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INTRODUCTION

Every day, an average human consumes 35% of his total energy intake as fat5. Most of this 
fat consists of long-chain fatty acids. These long-chain fatty acids enter the intestine via 
enterocytes, where they are incorporated in chylomicrons which consist of triglycerides 
and long-chain fatty acids6. Chylomicrons are secreted into the lymphatic system and 
then processed by liver, heart, muscle or any other organ. There, long-chain fatty acids 
from chylomicrons enter the cell via fatty acid transport proteins (CD36-FATP/FABPpm). 
Intracellular, fatty acids are activated with coenzyme A (CoA) by acyl-CoA synthetases. 
In contrast to medium- and short-chain fatty acids, long-chain acyl-CoAs (C12-C18) can 
not enter mitochondria directly. For entrance into the mitochondria, long-chain acyl-
CoAs have to be converted to acylcarnitines by carnitine palmitoyltransferase1 (CPT1). 
CPT1 substitutes -CoA with -carnitine (Figure 1). CPT1 is an important rate-limiting step 
in fatty acid oxidation. Acetyl-CoA, a product of fatty acid oxidation, can be converted 
into malonyl-CoA (by acetyl-CoA carboxylase), which is an inhibitor of CPT1. Next, 
long-chain acylcarnitines are translocated into the mitochondria by carnitine acylcar-
nitine translocase (CACT) and then reconverted into long-chain acyl-CoAs by carnitine 
palmitoyltransferase 2 (CPT2). The long-chain acyl-CoA are then processed by enzymes 
involved in b-oxidation such as very long-chain acyl-CoA dehydrogenase (VLCAD) and 
mitochondrial trifunctional protein (MTP). All these enzymes are necessary to produce 
acetyl-CoA, a crucial component in the production of energy.

For each of these enzymes involved in the carnitine cycle and the b-oxidation cycle, 
human disorders have been described. OCTN2 is a carnitine transporter that transports 
carnitine into the cell. OCTN2 deficiency (OMIM 212140) is rare and causes primary car-

Historical perspective of fatty acid oxidation

‘Recherches chimiques sur les corps gras d’origine animale’ (‘Chemical research on ani-
mal fats’) by Michel Eugène Chevreul (1823). This work is considered to be the first 
book in lipochemistry. It contains 10 years of dr. Chevreul’s lipid research in which 
the concept of ‘fatty acids’ arose1,2.
‘Der Abbau aromatischer Fettsäuren im Tierkörper’ by Franz Knoop (Beitr Chem 
Physiol Pathol 1904). In this paper dr. Knoop discovered that dogs, fed with labeled 
fatty acids of odd and even chain lengths, metabolized those by splitting of two 
carbon atoms, hence the name β-oxidation3,4.
‘Effects of carnitine on fatty-acid oxidation by muscle’ by Fritz and McEwen (Science, 
1959). This landmark paper described the stimulating effect of carnitine on fatty 
acid oxidation3,4. 
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nitine deficiency, which was first described in 19757. Intracellular carnitine is then used 
by CPT1 to convert acyl-CoA into acyl-carnitine. There are three isoforms of CPT1, includ-
ing CPT1A (liver)4, CPT1B (muscle)4 and CPT1C (brain)8, but only patients with CPT1A 
deficiency (OMIM 255120) have been described. After acylcarnitine formation, CACT 
transports these acylcarnitines across the inner mitochondrial membrane9. Patients with 
CACT deficiency (OMIM 613698) were first described in 199210. CACT deficiency is very 
rare and there is no common mutation that causes the disorder9 (Figure 1). The acylcar-
nitines have to be converted back to acyl-CoAs by CPT2. CPT2 deficiency (OMIM 600650) 
was the first FAO disorder described11. It has an estimated  incidence of 1:750.00012-15. 
The most common mutation (60%) causing CPT2 deficiency is the p.Ser113Leu amino 
acid substitution16. A deficiency of CPT2 results in accumulation of acylcarnitines within 
the mitochondria that can be transported to blood plasma via CACT and an unknown 
transporter in the cell membrane17. 

VLCAD and VLCAD deficiency (OMIM 201475) were first described in 199218. VLCAD 
deficiency is the most common long-chain fatty acid oxidation (lcFAO) disorder with an 
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incidence of 1:71.000-1:94.00013. No single common mutation has been described, but in 
the Netherlands p.Val283Ala is the most prevalent mutation. VLCAD is necessary for the 
first step in the mitochondrial β-oxidation cycle. VLCAD converts acyl-CoAs + FAD into 
trans-2-enoyl-CoA + FADh2

18,19. Without VLCAD, saturated and unsaturated long-chain 
fatty acids (C12-CoA up to C18-CoA) accumulate in the mitochondria. These accumulat-
ing CoA esters will be converted into carnitine esters (C12-carnitine up to C18-carnitine) 
by CPT2, and subsequently transported out of the mitochondria via CACT and out of 
the cell via an unknown transporter (Figure 1)17. It has recently been discovered that 
C12-carnitine and C14:1-carnitine specifically accumulate, because of an alternative 
degradation route involving acyl-CoA dehydrogenase 9 (ACAD9)20. VLCAD is, however, 
necessary for the further metabolism of C12-CoA and C14:1-CoA19,20. The b-oxidation 
cycle of long-chain enoyl-CoAs is completed by MTP, a protein complex that harbours 
three enzyme activities including: an enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehy-
drogenase (LChAD) and 3-keto acyl-CoA thiolase activity. These three enzyme activities 
are encoded by 2 genes: hADhA and hADhB gene. MTP deficiency (OMIM 600890 and 
143450) was first described in 199221 with an estimated incidence of 1:250.00013. MTP 
deficiency results in an accumulation of enoyl-CoAs and depending on residual activity 
of the MTP complex also hydroxyacyl- and ketoacyl-CoAs (Figure 1). Isolated LChAD 
deficiency (OMIM 600890) was first described in 198922 with an incidence of >1:75.000-
1:750.00013. The most frequent mutation that causes isolated LChAD deficiency is 
p.Glu510Gln (c.1528G>C, allele frequency 86%23). LChAD converts 3-hydroxyacyl-CoA + 
NAD+ into 3-ketoacyl-CoA + NADh19,24-27. hydratase and thiolase activity are only mildly 
affected in isolated LChAD deficiency.

DIAGNOSIS

Currently, a positive newborn screening result for an lcFAO disorder is the first step 
towards an lcFAO diagnosis in many countries around the world13,28. Newborn screening 
is based on bloodspot measurement of acylcarnitines by tandem mass spectrometry. 
When a marker acylcarnitine level is above a certain threshold, neonates are referred 
to a consultant with metabolic expertise. To confirm diagnosis, plasma acylcarnitines 
and enzymatic activity (in lymphocytes or fibroblasts) can be measured. In addition, 
mutation analysis will often be performed. Subjects with a homozygous mutation or 
compound heterozygous mutations will be considered patients. To predict whether 
a patient is mildly or severely affected is difficult and subject of debate. Symptomatic 
carriers of heterozygote mutations have not been described so far, and are therefore not 
considered as patients. In VLCAD deficient patients, a genotype phenotype correlation 
has been established. Nonsense mutations result in a severe and early presentation29-31, 
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the more frequent missense mutations are however associated with both severe or at-
tenuated presentations32. A genotype phenotype correlation study in CPT2, LChAD and 
MTP deficiency has not been performed. Based on literature it seems that not all LChAD 
deficient patients with the same mutation experience the same symptoms23.

SYMPTOMS

Without proper carnitine import into the cell/mitochondria (OCTN2/CACT deficiency), 
or conversion of acyl-CoA or acylcarnitines (CPT1A, CPT2 deficiency), or proper degrada-
tion of acyl-CoAs (VLCAD/MTP deficiency), long-chain fatty acids cannot be used for 
the production of acetyl-CoA. To compensate, a patient has to rely on glucose for the 
production of acetyl-CoA via glycolysis and pyruvate dehydrogenation. Glucose stores 
in the form of glycogen are limited. In resting conditions, a human has a glucose concen-
tration of 5mmol/L, or 4500mg per 5 Liter blood. The body uses >120grams per 24h6 or 
83mg/minute solely for the brain. This means that after 50 minutes, almost all circulat-
ing glucose molecule has been used by glycolysis. Therefore, amino acids derived from 
protein will also be converted into glucose via a process called gluconeogenesis. The 
breakdown of proteins is however a last resort, because it impairs normal cellular func-
tion. This is why fatty acid oxidation is so important. 

Hypoglycemia

To prevent hypoglycemia and excessive erosion of protein stores, fatty acids have to be 
oxidized to produce acetyl-CoA. Acetyl-CoA is necessary 1) for the production of ATP 
(via Krebs cycle and oxidative phosphorylation) (Figure 1 and 2) for the production of 
ketones via ketogenesis. Patients that are not able to oxidize fatty acids are therefore at 
high risk of developing hypoketotic hypoglycemia and present with convulsions or de-
velop coma, especially in catabolic situations, such as illness, fever, fasting and exercise. 
hypoglycemia has been frequently reported in all lcFAO disorders33.

Cardiomyopathy and arrhythmia

Besides hypoglycemia, patients can develop cardiomyopathy. A healthy heart relies on 
fatty acids for 60-90% of its energetic needs34,35. The occurrence of cardiac problems such 
as hypertrophic or dilated cardiomyopathy and arrhythmias is therefore not surprising. 
Cardiomyopathy as a presenting symptom has been demonstrated in a few studies. Ac-
cording to literature 36 to 47 percent33,36 of VLCAD deficient patients had cardiomyopa-
thy at the time of diagnosis. Thirty to 38 percent of MTP deficient patients37,38; forty-six 
percent of LChAD deficient23 and an unknown percentage of patients with CACT9 and 
CPT239 deficiency had cardiomyopathy at time of diagnosis. Patients with CPT1A defi-
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ciency have no cardiomyopathy40. In OCTN2 deficient patients, dilated cardiomyopathy 
has been described 41.

Another cardiac problem described as presenting symptom in patients with lcFAO dis-
orders (except OCTN2 and CPT1A), is arrhythmia. In a retrospective study, twenty-three 
to thirty-one percent of lcFAO deficient patients presented with rhythm disturbances, 
primarily ventricular tachycardia42,43. The primary focus of these studies was on present-
ing symptoms33,42,44. Follow-up or cross-sectional studies of patients with lcFAO deficien-
cies with or without arrhythmias and/or cardiomyopathy have not yet been undertaken.

Myopathy

Patients with lcFAO disorders can develop skeletal myopathy. Muscle relies on fatty acid 
oxidation for much of its energetic needs, especially during exercise, despite the avail-
ability of glycogen. Skeletal myopathy most often involves the breakdown of muscle 
(rhabdomyolysis). The pathophysiology of myopathy and rhabdomyolysis in VLCAD 
deficient patients is not completely understood. The likely mechanisms behind the 
exercise-induced rhabdomyolysis and myopathy in VLCAD deficient are 1) a failing com-
pensatory mechanism during requirement of extra energy (e.g. during exercise, illness, 
fever, fasting) or 2) toxicity caused by the accumulation of FAO intermediates. Reported 
muscle biopsies have remained inconclusive with normal muscle fibre structure, diffuse 
lipid accumulation in some biopsies and aspecific abnormalities45.

Hepatomegaly

hepatomegaly arises as a consequence of accumulating fatty acids in the liver with fatty 
liver disease. It is a frequently reported albeit subjective symptom (>92%)33.

Peripheral neuropathy

In contrast to patients with OCTN2, CPT1A, CPT2 and VLCAD deficiency, patients with 
LChAD and MTP deficiency can develop polyneuropathy (peripheral neuropathy)23,38,46. 
The cause of polyneuropathy is unknown. 

Retinopathy

LChAD deficient patients (and MTP deficient patients but to a lesser extent) also develop 
retinopathy, in contrast to VLCAD and CPT2 deficiency47-49. What is causing the degen-
eration of the retina is unknown.

Other symptoms

Other symptoms such as feeding difficulties (LChAD and MTP deficiency), lethargy 
(LChAD and MTP deficiency) and psychomotor retardation have been described23,38. For 
an overview of all symptoms per disorder and their frequency, see Table 1.
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CURRENT ThERAPIES

Most patients are advised to avoid prolonged fasting as this will result in a catabolic 
state and thus a need for fatty acid oxidation. Generally patients get frequent feedings 
and some have continuous nocturnal gastric drip-feeding as well. As patients grow 
older, fasting times can generally be prolonged. To get more insight into the maximal 
fasting time, a fasting test can be performed50. 

Long-chain fatty acid restriction

Dietary long-chain fatty acid restriction can be a component of dietary intervention. The 
rationale is to reduce the long-chain fatty acid load and hereby lowering possible toxic 
effects of long-chain acyl-CoA/acylcarnitine accumulation. The consequent loss in en-
ergy intake should be compensated by increasing the amount of carbohydrates and/or 
proteins in the diet and by medium-chain fatty acids supplementation51. No trials have 
been performed that tested the efficacy of LCT restriction. As for all different treatment 
options today, evidence is based on expert opinions in combination with consensus 
meetings (Table 2)51.

Table 1. Overview of all symptoms per disorder and their known frequency.

Symptoms CPT1A OCTN2 CACT CPT2 VLCAD MTP LCHAD

mortality high + 37%-43% 76% 38%

hypoglycemia/lethargy + + + + 30%-43% 57% 30%

cardiomyopathy/
respiratory problems

- + + + 52%-36% 73% 49%

arrhythmia - - + 18% 10% 18%

myopathy/cramps/
rhabdomyolysis

- + 96% 20%-4% 83%

hypotonia - + - - - 100%-
80%

61%

hepatomegaly/
hepatopathy

+ + + + 61%-96% 60% 78%

polyneuropathy - - - - - 70%-70% 3%

Retinopathy - - - - - 11% 29% 

References 40 41 9 39 33,36,84 37,38,49,85 23,47
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Medium-chain triglyceride supplementation

Fat is an important energy source. In case of long-chain fatty acid restriction, patients 
need additional supply of calories, which is generally supplied in the form of extra 
carbohydrates. In patients with lcFAO deficiency, enzymes that degrade short and 
medium chain fatty acids are unaffected. Therefore theoretically, medium-chain fatty 
acids (C6-C12) can be broken down by medium-chain acyl-CoA dehydrogenase (MCAD). 
In addition, the liver will convert MCT into ketone bodies, which will also serve as an 
alternative energy source. No trials have been performed that tested the efficacy of MCT 
supplementation and MCT supplementation, as well as LCT restriction are therefore cur-
rently subject of debate (see also chapter 11, General Discussion).

Carnitine

In patients with lcFAO disorders, acylcarnitines accumulate and secondary carnitine de-
ficiency can develop. Carnitine supplementation can replenish the carnitine level. Use of 
carnitine is however controversial since accumulation of long-chain acylcarnitines have 
been observed in hearts of VLCAD-/- mice52 supplemented with carnitine. This is con-
sidered harmful since long-chain acylcarnitine accumulation has been associated with 
ventricular fibrillation53. A recent study in which the LCAD-/- mouse model was treated 
with carnitine contradicts these considerations54. This mouse model has a more severe 
phenotype and resembles human VLCAD deficiency better than the VLCAD-/- mouse 
model. This study revealed that carnitine supplementation is actually beneficial for the 
heart, alleviating toxicity by exporting acylcarnitines out of the myocardium, rather than 
promoting lipotoxicity54.

Carbohydrates

To increase the amount of calories that are lost due to long-chain fatty acid restriction, 
carbohydrate intake is increased. Despite supplementation of carbohydrates and/or 
glucose IV, not all metabolic derailments with rhabdomyolysis or cardiomyopathy can 
be prevented55-60.

Protein

Protein content can be increased to counterbalance the loss of calories due to long-chain 
fatty acid restriction (max 1.5g/kg/day, or 10-35En%). In literature no significant side 
effects of a high protein diet are described in lcFAO deficient61 and healthy people62,63.

Triheptanoin

Depletion of catalytic units from the Krebs cycle may further decrease energy levels in 
lcFAO deficient patients. This depletion could occur because of leakage of intermedi-
ates from the Krebs out of the cells, called cataplerosis. The mechanisms that should 
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refill the pools of these intermediates, anaplerosis, cannot compensate for the excessive 
leakage64,65. Supplementation of these Krebs cycle intermediates by triheptanoin is 
therefore proposed. Triheptanoin, a medium-odd-chain fatty acid (C7), is degraded to 
form acetyl-CoA and propionyl-CoA. Propionyl-CoA is an efficient anaplerotic substrate, 
because carboxylation of propionyl-CoA leads to formation of succinyl-CoA, which is a 
Krebs cycle intermediate. A pilot study in three patients demonstrated beneficial effects 
in patients with severe lcFAO disorders64. Several clinical trials are currently in progress 
to evaluate the potential beneficial effect in a larger cohort.

Small molecules: Bezafibrate/Resveratrol

Mitochondrial FAO enzymes are transcriptionally regulated66,67. Mitochondrial function 
can therefore be restored via pharmacological approaches at various levels68. This in-
cludes mitochondrial quality control, energy production, and dynamics, i.e. fusion and 
fission of mitochondria.

One way to increase mitochondrial function is to stimulate transcription of FAO 
enzymes via Peroxisome Proliferator-Activated Receptor (PPAR) agonists. Bezafibrate is 
such a PPAR-agonist. It has been investigated primarily in fibroblasts of lcFAO deficient 
patients15,69-73. An overall beneficial effect of bezafibrate on FAO has been demonstrated 
(see Table 3 for an overview). This beneficial effect is supported by a pilot study in hu-
mans with CPT2 deficiency14. Clinical trials with more patients are necessary to validate 
these potentially beneficial effects74. Another (co-)activator of PPARs is the Peroxisome 
Proliferator-Activated Receptor γ co-activator-1α (PGC-1α). PGC1α also activates a num-
ber of other transcription factors and is one of the main regulators of mitochondrial 
biogenesis and mitochondrial oxidative metabolism75. Several classes of molecules have 
been identified to be involved in the activation of PGC-1α76. Resveratrol activates the 
energy sensor AMPK (AMP-activated protein kinase) and SIRT1 (Sirtuin 1, deacetylase) 
thereby inducing mitochondrial biogenesis via PGC-1α76 (Figure 2). 

Bezafibrate has been used as a hypolipidemic drug for more than 30 years77. Resvera-
trol is a naturally occurring compound that can be used at relatively high concentrations 
without obvious side effects. Resveratrol has even been tested as anti-obesity therapy 
in humans78. hence, both bezafibrate and resveratrol have been used previously for the 
treatment of other metabolic disorders, and are thus attractive compounds for the treat-
ment of FAO deficiency.
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MOUSE MODELS

Mouse models are vital to study the pathogenesis of human inherited metabolic disor-
ders. Several knock-out FAO mouse models have been developed. The VLCAD-/- mouse 
has a mild phenotype with slight hepatic steatosis, microvesicular lipid accumulation in 
the heart, and facilitated induction of polymorphic ventricular tachycardia in response 
to fasting and cold challenge24-27. The LCAD-/- mouse model displays a severe phenotype 
with fasting-induced hypoglycemia and hepatomegaly, hypertrophic cardiomyopathy, 
and an acylcarnitine profile comparable to VLCAD deficiency in humans24,34,65,66,79,80. 
however, clinically relevant and important symptoms such as fatigability, exercise intol-
erance, and myopathy cannot be investigated in the current mouse models.

MTP-/- and CPT1a/b-/- mouse models have been characterized, but these mice all die in 
the neonatal or embryonic stage81-83 and can consequently not be used for experimental 
studies.

OUTLINE OF ThESIS

While newborn screening in lcFAO deficient patients is performed using bloodspot 
acylcarnitine analysis, the follow-up of patients with a lcFAO disorder is usually done by 

SIRT1AMPK

PGC-1α

Resveratrol

Bezafibrate PPARα

lcFAO
enzymes

mRNA

nucleus
mitochondrion

Figure 2. Compounds that induce mitochondrial biogenesis and function. AMPK = AMP activated pro-
tein kinase; PGC-1α = Peroxisome Proliferator-Activated Receptor γ co-activator-1α; PPARα = Peroxisome 
Proliferator-Activated Receptor
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plasma acylcarnitine analysis. In chapter 2, the differences between acylcarnitine profiles 
in plasma and bloodspots are described. Although bloodspot acylcarnitine analysis is a 
good way to determine very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency, 
patients were missed. In chapter 3 a new marker that enhanced the sensitivity to detect 
VLCAD deficiency are described. A major challenge in VLCAD deficiency is however to 
predict disease severity based on biochemical and molecular testing. In chapter 4, the 
best predictor for clinical outcome of VLCAD deficient patients was investigated. Fatty 
acid oxidation flux in cultured fibroblasts appeared to be the best predictor.

Many clinical studies in the past have focused on disease presentations. In chapter 
5, cardiac function of lcFAO deficient children that have been diagnosed years before 
is described. Normal cardiac function with only a minimal decrease in myocardial con-
tractility was observed. In chapter 6, the consequences of rhabdomyolysis on muscle of 
patients with lcFAO disorders have been visualized. Specific abnormalities are observed 
on MRI, which may reflect lipid accumulation secondary to lcFAO deficiency or due to 
accumulating muscle damage.

To investigate the cause of rhabdomyolysis of which the pathogenic basis has been 
poorly understood, MRS during prolonged exercise of the vastus lateralis muscle was 
performed. In chapter 7, impaired ATP homeostasis during prolonged exercise in VL-
CADD patients was are described. Mouse models are crucial to gain mechanistic insight 
in disease symptoms. In chapter 8, a new mouse model for lcFAO deficiency was studied. 
Fasting lowers energy expenditure and induces inactivity in these mice.

Surgical procedures in patients with lcFAO disorders require specific measures to im-
prove energy homeostasis and reduce long-chain fatty acid load to prevent symptoms 
such as rhabdomyolysis. hence, a specific perioperative regimen in patients with very 
long chain acyl-CoA dehydrogenase deficiency (VLCADD) is discussed in chapter 9. 

Newborn screening does not discriminate between isolated LChAD deficiency, isolat-
ed long-chain keto acyl-CoA (LCKAT) deficiency and general mitochondrial trifunctional 
protein (MTP) deficiency. In chapter 10 a classification system to discriminate between 
these disorders based on enzymatic measurements is described and applied to two new 
cases. One of whom presented with necrotizing enterocolitis, a symptom previously not 
associated with MTP deficiency. Finally, in chapter 11, all the findings are discussed and 
future research directions are provided.
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ABSTRACT

Quantification of acylcarnitines is used for screening and diagnosis of inborn error of 
metabolism (IEM). While newborn screening is performed in dried blood spots (DBSs), 
general metabolic investigation is often performed in plasma. Information on the 
correlation between plasma and DBS acylcarnitine profiles is scarce. In this study, we 
directly compared acylcarnitine concentrations measured in DBS with those in the cor-
responding plasma sample. Additionally, we tested whether ratios of acylcarnitines in 
both matrices are helpful for diagnostic purpose when primary markers fail.

Study design: DBS and plasma were obtained from controls and patients with a known 
IEM. (Acyl)carnitines were converted to their corresponding butyl esters and analyzed 
using hPLC/MS/MS.

Results: Free carnitine concentrations were 36% higher in plasma compared to DBS. 
In contrast, in patients with carnitine palmitoyltransferase 1 (CPT1) deficiency free 
carnitine concentration in DBS was 4 times the concentration measured in plasma. In 
carnitine palmitoyltransferase 2 (CPT2) deficiency, primary diagnostic markers were 
abnormal in plasma but could also be normal in DBS. The calculated ratios for CPT1 (C0/
(C16 + C18)) and CPT2 ((C16 + C18:1)/C2) revealed abnormal values in plasma. however, 
normal ratios were found in DBS of two (out of five) samples obtained from patients 
diagnosed with CPT2.

Conclusions: Relying on primary acylcarnitine markers, CPT1 deficiency can be missed 
when analysis is performed in plasma, whereas CPT2 deficiency can be missed when 
analysis is performed in DBS. Ratios of the primary markers to other acylcarnitines 
restore diagnostic recognition completely for CPT1 and CPT2 in plasma, while CPT2 can 
still be missed in DBS.
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INTRODUCTION

As the mitochondrial membrane is impermeable to long chain fatty acids, the carnitine 
shuttle is used to import acyl-CoA’s. Acyl-CoA’s can cross the mitochondrial membrane 
via carnitine acylcarnitine translocase (CACT) after conversion to acylcarnitines by 
carnitine-palmitoyl CoA transferase 1 (CPT1). Reconversion of acylcarnitines to acyl-
CoA’s by carnitine-palmitoyl CoA transferase 2 (CPT2) provides very-long chain acyl-CoA 
dehydrogenase (VLCAD) with the degradable acyl-CoA’s to ensure energy supply. In 
addition, potentially toxic acyl-CoA’s can be removed via the same route. Accumulation 
of specific acyl-CoA’s due to a metabolic block leaves the cell as acylcarnitines1,2.

In body fluids, the acylcarnitine profile is not only a diagnostic test for inherited 
disorders of fatty acid metabolism, but also for defects in branched-chain amino acid ca-
tabolism2. Patients with these types of metabolic disorders accumulate disease-specific 
acylcarnitines, since degradation of amino acids produces, in many cases, odd-chain 
acyl-compounds that are esterified with carnitine.

While in biochemical genetic laboratories plasma is routinely used for acylcarnitine 
analysis, newborn screening programs use whole blood dried on filter paper (DBS) as 
the standard specimen. Newborns who show abnormal screening results are referred to 
the clinical unit for diagnosis and treatment. The workflow in our department primarily 
involves confirmation by biochemical testing (by measurement of plasma acylcarnitine 
profile) followed by additional tests (e.g. enzymatic assays or DNA mutation analysis). 
While cut-off points for free carnitine and acylcarnitine esters have been published for 
both DBS3,4 and plasma5,6 only limited information is available on the correlation be-
tween plasma and DBS.

Comparison between free carnitine in plasma and DBS from patients with organic ac-
idurias and fatty acid oxidation disorders were reported by Primassin and Spiekerkoet-
ter7. Data on comparison between acylcarnitine concentrations in the different matrices 
is scarce.

The use of absolute concentrations may lead to be potential interpretative problems. 
In newborn screening programs several ratios between different acylcarnitines have 
been reported that could help as a discriminate factor4. Such information is widely avail-
able for DBS but only limited for plasma.

This study examines acylcarnitines profiles in plasma and DBS simultaneously in sam-
ples from patients with well-defined inborn errors of metabolism (IEM). Subsequently, 
we evaluated whether ratios of acylcarnitines in plasma are just as helpful as these ratios 
are in DBS when primary markers fail to be conclusive.
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MATERIALS AND METhODS

Study population

Blood was collected (for therapeutic control) from patients with confirmed (enzymatic 
or molecular) inherited metabolic diseases. These included plasma and DBS from pa-
tients diagnosed with different enzyme or transporter deficiencies: CPT1 deficiency (n 
= 6 samples, 2 patients), CPT2 deficiency (n = 5 samples, 4 patients), VLCAD deficiency 
(n = 12 samples, 11 patients), long-chain 3-hydroxyacyl-CoA dehydrogenase (LChAD) 
deficiency (n = 2), and medium-chain

acyl-CoA dehydrogenase (MCAD) deficiency (n = 27 samples, 21 patients).
Patients with organic acidemias such as propionic acidemia (PA) (n = 12 samples, 5 

patients), methylmalonic acidemia (MMA) (n = 9 samples, 6 patients), glutaric acidemia 
I (GA-I) (n = 4 samples, 2 patients) and β-ketothiolase (βKT) (n = 3 samples, 2 patients) 
deficiency were also included. All values were compared with age related (<1 month, 
>1 month and <18 years and >18 years) reference values. Reference values for plasma 
were determined using 281, 2835 and 393 samples respectively. Reference values for 
DBS were determined using 39, 24 and 63 samples respectively.

Additionally, 54 patients without metabolic defect were investigated for acylcarnitine 
profiles in plasma and DBS simultaneously.

Sampling

Blood samples were collected by venous puncture in heparin containing tubes. Aliquots 
of whole heparinized blood were aspirated and spotted onto Guthrie card filter papers 
(Whatman no. 903 Pro- tein Saver TM cards, formerly Schleicher & Schuell, Keene, USA). 
The blood tubes were then centrifuged and the resulting plasma was stored at −20 °C 
until further analysis. The Guthrie card filter papers were left to dry for at least 4h at room 
temperature and were stored at -20 °C in a foil bag with a desiccant package pending 
further analysis. All blood spots were inspected visually to make sure that the blood spot 
circle was completely filled.

Analysis

To prepare the DBS sample for analysis, a disc (6 mm Ø) was punched out from one blood 
spot circle using a hole puncher. To ex- tract the acylcarnitines and free carnitine from 
the Guthrie card filter paper, the DBS was placed in 500 μL methanol which contained 
the stable isotope internal standards (D3-carnitine, D3-C4-carnitine, D3-C8-carnitine, 
D3-C16 carnitine) and the sample was sonicated for 20 min. The methanol eluate was 
evaporated under heated (40 °C) nitrogen to dryness and butylated for 15 min at 60 °C. 
After incubation, excess reagent was evaporated to dryness and residue was reconsti-
tuted in 100 μL acetonitrile.
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100 μl plasma was added to 500 μL acetonitrile containing the stable isotope internal 
standards. After centrifugation, to remove the precipi- tated proteins, the supernatant 
was evaporated at 40 °C using nitrogen. After butylation (15 min at 40 °C) and evapo-
ration (40 °C using nitro- gen) the sample was reconstituted in 100 μL acetonitrile. A 
calibration curve of eight standards containing C0-, C3-, C4-, C5-, C6-, C8-, C10-, C12-, 
C14-, C16-, and C18-carnitine was used for quantification. Concentrations of free carni-
tine and 37 acylcarnitines from paired samples of DBS and plasma were analyzed by flow 
injection using liquid chro- matography (Alliance 2790, Waters) coupled to a Micromass 
Quattro Ultima mass spectrometer (hPLC/MS/MS).

MRM transitions of butyl ester derivatives of acylcarnitines and in- ternal standards 
were analyzed in positive electro spray ionization (ESI+). Acylcarnitines were quantified 
by calculating the concentra- tions of metabolites relative to the deuterated internal 
standard closest in mass. The concentrations (or ratios) found in the patient sample were 
compared with the upper reference limit, defined as the 95th percentile. In addition, a 
precursor ion scan was made to search for presence of interfering compounds and poor 
derivatization. Internal control samples for both plasma and DBS were analyzed within 
every batch tested. In addition, we participated in a qualitative blood spot acylcarnitine 
quality assurance program. Both internal and external quality samples showed excellent 
results.

Statistical analysis

For statistical analysis, Prism 4.0 (GraphPad Software) was used. Significance was defined 
as p<0.05.

RESULTS

Figure 1 shows representative acylcarnitine profiles in DBS and plas- ma from a neonatal 
control subject. When focusing on individual acylcarnitines, significant differences be-
tween plasma and DBS were observed (Table 1). In general, free carnitine concentrations 
were 36% higher in plasma compared to free carnitine concentrations in DBS (Table 
1; Fig. 2; P<0.0001). Plasma C8 carnitine concentration was twice the concentration 
measured in DBS (for controls as well as patients diagnosed with MCAD deficiency (y = 
0.52x − 0.02, r2 = 0.95, n = 81)).

Table 2 shows a list of disorders, their primary marker(s) and the range found in plasma 
as well as in DBS in our patient group. Elevation of the primary metabolite above the 
95th percentile identified patient(s) with VLCAD-, LChAD-, MCAD-, βKT deficiencies and 
with PA, MMA and GA-I in both plasma as well as in DBS. In all 6 samples obtained from 
patients with CPT1 deficiency, the concentration of free carnitine, the primary metabo-
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Table 1. Comparison of total carnitine, free carnitine and acylcarnitines in plasma and corre- sponding 
DBS from controls. Mean values ± standard deviation of the concentrations (in μmol/L); AC sum of the 
measured individual acylcarnitines; total carnitine: sum of free carnitine plus AC. DC; dicarbonic acid.

Plasma (n=54) DBS (n=54) P (paired t-test)

Total carnitine 33.3 ± 16.0 31.4 ± 12.3 0.11

Free carnitine 26.8 ± 14.0 19.2 ± 8.5 <0.0001

Acyl carnitine (AC) 6.5 ± 3.7 12.1 ± 5.1 <0.0001

C2-carnitine 4.4 ± 3.1 7.2 ± 3.3 <0.0001

C3-carnitine 0.31 ± 0.21 0.86 ± 0.53 <0.0001

C4-carnitine 0.16 ± 0.09 0.16 ± 0.11 0.34

C5:1-carnitine 0.01 ± 0.01 0.02 ± 0.02 0.002

C5-carnitine 0.14 ± 0.10 0.12 ± 0.07 0.04

C4:3-Oh-carnitine 0.03 ± 0.04 0.07 ± 0.06 <0.0001

C6-carnitine 0.04 ± 0.02 0.03 ± 0.02 0.0001

C5-Oh-carnitine 0.03 ± 0.03 0.16 ± 0.19 <0.0001

C8:1-carnitine 0.17 ± 0.11 0.07 ± 0.05 <0.0001

C8 carnitine 0.07 ± 0.04 0.04 ± 0.03 <0.0001

C3-DC-carnitine 0.02 ± 0.01 0.01 ± 0.01 <0.0001

C10:2-carnitine 0.06 ± 0.04 0.01 ± 0.01 <0.0001

C10:1-carnitine 0.10 ± 0.06 0.04 ± 0.03 <0.0001

C10-carnitine 0.06 ± 0.08 0.06 ± 0.04 0.37

C4-DC-carnitine 0.04 ± 0.02 0.28 ± 0.17 <0.0001

C5-DC-carnitine 0.03 ± 0.01 0.02 ± 0.02 <0.0001

12:1-carnitine 0.04 ± 0.03 0.02 ± 0.02 <0.0001

12-carnitine 0.06 ± 0.03 0.04 ± 0.02 <0.0001

C6-DC-carnitine 0.05 ± 0.03 0.02 ± 0.02 <0.0001

C14:2-carnitine 0.03 ± 0.02 0.03 ± 0.01 0.13

C14:1-carnitine 0.04 ± 0.03 0.03 ± 0.02 0.002

C14-carnitine 0.04 ± 0.02 0.08 ± 0.04 <0.0001

C8-DC-carnitine
C14-Oh-carnitine

0.01 ± 0.01
0.01 ± 0.01

0.01 ± 0.01
0.02 ± 0.01

0.38
<0.0001

C16:1-carnitine 0.03 ± 0.02 0.06 ± 0.04 <0.0001

C16-carnitine 0.11 ± 0.06 0.93 ± 0.58 <0.0001

C10-DC-carnitine 0.01 ± 0.01 0.05 ± 0.02 <0.0001

C16:1-Oh-carnitine 0.01 ± 0.01 0.03 ± 0.02 <0.0001

C16-Oh-carnitine 0.01 ± 0.01 0.02 ± 0.02 0.008

C18:2-carnitine 0.06 ± 0.05 0.25 ± 0.21 <0.0001

C18:1-carnitine 0.15 ± 0.09 0.83 ± 0.49 <0.0001

C18-carnitine 0.04 ± 0.02 0.46 ± 0.24 <0.0001

C18:2-Oh-carnitine 0.0 ± 0.01 0.01 ± 0.01 0.001

C18:1- Oh-carnitine 0.01± 0.01 0.02 ± 0.01 0.007

C18- Oh-carnitine 0.01 ± 0.01 0.02 ± 0.01 0.36

C16-DC-carnitine
C18:1-DC-carnitine

0.01 ± 0.01
0.01 ± 0.01

0.02 ± 0.01
0.02 ± 0.01

0.27
0.27
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lite for CPT1 deficiency was below the 95th percentile of controls in plasma (Table 2). 
In contrast, the C0 carnitine was significantly increased in corresponding DBS samples 
(Table 2, Fig. 2). The concentration of the primary metabolite for CPT2 deficiency, C18, 
was in one sample above 95th percentile of age related controls in DBS and the concen-
tration of the primary metabolite C18:1 was abnormal in the same sample (Table 2, Fig. 
3). Since the primary markers for CPT1 deficiency in plasma and for CPT2 deficiency in 
DBS lack sensitivity, additional diagnostic criteria were evaluated. For CPT1 deficiency 
the C0/(C16 + C18) ratio was calculated in all plasma and DBS specimens (Table 3). We 
found an increased ratio in plasma as well as in DBS in all patients compared to controls. 
The ratio in patients was between 2063 and 13,927 for plasma and between 3369 and 
7944 for DBS. All values are at least 4 and 78 times above the highest value found in 
control subjects for plasma and DBS respectively. To facilitate the diagnostic recognition 
of CPT2 deficiency, (C16 + C18:1)/C2 was evaluated. Table 3 shows that the calculated 
ratios (0.21, 0.36, 0.27, 0.27, and 0.39) in all cases were above the 95th percentile of 
controls in plasma. In DBS, the ratio (0.36, 0.51, 0.34, 0.42 and 0.60) was indicative for 
CPT2 deficiency in three out of five samples.

