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 patients: None; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All
 authors; (VII) Final approval of manuscript: All authors.
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 Abstract: Fatty acid oxidation disorders (FAODs) are inborn errors of metabolism due to disruption of either mitochondrial β-oxidation or the fatty acid transport using the carnitine transport pathway. The presentation of a FAOD will depend upon the specific disorder, but common elements may be seen, and ultimately require a similar treatment. Initial presentations of the FAODs in the neonatal period with severe symptoms include cardiomyopathy, while during infancy and childhood liver dysfunction and hypoketotic hypoglycemia are common. Episodic rhabdomyolysis is frequently the initial presentation during or after adolescence; although, these symptoms may develop at any age for most of the FAODs The treatment of all FAOD’s include avoidance of fasting, aggressive treatment during illness, and supplementation of carnitine, if necessary. The long-chain FAODs differ by requiring a fat-restricted diet and supplementation of medium chain triglyceride oil and often docosahexaenoic acid (DHA)—an essential fatty acid, crucial for brain, visual, and immune functions and prevention of fat soluble vitamin deficiencies. The FAOD are a group of autosomal recessive disorders associated with significant morbidity and mortality, but early diagnosis on newborn screening (NBS) and early initiation of treatment are improving outcomes. There is a need for clinical studies including randomized, controlled, therapeutic trials to continue to evaluate current understanding and to implement future therapies.
 Keywords: Fatty acid oxidation disorders (FAODs); mitochondrial β-oxidation; hypoketotic hypoglycemia;
 carnitine; trifunctional protein
 Submitted Oct 02, 2018. Accepted for publication Oct 17, 2018.
 doi: 10.21037/atm.2018.10.57
 View this article at: http://dx.doi.org/10.21037/atm.2018.10.57
 Introduction
 When fat is needed as an energy source during periods of decreased intake, prolonged fasting, or increased energy demands due to illness, fatty acids are released from storage in the adipose tissue and undergo mitochondrial β-oxidation (1). Fatty acid β-oxidation is a major source of energy in the mitochondria; ultimately generating the reducing agents flavin adenine dinucleotide (FADH2) and nicotinamide adenine dinucleotide (NADH+) to serve as electron donors to the respiratory chain for oxidative phosphorylation and ATP generation (Figure 1).
 Fatty acid oxidation disorders (FAODs) lead to deficient energy production and produce three variable clinical presentations in all ages. Typically the most severe life-threatening presentations may rapidly occur within a few hours of fasting in infants, but adults may require up to 48 hours of fasting. The neonatal-onset type, where newborns will develop a profound cardiomyopathy, hypoketotic hypoglycemia, and liver dysfunction within the first few days or weeks of life, is often fatal;. The infantile-onset type will present in infancy or childhood with intermittent episodes of lethargy and vomiting associated with intercurrent illnesses and lead to hepatic dysfunction,
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 hypoketotic hypoglycemia, and encephalopathy or sudden death. The later- (or adolescent or adult-) onset myopathic type presents with episodes of muscle weakness, myalgias, rhabdomyolysis, and risk of renal damage.
 Genetics and epidemiology
 There is an estimated collective incidence of one in 5,000–10,000 births, although the individual prevalence varies significantly (Table 1) (9). FAODs are all inherited in an autosomal recessive manner. Patients will have inherited two copies of a FAOD gene containing a DNA sequence mutation or variant. Recurrence risk for each pregnancy will then have a 1 in 4 chance of a child being affected; a 1 in 2 chance of being an unaffected carrier; and a 1 in 4 chance of being unaffected and not a carrier. Carriers are
 asymptomatic, though mild biochemical abnormalities may be present and detected on newborn screening (NBS).
 Initial presentations, diagnosis, and NBS
 Most FAODs are able to be detected through NBS by tandem mass spectrometry although there are profound differences between countries. For example, medium-chain acyl-CoA dehydrogenase deficiency (MCADD) deficiency is the only FAOD approved for NBS in the United Kingdom (10). Individuals with positive NBS are seen at metabolic centers for further testing before confirmation of a diagnosis. A plasma acylcarnitine profile and total and free carnitine levels are necessary for diagnosis following an abnormal NBS. The FAOD can all be recognized by their specific acylcarnitine profiles and free carnitine
 Figure 1 Overview of Mitochondrial Fatty Acid Oxidation Metabolism. Dark Green line, mitochondrial outer membrane (Mito OM); light green line, mitochondrial inner membrane (Mito IM); gold line, plasma membrane (PM). FAOD are shown in the red star shapes with associated enzyme defect. AC, Acyl-CoA; ACS, acyl-CoA synthase; CoA, coenzyme A; FA, fatty acids; MC, medium chain; LC, Long Chain; TFP, tri-functional protein complex; C I, complex I of ETC; CT, carnitine transporter defect; CPT1a, Carnitine palmitoyltransferase I; CPT2, carnitine palmitoyltransferase II; CACT, carnitine acylcarnitine translocase; LCHAD, long-chain 3-hydroxy acyl-CoA dehydrogenase; VLCAD, very long chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase; MAD, multiple acyl-CoA dehydrogenases; HAD, 3-hydroxyacyl-CoA dehydrogenase.
