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Abstract Background: Fatty acid oxidation (FAO) disor-
ders are a heterogeneous group of inborn errors in the
transportation and oxidation of fatty acids. FAO disorders
were thought to be very rare in the Chinese population.
Newborn screening for FAO disorders beginning in 2002 in
Taiwan may have increased the diagnosis of this group of
diseases.

Materials and Methods: Till 2012, the National Taiwan
University Hospital Newborn Screening Center screened
more than 800,000 newborns for FAO disorders. Both
patients diagnosed through screening and patients detected
after clinical manifestations were included in this study.

Results: A total of 48 patients with FAO disorders were
identified during the study period. The disorders included
carnitine palmitoyltransferase I deficiency, carnitine acylcar-
nitine translocase deficiency, carnitine palmitoyltransferase
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IT deficiency, very long-chain acyl-CoA dehydrogenase
deficiency, medium-chain acyl-CoA dehydrogenase
deficiency, multiple acyl-CoA dehydrogenase deficiency,
short-chain defects, and carnitine uptake defect. Thirty-nine
patients were diagnosed through newborn screening. Five
false-negative newborn screening cases were noted during
this period, and four patients who were not screened were
diagnosed based on clinical manifestations. The ages of all
patients ranged from 6 months to 22.9 years (mean age 6.6
years). Except for one case of postmortem diagnosis, there
were no other mortalities.

Conclusions: The combined incidence of FAO disorders
estimated by newborn screening in the Chinese population
in Taiwan is 1 in 20,271 live births. Newborn screening
also increases the awareness of FAO disorders and triggers
clinical diagnoses of these diseases.

Abbreviations

CACT Carnitine acylcarnitine translocase
CPT I Carnitine palmitoyltransferase 1
CPTII Carnitine palmitoyltransferase 2

CUD Systemic carnitine uptake defect

FAO Fatty acid oxidation

LCHAD/mTFP  Long-chain 3-hydroxy acyl-CoA dehy-

drogenase/mitochondrial trifunctional
protein
MAD deficiency/ Multiple acyl-CoA dehydrogenase

GA II deficiency/glutaric aciduria type II
(synonym)

MCAD Medium-chain acyl-CoA dehydrogenase

MS/MS Tandem mass spectrometry

NBS Newborn screening

SCAD Short-chain acyl-CoA dehydrogenase

VLCAD Very-long-chain acyl-CoA dehydroge-

nase
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Introduction

Fatty acid oxidation (FAO) disorders are a heterogeneous
group of inborn errors involving the transportation or
oxidation of fatty acids, including the uptake and activation
of fatty acids, the carnitine cycle, and the -oxidation spiral
(Roe and Ding 2001). Long-chain fatty acids, activated by
being bound to their CoA esters in the cytosol, are shuttled
across the barrier of the inner mitochondrial membrane by
the carnitine cycle (Brivet et al. 1999). This cycle is
composed of four steps mediated by a plasma membrane
carnitine transporter, two carnitine palmitoyltransferases
(CPT I and CPT 1I), and a carnitine-acylcarnitine translo-
case (CATC). In the mitochondria, B-oxidation of fatty
acids occurs and requires a sequential action of very-long-
chain acyl-CoA dehydrogenase (VLCAD), long-chain 3-
hydroxy-acyl-CoA dehydrogenase (LCHAD), medium-chain
acyl-CoA dehydrogenase (MCAD), and short-chain acyl-
CoA dehydrogenase. Those dehydrogenases transfer electrons
to ubiquinone via two flavoproteins—electron transfer
flavoprotein (ETF) and ETF:ubiquinone oxidoreductase
(ETF:QO). Impaired transfer of electrons affects multiple
dehydrogenation reactions and is thus termed multiple acyl-
CoA dehydrogenase (MAD) deficiency. FAO disorders can
present with life-threatening symptoms, such as hypoketotic
hypoglycemia, Reye-like syndrome in infants (Brivet et al.
1999; Baruteau et al. 2009; Spiekerkoetter 2010), acute
encephalopathy (Gregersen et al. 2001; Spiekerkoetter
2010), cardiomyopathy (Bonnet et al. 1999; Spiekerkoetter
et al. 2009a), myolysis (Spiekerkoetter et al. 2009a; van
Adel and Tarnopolsky 2009), and liver dysfunction (Clayton
2003). Currently more than 15 distinct FAO disorders have
been elucidated based on enzymatic and/or molecular
analyses (Gregersen et al. 2008). Among them, MCAD
deficiency is the most common disease in Caucasians of
northern European origin (Roe and Ding 2001). Before
newborn screening for these disorders, FAO disorders were
characterized by high morbidity and mortality (Wanders
et al. 1999) and required strict treatment measures. The
mortality rate of FAO disorders was approximately 48% but
could be higher in specific diseases such as VLCAD
deficiency (60%) or CATC deficiency (92%) (Baruteau
et al. 2012).