Figure 1. Acylcarnitine profile in plasma and its corresponding DBS in a neonatal control subject.
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Figure 2. Correlation between free carnitine in DBS specimen and their corresponding plasma sample (n = 
125). ▲ represents free carnitine concentration in patients with proven CPT-1 deficiency. ● represents free 
carnitine concentration in all samples.

Table 3. Ratios for acylcarnitines in plasma and DBS from CPT-1 and CPT-2 patients.

Ratio IEM n Age Range in 
plasma

Control 95th 
centile in 
plasma 

Range in 
DBS

Control 95th 
centile in 
DBS 

C0/(C16+C18) CPT-1 3

3

1 month
-18 year
> 18 year 

2323-13927

2063-12050

510

441

3369-7944

2831-4756

43

33

(C16+C18:1)/C2 CPT-2 5 > 18 year 0.21-0.39 0.15 0.34-0.60 0.37
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Figure 3. Box-plots for C18:2-carnitine, C18:1-carnitine and C18-carnitine in plasma and DBS in four pa-
tients diagnosed with CPT-2 deficiency. Straight line represents 95th percentile of (age related) controls in 
plasma. Dotted line represents 95th percentile of (age related) controls in DBS.



Plasma vs bloodspot acylcarnitines 39

DISCUSSION

hPLC/MS/MS is the method of choice for the quantification of (acyl)carnitines in body 
fluids. While it is known that carnitine concentrations in tissues are normally 20- to 
50-fold higher than in serum8, there is no consensus concerning the clinical specimen 
(plasma or DBS) that would best reflect the carnitine status of various body compart-
ments. DBS offers a number of advantages over conventional plasma collection. DBS is 
preferred since it requires a less invasive sampling method (finger or heel prick, rather 
than conventional venous cannula). DBS can be conveniently collected by patients 
themselves (or guardians) with minimum training. Less blood is required and DBSs of-
fer a simpler storage and easier transfer. In addition, metabolites are reasonably stable 
and DBSs reduce the infection risk of hIV/AIDS and other infectious pathogens to a 
minimum9. Because of these advantages and the fact that DBSs allow screening for ad-
ditional metabolic disorders (e.g. lysosomal disorders by measuring enzyme activities), 
the use of DBS in clinical metabolic settings has expanded. There is a high level of very 
long chain acylcarnitines in DBS compared to plasma (Fig. 1). This underscores the need 
for matrix-based reference values for correct interpretation. Table 1 shows the significant 
difference between plasma and DBS concentrations of acylcarnitine and free carnitine in 
controls. This observation could be explained by differences between acylcarnitine con-
centrations in plasma and in the cellular compartment of a blood spot. It can be argued 
that the preferred sample type for an acylcarnitines profile is a DBS because long-chain 
acylcarnitines are absorbed on the surface of red blood cells2. Therefore, elevations of 
these long-chain acylcarnitines may not be as reliably detected in plasma as they are in 
DBS. On the other hand it has been stated that high endogenous levels of long-chain 
acylcarnitines in normal erythrocytes reduced the diagnostic specificity in blood spots 
compared with plasma samples10.

To assess the usefulness of plasma and DBS acylcarnitine analysis for diagnostic pur-
poses, primary markers (expected to be consistently expressed with their associated dis-
orders) in both matrices of 80 samples from patients with confirmed IEM were reviewed. 
Twenty-eight samples were obtained from patients who were previously diagnosed 
with organic acid disorders and fifty-two samples were obtained from patients with fatty 
acid oxidation disorders.

CPT1 deficiency

In CPT1 deficiency elevated free carnitine concentrations and low acylcarnitine concen-
trations are diagnostic. We observed that free carnitine in DBS from patients with CPT1 
deficiency was 4.0 ± 0.5 times higher than free carnitine in plasma (Table 2, Fig. 2). Since 
free carnitine concentrations in control subjects were significantly higher in plasma, the 
increase of free carnitine concentration in DBS from CPT1 patients reflects a disease-



Chapter 240

dependent carnitine accumula- tion in red blood cells. The present study (Fig. 2) shows 
that CPT1 de- ficiency may be missed when analysis is performed in plasma which is 
in accordance with Primassin and Spiekerkoetter7. In line with this observation is the 
report of a CPT1 patient with a positive new- born screening in whom acylcarnitines in 
a follow-up plasma sample were normal11. On the other hand, it has been reported that 
free carnitine concentrations even in DBS of CPT1 deficient patients can be within the 
reference interval in the newborn period12.

An elevation of the C0/(C16 + C18) ratio has been described in CPT1 deficiency4,12. 
This ratio is highly specific to diagnose CPT1 deficiency in DBS. The present study shows 
that the application of this ratio in plasma is also very helpful (Table 3). hence, when 
increased concentrations of C0 carnitine are used as a single marker, CPT1 deficiency 
may be missed in plasma while introduction of the C0/(C16 + C18) ratio is highly specific.

CPT2 deficiency

CPT2 deficiency leads to a pronounced elevation of C16 and C18 acylcarnitines in 
plasma (Table 2)13. This elevation was not seen in all DBS samples obtained from patients 
diagnosed with CPT2 deficiency (Table 2). Therefore, in contrast to CPT1, plasma is a 
better choice to diagnose CPT2 deficiency.

Newborn screening for CPT2 deficiency is included in 7 of the 37 European newborn 
screening programs14 and CPT2 deficiency has been described in only 22 affected fami-
lies15. There is a case report of one patient with CPT2 deficiency that was not detected 
in the newborn period. In DBS, the most sensitive indicator to diagnose CPT2 deficiency 
is an elevated (C16 + C18:1)/C2 ratio4,13. In the present study we tested whether this 
ratio is also indicative for CPT2 deficiency in plasma by comparing this ratio calculated 
from the five CPT2 samples with age related control samples. Table 3 shows that the 
calculated ratio in plasma may help in diagnosing CPT2 deficiency. In contrast, in DBS, 
this ratio was not informative in two samples obtained from patients diagnosed with 
CPT2 deficiency. We therefore conclude that CPT2 deficiency cannot be excluded upon 
acylcarnitine quantification in DBS.

VLCAD deficiency

For VLCAD deficiency, C14:1 is used as primary marker (Table 2). It has been suggested 
that VLCAD deficiency can be reliably diagnosed by examination of an early DBS but may 
be missed if the child is asymptomatic and older than four days16. The present study uses 
DBS and plasma from the same sampling time. In our data set, C14:1 carnitine seems to 
be appropriate to diagnose VLCAD deficien- cy in DBS and plasma, also in older children.
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LCHAD deficiency

In LChAD deficiency, elevations of the long chain acylcarnitines (particular C16Oh) are 
evident [10]. It has been recently reported that hydroxyacylcarnitines can be identified 
and separated in DBS, whereas in plasma the peaks are near the limit of detection17. Van 
hove et al.10 recommend analysis of acylcarnitines in plasma since there is a reduced 
number of elevated metabolites in blood spots compared to plasma in patients with 
proven LChAD deficiency. We support this recommendation since six hydroxyacylcar-
nitines were elevated in plasma in contrast to two hydroxyacylcarnitines in DBS in one 
patient with LChAD deficiency (data not shown).

MCAD deficiency

For screening on MCAD deficiency, C8 carnitine is routinely mea- sured. In this study, all 
twenty-one patients diagnosed with MCAD deficiency showed the classic acylcarnitine 
profile in both plasma and DBS with significantly increased C8 carnitine (Table 2), C6 
carnitine, C8 > C6 and increased C8/C10 ratio in plasma as well as in DBS.

Organic acidurias

In our data set, elevation of the most characteristic metabolites (above the 95th per-
centile) identified all patients with an organic aciduria (PA, MMA, GA-I, and βKT) using 
plasma or DBS (Table 2). Absolute values of the specific acylcarnitines differ however. 
False negative neonatal screening results for βKT18,19, GA-119,20and MMA19,21have been 
reported. This could be due to samplingtime and chosen cut-off values which influence 
detection rates of milder variants, rather than choice of matrix. Further comparison 
between plasma and DBS is necessary especially for those organic acidurias in which a 
small number of patients were included.

CONCLUSION

The present study shows that, when only absolute concentrations of acylcarnitines are 
considered, the choice of matrix for diagnostic acylcarnitine profiling is critical. Whereas 
the majority of fatty acid oxidation defects can be diagnosed by plasma investigation, 
CPT1 deficiency can be missed in plasma when relying on free carnitine. It is however 
not clear whether the clinical condition (symptomatic/asymptomatic) influences this 
observation.

however, diagnostic sensitivity for CPT1 deficiency in plasma is improved to 100% 
when taking a ratio between free carnitine and acylcarnitines into account. To detect 
CPT2 deficiency, plasma is the matrix of choice, as this diagnosis may be missed in DBS. 
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For all other metabolic disorders tested in the present study, both plasma and DBS can 
be diagnostically used.
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ABSTRACT

Objective: To improve the efficacy of newborn screening (NBS) for Very Long-chain acyl-
CoA Dehydrogenase Deficiency (VLCADD).

Patients and Methods: Data on all dried bloodspots collected by the Dutch NBS from 
2007-October 2010 (742.728) were included. Based solely on the C14:1 levels (cut off 
≥ 0.8 µmol/l), 6 newborns with VLCADD had been identified through NBS during this 
period. The ratio of C14:1 over C2 was calculated. DNA of all bloodspots with a C14:1/C2 
ratio of ≥ 0.020 was isolated and sequenced.  Children homozygous or compound het-
erozygous for mutations in the ACADVL gene were traced back and invited for detailed 
clinical, biochemical and genetic evaluation. 

Results: Rescreening based on the C14:1/C2 ratio with a cut off of >0.020 identified 
an additional 5 children with known ACADVL mutations and low enzymatic activity. All 
were still asymptomatic at the time of diagnosis (age 2–5 yrs). Increasing the cut off 
to >0.023 resulted in a sensitivity of 93% and a positive predictive value of 37%. The 
sensitivity of the previously used screening approach (C14:1 ≥ 0.8) was 50%. 

Conclusion: This study shows that the ratio C14:1/C2 is a more sensitive marker then 
C14:1 for identifying VLCADD patients in NBS. however, as these patients were all 
asymptomatic at the time of diagnosis, this suggests that a more sensitive screening ap-
proach may also identify individuals who may never develop clinical disease. Long-term 
follow up studies are needed to establish the risk of these VLCADD deficient individuals 
for developing clinical signs and symptoms.
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INTRODUCTION

Many newborn screening (NBS) programs in the world, including the Dutch NBS pro-
gram, have Very Long-chain acyl-CoA Dehydrogenase Deficiency (VLCADD) in their 
disease panel1,2. VLCADD is a disorder of long chain fatty acid beta-oxidation (OMIM 
609575) that compromises energy homeostasis and leads to accumulation of long-chain 
fatty acids and derivatives. Patients may present with hypoglycemia, hepatomegaly and 
cardiomyopathy in the neonatal period and rhabdomyolysis in early childhood. These 
features can be induced by fasting, exercise, illness and fever3-6. VLCADD is included in 
NBS programs mainly because life-threatening symptoms as hypoglycemia and cardio-
myopathy can be prevented by dietary measures. 

NBS for VLCADD is performed by measuring the concentration of accumulating long-
chain acylcarnitines in bloodspots, especially tetradecenoyl carnitine (C14:1).  In the 
Netherlands, the cut-off level of C14:1 for referral of newborns was initially ≥0.80 μmol/L. 
however, because patients were missed the cut-off level for referral was reduced to 
≥0.60 μmol/L. Results of the Region4 database7, which contains collaborative data on 
the outcome of NBS programs worldwide8, indicated that the ratio of C14:1 over acetyl-
carnitine (C2), might further improve the sensitivity of the screening procedure9. C2 
concentrations are often measured in NBS screening programs as secondary marker for 
screening of isovaleric acidemia. In order to improve the NBS on VLCADD we retrospec-
tively investigated whether the ratio C14:1/C2 is a better marker for VLCADD than the 
original marker C14:1.

PATIENTS AND METhODS

We calculated the C14:1/C2 ratios and C14:1 levels of all 742.728 NBS bloodspots from 
the Dutch NBS program taken in the period 2007-2010. The levels were measured within 
7 days after birth. All bloodspots with a C14:1/C2 cut-off value of ≥0.020 and/or C14:1 
≥0.60 μmol/l were selected for further analysis. DNA of the selected bloodspots was 
isolated using the NucleoSpin Tissue genomic DNA purification kit (Macherey-Nagel, 
Düren, Germany). All exons plus flanking intronic regions of the ACADVL gene were 
subsequently sequenced. Three proven VLCADD patients were included in a blinded 
manner as positive controls. 

VLCAD enzymatic activity was measured in lymphocytes by using ferricenium hexa-
fluorophosphate as the electron acceptor, followed by UPLC, to separate the different 
acyl-CoA species10. Acylcarnitines were measured as described previously11.

Based on the duty of care principle12, the patients who were originally classified as 
non-affected but who turned out positive upon evaluation of the C14:1/C2-ratio, were 
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traced back and contacted for care. All were alive and all accepted the invitation for 
neurological, cardiological, biochemical and genetic evaluation. 

RESULTS

Acylcarnitine measurement and mutation analysis in bloodspots

We found a C14:1/C2 ratio of ≥0.020 in 67 bloodspots. Sequence analysis of the ACADVL 
gene in this group revealed five patients who were either homozygous for a single mu-
tation or compound heterozygous for two different mutations. These mutations were 
confirmed in independent samples (bloodspot and blood). In addition, we identified 18 
children who were carriers of one mutation in the ACADVL gene (Table 1). 

The enzymatic activity of VLCAD in lymphocytes was severely deficient in two of the 
five detected patients (PID 1 and 2), and mildly reduced in the other three patients (PID 
3-5). VLCADD was subsequently also confirmed in two siblings (Table 1). 

In the period 2007-2010, six VLCADD patients had been identified by the Dutch NBS 
program based on the original screening selection criteria: C14:1 ≥0.80 μmol/L. The five 
additional patients detected in this study were not referred at the time. however, based 
on the current cut-off value of C14:1 ≥0.6 µmol/L (adopted 2013),  patient 1 would have 
been referred. 

Two of the three plasma acylcarnitine levels were below the age adjusted reference 
value (95th percentile) of <0.26 µmol/L (patient 3 and 5). 

Clinical phenotype

All newly identified patients were evaluated for clinical symptoms (Table 1). None of 
these patients reported muscle-related symptoms and none had neurological or cardio-
logical abnormalities. All were normoglycemic upon evaluation and none had suffered 
metabolic decompensation. Growth varied with a length range < -1.5 SD below the tar-
get height to appropriate to target height and a weight-length range of -2.18 to +1.94. 
The median creatine kinase level at the first evaluation was 120 U/L (range 91-200 U/L).  

Sensitivity and positive predictive value

Our results indicate that the sensitivity of C14:1 (≥0.8) is 50% and the sensitivity of C14:1 
(≥0.6) is 58%, while the sensitivity of C14:1/C2 (≥0.020) is 93%. In addition, the positive 
predictive values of C14:1 (≥0.8 and ≥0.6) and C14:1/C2 (≥0.020) are 66%, 47% and 16%, 
respectively (Figure 1). With a C14:1/C2 cut-off value of ≥0.023, the sensitivity remains 
93%, while the positive predictive value increases to 37% (Figure 1).
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C14:1/C2 ≥0.020
n=67

True positive
n=11

Sensitivity: 93%
Positive predictive value: 16%

False positive
n=56 (18 carriers)

False negative
n=1

C14:1/C2 ≥0.023
n=30

True positive
n=11

Sensitivity: 93%
Positive predictive value: 37%

False positive
n=19 (6 carriers)

742.728 bloodspots

C14:1 ≥0.8
n=9

True positive
n=6

Sensitivity: 50%
Positive predictive value: 66%

False positive
n=3 (0 carriers)

False negative
n=6

False negative
n=1

Figure 1

C14:1 ≥0.6
n=15

True positive
n=7

Sensitivity: 58%
Positive predictive value: 47%

False positive
n=8 (1 carrier)

False negative
n=5

Figure 1.  Sensitivity and positive predictive values of C14:1 and C14:1/C2 with the various cut-off-values.
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DISCUSSION

This study shows that inclusion of the ratio C14:1/C2 to the NBS increases the sensitivity 
to detect VLCADD patients. Accordingly, this ratio is now added to the Dutch NBS as 
primary marker for screening on VLCADD. 

Introducing C14:1/C2 into the expanded NBS program has  advantages as well as 
limitations. The inclusion of this ratio will increase the sensitivity from 50% to 93% which 
leads to less false negative results and thus less missed patients. But, the increase of the 
sensitivity is at the expense of a lower positive predictive value. A false positive NBS 
result may have great impact on the parents of newborns and the families involved13,14. 
Special care and a best practice for communication between health care providers and 
parents is therefore essential in mitigating the stress involved15. Compared to other 
disease in the NBS, a positive predictive value of 37% is high9.

Retrospective analyses allowed us to identify five missed patients who, on clinical 
evaluation were all asymptomatic, but in whom the diagnosis VLCADD was confirmed 
by mutation analysis in combination with a decreased VLCAD enzymatic activity. These 
patients may be at high risk of future metabolic crises and/or later-onset disease. how-
ever, it is not possible to define which outcomes are clinically relevant16,17, especially in 
patients with a residual enzymatic activity <20%18.

With the current development rate of new techniques in genetics and biochemistry, 
sensitivity will probably increase even more in the coming years16,19. Although the in-
troduction of worldwide NBS programs has offered significant health gain for many pa-
tients, it might be argued that too sensitive NBS methods can lead to “over-diagnosing” 
and as such may be harmful for patients and their families20,21.

CONCLUSION

In summary, we show that the biomarker C14:1/C2 (≥0.023) is a better marker (sensitiv-
ity 93%) compared to C14:1 (≥0.8, sensitivity 50%) to detect VLCADD patients and thus 
leads to less missed patients. however, the identified missed patients were all asymp-
tomatic at the time of diagnosis. This suggests that a more sensitive screening approach 
may also identify individuals who may never develop clinical disease. Long-term follow 
up studies are needed to establish the risk of these VLCADD deficient individuals for 
developing clinical signs and symptoms.
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ABSTRACT

Purpose: Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) is an inherited 
disorder of mitochondrial long-chain fatty acid β-oxidation (LC-FAO), which is included 
in many newborn screening programs worldwide. Patients may present with hypo-
ketotic hypoglycemia, cardiomyopathy and/or myopathy, but clinical severity varies 
widely and the clinical outcome is unpredictable. We investigated predictive markers 
that may determine clinical severity.

Methods: We developed a clinical severity score (CSS). This CSS was determined for 
13 Dutch VLCADD patients all diagnosed before the introduction of VLCADD in NBS to 
prevent bias from early diagnosis. In cultured skin fibroblasts from these patients, we 
measured LC-FAO flux (the rate of oleate oxidation), VLCAD activity, and acylcarnitine 
profiles following palmitate loading.

Results: The strongest correlation, r=0.93 (p<0.0001), was observed between LC-FAO 
flux and the CSS. VLCAD activity measurement and the C14/C16-acylcarnitine ratio cor-
related much less.  A median LC-FAO flux of 6% of control values (range 5.6-6.8%) was 
associated with cardiomyopathy (p<0.01) and 32.4% (range 5.6-50.5%) was associated 
with myopathy (p<0.05).

Conclusion: Our results demonstrate a very strong correlation between LC-FAO flux in 
fibroblasts and the clinical severity of VLCADD patients. LC-FAO flux measurements may 
thus predict whether patients are likely to develop symptoms.
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INTRODUCTION

Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD), an autosomal recessive 
inherited disorder of mitochondrial long-chain fatty acid β-oxidation (LC-FAO), is caused 
by mutations in the ACADVL gene. Patients may present with a variety of clinical signs 
and symptoms, including hypoketotic hypoglycemia, hepatomegaly, cardiomyopathy 
and myopathy. These symptoms can be triggered by illness, fever, exercise, and fasting1-4. 
Currently, VLCADD is included in many newborn screening (NBS) programs all over the 
world5,6. Most newborns with VLCADD identified by NBS are asymptomatic at the time 
of referral7. As these patients are considered to be at risk of potentially life threaten-
ing symptoms, parents often get dietary advice including strict avoidance of fasting8. 
however, since the introduction of VLCADD in NBS panels, it has become clear that a 
significant number of newborns with VLCADD actually have a very low risk for metabolic 
decompensation and may even remain fully asymptomatic if left untreated9-11. Unfortu-
nately, there is currently no reliable method to assess the expected phenotypic severity 
at the time of diagnosis through NBS. The available literature is biased by reports of 
symptomatic patients and, consequently, genotype-phenotype correlation studies 
concern more severe presentations. These studies show that nonsense mutations in the 
encoding gene (ACADVL) result in a severe and early presentation with cardiomyopa-
thy12-14, but that the more frequent missense mutations are associated with both severe 
or attenuated presentations10.

Functional tests, including determination of the residual activity of the VLCAD en-
zyme10,15, have been used to test the effects of various mutations on LC-FAO activity. 
VLCAD enzyme activity measurement as sole functional readout has the disadvantage 
that it is not well suited to estimate the influence of genetic variations in potential com-
pensatory enzymes (e.g. MCAD15 or ACAD916). For this reason, we also performed flux 
studies and determined the rate of oleate oxidation (C18:1)  in whole cells (LC-FAO flux). 
In addition we performed acylcarnitine profiling after loading cultured skin fibroblasts 
with labeled palmitate (in vitro probe assay)15,17-21.

To identify potential predictors for disease severity in VLCADD, we studied clinical 
severity in 13 patients by applying a new VLCADD clinical severity score. Patients identi-
fied by NBS were excluded because early start of treatment will affect the natural history 
and mask the clinical severity prediction. In our pre-NBS patients we found a strong 
correlation between the clinical severity score with LC-FAO flux, while VLCAD enzyme 
activity and acylcarnitine measurements after palmitate loading was less predictive.
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MATERIALS AND METhODS

The study was approved by the medical ethics committee of the University Medical 
Centre Utrecht (METC 10-430/C). All patients gave written informed consent for partici-
pation in this study.

Clinical severity score algorithm

We used the most frequently reported objectively verifiable signs and symptoms in the 
literature12,22,23 (Supplementary table 1), to develop a clinical severity score (CSS). The 
CSS encompasses the following criteria: (1) hypoglycemia, i.e. documented glucose < 
2.5 mmol/L; (2) cardiomyopathy and/or arrhythmia, i.e. documented abnormal results 
on echocardiography (with left or right ventricular wall thickness of at least one segment 
>2SD, corrected for age) and/or ECG abnormalities, and (3) myopathy, i.e. documented 
CK levels  >250U/L (ref values 70-170U/L), and in addition at least two of the following 
clinically relevant symptoms: myoglobulinuria, myalgia, exercise intolerance, muscle 
weakness (medical research council (MRC) grade 4 or less) and/or frequent fatigue. 

For each criterion present, a score of one point was given resulting in a CSS of 0, 1, 2 
or 3.

hepatomegaly was not included in the CSS because in most patients no standardized 
measurement of liver size had been performed either by ultrasound or MRI.

Assays in fibroblasts

Fibroblasts of all patients and controls were cultured in hAM F-10 in parallel and all 
tests were performed in all cell lines on the same day, in order to prevent inter-assay 
variability. In addition, fibroblasts were cultured for 2 weeks at 30, 37 and 40ºC before 
the biochemical assays were performed. 

LC-FAO flux analysis

LC-FAO flux was determined by measuring the production of radiolabeled h2O from 
[9,10-3h(N)]-oleic acid as described previously18,21,24. Measurements were done at 37°C, 
in quadruplicate and oxidation rates were expressed as nmol of fatty acid oxidized per 
hour per milligram of cellular protein (nmol/h. mg protein). 

VLCAD activity measurements

Very long-chain acyl-CoA dehydrogenase activity was determined in fibroblasts using 
C16:0-CoA as substrate and ferrocenium hexafluorophosphate as electron acceptor fol-
lowed by UPLC to separate the different acyl-CoA species as described previously15,25. 
Measurements were done at 37°C and in duplicate.
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Acylcarnitine profiling

Fibroblasts were cultured in 12-well plates and incubated for 96 hours at 37°C, 5% CO2 
in MEM medium with a 1% mixture of penicillin, streptomycin and fungizone (Gibco). 
Furthermore, 0.4 mM L-carnitine, 0.4% BSA and 100 µM of [U-13C]palmitate were added 
to the medium. After 96 hours, the medium was removed from the cells followed by 
deproteinization using acetonitrile with subsequent analysis of the acylcarnitines by 
tandem mass spectrometry17,26. These measurements were done in duplicate.

Statistical analysis

Statistical analysis was performed using Graphpad Prism 5. We used the Pearson cor-
relation coefficient to test correlation between CSS and functional tests. An unpaired 
t-test was used to test differences between the two groups with and without myopathy, 
cardiomyopathy and hypoglycemia. Statistical significance is indicated as follows: *P < 
0.05, **P <0.01.

RESULTS

Patients characteristics and clinical severity score

Thirteen patients diagnosed with VLCADD in the Netherlands between January 1972 and 
January 2007, before the introduction of VLCADD in the NBS program, were included in 
this study. Patient characteristics are summarized in Table 1. Two patients had a clinical 
severity score (CSS) of 0, four patients had a score of 1, three had a score of 2 and four 
had a clinical severity score of 3 points. (Table 1)

Genotype

The genotypes of all patients are presented in Table 2. In total, 16 different mutations 
were detected, including five mutations that were not reported before. The most 
common mutations were c.104delC, p.Pro35LeufsX26 (n=3, 5 alleles) and c.848T>C, 
p.Val283Ala (n=4, 4 alleles).

Functional assays

Fibroblasts were available of all 13 VLCADD patients. Patient ID’s (PID) were assigned 
based on the results of LC-FAO flux analysis at 37ºC, with PID1 having the lowest LC-FAO 
flux and PID13 the highest LC-FAO flux. To evaluate the effect of temperature on the ac-
tivity of VLCAD and on LC-FAO flux, we cultured fibroblasts for a period of 2 weeks at 30, 
37 and 40ºC. Culturing at 30ºC allows more efficient protein folding, and may stimulate 
LC-FAO flux, while 40ºC decreases stability and mimics a situation in which cells and thus 
FAO enzymes have to deal with the stress imposed by increased temperatures in vitro. 
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LC-FAO flux was very low in patients PID 1-4 (range 5.6-6.6% of controls) regardless of 
temperature, and higher in PID 5-13 (range 32.4-93.0% of controls) (Figure 1A). Interest-
ingly, LC-FAO flux improved in virtually all patients at 30ºC. In some, activity increased 
more than 50% as compared to LC-FAO flux in control fibroblasts cultured at 37ºC (PID 
5,6,8,9). At 40ºC, LC-FAO flux was considerably lower in both control and patient fibro-
blasts. In some patients, LC-FAO flux decreased by as much as 40% compared to cells 
cultured at 37ºC (PID 6,7, 9-13) (Figure 1A).

VLCAD enzyme activity was markedly reduced in all patients at 37ºC (<16% of control 
fibroblasts) and not detectable at 40ºC. At 30ºC, VLCAD activity increased up to 18% to 
27% in patients PID 5, 6, 8-13 (Figure 1B), whereas VLCAD activity remained undetect-
able in PID1-4.

Strikingly, LC-FAO flux was relatively high even with low residual VLCAD enzymatic 
activity. It is noteworthy that a VLCAD residual activity of 20% appears sufficient to allow 
normal rates of whole cell oleate oxidation (Supplementary figure 1).

Acylcarnitine profiling shows that several patients displayed a 4-5 fold accumulation 
of C14 and a 2-3 fold increase in C16 level (PID 1-4) (Figure 1C). The level of C14 was 
lower in patients PID 5-13 compared to PID1-4. In patients 1, 2 and 4, a >2-fold decrease 
in C2 levels was found compared to other patients (Figure 1D). The ratio of C14/C2 was 
particularly high in PID 1-4, in line with their almost full block in LC-FAO flux. In contrast, 
C12/C16 was decreased up to 3-fold in PID 1-4 compared to other patients (Figure 1E). 
(Supplementary table 2).

Table 2. Genotype of included VLCADD patients. PID= patient identification number.

Patient ID Alele 1   Alele 2  

1 c.643T>C p.Cys215Arg c.643T>C p.Cys215Arg

2 IVS12+1G>A; 
c.1269+1G>A

- IVS12+1G>A; 
c.1269+1G>A

-

3 c.104delC p.Pro35LeufsX26 c.104delC p.Pro35LeufsX26

4 c.104delC p.Pro35LeufsX26 c.104delC p.Pro35LeufsX26

5 c.848T>C p.Val283Ala c.1141-43delGAG p.Glu381del

6 c.877C>T p.his293Tyr c.1322G>A p.Gly441Asp

7 c.1406G>A p.Arg469Gln c.1406G>A p.Arg469Gln

8 c.848T>C p.Val283Ala c.1322G>A p.Gly441Asp

9 c.104delC p.Pro35LeufsX26 c.848T>C p.Val283Ala

10 c.541dupC p.his181ProfsX72 c.1072A>G p.Lys358Glu

11 c.272C>A p.Pro91Gln c.577G>C p.Gly193Arg

12 c.848T>C p.Val283Ala c.1444_1448delAAGGA 
and 1511_1516delAGAGG

p.Lys482AlafsX78 and 
p.Glu504_Ala505del

13 c.1411T>C p.Phe471Leu c.1411T>C p.Phe471Leu

(14) c.520G>A p.Val174Met c.833_835delAAG p.Lys278del
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Correlation of CSS with functional studies

We investigated the correlation between the various fibroblast tests and the CSS. 
As shown in Figure 2, a strong and highly significant (Pearson correlation coefficient 
of -0.93, p<0.0001) correlation was found between LC-FAO flux and CSS (Figure 2A). 
Residual VLCAD enzymatic activity measurement and the C14/C16-acylcarnitine ratio 
also correlated significantly with the CSS, but to a lesser extent (VLCAD: Pearson r=-0.78, 
p=0.0014; Figure 2B; Acylcarnitines: r=0.75, p=0.003, Supplementary Figure 2). In par-
ticular, LC-FAO flux has more distinctive power and accuracy in the lower activity range.

We then determined what level of LC-FAO flux is associated with the presentation 
of the three main symptoms. We observed that patients with cardiomyopathy have a 
median LC-FAO flux of 6.0% of control values (range 5.6-6.6) compared to 39.4% (range 

Figure 1
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Figure 1. LC-FAO flux, VLCAD activity and acylcarnitine assay. LC-FAO flux ([9,10-3h(N)]-oleic acid oxidation 
rate) (A) and VLCAD-activity (with palmitoyl-CoA as substrate) (B) were measured in 13 patients after being 
cultured for 2 weeks at 30, 37 and 40ºC. Concentrations of various (long-chain) acylcarnitines after 96 hours 
of incubation with [U-13C]palmitate at 37ºC were plotted including C12/C14/C16 (C), C2 (D), and their cor-
responding ratio’s C12/C16; C14/C16; C14/C2 (E). Patient ID’s (PID) were assigned based on the results of 
LC-FAO flux analysis at 37ºC, with PID1 having the lowest LC-FAO flux and PID13 the highest LC-FAO flux. 
PID= patient identification number.
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32.4-93.0) in patients without cardiomyopathy (p<0.01) (Figure 3A). Patients with my-
opathy had a median LC-FAO flux of 32.4% (range 5.6-50.5) compared to 60.6% (range 
35.3-93.0) in patients without myopathy (p<0.05) (Figure 3B). Patients with hypoglycemia 
had a median LC-FAO flux of 32.9% (range 5.6-52.0), compared to a median flux of 50.4% 
(range 6.0-93.0) in patients that did not experience hypoglycemia (p=0.22) (Figure 3C).
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DISCUSSION

Since the introduction of VLCADD in NBS programs, an increasing number of asymptom-
atic individuals has been identified10,11,27. Our study aimed to develop a tool that predicts 
the clinical phenotype in individuals with VLCADD detected by NBS. In this paper, we 
show a strong correlation between LC-FAO flux in cultured skin fibroblasts and the clini-
cal severity of the phenotype in patients with VLCADD diagnosed before introduction 
of VLCADD in the Dutch NBS program. We performed all tests in all cell lines on the 
same day to prevent inter-assay variability. We show that compared to the other assays, 
LC-FAO flux is a particularly accurate measure in the lower range of residual activity. In 
addition, LC-FAO flux measurement in fibroblasts cultured at 37ºC has the most distinc-
tive power since it ranges between 6 and 93% of control value, compared to 0-16% for 
the VLCAD assay. hence we suggest that LC-FAO flux analysis in cultured fibroblasts is a 
useful tool for predicting the risk of developing symptoms. 

We demonstrate that LC-FAO flux in fibroblasts at 37ºC is the most distinctive way 
to map a VLCADD patient’s capacity to break down long-chain fatty acids. We used a 
protocol that has been described before18 and widely used, and proven reproducible.