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 levels (Table 2). Testing of urine organic acids or urine acylglycines may be helpful for some FAOD and reveal a diagnostic pattern of dicarboxylic acids or acylglycines. DNA testing is considered standard for confirmation and can be helpful in genotype/phenotype correlations. DNA sequencing may reveal variants of uncertain significance, so further investigation of enzyme activity through fibroblast, leukocyte, or liver enzyme testing or by oxidized labeled fatty acids in fibroblasts (e.g., FAO probe) may provide additional information of functional significance.
 The presentation of a FAOD will depend upon the specific disorder, but common elements may be seen, and ultimately require a similar treatment (discussed below). During an acute presentation, a patient may have hypoglycemia with hypoketosis. Serum or urine ketones are often not present in FAOD but are not specific. Elevations of transaminases, ammonia, and creatine kinase may be present. A metabolic acidosis may be found due to dehydration secondary to the underlying illness and with hypoglycemia. Cardiac evaluation is essential the in acute presentation by chest radiography, electrocardiogram, or echocardiogram for the long-chain fatty acid oxidation disorders (LCFAOD).
 False positive NBS are relatively common for FAOD,
 partially due to a higher detection rate of carriers or apparently milder forms of FAOD. These infants have presented a unique clinical challenge as they may have persistent but lower concentrations of their respective acylcarnitine species and remain asymptomatic when compared to the more severe forms of FAOD. These infants may have a risk for late-onset disease and there is a significant need for additional research and long-term follow-up studies (11).
 Fatty acid oxidation disorders (FAOD)
 Medium-chain acyl-CoA dehydrogenase deficiency (MCADD)
 MCADD is the most common FAOD (12). While historically MCADD had a mortality rate of at least 20% prior to early diagnosis through NBS (13), with early implementation of treatment following NBS mortality and morbidity have improved to as low as 5% (14,15). MCADD may present in infancy and in toddlers associated with infection and resulting in vomiting and poor oral intake, progressing to dehydration, lethargy, and hypoketotic hypoglycemia. Liver dysfunction can present clinically similar to Reye syndrome. Progression of disease will lead to death from hyperammonemia and brain edema following
 Table 1 Genetics of fatty acid oxidation disorders
 Disorder Gene Prevalence Common sequence variants
 MCADD ACADM 1:20,000 in Northern European Caucasian
 c.985A>G (p.K304E) in approximately 70% of mutant alleles in affected patients of Northern European
 VLCADD ACADVL 1:42,500 to 1:120,000 mild or benign DNA variant p.V283A (2)
 LCHADD HADHA 1:110,000 to 1:150,000 c.1528-G>C (p.E510Q)
 TFPD HADHA, HADHB Rare –
 CPT1D CPT1A 1:500,000 Milder phenotype c.1436C>T (p.P479L) in Inuit, Alaskan native, Canadian First Nations, and Hutterites (3-5)
 CACTD SLC25A20 Rare –
 CPT2D CPT2 Rare p.S113L in 60% later-onset myopathic presentation (6)
 CTD SLC22A5 1:20,000 to 1:120,000 –
 SCADD ACADS 1:35,000 to 1:50,000 c.511C>T and c.625G>A in 14% of normal population (7,8)
 MADD ETFA, ETFB, ETFDH Rare –
 HADD HADH Rare –
 MCADD, medium-chain acyl-CoA dehydrogenase deficiency; VLCADD, very long-chain acyl-CoA dehydrogenase deficiency; LCHADD, long-chain 3-hydroxy acyl-CoA dehydrogenase deficiency; TFPD, trifunctional protein deficiency; CPT1D, carnitine palmitoyltransferase type 1 deficiency; CACTD, carnitine-acylcarnitine translocase deficiency; CPT2D, carnitine palmitoyltransferase type 2 deficiency; CTD, carnitine transporter deficiency (CTD); SCADD, short-chain acyl-CoA dehydrogenase deficiency; MADD, Multiple acyl-CoA dehydrogenase deficiency; HADD, 3-hydroxyacyl-CoA dehydrogenase deficiency
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 lack of treatment from unrecognized disease, including sudden lethal presentations in all age groups (16).
