the 

most common side effects were gastrointestinal: diarrhoea, abdominal  

pain/discomfort and vomiting, which are the same side effects seen 

with standard MCTs.22 The use of triheptanoin differs slightly from typical 

US dietary management using MCTs. While traditionally, C8 MCT oil was 

dosed at 15–25% of daily caloric intake, the recommended dose range of 

triheptanoin is 25–35% of daily caloric intake.23

Clinical trials have demonstrated that triheptanoin reduces the incidence 

of major clinical events (defined as hypoglycaemia, cardiomyopathy or 

rhabdomyolysis) and hospitalizations in patients with LC-FAODs.20 In an 

independent, double-blind, controlled study, Gillingham et al. randomized 

32 patients with LC-FAOD to receive either triheptanoin or C8 oil, both of 

which being 20% of the subjects’ daily caloric intake.24 They found that 

the triheptanoin group had a 7.4% increase in left ventricular injection 

fraction, and a 20% decrease in left ventricular wall mass. Patients also 

experienced a lower heart rate for the same amount of work when 

compared to their C8 counterparts. 

Macronutrients 
While the implementation of triheptanoin has been a major 

advancement in the management of patients with LC-FAODs, there 

has also been new research regarding the macronutrient composition 

of dietary management. The diet traditionally consists of an increase in 

carbohydrate intake to maintain caloric needs and prevent catabolism of 

fatty acids. Gillingham et al. recently conducted a 4-month trial in which 

they compared two groups: one with increased dietary carbohydrate 

intake and the other with increased dietary protein. Both groups had 

roughly 20% of daily caloric intake from fat.25 The high carbohydrate 

group were prescribed daily caloric intake of 11–13% protein and  

64–74% carbohydrate, while the high protein group were prescribed daily 

caloric intake of 25–28% protein and 50–56% carbohydrate. Although 

the study was small in size (n=13), they found that the high-protein 



Review  General Endocrinology

4 TOUCHREVIEWS IN ENDOCRINOLOGY

group had increased blood levels of short-chain acylcarnitines, reduced 

intrahepatic lipid content, and maintained lean body mass while the 

high-carbohydrate group lost lean body mass.  

Investigational therapies 
There are a number of novel approaches for the treatment of LC-FAOD 

being investigated in clinical or preclinical studies. Reneo Pharmaceuticals 

is currently recruiting for its phase Ib study on a peroxisome  

proliferator-activated receptor delta agonist, which, in cell culture 

systems, increased fatty-acid oxidation and mitochondrial energy 

metabolism (updates on their study are available on ClinicalTrials.gov).26 

Work by Bleeker et al. demonstrated improvement in patients with 

VLCAD with the supplementation of nutritional ketones as an alternative 

fuel source prior to exercise.27 Advancements continue in the realm of 

gene therapy for common LC-FAODs.28

Conclusion
Recent years have seen significant improvements in our ability to 

diagnose and manage LC-FAODs. Both implementation of newborn 

screening and expansion of next-generation sequencing has  

allowed us to broaden our understanding of the known phenotypes. 

While these conditions are relatively rare, collectively they are one of 

the most common metabolic defects. It is critical for all healthcare 

providers to include these in their differential diagnoses, and not  

miss a highly treatable condition.1,3 As LC-FAODs are increasingly 

diagnosed, further advances in treatment and management are 

important to reduce the morbidity and mortality associated with 

these disorders. Triheptanoin has provided a significant new treatment  

option in the USA. Further research and novel therapies will likely 

improve disease management and quality of life for individuals 

affected by LC-FAODs. q
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