Remarkably, LC-FAO flux was much higher than expected on the basis of VLCAD-
activity alone. For instance, even at a residual VLCAD activity of 20%, the flux through 
the LC-FAO system is equal to controls. This is also observed in fibroblasts of patients 
with carnitine palmitoyl transferase 2 (CPT2) deficiency28. Which is fully in line with our 
clinical findings, since the patients with the highest residual VLCAD activity, 6 and 18% 
for PID12 and 13 respectively, do not display symptoms.

Interestingly, despite a residual VLCAD-activity of less than 1%, patients are still able 
to maintain a LC-FAO flux of approximately 6%. This strongly suggests that the residual 
activity is VLCAD-independent. It is likely that MCAD, ACAD9 and/or peroxisomal fatty 
acid oxidation may be responsible for this activity15,16,29,30. 

In addition to measuring LC-FAO flux at 37ºC, we also studied flux in cultured fibro-
blasts at different temperatures which revealed that cell lines from some patients show 
a significant decrease in LC-FAO flux when cultured at 40ºC. Indeed, in patients with a 
LC-FAO flux of more than 6%, a 40% decrease in LC-FAO flux was observed at 40ºC (PID 
6, 7, 11). hence, some patients with a relatively high residual enzyme activity and no or 
only very mild symptoms under normal conditions, may develop severe symptoms dur-
ing a situation in which FAO enzymes have to deal with the stress imposed by increased 
temperatures because of the drop in LC-FAO flux.

Fibroblasts of some patients (PID 5-12) show a marked increase in LC-FAO flux when 
cultured at 30ºC. This indicates that VLCAD in these cell lines is more stable at 30ºC, 
suggesting that protein misfolding and subsequent rapid degradation plays a role in 
the loss of activity at higher temperatures. The use of chemical chaperones for VLCAD 
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might therefore have a beneficial effect by stabilizing the mutant protein and enhance 
protein folding at 37ºC31.

Our data suggest that functional assays in fibroblasts are better predictors of clini-
cal severity than specific genotypes. Missense mutation often cause variable clinical 
phenotypes. For example, clinical phenotypes of patients with c.643T>C (p.Cys215Arg) 
resulted in a very severe phenotype. Patients with one c.848T>C (p.Val283Ala) allele, 
ranged from expected mild10,12, to quite severe phenotypes (PID5 and 9, Table 1 and 2).

A potential limitation of our study is its relative small sample size. This could have 
resulted in inclusion bias, in particular overrepresentation of certain clinical phenotypes. 
We think this is unlikely, since we included Dutch patients that were identified pre-NBS, 
and which represent the full range of clinical phenotypes, from mild to severe. Although 
additional studies are needed to corroborate our findings, it is very important to only 
include treatment-naïve patients, because therapy interferes with the natural history.

In summary, our biochemical and clinical data demonstrate that LC-FAO flux has a 
strong correlation with clinical severity in patients with VLCADD. In addition, LC-FAO flux 
of some patients decreased with 40% when cells were cultured at 40ºC. Measurement of 
LC-FAO flux in asymptomatic individuals with VLCADD might therefore be a useful tool 
to predict whether patients are likely to develop symptoms in situation of metabolic 
stress. Treatment could thereafter be adjusted accordingly.



Chapter 470

REFERENCES

 1. Bonnet D, Martin D, Pascale de Lonlay, et al. Arrhythmias and conduction defects as presenting 
symptoms of fatty acid oxidation disorders in children. Circulation. 1999;100(22):2248–2253. 
doi:10.1161/01.CIR.100.22.2248.

 2. Rinaldo P, Matern D, Bennett MJ. Fatty acid oxidation disorders. Annu Rev Physiol. 2002;64:477–502. 
doi:10.1146/annurev.physiol.64.082201.154705.

 3. Spiekerkoetter U, Bastin J, Gillingham M, Morris A, Wijburg F, Wilcken B. Current issues regarding 
treatment of mitochondrial fatty acid oxidation disorders. J Inherit Metab Dis. 2010;33(5):555–561. 
doi:10.1007/s10545-010-9188-1.

 4. Wanders RJ, Vreken P, Boer den ME, Wijburg FA, van Gennip Ah, Ijlst L. Disorders of mitochondrial 
fatty acyl-CoA beta-oxidation. J Inherit Metab Dis. 1999;22(4):442–487.

 5. Lindner M, hoffmann GF, Matern D. Newborn screening for disorders of fatty-acid oxidation: ex-
perience and recommendations from an expert meeting. J Inherit Metab Dis. 2010;33(5):521–526. 
doi:10.1007/s10545-010-9076-8.

 6. Loeber JG, Burgard P, Cornel MC, et al. Newborn screening programmes in Europe; arguments 
and efforts regarding harmonization. Part 1. From blood spot to screening result. J Inherit Metab 
Dis. 2012;35(4):603–611. doi:10.1007/s10545-012-9483-0.

 7. Spiekerkoetter U, Sun B, Zytkovicz T, Wanders R, Strauss AW, Wendel U. MS/MS-based newborn 
and family screening detects asymptomatic patients with very-long-chain acyl-CoA dehydroge-
nase deficiency. J Pediatr. 2003;143(3):335–342. doi:10.1067/S0022-3476(03)00292-0.

 8. Arnold GL, Vanhove J, Freedenberg D, et al. A Delphi clinical practice protocol for the manage-
ment of very long chain acyl-CoA dehydrogenase deficiency. Molecular Genetics and Metabolism. 
2009;96(3):85–90. doi:10.1016/j.ymgme.2008.09.008.

 9. Wilcken B. Newborn Screening:Gaps in the Evidence. Science. 2013;342(6155):197–198. 
doi:10.1126/science.1243944.

 10. hoffmann L, haussmann U, Mueller M, Spiekerkoetter U. VLCAD enzyme activity determinations 
in newborns identified by screening: a valuable tool for risk assessment. J Inherit Metab Dis. 2011. 
doi:10.1007/s10545-011-9391-8.

 11. Schiff M, Mohsen A-W, Karunanidhi A, McCracken E, Yeasted R, Vockley J. Molecular and cellular 
pathology of very-long-chain acyl-CoA dehydrogenase deficiency. Molecular Genetics and Me-
tabolism. 2013. doi:10.1016/j.ymgme.2013.02.002.

 12. Andresen BS, Olpin S, Poorthuis BJ, et al. Clear correlation of genotype with disease phenotype 
in very-long-chain acyl-CoA dehydrogenase deficiency. Am J Hum Genet. 1999;64(2):479–494. 
doi:10.1086/302261.

 13. Mathur A, Sims hF, Gopalakrishnan D, et al. Molecular heterogeneity in very-long-chain acyl-CoA 
dehydrogenase deficiency causing pediatric cardiomyopathy and sudden death. Circulation. 
1999;99(10):1337–1343. doi:10.1161/01.CIR.99.10.1337.

 14. Gregersen N, Andresen BS, Corydon MJ, et al. Mutation analysis in mitochondrial fatty acid 
oxidation defects: Exemplified by acyl‐CoA dehydrogenase deficiencies, with special focus on 
genotype–phenotype relationship. Hum Mutat. 2001;18(3):169–189. doi:10.1002/humu.1174.

 15. Wanders RJA, Ruiter JPN, IJLst L, Waterham hR, houten SM. The enzymology of mitochondrial 
fatty acid beta-oxidation and its application to follow-up analysis of positive neonatal screening 
results. J Inherit Metab Dis. 2010;33(5):479–494. doi:10.1007/s10545-010-9104-8.



LC-FAO flux predicts clinical severity 71

 16. Nouws J, Brinke te h, Nijtmans LG, houten SM. ACAD9, a complex I assembly factor with a moon-
lighting function in fatty acid oxidation deficiencies. Hum Mol Genet. 2013. doi:10.1093/hmg/
ddt521.

 17. Ventura FV, Costa CG, Struys EA, et al. Quantitative acylcarnitine profiling in fibroblasts using 
[U-13C] palmitic acid: an improved tool for the diagnosis of fatty acid oxidation defects. Clin Chim 
Acta. 1999;281(1-2):1–17.

 18. Manning NJ, Olpin SE, Pollitt RJ, Webley J. A comparison of [9,10-3h]palmitic and [9,10-3h]myris-
tic acids for the detection of defects of fatty acid oxidation in intact cultured fibroblasts. J Inherit 
Metab Dis. 1990;13(1):58–68.

 19. Bastin J, Lopes-Costa A, Djouadi F. Exposure to resveratrol triggers pharmacological correction 
of fatty acid utilization in human fatty acid oxidation-deficient fibroblasts. Hum Mol Genet. 
2011;20(10):2048–2057. doi:10.1093/hmg/ddr089.

 20. Yamaguchi S, Li h, Purevsuren J, et al. Bezafibrate can be a new treatment option for mitochon-
drial fatty acid oxidation disorders: Evaluation by in vitro probe acylcarnitine assay. Molecular 
Genetics and Metabolism. 2012. doi:10.1016/j.ymgme.2012.07.004.

 21. Olpin SE, Manning NJ, Pollitt RJ, Clarke S. Improved detection of long-chain fatty acid oxidation 
defects in intact cells using [9,10-3h]oleic acid. J Inherit Metab Dis. 1997;20(3):415–419.

 22. Vianey-Saban C, Divry P, Brivet M, et al. Mitochondrial very-long-chain acyl-coenzyme A dehydro-
genase deficiency: clinical characteristics and diagnostic considerations in 30 patients. Clin Chim 
Acta. 1998;269(1):43–62.

 23. Baruteau J, Sachs P, Broué P, et al. Clinical and biological features at diagnosis in mitochondrial 
fatty acid beta-oxidation defects: a French pediatric study from 187 patients. Complementary 
data. J Inherit Metab Dis. 2014;37(1):137–139. doi:10.1007/s10545-013-9628-9.

 24. Olpin SE, Manning NJ, Pollitt RJ, Bonham JR, Downing M, Clark S. The use of [9,10-3h]myristate, 
[9,10-3h]palmitate and [9,10-3h]oleate for the detection and diagnosis of medium and long-chain 
fatty acid oxidation disorders in intact cultured fibroblasts. Adv Exp Med Biol. 1999;466:321–325.

 25. Wanders RJ, Ijlst L, Poggi F, et al. human trifunctional protein deficiency: a new disorder of mito-
chondrial fatty acid beta-oxidation. Biochem Biophys Res Commun. 1992;188(3):1139–1145.

 26. Chegary M, Brinke hT, Ruiter JPN, et al. Mitochondrial long chain fatty acid beta-oxidation in man 
and mouse. Biochim Biophys Acta. 2009;1791(8):806–815. doi:10.1016/j.bbalip.2009.05.006.

 27. Merritt JL, Vedal S, Abdenur JE, et al. Infants suspected to have very-long chain acyl-CoA dehydro-
genase deficiency from newborn screening. Molecular Genetics and Metabolism. 2014;111(4):484–
492. doi:10.1016/j.ymgme.2014.01.009.

 28. Bonnefont JP, Taroni F, Cavadini P, et al. Molecular analysis of carnitine palmitoyltransferase II 
deficiency with hepatocardiomuscular expression. Am J Hum Genet. 1996;58(5):971–978.

 29. Chegary M, Brinke te h, Doolaard M, et al. Characterization of L-aminocarnitine, an inhibitor 
of fatty acid oxidation. Molecular Genetics and Metabolism. 2008;93(4):403–410. doi:10.1016/j.
ymgme.2007.11.001.

 30. Violante S, IJLst L, van Lenthe h, de Almeida IT, WANDERS RJ, Ventura FV. Carnitine palmitoyltrans-
ferase 2: New insights on the substrate specificity and implications for acylcarnitine profiling. 
Biochim Biophys Acta. 2010;1802(9):728–732. doi:10.1016/j.bbadis.2010.06.002.

 31. Berendse K, Ebberink MS, IJLst L, Poll-The BT, Wanders RJA, Waterham hR. Arginine improves per-
oxisome functioning in cells from patients with a mild peroxisome biogenesis disorder. Orphanet 
J Rare Dis. 2013;8(1):138. doi:10.1186/1750-1172-8-138.



Chapter 472

Supplementary Table 1. Clinical symptoms described in literature.

Symptoms Vianey 1998 Andresen 1999 Baruteau 2014

hepatomegaly 61% 96%

increased transaminases 95%

hypoglycemia/lethargy 43% 30% 73%

cardiomyopathy/ 36% 52% 61%

arrhythmia 18% 52%

myopathy/cramps/rhabdomyolysis 4% 20% 85%

hypotonia 50%

neurological symptoms 56%
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Supplementary Figure 1
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Supplementary Figure 1. Relationship between VLCAD activity and total LC-FAO flux. VLCAD activity in 
fibroblasts is plotted against the corresponding LC-FAO flux measured in fibroblasts after being cultured 
for 2 weeks at 37ºC.
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Supplementary Figure 2. Acylcarnitine assay vs clinical severity score.
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ABSTRACT 

Background: Mitochondrial long-chain fatty acid β-oxidation (lcFAO) disorders are 
included in newborn screening programs (NBS) worldwide. Patients with lcFAO deficien-
cies can present with cardiomyopathy and loss of cardiac function. Myocardial strain 
echocardiography is able to detect subclinical myocardial dysfunction at an early stage.

Aim: To investigate myocardial function in lcFAO deficient children.
Methods: Transthoracic echocardiograms were acquired in 20 lcFAO deficient children 

and 16 age-matched healthy controls. Fractional shortening (%), LVEDs/d (Z-score), 
IVSs/d (Z-score), LVPWs/d (Z-score) and circumferential (%), radial (%), and longitudinal 
peak systolic (%) strain values were determined.

Results: Fractional shortening was >30% in 18 of the 20 patients (90%). Z-scores of 
LVEDd, LVPWd, IVSs and/or LVPWs were within normal range (<2SD) in 17 of 20 patients. 
Circumferential anterior and posterior peak systolic strain was reduced by 42%(p<0.01) 
and 68%(p<0.05) in patients compared to age matched healthy controls. Radial poste-
rior peak systolic strain and inferior peak systolic strain were reduced by 49%(p<0.05) 
and 36%(p<0.05). ECG and holter-ECG analysis revealed rhythm disturbances in 25% (5 
out of 20) of patients.

Conclusion: Despite a disturbed mitochondrial fatty-acid β-oxidation, we observed 
normal cardiac function with only a minimal decrease in myocardial contractility and no 
arrhythmia, in the majority of pediatric lcFAO deficient patients.
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INTRODUCTION

Long chain fatty acid oxidation (lcFAO) disorders are caused by inherited enzyme defi-
ciencies which all lead to a disturbed mitochondrial β-oxidation. lcFAO disorders include 
very long-chain acyl-CoA dehydrogenase deficiency (VLCADD); mitochondrial trifunc-
tional protein deficiency (MTPD) and long-chain hydroxyl acyl-CoA dehydrogenase de-
ficiency (LChADD). A healthy heart relies on mitochondrial β-oxidation for 60-90% of its 
energetic needs1-3. It is therefore not surprising that patients with lcFAO disorders may 
present with cardiac problems. The combination of severe and potentially life threaten-
ing complications and a favourable response to treatment, has led to the inclusion of 
lcFAO disorders in newborn screening (NBS) programs worldwide in the last decades. 
The prevalence of lcFAO disorders has increased ever since. 

Before the inclusion of lcFAO disorders in NBS programs, a frequently reported present-
ing symptom in lcFAO disorders was cardiomyopathy. hypertrophic as well as dilated 
cardiomyopathy have been described4-14. According to literature 36 to 47 percent4,15 of 
VLCADD patients had cardiomyopathy at the time of diagnosis. The numbers for MTPD16, 
and LChADD17 patients are 30 and 46%, respectively. Another cardiac problem, which 
has been described as presenting symptom in patients with lcFAO deficiency, is arrhyth-
mia. In a retrospective study, thirty-one percent of lcFAO deficient patients presented 
with rhythm disturbances, primarily ventricular tachycardia4. These studies are primarily 
focused on presenting symptoms and do not describe follow-up of patients with lcFAO 
deficiency with or without arrhythmias and/or cardiomyopathy. In addition, due to 
newborn screening now also “presymptomatic” patients are identified and potentially 
subclinical cardiac problems in this patients group have not yet been investigated. We 
therefore evaluated cardiac function in lcFAO deficient patients identified by symptoms 
or by newborn screening and made use of transthoracic echocardiography with myocar-
dial18 strain to be able to detect clinical and subclinical myocardial dysfunction. 

METhODS

Patients & controls

20 Dutch patients (age range 0-18yrs, median 10.5yrs, 11 male, 9 female) with geneti-
cally confirmed lcFAO disorders were studied. Detailed information is given in Table 1 
and 2. All patients were examined in our centre. Fifteen patients with very long-chain 
acyl-CoA dehydrogenase deficiency (VLCADD), 4 with mitochondrial protein deficiency 
(MTPD) and one with long-chain hydroxyl acyl-CoA deficiency (LChADD) patients were 
included in the study. Four patients have or have had hypertrophic or dilated cardiomy-
opathy (hCM, DCM). Mutation analysis revealed c.848T>C as most frequent mutation 
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(25% of 20x2 alleles). Eight of the 20 patients were diagnosed before inclusion of lcFAO 
disorders in NBS. Six patients were not able to walk as far as their peers, or needed a 
wheelchair and 7 patients were not able to practice sports, and 1 patient was too young 
to do both. One patient used antihypertensive medication. Twelve patients were on a 
long-chain triglyceride restricted (LCT) diet. Nine of which were enriched with medium-
chain triglycerides. 

Age-matched controls were selected randomly from our database. We only included 
healthy people that received echocardiography to rule out disease.

Echocardiography

Transthoracic echocardiograms were performed using a standardized protocol as de-
scribed by the American association of echocardiography1. All echos were reviewed for 
any abnormalities by 2 technicians and supervised by a cardiologist (ACB). In all children, 
left ventricular systolic and end-diastolic wall thickness (LVEDs/d), systolic and diastolic 
interventricular septum thickness (IVSs/d) and systolic and end-diastolic posterior wall 
thickness (LVPWs/d) were measured. Left ventricular (LV) fractional shortening was 
measured as index for LV systolic function. All parameters were adjusted for body-size, 
expressed as a Z-score. In addition, circumferential (%), radial (%) and longitudinal peak 
systolic (%) strain values were determined.

Table 2. Echocardiographic measurements patients and controls. LVEDs/d= systolic and diastolic left 
ventricular end-diastolic wall thickness, IVSs/d= systolic and diastolic interventricular septum thickness, 
LVPWs/d= systolic and diastolic end-diastolic posterior wall thickness, FS= left ventricular (LV) fractional 
shortening. Stdev = standard deviation, *Krukis-Wallis + Dunn’s multiple comparison’s test.

  Controls   Patients      

  mean stdev mean stdev p-value* effect pairing

Age 9,2 4,7 9,2 5,5 0.999 r=0.999, p=0.0001

Gender 6f/10m 9f/11m

Height (cm) 136,7 28,5 132,1 33,8 0.999

Weight (kg) 36,2 16,6 38,0 21,6 0.999

LVEDd (Z) 0,4 0,6 -0,1 1,1 0.556

IVSd (Z) -0,3 0,4 0,1 0,6 0.8310

LVPWd (Z) 0,3 0,8 0,6 1,3 0.999

LVEDs (Z) 0,5 0,5 0,4 1,2 0.999

IVSs (Z) -0,2 0,7 -0,3 0,9 0.999

LVPWs (Z) -0,3 0,6 0,6 1,1 0.188

FS(%) 36,0 3,9 34,4 5,5 0.999  
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Electrocardiogram

A six lead-electrocardiogram was performed in all patients. All traces were reviewed by a 
cardiologist (ACB) and any abnormalities in hF, SR, QRS-axis, QRS time, PR time, QTc time, 
conduction, repolarisation/voltage abnormalities were reported.

Holter-electrocardiogram

holter-electrocardiogram was recorded in 14 patients. The existence of premature atrial 
contractions (PACs) and premature ventricular contractions (PVCs) was reported.

Laboratory measurements

(NT-Pro)BNP, troponin, CK, CK-MB as well as triglyceride and cholesterol were measured 
in all patients on the day that echocardiography was performed.

Diet

An extensive dietary analysis was performed in 17 out of 20 patients. Dietary analysis 
was based on a 3-day diary and subsequent questionnaire by a nutritionist and in-
cluded information about protein, carbohydrate, and fat intake. LCT and MCT intake was 
subsequently calculated (calculated as energy% (En%)). LCT restriction was defined as 
<25En% derived from fat. 

RESULTS

Transthoracic echocardiography was done in all patients. Cardiac function was abnor-
mal in 2 out of 20 patients, with a fractional shortening of 18% and 26%. The first patient 
died shortly after birth due to cardiopulmonary distress. Median fractional shortening 
was 34.1%. Left ventricular wall thickness was abnormal in three patients. Patient 5 had 
an LVEDd Z-score of 2 and LVEDs of 3.7, patient 7 had IVSs of -2.1 and patient 16 had 
LVEDs of -2.5, a LVPWd of 4.7 and LVPWs of 3.8 (Supplementary Table 1). Two of which 
have been diagnosed with hCM with normal function. Median Z-score LVEDd of -0.3, 
IVSd 0.1, LVPWd 0.2, LVEDs 0.2, IVSs -0.4, LVPWs 0.6.

Strain echocardiography was performed to reveal any subclinical myocardial dysfunc-
tion. Strain echocardiography was abnormal in many patients (Figure 1, Table 3 and 
supplementary tables 2, 3, and 4). Mean circumferential anterior peak systolic strain was 
decreased to -9.8% in patients compared to -20.5% in healthy controls (=53% decrease, 
p<0.004). Mean radial anterior, lateral and septal peak systolic strain were all significantly 
decreased to 32.2%, 31.9% and 44.7% in patients compared to 53.7%, 56.1, and 65.3% 
in healthy controls, (=41%, 44% and 32% decrease, p<0.05). Median radial posterior and 
inferior peak systolic strain was decreased to 36.6 and 41.1% in patients compared to 
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63.4% and 66.3% in healthy controls (=42 and 38% decrease, p<0.01) (Figure 1, Table 3, 
suppl. Table 2,3,4). Longitudinal strain could not be obtained in many patients. Based 
on the available data median longitudinal strain values were not different from controls 
(Figure 1, Table 3, suppl. Table 2,3,4).

ECG analysis was performed in 20 of the 20 patients and revealed rhythm disturbances 
(1st degree AV-block) in 1 patient. holterECG was performed in 12 of the 20 patients and 
revealed 5 patients with rhythm disturbances. Two patients with Premature Atrial Con-
tractions (PACs) >1/h (with a max of 10/hour); 2 patients revealed Premature Ventricular 
Contractions (PVCs) >2/h (with a max of 46/hour); 2 patients showed a second degree AV 
block (Mobitz 1) and 1 patient showed an AVJ escape beat (Table 4). 

Figure 1
A
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Figure 1. Strain echocardiography in pediatric lcFAO patients. Mean circumferential/radial anterior/lateral/
posterior/inferior/septal peak systolic strain and longitudinal basal/mid/apical septal and apical/mid/basal 
lateral peak systolic strain are displayed in lcFAO deficient patients compared to controls.
Error bars indicate +SD, *= p<0.05; **=p<0.01.
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Median CK level was 198 U/L (range 91-30267), CK-MB 4.1 (range 1.3-69.5), ASAT 31.5 
(range 12-577), ALAT 24 (range 7-892), cholesterol 3.6 (range 2.3-4.8) and triglycerides of 
0.9 (range 0.3-4.6), BNP 5 (range 2-16), troponin 0.01 (range 0.01-0.06) (Table 5).

Twelve patients were on an LCT restricted diet, of which 9 patients received MCT 
enrichment. No association could be observed between fractional shortening and and 
wall-thickness (data not shown). We did observe a correlation between LCT En% and 
radial strain, in particular septal radial strain (Supplementary Figure 1, r=0.71, p=0.004).

Table 3. Circumferential (%), radial (%) and longitudinal peak systolic (%) strain values in patients and 
controls. Stdev = standard deviation, *Krukis-Wallis + Dunn’s multiple comparison’s test.

    Controls    Patients  

    mean stdev mean stdev p-value*

Circumferential anterior -20,5 4,5 -9,8 7,5 0.004

lateral -15,1 3,4 -10,6 7,6 0.999

posterior -17,7 5,3 -8,3 9,3 0.209

inferior -19,8 3,5 -14,5 7,3 0.232

  septal -26,1 5,3 -23,4 6,3 0.999

Radial anterior 53,7 10,7 32,2 26,7 0.036

lateral 56,1 12,9 31,9 26,2 0.015

posterior 63,4 14,9 36,6 24,4 0.002

inferior 66,3 15,5 41,1 21,6 0.006

  septal 65,3 17,5 44,7 22,2 0.039

Longitudinal basal 
septal

-18,8 1,5 -18,4 5,4 0.999

mid septal -21,5 2,2 -20,9 6,2 0.999

ap septal -21,3 4,4 -18,9 4,6 0.913

ap lateral -20,7 4,3 -14,6 6,2 0.930

mid lateral -20,7 3,2 -18,7 6,8 0.999

  bas lateral -22,5 4,6 -20,5 7,4 0.999
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DISCUSSION

We observed normal cardiac function with only a minimal decrease in myocardial con-
tractility in patients with lcFAO disorders. Our study shows that peak circumferential 
and radial systolic strain are reduced in many patients (42-68%), suggesting subclinical 
myocardial dysfunction. Myocardial strain echocardiography, is able to detect regional 
myocardial muscle shortening and lengthening (contractility) throughout the cardiac 
cycle18,19. It has been observed that despite preserved ejection fraction, abnormal short-
ening en lengthening can precede development of hypertrophic cardiomyopathy20-22. 
Interestingly, reduced peak systolic strain was not only present in the patient with hCM 
at the start of this study, but also in patients detected via newborn screening. Whether 
this means that these patients are prone to develop cardiomyopathy remains to be 
elucidated and should be investigated in future follow-up studies.

Table 5. Various laboratory measurements on the day of echocardiography.

PID CK max 
(U/L)

CK 
(U/L)

CK MB 
(U/L)

ASAT ALAT Cholesterol Triglycerides BNP Troponin

1 163610 1822              

2 170 170 4,1 29 28 3,6 1 10 0,01

3 120 120 2,7 49 15 4,8 2,1 7 0,01

4 96 96 1,8 27 10 3,6 0,8 3 0,01

5 91 91 3,8 31 14 3,6 1,2 7 0,01

6 200 200 6,1 38 15 4 0,5 3 0,01

7 2030 209 14,7 61 76 4,2 0,9 16 0,04

8 198 198 5,1 30 13 3,6 0,6 13 0,01

9 2031 251 11,5 40 80 4,3 4,6 4 0,01

10 2324 212 4,5 32 19 3,8 1 5 0,01

11 3058 708 17,5 41 72 3,8 0,3 3 0,01

12 28900 11180 69,5 577 892 3,2 0,4 16 0,06

13 174 35 11 3

14 999 140 3 14 29 8 0,01

15 90 90 1,3 12 7 4,4 1,1 4 0,01

16 54 24

17 114552 30267 491 153

18 9642 160 3,8 20 28 2,8 1,6 2 0,01

19 12721 549 23 28 2,3 0,6 5 0,01

20 197 197 2,7 30 24 3,3 0,4 6 0,01

999 198 4,1 31,5 24 3,6 0,9 5 0,01
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Furthermore, myocardial strain echocardiography is able to assess the relative contri-
bution of scar versus other myocardial derangements to regional functional impairment23 
and it relates to local differences in myocardial metabolism24. The observed decrease 
in peak circumferential and radial systolic strain could indicate myocardial disarray or 
alterations in myocardial metabolism. Two explanations have been described that might 
cause altered myocardial metabolism in VLCADD patients. The first explanation involves 
lipotoxicity. Studies performed in obese and diabetic patients suggest that myocardial 
lipid accumulation may decrease heart function25,26. In lcFAO deficient knock-out mouse, 
increased myocardial lipid levels and cardiac hypertrophy have been reported27-30. More 
specific, fasting-induced lipid accumulation is accompanied by impaired left ventricular 
function31 and autopsy of a patient with VLCADD showed mild to moderate lipid ac-
cumulation13. In our patient population, LCT restriction (a decrease in lipid load) or MCT 
supplementation, did not influence cardiac function. At most we observed the opposite, 
because normal dietary En% LCT is associated with better radial myocardial contractility 
(Supplementary Figure 1). however, this observation is in line with the fact that patients 
with less symptoms generally do not use an LCT-restricted diet.

An alternative, or additional explanation could be an impaired myocardial energy 
status. LcFAO deficient knock-out mice have an elevated reliance on glucose oxida-
tion, disturbed protein homeostasis and an impaired myocardial energy status after 
fasting32,33. The observed altered myocardial metabolism, may also be true for lcFAO 
deficient patients and lead to abnormal contractility. Impaired myocardial energy status 
and/or lipotoxicity may also cause rhythm disturbances34. however, we observed only 1 
patient (5%) who had mild rhythm disturbances and 4 patients who had above average 
PACs and/or PVCs or a second degree AV block (Mobitz 1) or AVJ escape beat on their 
holter ECG. 

In summary, a healthy heart relies on mitochondrial lcFAO for a great part of its ener-
getic needs. however, in the majority of pediatric lcFAO deficient patients, we observed 
normal cardiac function with only a minimal decrease in myocardial contractility and no 
arrhythmia.
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Supplementary table 1. Echocardiographic measurements per patient. LVEDs/d= systolic and diastolic 
left ventricular end-diastolic wall thickness, IVSs/d= systolic and diastolic interventricular septum thick-
ness, LVPWs/d= systolic and diastolic end-diastolic posterior wall thickness, FS= left ventricular (LV) frac-
tional shortening. M= male, f= female, stdev = standard deviation.

Patients Age Gender
Height 
(cm)

Weight 
(kg)

LVEDd 
(Z) IVSd LVPWd LVEDs IVSs LVPWs FS(%)

1 2,2 m 96 14 -0,7 0,2 0,3 -0,6 0,6 1,8 38,7

2 3,0 f 100 16,6 0,1 -0,5 -1 -0,2 0,2 0,5 41,9

3 3,1 m 90 12,1 0,1 0 0 0,1 0,9 0,5 38,2

4 4,4 f 119 23,3 -0,7 0,8 0,3 0,2 -1,1 -0,7 31,5

5 5,0 m 112 17,7 0,9 -1,1 0,9 1,5 -2,1 -0,8 32

6 5,1 m 116 20,5 -0,2 -0,4 -0,3 -0,4 -1,2 0,7 39,9

7 5,4 m 117 23,5 -2,5 0,1 4,7 -1,5 -1,3 3,8 34

8 6,2 m 127 28,7 -0,4 -0,1 -0,3 0,4 0 0,3 32,4

9 10,4 f 147 53,8 0,1 1,1 1,2 0,3 1,8 1,2 36,8

10 11,0 m 165 53 1,4 1 0,1 2 -0,4 -0,9 30,5

11 11,6 m 154 41 0,5 0,1 2 0,5 0,8 0,8 37,3

12 14,8 f 167 60,2 -0,6 0,9 0,3 0,9 -0,4 1,3 26,5

13 15,4 f 158 71,3 -1 0,1 1,5 -0,3 -1,1 0,7 33,8

14 15,4 f 163 71 -0,5 0,5 -0,3 0,1 -0,7 -0,6 34,2

15 18,7 f 153 69 0 -0,3 0,1 0,6 -0,5 0 32,7

16 0,0 f 40 2,1 2 0,2 -0,1 3,7 -0,2 -0,8 18,9

17 10,7 f 134 32,7 -0,3 -0,8 -1 0,2 -1,1 0,9 33,9

18 12,9 m 146 43 -1,1 1 1,4 -1,8 -0,2 1,1 44,8

19 14,8 m 170,8 53,3 -0,6 0,2 0,1 -0,1 0,5 0,4 34,7

20 13,3 m 167 52,7 1,9 -0,4 1,1 2 -0,8 0,8 34,5

mean 9,2 132,1 38,0 -0,1 0,1 0,6 0,4 -0,3 0,6 34,4

stdev 5,5 33,8 21,6 1,1 0,6 1,3 1,2 0,9 1,1 5,5
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Supplementary table 2. Circumferential strain per patient and per control (%), stdev= standard deviation.

Patients SC Peak S ant 1 SC Peak S lat 1 SC Peak S post 1 SC Peak S inf 1 SC Peak S sept 1

1 -34,48

2

3 -7,95 -16,35 -23,15 -16,08 -21,8

4

5 -14,59 -1,23 -6,57 -8,78 -19,71

6 -14,79 -16,63 0,07 -21,57

7 -14,32 0,01 -0,74 -13,21 -25,78

8 -0,03 -1,94 -0,37 -13,22 -29,18

9 0,02 -13,68 -32,72 -16,69 -21,59

10 -10,76 -19,04 -13,37 -11,63 -18,91

11 -5,72 -14,01 -17,44 -28,66 -25,33

12 0 -7,06 -5,27 -21,35 -23,77

13 -17,97 -18,78 -3,63 -11,39 -23,38

14 -24,87 -15,94 -0,69 -8,43 -22,97

15 -17,52 -1,98 -4,35 -16,82 -19,23

16 -6,04 -5,8 -0,1 -3,18 -4,7

17 -11,79 -24,14 -6,03 -22,4 -27,52

18 -12,1 0 -0,86 -13,47 -27,73

19 0,01 -11,77 -3,37 -21,99 -30,82

20 -13,45 -14,4 -5,69 -20,04 -23,37

mean -9,8 -10,6 -8,3 -14,5 -23,4

stdev 7,5 7,6 9,3 7,3 6,3

Controls SC Peak S ant 1 SC Peak S lat 1 SC Peak S post 1 SC Peak S inf 1 SC Peak S sept 1

 

 

  -27,35 -13,71 -19,88 -27,92

  -18,38 -15,71 -18,48

  -17,73 -23,22 -27,75

 

  -23,91 -23,59 -27,04

  -15,97 -11,62 -25,52 -19,85 -18,28

  -17,13 -22,01 -14,97 -23,12 -32,34

  -16,06 -16,83

  -22,33 -24,97

  -21,44 -13,36 -12,66 -19,35 -21,76

  -22,53 -13,79 -21,46 -31,13

  -21,58 -17,4 -27,03
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Supplementary table 2. Circumferential strain per patient and per control (%), stdev= standard deviation. 
(continued)

Controls SC Peak S ant 1 SC Peak S lat 1 SC Peak S post 1 SC Peak S inf 1 SC Peak S sept 1

 

  -30,81 -14,49 -16,09 -21,75

  -19,26 -15,96 -12,13 -23,65 -27,69

  -16,77 -11,29 -17,3 -31,88

  -19,68 -18,85 -23,59 -31,39

  -15,53 -14,6 -13,02 -32,03

mean -20,5 -15,1 -17,7 -19,8 -26,1

stdev 4,5 3,4 5,3 3,5 5,3

Supplementary table 3. Radial strain per patient and per control (%), stdev= standard deviation.

