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ABSTRACT

Carnitine uptake defect (CUD) is an autosomal recessive fatty acid oxidation defect caused by a deficiency
of the high-affinity carnitine transporter OCTN2. CUD patients may present with hypoketotic hypoglyce-
mia, hepatic encephalopathy or dilated cardiomyopathy. Tandem mass spectrometry screening of new-
borns can detect CUD, although transplacental transport of free carnitine from the mother may cause a
higher free carnitine level and cause false negatives during newborn screening. From Jan 2001 to July
2009, newborns were screened for low free carnitine levels at the National Taiwan University Hospital
screening center. Confirmation tests included dried blood spot free acylcarnitine levels and mutation
analyses for both babies and their mothers. Sixteen newborns had confirmation tests for persistent
low free carnitine levels; four had CUD, six had mothers with CUD, and six cases were false positives.
All babies born to mothers with CUD had transient carnitine deficiency. The six mothers with CUD were
put on carnitine supplementation (50-100 mg/kg/day). One mother had dilated cardiomyopathy at diag-
nosis and her cardiac function improved after treatment. Analysis of the SLC22A5 gene revealed that
p.S467C was the most common mutation in mothers with CUD, while p.R254X was the most common
mutation in newborns and children with CUD. Newborn screening allows for the detection of CUD both
in newborns and mothers, with an incidence in newborns of one in 67,000 (95% CI: one in 31,600-
512,000) and a prevalence in mothers of one in 33,000 (95% CI: one in 18,700-169,000). Detection of

CUD in mothers may prevent them from developing dilated cardiomyopathy.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Carnitine uptake defect (MIM #212140; CUD), also known as
primary carnitine deficiency, is an autosomal recessive disorder
of fatty acid oxidation caused by mutations of the SLC22A5 gene
[1,2]. SLC22A5 encodes the high-affinity carnitine transporter
OCTN2 in the plasma membrane [1,3-5]. Carnitine is responsible
for transporting fatty acids into mitochondria. Defective carnitine
uptake results in urinary carnitine wasting and systemic and intra-
cellular carnitine deficiencies [3]. Carnitine deficiency then leads to
defects in beta-oxidation of fatty acids [2].
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CUD is a potentially lethal disease. Patients with CUD usually
have early-onset cardiomyopathy, muscle weakness, recurrent
hypoketotic hypoglycemic coma or Reye-like syndrome [3,6-9].
Some patients may present later with isolated cardiomyopathy,
including poor contractility, thickened ventricular walls or in-
creased T waves on EKG [6,9]. Laboratory evaluations reveal extre-
mely low blood and tissue carnitine concentrations (<5% of
normal) [6,7]. With early treatment, the outcome is good, as most
symptoms are reversible [9].

The recent implementation of tandem mass (MS/MS) spectrom-
etry screening of newborns has been critical for diagnosing CUD
[10-12]. By measuring dry blood spot (DBS) free carnitine levels,
newborns with low DBS free carnitine levels can be evaluated for
CUD. However, carnitine can be transported through the placenta
[6,14,15]. Thus, a fetus with CUD can have a carnitine supply from
the mother. In addition, a normal fetus can have a low free
carnitine level when the mother has carnitine deficiency [3,6,13].
MS/MS screening was begun in Taiwan in 2001 [16,17]. Because
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of the prevalence of the SLC22A5 gene founder mutation p.R254X in
our population [18], special attention has been paid to low DBS free
carnitine levels in the screening program. In this article, we report
the diagnoses for four newborn cases and six cases of maternal
CUD through newborn screening.

Materials and methods
Patients and CUD screening

Beginning in January 2001, newborns were screened for CUD at
the Newborn Screening Center of the National Taiwan University
Hospital by measuring dry blood spot (DBS) free carnitine levels.
Blood spots were obtained from infants 48 h after birth and 24 h
of feeding. One 1/8-inch punch was extracted by methanol and
butylated acylcarnitines were analyzed using either API 2000 or
API 3000 tandem mass spectrometry (Applied Biosystems, Foster
City, CA, USA) [16].

The cut-offs for free carnitine were 2.6 pM from 2001 to 2005
and 2.86 UM in 2006, but only one case of CUD was detected.
Because of the low detection rate, we increased the cut-offs to
6.44-10.95 M beginning in 2007 (Table 1). For calculations of
incidence and prevalence, we only included the period after 2007
(n=202,076, Table 1). Two cases (MAT7 and NBS5) that were
screened by other screening centers, but treated in our hospital,
were also included for case analysis. Eight clinically diagnosed
CUD cases were used for comparisons; some of these were de-
scribed previously [19-21]. These 10 cases were not included in
the calculations of incidence and prevalence.