After the development of tandem mass spectrometry
(MS/MS) analysis of acylcarnitines (Millington et al. 1990),
the number of disorders that could be detected by newborn
screening greatly increased (Huang et al. 2006), and most
aminoacidopathies, FAO disorders, and organic acidurias
became diagnosable. The combined incidence of FAO
disorders reaches 1:9,000 in some countries, and half of
the detected patients are affected by MCAD deficiency
(Zytkovicz et al. 2001; Lindner et al. 2010). Early
institution of high-glucose infusion, a low-fat diet, and

@ Springer

avoidance of fasting can prevent the occurrence of
metabolic decompensation (Baruteau et al. 2012). There-
fore, MS/MS newborn screening (NBS) has been shown to
improve the outcome of patients, and this screening is also
cost effective (Pandor et al. 2004). Currently, different sets
of FAO disorders are screened in different countries. The
American College of Clinical Genetics proposed 29 core
and 25 secondary conditions for screening, which include
most of the FAO disorders (2006), while only 5 FAO
disorders are included in screening in Germany (Lindner
et al. 2011). In Taiwan, MS/MS was introduced in 2001
(Huang et al. 2006); however, only MCAD deficiency is
recommended by the Bureau of Health Promotion, Depart-
ment of Health, and all other FAO disorders can be
screened only after the parents’ consent (Niu et al. 2010).

The incidence of FAO disorders in the Chinese popula-
tion was thought to be very low, and no patients except
those with carnitine uptake defects (CUD) had been
diagnosed before the initiation of NBS. However, the
under-diagnosis of FAO disorders is likely, and NBS
provides an opportunity to learn their true incidences.
Unfortunately, data from previously published NBS pilot
studies were not comprehensive (Huang et al. 2006;
Niu et al. 2010); for example, the high incidence of CUD
in the Chinese population was only realized at a later time
(Lee et al. 2010; Chen et al. 2013). In this report, we
present single-center longitudinal data over a 10-year
period for the diagnosis and treatment of FAO disorders
from both NBS and clinical recognition.

Materials and Methods

MS/MS NBS was performed at the National Taiwan
University Hospital (NTUH) Newborn Screening Center.
Dried blood spot (DBS) samples were obtained from
newborn babies 48 to 72 h after birth, and acylcarnitine
profiles were analyzed by MS/MS NBS as described
(Huang et al. 2006). The results of the screening were
available 24—48 h after the DBS samples were received.
Two cutoff values were set for each metabolite (Table 1).
Newborns with an initial screening value exceeding the
diagnostic cutoff were requested for a confirmatory test at
our hospital. Newborns with an initial screening value not
exceeding the diagnostic cutoff but equal to or exceeding
the screening cutoff (the inconclusive cases) were requested
for a second screening. If the second screening results were
still abnormal, the babies were requested for a confirmatory
test. The targeted FAO disorders were carnitine palmitoyl-
transferase I (CPT I) deficiency, carnitine palmitoyltransfer-
ase II (CPT II) deficiency, carnitine acylcarnitine translocase
(CACT) deficiency, very long-chain acyl-CoA dehydrogenase
(VLCAD) deficiency, long-chain 3-hydroxyacyl-CoA
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Table 1 Cutoff values for individual acylcarnitines

