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         Summary 
 Mitochondrial fatty acid oxidation disorders have been 
included in newborn screening programs worldwide since 
the implementation of tandem mass spectrometry-based 
screening. Disease-specifi c acylcarnitine profi les pinpoint at 
the respective enzyme defect; however, the diagnosis has 
invariably to be confi rmed by enzyme assay and/or molecu-
lar analysis. Metabolic profi les can be normal in the anabolic 
state and, consequently, newborn screening may miss the 
diagnosis when performed outside the catabolic state on 
days 2 and 3 of life. Mitochondrial fatty acid oxidation 
 disorders comprise four groups: (1) disorders of the entry of 
long-chain fatty acids into mitochondria, (2) intramitochon-
drial β-oxidation defects of long-chain fatty acids affecting 
membrane-bound enzymes, (3) β-oxidation defects of short- 
and medium-chain fatty acids affecting enzymes of the mito-
chondrial matrix, and (4) disorders of impaired electron 
transfer to the respiratory chain from mitochondrial 
β-oxidation. The main pathogenic mechanisms of fatty acid 
oxidation defects include toxic effects by accumulating acyl-
carnitine and acyl-CoA species and energy defi ciency due to 
impaired fatty acid oxidation and ketone body formation. 
The respective disorders present with heterogeneous pheno-
types. Before newborn screening (NBS) was introduced, the 
most common clinical presentations were hypoketotic hypo-
glycemia and sudden death, usually precipitated by an infec-
tion or fasting in the neonatal period or early childhood. In 
addition, severe cardiomyopathy and arrhythmias were lead-
ing clinical signs in the fi rst months of life. Older children or 
adults may present with exercise- or illness-induced rhabdo-
myolysis. Patients can remain asymptomatic throughout life 
if they have mild defects and are not exposed to metabolic 
stress. Correlation of genotype and/or residual enzyme activ-
ity with disease phenotype has been reported for some 
defects, whereas in others additional disease modifi ers are 
suspected. With newborn screening, disease incidence has 
signifi cantly increased and the proportion of milder pheno-
types has grown. Newborn screening greatly reduces the 
morbidity and mortality, though it does not eliminate early 
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neonatal death in severe phenotypes. With respect to the 
 heterogeneous clinical presentation, treatment needs to be 
tailored to the severity of the respective phenotype and the 
specifi c disorder.  

17.1     Introduction 

 Fat is an important source of energy and the body’s principal 
fuel store. In postnatal life fatty acids are used in preference 
to glucose by the heart. They are also the main fuel for skel-
etal muscle during sustained exercise. 

 Mitochondrial fatty acid oxidation involves four pro-
cesses: (1) entry of fatty acids into mitochondria (the carni-
tine cycle), (2) mitochondrial β-oxidation via a spiral 
pathway utilizing membrane-bound enzymes, (3) mitochon-
drial β-oxidation of chain-shortened fatty acids using matrix 
enzymes, and (4) electron transfer to the respiratory chain. 

 The clinical presentation of these disorders is heteroge-
neous. Since implementation of newborn screening for fatty 
acid oxidation disorders (FAODs), milder phenotypes and 
asymptomatic patients with different genotypes are identi-
fi ed. Before newborn screening, FAODs have three charac-
teristic clinical presentations:
    1.     Acute hypoketotic hypoglycemia and encephalopathy 

accompanied by hepatomegaly and liver dysfunction  pre-
cipitated by fasting or an infection. This is often described as 
a hepatic presentation or “Reye-like symptoms.” Presentation 
generally occurs in the fi rst weeks and months of life.   

   2.     Cardiomyopathy  (usually hypertrophic, but also dilated in 
later stages),  arrhythmias ,  or conduction defects . The car-
diac phenotype generally occurs in the fi rst weeks and 
months of life.   

   3.     Myopathy , presenting either with weakness, with pain, or 
with acute rhabdomyolysis, precipitated by exercise or 
infection. The myopathic phenotype mainly occurs after 
infancy and in later childhood or adolescence.     
 A number of patients will never develop symptoms, either 

because they have a mild defect or because they are not 
exposed to the necessary environmental stress; it is not yet 
clear how many of the NBS-diagnosed patients will remain 
asymptomatic throughout life.  

17.2     Metabolic Markers 

 Fasting hypoglycemia is primarily due to increased periph-
eral glucose consumption with a concomitant decreased pro-
duction of ketones (Herrema et al.  2008 ); consequently the 
hypoglycemia is hypoketotic. Small amounts of ketone bod-
ies can be synthesized, particularly in medium- or short- 
chain FAODs or if there is high residual enzyme activity, but 
the plasma concentrations are lower than expected for the 

degree of hypoglycemia. Hyperammonemia occurs in some 
severe defects, and lactic acidemia is particularly seen in 
LCHAD and MTP defi ciencies and in MAD defi ciency. 
Rhabdomyolysis is accompanied by highly elevated creatine 
kinase (CK) up to 100,000 U/l or higher. Hepatomegaly and 
steatosis resulting from endogenous lipolysis are refl ected by 
increased liver transaminases (AST, ALT). CK and transami-
nases are very sensitive markers to indicate metabolic 
derangement in long-chain fatty acid oxidation defects. The 
toxic effects of accumulating long-chain acylcarnitines and 
acyl-CoA esters are likely responsible for arrhythmias in 
these disorders that are especially severe in disorders of the 
mitochondrial trifunctional protein (MTP and LCHAD defi -
ciencies) and CACT defi ciency (Corr et al.  1989 ). The devel-
opment of retinopathy and peripheral neuropathy in LCHAD 
and MTP defi ciencies is associated with the accumulation of 
long-chain hydroxyacylcarnitines. 

 The disease-specifi c acylcarnitine profi le is used for new-
born screening with tandem mass spectrometry on days 2 
and 3 of life; postponing the blood sampling may yield false- 
negative results later on. Secondary carnitine defi ciency may 
result in an otherwise normal acylcarnitine profi le. Organic 
acid analysis in urine has previously been an important tool 
for the diagnosis of fatty acid oxidation defects and the 
assessment of dicarboxylic aciduria is highly diagnostic; 
however, nowadays acylcarnitine analysis is the primary 
diagnostic tool, invariably followed by enzyme (or molecu-
lar) analysis, since milder defects often present with a nor-
mal organic acid profi le in urine. 

  Carnitine transporter Defi ciency . The organic cation 
carnitine transporter OCTN2 is responsible for the carni-
tine uptake across the plasma membrane, particularly in 
heart, muscle, and kidney. Defects of the transporter lead to 
primary systemic carnitine defi ciency with increased renal 
loss of carnitine and extremely low plasma carnitine con-
centrations. Parallel measurement of carnitine in blood and 
urine is the fi rst diagnostic step. On newborn screening, 
low carnitine concentrations may also be found in new-
borns of vegan mothers or mothers with an undiagnosed 
OCTN2 defi ciency. Asymptomatic adults with very low 
plasma carnitine concentrations have been identifi ed. 
Therefore, carnitine measurement in the maternal plasma 
and urine has to be part of the diagnostic workup of a low 
carnitine on NBS. 