Patients SR Peak G ant 1 SR Peak G lat 1 SR Peak G post 1 SR Peak G inf 1 SR Peak G sept 1

1   79,9

2  

3 106 101 99,09 93,31 85,55

4  

5 16,77 21,26 33,4 47,62 66,98

6   11,38 18,75 29,92 41,46

7 31,14 25,31 30,54 45,21 52,33

8 8,96 10,27 17,11 22,66 20,94

9 54,62 63,17 56,46 58,93 61,7

10 21,27 26,58 32,45 28,78 20,3

11 64,53 63,57 62,71 61,93 63,08

12 43,88 52,23 61,45 62,08 51,92

13 44,23 49,68 58,46 59,26 49,14

14 21,01 12,74 14,62 21,88 31,85

15 16,68 20,2 24,99 27,77 20,3

16 0,84 0,79 1,43 4,82 8,3

17 23,86 24,61 22,16 23,47 18,02

18 3,13 4,58 13,14 24,61 35,14

19 19,13 18,7 31,57 36,48 39,52

20 39,52 35,72 43,44 50,61 57,61

mean 32,2 31,9 36,6 41,1 44,7

stdev 26,7 26,2 24,4 21,6 22,2
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Supplementary table 3. Radial strain per patient and per control (%), stdev= standard deviation. (contin-
ued)

Controls SR Peak G ant 1 SR Peak G lat 1 SR Peak G post 1 SR Peak G inf 1 SR Peak G sept 1

 

 

50,03 54,06 76,22 65,21 59,29

60,33 60,84 59,92 58,78 57,94

67,43 73,14 83,46 80,94 75,52

 

63,09 62,25 66,78 68,1 65,75

53,17 60,79 81,06 91,35 101

67,83 68,94 72,03 74,39 65,5

55,6 58,38 59,7 62,29 62,02

42,24 46,03 53,49 57,77 47,6

35,62 38,41 47,2 49,13 44,9

51,23 50,28 54,40 59,3 60,29

47,04 44,11 47,59 54,09 56,71

 

45,37 43,69 48,86 57,17 65,78

55,66 55,63 62,52 66,24 68,66

70,21 81,79 91,24 99,03 98,44

36,33 34,98 38,73 39,11 34,94

57,55 64,95 70,7 78,01 81,13

mean 53,7 56,1 63,4 66,3 65,3

stdev 10,7 12,9 14,9 15,5 17,5

Supplementary table 4. Longitudinal strain per patient and per control (%), stdev= standard deviation.

Patients SL Peak bas 
sept 1

SL Peak mid 
sept 1

SL Peak ap 
sept 1

SL Peak ap 
lat 1

SL Peak mid 
lat 1

SL Peak bas 
lat 1

1

2

3 -20,15 -22,21 -20,76 -21,88

4

5 -21,96 -24,73 -19,14

6 -22,67 -28,02 -28,08

7 -16,07 -18,29 -16,97

8

9 -22,98 -25,54 -10,96 -13,48 -21,25 -18,47

10 -22,43 -22,95 -15,66 -19,88

11 -17,25 -20,56 -25,71
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Supplementary table 4. Longitudinal strain per patient and per control (%), stdev= standard deviation. 
(continued)

Patients SL Peak bas 
sept 1

SL Peak mid 
sept 1

SL Peak ap 
sept 1

SL Peak ap 
lat 1

SL Peak mid 
lat 1

SL Peak bas 
lat 1

12 -13,69 -18,32 -17,79 -19,58 -33,08

13 -19,27 -19,9 -13,86 -18,36

14 -19,65 -23,63 -17,9 -9,02 -20,89 -28,29

15

16 -1,88 -2,02 -7,1 -3,73

17 -16,72 -24,69 -21,78

18 -21,3 -25,2 -18,34

19 -19,26 -21,64 -23 -21,36 -18,41

20 -18,57 -19,65 -18,36 -24,88

mean -18,4 -20,9 -18,9 -14,6 -18,7 -20,5

stdev 5,4 6,2 4,6 6,2 6,8 7,4

Controls SL Peak bas 
sept 1

SL Peak mid 
sept 1

SL Peak ap 
sept 1

SL Peak ap 
lat 1

SL Peak mid 
lat 1

SL Peak bas 
lat 1

 

 

  -16,15 -20,61 -20,78 -17,86 -21,29 -24,11

  -18,1 -21,85 -20,78 -16,87

  -20,48 -22,69 -24,33 -22,81 -22,74 -20,64

 

  -17,33 -23,75 -24,37 -15,75 -13,22 -25,8

  -18,64 -22,67 -28,51 -29,38 -26,31 -19,26

  -21,16 -24,83 -27,23 -24,34 -24,66 -23,34

  -16,81 -19,38 -17,89 -15,72 -21,97

  -16,86 -14,58 -18,21 -20,21

  -19,75 -22,12 -17,59 -16,93 -34,07

  -17,79 -20,59 -24,2 -23,69 -20,68 -18,08

  -20,58 -22,76 -16,56 -21 -22,87

 

  -18,88 -24,52 -28,33 -21,68 -22,93 -23,53

  -18,19 -19,93 -18,32 -20,59 -24,07

  -18,66 -22,13 -18,29 -16,24 -21,61 -13,08

  -20,5 -21,93 -17,18 -21,88 -23,67

  -18,66 -20,76 -20,7 -19,63 -20,88 -22,42

mean -18,8 -21,5 -21,3 -20,7 -20,7 -22,5

stdev 1,5 2,2 4,4 4,3 3,2 4,6
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Supplementary Figure 1
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ABSTRACT

Introduction: Muscle Magnetic Resonance Imaging (MRI) is a useful tool for visualizing 
abnormalities in neuromuscular disorders. The value of muscle MRI has not been studied 
in long-chain fatty acid oxidation (lcFAO) disorders. LcFAO disorders may present with 
metabolic myopathy including episodic rhabdomyolysis.

Objective: To investigate whether lcFAO disorders are associated with muscle MRI 
abnormalities.

Methods: Lower body MRI was performed in 20 patients with lcFAO disorders, i.e. 3 
carnitine palmitoyltransferase 2 deficiency (CPT2D), 12 very long-chain acyl-CoA dehy-
drogenase deficiency (VLCADD), 3 mitochondrial trifunctional protein deficiency (MTPD) 
and 2 isolated long-chain hydroxyacyl-CoA dehydrogenase deficiency (LChADD).

Results: At the time of MRI, 4 patients had muscle weakness, 14 had muscle pain and 
13 were exercise intolerant. Median creatine kinase (CK) level of patients at the day of 
MRI was 398 U/L (range 35-12,483). T1W and STIR signal intensity (SI) were markedly 
increased in MTPD patients from girdle to lower leg. VLCADD patients showed predomi-
nantly proximal T1W SI changes, whereas LChADD patients mostly showed distal T1W SI 
changes. Prominent STIR weighted signal intensity increases of almost all muscle groups 
were observed in patients with VLCADD and LChADD with very high CK (>11.000) levels.

Conclusions and relevance: lcFAO disorders are associated with specific patterns of 
increased T1W and STIR signal intensity. These patterns may reflect lipid accumulation 
and inflammation secondary to lcFAO defects and progressive muscle damage. Future 
studies are needed to investigate whether muscle MRI might  be a useful tool to monitor 
disease course and to study pathogenesis of lcFAO related myopathy.
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INTRODUCTION

Muscle magnetic resonance imaging (MRI) is a useful technique for diagnostic workup 
and follow-up of a range of myopathies. In muscular dystrophies and congenital myopa-
thies characteristic patterns of T1 weighted (T1W) changes in signal intensity are found1-7. 
Inflammatory myopathies are often associated with Short Tau Inversion Recovery (STIR) 
signal intensity changes8-11. high T1W and STIR signal intensity are caused by increased 
fat or water content, respectively, and may reflect underlying pathogenic mechanisms. 
Muscle MRI is also a promising non-invasive tool to monitor disease progression and 
biomarker for efficacy of treatment strategies7,12.

Few studies addressed the potential of muscle MRI for diagnosis, and follow-up of 
metabolic myopathies13-15. Especially inborn errors of long-chain fatty acid oxidation 
(lcFAO) have not been studied in detail. Mitochondrial lcFAO plays a pivotal role in 
energy homeostasis and enzyme deficiencies, specifically carnitine palmitoyltransferase 
2 deficiency (CPT2D), very long-chain acyl-CoA dehydrogenase deficiency (VLCADD), 
mitochondrial trifunctional protein deficiency (MTPD) and isolated long-chain hydroxy-
acyl-CoA dehydrogenase deficiency (LChADD), can cause myopathy16-18. The combina-
tion of severe and potentially life threatening complications and a favourable response 
to treatment, has led to the inclusion of lcFAO disorders in newborn screening (NBS) 
programs worldwide19. This led to an increased number of diagnosed patients over the 
last decade. The individual risk of these patients to develop disease symptoms is dif-
ficult to predict. Novel approaches to monitor disease course and effect of treatment 
are needed.

In infancy patients with lcFAO disorders may present with hypoglycaemia and car-
diomyopathy, but thereafter myopathy with recurrent episodes of rhabdomyolysis and 
exercise intolerance are the most common symptoms. In addition, patients with MTPD/
LChADD may suffer from polyneuropathy and retinopathy. Conditions leading to an 
increased energy demand, such as fasting, exercise, febrile illness or certain medica-
tions, may induce rhabdomyolysis20-25. The precise mechanisms causing rhabdomyolysis 
and long-term consequences on muscle function are, however, unknown. We assessed 
whether muscle MRI is a useful tool in patients with lcFAO disorders.

METhODS

Patients and controls

Twenty patients with a genetically confirmed lcFAO disorder were included. Table 1 
summarizes patient characteristics. Muscle strength was examined using the Medical 
Research Council (MRC) scale. Fourteen patients (70%) reported muscle pain at rest or 



Chapter 6102

Ta
bl

e 
1.

 P
at

ie
nt

 c
ha

ra
ct

er
is

tic
s. 

Pt
. n

r.=
 p

at
ie

nt
 n

um
be

r; 
PN

P=
 p

ol
yn

eu
ro

pa
th

y;
 E

A
= 

en
zy

m
at

ic
 a

ct
iv

ity
 in

 ly
m

ph
oc

yt
es

; C
K=

 C
re

at
in

e 
Ki

na
se

. E
xe

rc
is

e 
in

to
le

ra
nc

e 
w

as
 

de
fin

ed
 a

s:
 w

he
el

ch
ai

r b
ou

nd
, a

bl
e 

to
 w

al
k 

le
ss

 th
an

 5
00

m
 o

r a
bl

e 
to

 p
er

fo
rm

 e
xe

rc
is

e 
le

ss
 th

an
 e

xp
ec

te
d 

fo
r a

ge
. P

at
ie

nt
s 

ar
e 

cl
as

si
fie

d 
as

 L
Ch

A
D

D
 o

r M
TP

D
 b

as
ed

 o
n 

en
zy

m
at

ic
 a

ct
iv

ity
 o

f L
Ch

A
D

 a
nd

 L
CK

AT
 (D

ie
km

an
 e

t a
l. 

20
13

). 
A

ll 
th

re
e 

M
TP

D
 p

at
ie

nt
s 

ha
ve

 v
er

y 
lo

w
/a

bs
en

t L
Ch

A
D

 a
nd

 L
CK

AT
(t

hi
ol

as
e)

 e
nz

ym
at

ic
 a

ct
iv

ity
, w

he
re

as
 

LC
h

A
D

 p
at

ie
nt

s 
st

ill
 h

av
e 

LC
KA

T 
(t

hi
ol

as
e)

 a
ct

iv
ity

.

Pt
. n

r.
D

is
ea

se
ge

nd
er

cu
rr

en
t 

ag
e 

(y
ea

rs
)

cu
rr

en
t m

us
cl

e 
re

la
te

d 
sy

m
pt

om
s

m
us

cl
e 

po
w

er
 d

ur
in

g 
ne

ur
ol

og
ic

al
 

ex
am

m
ut

at
io

n
 

M
ax

 C
K 

(U
/L

)
CK

 (U
/L

)
T1

 
(S

um
 o

f 
aff

ec
te

d 
m

us
cl

e)

ST
IR

 
(S

um
 o

f 
aff

ec
te

d 
m

us
cl

e)

1
CP

T2
D

m
43

m
us

cl
e 

pa
in

 (a
ft

er
 

ex
er

ci
se

)
no

rm
al

ho
m

oz
yg

. c
.3

38
C>

T
p.

Se
r1

13
Le

u
 

1,
34

4
1

0.
5

2
CP

T2
D

m
48

ex
er

ci
se

 
in

to
le

ra
nc

e,
 

m
us

cl
e 

pa
in

 (a
ft

er
 

ex
er

ci
se

)

no
rm

al
ho

m
oz

yg
. c

.3
38

C>
T

p.
Se

r1
13

Le
u

 
11

0
1

1.
5

3
CP

T2
D

m
51

ex
er

ci
se

 
in

to
le

ra
nc

e,
 

m
us

cl
e 

pa
in

no
rm

al
c.

33
8C

>T
; c

.3
71

C>
T

p.
Se

r1
13

Le
u;

 
p.

A
rg

12
4V

al
 

 
96

6
0

4
VL

CA
D

D
m

3
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in

no
t n

or
m

al
, p

os
. 

G
ow

er
s 

si
gn

ho
m

oz
yg

. c
.1

32
2G

>A
 

p.
G

ly
44

1A
sp

 
16

3,
61

0
60

5
0

2.
5

5
VL

CA
D

D
m

10
no

 s
ym

pt
om

s
no

rm
al

ho
m

oz
yg

. c
.5

77
G

>C
 

p.
G

ly
19

3A
rg

 
 

21
2

0
0

6
VL

CA
D

D
f

11
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in

no
t n

or
m

al
, l

im
b-

gi
rd

le
 w

ea
kn

es
s 

M
RC

 g
ra

de
 4

ho
m

oz
yg

. c
.6

43
T>

C 
p.

Cy
s2

15
A

rg
 

2,
03

1
25

1
5.

5
6.

5

7
VL

CA
D

D
f

12
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. c
.1

04
de

lC
 

p.
Pr

o3
5L

eu
fs

X2
6 

3,
05

8
70

8
0

1

8
VL

CA
D

D
f

15
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. c
.1

04
de

lC
 

p.
Pr

o3
5L

eu
fs

X2
6 

28
,9

00
11

,1
80

1.
5

21
.5

9
VL

CA
D

D
f

16
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. c
.1

14
1-

43
de

lG
AG

 
p.

G
lu

38
1d

el
 

1,
74

0
35

2
0



Muscle MRI in lcFAO patients 103

Ta
bl

e 
1.

 P
at

ie
nt

 c
ha

ra
ct

er
is

tic
s. 

Pt
. n

r.=
 p

at
ie

nt
 n

um
be

r; 
PN

P=
 p

ol
yn

eu
ro

pa
th

y;
 E

A
= 

en
zy

m
at

ic
 a

ct
iv

ity
 in

 ly
m

ph
oc

yt
es

; C
K=

 C
re

at
in

e 
Ki

na
se

. E
xe

rc
is

e 
in

to
le

ra
nc

e 
w

as
 d

efi
ne

d 
as

: w
he

el
ch

ai
r 

bo
un

d,
 a

bl
e 

to
 w

al
k 

le
ss

 th
an

 5
00

m
 o

r a
bl

e 
to

 p
er

fo
rm

 e
xe

rc
is

e 
le

ss
 th

an
 e

xp
ec

te
d 

fo
r a

ge
. P

at
ie

nt
s a

re
 c

la
ss

ifi
ed

 a
s L

Ch
A

D
D

 o
r M

TP
D

 b
as

ed
 o

n 
en

zy
m

at
ic

 a
ct

iv
ity

 o
f L

Ch
A

D
 a

nd
 L

CK
AT

 (D
ie

km
an

 
et

 a
l. 

20
13

). 
A

ll 
th

re
e 

M
TP

D
 p

at
ie

nt
s 

ha
ve

 v
er

y 
lo

w
/a

bs
en

t L
Ch

A
D

 a
nd

 L
CK

AT
(t

hi
ol

as
e)

 e
nz

ym
at

ic
 a

ct
iv

ity
, w

he
re

as
 L

Ch
A

D
 p

at
ie

nt
s 

st
ill

 h
av

e 
LC

KA
T 

(t
hi

ol
as

e)
 a

ct
iv

ity
. (

co
nt

in
ue

d)

Pt
. n

r.
D

is
ea

se
ge

nd
er

cu
rr

en
t 

ag
e 

(y
ea

rs
)

cu
rr

en
t m

us
cl

e 
re

la
te

d 
sy

m
pt

om
s

m
us

cl
e 

po
w

er
 d

ur
in

g 
ne

ur
ol

og
ic

al
 

ex
am

m
ut

at
io

n
 

M
ax

 C
K 

(U
/L

)
CK

 (U
/L

)

T1
 

(S
um

 o
f 

aff
ec

te
d 

m
us

cl
e)

ST
IR

 
(S

um
 o

f 
aff

ec
te

d 
m

us
cl

e)

10
VL

CA
D

D
f

19
no

 s
ym

pt
om

s
no

rm
al

ho
m

oz
yg

. c
.1

41
1T

>C
 

p.
Ph

e4
71

Le
u 

 
90

2.
5

0

11
VL

CA
D

D
m

32
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. c
.1

40
6G

>A
 

p.
A

rg
46

9G
ln

 
3,

27
9

3,
27

9
7

2

12
VL

CA
D

D
m

31
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. c
.1

32
2G

>A
 

p.
G

ly
44

1A
sp

 
20

8,
97

1
1,

27
5

1
2.

5

13
VL

CA
D

D
m

36
no

 s
ym

pt
om

s
no

rm
al

c.
14

44
_1

44
8d

el
A

AG
G

A
; 

15
11

_1
51

6d
el

AG
AG

G
 

p.
Ly

s4
82

A
la

fs
X7

8 
an

d 
p.

G
lu

50
4_

A
la

50
5d

el
 

54
4

54
4

5
1.

5

14
VL

CA
D

D
m

40
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
no

rm
al

ho
m

oz
yg

. 
c.

83
3_

83
5d

el
A

AG
 

p.
Ly

s2
78

de
l 

6,
36

3
90

2
2

15
VL

CA
D

D
m

41
no

 s
ym

pt
om

s
no

rm
al

c.
84

8T
>C

; 
c.

14
44

_1
44

8d
el

A
AG

G
A

; 
c.

15
09

_1
51

4d
el

AG
AG

G
C

p.
Va

l2
83

A
la

; 
p.

Ly
s4

82
A

la
fs

X7
8;

 
p.

G
lu

50
4_

A
la

50
5d

el
38

2
0.

5
2

16
LC

h
A

D
D

m
13

no
 s

ym
pt

om
s

no
rm

al
c.

15
28

G
>C

; c
.1

71
2T

>C
 

p.
G

lu
51

0G
ln

; 
p.

Le
u5

71
Pr

o
 

19
7

0
0

17
LC

h
A

D
D

f
32

m
us

cl
e 

w
ea

kn
es

s, 
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in

no
t n

or
m

al
, 

di
st

al
 m

us
cl

e 
w

ea
kn

es
s 

(le
gs

) 
an

d 
ar

efl
le

xi
a,

 P
N

P 
(le

gs
)

ho
m

oz
yg

. c
.1

52
8G

>C
p.

G
lu

51
0G

ln
12

,4
83

12
,4

83
6

8.
5



Chapter 6104

Ta
bl

e 
1.

 P
at

ie
nt

 c
ha

ra
ct

er
is

tic
s. 

Pt
. n

r.=
 p

at
ie

nt
 n

um
be

r; 
PN

P=
 p

ol
yn

eu
ro

pa
th

y;
 E

A
= 

en
zy

m
at

ic
 a

ct
iv

ity
 in

 ly
m

ph
oc

yt
es

; C
K=

 C
re

at
in

e 
Ki

na
se

. E
xe

rc
is

e 
in

to
le

ra
nc

e 
w

as
 d

efi
ne

d 
as

: w
he

el
ch

ai
r 

bo
un

d,
 a

bl
e 

to
 w

al
k 

le
ss

 th
an

 5
00

m
 o

r a
bl

e 
to

 p
er

fo
rm

 e
xe

rc
is

e 
le

ss
 th

an
 e

xp
ec

te
d 

fo
r a

ge
. P

at
ie

nt
s a

re
 c

la
ss

ifi
ed

 a
s L

Ch
A

D
D

 o
r M

TP
D

 b
as

ed
 o

n 
en

zy
m

at
ic

 a
ct

iv
ity

 o
f L

Ch
A

D
 a

nd
 L

CK
AT

 (D
ie

km
an

 
et

 a
l. 

20
13

). 
A

ll 
th

re
e 

M
TP

D
 p

at
ie

nt
s 

ha
ve

 v
er

y 
lo

w
/a

bs
en

t L
Ch

A
D

 a
nd

 L
CK

AT
(t

hi
ol

as
e)

 e
nz

ym
at

ic
 a

ct
iv

ity
, w

he
re

as
 L

Ch
A

D
 p

at
ie

nt
s 

st
ill

 h
av

e 
LC

KA
T 

(t
hi

ol
as

e)
 a

ct
iv

ity
. (

co
nt

in
ue

d)

Pt
. n

r.
D

is
ea

se
ge

nd
er

cu
rr

en
t 

ag
e 

(y
ea

rs
)

cu
rr

en
t m

us
cl

e 
re

la
te

d 
sy

m
pt

om
s

m
us

cl
e 

po
w

er
 d

ur
in

g 
ne

ur
ol

og
ic

al
 

ex
am

m
ut

at
io

n
 

M
ax

 C
K 

(U
/L

)
CK

 (U
/L

)

T1
 

(S
um

 o
f 

aff
ec

te
d 

m
us

cl
e)

ST
IR

 
(S

um
 o

f 
aff

ec
te

d 
m

us
cl

e)

18
M

TP
D

f
10

m
us

cl
e 

w
ea

kn
es

s, 
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
, 

w
he

el
ch

ai
r b

ou
nd

no
t n

or
m

al
, s

ev
er

e 
m

us
cl

e 
w

ea
kn

es
s 

pr
ox

im
al

 a
nd

 
di

st
al

 li
m

bs
 M

RC
 

2-
3 

w
ith

 a
tr

op
hy

 
an

d 
ar

efl
ex

ia
, 

se
ve

re
 P

N
P

ho
m

oz
yg

. c
.2

02
7G

>T
 

p.
R6

76
L

>1
00

,0
00

30
,2

64
18

11
.5

19
M

TP
D

m
13

m
us

cl
e 

w
ea

kn
es

s, 
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
m

us
cl

e 
pa

in
, 

w
he

el
ch

ai
r b

ou
nd

no
t n

or
m

al
, s

ev
er

e 
m

us
cl

e 
w

ea
kn

es
s 

pr
ox

im
al

 (M
RC

3/
4)

 
an

d 
di

st
al

 li
m

bs
 

M
RC

 0
, s

ev
er

e 
di

st
al

 a
tr

op
hy

 a
nd

 
ar

efl
ex

ia
, s

ev
er

e 
PN

P

c.
54

6C
>G

; c
.1

33
6-

13
93

de
l5

7n
t

p.
Q

18
6E

9,
64

2
16

0
23

.5
9

20
M

TP
D

m
15

m
us

cl
e 

w
ea

kn
es

s, 
ex

er
ci

se
 

in
to

le
ra

nc
e,

 
w

he
el

ch
ai

r b
ou

nd

no
t n

or
m

al
, s

ev
er

e 
m

us
cl

e 
w

ea
kn

es
s 

pr
ox

im
al

 (M
RC

3/
4)

 
an

d 
di

st
al

 li
m

bs
 

M
RC

 1
, s

ev
er

e 
di

st
al

 a
tr

op
hy

 a
nd

 
ar

efl
ex

ia
, s

ev
er

e 
PN

P

c.
54

6C
>G

; c
.1

33
6-

13
93

de
l5

7n
t

p.
Q

18
6E

12
,7

21
54

9
17

.5
15

.5



Muscle MRI in lcFAO patients 105

after mild exercise, 13 patients (65%) had exercise intolerance and 6 patients (30%) had 
signs of muscle weakness at neurological examination. Two patients with VLCADD had 
predominant proximal weakness, whereas all patients with MTPD and 1 with LChADD 
had distal weakness. Median creatine kinase (CK) level at the day of MRI was 463 U/L 
(range 35-12,483 U/L). Median highest previously documented CK level was 9,642U/L 
(range 544-208,971U/L) (Table 1) Six healthy individuals or individuals that underwent 
lower body MRI for other reasons than myopathies, such as bone disorders or vascular 
abnormalities were included in this study. Three males and three females with a median 
age of 17yrs and an age range of 8-25yrs.

The study was approved by the medical ethics committee of the University Medical 
Centre Utrecht (METC 10-430/C). All patients provided written informed consent for 
participation in this study.

Laboratory measurements

CK measurements were performed at the time of MRI. CK was measured using standard 
enzymatic methods. Normal values in our laboratory range from 0-170 U/L.

Muscle MRI

MRI of the pelvic and leg muscles was performed using a 1.5 Tesla MRI scanner (Ingenia, 
Philips healthcare, Best, The Netherlands) and a protocol optimized for lower body MRI 
scanning. T1W Turbo spin echo (TSE) and STIR sequences were acquired in the transverse 
plane. Sequence parameters were as follows: T1W TSE [TR 664ms, TE 12ms, TSE factor 10, 
NSA 1, slice thickness 7 mm, slice gap 33 mm, FOV 550 mm]. STIR [TR 3087 ms, IR 160 ms, 
TE 60 ms, TSE factor 23, NSA 1, slice thickness 7 mm, slice gap 33 mm, FOV 550 mm] Total 
scanning time was 30 minutes.

Two independent observers (RJN and WLP) assessed the MRI images. Each of the fol-
lowing muscle groups were evaluated for the presence or absence of signal intensity 
changes on T1W or STIR images: m. erector spinae; m. iliopsoas; m. tensor fascia latae; 
m. gluteus maximus; m. gluteus medius (limb girdle); m. adductor longus; m. adductor 
magnus; m. rectus femoris; m. vastus medialis; m. vastus lateralis; m. vastus intermedius; 
m. sartorius; m. gracilis; m. biceps femoris; m. semitendinosus; m. semimembranosus 
(upper leg); m. tibialis anterior; m. peroneus; m. soleus; m. gastrocnemius lateralis; m. 
gastrocnemius medialis (lower leg). In addition, the signal intensity of each muscle 
group was subjectively graded as follows: 0= no increase in signal intensity (no muscle 
involvement); 1= mildly increased signal intensity (mild to moderate involvement); 2= 
high increase of signal intensity (severe muscle involvement). The muscle sum score (Σ) 
was calculated based on the score of both observers and averaged per muscle (supple-
mental Fig e-1). Each muscle was assigned to one of three groups: hip girdle, upper leg 
or lower leg. A total amount of muscle with increased signal intensity per group of >1 
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was considered abnormal. Inter-observer variability was assessed using Cohen’s kappa. 
κ of abnormal vs normal was 0.710 (good) for T1W and 0.462 (moderate) for STIR. 

RESULTS

T1-weighted signal intensities

MRI of control subjects showed normal and homogeneous T1W signal intensity. Patients 
with VLCADD predominantly showed proximal T1W signal intensity changes and pa-
tients with LChADD predominantly distal T1W signal intensity changes. MTPD patients 
showed T1W signal intensity changes of upper and lower legs. The MRI of one patient 
(33%) with CPTD2 showed a mild increase in signal intensity of the m. gluteus medius 
and maximus on T1W images. Mildly increased T1W signal intensity of the m. gluteus 
maximus and m. tensor fascia latae (girdle) (supplemental Fig e-1A) was found in 7 out 
of 12 patients (58%) with VLCADD, and 3 had additional mildly increased T1W signal 
intensity of the biceps femoris and hamstrings (supplemental Fig e-1B). There were no 

Control
male 18yr

m. tibialis ant.

m. soleusm. gastrocnemius

CPT2D
patient 1

VLCADD
patient 8

LCHADD
patient 17

MTPD
patient 20

Figure 1. T1-weighted images of lower left leg. T1-weighted transversal images of the lower left leg in 
control and CPT2D, VLCADD, LChADD and MTPD patients. Black arrows indicate high signal intensity in 
the muscles (LChADD and MTPD). The asterisk emphasizes the difference in signal intensity between m. 
gastrocnemius and m. tibialis.
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T1W signal intensity changes in distal muscles of patients with CPT2D and VLCADD (Fig 
1). Virtually every muscle in the upper leg of all 3 MTPD patients showed moderate to 
highly increased T1W signal intensity (high: vastus intermedius, lateralis and medialis) 
and marked muscle atrophy (Fig 3 and supplemental 1B-C). The lower leg (m. tibialis 
anterior; m. peroneus and m. soleus) showed highly increased T1W signal intensity as 
well (Fig 1, supplemental Fig e-1B-C). Finally, one patient with LChADD had high T1W 
signal intensity in the lower legs, primarily in the m. gastrocnemius lateralis and medialis 
(Fig 1, supplemental Fig e-1C).

Short Tau Inversion Recovery (STIR) signal intensities

MRI of control subjects showed normal and homogeneous STIR signal intensity. In-
creased signal intensity was found in patients with VLCADD, LChAD and MTPD but not 
in CPT2D. (Table 1, supplemental Fig e-1A-C). Four of the 12 (33%) patients with VLCADD 
had mildly increased signal intensity in the upper leg muscles (m. biceps femoris and/or 
hamstrings) and 5 (42%) had mildly increased signal intensity in the lower leg muscles 
(m. soleus) (Fig 2, 4, supplemental Fig e-1B-C). A generalized increase of STIR signal 
intensity was detected in one patient with VLCADD (Fig 2, 4, supplemental Fig e-1A-C) 

Control
male 18yr

m. tibialis ant.

m. soleusm. gastrocnemius

CPT2D
patient 1

VLCADD
patient 8

LCHADD
patient 17

MTPD
patient 20

Figure 2. STIR-weighted images of lower left leg. STIR-weighted transversal images of the lower left leg in 
healthy control and patients with CPT2D, VLCADD, LChADD and MTPD. White arrows indicate increased 
muscle signal intensity. Asterixes emphasize the difference in signal intensity between m. gastrocnemius 
and m. tibialis (VLCADD and LChADD) or higher signal intensity in comparison to the intensity of the sub-
cutis (MTPD).
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Control
male 18yr m.  vastus 

lateralis

m. biceps femorism.  semimembranosis

m.  vastus medialis

CPT2D
patient 1

VLCADD
patient 8

LCHADD
patient 17

MTPD
patient 20

Figure 3. T1-weighted images of upper left leg. T1-weighted transversal images of the upper left leg in 
healthy control and patients with CPT2D, VLCADD, LChADD and MTPD. Black and white arrows indicate 
increased signal intensity (LChADD and MTPD).

Control
male 18yr

m.  vastus 
lateralis

m. biceps femorism.  semimembranosis

m.  vastus medialis

CPT2D
patient 1

VLCADD
patient 8

LCHADD
patient 17

MTPD
patient 20

Figure 4. STIR-weighted images of upper left leg. STIR-weighted transversal images of the upper left leg in 
healthy control and patients with CPT2D, VLCADD, LChADD and MTPD. Asterixes emphasize the difference 
in signal intensity between m. vastus lateralis and an unaffected muscle (VLCADD, LChADD and MTPD).
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(high in: m. adductor longus; m. adductor magnus; m. sartorius; m. vastus intermedius, 
lateralis and medialis; m. biceps femoris; m. soleus; m. gastrocnemius) in combination 
with a high CK level of 11,180 U/L. A pattern of increased signal intensity of the lateral 
vastus muscle and all lower leg muscles (m. tibialis anterior; m. peroneus; m. soleus; 
m. gastrocnemius lateralis and medialis) was observed in all 3 MTPD patients (Fig 4, 
supplemental Fig e-1B-C). One of the two patients with LChADD had high STIR signal 
intensity of m. gastrocnemius medialis and lateralis (Fig 2, supplemental Fig e-1B-C) and 
moderate increased STIR signal intensity in other muscles (i.e. generalized pattern). CK 
level of this patient at the time of MRI was 12,483 U/L (Fig 2, 4). 

There was correlation between the muscle sum score of affected muscles with STIR 
signal intensity changes and CK level (Spearman correlation coefficient ρ= 0.58, p<0.01) 
(Supplemental Fig e-2).

DISCUSSION

Muscle MRI in patients with lcFAO disorders show specific patterns of T1W and STIR signal 
intensity changes. Both T1W and STIR changes were most prominent in MTPD patients 
from girdle to lower leg. VLCADD patients predominantly showed proximal T1W signal 
intensity changes, whereas predominantly distal T1W signal intensity changes were 
observed in LChADD patients. STIR signal intensity changes were very prominent in 
patients with very high CK levels, suggesting that STIR changes reflect rhabdomyolysis.

The differences in muscle MRI abnormalities between lcFAO disorders are striking, 
since all lcFAO disorders are characterized by the accumulation of acylcarnitines. The 
type of accumulating acylcarnitines differs however. CPT2D and VLCADD patients 
accumulate saturated and unsaturated acyl-CoAs; MTPD patients only accumulate 
trans-2-enoyl-CoAs whereas LChADD patients accumulate trans-2-enoyl-CoA and 
3-hydroxy-acyl-CoAs (both metabolites are in equilibrium). It is known that acyl-CoAs 
inhibit certain process that can harm mitochondria and cells26-28. Furthermore, trans-2-
enoyl-CoA is a competitive inhibitor of CPT2, thereby affecting the primary way for cells 
to detoxify accumulating acyl-CoAs29-32. Muscle and nerve cells might be sensitive to 
the accumulation of one of these harmful substrates and certain substrates could even 
be more harmful for nerve cells than to muscle cells. The difference in sensitivity might 
explain the specific patterns of muscle involvement in lcFAO.

Increased T1W signal intensity reflects fatty infiltration of muscle tissue. In muscular 
dystrophies, T1W changes may reflect histopathological abnormalities that reflect ac-
cumulating muscle damage. In lcFAO disorders, increased T1W signal intensity may also 
reflect myocellular increases of lipid content. Previous studies have shown increased 
intracellular lipid storage in primarily type 1 muscle fibres in muscle biopsies from only 
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a few patients with MTPD and VLCADD20,24,33,34. Lipid storage in muscle from patients 
with lcFAO disorders may be caused by the intracellular accumulation of triglycerides as 
observed in hearts of lcFAO deficient knock-out mice35. Alternatively, the differentiation 
of bipotent progenitor cells (Fibro-Adipogenic-Progenitor cells (FAPs)) into adipocytes, 
a process that we hypothesize to be triggered by frequent rhabdomyolysis, could lead 
to intercellular lipid accumulation36-38. Future studies with magnetic resonance spec-
troscopy (MRS) could possibly determine whether there is intra- or intercellular lipid 
accumulation.