Table 2 Case numbers and incidences of FAO defects in Taiwan

Concentration (UM) Screening cutoff Diagnostic cutoft™

Co < 6.44
Co3 > 474 > 8.8
C03DC > 0.42

C04 >0.79

C04DC > 0.6

Co5 > 04 > 1.1
C05DC > 0.23 > 0.23
CO50H > 0.56 >22
C06 >03

Co8 > 0.28 > 1.1
C08:1 > 0.56

Cl10 > 0.26

c1o:1 > 0.25

c12 > 0.73

cl2:1 > 0.3

Cl4 > 0.52

Cl4:1 > 0.52

C140H > 0.18

Cl6 > 64 > 8.8
Cl6:1 > 0.61

C160H > 0.18

C18 > 1.78

C18:1 > 2.75 >33
C18:10H > 0.16

CO/C16+C18) > 50

*Diagnostic cutoff was set for selected acylcarnitines

dehydrogenase (LCHAD) deficiency, medium-chain acyl-
CoA dehydrogenase (MCAD) deficiency, short-chain defects,
multiple acyl-CoA dehydrogenase (MAD) deficiency, and
carnitine uptake defect (CUD). The confirmatory test includes
enzyme assays and/or mutation analyses by accredited
clinical laboratories when available (information provided
upon request). Immediately after receiving a positive confir-
mation test, the patients were put on treatment. Short chain
defects are generally benign conditions (Gallant et al. 2012),
so babies positive for them were not put on treatment. The
treatment and follow up of CUD patients have been described
previously (Lee et al. 2010; Chen et al. 2013). In brief, the
CUD patients were all given carnitine supplements, and none
of them experienced metabolic decompensation or cardiac
problems after treatment. For other FAO disorders, a low-fat
diet (equal to or less than 30% of energy from fat) was the
main treatment; for long-chain FAO disorders, this could be
combined with a medium-chain triglyceride (MCT) supple-
ment, and for secondary carnitine deficiency, this could be
combined with a carnitine supplement.

Incidence
(per 100 000
Disease Case number newborns)
CPT I deficiency 1 0.13
CPT II/CACT deficiency 2 0.25
VLCHAD deficiency 2 0.25
LCHAD deficiency 0 0.00
MCAD deficiency 3 0.38
Short-chain defects 8 1.01
MAD deficiency 1 0.13
CUD 22 2.78
Total 39 4.93

Between January 1, 2003, and December 31, 2012,
790,569 newborns were screened by the NTUH Newborn
Screening Center. Cutoff values were not changed during
the study period except for CUD diagnosis. Approximately
80,000 newborns screened before 2003 were excluded from
the study because the cutoff values were not set at that time.
Both NBS-confirmed cases and patients diagnosed through
clinical manifestations were included in the study. Data
analyses included screening results, clinical manifestations,
genotypes, treatments, and outcomes. Because differential
diagnoses of short-chain defects were not completed, and
those patients did not need treatment, we did not include
them in the outcome analysis.

Results
Incidences Determined from NBS

During the study period, 39 newborns were identified by
screening to have FAO disorders, with an incidence of 1 in
20,271 live births or 4.53 cases per 100,000 live births
(Table 2). In addition, we also identified 12 newborns
whose mothers had CUD (the maternal CUD cases); those
newborns only had transient carnitine deficiency and were
not included in the current study. Among all FAO disorders,
CUD was the most prevalent disease, with an incidence of
1 in 35,935 or 2.78 cases per 100,000 live births.