  Carnitine Palmitoyltransferase I  ( CPT I )  Defi ciency . 
Three different genetic isoforms of CPT I have been found in 
liver and kidney (CPT IA), muscle and heart (CPT IB), and 
brain (CPT IC). Only CPT IA defi ciency has been identifi ed 
in humans presenting in infancy with hypoketotic hypogly-
cemia and hepatopathy, induced by fasting or illness. 
Affected patients have an extremely high level of free carni-
tine in their blood spot with a concomitant decrease of the 
long-chain acylcarnitines. 
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  Carnitine - Acylcarnitine Translocase  ( CACT )  Defi ciency . 
Most patients have presented in the neonatal period and died 
in infancy. This phenotype is characterized by severe ven-
tricular arrhythmias that are most likely triggered by accu-
mulating toxic fatty acid metabolites during catabolism. The 
acylcarnitine profi le resembles that found in carnitine palmi-
toyltransferase II defi ciency. 

  Carnitine Palmitoyltransferase II  ( CPT II )  Defi ciency . 
The most common form of this disorder presents with recur-
rent episodes of rhabdomyolysis and myoglobinuria precipi-
tated by prolonged exercise, mainly in adolescents or young 
adults. The plasma CK often normalizes between episodes, 
but it may also remain moderately elevated, associated with 
chronic muscle weakness. Severe neonatal onset CPT II defi -
ciency is lethal and is associated with congenital malforma-
tions, principally renal cysts and neuronal migration defects 
(North et al.  1995 ). The adult myopathic form of CPT II defi -
ciency is biochemically diffi cult to diagnose since acylcarni-
tine profi les may be normal, even during metabolic 
derangement. 

  Very Long - Chain Acyl - CoA Dehydrogenase  ( VLCAD ) 
 Defi ciency . VLCAD defi ciency is the second most common 
fatty acid oxidation disorder in Europe and the USA, with a 
prevalence between 1:50,000 and 1:100,000. This is much 
higher than was assumed from the number of clinically man-
ifesting patients. Neonatal screening has identifi ed milder 
phenotypes with different genotypes and higher residual 
activities (Spiekerkoetter et al.  2010 ). A large number of 
patients are asymptomatic at diagnosis and during follow-up 
over up to 10 years. 

  Mitochondrial Trifunctional Protein  ( MTP ),  LKAT ,  and 
LCHAD Defi ciencies . Isolated LKAT defi ciency is rare 
and has only been reported in one patient. Patients with iso-
lated LCHAD defi ciency or general MTP defi ciency irre-
spective of the localization of the mutation in the HADHA or 
HADHB gene present with similar heterogeneous pheno-
types (Spiekerkoetter et al.  2004 ). Importantly, this is the 
only FAOD associated with retinopathy and peripheral neu-
ropathy (Tyni et al.  1998 ). In neuromyopathic phenotypes, 
the acylcarnitine profi le is often normal, even during an epi-
sode of rhabdomyolysis. Mothers who are heterozygous for 
LCHAD or MTP defi ciency have an increased risk of HELLP 
syndrome (hemolysis, elevated liver enzymes, and low plate-
lets) and acute fatty liver of pregnancy (AFLP) during preg-
nancies when they are carrying an affected fetus (Wilcken 
et al.  1993 ). 

  Acyl - CoA Dehydrogenase 9  ( ACAD9 )  Defi ciency . 
ACAD9 is homologous to VLCAD and has dehydrogenase 
activity towards various long-chain acyl-CoA esters in vitro. 
Its physiological role is in the assembly of the mitochondrial 
respiratory chain complex I (Nouws et al.  2010 ). 

  Medium - Chain Acyl - CoA Dehydrogenase  ( MCAD ) 
 Defi ciency . MCAD defi ciency presents with an incidence of 

approximately 1:10,000 in Europe, Australia, and the USA. 
Affected patients only present clinically if exposed to an 
appropriate environmental stress such as prolonged fasting 
or an infection with vomiting. Even before the era of new-
born screening, many patients (affected siblings of symp-
tomatic patients) remained asymptomatic (Wilcken et al. 
 2007 ). Blood C 8-carnitine is a highly specifi c marker, but 
may be only moderately elevated in mild phenotypes. The 
excretion of hexanoylglycine in urine is pathognomonic of 
MCADD; however, in milder phenotypes it is not detectable. 
Residual enzyme activity correlates with the genotype and 
the expected clinical phenotype. Compound heterozygous 
individuals with the c199T > C mutation on one allele pres-
ent with residual activities in the range of heterozygotes, 
doubting a clinical relevance of this mutation. 

  Short - Chain Acyl - CoA Dehydrogenase  ( SCAD ) 
 Defi ciency . There are two polymorphisms in the SCAD gene 
(c.625G > A and c.511C > T). In northern Europe, 6 % of the 
general population has one of these variants on both alleles. 
Biochemically the diagnosis relies on the fi nding of increased 
blood C4-carnitine and/or urine ethylmalonic acid. The clini-
cal signifi cance of SCAD defi ciency is unclear. It may confer 
susceptibility to disease together with a second mitochon-
drial impairment (van Maldegem et al.  2006 ). 

  Short - Chain 3 - Hydroxyacyl - CoA Dehydrogenase  
( SCHAD )  Defi ciency . SCHAD defi ciency is associated with 
hypoglycemia due to hyperinsulinism, in contrast to other 
FAODs. SCHAD has a second role independent of 
β-oxidation, binding and inhibiting glutamate dehydroge-
nase (GDH): SCHAD mutations that prevent GDH binding 
lead to increased GDH activity and insulin secretion, partic-
ularly in response to leucine (Li et al.  2010 ). Increased 
plasma 3-hydroxy-C4-carnitine and urine 3-hydroxyglutaric 
acid are the accepted diagnostic parameters. 

  Electron Transfer Defects  ( Multiple Acyl - CoA 
Dehydrogenase Defi ciency ,  MADD ). This disorder results 
from defects of the electron transfer fl avoprotein (ETF) or the 
ETF ubiquinone oxidoreductase (ETF:QO). Consequently, 
all acyl- CoA dehydrogenases will have a decreased activity 
in addition to glutaryl-CoA dehydrogenase and d -2- 
hydroxyglutarate dehydrogenase. The biochemical diagnosis 
is based on multiple elevated blood acylcarnitines and abnor-
malities of urine organic acids. Severely affected patients 
present in the fi rst days of life and generally also exhibit con-
genital anomalies and facial dysmorphism. The malforma-
tions resemble those seen in CPT II defi ciency and this 
phenotype is also mainly lethal in the neonatal period. The 
ribofl avin- responsive phenotype has a good prognosis with 
ribofl avin treatment. Mutations in the gene coding for 
ETF:QO have been identifi ed in these patients (Olsen et al. 
 2007 ). Only recently, patients with a ribofl avin transporter 
defect have been described also presenting as mild MAD 
defi ciency and responding to ribofl avin treatment.  