 Acylcarnitine abnormalities from NBS should be confirmed in plasma samples (Table 2). Urine acylglycine testing shows elevations of propionylglycine, suberylglycine and hexanoylglycine. DNA sequencing of ACADM is readily available and homozygosity for the c.985A>G mutation is often associated with the most severe phenotype, including sudden death in the first 72 hours of life prior to receiving the results of NBS (17).
 Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD)
 The prevalence of VLCADD now has increased following NBS (18-21). Complete deficiency may present with severe cardiomyopathy and death in the first few days of life. Partial deficiency may only have recurrent hypoketotic hypoglycemia or presentation in adolescence or adulthood with myopathy and/or rhabdomyolysis (2,22-25).
 Diagnosis following lethal cardiomyopathy may only be detected post-mortem or on NBS results. NBS will detect VLCADD, although many countries do not screen for VLCADD due high false positive rates and uncertainty with managing and treating milder disease variants (2). Plasma acylcarnitines may confirm the diagnosis, although profiles may be normal when the patient isn’t in acute metabolic stress, so sequencing of ACADVL is recommended for confirmation. Urine organic acid analysis may demonstrate longer-chain dicarboxylic aciduria during illness and metabolic stress. These patients with single heterozygous or novel variants may have persistent acylcarnitine elevations and leukocyte enzyme assay and/or FAO probe analysis may help determine the need for treatment (26).
 Long-chain 3-hydroxy acyl-CoA dehydrogenase deficiency (LCHADD) and trifunctional protein deficiency (TFPD)
 The mitochondrial trifunctional protein heterooctomer includes the four alpha and four beta subunits encoded by the HADHA and HADHB genes, respectively. The mitochondrial trifunctional protein complex has three enzymatic activities: long-chain enoyl-CoA hydratase, long-chain 3-hydroxy acyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase. TFPD is due to deficiency of all three enzymes resulting from mutations in either HADHA or HADHB. LCHADD occurs from mutations in HADHB resulting in deficiency of the dehydrogenase subunit.
 Mothers who are heterozygous carriers for LCHADD have been reported to have a risk of developing acute fatty liver of pregnancy during pregnancy and hemolysis, elevated liver enzymes, low platelets (HELLP) syndrome when carrying an affected fetus—and so their children should have appropriate screening at birth (10).
 The most severe presentation of neonatal LCHADD and TFPD is a rapidly progressive cardiomyopathy (27,28). Infantile presentations during times of acute illness can include recurrent hypoketotic hypoglycemia and liver dysfunction (e.g., a Reye-like syndrome), cholestasis, cardiomyopathy, myopathy, and rhabdomyolysis. Long-term development of skeletal myopathy (65%), slowly progressing peripheral neuropathy (21%), and pigmentary retinopathy (43%) require clinical monitoring but can be difficult to treat (28). Peripheral neuropathy may be more severe and present at earlier ages in TFPD. Severe liver disease may progress to necrosis and steatosis. Episodes of recurrent rhabdomyolysis are common in older children, adolescents, and adults. Improved growth a development are now being seen due to NBS and early institution of therapy in LCHADD although prevention of all morbidity and mortality are incomplete, especially in TFPD patients (27,29). The survival rate for TFPD is worse than LCHADD (27-30).
 Diagnostic elevations are seen on plasma acylcarnitine analysis (Table 2). Longer-chain 3-hydroxydicarboxylic acids may be present in urine organic acid analysis. A leukocyte or fibroblast enzyme assay is available although these assays have significant overlap between heterozygous carriers and those with two mutations; however, DNA sequencing demonstrating mutations in HADHA or HADHB is typically adequate.
 Carnitine transport disorders
 Long-chain fatty acids require carnitine for transport across the mitochondrial inner membrane. This three step process involves covalently linking carnitine to the long-chain fatty acyl-CoA via a transferase (CPT1), movement across the inner mitochondrial membrane by a sodium-dependent carnitine transporter, and then removal of the long-chain fatty acyl-CoA from carnitine by a second transferase (CPT2).
 Carnitine palmitoyltransferase type 1 deficiency (CPT1D)
 The three different isoforms of the CPT1 enzyme are

Page 6
                        

Merritt et al. FAO disorders
 © Annals of Translational Medicine. All rights reserved. Ann Transl Med 2018;6(24):473atm.amegroups.com
 Page 6 of 14
 encoded by different genes, but only CPT1A deficiency, expressed in the liver and kidney, has been reported. Early childhood presentations of CPT1D include hypoketotic hypoglycemia, liver dysfunction, and rapid progression to liver failure. Neonatal hypoglycemia is rare and adult-onset skeletal myopathy is infrequent (31). Renal tubular acidosis has been reported with epidoses of acute decompensation (32).