It should be noted that all MTPD patients also had an (atactic) polyneuropathy (PNP), 
distal atrophy, areflexia and are wheelchair bound. Neuropathy could explain the sig-
nal intensity changes on both STIR and T1W images39,40. however, predicting whether 
the observed muscular abnormalities are due to a neuropathic or myopathic cause is 
difficult41. Three observations were less compatible with neuropathy. First, the muscle 
groups of the posterior and anterior muscle groups of the lower leg were similarly af-
fected, where relative sparing of the posterior compartment might be expected. Second, 
the extensive involvement of muscle groups in the upper leg is more compatible with 
a myopathic etiology. Third, an increased CK level in 2 of the 3 MTPD patients at time of 
MRI also more compatible with a myopathic etiology42. Future studies linking EMG with 
MRI and clinical data might address this issue.

high STIR signal intensity suggests increased water content, due to cellular lysis 
(cytotoxic edema), or fluid accumulation secondary to inflammation. The increased 
STIR signal intensity in specific muscles may reflect differences in susceptibility to spe-
cific lcFAO disorders. The possible value of STIR abnormalities as a biomarker of lcFAO 
disease activity is further shown by the extensive STIR abnormalities in 2 patients who 
experienced a period of rhabdomyolysis and very high CK levels  (Fig 2, 3, 4 and supple-
mental Fig e-1A-C). In clinical practice, plasma CK levels are used to assess the activity 
of metabolic myopathy in patients with lcFAO disorders. Since CK levels may rise and fall 
within hours or days, MRI may be more sensitive to study the subacute and long-term 
effects of lcFAO disease on muscle. The moderate correlation between CK levels and the 
number of affected muscle on STIR delineates this, as several patients show a number of 
affected muscles, without a severely increased CK level. Sequential muscle MRI studies 
may reveal the value of MRI to study disease course over longer periods of time.

Both observers were able to distinguish patients with and without muscle abnormali-
ties. Grading however appeared more difficult. Quantitative grey-scale analysis of STIR 
images would possibly differentiate more accurately between normal, mild and severely 
affected patients. 

In conclusion, lcFAO disorders are associated each with a specific pattern of increased 
T1W and STIR signal intensity, which may reflect lipid accumulation secondary to lcFAO 
deficiency or due to accumulating muscle damage. Future studies are needed to investi-
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gate whether muscle MRI might  be a useful tool to monitor disease course and to study 
pathogenesis of lcFAO related myopathy.
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Supplemental Figure 1. Muscle sum scores per disease. Each muscle was assigned to one of three groups: 
hip girdle, upper leg or lower leg. Every muscle with mild or high increased signal intensity of muscle on 
MRI was added per patient to calculate muscle sum score. T1W = T1-weighted, STIR=Short Tau Inversion 
Recovery. CPT2D n=3; VLCADD n=12; LChADD n=2; MTPD n=3. Open triangles represent a VLCADD and a 
LChADD patient with CK of 11180 and 12483 at moment of MRI.
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Supplemental Figure 2. Moderate correlation between STIR and creatine kinase. Moderate correlation 
between STIR sum of affected muscle and creatine kinase levels. Spearman’s correlation coefficient ρ 0.58 
(p<0.01).
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ABSTRACT

Exertional rhabdomyolysis is common in very long-chain acyl-CoA dehydrogenase 
deficiency (VLCADD). Typically, ATP depletion during exercise has been invoked as 
pathogenic mechanism. here, four symptomatic and one asymptomatic VLCADD pa-
tients and five healthy controls performed 45 min of bicycling exercise at a workload 
corresponding to their individual maximal rate of fatty acid oxidation. The final five min 
of bicycling exercise were performed inside an MRI scanner for continuous 31P magnetic 
resonance spectroscopic recordings from the quadriceps muscle during exercise and 
subsequent recovery. Blood samples were taken before, five and 180 minutes after the 
endurance exercise test, respectively. We found a threefold higher rise of quadriceps 
Pi and concomitant depletion of PCr during excercise in both symptomatic as well as 
asymptomatic VLCADD patients compared to healthy controls, but normal metabolic 
recovery kinetics post-exercise. Three hours post- but not immediately after endurance 
exercise, acetyl-carnitine levels were twofold lower in patients. Computational model-
ling analysis showed that these results may be explained by a partial slow-to-fast shift 
in fiber type composition of the quadriceps muscle in VLCADD patients. Such a phe-
notypic change would aggravate the problem of sole reliance on finite intramuscular 
carbohydrate stores in VLCADD explaining the elevated risk of exertional energy crisis 
and rhabdomyolysis in this disease. 
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INTRODUCTION

The mitochondrial enzyme very-long chain Acyl-CoA dehydrogenase (VLCAD, OMIM 
201475) is the first enzyme in the fatty acid oxidation cycle and, as such, a key enzyme 
in this pathway for mitochondrial energy transduction from fatty acids1,2. Deficiency of 
VLCAD enzyme activity is a relatively rare cause of human disease3. The clinical presenta-
tion is a spectrum with lethal disease in early childhood associated with fasting intoler-
ance and failing glucose homeostasis1,4, to exercise intolerance with episodic rhabdo-
myolysis and myalgia in (early-)childhood and adult life4-6, to asymptomatic individuals. 
VLCAD deficiency (VLCADD) has been included in newborn screening programs all over 
the world. Treatment of VLCADD consists of dietary treatment aimed at prevention of 
catabolism7. 

Clinical management of VLCAD deficient patients poses a major challenge. At present, 
there is no effective therapy to alleviate severe exercise intolerance and myalgia with 
risk of episodic rhabdomyolysis8. Exercise, prolonged fasting and fever/illness can trig-
ger rhabdomyolysis. This symptom forms a grave complication that may lead to kidney 
damage and even renal failure5. Patients are typically advised to engage only in light 
physical work in combination with timely and ample intake of carbohydrates and/or 
medium-chain triglyceride. Given the generic health benefits of physical exercise, how-
ever, the long-term health outcome of lifelong restricted physical activity is a serious 
concern. As such, patients with VLCADD would greatly benefit from detailed mechanistic 
understanding of how VLCAD (dys)function impacts muscle health and function. Such 
level of understanding, however, is currently unavailable. Typically, ATP depletion and 
ensuing calcium overload have been invoked as pathogenic mechanism of rhabdomy-
olysis following heavy and/or prolonged exercise9,10. It was, however, previously noted 
that, while exertional rhabdomyolysis is common in VLCADD and other long-chain fatty 
acid oxidation11-14, it is relatively rare in myopathies caused by impaired mitochondrial 
ATP synthetic function due to respiratory chain enzyme defects15,16. Perhaps even more 
puzzling, VLCAD dysfunction is associated with episodic rhabdomyolytic events rather 
than chronic rhabdomyolysis in response to exercise, including a lifelong absence of any 
such event in some patients4,5. 

here, we further investigated muscle energetics in relation to prolonged exercise in 
human VLCADD disease was further investigated using in vivo 31P magnetic resonance 
spectroscopy (31P MRS), metabolic profiling of blood samples and computational mod-
elling. Our findings offer a new clue to understanding the pathogenesis of exertional 
rhabdomyolysis in VLCADD disease. 
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METhODS

Design and study selection

Five patients with VLCADD (Table 1A and B) and five age-matched healthy controls were 
recruited. Patients with myopathic exacerbation at time of experiment, cardiomyopathy/
arrhythmia, epilepsy or pregnancy were excluded from the study, as well as the pres-
ence of conventional contra-indications for 31P/1h MRS (MRI) measurements. The study 
consisted of two separate exercise test-sessions separated by at least two weeks. First, 
subjects performed a standard cardio-pulmonary exercise test on an upright bicycle 
ergometer. From the results of this test, the workload corresponding to maximal bodily 
fat oxidation (FATMAX) was determined for each subject. Two or more weeks later, sub-
jects performed 45 minutes of bicycling exercise at their individual FATMAX workload, of 
which the final five minutes were performed supine inside the MR scanner using a MR-
compatible bicycle ergometer17. Blood samples were taken at three timepoints: before, 
5 and 180 minutes after the FATMAX exercise test, respectively. The study was approved 
by the medical ethics committee of the University Medical Centre Utrecht (METC 12-
211/K). All patients provided written informed consent for participation in this study.

Dietary standardization

Patients and healthy controls were asked to keep a food record the three days preced-
ing the test day. A light meal was allowed before the test. An extensive dietary analysis 
based on a three-day diary and subsequent interview by a nutritionist was performed in 
all patients, prior to the second exercise test  (NEVO-table 2011 (Dutch Food Composi-
tion Table), RIVM/Voedingscentrum, Den haag 2011).

Exercise testing

I. Cardio-pulmonary exercise test (CPET)
Maximal exercise capacity was measured during the baseline graded CPET. The partici-
pant performed exercise on a standard upright bicycle ergometer under increasing load 
until exhaustion (duration +/- 10min). By using the respiratory gas exchange param-
eters, the intensity of maximal fat oxidation (FATMAX) could be determined18. Subjects 
sat placed on an upright cycle ergometer and fitted with a 12-lead ECG, a pulse oximeter 
on the index finger or forehead, an automatic blood pressure cuff, and a small face mask 
attached to a breath-by-breath gas analysis system. Subjects performed a pulmonary 
function test at rest to determine the forced expiratory volume in 1 sec (FEV1) and forced 
vital capacity (FVC). After this measurement, subjects began the test with 5 minutes 
of resting measurements while sitting on the cycle ergometer. A modified protocol for 
determining the maximal fat oxidation (FATMAX) as recommended for testing on a cycle 
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ergometer (Lode Corival, Lode BV, Groningen, the Netherlands) was used19. The subjects 
were instructed to cycle at an increasing load of 35 watts every 3 minutes, starting with 
0 watts and ending at voluntary exhaustion. During this time several measurements 
were taken: a full electrocardiogram (ECG; Cardioperfect, Accuramed BVBA, Lummen, 
Belgium), oxygen (O2) saturation (Masimo, Rad 8, Masimo BV, Tilburg, the Netherlands), 
heart rate (hR), blood pressure (BP) (Suntech Tango, Suntech Med, Morrisville, NC, USA), 
minute ventilation (VE), oxygen uptake (VO2), carbon dioxide output (VCO2), respira-
tory exchange ratio (RER), workload (W), using a calibrated metabolic cart (ZAN 600, 
Accuramed BVBA, Lummen, Belgium). Subjects were asked to keep their cadence per 
minute between 60-80, and were given verbal encouragement to continue if they fell 
below that range. Immediately after exhaustion, the load was decreased to 0 watts and 
subjects were asked to cool down for 5 minutes. 

FATMAX workload was calculated according to the formula proposed by Péronnet and 
Massicotte for calculating fat oxidation, as it is both accurate in estimating fat oxidation 
and does not require an estimate of protein degradation during exercise (eqn (1);20: 
Fat oxidation (mg·min-1) = 1.695 x VO2 (mL·min-1) – 1.701 x VCO2 (mL·min-1)    eqn (1) 

Workload, the independent variable for the FATMAX curve, was taken in terms of 
hR, Watt, and percentage of VO2peak. The final 60 seconds of exercise for each workload 
interval were averaged to achieve steady-state values. Each set of steady-state FATMAX 
values were fit along a second order polynomial curve. 

II. Endurance exercise test
Subjects were asked to exercise at their individual FATMAX workload for a total of 45 
minutes. Of these, 40 minutes were performed on an upright standard bicycle ergometer 
(Lode, Groningen, the Netherlands) in a room adjacent to the MRI scanner. Next, subjects 
were moved to the MR scanner and performed the final five minutes of exercise task in 
supine position inside the MR scanner at a workload equivalent to FATMAX. hereto, the 
braking force on the MR-compatible bicycle ergometer was gravimetrically adjusted 
to the appropriate amount using 30 N as empirical reference for maximal sustainable 
braking force in healthy subjects (data not shown).

31P-Magnetic Resonance Spectroscopy

Subjects were positioned feet-forward in a supine position in a 1.5T Philips MR Achieva 
scanner (Philips healthcare, Best, the Netherlands). The upper body was supported by 
a wedge-shaped cushion to facilitate supine bicycling. A 6-cm diameter single-turn 31P 
surface coil supplied by the manufacturer was fastened over the m. vastus lateralis of 
the right leg. Subjects then performed a short bout of bicycling supervised by an on-site 
coach to familiarize them with the supine exercise task. The desired pedalling frequency 
(target setting: 75 rpm) was set by a metronome audible over the in-magnet speaker 
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system. Next, a series of scout MR images was acquired to evaluate correct position-
ing of the subject and the coil and image-based shimming was performed. 31P NMR 
spectra were acquired from the m. vastus lateralis at rest, during exercise and recovery 
using an adiabatic half-passage excitation pulse as described elsewhere17. First, a resting 
spectrum was acquired under fully-relaxed conditions (repetition time (TR) 20 s). Dur-
ing exercise and recovery, four and two free induction decays (FIDs), respectively, were 
acquired with a TR of 3s and averaged, yielding time resolution of 12 and 6 seconds, 
respectively, in each dynamic phase. 

31P-MRS data processing

FIDs were processed and analyzed in the time domain using the AMARES algorithm in 
the public jMRUI software environment (version 3.0) as described elsewhere17. Kramer-
Rao bounds of the AMARES Lorentzian model fitting were used as statistical information 
on accuracy of peak area estimation. Absolute PCr and Pi concentrations were calculated 
after correction for signal saturation assuming total adenylate nucleotide and creatine 
pool sizes of 8.2 and 42.7 mM, respectively, as previously described21. Intramuscular ph 
was determined from the resonance frequency of Pi using standard methods21. Steady-
state PCr and Pi concentrations during exercise were determined from summed FIDs 
acquired 60s after onset of bicycling. Datasets were analysed in a blinded fashion. 

Computational Modeling

A multi-fiber kinetic model of oxidative ATP metabolism in human skeletal muscle22 was 
used to investigate if, and if so, what magnitude of fiber type composition changes in 
VLCADD skeletal muscle may contribute to any measured average change in station-
ary states of energy balance at FATMAX exercise in VLCADD versus healthy muscle. 
Briefly, the multi-fiber model was composed of three fiber-type specific submodels 
corresponding to type I, IIA and IIX, respectively, individually parameterized to capture 
known differences in contractile and oxidative ATP metabolic capacity between these 
fiber types22. The core kinetic model of oxidative ATP metabolism in each submodel 
has been described in detail elsewhere23. A summary of fiber-type specific submodel 
parameterization with regard to oxidative ATP metabolism and default healthy quad-
riceps composition is given in Supplemental Table 2; other model parameters were 
assumed to be non-fiber type specific. The relation between measured average Pi and 
PCr concentrations in the sampled quadriceps muscle mass during FATMAX exercise and 
fiber-type-specific concentrations was described by (eqn (2))

average typeI typeI typeIIA typeIIA typeIIX typeIIXM X M X M X M= ⋅ + ⋅ + ⋅   eqn (2)

where MtypeI, MtypeIIA, MtypeIIX denote the fiber-type specific concentration of metabolite PCr 
or Pi according to the model, and XtypeI, XtypeIIA, XtypeIIX denote the fraction of quadriceps 
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muscle composed of type I (slow-oxidative; SO), type IIA (fast-oxidative/glycolytic; FOG) 
and type IIX (fast-glycolytic; FG) fibers, respectively. The default model parameterization 
for XtypeI, XtypeIIA, XtypeIIX was 0.5, 0.35 and 0.15, respectively24. In the simulations, it was as-
sumed that the maximal mechanical output that muscle fibers can sustain without any 
significant fatigue gives rise to a respiratory rate equal to 80% of maximal rate25,26. The 
model was implemented in Matlab 7.5.0 (The Mathworks, Natick, MA, USA). Ordinary dif-
ferential equations were solved numerically by using ODE15s with absolute and relative 
tolerances set to 10-8.

Analysis of blood samples

Plasma of blood samples were profiled for glucose, lactate, acylcarnitines and creatine 
kinase. Plasma was stored at -20°C. Plasma acylcarnitines were measured as described 
previously27 using internal standards. Blood for measurement of lactate and pyruvate 
was treated immediately after withdrawal with an equal volume of 1M perchloric acid 
and subsequently stored at -20°C. Plasma was stored at -20°C. Plasma glucose and cre-
atine kinase (CK) level were measured using standard enzymatic assays28. Blood lactate 
and pyruvate, were measured using tandem mass spectrometry29. All samples were 
analysed in a blinded fashion.

Statistics

Two-tailed Mann Whitney U-tests were used to determine significant differences be-
tween control and patients at p <0.05. Data are presented as mean ± standard error of 
mean (SEM) unless specified otherwise. Time courses of variables were analysed and 
characterized kinetically using non-linear curve-fitting (Origin 6.0, Caltech Pasadena, 
US). Whenever possible, statistical information on data accuracy was incorporated in the 
curve-fitting by means of statistical weighting.   

RESULTS

Baseline characteristics of subjects 

Five VLCAD deficient patients were included, of which 3 patients had an enzymatic activ-
ity of =/< 5%, and 2 patients =/<13% (compared to reference control fibroblasts). One 
patient was asymptomatic, 4 patients report exercise intolerance, myalgia and fatigue. 
Symptomatic patients have been admitted to the hospital at least twice in their lives 
(range 2-11) (Table 1). The basal plasma creatine kinase level was increased mildly in 2 
of 5 patients. C14:1-carnitine was significantly increased in VLCADD patients compared 
to controls (p=0.02). Age, height, weight and BMI were comparable between controls 
and VLCADD patients (Table 1). Dietary intake of the last three days before the second 
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test did not differ significantly between controls and VLCADD patients (Supplementary 
table 2).

Cardio-pulmonary exercise test

Maximal workload was 46% lower in all four symptomatic VLCAD deficient patients 
compared to controls (Table 2 and Figure 1A).  In contrast, maximal workload of the 
asymptomatic patient was identical to healthy controls (Table 2). Two patients (PID #2 
and #3) had a RERpeak comparable to controls, while the other three patients (including 

the asymptomatic patient) had an elevated RERpeak between 0.90 and 1.04. VO2peak 
as well as peak ventilation was 49% decreased in symptomatic VLCAD deficient patients 
(Table 2 and Figure 1B). The peak rate of fat oxidation per kg of bodymass in symptomatic 
patients was 54% lower compared to controls (Table 2 and Figure 1C). FATMAX workload 
in symptomatic patients was 58% lower than controls (Table 2).

Table 2 Graded CPET exercise test characteristics of controls and patients. PID= patient identification 
number. hRpeak = peak heart rate; RER = respiratory exchange ratio. Mean ± SEM is reported.

PID
Max 
workload 
(W)

HR peak 
(beats/
min)

Resting 
RER

VO2peak 

(mL/kg/
min)

Peak 
ventilation 
(L/min)

Max Fat 
oxidation (% 
of VO2peak)

Max Fat 
oxidation 
(mg/kg/
min)

FATMAX 
intensity 
(W)

1 142 185 0.90 34.8 58 30.0 0.85 3

2 142 182 0.84 26.6 60 55.0 4.13 50

3 113 149 0.83 19.3 36 54.5 2.09 32

4 130 175 1.04 21.0 79 29.0 0.0 0

5 294 184 0.94 45.6 143 41.7 2.52 81

Contr. 242±24* 189±5 0.83±0.02 45±4* 114±11* 38±4 3.8±1.0 51±16
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Endurance exercise test.

All subjects completed the task of 40 min upright bicycling at their individual FATMAX 
workload outside MR scanner. All subjects except patient #4 completed the task of 5 min 
supine bicycling against a workload corresponding to their individual FATMAX workload 
inside scanner. Patient #4 was only able to maintain the workload for three minutes. 

Quadriceps muscle energetics 

In resting vastus lateralis muscle, 31P metabolite concentrations and intramuscular ph 
were not different between VLCADD patients and healthy controls  (Supplementary 
table 1)

Figure 2A shows a time series of 31P NMR spectra recorded sequentially from the 
vastus lateralis muscle of a healthy control (upper trace) and a VLCADD patient (lower 
trace) during supine bicycling exercise at FATMAX workload. Figure 2B shows the cor-
responding 31P NMR spectra of the summed FIDs recorded after 60s into the exercise for 
these subjects. In healthy control subjects, only minor changes in steady-state Pi and 
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Figure 1. Maximal workload of symptomatic (■) and asymptomatic (☐) VLCADD patients and controls (◯) 
(A). Peak VO2 max. in symptomatic (■) and asymptomatic (☐) VLCADD patients and controls (◯) (B). Fatty 
acid oxidation in mg/kg body mass/min in VLCADD patients (■) and controls (◯) (C). Error bars indicate ± 
SEM. *P<0.05 for polynominal curve.
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Figure 2. 31P NMR spectra acquired from the lateral head of the quadriceps muscle of the right leg of a 
VLCAD deficient patient versus a healthy control subject during 5 min of bicycling exercise at a workload 
equivalent to FATMAX in each subject. Each spectrum represents the sum of the FIDs collected after 60 s of 
exercise. FIDs were apodized in the time domain using a 10-hz low-pass filter prior to Fourier transform and 
phasing. Peak assignments: Pi inorganic phosphate, PCr phosphocreatine, ATP adenosine triphosphate (γ, α 
and β, resonances, respectively). (A and B) Average change in PCr and Pi during exercise (in mM) in healthy 
control subjects versus symptomatic and asymptomatic VLCAD deficient patients. Error bars indicate mean 
± SEM, *P<0.05. (C)
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Figure 3. Ph dynamics during exercise and first minutes of recovery in healthy controls (A) and VLCADD 
patients (B-D).
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Figure 4. Pi recovery rates of healthy controls (A) and VLCADD patients (B-D).
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PCr concentrations from resting values were observed (ΔPCr: -2.0±0.7 mM; ΔPi: +2.6±1.0 
mM (mean + SEM) (Figure 2A-C). Intramuscular ph during exercise did not fall below 
7.0 in any healthy control subject (Figure 3A). In all VLCADD patients almost identical, 
pronounced changes in quadriceps Pi and PCr concentrations from resting values were 
observed during steady-state exercise at FATMAX workload (ΔPCr: -7.9 ± 1.0 mM; ΔPi: 
+8.8 ± 0.8 mM (mean + SEM) (Figure 2A-C). Quadriceps ph in patient PID#01 did not 
fall below 7.0 during exercise similar to healthy controls (3B). In patients PID#02 (not 
shown), #04 and #05 intramuscular ph progressively dropped during exercise to values 
as low as 6.7 (Figure 3C). In patient #03, intramuscular ph during exercise dropped 0.1 
units to 6.95 at onset of exercise and remained stable at this value during the remainder 
of the exercise (Figure 3D).

In none of the VLCADD patients, any significantly slower recovery of Pi and PCr 
concentrations was found compared to typical literature values for human quadriceps 
muscle (Table 3 and Figure 4). Metabolic recovery was even faster in some VLCADD 
patients compared to healthy controls (Table 3 and Figure 4). In healthy subjects the 
dynamics of PCr and Pi recovery to basal levels were typically too difficult to quantify 
due to the minor changes in these concentrations during exercise at FATMAX workload 
(Figure 2A-C).

The dynamics of intramuscular ph following exercise shown in Figure 3 did not reveal 
any major abnormalities between VLCADD patients and healthy controls. The typical 
drop in intramuscular ph at the onset of recovery followed by a slow recovery to resting 
values typically observed in healthy control subjects (Figure 3A) was likewise observed 
in patients PID#01 and #03 (Figure 3B and D). In the other patients, intramuscular ph 
recovered without any ancillary further drop of ph at the onset of recovery (Figure 3C).

Model simulations

Computational modelling analysis was used to investigate whether a shift in fiber type 
composition of the quadriceps muscle in VLCADD patients could explain the observed 
muscle energetics. It was found for healthy controls that within the set of assumptions 

Table 3 PCr and Pi recovery rates. #value for vastus lateralis muscle of healthy human subjects22, ^Pi re-
covery kinetics are similar although not quite identical to PCr recovery39.

PID tau PCr (s) tau Pi (s)

#1 21 ± 9 12 ± 7

#3 ND 12 ± 5

#2 16 ± 9 21 ± 13

#4 28 ± 13 19 ± 14

#5 ND 9 ± 5

Controls 24 ± 5 # 24 ± 5^
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described in the Methods section, recruitment of 70% of all fibers of the quadriceps dur-
ing steady-state exercise at FATMAX workload would explain the average concentrations 
of quadriceps PCr and Pi observed by 31P MRS in this group (Table 4). Next, two scenarios 
were explored numerically to explain the 31P MRS observation of altered energy balance 
in the VLCADD patients. In the first scenario, no phenotypic change in quadriceps fiber 
type composition was allowed. Recruitment of the complete fraction of fibers of the 
quadriceps was then required to give rise to the average concentrations of quadriceps 
PCr and Pi observed by 31P MRS in exercising patients (Table 4). In the second scenario, it 
was assumed that the fraction of required fibers was 30% reduced in VLCADD compared 
to healthy controls and substituted by FOG fibers. We found that the observations by 31P 
MRS in exercising patients could be explained if all fibers and 35% of the FOG pool were 
recruited during voluntary exercise at FATMAX (Table 4).

Blood metabolic profile in response to FATMAX exercise test

Glucose levels remained unchanged (Figure 5A). Lactate levels were not different 
between controls and symptomatic VLCADD patients (Figure 5B). In the asymptomatic 
patient lactate levels increased from 1.3 to 5 mmol/L during exercise at FATMAX (Figure 
5B). Basal CK levels were normal (i.e., <250U/L) in all controls and three VLCADD patients 
Table 1. After the FATMAX exercise test, CK levels in two patients slightly increased (PID 
#2 and #4; 400 and 576 U/L, respectively) but still remained low. As expected, plasma 
C14:1 acyl-carnitine levels were increased significantly at rest in VLCADD patients 
(Table 1). Resting acetyl-carnitine (C2-carnitine) levels were similar between patients 

Table 4. results of numerical analysis of fiber type recruitment (in % of total pool size) during voluntary 
exercise at FATMAX in healthy control subjects and VLCADD patients. X: fraction of fiber type in quadri-
ceps muscle; three fiber types; sum of all fractions = 1.0. SO= slow oxidative fiber. FOG= Fast oxidative 
glycolytic. FG= Fast-glyolytic.

       

Scenario I: X type I = 0.5  X type IIA = 0.35 X type IIX = 0.15

SO FOG FG

Controls 70% 0% 0%

VLCADD 100% 0% 0%

       

Scenario II: X type I = 0.35 X type IIA = 0.5 X type IIX = 0.15

SO FOG FG

Controls 70% 0% 0%

VLCADD 100% 35% 0%
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and healthy controls (Figure 5C). Three hours post- but not immediately after FATMAX 
exercise, acetyl-carnitine levels were twofold lower in patients (Figure 5C). 

DISCUSSION 

We sought to investigate muscle energetics in relation to prolonged exercise in hu-
man VLCADD disease using in vivo 31P MRS, metabolic profiling of blood samples and 
computational modelling. We found a threefold higher rise of Pi and concomitant 
depletion of PCr during mild exercise in VLCADD patients compared to healthy controls, 
with normal-to-fast recovery rates following exercise (Figure 2C, 4, Table 3). Numerical 
analysis showed that these results may be explained by a partial slow-to-fast shift in 
fiber type composition of the quadriceps muscle in VLCADD patients. 

Any altered cellular energy balance in a muscle engaged in a standardized exercise 
task can be the result of altered cellular capacity for ATP synthesis, altered ATP cost of 
force production, or a combination of both30. human examples include observations in 
mitochondrial myopathies caused by respiratory chain defects31,32. In VLCADD, impaired 
mitochondrial ATP synthetic capacity was, however, ruled out by the finding of normal if 
not faster post-exercise recovery kinetics in the patients (Table 3) despite indications for 
low concentrations of mitochondrial acetyl-CoA’s. Specifically, plasma acetyl-carnitine 
levels barely increased during and 3 hours after exercise in VLCADD patients compared 
to controls (Figure 5), whereby low concentrations of acetyl-carnitine in blood plasma 
are typically assumed to reflect low concentrations of mitochondrial acetyl-CoA’s33. 
Therefore, it was concluded that the ATP cost of cyclic quadriceps muscle contraction 
and relaxation during voluntary exercise at FATMAX was higher in VLCADD patients 
compared to healthy controls. 
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Figure 5. Glucose (A), lactate (B) and acetylcarnitine (C) levels at t=0 (rest), t=1 (directly after exercise) and 
t=2 (3 hours after exercise) in symptomatic VLCADD patients and controls. Error bars indicate mean ± SEM, 
*P<0.05. 
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In voluntary exercise, the ATP cost of contraction is determined first and foremost 
by which fiber type is recruited by the motor cortex of the brain to produce a desired 
power output34. human muscles are composed of three fiber types – slow-oxidative 
(SO), fast oxidative glycolytic (FOG), fast glycolytic (FG) – organized in fibers that vary 
in properties including size, contractile speed, ATP cost of contraction and relaxation, 
power-output, oxidative fuel source, mitochondrial density and vascularisation35. Fiber 
types are recruited in a stepwise order according to the size principle whereby SO fibers 
are the smallest, followed by FOG and finally FG34. The simplest explanation of the main 
result of the present study would thus be that in VLCADD patients performing voluntary 
bicycling exercise at FATMAX more relatively ATP-inefficient (fast-twitch) fibers were 
recruited than in healthy controls to perform this task. 

This conclusion was confirmed by the results of model simulations. Within the set of 
assumptions made for these computations numerical, solutions for two alternative fiber 
recruitment scenarios during the exercise test in VLCADD patients were found (Table 4). 
A first solution was that VLCADD patients in comparison to healthy controls recruited 
a significantly greater (100% instead of 70%) fraction of SO fibers to execute the same 
normalized physical task (Table 4, scenario I). This would imply that SO fibers would cre-
ate less power output of contraction and thus loss of overall force of muscle contraction 
in VLCADD patients compared to healthy controls. however, no evidence for any loss of 
force of muscle contraction has been documented in VLCADD patients. Therefore, this 
solution was deemed unrealistic. The alternative numerical solution required a pheno-
typical adaptation of the quadriceps muscle in the patients with respect to fiber type 
composition. Specifically, it involved the assumption of a reduction of slow oxidative 
fiber fraction in VLCADD to 0.35 (instead of 0.50) of the assumed pool size in healthy 
controls concomitant with a complementary increase of the total fraction of FOG 
fibers (0.50 instead of 0.35) (Table 4, scenario II). In this scenario, the observed elevated 
changes in Pi and PCr concentrations in exercising quadriceps in VLCADD compared to 
healthy controls could be explained by recruitment of 100% of slow-oxidative fibers and 
35% of all FOG fibers during the physical task (Table 4, scenario II). Objectification of this 
solution of the analysis would require taking a biopsy of the quadriceps muscle of the 
patients for histological analysis. In the present study, this was deemed inadmissible in 
view of the myopathy of the majority of the patients and inclusion of paediatric patients. 
however, a moderate slow-to-fast phenotypic adaptation of quadriceps muscle in VL-
CADD was indeed found recently in a mouse model of this disease36.

A slow-to-fast phenotypic adaptation of skeletal muscle fiber type composition would 
aggravate the problem in VLCADD of sole reliance on finite intramuscular carbohydrate 
stores during exercise, since fast-twitch muscle fibers are energetically much less ef-
ficient than slow-twitch fibers36. Indeed, it has been shown that typically type II muscle 
fibers are lost in rhabdomyolysis37.  As such, this explanation of the observations may 
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offer a possible mechanism for the elevated risk of exertional energy crisis and rhabdo-
myolysis in this disease. 

Finally, these observations in VLCADD patients also offer clues to successful therapeu-
tic approaches in this disease. First of all, any approach resorting in glycogen sparing 
during exercise including acute nutritional ketosis38 should be considered testing. 
Secondly, and paradoxically, regular modest physical activity should be encouraged to 
stimulate formation of type I muscle fibers. Interestingly, patient #3 does lead an active 
lifestyle including heavy work and playing soccer, albeit a higher basal CK indicating 
more structural muscle damage. his quality of life has been however better than that ex-
perienced by the inactive patients. Moreover, his long-term prospects of cardiovascular 
health and diabetes are also better. This could suggest that performing a certain amount 
of physical activity might paradoxically be beneficial.

In summary, we found a threefold higher rise of Pi and concomitant depletion of 
PCr during mild exercise in VLCADD patients compared to healthy controls, with fast-
to-normal recovery rates following exercise (Figure 2C, 4, Table 3). Numerical analysis 
showed that these results may be explained by a partial slow-to-fast shift in fiber type 
composition of the quadriceps muscle in VLCADD patients. Such a phenotypic trans-
formation of VLCADD muscle could aggravate dependence on carbohydrate stores 
rendering the muscle even more susceptible to a glycogen-depletion energy crisis and 
rhabdomyolysis in response to strenuous exercise in human VLCADD disease.
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Supplementary Table1. Fiber-type-specific submodel parameterization.

Parameter Type I Type IIA Type IIX References

Mitochondrial 
volume (%)

6.0 4.5 2.3  S1

[PCr]_resting state 0.9 x {Measured 
average [PCr]}

1.1 x {Measured average 
[PCr]}

1.1 x {Measured 
average [PCr]}

 S2, S3

Total creatine 
poolsize (mM)

[PCr]_resting state_
Type I /0.85

[PCr]_resting state_Type 
IIA /0.85

[PCr]_resting state_
Type IIX /0.85

 S4

[Pi]_resting state 
(mM)

4 2 2  S5

Supplementary Table 2. Results of 3-day diary prior to second test. Mean is  reported.

CPET test (2nd test)

t=0 controls patients p-value

Energy intake (kcal) 2131 2320 0.55

Protein intake (gram/energy%) 88.6 (16.7) 79.2 (14.0) 0.31 (0.22)

Carbohydrate intake (gram/energy%) 237.0 (44.5) 294.9 (50.0) 0.55 (0.22)

Total fat intake (gram/energy%) 74.6 (32.0) 76.1 (35.2) 0.69 (0.42)

LCT intake (gram/% of total fat intake) 74.6 (100.0) 74.6 (85.2) 0.69 (0.31)

MCT intake (gram/% of total fat intake) 0.0 (0.0) 8.3 (14.8) 0.31 (0.31) 
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ABSTRACT

Very long-chain acyl-CoA dehydrogenase deficiency (VLCAD) deficiency is an inherited 
disorder of mitochondrial long-chain fatty acid β-oxidation (FAO). Patients with VLCAD 
deficiency may present with hypoglycemia, hepatomegaly, cardiomyopathy and my-
opathy. Although several mouse models have been developed to aid the study of the 
pathogenesis of long-chain FAO defects, the muscular phenotype is however ‘underex-
posed’. To address the muscular phenotype, we used a newly developed mouse model 
on a mixed genetic background with a more severe defect in FAO (LCAD-/-; VLCAD+/-) in 
addition to a validated mouse model (LCAD-/-; VLCAD+/+) and compared them with WT 
mice. We found that upon fasting, both mouse models show a 20% reduction in energy 
expenditure (EE) and a 3-fold decrease in locomotor activity. In addition we found a 
1.7-degree drop in body temperature upon fasting in LCAD-/-; VLCAD+/+ compared to WT. 
We conclude that fasting-induced inactivity, hypothermia and reduction in EE are novel 
phenotypes associated with FAO deficiency in mice. Unexpectedly, inactivity was not 
explained by rhabdomyolysis, but rather reflected the overall reduced capacity of these 
mice to generate heat. We suggest that mice are partly protected against the negative 
consequence of a FAO defect.
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INTRODUCTION

Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency is a disorder of mitochon-
drial fatty acid β-oxidation (FAO) that compromises energy homeostasis and leads to the 
accumulation of long-chain fatty acid derivatives. Patients with VLCAD deficiency may 
develop hypoketotic hypoglycemia, hepatomegaly, cardiomyopathy and myopathy with 
rhabdomyolysis. These features can be induced by illness, fever, exercise, and fasting1-4. 
The main reason for the inclusion of FAO defects in the expanded neonatal screening 
programs is that life-threatening symptoms such as hypoglycemia and cardiomyopathy 
can be prevented.