17 Mitochondrial Fatty Acid Oxidation Disorders
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17.4         Metabolic Pathway 

 Fatty acids are activated to coenzyme A (CoA) esters in the 
cytoplasm, but long-chain fatty acids need to be esterifi ed 
with carnitine in order to cross the inner mitochondrial mem-
brane. Medium- and short-chain fatty acids can enter the 
mitochondria independent of carnitine. Carnitine mainly 
derives from dietary meat or is provided by hepatic endoge-
nous synthesis. In vegans endogenous production is enhanced. 
By the high-affi nity organic cation carnitine transporter 2 
(OCTN2), carnitine is shuttled into the cytosol. At the outer 
mitochondrial membrane, the formation of acylcarnitine 
esters is catalyzed by carnitine palmitoyltransferase I (CPT I). 
The carnitine esters are then shuttled across the inner mem-
brane by the carnitine acylcarnitine translocase (CACT). 
Carnitine palmitoyltransferase II (CPT II) is attached to the 
inner mitochondrial membrane and catalyzes the transfer back 
to CoA esters. The enzymes for the β-oxidation of long-chain 
substrates (C18-C14 fatty acids) are also membrane- bound 
and comprise the very long-chain acyl- CoA dehydrogenase 
(VLCAD) and three enzymes in the mitochondrial trifunc-
tional protein complex (mTFP or MTP). This complex is 
composed of two subunits, harboring the long-chain enoyl-
CoA hydratase (LCEH) and the long- chain 3-hydroxyacyl-

CoA dehydrogenase (LCHAD) in the α-subunit and the 
long-chain 3 ketoacyl-CoA thiolase (LKAT) in the β-subunit. 
Each turn of the β-oxidation spiral involving four steps short-
ens the acyl-CoA by two carbons. These include two dehydro-
genation reactions, linked respectively to fl avin adenine 
dinucleotide (FAD) and nicotinamide adenine dinucleotide 
(NAD). The β-oxidation is catalyzed by enzymes of different 
chain length specifi cities. Medium- and short-chain enzymes 
such as medium-chain acyl-CoA dehydrogenase (MCAD), 
short-chain acyl-CoA dehydrogenase (SCAD), enoyl-CoA 
hydratase or crotonase, and short- chain 3-hydroxyacyl-CoA 
dehydrogenase (SCHAD) are located in the mitochondrial 
matrix. The liberated electrons are passed to the respiratory 
chain either directly (from NADH to complex I) or via two 
transfer proteins (from FADH 2  to ubiquinone). Each action of 
an acyl-CoA dehydrogenase produces two electrons which 
are transferred to the electron transfer fl avoprotein (ETF) and 
subsequently to ETF-dehydrogenase (ETF-DH, ETF-QO). 
Electron transfer plays a role in amino acid and choline 
metabolism in addition to mitochondrial β-oxidation. Acetyl-
CoA residues released by β-oxidation can be either oxidized 
in the Krebs cycle or, utilized to synthesize ketone bodies in 
the liver, Flavin adenine dinucleotide (FAD), which is derived 
from ribofl avin, acts as a cofactor in these reactions.
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  Fig. 17.1    Transport of fatty acids into the mitochondrion, mitochondrial β-oxidation, and electron transfer (Modifi ed according to Rinaldo et al. ( 2002 ))       
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17.5        Signs and Symptoms                   

  Table 17.1.1    Carnitine transporter defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy   ±  ±  ±  n  n 
 Digestive   Liver dysfunction   ±  ±  ±  n  n 
 Musculoskeletal   Rhabdomyolysis   n  ±  ±  ± 

  Skeletal myopathy / muscular hypotonia   ±  ±  ±  ±  ± 
 Asymptomatic    ±  ±  ±  ±  ± 
 Routine laboratory  Creatine kinase (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Transaminases (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Special laboratory  Carnitine, free (P)  ↓  ↓  ↓  ↓  ↓ 
 Carnitine, free (DBS)  ↓↓↓  ↓↓↓  ↓↓↓  ↓↓↓  ↓↓↓ 
 Dicarboxylic acids (U)  n-↑  n-↑  n-↑ 
 Long-chain acylcarnitines (DBS, P)  ↓  ↓  ↓  ↓  ↓ 

  Table 17.1.2    Carnitine palmitoyltransferase 1 defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Digestive   Liver dysfunction   ±  ±  ±  n  n 
 Renal   Renal tubular acidosis   ±  ±  ±  ± 
 Asymptomatic    ±  ±  ±  ±  ± 
 Routine laboratory  Glucose (P)  ↓-n  ↓-n  ↓-n 

 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Transaminases (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Special laboratory  Carnitine, free (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 
 Carnitine, free (DBS)  ↑-↑↑↑  ↑-↑↑↑  ↑-↑↑↑  ↑-↑↑↑  ↑-↑↑↑ 
 Dicarboxylic acids (U)  n  n  n  n  n 
 Long-chain acylcarnitines (DBS, P)  ↓  ↓  ↓  ↓  ↓ 

  Table 17.1.3    Carnitine acylcarnitine translocase defi ciency (30 patients)   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiac arrhythmias ,  sudden death   +++  +++  Many did not survive 
  Cardiomyopathy   +++  +++  Many did not survive 

 CNS   Coma ,  lethargy   ±  ±  ± 
 Digestive   Liver dysfunction   ±  ±  ± 
 Musculoskeletal   Skeletal myopathy / muscular hypotonia   ±  ±  ± 
 Other  Lethality of severe phenotypes, high  +++  +++  Many did not survive 
 Routine laboratory  Creatine kinase (P)  ↑↑  ↑↑  ↑↑↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Lactate (P)  ↑  ↑  ↑ 
 Transaminases (P)  ↑  ↑  ↑ 

 Special laboratory  C16–C18 acylcarnitines  ↑  ↑  ↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n 
 Dicarboxylic acids (U)  n-↑  n-↑  n-↑ 
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  Table 17.1.4    Carnitine palmitoyltransferase 2 defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy   ±  ±  ±  n  n 
 CNS   Coma ,  lethargy   ±  ±  ±  n  n 
 Digestive   Liver dysfunction   ±  ±  ±  n  n 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  +++  +++  +++ 

  Skeletal myopathy / muscular 
hypotonia  

 ±  ±  ±  ±  ± 

 Asymptomatic    ±  ±  ±  ±  ± 
 Other  Malformations (kidney, brain)  + Generally lethal       
 Routine laboratory  Creatine kinase (P)  n-↑  n-↑  n-↑↑↑  n-↑↑↑  n-↑↑↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Transaminases (P)  n-↑  n-↑  n-↑↑↑  n-↑↑↑  n-↑↑↑ 

 Special laboratory  C16–C18 acylcarnitines  n-↑  n-↑  n-↑  n-↑  n-↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 Dicarboxylic acids (U)  n  n  n  n  n 

  Table 17.2.1    Very long-chain acyl-CoA dehydrogenase defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy   ±  ±  ±  n  n 