Initial Clinical Manifestations

Two patients were symptomatic at the time of diagnosis
through NBS. One patient with VLCAD deficiency
presented with hypoglycemia shortly after birth and was
found to have cardiomegaly at 10 days of age. The other
patient had CACT deficiency that presented with hyper-
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Table 3 Initial screening results of acylcarnitine levels in the four false-negative cases

Bold characters indicate abnormal data

Patient FN-1 FN-2 FN-3 FN-5
Disease CuDb MAD CPT I MAD
deficiency | deficiency deficiency
Mutation | F17L/? A84T/ F383Y/ Cutoffs at R99C/ Cutoffs at
Marker F128S G601fsX62 another L127H NTUH*
(uM) 1 center*

Free carnitine 3.620 38.60 19.9 <70.0 24.99 <52.79
C2-carnitine 5.090 24.80 5.23 >7.0 41.07 <53.59
C3-carnitine 0.200 1.43 0.18 <6.0 1.46 <4.74
C4-carnitine 0.210 0.55 0.09 <15 0.44 <14
C5-carnitine 0.030 0.26 0.05 <0.6 0.36 <0.57

C5DC-carnitine 0.000 0.137 0.08 <0.3 0.07 <0.23
C50H-carnitine 0.210 0.15 0.05 <0.8 0.16 <0.78
C6-carnitine 0.110 0.48 0.03 <0.5 0.58 <0.62
C8-carnitine 0.070 0.71 0.1 <0.5 0.55 <0.56

C10-carnitine 0.000 1.30 0.38 <0.5 1.29 <0.53

Cl12-carnitine 0.000 0.92 NA NA 2.25 <0.73

Cl4-carnitine 0.160 0.72 1.37 <0.8 1.16 <0.83

C14:1-carnitine 0.000 1.20 0.24 <0.6 1.55 <0.59
C16-carnitine 1.610 2.93 7.1 <8.0 3.73 <6.41
C18-carnitine 0.220 0.94 2.39 <2.0 0.79 <1.78

C18:1-carnitine 0.480 1.53 3.25 <35 1.54 <2.75

*FN-1, FN-2, and FN-3 were screened by another newborn screening center, and FN-5 was screened by the National Taiwan University Hospital

(NTUH), so two different sets of cutoff values were presented

ammonemia and hypoglycemia after birth. Others patients
were asymptomatic at the time that screening results were
obtained.

The False-Negative Cases

Five known false-negative cases that received screening
from either our screening center or other centers were noted
and listed in Tables 2 and 3. FN-1 was found to be affected
by CUD after her younger brother was diagnosed. In her
first DBS test, her free carnitine level was low, but low free
carnitine levels were not reported in the initial pilot MS/MS
screening. FN-2 was referred for hypotonia, an elevated
serum creatine kinase (CK) level, and hyperammonemia
after a fever episode at 1 year of age. She had experienced
two previous uneventful episodes of acute bronchiolitis at
the ages of 3 and 5 months. Her DBS acylcarnitine profile
was typical of MAD deficiency but was not picked up by
the screening algorithm (Table 3), and ETFDH gene
p-A84T/p.F128S mutations were later confirmed (Er et al.
2011). FN-3 was referred for hepatomegaly and liver failure
at 6 months of age; CPT II deficiency was suspected and
confirmed by mutation analysis, which found two CPT2
gene mutations, p.F383Y and p.G601fsX621. FN-4 was
diagnosed because her younger brother was found to have
MAD deficiency. Data from her first screening was not
available because it was performed by another screening
center. She had no symptoms until the end of this study.

@ Springer

Recent studies suggest a high incidence of MAD
deficiency in South China. Therefore, we retrospectively
evaluated our newborn screening data using the Region 4
post-analytic tool (Marquardt et al. 2012). One newborn
(FN-5) was found to have a high MAD deficiency score,
and the diagnosis was later confirmed by mutation analysis.