 NBS for CPT1D is available in most states and laboratory findings include elevated free plasma carnitine levels with decreased levels of long-chain acylcarnitines. An abnormal ratio of C0/(C16+C18) improves specificity in NBS. DNA sequencing of the CPT1A gene or fibroblast enzyme activity is available. A milder phenotype of CPT1D is seen at a higher prevalence in the Arctic populations may be associated with higher infant mortality and impaired fasting intolerance (3-5,33).
 Carnitine-acylcarnitine translocase deficiency (CACTD)
 The most severe presentation of CACTD is with severe neonatal cardiomyopathy, ventricular dysrhythmias, hypoglycemia, hyperammonemia, and sudden death (30,34). Symptoms in older patients include vomiting, hypog lycemia , mi ld chron ic hyperammonemia , severe skeletal myopathy, and mild hypertrophic cardiomyopathy. Many patients may still have significant developmental delay, seizures, and other complications despite early diagnosis through NBS and implementation of treatment (30,35-37). Other patients may have a less severe disease associated with higher enzyme activity, although disease severity does not always correlate with disease severity (38,39).
 Findings from NBS and diagnosis from plasma acylcarnitines should be confirmed with DNA sequencing of SLC25A20 because the acylcarnitine profiles on NBS or plasma are identical to carnitine palmitoyltransferase type 2 deficiency (CPT2D). Even with NBS, prognosis is poor in most patients and mortality remains high (30,37). Surviving patients may develop profound developmental delay and seizures even with treatment (35,36).
 Carnitine palmitoyltransferase type 2 deficiency (CPT2D)
 CPT2D is most commonly recognized by its later-onset myopathic presentation in adolescence or adulthood due to exercise intolerance and episodes of rhabdomyolysis with associated risk of renal failure (40). Additionally, there is a
 rare, severe, neonatal form presentation with where infants will have multiple congenital anomalies (dysmorphic facies, renal dysgenesis, neuronal migration malformations), hypotonia, cardiomyopathy, arrhythmias, seizures, but may result in death as early as the first few days of life (40). Acylcarnitines in CPT2D and CACTD are identical, so confirmatory sequencing of the gene, CPT2, is necessary (6).
 Carnitine transporter deficiency (CTD)
 CTD is also known as carnitine uptake defect or primary carnitine deficiency (41). CTD presents with hypoketotic hypoglycemia, hyperammonemia, liver dysfunction, cardiomyopathy, and skeletal hypotonia. Neonatal presentations are unusual, while children may present with cardiomyopathy. On NBS affected infants have profoundly low free carnitine levels and diagnosis requires plasma total and free carnitine levels in both the neonate and mother. False positive NBS for low free carnitine levels have been reported due to neonatal nutritional deficiency or previously undetected low maternal plasma carnitine levels resulting from either unrecognized maternal CTD or a low-protein diet (e.g., vegan diet). Women with maternal CTD may be either asymptomatic or have unrecognized clinical symptoms and may or may not clinically benefit from carnitine supplementation. DNA sequencing of the SLC22A5 gene is adequate confirming the diagnosis or fibroblast carnitine uptake analysis is available (41). Patients with CTD only require carnitine supplementation as their treatment and do not require dietary restrictions (41).
 Other FAOD
 Short-chain acyl-CoA dehydrogenase deficiency (SCADD)
 Previously, decreased SCAD enzyme activity was considered to be associated with symptoms ranging from poor feeding, failure to thrive, hypotonia, and seizures. Subsequently, compound heterozygosity or homozygosity for one of two common polymorphisms (Table 1) were found to result in a reduced enzyme activity and the biochemical abnormalities of SCADD but not thought to be of any physiologic consequence (42).
 SCADD is diagnosed through elevations of C4-acylcarnitine on NBS or on plasma acylcarnitine profiles. Urine organic acids show elevations of ethylmalonic acid and butyrylglycine. NBS will detect infants with mild, moderate and severely decreased enzyme function. Currently all
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 infants with SCADD detected on NBS have been reported to remain asymptomatic, leading many to consider SCADD to be a benign biochemical phenotype rather than a clinically relevant inborn error of metabolism (7). The need for treatment of SCADD is uncertain, and the need for acute management does not appear necessary.