 CNS   Coma ,  lethargy   ±  ±  ±  n  n 
 Digestive   Liver dysfunction   ±  ±  ±  n  n 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  ±  ++  ++  ++ 

  Skeletal myopathy / muscular hypotonia   ±  ±  ±  ±  ± 
 Asymptomatic    ±  ±  ±  ±  ± 
 Routine laboratory  Creatine kinase (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Transaminases (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Special laboratory  C14:1 tetradecenoyl-carnitine (DBS, P)  (n)-↑  (n)-↑  (n)-↑  n-↑  n-↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 Dicarboxylic acids (U)  n-↑  n-↑  n-↑  n-↑  n 
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  Table 17.2.3    Isolated defi ciency of long-chain 3-hydroxyacyl-CoA dehydrogenase   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiac arrhythmia   ±  ± 
  Cardiomyopathy   ±  ±  ±  n  n 

 CNS   Coma ,  lethargy   ±  ±  ±  n  n 

  Neuropathy ,  peripheral   n  n  ±  ±  ± 
 Digestive   Liver dysfunction   ±  ±  ±  ±  ± 
 Eye   Pigmentary retinopathy   n  ±  ±  ±  ± 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  ±  ++  ++  ++ 

  Skeletal myopathy / muscular hypotonia   +  +  +  +  + 
 Other  Intrauterine growth retardation  + 

 Maternal HELLP syndrome  ± 
 Routine laboratory  Ammonia (B)  (↑)  (↑)  (↑)  n  n-↑ 

 Creatine kinase (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 
 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Lactic acidosis  ±  ±  n  n  n 
 Transaminases (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Special laboratory  C16–C18 hydroxyacylcarnitines (DBS, P)  n-↑  n-↑  n-↑  n-↑  n-↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 Dicarboxylic and 3-hydroxydicarboxylic acids (U)  n-↑  n-↑  n-↑  n-↑  n 

  Table 17.2.2    Mitochondrial trifunctional protein defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiac arrhythmias   n – ↑↑↑, 
often lethal 

 n – ↑↑↑, 
often lethal 

  Cardiomyopathy   ±  ±  ±  n  n 
 Intrauterine cardiomyopathy  Lethal 

 CNS   Coma ,  lethargy   ±  ±  ±  n  n 
  Neuropathy ,  peripheral   n  n  ±  +  ++ 

 Digestive   Liver dysfunction   ±  ±  ±  ±  ± 
 Eye   Pigmentary retinopathy   n  ±  ±  ±  ± 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  ±  ++  ++  ++ 

  Skeletal myopathy / muscular hypotonia   +  +  +  +  + 
 Other  Intrauterine growth retardation  + 

 Maternal HELLP syndrome  ± 
 Routine laboratory  Ammonia (B)  (↑)  (↑)  (↑)  n  n 

 Creatine kinase (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 
 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Lactic acidosis  ±  ±  n  n  n 
 Transaminases (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Special laboratory  C16–C18 hydroxyacylcarnitines (DBS, P)  n-↑  n-↑  n-↑  n-↑  n-↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 Dicarboxylic and 3-hydroxydicarboxylic acids (U)  n-↑  n-↑  n-↑  n-↑  n 
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  Table 17.2.4    Isolated defi ciency of long-chain 3-ketoacyl-CoA thiolase (1 patient)   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiac arrhythmia  
  Cardiomyopathy   +  + 

 Digestive   Liver dysfunction   +  + 
 Musculoskeletal   Skeletal myopathy / muscular hypotonia   +  + 
 Respiratory   Pulmonary edema   +  + 
 Other   Lethality ,  high   +  + 
 Routine laboratory  Creatine kinase (P)  n  n 

 Glucose (P) 
 Ketones during hypoglycemia 
 Lactic acidosis  ++  + 
 Transaminases (P)  ↑  ↑ 

 Special laboratory  C16–C18 hydroxyacylcarnitines (DBS, P)  ↑  ↑ 
 Carnitine, free (DBS, P)  n  n 
 Dicarboxylic and 3-hydroxydicarboxylic acids (U)  ↑  ↑ 

  Table 17.2.5    Acyl-CoA dehydrogenase 9 defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy ,  dilated   +  +  n  n 
 CNS   Encephalopathy   n  +, lethal (2 patients) 

  Neurologic dysfunction   +  + 
 Digestive   Failure to thrive   +  + 

  Liver dysfunction   +  + 
  Liver failure   +  + 
  Reye - like   + 

 Ear   Hearing loss   +  + 
 Musculoskeletal   Exercise intolerance   n  +  + 

  Rhabdomyolysis   +  + 
  Skeletal myopathy / muscular hypotonia   +  + 

 Other  Complex I assembly disorder  +  + 
 Routine laboratory  Ammonia (B)  (↑)  (↑)  (↑) 

 Beta-hydroxybutyrate (U)  ↑ 
 Creatine kinase (P)  ↑  ↑ 
 Glucose (P)  ↓  ↓ 
 Lactic acidosis  +  + 
 Transaminases (P)  ↑↑  ↑↑ 

 Special laboratory  Carnitine, free (DBS, P)  ↓  ↓ 
 Long-chain acylcarnitines (DBS, P)  ↑  ↑ 
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  Table 17.3.2    Short-chain acyl CoA dehydrogenase defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 CNS   Behavioral disorder   ±  ±  ± 
  Developmental delay   ±  ±  ±  ± 
  Epilepsy   ±  ± 
  Hypotonia   ±  ±  ± 

 Digestive   Failure to thrive   ±  ±  ± 
 Musculoskeletal   Dysmorphic features   ±  ±  ±  ±  ± 

  Exercise intolerance   ±  ±  ± 
 Asymptomatic    ±  ±  ±  ±  ± 
 Other  Predisposition for symptomatic disease (together 

with a second mitochondrial affection) 
 +  +  +  +  + 

 Routine laboratory  Glucose (P)  ↓-n  ↓-n  ↓-n 
 Special laboratory  Butyrylcarnitine (C4) (DBS, P)  ↑  ↑  ↑  ↑  ↑ 

 Ethylmalonic acid (U)  ↑↑  ↑↑  ↑↑  ↑  n-↑ 

  Table 17.3.1    Medium-chain acyl-CoA dehydrogenase defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Digestive   Liver dysfunction   ±  ±  ±  n  n 
 Asymptomatic    ±  ±  ±  ±  ± 
 Routine laboratory  Glucose (P)  ↓-n  ↓-n  ↓-n 

 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Transaminases (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Special laboratory  Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 Dicarboxylic acids (U)  n  n  n  n  n 
 Hexanoylglycine (U)  ±  ±  ±  ±  ± 
 Octanoylcarnitine (C8) (DBS, P)  ↑  ↑  ↑  ↑  ↑ 

  Table 17.3.3    Short-chain 3-hydroxyacyl-CoA dehydrogenase defi ciency (13 patients)   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 CNS   Mental retardation   n  +  +  + 
  Seizures   +  + 