Multiple treatment options exist. Many patients are on dietary long-chain triglycer-
ide (LCT) restriction and medium-chain triglyceride (MCT) supplementation. Patients 
also often receive carnitine supplementation. Interestingly, clinical improvement was 
observed in patients treated with anaplerotic odd-chain triglycerides5. In addition, 
bezafibrate has been shown to improve myopathy and rhabdomyolysis in patients with 
long-chain FAO disorders6,7, although a recent randomized clinical trial suggests that 
bezafibrate is ineffective8. Thus, the effectiveness of all treatments needs to be confirmed 
in a larger cohort of patients preferably in a double blind study.

Several mouse models have been developed to aid the study of the pathogenesis 
of long-chain FAO defects. Mouse models are usually selected based on similarities 
in phenotype and genetic defect. For the first step of long-chain FAO, mice have two 
acyl-CoA dehydrogenase (ACAD) enzymes, very long-chain acyl-CoA dehydrogenase 
(VLCAD) and long-chain acyl-CoA dehydrogenase (LCAD)9. VLCAD KO (VLCAD-/-) and 
LCAD KO (LCAD-/-) mice have been generated and characterized10-13. Using these models, 
we and others have shown that LCAD and VLCAD have overlapping and distinct roles in 
FAO10,13,14. Surprisingly, the absence of VLCAD in mice is apparently fully compensated, 
whereas LCAD deficiency is not. LCAD plays an essential role in the oxidation of unsatu-
rated fatty acids such as oleic acid, but seems redundant in the oxidation of saturated 
fatty acids14. In agreement with this, the VLCAD-/- mouse has a phenotype comprising 
mild hepatic steatosis, mild fatty changes and microvesicular lipid accumulation in the 
heart, facilitated induction of polymorphic ventricular tachycardia in response to fasting 
and cold challenge, and reduced exercise capacity10-12,15. The LCAD-/- mouse has a more 
severe phenotype, resembling human VLCAD deficiency better than the VLCAD-/- mouse. 
Characteristics include fasting-induced hypoketotic hypoglycemia and marked fatty 
changes in liver and heart. LCAD-/- hearts display triglyceride and ceramide accumula-
tion, and develop fasting-induced cardiac dysfunction10,13,14,16-18.

Although the LCAD-/- mouse model is closely related to human VLCAD deficiency, the 
muscular phenotype is ‘underexposed’, which might be explained by functional redun-
dancy between VLCAD and LCAD. To address the mechanisms underlying myopathy 
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with rhabdomyolysis during fasting and exercise, we studied the muscular phenotype 
in an established and in a newly developed more severe FAO-deficient mouse model. 
We hypothesized that in LCAD-/- mice, VLCAD is rate limiting in the FAO pathway, and 
reasoned that deletion of VLCAD in the LCAD-/- mouse would make a mouse model 
that better reflects human VLCAD deficiency. As LCAD/VLCAD double KO mice are not 
viable10, we generated a mouse model in which one VLCAD allele was deleted in the 
LCAD-/- mice.

MATERIALS AND METhODS

Materials

human serum albumin (hSA) and bicinchoninic acid (BCA) were obtained from Sigma-
Aldrich. Complete mini protease inhibitor cocktail tablets were obtained from Roche. 
Cell culture medium DMEM, nutrient mixture (25 mM hEPES + L-glutamine) and the 
trypsin-EDTA solution were acquired from Gibco. 1-butanol, 1-propanol, and acetylchlo-
ride were obtained from Merck. Acetonitrile (ACN) gradient grade was obtained from 
Biosolve. The d3-C0, d3-C3, d3-C6, d3-C8, d3-C10 and d3-C16 acylcarnitine internal stan-
dards were obtained from Dr. h.J. ten Brink (Vrije University Medical Center, Amsterdam, 
The Netherlands). C16:0-CoA was purchased from Sigma. [9,10-3h(N)]-palmitic acid and 
[9,10-3h(N)]-oleic acid were purchased from PerkinElmer.

Animals

Acadl+/- mice (B6.129S6-Acadltm1Uab/Mmmh) on a pure C57BL/6N background and 
Acadvl+/- mice (B6;129S6-Acadvltm1Uab/Mmmh) on a mixed background (% C57BL/6N 
unknown) were obtained from Mutant Mouse Regional Resource Centers (http://
www.mmrrc.org/). Colonies were maintained by crossing with C57BL/6N mice (Charles 
River Breeding Laboratories, Inc, Wilmington, MA, USA). The tested genotypes (LCAD+/-; 
VLCAD+/+, the LCAD+/-; VLCAD+/-, the LCAD-/-; VLCAD+/+, and the LCAD-/-; VLCAD+/-) were 
generated by crossbreeding after 2 or 3 generations of backcrossing with C57BL/6N. 
The wild-type (WT) mice were generated from the same cohort, but after 4 generations 
of backcrossing with C57BL/6N. The VLCAD allele was genotyped using PCR with the 
following primers; Fw1 (Exon 6) 5’-GTTTGGGCCTCTCTAATACCCAG-3’, Rev1 (Neomycin) 
5’-cttcctcgtgctttacggta-3’, and Rev2 (Exon 20) 5’-cacaatctctgccaagcgag-3’. The LCAD al-
lele was genotyped using PCR13 in combination with acylcarnitine analysis on bloodspots 
with C14:1/C2 ratio being predictive for the LCAD KO genotype. Mice were housed at 21 
± 1 °C, 40-50% humidity, on a 12-h light-dark cycle, with ad libitum access to water and a 
standard rodent diet. At 9 to 10 weeks of age, mice were housed individually. Metabolic 
cage measurements (oxygen consumption, CO2 production, food and water intake, and 
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locomotor activity) were obtained by a PhenoMaster system (TSE systems, Bad homburg, 
Germany). Mice were allowed to adapt to their new environment and were then placed 
in metabolic cages for 2 days at room temperature (19-21°C). Data obtained during the 
second day were used for analysis. After 48h with ad libitum feeding, the mice were 
fasted overnight and refed for 4h the next morning. After refeeding, 50 µl of blood was 
collected from the vena saphena for the measurements of glucose, acylcarnitines, ke-
tones, lactate and pyruvate. Metabolic measurements were done again in the metabolic 
cage during the night and refeeding cycle. After the metabolic cage, mice were housed 
again at their normal cages and blood was collected every two weeks. At 12 weeks 
of age, 50 µl of blood was collected from the vena saphena for the measurements of 
glucose, ketones, lactate and pyruvate. At 14 weeks of age, mice were fasted overnight 
and anesthetized with an ip injection of 100 mg/kg pentobarbital. Anesthetized mice 
were euthanized by exsanguination from the vena cava inferior. This blood was used 
for the measurements of CK, glucose, acylcarnitines, ketones, lactate and pyruvate. The 
heart, liver, and muscles were rapidly excised, weighed, and processed for biochemical 
and histological analysis.

Body temperature was measured using implantable electronic ID transponders (IPTT-
300, PLEXX, Elst, The Netherlands) according to the instruction of the manufacturer. 
Transponders were read with a hand-held DAS 5002 scanner (PLEXX). 

All experiments were approved by the institutional review board for animal experi-
ments at the Academic Medical Center (Amsterdam, The Netherlands).

Acylcarnitine analysis

Plasma and blood acylcarnitines were measured as described previously19 using internal 
standards (25 µM d3-C0, 5 µM d3-C3, 2 µM d3-C6, 2 µM d3-C8, 2 µM d3-C10, and 2 µM 
d3-C16 acylcarnitine).

Clinical chemistry measurements

Blood for measurement of lactate, pyruvate and ketones was treated immediately after 
withdrawal with an equal volume of 1M perchloric acid and subsequently stored at 
-20°C. The remainder of the blood was used for plasma preparation. Plasma was stored 
at -20°C. Plasma glucose and CK were measured using standard enzymatic assays20. 
Blood glucose was determined using a Contour glucometer (Bayer, Mijdrecht, The 
Netherlands). Blood lactate, pyruvate, β-hydroxybutyrate, acetoacetate and plasma 
amino acids were measured using tandem mass spectrometry21-23. Glycerol (Instruche-
mie, 2319), free fatty acids (Wako, 434-91795) and triglycerides (human Gesellschaft, 
1072401D) were measured in plasma using standard enzymatic assays.
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Quantitative real-time RT-PCR analysis

Total RNA was isolated from mouse tissue using Trizol (Invitrogen) extraction, after 
which cDNA was prepared using the Superscript II Reverse Transcriptase kit (Invitrogen). 
Quantitative real-time PCR analysis using the LC480 Sybr Green I Master mix (Roche) was 
performed to determine the expression of Acadl, Acadvl, Acad9, Rplp0, Rn18s, Nppa, 
Nppb, and Myh7. To confirm the amplification of a single product both melting curve 
analysis and sequence analysis were carried out. All samples were analyzed in duplicate. 
Data were analyzed using linear regression analysis24. To compare the Acadl, Acadvl and 
Acad9 expression in liver tissue between different samples, values were normalized 
against the values for the housekeeping gene Rplp0. To compare the Nppa, Nppb and 
Myh7 expression in heart tissue between different samples, values were normalized 
against the values for the housekeeping gene Rn18s.

Acyl-CoA dehydrogenase enzyme measurements

Acyl-CoA dehydrogenase activity was determined in liver homogenates by using fer-
ricenium hexafluorophosphate as electron acceptor followed by UPLC to separate the 
different acyl-CoA species as described previously25. C16:0-CoA was used as substrate.

Fatty acid oxidation rates

Palmitic and oleic acid oxidation was measured by quantifying the production of 3h2O 
from [9,10-3h(N)]-palmitic acid and [9,10-3h(N)] oleic acid as described previously 26. 
Oxidation rates were expressed as nmol of fatty acid oxidized per hour per milligram of 
cell protein (nmol/h mg).

Statistics

Statistical analysis was performed using Graphpad Prism 5. The C14:1/C2 and C12/C2 ra-
tio were log10 transformed to normalize the data distribution. Data are displayed as the 
mean ± SEM. We used Rout test (Q=1.00%) to identify and remove outliers. Differences 
were evaluated using the One-way ANOVA multiple comparisons test. When significant, 
the post-hoc Bonferroni multiple comparison test was used to test differences between 
groups for significance. An unpaired t-test was used to test differences between the two 
fibroblast cell lines (figure 6). Statistical significance is indicated  as detailed in the figure 
legends. The deviation of the distribution of the different genotypes from the Mendelian 
ratio was calculated using a Χ2 test with 1 degree of freedom.
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RESULTS

Generation and biochemical characterization of LCAD-/-; VLCAD+/- mice

To generate LCAD-/-; VLCAD+/- mice, we crossed LCAD+/-; VLCAD+/- mice with LCAD-/-; 
VLCAD+/+ mice. Pedigree analysis revealed the expected 4 different genotypes: LCAD+/-; 
VLCAD+/+, LCAD+/-; VLCAD+/-, LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- (data are summarized 
in Table 1). The observed number of animals with each of the genotypes was, however, 
not according to the expected Mendelian distribution (Χ2 = 9.29, p < 0.05). The number 
of mice born with LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- genotypes was decreased with 
the LCAD-/-; VLCAD+/- genotype being most underrepresented. Breeding using double 
heterozygous mice confirmed the absence of double KO animals in the progeny, which 
is in line with previous findings 10. Once born, LCAD-/-; VLCAD+/- mice appeared healthy 
and displayed normal weight gain.
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Figure 1. Acylcarnitine profiles in blood of mice with different LCAD and VLCAD genotypes. A-B. Levels of 
different acylcarnitines (in μM) measured in blood of the mice under fed conditions at the time of weaning. 
C. The Log10 ratio of the acylcarnitines C14:1 and C12 with acylcarnitine C2 are displayed. The different 
genotypes are indicated in the figure legend (LCAD+/-; VLCAD+/+ (n=25), LCAD+/-; VLCAD+/- (n=26), LCAD-/-; 
VLCAD+/+ (n=16), and LCAD-/-; VLCAD+/- (n=8)). Error bars indicate +SEM. §P<0.01 LCAD-/-; VLCAD+/- compared 
to LCAD-/-; VLCAD+/+. ‡P<0.01 LCAD-/-; VLCAD+/- or LCAD-/-; VLCAD+/+ compared to LCAD+/-; VLCAD+/+.

Table 1. Genotype distribution of pedigree from LCAD+/-; VLCAD+/- and LCAD-/-; VLCAD+/+ breeding pairs.

Genotype Observed Expected

LCAD+/-; VLCAD+/+ 32 (31%) 26 (25%)

LCAD+/-; VLCAD+/- 33 (32%) 26 (25%)

LCAD-/-; VLCAD+/+ 23 (23%) 26 (25%)

LCAD-/-; VLCAD+/- 14 (14%) 26 (25%)

102 102 (100%)
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Whole blood acylcarnitines were measured at time of weaning in the above-described 
mice. No differences were observed when the acylcarnitine profile of LCAD+/-; VLCAD+/+ 
and LCAD+/-; VLCAD+/- mice were compared (Figure 1). Previous studies already estab-
lished that the acylcarnitine profile of WT mice does not differ from LCAD+/- mice. This 
suggests that the acylcarnitine profile of LCAD+/-; VLCAD+/- mice is also indistinguishable 
from WT mice. LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice displayed a significant de-
crease in C0-, C2-, and an increase in C12-, C12:1-, C14:1-acylcarnitine (Figure 1a-b). The 
C14:1/C2 and C12/C2 ratios are particularly indicative of the LCAD-/- genotype. Although 
overall similar, all changes were slightly more pronounced in the LCAD-/-; VLCAD+/- mice 
when compared with LCAD-/-; VLCAD+/+ mice. Notably, the C12/C2 ratio was significantly 
different between the two different genotypes (Figure 1c). Taken together, these results 
indicate that deletion of one VLCAD allele in the LCAD-/- background further aggravates 
the FAO defect.

Evidence for aggravated hepatic steatosis and cardiac hypertrophy in LCAD-/-; 
VLCAD+/- mice

Cardiac hypertrophy and fasting-induced hepatic steatosis were observed in LCAD-/- mice 
10,13. In accordance with these results, heart and liver weight were increased in LCAD-/-; 
VLCAD+/+ and LCAD-/-; VLCAD+/- (Figure 2a-b). These increases were most pronounced 
and significant in the LCAD-/-; VLCAD+/- mouse. One outlier with very high heart weight 
was observed among the LCAD-/-; VLCAD+/- mice and was excluded from the statistical 
analysis (Supplemental figure 1a; weight/bodyweight ratio of >0.013). To test whether 
the increased heart weight was indicative of cardiomyopathy, we measured expression 
levels of beta myosin heavy chain (Myh7), atrial natriuretic peptide (Nppa) and basic na-
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Figure 2. Organ weights. A. heart weight of mice with different LCAD and VLCAD genotypes. heart weight/
bodyweight of fasted mice (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=8)). B. Liver weight 
of mice with different LCAD and VLCAD genotypes. Liver weight/body weight of fasted mice. The differ-
ent genotypes are indicated in the figure legend (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- 
(n=9)). Error bars indicate +SEM. *P=0.05 LCAD-/-; VLCAD+/+ compared to WT. ̂ P<0.05 LCAD-/-; VLCAD+/- com-
pared to LCAD-/-; VLCAD+/+. ‡ P<0.01 LCAD-/-; VLCAD+/- or LCAD-/-; VLCAD+/+ compared to WT.
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triuretic peptide (Nppb). Nppa, Nppb and Myh7 expression levels were not increased in 
LCAD-/-; VLCAD+/- mice with the exception of the one mouse with a massive hypertrophic 
heart (Supplemental figure 1b). This indicates that although the hypertrophy is most 
pronounced in LCAD-/-; VLCAD+/- mice, it has generally not progressed to cardiomyopa-
thy at 14 weeks of age.

The response of plasma metabolites to fasting in LCAD-/-; VLCAD+/- mice

LCAD-/- mice as well as humans with a FAO defect develop hypoketotic hypoglycemia 
upon fasting. We measured plasma metabolites in WT, LCAD-/-; VLCAD+/+ and LCAD-/-

; VLCAD+/- mice in the fed state, after fasting and upon refeeding. After an overnight 
fast, blood glucose levels in LCAD-/-; VLCAD+/- as well as LCAD-/-; VLCAD+/+ mice were 
lower compared to WT mice (Figure 3a). No differences in glucose levels were observed 
between the different mice in the fed state and after refeeding (Supplemental figure 
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Figure 3. Metabolite levels in blood and plasma of overnight fasted mice with different LCAD and VLCAD 
genotypes. A. Plasma glucose levels. B. βOh-butyrate. C. Lactate and pyruvate levels (one outlier LCAD-/-; VL-
CAD+/+ excluded). D. C14, C16, C18 levels. E. The log10 ratio of C14:1/C2 and C12/C2 acylcarnitine in plasma. 
F. Levels of alanine and the BCAAs. G. The ratio of BCAAs with alanine in plasma. h. Plasma triglyceride, glyc-
erol and non-esterified fatty acids (NEFA) levels. The different genotypes are indicated in the figure legend 
(WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). Error bars indicate +SEM. *P=0.056 LCAD-/-; 
VLCAD+/- compared to WT. #P<0.05 LCAD-/-; VLCAD+/- or LCAD-/-; VLCAD+/+ compared to WT. ‡ P<0.01 LCAD-/-; 
VLCAD+/- or LCAD-/-; VLCAD+/+ compared to WT.
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2). Thus, fasting-induced hypoglycemia is apparent in LCAD-/- mice, but does not ap-
pear to be aggravated upon deletion of one VLCAD allele. Similarly, β-hydroxybutyrate 
increased in all groups upon fasting, but LCAD-/-; VLCAD+/- and LCAD-/-; VLCAD+/+ mice 
were both equally hypoketotic (Figure 3b).

Blood lactate and pyruvate levels decrease upon fasting due to a shift towards FAO 
at the expense of glycolysis. Fasting lactate and pyruvate levels were indeed lower 
compared to the fed and refeeding state (Figure 3c and supplemental figure 2), but no 
significant difference was observed when comparing the different mice. Next we deter-
mined the fasting plasma acylcarnitine profile. The long-chain acylcarnitines (C14, C16, 
C18) were increased in LCAD-/-; VLCAD+/- when compared to WT mice, but did not differ 
significantly from LCAD-/-; VLCAD+/+ mice. The C14:1/C2 and C12/C2 acylcarnitine ratios 
were increased in LCAD-/-; VLCAD+/- and LCAD-/-; VLCAD+/+, but unexpectedly did not differ 
significantly between these genotypes (Figure 3d,e).

We also analyzed plasma amino acids levels, which play an important role during 
fasting as they represent the major source of gluconeogenic precursors. It has recently 
been reported that impaired amino acid metabolism contributes to the development 
of hypoglycemia in the LCAD-/- mouse16. Although none of the amino acids were signifi-
cantly altered, there was a tendency towards increased levels of branched-chain amino 
acids (BCAA) and decreased levels of alanine in LCAD-/-; VLCAD+/- mice (Figure 3f ). These 
changes are significant when the BCAA level is expressed as a ratio to the alanine level 
(BCAA/Ala) (Figure 3g).

Glycerol, another gluconeogenic precursor, and NEFA levels were significantly higher 
in LCAD-/-; VLCAD+/- and LCAD-/-; VLCAD+/+ mice when compared to WT (Figure 3h). Al-
though triglyceride levels appeared elevated in LCAD-/-; VLCAD+/- and LCAD-/-; VLCAD+/+ 

mice, these differences were not statistically significant (Figure 3h). Taken together, 
deletion of one VLCAD allele on the LCAD-/- background only slightly aggravates the 
biochemical signs of a FAO defect during fasting.

Fasting-induced decrease in energy expenditure in FAO deficient mouse models

To explore energy homeostasis in our FAO-deficient mouse models, we performed in-
direct calorimetry. During an overnight fast, O2 consumption, CO2 production and heat 
generation were significantly lower in mice with the LCAD-/- genotype, but no significant 
difference was observed between LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice (Figure 
4a-f ). Surprisingly, the respiratory exchange ratio (RER) was not different between WT 
and LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice (Figure 4g). Locomotor activity in all 
axes was significantly reduced in parallel with heat generation. Overall, we observed 
a significantly decreased locomotor activity in LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- 

compared to WT mice. This effect was most pronounced in LCAD-/-; VLCAD+/- mice (Figure 
4h-i).
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Figure 4. Indirect calorimetry in mice with different LCAD and VLCAD genotypes. A-G. O2 and CO2 con-
sumption (in L/kg/h), heat production (in kcal/h/kg) and RER in dark and light phase in fasted and refed 
mice of all genotypes. h-I. ‘Locomotor activity’ Locomotor activity in fasted mice of all genotypes tested (XT 
and YT= total movement horizontal, XA and YA = ambulatory movement, XF and YF = fine movements and 
Z = rearings) (in total counts). The different genotypes are indicated in the figure legend (WT (n=5), LCAD-/-; 
VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). J. Body temperature and blood glucose during an overnight 
fast (LCAD-/-; VLCAD+/+ (n=6), and LCAD-/-; VLCAD+/- (n=6)). WT and LCAD-/-; VLCAD+/+ mice were fasted over-
night (start at 4 p.m.). Blood glucose and body temperature were measured every 4h. Blood glucose at start 
of fasting was set to one and body temperature was set at zero. Error bars indicate +SEM. #P<0.05 LCAD-/-; 
VLCAD+/+ compared to WT. ‡ P<0.01 LCAD-/-; VLCAD+/- or LCAD-/-; VLCAD+/+ compared to WT.
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To evaluate whether the fasting-induced decrease in energy expenditure in FAO-
deficient mice impacts on the ability to maintain body temperature, we measured 
body temperature and blood glucose every 4 hours during an overnight fast (Figure 4j). 
LCAD-/-; VLCAD+/+ mice displayed a pronounced drop in body temperature of up to 2.6 
degrees Celsius after 12 hours of fasting, with one mouse losing up to 4.6 degrees reach-
ing a temperature of 32.4 degrees Celsius. Over the same period, WT mice dropped only 
0.9 degrees. Diurnal temperature variation was not different between WT and LCAD-/-; 
VLCAD+/+ animals (Supplementary Figure 3), again illustrating that fasting specifically 
decreased energy expenditure in this FAO deficient mouse model.

Absence of fasting-induced rhabdomyolysis in LCAD-/-; VLCAD+/- mice

Patients with VLCAD deficiency suffer from myopathy and episodes of rhabdomyolysis, 
which can be triggered by fasting or exercise. To assess whether LCAD-/-; VLCAD+/- mice 
have rhabdomyolysis, we measured plasma CK levels after fasting. CK levels were within 
the normal range of 0-100 U/L in all LCAD/VLCAD genotypes (Supplemental figure 4a). 
We therefore conclude that these mice do not develop muscle damage upon fasting. 
In addition, we did not observe differences in gastrocnemius, soleus and quadriceps 
muscle weight between the various genotypes (Supplemental figure 4b).

No enzymatic compensation of deficient acyl-CoA dehydrogenase activity in 
LCAD-/-; VLCAD+/- mice

Since the impact of the deletion of one VLCAD allele on the LCAD-/- phenotype seems 
rather subtle, we explored potential compensatory changes and analyzed mRNA and 
protein expression of the different ACADs in liver. Liver VLCAD mRNA expression in 
LCAD-/-; VLCAD+/- mice was roughly half of that in LCAD-/-; VLCAD+/+ mice, consistent with 
the deletion of one VLCAD allele (Figure 5a). Thus, expression of VLCAD was not induced 
via the non-mutated allele. This was further confirmed by western blot analysis of liver 
homogenates revealing decreased VLCAD protein expression in LCAD-/-; VLCAD+/- liver 
homogenates (Figure 5c). Expression levels of ACAD9, which may partly compensate for 
deficient (V)LCAD activity27, were not significantly changed (Figure 5a). The palmitoyl-
CoA dehydrogenase activity was lowest in LCAD-/-; VLCAD+/- mice compared to LCAD-/-; 
VLCAD+/+ and WT mice (Figure 5b). In quadriceps muscle, palmitoyl-CoA dehydrogenase 
activity was lowest in LCAD-/-; VLCAD+/- mice, similar to the results obtained in liver 
(Supplemental figure 4c). Thus there is no enzymatic compensation of the deficient 
acyl-CoA dehydrogenase activity in LCAD-/-; VLCAD+/- mice.

Minimal decrease in FAO capacity in LCAD-/-; VLCAD+/- mouse fibroblasts

We established fibroblast cell lines of mice with the LCAD-/-; VLCAD+/+ and LCAD-/-; VL-
CAD+/- genotype in order to assess the FAO capacity. First, we measured palmitic and 
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oleic acid oxidation rates. It has been established that LCAD-/- mouse fibroblasts have 
deficient oleic acid oxidation, while retaining normal palmitic acid oxidation 14 (Figure 6a 
and 6d). Unexpectedly, oleic acid oxidation rate did not decrease further upon deletion 
of one VLCAD allele. Palmitic acid oxidation was slightly, but significantly decreased in 
the LCAD-/-; VLCAD+/- fibroblasts (Figure 6a). Taken together, fibroblasts with the LCAD-/-; 
VLCAD+/- genotype displayed only a minimal decrease in the FAO capacity when com-
pared to LCAD-/-; VLCAD+/+ mouse fibroblasts. 

DISCUSSION

Mouse models are vital to study the pathogenesis of human inherited metabolic dis-
orders. We aimed to elucidate the muscular phenotype of an established and a newly 
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developed more severe mouse model. Gestational loss of LCAD-/-; VLCAD+/+ mice was 
previously reported 10,13. We found that the number of progeny with the LCAD-/-; VL-
CAD+/- genotype was even more decreased. This is not unexpected since FAO plays an 
important role in the development of the fetus 13,28. There are other data suggesting that 
FAO capacity is slightly more decreased in the LCAD-/-; VLCAD+/- mice when compared 
to LCAD-/-; VLCAD+/+ mice. In the fed state, long-chain acylcarnitine levels in the LCAD-/-; 
VLCAD+/- mice were consistently increased compared to LCAD-/-; VLCAD+/+ mice, which is 
especially evident from the C14:1/C2 and C12/C2 acylcarnitine ratios. 

Prominent features in the LCAD-/-; VLCAD+/+ mice are fasting-induced hepatic steato-
sis and cardiac hypertrophy 13,17,29. We now report increased liver and heart weight in 
LCAD-/-; VLCAD+/- mice when compared to WT and LCAD-/-; VLCAD+/+ mice. One LCAD-/-; 
VLCAD+/- mouse with a severely enlarged heart showed very high Myh7, Nppa and Nppb 
expression levels. Increased expression of these genes has consistently been associated 
with hypertrophic cardiomyopathy. This suggests that LCAD-/-; VLCAD+/- mice are more 
prone to develop hypertrophic cardiomyopathy. Cardiac hypertrophy in these mice 
might be explained by lipotoxicity, deficient anaplerosis, decreased energy status and/
or increased protein synthesis 13,16-18. Age could play an important role in the develop-
ment of cardiomyopathy as was previously reported for related FAO-deficient models 
30,31.

Another prominent feature in the LCAD-/-; VLCAD+/+ mice is hypoglycemia 13,16. 
Unexpectedly, hypoglycemia was not aggravated in LCAD-/-; VLCAD+/- mice. Similar 
observations were made for other plasma metabolites. Glycerol and NEFA levels were 
elevated in LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice, and did not significantly differ 
between these genotypes. The parallel increase in glycerol and NEFA may be explained 
by increased lipolytic activity due to a lower insulin/glucagon ratio. In addition, cellular 
NEFA uptake could be reduced due to the FAO defect. Interestingly, the BCAA/Ala ratio 
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was significantly increased in the LCAD-/-; VLCAD+/- mice compared to wildtype mice. 
This observation confirms that changes in amino acid metabolism are an important 
consequence of the FAO defect and contribute to pathophysiologic processes such as 
fasting-induced hypoglycemia 16,18.

Indirect calorimetry revealed no clear increase in RER in LCAD-/-; VLCAD+/+ and LCAD-

/-; VLCAD+/- mice compared to WT. This is unexpected since FAO flux was predicted 
to be decreased in these mice. A possible explanation for this observation might be 
the decreased heat production in LCAD-/-; VLCAD+/+ and LCAD-/-; VLCAD+/- mice. The 
decreased heat production in combination with a similar RER, suggests that glucose 
oxidation is decreased alongside with FAO (Figure 7). This general decrease in energy 
expenditure coincides with decreased locomotor activity in the LCAD-/-; VLCAD+/+ and 
LCAD-/-; VLCAD+/- mice. Movements in all axes including rearings were decreased. A 
decrease in activity, however, can not account for the decrease in energy expenditure 
in mice housed at 21 degrees Celsius, which is well below thermoneutrality 32. Indeed, 
we also observed fasting-induced hypothermia in LCAD-/-; VLCAD+/+, which most likely 
is the major contributor to the decreased energy expenditure (Figure 7). Whether the 
fasting-induced hypothermia is an active process (torpor state) or driven by substrate 
shortage in BAT is currently unknown.

Mice might move less due to substrate shortage or a decreased core body tempera-
ture, but an alternative hypothesis could be because of muscle pain, induced by muscle 
damage due to rhabdomyolysis after prolonged fasting (as observed in humans). Plasma 
CK levels, however, were not different between tested genotypes arguing against 
rhabdomyolysis as an explanation for inactivity. Taken together, our data suggest that 
adaptive thermogenesis in mice can vary to a much greater extent than in humans. We 
show that mice with a FAO defect can reduce energy expenditure, which may protect 
them from developing severe symptoms associated with a FAO defect.
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We hypothesized that in LCAD-/- mice, VLCAD would be rate limiting in the FAO path-
way, and reasoned that deletion of one VLCAD allele in the LCAD-/- mouse would make 
a mouse model that better reflects human VLCAD deficiency. This hypothesis was based 
on the fact that oleic acid oxidation is deficient in LCAD-/- fibroblasts 14, which strongly 
suggests that VLCAD is rate limiting for the rate of oleic acid oxidation. This implies that 
deletion of one VLCAD allele should decrease oleic acid oxidation by up to 50%. Re-
markably, we did not find a decrease in oleic acid oxidation, which suggests that VLCAD 
and LCAD work in a virtually independent manner and are in fact not compensating for 
each other’s function (Figure 6). This may be explained by the localization of the ACAD 
proteins, as VLCAD is localized on the inner side of the mitochondrial inner membrane 
and LCAD is expressed in the matrix of the mitochondria. We speculate that this issue 
can be addressed using a mathematical model as was recently published33.

In summary, our study demonstrates that deletion of one VLCAD allele in LCAD-/- mice 
has a small impact on FAO flux and clinical phenotype when compared to the LCAD-/-; 
VLCAD+/+ mice. More importantly, we found that fasting-induced inactivity, hypother-
mia and reduction in energy expenditure are novel phenotypes associated with FAO 
deficiency in mice. Unexpectedly, inactivity was not explained by myopathy and rhab-
domyolysis, but rather reflects the overall reduced capacity of these mice to generate 
heat. We suggest that mice are partly protected against the negative consequence of a 
FAO defect, since they can decrease energy expenditure. This is a potential confounding 
factor when using mice as a model for these diseases.
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Supplemental figure 1. Cardiac hypertrophy. A. Heart weight/body weight of mice with different LCAD and VLCAD 
genotypes including that of one mouse with a massive cardiac hypertrophy (Open diamond) (WT (n=5), LCAD-/-; 
VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). B. mRNA expression levels in overnight fasted mice of all genotypes 
(heart) (WT (n=5); LCAD-/-; VLCAD+/+ (n=3), and LCAD-/-; VLCAD+/- (n=5)). Relative expression of Myh7, Nppa and 
Nppb. Expression is corrected for 18S. Open diamonds indicates the same LCAD-/-; VLCAD+/- mouse.
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Supplemental Figure 1. Cardiac hypertrophy. A. heart weight/body weight of mice with different LCAD 
and VLCAD genotypes including that of one mouse with a massive cardiac hypertrophy (Open diamond) 
(WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). B. mRNA expression levels in overnight 
fasted mice of all genotypes (heart) (WT (n=5); LCAD-/-; VLCAD+/+ (n=3), and LCAD-/-; VLCAD+/- (n=5)). Relative 
expression of Myh7, Nppa and Nppb. Expression is corrected for 18S. Open diamonds indicates the same 
LCAD-/-; VLCAD+/- mouse.
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Supplemental figure 2. Plasma glucose levels and blood glucose, lactate and pyruvate levels in blood and 
plasma of fed and refed mice with different LCAD and VLCAD genotypes. (WT (n=5), LCAD-/-; VLCAD+/+ 
(n=7), and LCAD-/-; VLCAD+/- (n=9)). Error bars indicate +SEM *P<0.05, **P<0.01.

Supplemental Figure 2. Plasma glucose levels and blood glucose, lactate and pyruvate levels in blood and 
plasma of fed and refed mice with different LCAD and VLCAD genotypes. (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), 
and LCAD-/-; VLCAD+/- (n=9)). Error bars indicate +SEM *P<0.05, **P<0.01.
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Supplemental figure 3. Diurnal body temperature in WT (n=6) and LCAD-/-; VLCAD+/+ (n=6) mice.Supplemental Figure 3. Diurnal body temperature in WT (n=6) and LCAD-/-; VLCAD+/+ (n=6) mice.
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Supplemental figure 4. A. ‘Creatine kinase level’ Creatine Kinase (CK) levels of fasted mice with different 
LCAD and VLCAD genotypes. (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). 
Error bars indicate +SEM. B. M. gastrocnemius, m. soleus and m. quadriceps muscle weight of mice with 
different LCAD and VLCAD genotypes. Organ weights are expressed a percentage of the bodyweight of 
fasted mice. The different genotypes are indicated in the figure legend (WT (n=5), LCAD-/-; VLCAD+/+ 
(n=7), and LCAD-/-; VLCAD+/- (n=9)). Error bars indicate +SEM. C. C16-CoA dehydrogenase activity 
measurements in mouse muscle (quad) homogenates. (WT (n=4), LCAD-/-; VLCAD+/+ (n=3), and 
LCAD-/-; VLCAD+/- (n=5)). Error bars indicate +SEM.