The Clinical Cases

Four cases who did not receive NBS for FAO disorders
came to our attention. Case 1 was a 20-year-old female
patient who suffered from intermittent abdominal pain since
the age of 15 years (Table 4). Chronic pancreatitis was
suspected by magnetic resonance imaging (MRI) results,
but a laparoscope examination at 19 years of age did not
confirm pancreatitis; the laparoscopy showed many tiny
stones in the gall bladder and resulted in a cystectomy.
A diagnosis of CPT I deficiency was finally made when she
was 20 years old. Case 3 was a 2.5-year-old female patient
who presented with recurrent hypoglycemia, elevated liver
enzymes, and hepatomegaly. She was put on a carnitine
supplement, but still experienced three more attacks with
consciousness disturbance after gastroenteritis. The final
diagnosis made was CPT II deficiency when she was
3 years old. Case 9 died of poor activity and jaundice at
1 year of age. Her younger brother was later found to have
VLCAD deficiency by NBS. Case 17 presented with
proximal muscle weakness, dyspnea, and rhabdomyolysis
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Table 4 List of all patients except those with short-chain defect or CUD

Case Defective Specific enzyme Diet fat
No. enzyme Clinical presentation activity* Genotype** intake
1 CPT I At age of 15 years 0.080 ¢.1367C>T (p.S456L)/c.1433C>T 30%
Recurrent acute pancreatitis (Normal > 0.42) (p-A478V)
2 CPT 1 NBS 0.110 ¢.727C>T (p.L91P)/c.497G>T 30%
(Normal 0.36 — (p-S1661)
0.88)
3 CPT II At age of 3 years 0.5 NA 30%
Hypoglycemia, hepatitis, (Normal 15.8
hepatomegaly + 4.2)
4 CPT I At age of 6 months 0.02 c.1148 T>A (p.F383Y)/ ¢.1803delC 25%
(FN-3) Hypoglycemia, metabolic acidosis, (Normal 0.4 — 1.85) (p-G601fsx621)
impaired liver function,
hepatomegaly
5 CPT-II? NBS 0.65 c.1102 G>A (p.V368I) He 30%
(Normal 0.4 — 1.85)
6 CACT NBS (hyperammonemia, NA NA NA
metabolic acidosis)
7 VLCAD NBS NA ¢.1273 G>A (p.A425T)/c.1349 40%
G>A (p.R450H)
8 VLCAD NBS (hypoglycemia, NA c.1751+1 G>A/c.961 A>G <30%
cardiac hypertrophy) (p-N321D)
9 VLCAD Elevated liver enzymes, NA NA NA
hyperammonemia, expired
10 MCAD NBS NA ¢.446_449delTGAC (p.T150RfsX4)/ <30%
c.580A>G (p.N194D)
11 MCAD NBS NA ¢.580A>G (p.N194D)/c.580A>G NA
(p.-N194D)
12 MCAD NBS NA NA NA
13 MAD At age of 12 months Fibroblast assay: c.250G>A (p.A84T)/c.383T>C <30%
(FN-2) Hypotonia, elevated liver enzymes, elevated C6-C12, (p.F128S)
hyperammonemia Cl14, and
C16-carnitines, very
low C2 carnitine
14 MAD NBS Fibroblast assay: c. 295C>G (p.R99G)/? Normal
elevated C6-C16-
carnitines,
very low C2
carnitine
15 MAD At age of 2.9 years NA c. 295C>G (p.R99G)/? Normal
(FN-4) Sibling screening
16 MAD NBS NA ¢.295C>T (p.R99C)/c.380T>A NA
(FN-5) (p.L127H)
17 MAD At age of 17 years NA c.250G>A (p.A84T)/c.250G>A <30%

Weakness and rhadomyolysis

(p.A84T)

NA data not available, FN false-negative cases, NBS detected by newborn screening

*Specific enzyme activity: nmol/min/mg protein for CPT I and CPT II activity; fibroblast beta-oxidation study by acyl-3 H-carnitine for MAD
deficiency; normal ranges in parenthesis
**Genotype: CPT1A gene for CPT I deficiency; CPT2 gene for CPT II deficiency; ACADM gene for MCAD deficiency; ACADVL gene for
VLCAD deficiency; ETFDH gene for MADD (Bold characters indicate novel mutations; ? indicates mutation not found)
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at the age of 17 years. His DBS acylcarnitine profile was
typical of MAD deficiency, and ETFDH gene p.A84T
homozygous mutations were later found.