 Digestive   Liver failure ,  Reye - like   +  + 
 Musculoskeletal   Microcephaly   + 
 Routine laboratory  Ammonia (B)  ↑  ↑  ↑ 

  Hyperinsulinism   +  + 
  Hypoketotic hypoglycemia   +  + 

 Special laboratory  (3-Hydroxy) dicarboxylic acids (U)  (↑)  (↑)  (↑) 
 3-hydroxyglutarate (U)  ↑  ↑  ↑ 
 Hydroxybutyrylcarnitine (C4 OH) (P, DBS)  ↑  ↑  ↑ 
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  Table 17.4.1    Multiple acyl-CoA dehydrogenase defi ciency (ETF)   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy   ±  ±  ±  n  n 
 CNS   Coma ,  lethargy   ±  ±  ±  n  n 
 Digestive   Liver dysfunction   ±  ±  ±  ±  ± 

 Vomiting, cyclic  ±  ±  ±  ± 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  ±  ++  ++  ++ 

  Skeletal myopathy / muscular hypotonia   ±  ±  ±  ±  ± 
 Other  Congenital anomalies (kidney, brain)  +, lethal 
 Routine laboratory  Creatine kinase (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Metabolic acidosis  +  +  ±, episodic  ±, episodic  ±, episodic 
 Transaminases (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Special laboratory  C4–C18 Acylcarnitines (DBS, P)  ↑  ↑  ↑  ↑  ↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 (C5–C10) dicarboxylic acids (U)  ↑  ↑  ↑  ↑  ↑ 
 Ethylmalonic acid (U)  ↑  ↑  ↑  ↑  ↑ 
 D-2-Hydroxyglutaric acid (U)  ↑  ↑  ↑  ↑  ↑ 

  Table 17.4.2    Multiple acyl-CoA dehydrogenase defi ciency (ETFDH)   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 Cardiovascular   Cardiomyopathy   ±  ±  ±  n  n 
 CNS   Coma ,  lethargy   ±  ±  ±  n  n 
 Digestive   Liver dysfunction   ±  ±  ±  ±  ± 

 Vomiting, cyclic  ±  ±  ±  ± 
 Musculoskeletal   Rhabdomyolysis ,  exercise induced   n  ±  ++  ++  ++ 

  Skeletal myopathy / muscular hypotonia   ±  ±  ±  ±  ± 
 Other  Congenital anomalies (kidney, brain)  +, lethal 
 Routine laboratory  Creatine kinase (P)  n-↑  n-↑  n-↑↑  n-↑↑  n-↑↑ 

 Glucose (P)  ↓-n  ↓-n  ↓-n 
 Ketones during hypoglycemia  ↓  ↓  ↓ 
 Metabolic acidosis  +  +  ±, episodic  ±, episodic  ±, episodic 
 Transaminases (P)  n-↑  n-↑  n-↑  n-↑  n-↑ 

 Special laboratory  C4–C18 acylcarnitines (DBS, P)  ↑  ↑  ↑  ↑  ↑ 
 Carnitine, free (DBS, P)  ↓-n  ↓-n  ↓-n  ↓-n  ↓-n 
 (C5–C10) dicarboxylic acids (U)  ↑  ↑  ↑  ↑  ↑ 
 Ethylmalonic acid (U)  ↑  ↑  ↑  ↑  ↑ 
 D-2-Hydroxyglutaric acid (U)  ↑  ↑  ↑  ↑  ↑ 

  Table 17.4.3    Ribofl avin-responsive multiple acyl-CoA dehydrogenase defi ciency   

 System  Symptom  Neonatal  Infancy  Childhood  Adolescence  Adulthood 

 CNS  Encephalopathy acute, precipitated by infection  n  ±  ±  ± 
  Speech disorder   n  n  ±  ±  ± 

 Digestive   Vomiting ,  cyclic   n  ±  ±  ± 
 Musculoskeletal   Muscle weakness   n  ±  ±  ±  ± 

  Rhabdomyolysis ,  episodic   n  n  ±  ± 
 Special laboratory  C4–C18 Acylcarnitines (DBS, P)  +  +  + 

 C5–C10 dicarboxylic acids (U)  +  +  + 
 Carnitine, free (DBS, P)  ↓  ↓  ↓ 
 Hexanoylglycine/other short- chain glycine conjugates (U)  +  +  + 
 Respiratory chain impairment (especially complex I)  +  +  + 
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17.6     Reference Values 

 Values of carnitine and acylcarnitines in dried blood spots and 
plasma differ (de Sain-van der Velden et al.  2013 ). The values 
also differ according to age, and in newborns there are refer-
ence values for the different days of life. Catabolism increases 
acylcarnitine concentrations also in healthy individuals, 
 especially C2-carnitine, 3-hydroxybutyrylcarnitine, and the 

C12-C16 unsaturated carnitine esters (Costa et al.  1999 ). 
Reference values are given in Chap.   51     of this book dealing 
with the analysis of acylcarnitines in various body fl uids. 

 Organic acid analysis in urine usually reveals a disease- 
specifi c profi le that is not found in healthy individuals. 
Fasting signifi cantly increases the excretion of disease- 
specifi c organic acids. The normal fasting urine may display 
a profi le of organic acids as shown in the table below.

  Table 17.6    Fasting urine organic acids in healthy controls (mmol/mol creatinine)   

 Substance  Fasting level  Substance  Fasting level 

 3-Hydroxybutyrate  160–6,460  Acetylglycine  2.5–47.6 
 Ethylmalonate  <10  Isobutyrylglycine  0.003–1.5 
 Methylsuccinate  <3  Butyrylglycine  0.01–0.12 
 Glutarate  <10  Isovalerylglycine  0.2–0.9 
 Adipate  74–610  Hexanoylglycine  0.2–0.8 
 Suberate  19–230  Phenylpropionylglycine  0.002–0.15 
 Decanedioate  90–310  Suberylglycine  0.02–0.52 
 Dodecanedioate  10–200 
 3-Hydroxyadipate  10–100 
 3-Hydroxysuberate  5–50 
 3-Hydroxydecanedioate  10–200 
 3-Hydroxydodecanedioate  10–200 

17.7        Pathological Values 

 An extremely wide variation in pathological values can be 
observed. In addition, patients can be missed at any time when 
the blood sample is taken at a moment when fatty acid oxida-
tion is not requested such as postprandial blood samples. In 
general, adult and adolescent patients have a less prominent 
acylcarnitine profi le than the neonatal/infantile presentations. 
Care should be taken in the interpretation of ketotic samples, 
since values can also be increased in healthy individuals. 

 Pathological values of acylcarnitines in newborn blood 
spot samples generally decrease in the fi rst days of life and 
may normalize. Therefore, it will be inevitable that some 
 isolated patients may be missed if screened too late. 
Importantly, also healthy newborns and children may present 

with abnormal acylcarnitine profi les suggesting a FAOD dur-
ing severe catabolism. For VLCAD defi ciency a false-posi-
tive rate of 1:2,600 is reported on newborn screening 
(Spiekerkoetter et al.  2010 ). 