Supplemental Figure 4. A. Creatine Kinase (CK) levels of fasted mice with different LCAD and VLCAD geno-
types. (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). Error bars indicate +SEM. B. M. gas-
trocnemius, m. soleus and m. quadriceps muscle weight of mice with different LCAD and VLCAD genotypes. 
Organ weights are expressed a percentage of the bodyweight of fasted mice. The different genotypes are 
indicated in the figure legend (WT (n=5), LCAD-/-; VLCAD+/+ (n=7), and LCAD-/-; VLCAD+/- (n=9)). Error bars 
indicate +SEM. C. C16-CoA dehydrogenase activity 
measurements in mouse muscle (quad) homogenates. (WT (n=4), LCAD-/-; VLCAD+/+ (n=3), and LCAD-/-; VL-
CAD+/- (n=5)). Error bars indicate +SEM.
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ABSTRACT

Surgical procedures in patients with metabolic disorders require specific anesthetic 
measures based on the nature of the involved metabolic disorder. Illustrated by the 
history of two patients, the need for a specific perioperative regimen in patients with 
very long chain acyl-CoA dehydrogenase deficiency (VLCADD) is discussed. One patient 
deteriorated, the other patient did well without any specific measurements. Although 
perioperative metabolic decompensation can currently not be predicted, it is a severe 
complication which should be avoided. We therefore advise to consider certain periop-
erative precautions in all VLCADD patients: 1) age and weight adapted glucose infusion, 
2) stress avoiding premedication, 3) avoidance of volatile anesthetics, 4) avoidance of 
long chain fatty acid containing anesthetics and 5) perioperative glucose and CK moni-
toring.
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INTRODUCTION

Surgical procedures in patients with metabolic disorders require specific anesthetic 
measures based on the nature of the involved metabolic disorder. Due to better treat-
ment options with prolonged survival and due to the expanding newborn screening 
programs, more patients with metabolic disorders are alive and treated in different 
types of medical centers. Despite the fact that both patients and medical care takers are 
generally aware of the need for specific measures in metabolic disorders, still not always 
all needed measures are taken. Illustrated by the history of two patients we would like 
to discuss and also stress the need for a specific perioperative regimen in patients with 
very long chain acyl-CoA dehydrogenase deficiency (VLCADD) (McKusick 201475).

Patients with VLCADD, an inborn error of fatty acid oxidation, have an impaired en-
ergy production from endogenous and exogenous fatty acids1. Catabolic situations like 
illness, fasting or prolonged exercise may provoke a serious metabolic derangement 
resulting in Reye like presentations, or rhabdomyolysis. Treatment is aimed at prevent-
ing catabolic situations by avoiding prolonged fasting and a diet restricted in long 
chain fatty acids2. During surgery, prolonged fasting, perioperative stress and certain 
anesthetics can lead to metabolic derangements.

CASE 1

Patient A, a boy, was detected by newborn screening. Lymphocytes demonstrated no 
detectable VLCAD activity (normal 3.4 ± 0.8 nmol/ min.mg) and mutation analysis of 
ACADVL gene revealed a homozygous mutation c.1322G N A. During his first months of 
life he was admitted frequently because of feeding problems. On admissions he always 
had elevated CK levels maximum 6000 U/L (normal 0–170 U/ L)). With nocturnal gastric 
drip feeding and daily frequent feedings CK normalized. Because of the continuous 
need of tube feeding, a percutaneous endoscopic gastrostomy was performed at 8 
months of age. Perioperative a glucose infusion of 6 mg/kg/min was given. Anesthesia 
was induced by inhalation up to 8% sevoflurane in 100% oxygen using mask induction. 
Intubation was facilitated with sufentanil. Anesthesia was maintained with sevoflurane 
3% in an oxygen/air mixture. Caudal anesthesia with marcaine with adrenaline was 
administered for pain relief. The procedure was uneventful, especially no agitation was 
observed in the recovery room. Glucose monitoring showed normal values both pre- 
and postoperative. Despite this regimen CK levels increased from 285 U/L postoperative 
to a maximum of 163,610U/L with myoglobinuria, indicating rhabdomyolysis. CK levels 
normalized in 2 weeks.
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Since then he had two more surgical interventions, respectively for insertion of a 
central line under general anesthesia, and because of recurrent problems with intrave-
nous access placement of an intravenous access device (PAC). During both procedures a 
glucose intake of 8 mg/kg/min was given. Anesthesia induction and mainte- nance was 
performed using a total intravenous technique with thiopental, midazolam and sufen-
tanil. Pre- and postoperative nor- moglycemia was seen. At the insertion of the central 
line, after a prolonged fast due to venous access problems and recurrent vomiting, CK 
preoperative was high (53,626 U/L) but normalized in a week postoperatively. The place-
ment of the PAC was performed in a stable situation and CK pre- and postoperative CK 
was normal.

CASE 2

Patient B, a girl, presented at the age of 3months with hypoglycemia and was subse-
quently diagnosed with VLCADD. Enzyme analysis in fibroblasts showed an activity 
of 0.01 (3.36 plus/ min 0.94 nmol/min.mg) and a mutation analysis of ACADVL gene 
revealed a homozygous mutation 104delC. She was treated with a diet with frequent, 
LCT restricted and MCT enriched, feedings. The first 3 years of life she was admitted 
frequently because of metabolic derangement during infections. On a regimen with 
nocturnal gastric drip feeding she was thereafter stable for several years. Metabolic 
derangements returned from the age of 9 years. She needed frequent admissions due 
to excessive muscular pain and elevated CK, requiring intravenous glucose infusion. 
At the age of 11 years and 3 months a PAC was placed under general anesthesia. The 
perioperative regimen consisted of benzodiazepines (midazolam) and analgesics (ac-
etamin- ophen) and constant glucose infusion of 6 mg/kg/min. An anesthetic technique 
using propofol (230 mg), fentanyl (0.05 mg) for induction and sevoflurane (max 2.13%) 
for maintenance was used. The procedure took 70 min and was uneventful including 
recovery and postoperative course. Postoperative CK level decreased compared to 
preoperative values (from 229 to 142 U/L).

DISCUSSION

The hereby reported perioperative courses of patients with VLCADD show variability. 
Patient A had rhabdomyolysis after anesthesia despite a perioperative regimen resulting 
in normoglyce- mia. Anesthesia without the use of propofol and volatile anesthetics, 
combined with premedication of benzodiazepines and glucose infusion prevented 
rhabdomyolysis. Patients B developed, despite the use of propofol, no rhabdomyolysis. 
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Whether or not metabolic derangement occurs following anesthesia, varies between 
patients and depends on a combination of several factors. Until now not all of those 
factors are clarified, but based on literature and clinical experience we advise to consider 
certain perioperative precautionary measures for patients with VLCADD (Table 1). First, 
since catabolism may induce a metabolic derangement in VLCADD, adequate glucose 
supplementation is advised. In healthy infants undergoing minor surgery glucose infu-
sion of 6 mg/kg/min is sufficient to prevent catabolism3. As perioperative stress factors 
increase the glucose demand4, a glucose infusion of 8 mg/kg/min perioperative is recom-
mended in infants with VLCADD. Second, perioperative glucose monitoring is advised2. 
Since rhabdomyolysis may occur despite normoglycemia, postoperative, a prolonged 
monitoring of CK is needed5. Relative insulin shortage causes decreased uptake of 
glucose in peripheral tissue despite normal blood glucose levels. During perioperative 
stress cortisol and catecholamines are released which changes the conformation of the 
insulin receptor, resulting in insulin-resistance in the peripheral tissue8. Accumulation 
of lipid intermediates such as long chain acyl-CoA is also associated with insulin resis-
tance6. Therefore, perioperative stress should be minimized. A benzodiazepine-opioid 
combination like remifentanil and midazolam prevents perioperative stress in VLCADD 
patients7. Furthermore, pain, should be minimized by analgesics. Regional anesthesia is 
recommended if applicable4.

Some anesthetics like propofol and volatile anesthetics are known to induce rhab-
domyolysis in patients with VLCADD and should therefore be avoided. Propofol, a 
short-acting, intravenously administered hypnotic agent, contains a high dose of long 
chain fatty acids and disturbs multiple steps in the fatty acid metabolism4,6,8,9. Volatile 
anesthetics are associated with a significant increase in free fatty acid concentrations 
during the first phases of anesthesia which may result in a metabolic derangement4,10.

The fact that patient B, despite the use of propofol, had no rhabdomyolysis might 
be explained by several factors like diet adjustment, the amount of glycogen storages 
prior to the procedure, anesthetic dose, age, clinical phenotype, genotype and residual 
VLCAD enzyme activity. Andresen et al. described a strong correlation between clinical 

Table 1. Perioperative measures in patients with VLCADD.

1. Age and weight appropriate glucose infusion (infants 8 mg/kg/min) 

2. Pre- (during) and postoperative monitoring of glucose and CK

3. Prevent perioperative stress by providing adequate premedication

4. Avoid volatile anesthetics

5. Avoid anesthetics containing high dose of long chain fatty acids like Propofol and Etomidate
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phenotype and genotype: missense mutations appear to be clinically less severe as op-
posed to NULL-mutations11. Patient A, however, has a missense mutation with a more 
severe clinical phenotype than patient B who has a NULL-mutation, but patient A is 
much younger. The differences in clinical presentation at different ages might in part be 
explained by the fact that glucose requirement per kilogram of body weight diminishes 
with time. It is yet unclear whether the genotype can fully predict the risk of developing 
rhabdomyolysis. But, although perioperative metabolic decompensation can currently 
not be predicted, it is a severe complication, which should be avoided. We therefore 
advise to take the above stated precautions into consideration in patients with VLCADD 
who need anesthetics.
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ABSTRACT

Background: Newborn screening (NBS) for Long-Chain 3-hydroxy acyl-CoA Dehydro-
genase deficiency (LChADD) does not discriminate between isolated LChADD, isolated 
Long-Chain Keto acyl-CoA deficiency (LCKATD) and total Mitochondrial Trifunctional 
Protein deficiency (MTPD).  Therefore, screening for LChAD deficiency inevitably com-
prises screening for MTPD, which is much less amenable to treatment. Furthermore, 
absence of a clear classification system for these disorders is still lacking.

Materials & Methods: Two newborns screened positive for LChADD died at the age of 
10 and 31 days respectively. One due to severe necrotizing enterocolitis (NEC), cardio-
myopathy and multiorgan failure; the other due to severe Infant Respiratory Distress 
Syndrome (IRDS) and hypertrophic cardiomyopathy. (Keto)-acylcarnitine concentration 
and enzymatic analysis of LChAD and LCKAT suggested MTPD in both patients. Muta-
tion analysis revealed a homozygous hADhB c.357+5delG mutation in one patient and 
a homozygous splice-site hADhB mutation c.251+1G>C in the other patient. Data on 
enzymatic and mutation analysis of 40 patients with presumed MTPD, LChADD or LCK-
ATD were used to design a classification to distinguish between these disorders.

Discussion: NEC as presenting symptom in MTPD was not previously reported and 
IRDS only rarely. high expression of long-chain fatty acid oxidation enzymes reported 
in lungs and gut of human foetuses suggests that the severe NEC and IRDS observed in 
our patients is related to the enzymatic deficiency in these organs during crucial stages 
of development. 

Furthermore, to improve communication on MTPD we propose a classification system 
to discriminate LChADD, LCKATD and MTPD based on enzymatic analysis.
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INTRODUCTION

In 2007, the newborn screening program (NBS) in the Netherlands was expanded with 
13 inborn errors of metabolism, including the autosomal recessive long-chain fatty 
acid oxidation (FAO) disorder Long-Chain 3-hydroxy Acyl-CoA Dehydrogenase (LChAD) 
deficiency. LChAD is part of Mitochondrial Trifunctional Protein (MTP), which harbours 
two additional enzymes in long-chain FAO: long-chain enoyl-CoA hydratase (LCEh) and 
long-chain keto acyl-CoA thiolase (LCKAT). The enzyme active sites are located on dif-
ferent subunits, named alpha- and beta-, which together form an octameric complex 
of 4α- and 4β-subunits1,2. LChAD and LCEh are located on the α-subunit, and are both 
encoded by the HADHA gene. LCKAT is located on the β-subunit, and is encoded by the 
HADHB gene1,2.

Newborn screening for LChAD deficiency is performed by measuring C16-Oh-carni-
tine levels in dried blood spots. however, discrimination between isolated general MTP 
deficiency, LChAD deficiency, isolated LCKAT deficiency (LCKAT deficiency) or isolated 
LCEh deficiency (LCEh deficiency; not identified yet) cannot be made on the basis of the 
acylcarnitine profile, but requires specific enzyme testing in lymphocytes or fibroblasts. 
Although measurement of 3-keto-C18:1-carnitine and 3-keto-C18:2-carnitine, which ac-
cumulate in case of LCKAT deficiency  but not LChAD deficiency, might also be helpful3.

By far the most common mutation associated with LChAD deficiency is the hADhA 
c.1528 G>C mutation (p.Glu510Gln, allelic frequency 60%)4. Mutations associated with a 
deficient activity of all enzymes (MTP deficiency) are more heterogeneous. 

While no patients with isolated LCEh deficiency have been reported, MTP deficiency 
has been reported in relatively large series of patients2,5-10. Patients with MTP deficiency, 
including isolated LChAD deficiency, most often present with acute metabolic de-
compensation consisting of nonketotic hypoglycemia and rhabdomyolysis, generally 
followed by cardiomyopathy and later peripheral neuropathy. hypotonia, areflexia and 
hepatic encephalopathy have also been described2,5-10. In contrast, isolated LCKAT defi-
ciency appears extremely rare and only one patient, who presented with lethal cardio-
respiratory failure, has been reported4.

We present two patients identified by NBS with an abnormal screening result sug-
gestive for LChAD deficiency, who were subsequently diagnosed with MTP deficiency. 
Both patients were already severely ill at the time the results of the newborn screening 
became available, and showed remarkable clinical symptoms which are generally not 
observed in patients with a defect in fatty acid oxidation.

As it is not possible to distinguish isolated LChAD deficiency and LCKAT deficiency 
of MTP deficiency based on NBS results, clinical signs and symptoms or DNA-mutation 
analysis, we propose a classification based on enzymatic analysis of LChAD and LCKAT.
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MATERIALS & METhODS

Case 1

The patient, a girl, was the first child of consanguineous Caucasian parents. The preg-
nancy was complicated by eclampsia. The mother had 7 seizures, ALAT of 29 (normal 
0-35), ASAT of 36 (0-30), and low platelets 127 10-9/L (normal 150-450). The pregnancy 
was therefore terminated at 35 weeks of gestation by caesarean section. Birth weight 
was 2110 g (-0.4SD), length 40cm (<-2.5SD) and head circumference 30cm (<-2.5SD). 
APGAR scores were 4, 8 and 8 after 1, 5 and 10 minutes, respectively. Postpartum 
glucose was 9.6mmol/L (normal 3.6-5.6), lactate 7.1mmol/L (normal 0.0-2.2), ammonia 
127μmol/L (normal 0-75), LDh 899U/L (normal 0-250), ASAT/ALAT were normal. CK at 
day 7 was 478U/L (normal 0-145). With normal intake, plasma glucose levels remained 
above 4.2mmol/L and lactate levels decreased to 2.6mmol/L. On day 3, she had rectal 
blood loss. On suspicion of a necrotizing enterocolitis (NEC) she was admitted to the 
neonatal intensive care unit and parenteral feeding was initiated. On day 7, a sudden 
clinical deterioration suggested a gut perforation as complication of the NEC and 
a laparotomy was performed. No perforation was found, but intestinal biopsies later 
showed the classical pathology of a NEC. There was no clinical improvement observed 
and echocardiography revealed a severely dilated cardiomyopathy with low cardiac 
output. On this same day (day 7), the NBS results from a dried blood spot, taken at day 
4, became available and showed an elevated C16-Oh-carnitine suggestive of LChAD 
deficiency. Additional analysis in plasma revealed increased concentrations of hydroxyl-
acylcarnitines (table 1). Subsequently, keto-acylcarnitine concentrations were analyzed 
and showed increased 3-keto-C18:1-carnitine and 3-keto-C18:2-carnitine which is 
suggestive of LCKAT deficiency (table 1). Enzymatic analysis showed reduced activities 
of both LChAD and LCKAT (lymphocytes). DNA mutation analysis of the HADHB gene 
(GenBank accession number BC066963) showed a homozygous splice-site mutation 
in intron 4, c.212+1G>C, predicted to lead to aberrant splicing of the hADhB mRNA 
transcript. No mutation was found in the hADhA-gene.

The patient developed seizures during prolonged hypotensive episodes. Cerebral ul-
trasound studies showed minimal flaring and a minor bleeding (IIAB). Despite vigorous 
treatment, including high dose (8 – 10 mg/kg/min) intravenous glucose infusion, she 
died at 10 days of age because of severe multi organ failure.

Case 2

The patient, a boy, was the first child of consanguineous parents.  Pregnancy was compli-
cated by pre-eclampsia and intra uterine growth retardation (IUGR). The pregnancy was 
terminated at 30 weeks by caesarean section because of foetal distress. Birth weight was 
1275 g(<-1.0SD), length 37cm (-2.0SD) and head circumference 28cm (1-0SD). APGAR 
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Table 1. Acylcarnitine profile (NBS and plasma), enzymatic activity and mutations of both patients (con-
trols ± SD). L = lymphocytes; F = fibroblasts; * numbering according to GenBank sequence BC066963

Acylcarnitine profile (bloodspot) Patient 1
35wks, 2110g
(μmol/L)
(day 4)

Patient 2
30wks, 1275g 
(μmol/L) 
(day 3)

Control values
(μmol/L)

C16-Oh-carnitine 1.44 0.63 <= 0.08 

Acylcarnitine profile (plasma) Patient 1
(μmol/L)
(day 7)

Patient 2
(μmol/L)
(day 7)

Control values
(μmol/L)
(n=700)

free carnitine 6.9 9.82 22.35-54.80

C14-carnitine 0.2 0.36 0-0.08

C14:1-carnitine 0.1 0.42 0.02-0.18

C14:1-Oh-carnitine 0.05 0.11 0-0.02

C16-carnitine 1.13 1.33 0.06-0.24

C16-Oh-carnitine 0.59 0.44 0-0

C16:1-carnitine 0.32 0.45 0.02-0.08

C16:1-Oh-carnitine 0.19 0.25 0-0.02

C18:1-Oh-carnitine 0.6 1.12 0-0.02

3-keto-C18:1-carnitine detected detected undetectable

3-keto-C18:2-carnitine detected detected undetectable

Activity Patient 1
(nmol/min/mg 
protein)

Patient 2
(nmol/min/mg 
protein)

Control values
(nmol/min/mg protein)

hAD activity C16 12L (26%) 10L (21%)
11F (14%)

53 ± 18L (n=88)
79 ± 16F (n=215)

C4 103L 116L (21%)
86F(86%)

149 ± 46L (n=135)
113 ± 29F (n=215)

C16/C4 0.12L 0.08L

0.13F
0.37 ± 0.20 (N=88)
0.72 ± 0.14F (n=215)

LCKAT activity 0.9L (8%)
1.7F

10.2 ± 3.6L (n=41)
18.3 ± 5.4F (n=215)

Mutation analysis Patient 1 Patient 2

HADHA gene (allele 1) normal normal

HADHA gene (allele 2) normal normal

HADHB gene (allele 1) * c.212+1G>C c.357+5delG

HADHB gene (allele 2) * c.212+1G>C c.357+5delG
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scores were 7, 8 and 9 after 1, 5 and 10 minutes, respectively. On day one, he became 
hypotensive and developed severe IRDS (grade III-IV) despite multiple surfactant ad-
ministrations. he was artificially ventilated. Despite continuous glucose infusion (8-10 
mg/kg/min), he had multiple hypoglycaemic episodes (postpartum glucose 1.8 mmol/l) 
and a persistent lactic acidosis (>10 mmol/l, normal 0.0-2.2). Echocardiography per-
formed on day 6 revealed a hypertrophic cardiomyopathy. Cerebral ultrasound showed 
no abnormalities. On day 10, the NBS results from a dried blood spot taken at day 3, 
became available which revealed an elevated C16-Oh-carnitine, suspicious for LChAD 
deficiency. Additional analysis in plasma revealed increased concentrations of hydroxyl-
acylcarnitines (table 1). Subsequently, keto-acylcarnitine concentrations were analyzed 
and showed increased 3-keto-C18:1-carnitine and 3-keto-C18:2-carnitine which is 
suggestive of LCKAT deficiency (table 1). Enzymatic analysis showed reduced activities 
of both LChAD and LCKAT (fibroblasts). DNA mutation analysis of the HADHB gene 
(GenBank accession number BC066963) showed a homozygous mutation c.357+5delG, 
which was subsequently shown by cDNA analysis to result in a complete skipping of 
exon 6. No mutation was found in the hADhA-gene.

Despite extensive treatment including ventilatory support, glucose infusion, paren-
teral feeding, carnitine supplementation (100mg/kg/day) and long-chain triglyceride 
restriction and medium-chain enriched feeding, he died 31 days after birth because of 
respiratory failure.

Classification

To be able to discriminate between LChAD, LCKAT and MTP deficiency, we retrospec-
tively analyzed data of 40 non-related patients in whom LChAD and LCKAT activity was 
measured and DNA mutation analysis was performed. In addition we analyzed data of 
215 subjects in whom LChAD and LCKAT activity was measured because of suspected 
FAO disorder, but in whom no FAO defect was found.

hydroxyacyl-CoA dehydrogenase (hAD) activity was measured in homogenates 
of cultured fibroblasts by observing the decrease in absorbance at 340nm11. 3-Keto-
hexadecanoyl-CoA (C16) and acetoacetyl-CoA (C4) have been used as substrates for 
LChAD activity measurements. LChAD shows highest activity with C16 as substrate with 
virtually no reactivity with C4 as substrate3,12. however, another dehydrogenase -short 
chain hydroxyaxcyl-CoA dehydrogenase (SChAD)- has activity with both C16 and C4. To 
be able to acquire an accurate approximation of LChAD activity; the activities with C16 
and C4 as substrate were used as a ratio (C16/C4). 

A full deficiency of LChAD will result in a C16/C4 hAD activity ratio of approximately 
0.2, which is characteristic of the SChAD enzyme, as it is five times more active with C4 
than C16 as a substrate. A C16/C4 hAD activity ratio higher than approximately 0.2, is a 
result of (residual) LChAD activity.
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LCKAT activity was measured in homogenates of cultured fibroblasts by following the 
decrease in absorbance at 303nm11. 

All enzyme analysis were performed on a Cobas Centrifugal Analyzer (hofmann-La 
Roche, Basel, Switzerland) 
DNA was extracted from blood leukocytes and amplified by polymerase chain reaction 
(PCR). After amplification, 20 exons of hADhA and 16 exons of hADhB gene were se-
quenced. The results are shown in figure 1.  

Analytical methods

Enzymatic activity measurements in lymphocytes and/or fibroblast were carried out 
as previously described11,13. NBS acylcarnitine profiling was performed as described 
by Chace et al14. Plasma acylcarnitine profiling was performed as described by Minkler 
et al.15. In addition, keto-acylcarnitine profiling was performed by incubating 50 µL of 
plasma with 5 µL of MOX Reagent (Pierce, Rockford, IL, USA) containing 2% methoxy-
amine.hCl in pyridine. The mixture was left to stand at room temperature for 2 hours to 
allow the formation of methoxime-derivatives of all keto-containing substances. Follow-

Figure 1. C16/C4 hAD activity ratio and LCKAT activity of patients and controls. C16/C4 hAD activity ratio 
and LCKAT activity have been analyzed in fibroblasts of 40 patients with hADhA and/or hADhB mutations 
and 215 controls as described in Materials & Methods. Patients can be divided into three groups: LChAD 
(•), LCKAT(□) and MTP(△) deficiency. Mean C16/C4 hAD activity ratio of control group 0.72 ± 0.14 (mean ± 
SD; vertical error bars). Mean LCKAT activity of control group 18.3 ± 5.4 nmol/min/mg protein (mean ± SD; 
horizontal error bars).
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ing this incubation the samples were treated in the usual manner for the isolation and 
derivatization of acylcarnitines, which were analyzed as their butyl-esters derivatives15.

DISCUSSION

NEC as a presenting symptom in MTP deficiency has to our knowledge not been reported 
previously. Severe IRDS has been recognized as a rare early symptom in MTP deficiency7. 
Cardiomyopathy, which was present in both patients is a frequently reported complica-
tion in MTP deficiency6-8,10.

Although it is generally assumed that FAO plays no, or only a minor role during intra-
uterine life due to the abundance of glucose provided by the mother via the placenta16,17, 
the clinical course in our patients, as well as the patient with isolated LCKAT deficiency 
described by Das et al.4, suggest that normal function of the MTP complex is needed for 
normal intestinal and pulmonary development and function. Berger and Wood showed 
that complete disruption of long-chain FAO at the level of LCAD in animal models re-
sults in increased embryonic mortality18. It has also been shown that FAO enzymes are 
expressed abundantly in human placentas (Shekawat 2003). Furthermore, patients with 
long-chain defects in FAO may already display cardiomyopathy before and immediately 
after birth6-8,10, demonstrating a role for long-chain FAO during intrauterine life. Finally, 
the (pre)eclampsia, the premature delivery and the foetal distress seen in both hereby 
described patients, is also in line with this hypothesis19.

While NEC is a relatively common complication in ill premature babies, it is rarely seen 
in newborns of 35 weeks gestational age, with a birth weight  > 1500 g and in absence of 
a history of hypovolemic shock and/or asphyxia20. In addition, severe IRDS, not respond-
ing to multiple administration of surfactant, is rare in neonates born after 30 weeks 
gestation. We therefore hypothesize that both the NEC observed in patient 1 and the 
severe IRDS in patient 2 are linked to the defective long-chain FAO. Early foetal expres-
sion patterns of long-chain FAO enzymes, including VLCAD and LChAD, demonstrate 
that these enzymes are not only expressed in myocardial tissue, but also abundantly in 
the foetal lung and gut19. MTP deficiency during intrauterine life may therefore interfere 
with normal development or maturation of the foetal intestine and lungs. In the gut this 
might result in decreased mucus synthesis, decreased intracellular junction integrity 
and increased permeability, both potentially related to the development of NEC20. In 
addition, intestinal villous atrophy and inflammation is observed in carnitine transport 
deficient (OCTN2) mice another FAo disorder in which beta-oxidation is severly affected 
(Shekhawat 2007).
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In the lungs, surfactant is secreted by alveolar type II cells, and decreased matura-
tion or functioning of this process may lead to IRDS20. We therefore believe that MTP 
deficiency during intrauterine life may hamper normal surfactant synthesis.

We identified two novel mutations in the HADHB gene. The mutation found in patient 
1, c.212+1G>C, affects the splice-donor site of intron 4 and is predicted to result in skip-
ping of exon 4. Because fibroblasts were not available from patient 1, this could not be 
studied at the cDNA level. The G deletion at position c.357+5 found in patient 2 results 
in skipping of exon 6, as demonstrated by cDNA analysis prepared from mRNA isolated 
from fibroblasts of the patient. 

Both mutations did not only result in a markedly reduced LCKAT activity, but also af-
fected enzyme activity of LChAD, which is possibly due to the loss of integrity of the 
MTP-complex2. It is known that a single mutation in the HADHA or HADHB gene can 
result in either an isolated deficiency of LChAD or LCKAT, or reduced activity of both en-
zymes. however, until now it has not been possible to clearly distinguish isolated LChAD 
and LCKAT deficiency from MTP deficiency. We propose a classification system based 
on the C16/C4 hAD activity ratio and LCKAT residual enzyme activities measured in 40 
patients. As shown in figure 1, the patients can be divided into three groups, which we 
have labelled as LChAD, LCKAT and MTP deficiency. The LChAD group contains patients 
with a mean C16/C4 hAD activity ratio of 0.24 ± 0.09 (mean ± SD) combined with a keto-
thiolase activity of 13.5 ± 5.4 nmol/min/mg protein (mean ± SD). The MTP deficiency 
group consists of patients with a mean C16/C4 hAD activity ratio of 0.2 ± 0.05 (mean 
± SD) and a LCKAT activity of 1.3 ± 0.88 nmol/min/mg (mean ± SD). The third group, 
isolated LCKAT deficiency, includes 2 patients with a C16/C4 hAD activity ratio of ap-
proximately 0.5 and an LCKAT activity of < 5 nmol/min/mg protein (figure 1). The activity 
of the different enzymes could not be fully predicted based on the mutations. Although 
the LChAD group includes 17 of the 18 patients homozygous for the hADhA c.1528 G>C 
mutation, the MTP deficient group includes patients with either alpha- or beta-subunit 
mutations. The two isolated LCKAT deficient patients, one of which was reported previ-
ously4, have distinct beta subunit mutations. Based on this classification patient 2 will 
be classified as MTP deficient. We could not obtain fibroblasts of the first patient and are 
therefore unable to classify this patient unambiguously. however, predicted is that the 
MTP protein of patient 1 is absent, because the mutation resulted in exon skipping. We 
therefore conclude patient 1 is also MTP-deficient.

In summary, we present two patients in whom NBS results were consistent with LChAD 
deficiency, who eventually were diagnosed, based on a novel proposed classification 
system, with MTP deficiency, caused by two novel mutations. One of the patients pre-
sented with a severe NEC, which has not been associated previously with long-chain 
FAO defects. In addition, a severe IRDS was observed in the other patient. Both clinical 
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presentations may be explained by high expression patterns of long-chain FAO enzymes 
not only in myocardial tissue, but in lung and gut tissue as well. Deficiency of MTP in 
the gut and lung might therefore explain the development of severe NEC and IRDS in 
addition to the cardiomyopathy found in our patients.
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INTRODUCTION

Patients with dysfunctional long-chain fatty acid oxidation (lcFAO) may present with a 
variety of clinical signs and symptoms, including hypoketotic hypoglycemia, hepato-
megaly, cardiomyopathy, myopathy, polyneuropathy, retinopathy1-4. This wide range of 
symptoms illustrates the crucial role of lcFAO in many physiological processes. Inclu-
sion of disorders of lcFAO in Newborn Screening (NBS) program saves lives, because 
life-threatening symptoms as hypoglycemia and cardiomyopathy can be prevented5. 
Dietary advices6 may prevent metabolic derailments to a certain extent, however, it is 
yet not possible to prevent all derailments. Some patients still have to be hospitalized 
frequently7. Moreover, many patients are not able to participate in normal daily life, nor 
are they able to perform sports. 

The aim of this thesis was to improve outcome for patients with lcFAO disorders by, 
amongst others, increasing insight in the pathogenesis of rhabdomyolysis and cardio-
myopathy 

NEWBORN SCREENING

Since the introduction of lcFAO disorders in NBS worldwide8, patients are identified be-
fore the onset of clinical signs and symptoms. With the current speed of development of 
new techniques in biochemistry, genetics and post-analytical tools9, more disorders will 
be detected with higher sensitivities in the next decade10,11. In chapter 2 the feasibility 
of current biochemical markers (acylcarnitines) to detect lcFAO disorders was studied. 
Optimal ratios to detect CPT1a and CPT2 deficiency by NBS were defined. Furthermore, 
we enhanced the sensitivity to detect very long-chain acyl-CoA dehydrogenase de-
ficiency (VLCADD) by introducing a new marker as described in chapter 3. however, 
a significant number of newborns identified by NBS actually have a very low risk for 
metabolic decompensation and may even remain fully asymptomatic if left untreated12. 
Potential predictive markers were therefore investigated and correlated with the clinical 
phenotype of VLCADD patients diagnosed before VLCADD was introduced in the Dutch 
NBS program, as described in chapter 4. LC-FAO flux was found to be the best marker to 
predict a clinical phenotype. As such, it could be used as a second tier or follow-up test 
of NBS in the future.
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DISEASE MONITORING

The human heart relies on FAO for 60-90% of its energetic needs13. Cardiac complications 
are monitored on a regular basis. Presently, echocardiography and (holter)ECG are the 
golden standard to assess the function of an lcFAO deficient patient heart. In chapter 5, 
a cohort of 20 lcFAO deficient patients was described, and found that the majority had 
no cardiac dysfunction. An additional method was used that provided deeper insight 
into myocardial contractility: strain echocardiography. This technique is able to detect 
subclinical myocardial dysfunction. Many lcFAO deficient patients were observed to 
have mild subclinical myocardial dysfunction. Whether this dysfunction will progress or 
may have other clinical implications remains to be elucidated.

Skeletal muscles rely on FAO to meet their energetic needs, especially during endur-
ance exercise. In a cohort of 20 patients, including adult patients, virtually no loss of 
muscle force was observed (chapter 6). Sensory loss, especially polyneuropathy, con-
tractures and atrophy, were present in MTPD and LChADD patients. To better monitor 
the progression of disease, the use of MRI to visualize the consequences of (recurrent 
episodes of ) rhabdomyolysis on muscle was described (chapter 6). Striking abnormali-
ties in VLCADD and MTPD/LChADD patients were found which lead to the conclusion 
that MRI may be more sensitive to study the subacute and long-term effects of lcFAO 
disorders on muscle compared to plasma CK levels, since CK levels may rise and fall 
within hours or days in the acute phase of rhabdomyolysis. Future studies should ad-
dress whether the observed abnormalities aggravate or stabilize over time.

UNDERSTANDING ThE PAThOPhYSIOLOGY OF DISEASE

Myopathy

The pathophysiology of myopathy and rhabdomyolysis in lcFAO deficient patients is not 
completely understood. Based on observations in our cohort, it is known that 8-12h 
after start of illness/fever, creatine kinase (CK) levels rise, with a maximum CK level at 
24-48h. It is also known that CK levels may rise despite normoglycemia14, even during 
continuous glucose infusion as described in chapter 9.

Two mechanisms have been proposed that may cause rhabdomyolysis in lcFAO defi-
cient patients: 1) a failing compensatory mechanism during metabolically challenging 
conditions (eg during exercise, fever, fasting) and subsequent ATP depletion, or 2) toxic-
ity caused by the accumulation of FAO intermediates. 

1) It is thought that a low level of ATP (and thus elevated AMP) impairs the function 
of the Na-K-ATPase, with as a consequence an increase in intracellular sodium concen-
tration. This in turn reduces the sodium-calcium exchange and leads to a concomitant 
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Figure 1. Compromised ATP homeostasis versus lipotoxicity. (A) A low level of ATP (and thus high AMP lev-
els) impairs the function of the Na-K-ATPase, with as a consequence an increase in intracellular sodium. This 
in turn reduces the sodium-calcium exchange and leads to a concomitant accumulation of free calcium in 
the cell. Increased levels of cytosolic calcium disturb the interaction of actin with myosin, activate prote-
ases, induce ROS (reactive oxygen species) and ultimately lead to (fiber) necrosis and release of creatine 
kinase (CK). (B) Non-adipocytes, however, have a limited triglyceride storage capability. An excess amount 
of free fatty acids (FFA) and ceramides could increase the permeability of mitochondria, and could activate 
cytochrome C and apoptosis. It is also known that palmitate induces the formation of an inflammasome 
that activates caspase 1, leading to increased production of IL-1β and IL-18. This in turn induces inflamma-
tion and autophagy via activated AMPK (AMP-activated protein kinase).
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accumulation of free calcium in the cell. Increased levels of cytosolic calcium disturb 
the interaction of actin with myosin, activate proteases, induce ROS (reactive oxygen 
species), and ultimately lead to (fiber) necrosis and release of CK15. The possibility of 
ATP-depletion as a cause of rhabdomyolysis was studied in chapter 7, by measuring 
PCr, Pi and ATP in real time during endurance exercise in lcFAO deficient patients. ATP 
depletion was not observed. however, there was a decrease in PCr and an increase of Pi 
under low intensity exercise. Based on our computational modelling calculations, a fiber 
type switch in patients to a more glycogenic muscle fibre type (type 2) was proposed. 
Since type 2 fibers are more prone to necrosis16, patients may be more likely to develop 
rhabdomyolysis. Increased water content possibly due to cytotoxic edema/necrosis 
and/or fluid accumulation secondary to inflammation was indeed observed in chapter 
6. Whether it is primarily the type 2 fibers that necrotise remains to be elucidated. For 
this a detailed analysis of muscle biopsies is necessary.