Treatments and Courses

At the end of this study period, the mean age of all patients
was 6.6 years (6 months to 22.9 years). A low fat diet was
prescribed for 10 of the 12 (83%) patients with known
dietary histories, and concomitant carnitine was prescribed
for 3 (27%) patients. During the study period, no patients
needed intensive care or prolonged hospitalization.

For the NBS cases, occasionally patients with CPT 1,
CPT II, VLCAD, or MAD deficiencies were put on oral or
intravenous calorie supplementation because of concurrent
illness. The two VLCAD deficiency patients experienced
mild metabolic instability during follow up. Rhadomyolysis
occurred in Case 7 (VLCAD deficiency) when she was
infected by a Noro virus at the age of 2.5 years. One
episode of elevation of CK (from 188 IU/L to 1838 IU/L)
occurred in Case 8 (VLCAD deficiency) when he con-
tracted an upper respiratory tract infection at the age of 3
months. None of these events were repeated.

Among the false-negative and clinically diagnosed
patients, the girl affected by CPT I deficiency (Case 1)
had poor compliance to the diet, and she continued to suffer
from intermittent abdominal pain and muscle pain after
stringent exercise. Case 3 (CPT II deficiency) was put on a
low-fat diet, but she could not tolerate the MCT supplement
and had approximately one episode of rhadomyolysis per
year. Case 4 (FN-3, CPT II deficiency) started a low-fat
diet, MCT supplement, and carnitine supplement after
diagnosis. Although she received an intravenous calorie
supply two times during concurrent illness, there was no
metabolic decompensation. Case 13 (FN-2, MAD defi-
ciency) was put on riboflavin, carnitine, and a low-fat,
low-protein diet, but she had facial eczema and frequently
needed hospitalization for fear of metabolic decompensa-
tion. Case 17 was put on riboflavin and a low-fat,
low-protein diet, and he recovered from respiratory failure
1 month after the attack.

Discussion

Incidence of the FAO Disorders in the Chinese Population
Our NBS program disclosed an incidence of FAO disorders
as 1 in 20,271. Han et al. have screened for FAO disorders

by MS/MS NBS analysis for patients suspected to have
inborn errors and found only a few cases (Han et al. 2007).
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Therefore, underdiagnosis before NBS was a serious issue.
The incidence of FAO disorders in the Chinese population
could be even higher if we included the false-negative
cases. For example, CUD can only be detected by NBS in
half of affected newborns because of carnitine transporta-
tion through the placenta from the mother (Wilcken et al.
2001; Lahjouji et al. 2004). CUD disease severity decreased
in patients detected by NBS. Most of the mothers affected
by CUD were asymptomatic (Chen et al. 2013). The carrier
rate of the more severe CUD mutation in the Southern
Chinese population, p.R254X, is approximately 1 in 125
(Tang et al. 2002). This mutation represented 50% of all
mutations in clinically detected cases of CUD but repre-
sented only 30% of all mutations in NBS-detected cases
(Lee et al. 2010), suggesting a decrease in the severity of
the disease in the latter group of patients.

The Occurrences of False-Negative Cases in NBS

The occurrence of false-negative cases in NBS can be either
technically or physiologically related. The acylcarnitine
profile for MAD deficiency is composed of mild but multiple
elevations of a group of acylcarnitines. Screening for MAD
deficiency by analyzing the level of a single acylcarnitine
results in low sensitivity. The detection rate of MAD
deficiency may be improved by applying more sophisticated
algorithms weighing several acylcarnitines together. Using
an improved interpretive tool (Marquardt et al. 2012),
we retrospectively detected one patient and confirmed the
increased sensitivity of this tool. This is especially
important because the incidence of the riboflavin-responsive
form of MAD deficiency is high in Taiwan (Liang et al. 2009;
Lan et al. 2010) and Southern China (Wang et al. 2011)
owing to a high incidence of the p.A84T mutation in
the ETFDH gene (a carrier rate of 1 in 74), and the
treatment with carnitine and riboflavin is easy and effective.