 Reference pathological values are summarized by 
McHugh et al. and represent the 5th and 90th percentiles of 
pathological values taken from a large worldwide cohort of 
patients identifi ed by newborn screening (McHugh et al. 
 2011 ). The table below summarizes pathological values 
when diagnosing clinically selected patients with FAO 
defects and exemplifi es the variation of the levels of the clin-
ically important acylcarnitines as well as that of free carni-
tine. Any patient with a primary defect of fatty acid beta 
oxidation may have free carnitine levels as low as those 
observed in the carnitine transporter defect OCTN2. 
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17.8         Diagnostic Tools and Flowchart 

 The investigation of a suspected FAOD starts by looking for 
abnormal acylcarnitines. Its diagnostic specifi city can be 
increased by measuring the ratios of different acylcarnitines. 
Severe CPT II and CACT defi ciencies have indistinguishable 
acylcarnitine profi les, as do LCHAD and MTP defi ciencies. 
For CPT I defi ciency, carnitine concentrations in dried blood 
spots are higher than in plasma, and diagnosis may be missed 
with measurement in plasma. 

 The clinical circumstances have a major effect on the acyl-
carnitine profi le. Abnormalities are usually more marked dur-
ing catabolism, but if the plasma-free carnitine concentration 

is very low, abnormal acylcarnitines may be hard to detect. 
Abnormalities may be masked by intravenous glucose or 
dietary treatment, such as the use of medium-chain triglycer-
ides (MCT) in long-chain FAODs. An interpretation is espe-
cially diffi cult for samples obtained terminally or postmortem: 
these often show multiple raised acylcarnitine species, resem-
bling MAD defi ciency. The acylcarnitine profi le can be com-
pletely normal in patients with high residual enzyme activity, 
such as mild VLCAD or MTP defi ciencies. Abnormalities 
may, however, be detectable in samples collected after 
 overnight fasting, exercise, or loading with carnitine. 

 If acylcarnitine analysis suggests a specifi c diagnosis, 
it has to be confi rmed by enzyme assays and/or mutation 

  Table 17.7    Pathological plasma acylcarnitine concentrations in the various defects of mitochondrial fatty acid beta- oxidation   

 Condition 
 OCTN2 
  17 . 1.1  

 CPT I 
  17.1.2  

 CACT 
  17.1 . 3  

 CPT II 
  17.1 . 4  

 VLCAD 
  17.2.1  

 MTP 
  17 . 2.2/3/4  

 MCAD 
  17 . 3.1  

 SCAD 
  17 . 3.2  

 SCHAD 
  17 . 3.3  

 MAD 
  17 . 4.1/2/3  

 Free carnitine  0–5  46–230  4–58  1–13  7–18  3–54  15–34  34–44  4–23 
 C2-carnitine 
 C4-carnitine  .6–4.2  0.25  .12–15 
 C4OH-carnitine  0.3–1.1 
 C5-carnitine  .09–5.5 
 C5DC-carnitine  .11–1.15 
 C6-carnitine  .12–2.1  .22–3.5 
 C6DC-carnitine 
 C8-carnitine  1.1–26  .25–8 
 C8DC-carnitine 
 C10:1-carnitine  .26–2.2  –.41 
 C10-carnitine  .10–.58  .65–5.9 
 C10DC- carnitine  
 C12:1-carnitine  .05–.07 
 C12-carnitine  .12–.19  .41–2.2 
 C12OH- carnitine  
 C14:2-carnitine  .22–.47 
 C14:1-carnitine  .05–1.7  .65–19  .03–1.7  .24–3 
 C14-carnitine  .13–5.0  .2–.4 
 C14OH- carnitine   .01–.34 
 C16:1-carnitine  .06–.9  .09–9.1 
 C16-carnitine  <.10  .3–11  .25–14.4  .12–5.9 
 C16:1OH- carnitine   .01–.88 
 C16OH- carnitine   .03–1.8 
 C18:2-carnitine  <.03  .08–1.7  .05–2.1  .08–.64 
 C18:1-carnitine  <.07  .4–7  .18–1.1  .18–.1.9 
 C18-carnitine  <.02  .1–2  .06–6.0  .13–.95 
 C18:2OH- carnitine   .02–0.72 
 C18:1OH- carnitine   .02–2.4 
 C18OH- carnitine   .02–.67 

  An extremely wide variation can be observed, implicating that patients can be missed at any time when the blood sample is taken at a time when 
fatty acid oxidation is not requested such as postprandial blood samples. No entry in the table means that the corresponding acylcarnitine is gener-
ally normal in the relevant condition. Care should be taken in the interpretation of ketotic samples  
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analysis. If the metabolite results are nonspecifi c or if they 
are normal despite a strong clinical suspicion, it may be 
 helpful to measure acylcarnitine production in vitro or fl ux 
through the pathway. 

  Quantitative acylcarnitine profi ling  may indicate the site 
of a defect if this is not clear from metabolite results. 
Acylcarnitines are analyzed by MS/MS after incubating 
fi broblasts or lymphocytes with fatty acids, labeled with sta-
ble isotopes (2H or 13C) (Ventura et al.  1999 ). This tech-
nique can identify most FAODs except carnitine transporter 
defi ciency. CACT and severe CPT II defi ciencies cannot be 
distinguished and respiratory chain defects sometimes mimic 
FAODs (Sim et al.  2002 ). 

  Fatty acid oxidation fl ux  is measured by incubating cells 
with radiolabeled fatty acids and collecting the oxidation 
products (Olpin et al.  1997 ). This is useful in evaluating the 
severity of a disorder, but acylcarnitine profi ling yields more 
diagnostic information. Severity of a disorder can also be 
best analyzed by direct enzyme activity measurement. 

  Urinary Organic Acids and Acylglycines  
 For many FAODs, urine organic acid analysis is normal 
when patients are well. During fasting or illness, however, 
medium-chain (and sometimes long-chain) dicarboxylic 
acids are elevated with little or no increase in ketone bodies. 
Dicarboxylic acids are formed whenever plasma-free fatty 
acid concentrations are increased, by β-oxidation in peroxi-
somes and ω-oxidation in microsomes, but normally they are 
accompanied by ketonuria. Dicarboxylic aciduria without 

ketonuria can also be seen in some respiratory chain defects. 
The analysis of acylcarnitines in the urine will disclose the 
presence of dicarboxylic acid carnitine esters that may have 
additional diagnostic signifi cance. Defects of LCHAD and 
MTP defi ciencies will show unusual hydroxydicarboxylic 
acids in addition, whereas MCADD is characterized by an 
abnormal excretion of several acylglycines such as hexan-
oylglycine, suberylglycine, and phenylpropionylglycine. 
The same acylglycines but also short branched-chain acyl-
carnitines will appear in MADD, in general accompanied by 
a variety of dicarboxylic acids such as ethylmalonic acid, 
glutaric acid, and  d -2-hydroxyglutaric acid. 