2) Another mechanism that may cause rhabdomyolysis is lipotoxicity. Fatty infiltration 
on muscle MRI was observed in some patients with lcFAO deficiency as described in 
chapter 6. Intramyocellular lipid accumulation was also observed in heart muscle of 
fasting LCAD-/- mice (mice have two acyl-CoA dehydrogenase (ACAD) enzymes, very 
long-chain acyl-CoA dehydrogenase (VLCAD) and long-chain acyl-CoA dehydrogenase 
(LCAD), see chapter 8 for more information). In this study Bakermans et al. revealed 
increased levels of triglycerides in the heart with a corresponding decrease in cardiac 
function17. In chapter 9 two patients are described, one of which may have developed 
rhabdomyolysis after exposure to the anesthetic propofol, which contains high dose of 
long-chain fatty acids as it is formulated as an emulsion of soybean oil and phospholipids. 
These three observations suggest a role of accumulating fatty acids in the pathophysiol-
ogy of disease. It is known that cells are able to esterify accumulating fatty acids and 
store them as triglycerides in lipid droplets. Non-adipocytes, however, have a limited 
triglyceride storage capability. An excess amount of free fatty acids and ceramides could 
have direct consequences to cellular organelles, including an increased permeability 
of mitochondria, cytochrome C activation and activation of apoptosis among other 
consequences18 (Figure 1). It is also known that palmitate induces the formation of an 
inflammasome that activates caspase 1, leading to increased production of IL-1b and IL-
18. This in turn induces inflammation and autophagy via activated AMP-activated kinase 
(AMPK)19 (Figure 1). All these processes are cytotoxic. The lipid accumulation observed 
in chapter 6 and in LCAD-/- mice17 are however only associated with decreased function 
and/or rhabdomyolysis. This does not necessarily imply a causal relationship. Alterna-
tively, lipids may also accumulate intermyocellularly via the differentiation of bipotent 
progenitor cells (fibro-Adipogenic-Progenitor cells, or FAPs) into adipocytes (instead of 
myocytes). A process that might be triggered by frequent rhabdomyolysis20-22. 
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To study the above-mentioned mechanisms in detail, a new mouse model was devel-
oped, the LCAD-/-; VLCAD+/- mouse as described in chapter 8. This model was expected 
to display a more severe muscle phenotype than the already extensively characterized 
LCAD-/-; VLCAD+/+ mouse. The LCAD-/-; VLCAD+/- as well as the LCAD-/-; VLCAD+/+ mouse 
showed fasting-induced inactivity, hypothermia and reduction in energy expenditure. 
Unexpectedly, the observed inactivity was not explained by rhabdomyolysis, but rather 
reflected the overall reduced capacity of these mice to generate heat. A mouse model to 
study the myopathic phenotype has therefore not been established yet.

hence, the exact cause of rhabdomyolysis is still unclear. Future studies in mice with 
a myopathic phenotype or in humans with use of new techniques in more powerful 
magnets (3T/7T) with/without MRS, might be able to address this issue in more detail.

POLYNEUROPAThY AND RETINOPAThY

hypoglycemia, cardiomyopathy and myopathy, are described in all lcFAO disorders, 
but polyneuropathy and retinopathy are only reported in MTPD and LChADD patients 
(chapter 10). The common denominator between these disorders is energy shortage 
and/or accumulation of lipids. The only difference between MTPD and LChADD and 
other lcFAO disorders is the type of substrate (or lipid) accumulation. Accumulating 
acyl-CoAs in VLCAD deficient patients can be converted back to acylcarnitines via CPT2 
and exported out of the mitochondria and cell23. Enoyl-CoAs, which are the products of 
acyl-CoA dehydrogenases, are not efficiently converted into acylcarnitines23 and might 
accumulate to higher levels and remain in the mitochondria for a longer period (Figure 
1 Introduction). In addition, enoyl-CoAs and 3-hydroxyacyl-CoA might be inherently 
more toxic than regular acyl-CoAs. We therefore hypothesize that the accumulation of 
enoyl-CoAs (in MTPD) and/or 3-hydroxy-acyl-CoAs is causing polyneuropathy and/or 
retinopathy. Future studies will reveal whether this hypothesis is true.

REVISITING CURRENT TREATMENTS

Dietary treatments

Currently, avoiding fasting, long-chain fatty acid (LCT) restriction and medium-chain tri-
glyceride (MCT) supplementation are the only ‘treatments’ available for lcFAO deficient 
patients in Europe. LcFAO deficient patients cannot degrade long-chain fatty acids; in 
case of LCT intake restriction patients can rely on carbohydrates and proteins for en-
ergy instead. Since, lcFAO patients are still able to degrade medium-chain fatty acids, 
because their medium-chain acyl-CoA dehydrogenase is still working. Moreover MCTs 
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do not need the carnitine cycle to enter the mitochondria. hence, MCT supplementation 
is given to some patients as an alternative fuel. however, for this compound to have 
any beneficial effect (improvement of intracellular energy status or less accumulation 
of long-chain fatty acids) it is required that 1) MCTs reach the heart and skeletal muscle, 
2) MCTs are not degraded or elongated by the liver, and 3) if MCTs are degraded by the 
liver, MCTs should (at least) induce ketogenesis.

Based on the available literature, only small amounts of medium-chain fatty acids or 
medium-chain triglycerides can be found in plasma of preterm neonates24-26 after MCT 
treatment, and virtually none in plasma of adults27-30. In addition, it has been shown that 
preterm neonates and adults treated with MCT have equal (or higher) long-chain fatty 
acids and long-chain triglyceride levels compared to individuals treated with LCT24-30. 
Multiple animal studies have confirmed these findings31-34. One study also investigated 
the constituents of the portal vein and show that medium-chain fatty acids or medium-
chain triglycerides, while still present in the portal vein (pre-liver), were absent in blood 
plasma (post-liver)32. 

The presence of MCTs in the portal vein and absence of MCTs in peripheral blood plas-
ma suggests that MCTs are used for FAO and/or chain elongation in the liver. Indeed, it is 
known that MCT induces ketogenesis (and thus FAO)35-37. It is known that patients with 
epilepsy benefit from a high fat (MCT with/without LCT) and low carbohydrate diet. This 
way ketogenesis is stimulated and the brain relies on ketones instead of glucose. In the 
liver, medium-chain fatty acids rapidly cross the cellular and mitochondrial membrane. 
Medium-chain fatty acids are then activated by medium chain acyl-CoA synthetase and 
ready for oxidation. This results in an excess of acetyl-CoAs (the capacity of the Krebs 
cycle is limited, which is caused by a shortage of oxaloacetate), which stimulates keto-
genesis35. Two papers addressed whether MCT induces ketogenesis in LChADD patients. 
The first showed a slight increase in ketone levels after 50%carb(juice)/50%MCT bolus 
and the second demonstrated no increase in ketone levels 2h after 70%carb/30%MCT 
tube feed38,39. Since ketogenic diets do induce ketogenesis with high ketone levels, a 
high and consistent amount of MCT in the diet might be the only way to induce ke-
togenesis in lcFAO deficient patients. Whether or not patients really benefit from MCT 
treatment remains to be elucidated in future studies. If any effect could be established 
it is likely due to the ketogenic effect of MCTs. Since the heart favours ketones over fatty 
acids40, it could be an important treatment to manage (acute) cardiomyopathy.

Other treatments

In chapter 7 it was described that performing a certain amount of physical activity 
might paradoxically be beneficial, because 1) training increases the muscle content of 
glycogen, 2) training increases the quantity of mitochondria and 3) training increases 
capillary density per myofibril15. One of our patients does indeed lead an active lifestyle 
including heavy work and playing soccer, despite higher basal CK levels, indicating more 
structural (chronic) muscle damage.
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Pharmacological (partial) restoration of mitochondrial function is also feasible as de-
scribed in the introduction of this thesis. Most work has been done on treating patients 
with bezafibrate.

FUTURE CLINICAL TRIALS IN LCFAO DEFICIENT PATIENTS: WEARABLE 
TEChNOLOGY

In future clinical trials, one should thoroughly consider the clinical outcome parameters, 
irrespective whether MCT, triheptanoin, bezafibrate, resveratrol or any other treatment 
will be considered,. One possibility is to perform exercise tests with/without labelled 
isotopes41-43 before and after treatment. Although accurate, this method is invasive and 
covers only a few moments in time. An alternative to measure daily activity in a non-
intrusive/obstructive and objective way might be wearable devices. These devices are 
increasingly available on the market, with more sensors and increased accuracy and reli-
ability. A pedometer, GPS and barometer can already provide useful information. It can 
detect the amounts of steps, distance covered and flights climbed44,45. More importantly, 
these measurements can be correlated with a continuous heart rate measurement; 
hereby ensuring a patient is actually wearing the device. A continuous heart rate mea-
surement will in addition act as a patient’s signature or ‘fingerprint’ since technology is 
in development that could distinguish your heart rate from somebody else’s46, hereby 
increasing the objectivity of such a system. Continuous heart rate monitoring might 
even be used as an alternative to a holter ECG, when smart patches are available that 
communicate via Bluetooth with wearable devices.

Another sensor that is of high interest is the temperature sensor47. Patients with lcFAO 
deficiencies are susceptible to metabolic derailment in case of fever. When a patient’s 
temperature is increased, he/she might become ill. With a temperature sensor, a patient 
could be alerted in time and preventative measures could be taken to prevent metabolic 
derailment and subsequent hospitalization. 

Another interesting sensor will be the glucose sensor. At present, glucose cannot be 
measured without the use of blood. After 30 years of research48, non-invasive glucose 
measurement is not possible yet49. If it does, not only diabetic patients will benefit, but 
lcFAO deficient newborns as well, because they are prone to develop hypoglycaemia. 

Other sensors such as patches that measure oxygen levels, biosensors that measure 
muscle electromyography (EMG)50, or contact lenses that could detect glucose51 will en-
ter the market somewhere in the future and could all have great potential in monitoring 
disease and measurement of (future) therapies.
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NEDERLANDSE SAMENVATTING

Elke dag consumeert een gemiddeld mens 35% van zijn totale energie inname als vet. 
het overgrote deel van dit vet bestaat uit lange-keten vetzuren. Deze lange-keten vetzu-
ren worden opgenomen in de darm en worden uiteindelijk in de cellen met behulp van 
verscheidene enzymen verwerkt tot energie. In tegenstelling tot middellange of korte 
keten vetzuren, kunnen lange-keten acyl-CoA’s (C12-C18) zonder actief transport niet 
het mitochondrion in. Voor toegang tot het mitochondrion, moeten lange-keten acyl-
CoA’s omgezet worden naar acylcarnitines met behulp van carnitine palmitoyltrans-
ferase1 (CPT1). CPT1 vervangt -CoA voor -carnitine (zie figuur 1 Introductie). Vervolgens 
worden de lange-keten acylcarnitines getransporteerd door het buitenste en binnenste 
membraan van het mitochondrion door carnitine acylcarnitine translocase (CACT). Een-
maal in het mitochondrion  worden de lange-keten acyl-CoA’s weer omgezet naar acyl-
CoA’s door carnitine palmitoyltransferase 2 (CPT2). De lange-keten acyl-CoA’s worden 
dan verwerkt door enzymen betrokken bij β-oxidatie zoals very long-chain acyl-CoA 
dehydrogenase (VLCAD) en mitochondrial trifunctional protein (MTP). Al deze enzymen 
zijn noodzakelijk om een essentiële component in de productie van energie te maken: 
acetyl-CoA.

Voor tekorten aan elk van deze enzymen zijn menselijke aandoeningen beschreven 
die vetzuuroxidatiestoornissen genoemd worden. Patiënten met vetzuuroxidatiestoor-
nissen kunnen zich presenteren met een hypoketotische hypoglycemie, hepatomegalie, 
cardiomyopathie, myopathie, polyneuropathie en retinopathie. Deze verschillende 
symptomen illustreren de cruciale rol van vetzuuroxidatie in vele fysiologische proces-
sen. De inclusie van lange keten vetzuuroxidatiestoornissenin de neonatale hielprik 
screening zorgt ervoor dat levensbedreigende symptomen zoals hypoglycemie en car-
diomyopathie meestal kunnen worden voorkomen. Dieet adviezen kunnen daarnaast 
metabole ontsporingen voorkomen. Desondanks moeten veel patiënten nog in het 
ziekenhuis worden opgenomen en zijn vele patiënten niet in staat om te sporten of deel 
te nemen aan het normale dagelijkse leven.

het doel van dit proefschrift is het verbeteren van de toekomst van patiënten met 
lange keten vetzuur oxidatiestoornissen door onder andere door het inzicht in de pa-
thogenese van rhabdomyolyse en cardiomyopathie te vergroten.

Neonatale hielprik screening

Met de huidige ontwikkelingssnelheid van nieuwe biochemische, genetische en post-
analytische technieken, zullen meer en meer ziekten worden gedetecteerd met steeds 
hogere sensitiviteit.

Lange keten vetzuuroxidatie deficiënte patiënten worden met behulp van de acylcar-
nitine analyse in de bloedspots van hielprikkaarten geanalyseerd. Deze acylcarnitines 
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kunnen ook in het bloedplasma bepaald worden. In hoofdstuk 2 worden de verschillen 
in acylcarnitine profielen in bloedspots en plasma vergeleken. Daarbij zijn optimale ra-
tio’s bepaald om carnitine palmitoyl transferase 1a en 2 (CPT1a en CPT2) (aandoeningen 
die nog niet in het huidige Nederlandse hielpikscreeningsprogramma zijn opgenomen)  
in bloedspots te detecteren.

Alhoewel bloedspot acylcarnitine analyse een goede manier is om very long-chain 
acyl-CoA (VLCAD) deficiënte patiënten te detecteren, zijn er desondanks patiënten 
gemist bij de hielprikscreening. In hoofdstuk 3 wordt een nieuwe marker beschreven 
die de sensitiviteit om VLCAD deficiënte patiënten op te sporen verhoogd. Eenmaal 
gediagnostiseerd met VLCAD deficiëntie is het alleen nog erg moeilijk om de ernst van 
de symptomen te voorspellen. In hoofdstuk 4 is gezocht naar mogelijke voorspellers 
van klinische ernst. Wat bleek was dat de lange keten vetzuuroxidatie flux meting in 
fibroblasten de beste voorspeller voor de klinische ernst is. Met deze studie kan al een 
voorzichtig onderscheid gemaakt worden tussen patiënten die waarschijnlijk veel last 
van de ziekte gaan krijgen en welke patiënten niet.

Vervolgen van de ziekte

het menselijke hart haalt voor 60-90% van zijn energiebehoefte uit de vetzuuroxidatie. 
Om eventuele cardiale complicaties op te sporen wordt het hart bij patiënten met vet-
zuuroxidatiestoornissen frequent gecontroleerd. Op dit moment zijn echocardiografie 
en (holter)ECG de gouden standaard om de hartfunctie te bepalen. In hoofdstuk 5 is 
de hartfunctie bepaald in een cohort van 20 kinderen. Onverwacht werd een normale 
hartfunctie gezien in vrijwel alle kinderen. Wel werd met behulp van een aanvullende 
techniek gekeken of er sprake was van subklinische myocardiale dysfunctie. In vele 
vetzuuroxidatie deficiënte patiënten werd een minimale vermindering in myocardiale 
contractiliteit gevonden. het is nog onduidelijk wat de klinische betekenis is van deze 
bevindingen zullen zijn voor de toekomst.  

Rhabdomyolyse

Skeletspieren gebruiken de vetzuuroxidatie voor hun energievoorziening, met name 
gedurende duursporten. In hoofdstuk 6 is een cohort van 20 patiënten met lange 
keten vetzuuroxidatie stoornissen onderzocht waarbij vrijwel geen verlies in spierkracht 
werd geobserveerd. Wel werd in mitochondrial trifunctional protein (MTP) deficiënte 
patiënten sensorisch verlies gezien, met name polyneuropathie, maar ook contracturen 
en atrofie. Daarnaast zijn de gevolgen van herhaalde episodes van rhabdomyolyse op 
spieren van patiënten met lange keten vetzuuroxidatiestoornissen in beeld gebracht 
met behulp van een MRI spieren. Er werden daarbij specifieke afwijkingen gezien welke 
mogelijk wijzen op inflammatie en vetaccumulatie. Dit kan secundair zijn ontstaan aan 
het vetzuuroxidatiedefect of mogelijk door de herhaaldelijke episodes van rhabdomyo-
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lyse. MRI van de spieren lijkt dan ook een betere techniek om de subacute en lange 
termijn effecten van lange keten vetzuuroxidatie te monitoren dan het meten van de 
creatine kinase (CK) concentratie in het bloed. De CK concentratie stijgt en daalt namelijk 
binnen uren tot dagen in de acute fasen van rhabdomyolyse. Toekomstige studies zullen 
moeten uitwijzen of de geobserveerde afwijkingen toenemen of stabiliseren over tijd.

De pathofysiologie van rhabdomyolyse is nog altijd niet geheel duidelijk. Gebaseerd 
op observaties in ons cohort blijkt dat zo’n 8-12u na start ziekte of koorts de creatine 
kinase concentraties stijgen met een maximum CK concentratie na zo’n 24-48u. het is 
ook bekend dat CK concentraties kunnen stijgen ondanks normoglycemie.  

Twee mechanismen zijn voorgesteld die de rhabdomyolyse mogelijk verklaren in 
lange keten vetzuuroxidatie deficiënte patiënten: 1) een falend compensatiemecha-
nisme tijdens katabole situaties (bijvoorbeeld tijdens sporten, koorts, vasten) en de 
daaropvolgende ATP depletie. 2) toxiciteit veroorzaakt door ophoping van lange keten 
vetzuur oxidatie tussenproducten.

1) Aangenomen wordt dat een lage ATP (en dus verhoogde AMP) de werking van de 
Na-K-ATPase belemmert, met als gevolg een toename van de intracellulaire natriumcon-
centratie. hierdoor vermindert de natrium- calcium-uitwisseling wat leidt tot een gelijk-
tijdige accumulatie van vrij calcium in de cel. Verhoogde niveaus van cytosolisch calcium 
verstoren de interactie van actine met myosine, activeert proteasen en induceert ROS 
(reactive oxygen species), dat uiteindelijk leidt tot (spiervezel) necrose en het vrijkomen 
van CK. De mogelijkheid van een ATP-depletie als oorzaak van rhabdomyolyse werd 
bestudeerd in hoofdstuk 7, door het meten van PCr, Pi en ATP in real time tijdens duur 
sport. ATP depletie werd niet waargenomen. Er werd echter wel een afname van PCr en 
een toename van Pi onder lage intensiteit waargenomen. Gebaseerd op computational 
modelling berekeningen, werd een vezeltype verandering gezien in patiënten met het 
glycogene spiervezel type (type 2). Aangezien type 2 vezels meer vatbaar zijn voor ne-
crose, hebben deze patiënten meer kans op het ontwikkelen van rhabdomyolyse. Vocht 
ophoping, mogelijk als gevolg van cytotoxische oedeem/necrose en/of vochtophoping 
secundair aan een ontsteking werden inderdaad waargenomen in hoofdstuk 6. Of het 
vooral de type 2 vezels zijn die necrotiseren moet nog worden onderzocht. hiervoor is 
een gedetailleerde analyse van spierbiopten noodzakelijk.

2) Een ander mechanisme dat rabdomyolyse kan veroorzaken is lipotoxiciteit. Vet-
tige infiltratie werd gezien op de MRI spieren bij sommige patiënten met lange keten 
vetzuuroxidatiestoornissen, zoals beschreven in hoofdstuk 6. Intramyocellulaire lipide 
accumulatie werd ook waargenomen door Bakermans et al. in de hartspier van vastende 
LCAD-/- muizen (muizen hebben twee acyl-CoA dehydrogenase (ACAD) enzymen, very 
long-chain acyl-CoA dehydrogenase (VLCAD) en long-chain acyl-CoA dehydrogenase 
(LCAD), zie hoofdstuk 8 voor meer informatie). In de studie van Bakermans et al. werden 
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verhoogde concentraties triglyceriden in het hart gemeten met een overeenkomstige 
daling van de hartfunctie.

Om bovengenoemde mechanismen in detail te onderzoeken, werd een nieuw muis-
model ontwikkeld, de LCAD-/-; VLCAD+/- muis zoals beschreven in hoofdstuk 8. Ver-
wacht werd dat dit muismodel een ernstiger spierfenotype zou laten zien dan de reeds 
uitgebreid gekarakteriseerde LCAD-/-; VLCAD+/+ muis. Zowel de LCAD-/-; VLCAD+/- als 
de LCAD-/-; VLCAD+/+ muizen werden tijdens vasten inactief, ze verlaagden hun li-
chaamstemperatuur en de muizen brachten hun energie verbruik omlaag. Onverwacht 
waren de muizen niet inactief vanwege rhabdomyolyse, maar eerder het gevolg van 
de algemene daling van het vermogen van deze muizen om warmte te genereren. Een 
muis model om het myopathische fenotype te kunnen bestuderen is daarom nog niet 
gevonden. Vandaar dat de precieze oorzaak van rhabdomyolyse nog niet geheel dui-
delijk is. Toekomstige studies in muizen met een myopathische fenotype of studies bij 
mensen met gebruik van nieuwe technieken in meer krachtige magneten (3T / 7T) met 
/ zonder MRS, zouden meer inzicht kunnen geven in deze kwestie.

Polyneuropathie en retinopathie

hypoglykemie, cardiomyopathie en myopathie, worden beschreven in alle lange keten 
vetzuuroxidatiestoornissen, maar polyneuropathie en retinopathie komen alleen voor 
in MTP en LChAD deficiënte patiënten (hoofdstuk 10). De gemene deler tussen deze 
aandoeningen is energietekort en/of accumulatie van lipiden. het enige verschil tussen 
MTP en LChAD deficiëntie en andere lange keten vetzuuroxidatiestoornissen is het type 
substraat (of lipide) dat ophoopt. Ophopende acyl-CoA’s in VLCAD deficiënte patiënten 
kunnen weer worden omgezet naar acylcarnitines via CPT2 en vervolgens geëxporteerd 
uit de mitochondriën en de cel. Enoyl-CoA, het eindproduct van acyl-CoA dehydro-
genase kan echter niet efficiënt omgezet worden naar acylcarnitines. hierdoor hopen 
acyl-CoA’s op tot hoge concentraties en kunnen gedurende een lange tijd in de mito-
chondriën blijven (figuur 1 Inleiding). Bovendien zijn enoyl-CoA en 3-hydroxyacyl-CoA 
inherent toxischer voor de cel dan gewone acyl-CoA’s. De veronderstelling is derhalve 
dat de ophoping van enoyl-CoA (in MTP deficiëntie) en/of 3-hydroxy-acyl-CoA’s (LChAD 
deficiëntie) polyneuropathie en/of retinopathie veroorzaakt. Toekomstig onderzoek zal 
moeten uitwijzen of deze hypothese klopt.

Ingrepen en nieuwe ziekte presentaties

Wanneer patiënten met lange keten vetzuuroxidatiestoornissen een chirurgische 
ingreep moeten ondergaan, is het van belang om de energie homeostase te verbete-
ren en een lange keten vetzuurload te voorkomen. De gedachte is dat dat de kans op 
rhabdomyolyse verminderd. In hoofdstuk 9 worden daarvoor specifieke perioperatieve 
maatregelen voor besproken.
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Neonatale hielprik screening onderscheidt geïsoleerde LChAD deficiëntie, LCKAT 
deficiëntie en MTP deficiëntie niet. In hoofdstuk 10 wordt een classificatiesysteem be-
schreven om deze ziekten wel te kunnen onderscheiden op basis van enzym activiteits 
metingen. Dit systeem is toegepast op 2 nieuwe cases, zoals beschreven in hoofdstuk 
10. Een van de cases presenteerde met necrotiserende enterocolitis, een symptoom dat 
nog niet eerder is geassocieerd met MTP deficiëntie. 

Tot slot worden in hoofdstuk 11 alle bevindingen bediscussieerd en toekomstige 
onderzoeksrichtingen beschreven.
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ik goed neurologisch onderzoek geleerd en ook je soms ongezouten mening was erg 
verfrissend. Christiaan (Blank) en Folkert (Asselbergs), bedankt voor het cardiologisch in 
kaart brengen van alle patienten. Ik ben nog steeds gebiologeerd door de subklinische 
myocarddysfunctie die we gevonden hebben bij VLCADD patiënten. Wat daar precies 
aan de hand is vraagt om verder onderzoek. Ron (van Empelen) en Marja (Schoenmak-
ers), bedankt dat jullie ook bereid zijn geweest om de ontwikkeling van deze kinderen 
goed in kaart te brengen. Tot slot de ondersteuners van het Spieren voor Spieren kinder-
centrum, Astrid, Marjel, Bernadette, en de anderen hartelijk dank voor jullie logistieke 
hulp, dat was soms niet makkelijk.

Beste Merel (van Veen), Irene (Kok) en Corrie (Timmer), dankzij jullie ben ik de impact 
van voedingsaanpassingen op onze patiënten beter gaan begrijpen. Bedankt voor al 
jullie hulp bij dit onderdeel van het onderzoek.

Beste Tim (Takken), Jeroen (Jeneson) en Rutger-Jan (Nievelstein). Bedankt dat we bij 
patiënten inspanningstesten konden doen zowel binnen als buiten de MRI, met de 
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juiste apparatuur. Blijft leuk om de reactie van mensen te zien als ik ze vertel over fietsen 
in een MRI. Daarnaast zal ik altijd bij het bekijken van een MRI-spieren terugdenken 
aan het moment dat jij Rutger-Jan samen met Ludo achter de monitoren zaten en “zo 
dubbelblind als praktisch mogelijk was” de MRI plaatjes beoordeelden.

Beste Frits (Wijburg), werkbesprekingen in het AMC met jou erbij gaven altijd wat 
extra dynamiek. Je hielp ons vaak om met je kritische blik de bevindingen nog beter 
op ‘klinische’ waarde te schatten. Daarbij zag je mogelijkheden voor vervolgonderzoek, 
wat soms impuls gaf aan onze projecten. 

Beste Monique (de-Sain) en alle anderen van het lab metabole ziekten in het WKZ. Be-
dankt voor al jullie hulp bij het bepalen van de acylcarnitines en aminozuren tijdens de 
MRS-studie. Bedankt ook dat ik mocht meeschrijven aan een belangrijke paper waarbij 
bloedspot meting met plasma werd vergeleken. 

Beste Jaenette (Bleeker), de ‘nieuwe Eugene’ ;-). Ik wens je heel veel succes bij het voortz-
etten van dit leuke onderzoek!

Beste Peter (van hasselt), wat leuk dat we tijdens m’n promotie ook nog ons MThFR 
project met succes hebben kunnen afronden. Daarnaast waardeer ik je input voor en het 
sparren over het onderzoek zeer.

Beste ex-kamergenoten Judith, Maya, Sylvia, Bart, Marco en Sytze in het WKZ. Wat ben 
ik vaak gewisseld van plek zeg, maar mede dankzij jullie betrokkenheid en gezelligheid 
heb ik daar een goede tijd gehad.

Beste collega’s in het Martini. Na 3,5jr onderzoek begon ik bij jullie ‘zo groen als gras’, 
maar dankzij jullie heb ik veilig m’n eerste klinische ervaring op kunnen doen en ben 
ik klaargestoomd voor het UMCG. hartelijk dank voor alle leerzame momenten, jullie 
steun tijdens het afronden van mijn promotie, de uitermate gezellig (running) diners en 
andere uitjes. 

Beste collega’s uit het AMC: Michel, ‘Gait’, Ir., dr., makker, AIO-buddie, boer uit heerde! 
Wat hebben we een lol gehad daar in F106. En in het ARIA-S. En in het muizenlabje. En 
daarbuiten. En daarnaast denk ik dat ik oprecht nooit meer op een zachter matje zal lig-
gen dan bij jou en Maaike in de badkamer. Bovendien zullen de liedjes ‘highway to hell’ 
en ‘tearing me apart’ mij altijd een duivelse glimlach geven. Tom, MTB held. Super tof (en 
gezond) om met jou door de bossen heen te karren. Riekelt! Jij ouwe ouderdomsken-
ner dat je er bent! Tof dat je betrokken bent geraakt bij het lcFAO onderzoek en thanks 
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voor het sparren. Vincent, met wie moet ik nu Apple’s ‘next big thing’ bespreken? Naomi, 
‘Stel..’ dat ik je dat nooit meer zal horen zeggen! Maxim, jij ouwe casanova! Eten is sinds 
ik jou ken niet meer hetzelfde. Kevin, relaxte pik. Stef en Rob, misters ALD en tot slot 
Olga, Olga, Evelien, Martin, Catharina, en Sara (m.a.w. ‘die andere AIO-kamer’ ;-)… Wat 
heb ik met jullie allen gelachen, maar ook vaak inhoudelijk gepraat/gespard over m’n 
onderzoek, hartelijk dank voor al die leuke en leerzame momenten! Dankzij jullie heb ik 
echt een leuke tijd gehad in het AMC.

Verder wil ik graag iedereen op het lab bedanken die me geholpen heeft met allerlei 
bepalingen, waaronder Jos en Sacha (voor o.a. het optimaliseren van de enzym en LC-
FAO flux bepalingen), heleen en Simone (voor jullie hulp bij de qPCR, maar zeker ook 
voor de gezelligheid), de MS-groep met o.a. Arno, henk, Wim, Femke en Martin (voor 
het bepalen van de acylcarnitines en aminozuren), Lodewijk (voor de kritische noten en 
adviezen), René (voor je interesse en de lol in de gang of koffiekamer) en alle anderen 
van de enzym en DNA-diagnostiek! 

Ook de mensen die het lab logistiek draaiende houden, waaronder Maddy, Annelies, 
Martin, Michel, Jan en Gerrit-Jan en natuurlijk alle anderen van het lab die ik nu niet heb 
genoemd, bedankt voor jullie hulp, gezelligheid en betrokkenheid bij experimenten, 
borrels en labdagen.

Zoals het een gestructureerd artikel betaamt nog een kleine noot voor de Materials en 
Methods: dank MB-EFD en rMBP-EFD. Zonder jullie niet aflatende stabiliteit, betrouw-
baarheid en snelheid had ik dit proefschrift niet kunnen maken.    

Beste hinse, Daan, Janine en Stefan, we zien elkaar helaas niet vaak, maar dat is geen 
belemmering voor een goede vriendschap. Ieder gaat z’n eigen weg, maar het contact 
blijft en daar ben ik blij om.

Joep & Kim, lieve paranimfen. Jullie reageerden zo enthousiast op m’n suggestie  om 
paranimf te worden (’t was nog niet eens een vraag) dat ik vrijwel zonder nadenken 
dacht, Yes dat gaan we doen! Ik vind jullie echt ‘konings’! Waardoor dat komt heeft zowel 
te maken met veel lol maken samen, maar zeker ook met jullie oprechtheid en nuchter-
heid. Jullie draaien er niet omheen. Oh en dat heerlijke eten dat we eens per jaar doen. 
Zullen we afspreken dat we dat tot in de eeuwigheid doen? (zelfs als we ooit heel oud 
zijn? -> Beloof me dat we ’t dan prakken en bij elkaar door die sonde heen drukken ;-).

Beste Wouter, op dit moment ligt je proefschrift in een envelop voor me. Ik open ‘m nog 
niet, want voordat ik je dankwoord lees maak ik de mijne. 
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Wat hebben we bij de metabole samen met (je toen-nog-niet-meisje) Marriette een 
lol gehad. Niet in de laatste plaats tijdens onze ‘mannen’ avonden: even ons onderzoek 
bespreken, even zeiken, even lekker nerden. ‘t gaf daarbij niet dat je m’n bier opzoop, 
dat ik bij jou geen haute cuisine mocht verwachten en ik van jou altijd naar die dikke 
Clarkson moest kijken ;-). Ik ben erg blij dat ik sindsdien een vriendschap rijker ben.

Frank, maestro, pik, makker, maat. We kennen elkaar al een hele tijd, hebben lief en leed 
gedeeld, maar hebben elkaar bovenal zien groeien tot wie we nu zijn. Ik hoef hier niet 
uit te leggen waarom ik om je geef. Toch wil ik je bedanken voor alle goede gesprek-
ken, de lol, de vakanties, de uitjes, museumbezoekjes en wat al niet meer. Erg fijn om te 
weten dat ik altijd bij je terecht kan en -ondanks de afstand- altijd op je kan vertrouwen.

Lieve Marrit, schoonzussies en zwagers; Anne & Arthur, Linda & Wilko, en Robbert & 
Charlotte. Ik loop alweer een tijdje bij jullie rond en we hebben plezierige en droevige 
dingen met elkaar gedeeld, waardoor onze band sterk is geworden. Bedankt voor jullie 
steun en betrokkenheid.

Lieve broers, Ewald, Jurgen, Maurice; lieve schoonzussen Lisanne, heleen en Marieke; en 
lieve neefjes en nichtjes, Quinten, Tim, Tijs, Meinke en Jesse. Bedankt dat jullie er altijd 
voor mij en Renée zijn. Ook al staat m’n onderzoek ver van jullie af, toch betekent het 
veel als jullie interesse tonen. Ik heb jullie lief en vind het heel fijn dat jullie er deze dag 
bij zijn.

Lieve pa & ma, wat ben ik blij dat jullie 30 jaar geleden besloten er nog eentje bij te 
nemen. Prachtig hoe jullie vanuit niets zoveel hebben opgebouwd en ook nog eens 
een gezin van 4 met zoveel liefde hebben groot gebracht. Bedankt voor jullie onvoor-
waardelijke liefde, behulpzaamheid en steun. Ik hou van jullie en het zegt genoeg dat ik 
na al die jaren nog steeds heel graag thuis(-thuis) kom. Oh en pap, dat ‘kastje’ hè, daar is 
ook ooit iemand op gepromoveerd.. Ben zo blij dat je er daardoor vandaag bij kan zijn! 

Tot slot richt ik mij tot Renée, m’n lieverd. Na meer dan 8 jaar wordt ik nog altijd zo blij 
als ik je zie. En je weet dat ik gelijk heb, want op dit moment zie je mijn blije hoofd voor 
je. Bedankt voor al je steun, je kritische blik, je sturing maar bovenal bedankt voor je al 
liefde tijdens dit deel van onze reis. The world is ours!
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