Patients with FAO disorders may have normal acylcarni-
tines at birth. As we have discussed in the previous section,
newborns with CUD can be missed by NBS because of
normal free carnitine levels at birth (Wilcken et al. 2001;
Lahjouji et al. 2004). A looser cut-off value can increase the
sensitivity of the tests, but will also increase the rate of
false-positives. Repeat screening for an inconclusive NBS
result can also be dangerous. In many FAO disorders
(Illsinger et al. 2008), especially VLCAD deficiency
(Ficicioglu et al. 2010; Spiekerkoetter et al. 2010b; Sahai
et al. 2011), repeat tests can have normal results in FAO
patients, resulting in a false-negative screening. To solve
these diagnostic issues, we have developed second-tier
molecular tests for diseases in which common mutations
occur (Wang et al. 2013).
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Treat or Not

NBS detects significantly more patients with MCAD and
short-chain acyl-CoA dehydrogenase (SCAD) deficiency
than are detected by previous clinical manifestations
(Wilcken et al. 2003; Gallant et al. 2012). Patients with
MCAD deficiency can present with acute decompensation
followed by a poor outcome, and, therefore, early diagnosis
and treatment are important. However, some MCAD
deficiency cases detected by NBS revealed novel mutations
with no known clinical meaning. It may be prudent to
follow such MCAD patients to avoid fasting during
concurrent illnesses, but for SCAD deficiency the disease
has been classified as a benign condition not needing
treatment (Gallant et al. 2012).

In CUD, it can be difficult to predict the phenotype of
asymptomatic patients detected by NBS; most of the
mothers with CUD are also asymptomatic. However, we
have encountered two mothers with CUD that were
symptomatic: one died suddenly and one had undiagnosed
cardiomegaly (Chen et al. 2013). Although phenotype
prediction can be difficult (Rose et al. 2012), treatment
for CUD is simple and safe. Therefore, it is prudent to
maintain normal blood free carnitine levels for all patients
with CUD (El-Hattab et al. 2010).

Clinical manifestations of VLCAD deficiency also vary.
Patients with null mutations or other severe mutations
(Andresen et al. 1996) should be immediately placed on a
low-fat diet with supplemental calories provided by MCT
supplementation (Solis and Singh 2002; Spiekerkoetter
et al. 2009b). For patients with missense mutations or
asymptomatic mothers with VLCAD deficiency detected
through a false-positive NBS in their babies (McGoey
and Marble 2011), a looser diet may be applicable
(Spiekerkoetter et al. 2009b), but phenotype prediction for
novel mutations may not be possible.

The role of low-fat diets in FAO disorders depends on the
type and severity of the disease. For asymptomatic patients
with long-chain defects, a normal diet may be tolerable.
Intake of MCT oil prior to exercise can be effective to prevent
myopathic symptoms (Spickerkoetter et al. 2010a).
L-carnitine supplementation in patients with long-chain
defects can be dangerous (Spiekerkoetter et al. 2010a);
however, we found secondary carnitine deficiency in 27%
of our cases, and L-carnitine was prescribed to these
patients to maintain a normal free carnitine level.

Conclusion
FAO disorders are not rare in Taiwan and the combined

incidence is higher than 1 in 20,271 after NBS. CUD and
MAD deficiency are the most common FAO disorders in

Taiwan. NBS also increased the awareness of FAO
disorders resulting in an increase in clinical diagnoses
after the initiation of NBS. Early diagnosis and early
initiation of treatment have led to a more favorable outcome
for patients with FAO disorders as demonstrated in the
current study.
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