 All mitochondrial FAODs show an autosomal recessive 
pattern of inheritance. There is molecular heterogeneity in all 
these disorders, but prevalent mutations have been identifi ed. 
The relationship between genotype and phenotype varies in 
the different FAODs. In CPT II and VLCAD defi ciencies, 
nonsense mutations on both alleles are generally associated 
with severe early-onset disease, whereas adult-onset rhabdo-
myolysis is associated with conservative missense mutations. 
In MCAD defi ciency, the c.199T > C mutation is associated 
with signifi cant residual activity and appears to be benign. 

 Enzyme assays are generally performed on cultured fi bro-
blasts or lymphocytes (Wanders et al.  2010 ) and are available 
for all defects. Enzymology in lymphocytes allows a rapid 
confi rmation of diagnosis. Moreover, for VLCAD and 
MCAD defi ciencies, residual activity may allow some pre-
dictions with respect to the expected severity of the defect 
(Hoffmann et al.  2012 ).

Clinical signs suggestive for a defect of fatty acid oxidation Newborn screening for a fatty acid oxidation disorder

Carnitine / Acylcarnitine analysis in
blood (preferably during catabolism)

Abnormal
result

Normal
result

In vitro acylcarnitíne profiling
flux studies

Enzymology or molecular confirmation (in case of prevalent mutations)

Abnormal result on
first screening (days

2 or 3 of life)

With definite
clinical suspicion,

  Fig. 17.2    Diagnostic fl owchart       
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17.9        Specimen Collection 

17.10         Prenatal Diagnosis of Fatty Acid 
Oxidation Disorders 

 Prenatal diagnosis is available for all fatty oxidation disorders. 
Mutation analysis is the preferred technique, if the molecular 

defect is known in the index case. All enzymes of fatty acid 
oxidation are expressed in chorionic villus biopsies and amnio-
cytes. Prenatal diagnosis is, therefore, also possible using 
enzyme assays. Chorionic villus biopsy can be performed at 
11 + 0 gestational weeks, amniotic fl uid test at 14 + 0 weeks.

 Defi ciency of  Prenatal diagnosis suggested  Remarks 

 OCTN2  −  Very favorable clinical outcome 
 CPT I  −  Very favorable outcome 
 CACT  +  Majority of patients die in the neonatal period due to severe cardiac arrhythmias 
 CPT II  +  Suggested for severe neonatal phenotypes with congenital anomalies 

 −  Myopathic phenotypes 
 VLCAD  −  Very favorable clinical outcome, many asymptomatic “patients,” skeletal myopathy 

needs to be discussed with the parents 
 mTFP/MTP  +  Suggested for severe phenotypes, neonatal phenotypes generally lethal, irreversible 

neuropathy/retinopathy needs to be discussed with the parents in milder phenotypes  (+) 
 LCHAD  ±  Irreversible retinopathy/neuropathy needs to be discussed with the parents 
 LKAT  +  Only 1 patient so far, died in the neonatal period 
 ACAD 9  +  Global mitochondrial dysfunction 
 MCAD  −  Very favorable clinical outcome since screening 
 SCAD  −  Only predisposition for disease 
 SCHAD  ±  Phenotypes of different severity and response to treatment 
 MAD  +  Suggested for severe neonatal/infantile phenotypes with/without congenital anomalies 

 −  Myopathic phenotypes 
 Ribofl avin-responsive 
MAD 

 −  Very favorable clinical outcome with ribofl avin supplementation 

 Test  Material  Handling  Transport  Pitfalls 

 Acylcarnitines  Plasma, dried 
blood spot (DBS) 

 Room 
temperature(DBS) 
 Frozen (plasma) 

 Normal mail  During anabolism eventually normal values, different 
profi le with MCT diet, long-chain acylcarnitine 
accumulation also in healthy individuals during catabolism 

 Carnitine  Plasma, dried 
blood spots 
(DBS) 

 Room 
temperature(DBS) 
 Frozen (plasma) 

 Normal mail  Blood and tissue concentrations do not correlate; in CPT I 
defi ciency carnitine is lower in plasma than in DBS; it may 
be missed on analysis in plasma 

 Dicarboxylic 
acids 

 Spot urine  Frozen for longer 
storage 

 Normal mail  MCT diet and glucose infusion change the profi le 

 Free fatty acids  Plasma  Frozen  Frozen  Determine before the next food intake 
 Enzyme assays 
in lymphocytes 

 EDTA plasma 
(2 ml) 

 Room temperature  Has to reach the 
laboratory within 48 h 
after withdrawal, 
room temperature 

 Poor quality of the lymphocytes (due to transport 
conditions, low temperature, etc.) may result in lower 
residual enzyme activities 

 Enzyme assays 
in fi broblasts 

 Skin biopsy  Room temperature, 
in sterile 0.9 % 
sodium chloride, 
fi broblast culture 

 In culture medium  Fibroblast culture must grow 4–8 weeks until enzyme 
assays can be performed 

 Molecular 
analysis 

 EDTA blood, 
dried blood spots 

 Room temperature  Normal mail  Delineation of only one mutation does not rule out 
defi ciency of the enzyme 
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17.11     DNA Analysis and Prevalent 
Mutations 

 Molecular studies are used to confi rm the diagnosis as 
an alternative to enzymology. This is satisfactory for 
 well- defi ned mutations, such as the prevalent mutations 
seen in MCAD, LCHAD, and CPT II defi ciencies. 

The  pathogenicity of other sequence variants is sometimes 
hard to assess. Moreover, standard sequencing may miss 
some mutations, such as large deletions and those in introns 
that affect splicing. 

 Where enzymology is the confi rmatory test, mutation anal-
ysis may also be undertaken to defi ne the disorder more pre-
cisely, allow carrier testing, and simplify prenatal diagnosis.

 Defi ciency of 

 Prevalent mutations (Caucasian population) 

 Remarks  Mutation  Amino acid change 

 OCTN2  No prevalent mutation 
 CPT I  c.1436C > T (Inuit 

population ) 
 p.P479L  70 % of babies homozygous for c.1436C > T in the Inuit population 

(Canada and Greenland) 
 CACT  No prevalent mutation 
 CPT II  c.338C > T  p.S113L  Allele frequency (60 %) 
 VLCAD  c.848T > C  p.V243A  Suggestive of mild VLCADD 
 mTFP/MTP  No prevalent mutations  Many deletions and splice site mutations in the HADHA gene, most 

compound heterozygotes for c.1528G > C, and a second HADHA 
mutation have MTP defi ciency 

 LCHAD  c.1528G > C  p.E474Q  Heterogeneous presentations despite homozygosity for c.1528G > C 
 LKAT  No prevalent mutation  Only 1 patient reported 
 ACAD 9  No prevalent mutation 
 MCAD  c.985A > G  p.K329E  Classical MCADD, before screening: 80 % homozygosity 

 c.199G > C  p.Y67H  Asymptomatic/(mild) variant, allele frequency: 6 % of mutant alleles 
in screened population, never found in a clinically diagnosed patient 

 SCAD  c.625G > A  p.G209S  Polymorphism with predisposition for disease, 625G > A: allele 
frequency: 22 % 

 c.511C > T  p.171W  511C > T: allele frequency, 3 % 

 SCHAD  No prevalent mutation 
 MAD  No prevalent mutation 
 Ribofl avin-responsive 
MAD 

 No prevalent mutation  Mutations in the ETF-DH gene 
 Possibly also other genes affected 

17.12        Treatment 

 Prolonged fasting should be avoided in all FAODs in order to 
prevent acute metabolic decompensation. Frequent, regular 
feeds are recommended, especially during the fi rst year of life, 
but subsequently overnight fasting will be tolerated in most dis-
orders. Prolonged overnight fasting should be postponed until 
later childhood/adolescence especially in MTP and LCHAD 
defi ciencies in order to reduce the risk of retinopathy and neu-
ropathy as a consequence of accumulating toxic metabolites. 