 Multiple acyl-CoA dehydrogenase deficiency (MADD)
 MADD (also known as glutaric acidemia type 2; GA2) is a complex inborn error of metabolism due to a combined defect multiple acyl-CoA dehydrogenases involving amino acid, fatty acid, and choline metabolism. The electron transfer flavoprotein (ETF) is made up of two subunits: ETFA and ETFB. Mutations in the genes, ETFA, ETFB, and ETFDH, disrupt the electron transfer from ETF to electron transfer flavoprotein dehydrogenase (ETFDH) and then ultimately to coenzyme Q10 in complex III of the mitochondrial electron transport chain. Riboflavin is a precursor of the FAD cofactor and riboflavin responsive mutations have been described, most frequently in ETFDH, with a milder, riboflavin-responsive phenotype (43). Riboflavin deficiency or other riboflavin metabolism disorders may have a similar acylcarnitine profile to MADD.
 Three overlapping clinical presentations of MADD are recognized. Neonates may or may not have congenital anomalies (such as enlarged polycystic kidneys, rocker-bottom feet, inferior abdominal musculature defects, hypospadias and chordee, cerebral cortical dysplasia, and gliosis). Dysmorphic features may include macrocephaly, large anterior fontanel, telecanthus, malformed ears, high forehead, and flat nasal bridge, similar to those in severe CPT2D (44). There is a significant risk of sudden progression of hypertrophic cardiomyopathy and sudden death despite early diagnosis on NBS with early initiation of treatment (45,46). Later-onset MADD, which is more likely to be riboflavin responsive, does not have congenital malformations, but does have continued risk of acute intermittent episodes with vomiting, dehydration, hypoketotic hypoglycemia, and acidosis with hepatomegaly or myopathy.
 NBS will detect MADD and plasma acylcarnitines and urine organic acids will confirm the diagnosis (Table 2). Metabolic abnormalities include lactic acidosis with an increased anion gap metabolic acidosis, hypoketotic hypoglycemia, and hyperammonemia. The “sweaty feet” odor of isovaleric acid may be present. Urine organic acid testing shows elevations of ethylmalonic acid, glutaric
 acid, 3-hydroxyisovaleric acid, lactic acid, medium- and long-chain dicarboxylic acids, and isovalerylglycine, isobutyrylglycine, and 2-methylbutyrylglycine. Renal tubular dysfunction results in generalized aminoaciduria. DNA sequencing of ETFA, ETFB, and ETFDH is helpful given the known riboflavin responsiveness and metabolism disorders. Enzyme analysis from liver biopsy or fibroblast fatty acid oxidation probe analysis is available, if necessary.
 3-hydroxyacyl-CoA dehydrogenase deficiency (HADD)
 This disorder has previously been referred to as medium/short-chain 3-hydroxyacyl-CoA dehydrogenase deficiency (M/SCHADD). Encoded by the HADH gene, this dehydrogenase catalyzes the NAD+ dependent oxidation of 3-hydroxyacyl-CoA for C4-10 substrates (47,48). HADD should be classified as a congenital hyperinsulinism syndrome as patients with proven HADH mutations may have recurrent hypoglycemia with a diazoxide-responsive hyperinsulinism (49-52). Hyperinsulinism and protein sensitivity results from a nonenzymatic function of the HAD protein inhibiting the activation of glutamate dehydrogenase (GDH) leading to gain of activity insulin sensitivity (53). Stressors, fasting, or dietary protein may provoke symptoms. HADD patients reported to date present within the first year of life. Late diagnosis can result in seizures and mental retardation due to recurrent hypoglycemia (51). During episodes of hypoglycemia and on NBS, mild hyperammonemia and elevations short- and medium-chain 3-hydroxyacylcarnitines may be found.
 Nutrition management of FAOD
 Summary of common elements of treatment
 Nutrition management of all FAODs includes avoidance of fasting, aggressive treatment during illness, and supplementation of carnitine, if necessary (Table 3). These three treatment strategies are congruent among all FAODs but there are some differences in nutrition management for specific FAODs.
 Medium-chain acyl-CoA dehydrogenase deficiency (MCADD)
 Infants with MCADD require frequent feedings dependent on their age as discussed in the summary (Table 3). After infancy most toddlers, children, and adults require regular meals and snacks during the day and before bed to prevent

Page 8
                        

Merritt et al. FAO disorders
 © Annals of Translational Medicine. All rights reserved. Ann Transl Med 2018;6(24):473atm.amegroups.com
 Page 8 of 14
 hypoglycemia and fatigue (55). Children and adults with MCADD should eat a normal, healthy diet (30% of energy from fat) that is appropriate for their age. Patients with MCADD do not need more food than the average person, but they need to eat healthy food at regular intervals.