 Dietary fat restriction is not indicated in MCAD defi ciency 
and mild long-chain FAODs recently identifi ed by newborn 
screening. Long-chain fat, however, needs to be restricted in 
severe long-chain FAODs and substituted by medium-chain 
triglycerides (MCT). The amount of dietary MCT depends on 
the severity of the phenotype. MTP and LCHAD defi ciencies 
require dietary modifi cation that is stricter (Spiekerkoetter 
et al.  2009 ). For symptomatic infants special MCT formulas 
exist. Anecdotal evidence suggests that a bolus of MCT 
before exercise can prevent  rhabdomyolysis in patients with 

myopathic VLCAD defi ciency. Studies in VLCAD-defi cient 
mice also suggest that MCT should be given according to the 
energy demand, since MCT are otherwise elongated and 
stored as saturated long-chain fatty acids. 

 Carnitine treatment is undisputedly effective in patients with 
carnitine transporter defi ciency. With a dose of 100 mg/kg/day, 
plasma concentrations may reach the lower normal range, but 
muscle carnitine concentrations remain less than 5 % of normal 
(Stanley et al.  1991 ). The value of carnitine supplementation 
in other FAODs is controversial. Plasma- free carnitine con-
centrations are often low, particularly after an acute illness, but 
tissue concentrations have seldom been measured. Carnitine 
treatment may even be harmful in long- chain FAODs, as it 
increases the concentrations of long- chain acylcarnitines, 
which are potentially arrhythmogenic (Primassin et al.  2008 ). 

 Patients with ribofl avin-dependent MAD defi ciency 
respond to treatment with ribofl avin (100 mg/day). In mod-
erately severe MAD defi ciency, 3-hydroxybutyrate has been 
used with success in a few patients for the treatment of car-
diomyopathy (Van Hove et al.  2003 ). 
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 Bezafi brates (PPAR-α and PPAR-δ agonists) may be 
promising in the treatment of patients with myopathic CPT II 
or VLCAD defi ciencies (Gobin-Limballe et al.  2007 ; 
Bonnefont et al.  2009 ). 

 Triheptanoin (C7 odd-chain fatty acid) has been 
 substituted for MCT in a few patients with long-chain 
FAODs (Roe et al.  2002 ), but has not found a widespread 
application so far. 

  Emergency Treatment 

 Defi ciency of  Emergency treatment  Pharmacological emergency treatment 

 OCTN2  Glucose i.v., oral glucose monomers (to avoid hypoglycemia) reach 
anabolism 

  l -carnitine i.v. (100–300 mg/kg/day) 

 CPT I  Glucose i.v., oral glucose monomers (to avoid hypoglycemia) reach 
anabolism: 
 <3 years: 10–12 mg/kg/min 
 3–10 years: 8–10 mg/kg/min 
 >10 years: 5–8 mg/kg/min 
 Oral MCT, i.v. MCT generally not available (special preparations) 
 In case of severe decompensation reach anabolism with use of insulin 
 ACAD 9: cave lactate 

 No carnitine,  d , l -3-hydroxybutyrate in 
case of severe cardiomyopathy 
 Pharmacological treatment of 
arrhythmias 

 CACT 
 CPT II 
 VLCAD 
 mTFP/MTP 
 LCHAD 
 LKAT 
 ACAD 9 
 MCAD  Glucose i.v., oral glucose monomers (to avoid hypoglycemia) reach 

anabolism 
 No MCT 

 SCAD  Glucose i.v. in case of hypoglycemia 
 SCHAD  Glucose i.v.  Glucagon, somatostatin diazoxide 

(treatment of hyperinsulinism) 
 MAD  Glucose i.v., oral glucose monomers (to avoid hypoglycemia) reach 

anabolism 
  d , l -3-hydroxybutyrate in case of severe 
cardiomyopathy 

 Ribofl avin-responsive MAD  Glucose i.v., oral glucose monomers (to avoid hypoglycemia)  Ribofl avin (100–300 mg/day) 

    Standard Treatment 

 Defi ciency of  Dietary treatment 
 Pharmacological 
treatment 

 OCTN2  Normal diet, regular meals, avoid catabolism   l -carnitine p.o. 
(100–300 mg/kg/day) 

 CPT I  Normal diet, rarely MCT supplementation in severe phenotypes  No general carnitine 
supplementation  CACT  MCT modifi ed diet, strictly avoid catabolism (cave arrhythmias!) 

 CPT II   Severe phenotypes : 
 Carbohydrate-enriched diet (65–75 % of total calories), fat restriction (25 % of total 
calories, 10–15 % MCT, 4 % essential fatty acids, up to 10 % LCT) 
 Regular meals 
 After 1st year of life: glucose polymers at night 
  Myopathic phenotypes : 
 Fat-reduced or normal diet 
 MCT prior to exercise 
 Regular meals, normal overnight fasting tolerance 
 Asymptomatic patients: no dietary interventions 

 VLCAD 

 mTFP/MTP  Strict long-chain fat reduction 
 MCT supplementation (see CPT II, VLCAD) 
 Docosahexaenoic acid (200–400 mg/kg/day) supplementation to prevent 
retinopathy is controversial 

 LCHAD 
 LKAT 

 ACAD 9  No recommendations available 
 MCAD  No dietary intervention, regular meals 
 SCAD  No dietary intervention, regular meals 
 SCHAD  No dietary intervention, regular meals  Glucagon, somatostatin, 

diazoxide (treatment of 
hyperinsulinism) 

 MAD  Fat-reduced and less protein-reduced diet or normal diet, regular meals 
 Ribofl avin-responsive MAD  Normal diet, regular meals  Ribofl avin 

(100–300 mg/day) 
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    Experimental Treatment 

 Treatment  Mechanism of treatment  Current status  Disorders 

 Bezafi brate  PPAR-α and PPAR-δ agonists, stimulate 
residual enzyme activity in milder phenotypes 

 Successful in isolated patients, clinical 
trials going on 

 Myopathic CPT II and VLCAD 
defi ciencies 

 Triheptanoin  Odd-chain C7 fatty acid, anaplerotic action by 
provision of propionyl-CoA 

 Successful in isolated patients, clinical 
trials going on 

 Myopathic CPT II and VLCAD 
defi ciencies 
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