 Breastmilk or standard infant formulas are appropriate to meet nutrient needs during infancy with introduction of solids per standard infant feeding guidelines. It is important for patients with MCADD to avoid medium chain triglyceride (MCT) oil. Some specialty infant and pediatric formulas have higher amounts of MCT oil and should be avoided (Table 4). If infants are on one of these specialty formulas, they may have false positive NBS results indistinguishable from those of a newborn with MCADD (55).
 Dietary sources of MCT are typically difficult to find, with the exception of manufactured MCT oil® and coconut oil. Patients with MCADD are educated to avoid excessive consumption of coconut oil, but are permitted to have foods that contain coconut as an ingredient.
 During illness aggressive actions must be taken especially if the child is vomiting or not eating well. Families are provided with an emergency protocol/letter that can be carried with them at all times and are strongly advised to seek medical attention if the patient with MCADD is experiencing illness accompanied with the previously mentioned symptoms. During milder illnesses, if the child is able to drink fluids they need to drink carbohydrate-rich
 fluids such as Gatorade® or Pedialyte® mixed with Solcarb® (powdered carbohydrate) every 3–4 hours during the day and night to maintain blood sugar and hydration. If fluids are not tolerated and/or the symptoms progress that signs of dehydration or mental status changes are noted, the child needs to be brought to the emergency department with their emergency letter for intravenous fluids as mentioned in the nutrition management summary (55).
 Long-chain fatty acid oxidation disorders (LCFAOD)
 Treatment of LCFAODs is similar to MCADD regarding avoiding fasting, providing aggressive treatment during illness, and possible supplementation with carnitine, if deficient. LCFAODs differ by requiring a fat restricted diet, potentially a higher protein intake, and supplementation of MCT (as a substrate for β-oxidation) (1).
 The primary goal of nutri t ion management of LCFAODs is to limit long chain fat as a substrate for energy production both by preventing β-oxidation and catabolism and by limiting the amount of dietary long chain fat while still providing adequate nutrients for normal growth and development (1). The extent to which fat is restricted is dependent on each patient’s gene mutation and severity of their disease. LCFAOD patients with mild or moderate forms usually only experience intermittent symptoms at times of increased β-oxidation such as during muscle during exercise or while fasting (56).
 Table 3 Summary of nutrition management for all FAODs
 Category Common elements of nutrition management
 Ongoing nutrition management Patients work closely with their metabolic dietitian and metabolic physician for ongoing nutrition management throughout their lifetime
 Avoidance of fasting Infants need to be fed every 3 hours with no more than 4 hours of fasting age 0–4 months;
 An additional hour of fasting is allowed per month of age thereafter up to 8 hours until 12 months of age;
 After infancy, it is important that children avoid fasting for more than 10–12 hours overnight (1)
 Aggressive treatment during increased metabolic stress
 Emergency treatment letter;
 Providing oral or enteral carbohydrate-rich fluids every 3–4 hours with mild to moderate illness;
 Intravenous fluids with 10% dextrose at 1.5 times maintenance rate with appropriate electrolytes are provided during times of illness, poor oral intake, or when fasting for surgery (28)
 Supplementation of carnitine Carnitine supplementation is controversial;
 Patients may develop secondary carnitine deficiency because fatty acids conjugate with carnitine and are then excreted as acylcarnitines (1);
 Carnitine supplementation may only be helpful if secondary carnitine deficiency is found, although some mouse studies have suggested long-chain hydroxyl-acylcarnitines may induce arrhythmias (54)
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 LCFAOD nutrition management in infancy includes total fat intake from all sources (MCT and long chain fat) to provide 40–45% of energy (typical for a normal infant). In severe VLCADD, long chain fat is restricted to 10% and MCT to 30% of energy. For moderate or mild forms of VLCADD, this may be 20% of energy from long chain fat and 20% of energy from MCT (1). Symptomatic infants need to discontinue breastfeeding (due to the high fat content in breast milk) and start specialized MCT-supplemented formula specific to LCFAODs (Table 4) (57). These formulas are prescr ibed by the metabol ic physician. Breastfeeding may be accompanied with MCT-supplemented formula in patients with milder or asymptomatic forms of VLCADD.
 In childhood and adulthood the allowance of fat energy decreases to 30% of energy after 1 year of age. In severe forms the patient will still need to restrict long chain fat to 10% of energy and provide MCT as 20–30% of energy. Patients with mild or moderate forms require long chain fat
 restricted to 15–20% of energy and provide MCT as 15–20% of energy (1). Some metabolic centers will alternatively dose MCT at 2–3 g/kg in infancy and 1–1.5 g/kg after 1 year of age (58). Since there is residual enzyme activity, there are ongoing studies to determine if mild or moderate forms even need a long chain fat restriction if they are anabolic. Age appropriate solid foods are introduced around 4-6 months of age (which is typical for any average infant). After a year of age more solid foods are introduced to meet their nutrition needs. As the child increases the amount of solid foods in their diet, their supply of long-chain fats comes from these sources. Patients are prescribed a daily limit in the number of grams of long chain fat allowed per day and are educated about how to count grams of fat in food.
 After 1 year of age, MCT can be supplemented as an oil (MCT oil® or Liquigen®) or as a powder (MCT Procal™), which should be prescribed by the metabolic physician. Some patients mix MCT in nonfat milk and drink it at regular intervals throughout the day and some mix their MCT into their foods. MCT supplementation has been associated with a reversal of cardiomyopathy in CACTD and VLCADD although some VLCADD patients still had significant muscle weakness, muscle pain, or myoglobinuria (28,35,59,60). Since MCT infant formulas are enriched with essential fatty acids, it is important to provide adequate essential fats when infant formula is discontinued. Essential fatty acid linoleic acid (C18:2n6) should compose 3% of energy intake and α-linolenic acid (C18:3n3) should comprise 1% of energy intake (1).
 Avoiding essential fatty acid deficiency is important, and the majority of long chain fat consumption should come from oils rich in essential fatty acids such instead of saturated long chain fatty acids (i.e., butter, fatty meats, etc.) (1). Supplementation with specific oils such as walnut or flaxseed oil may be necessary to meet essential fatty acid requirements (Table 5). Patients are at higher risk for becoming deficient in fat soluble vitamins and may require supplementation (62).
 Linoleic acid and α-linolenic acid are precursors for the endogenous synthesis of longer fatty acids such as eicosapentaenoic acid (EPA; C20:5n3) and docosahexaenoic acid (DHA; C22:6n3), which are crucial for brain, visual, and immune functions (62). It is often difficult to increase plasma EPA and DHA concentrations from dietary oils alone so patients require supplementation with preformed DHA (60 mg/day for infants <20 kg; 100 mg/day for children >20 kg; and 100–200 mg/day for adults) to achieve
 Table 4 MCT oil content in specialty infant and pediatric formulas
 Formula type Formula name % MCT
 Premature infant formulas
 Enfamil human milk fortifiera 70
 Enfamil prematurea 40
 Enfacarea 20
 Neosureb 25
 Similac human milk fortifierb 100
 Similac special careb 50
 Semi-elemental/hypoallergenic infant formulas
 Alimentumb 50
 Pregestimila 55
 Elecareb 33
 Neocatec 33
 MCT supplemented metabolic formulas for LCFAODs
 Lipistart (infant)d 90
 Monogen (infant)c 80
 Portagen (infant)a 87
 Enfaport (infant)a 83
 MCT Procald (pediatric) 97
 MCT oile (pediatric) 100
 Liquigenc (pediatric) 96a, Mead Johnson Nutrition Evansville, IN; b, Abbott Nutrition, Lake Forest, IL; c, Nutricia North America, Rockville, MD; d, Vitaflo USA, Alexandria, VA; e, Nestle Nutrition, Florham Park, NJ.
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 normal levels (62). All patients with LCFAODs should be given DHA, as DHA supplementation may stabilize, but not prevent, the retinopathy seen in LCHADD (63).
 With a fat restricted diet, patients with LCFAODs are potentially at risk for inadvertently lowering their protein intake unless they specifically consume low fat, high protein foods (e.g., nonfat dairy, lean meats). An investigation of a higher protein diet in LCHADD and TFPD patients showed a higher protein diet with less carbohydrates does not improve metabolic control, but may be beneficial for body composition and liver lipid content (62).
 During exercise, the body utilizes glycogen from muscle to provide the majority of energy for the first 20–30 minutes. Prolonged exercise and higher intensity exercise is dependent on fatty acids. Patients with LCFAODs are at high risk of exercise-induced rhabdomyolysis. To prevent rhabdomyolysis and increase exercise tolerance, patients require additional MCT supplementation (0.15–0.2 g/kg weight) mixed with a glucose solution (e.g., Gatorade®) prior to exercise and a 3:1 ratio of carbohydrate to protein snack after exercise (62).
 Patients with LCFAODs are always at risk of metabolic decompensation especially during stress and any instance where energy intake is decreased (e.g., illness, fasting, vigorous exercise, skipping meals, vomiting, surgical procedures). Just like with MCADD, during illness patients need to drink carbohydrate-rich fluids every 3–4 hours along with their MCT. If oral intake is not tolerated, the illness lasts more than three days, and/or the patient is lethargic, the patient needs to be brought to the emergency department for intravenous fluids (Table 3) (58). MCT should be re-instituted as soon as the patient is able to tolerate oral/enteral intake. If parenteral nutrition is implemented, Intralipid® is contraindicated (1).
 MADD
 Nutrition management of MADD is complex and requires a low fat (20–25% energy) and low protein diet to decrease excess intake of isoleucine, leucine, lysine, tryptophan, and valine (45). Patients even need to avoid MCT oil because β-oxidation of all fatty acid chain lengths is compromised (64). Additionally, patients require avoidance of fasting, adequate energy to prevent catabolism as well as supplementation with riboflavin and carnitine (43). Acute decompensation should be treated promptly with intravenous fluids and carnitine to restore anabolism. Ketone bodies represent a source of energy that patients with MADD can metabolize, and small trials have shown some success, especially relative to cardiac function (45). However, larger studies are necessary to confirm initial results.
 Therapies under investigation
 Triheptanoin
 Triheptanoin (Ultragenyx Pharmaceutical Inc., Novato, California, USA) is a triglyceride of three seven-carbon fatty acids that has been investigated for use as an alternative fuel source. Hydrolyzed in the small intestine to three molecules of heptanoic acid, the heptanoic acid then enters β-oxidation to produce acetyl-CoA and propionyl-CoA, which then can enter the citric acid cycle. In the liver, pentanoyl-CoA can serve as an anaplerotic substrate and generates 5-carbon ketone bodies (β-hydroxypentanoate and β-ketopentanoate), which can be utilized by peripheral tissues (65). Triheptanoin may also suppress lipolysis and accumulation of toxic metabolites in LCFAODs.
 Reports of anaplerotic therapy with triheptanoin have included three VLCADD patients who had improvement in cardiac symptoms, muscle weakness and fatigue, hypoglycemia, and hepatomegaly within the first month of treatment. Rhabdomyolysis was not improved (66,67). Subsequent studies showed similar effects in LCHADD, TFPD, CPT2D, and CPT1D, though LCHADD-associated retinopathy was not improved with treatment (67). A compassionate use protocol of 11 VLCADD, 5 LCHADD, 2 TFPD, 3 CPT2D, and 1 CACTD patients demonstrated triheptanoin to be well tolerated and reduced hospitalizations, myopathy, and hypoglycemia, with one patient having continued cardiomyopathy (68). Additional clinical studies including a double blind FDA Phase II are underway (68). Clinical long-term, randomized studies comparing outcomes
 Table 5 Sources of essential fatty acids (61)
 Source AmountLong-chain fat (g)
 Linoleic acid (mg)
 Linolenic acid (mg)
 Energy (Kcal)
 Flaxseed oil 1 mL 0.9 114 480 8
 Canola oil 1 mL 0.9 183 84 8
 Walnut oil 1 mL 0.9 476 94 8
 Safflower oil 1 mL 0.9 672 0 8
 Corn oil 1 mL 0.9 482 10 8
 Soy oil 1 mL 0.9 459 61 8
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 between triheptanoin and standard therapy with MCT oil are ongoing.
 Gene transcription activation
 There have been a number of reports proposing the use of bezafibrate, which is currently used in treating hyperlipidemia to reduce LDL and triglyeride levels and increase HDL levels. Bezafibrate is a peroxisome proliferator-activated receptor (PPAR) agonist that promotes transcription of many genes including CPT2D and VLCADD. Clinical trials with CPT2D and VLCADD patients have shown varying effects ranging from a reduction in episodes of rhabdomyolysis and creatine kinase levels and with improvements in quality of life measures to patients who did not show improvement of clinical symptoms or fatty acid oxidation during exercise (69,70). A recent open label study in VLCADD and CPT2D patients demonstrated decreased and increased myopathic attacks, increased and decreased creatine kinase levels, plasma acylcarnitine levels between patients, but did show consistent improvements in quality of life scores (71). More clinical studies are clearly needed in development of this potential treatment.
 Conclusions
 The FAOD are a group of autosomal recessive disorders associated with significant morbidity and mortality, but early diagnosis on NBS and early initiation of treatment are improving outcomes. The wide range of clinical presentations of these disorders ranges from lethal neonatal cardiomyopathy in the first days of life to chronic skeletal myopathy or even potentially benign traits. Current treatment may include nutrition management with a low-fat diet, MCT oil supplementation, aggressive treatment during illness, and potentially carnitine supplementation. Even with the significant advances made to date, there still remains significant risk for symptoms, especially rhabdomyolysis and cardiomyopathy. There is a need for clinical studies including randomized, controlled, therapeutic trials to continue to evaluate current understanding and to implement future therapies.
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