For newborns who had DBS free carnitine levels lower than the
cut-off, a recall DBS was requested. Babies who were premature,
given a special formula or had poor oral intake were also recalled
(rescreen). Babies who were positive for the recall or rescreen
DBS were subjected to confirmation tests, including DBS free carni-
tine, liver enzymes, blood glucose, ammonium, urine ketone, elec-
trocardiography, urinary organic acid analysis and molecular
analysis. DBS free carnitine measurements and molecular analyses
were also done for their mothers after receiving informed consent.
For confirmed cases, carnitine supplementation (50-100 mg/kg/
day) was given.

Molecular analysis

The molecular analysis study was approved by the Institutional
Review Board (No. 2002.401). For molecular analysis of the SLC22A5
gene, genomic DNA was isolated from peripheral blood leukocytes
using a QIAamp DNA Blood Mini Kit (Qiagen®, Hilden, Germany).
The coding regions and their flanking intronic sequences were
amplified by polymerase chain reaction (PCR) using primers as pre-
viously reported [18]. Sequencing of the PCR products was done
using the BigDye method (Applied Biosystems, USA) [18].

Data analysis

Results are given as means + SDs or ranges. Statistical analyses
used SPSS statistical package version 11.5. Mann-Whitney Rank

Table 1
Free carnitine cut-off values and numbers of cases detected during the study period.

Year Screened Cut-off CUD case Maternal CUD
number (nuM) number case number

2001-2005 304,536 <2.6 0 0

2006 88,200 <2.86 1 0

2007/1-2007/5 31,329 <10.95 0 0

2007/6-2007/12 59,785 <6.44 1 1

2008/1-2009/7 110,962 <8 2 5

Test was used to compare different groups. A p value <0.05 was
considered statistically significant.

Results

From 2001 to 2006, 392,736 newborns were screened. Among
them, only one newborn was recalled and then confirmed as a case
of CUD (NBS1). Since 2007, the cut-off value was much higher
(Table 1). Among 202,076 newborns screened during this period,
101 newborns were recalled due to low DBS free carnitine levels
(Fig. 1); subsequently, nine entered the confirmation process.
Among these nine newborns, three had CUD (NBS 2-4) and six
had mothers affected by CUD (maternal CUD) (MAT1-6). Among
202,076 newborns, 12 were rescreened due to prematurity, use
of special formula or poor oral intake; six required a confirmation,
but none was positive. Therefore, the incidence of newborns with
CUD after 2007 was around one in 67,000 (95% CI: one in
31,600-512,000), while the prevalence of maternal CUD was
around one in 33,000 (95% CI: one in 18,700-169,000). We did
not detect any missed CUD patients in our screening system during
the study period.

Referred from other screening centers, we had NBS5 who had
CUD and MAT7 who had maternal CUD. We also evaluated eight
CUD patients found by clinical presentation (CLN1-8). In our hos-
pital, a total of 20 cases were diagnosed; some of them have been
previously described [19-21]. In contrast to clinically diagnosed
cases who presented with cardiomyopathy, hyperammonemia or
Reye-like syndrome, all newborns with CUD or babies born to
mothers with CUD were asymptomatic at diagnosis. NBS1, two
and five received carnitine supplementations immediately after
diagnosis. A transient drug withdrawal at three months of age
was followed by a rapid drop in free carnitine levels; thus, we
immediately resumed the treatment. NBS3 did not take carnitine,
and at age one year of age his parents reported that he was well.
However, NBS4 had irregular medication before 18 months of
age, and she had several episodes of Reye-like syndrome during
that period. Her elder brother was also affected (CLN6). One
mother with CUD (MAT3) reported herself as asymptomatic, but
was found by us to have dilated cardiomyopathy and frequent ven-
tricular premature beats (VPCs). Her heart size decreased after
three months’ carnitine supplementation. One mother (MAT6) felt
more energetic after carnitine supplementation.

When we compared DBS free carnitine levels between different
patient groups, we found that the clinically diagnosed CUD pa-
tients (lowest available DBS free carnitine level from 0.19 to
4.51 uM) and mothers with CUD (first available DBS free carnitine

| Screening (202,076) \

l l

Low carnitine Rescreen
(n=101, 0.05%) (n=12)

| Recall ‘

| |

Low carnitine Low carnitine
(n=9) (n=6)
| ]

L Confirmation ‘

| |

Maternal CUD (n=6) All negative
CUD (n=3)

Fig. 1. Newborn screen, recall, and confirmation flow-chart from January 2007 to
July 2009. CUD, carnitine uptake defect.
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level from 0.89 to 2.17 uM) had lower free carnitine levels than
either newborns with CUD (2.57-6.08 1LM) or babies born to moth-
ers with CUD (2.85-5.87 uM) (Fig. 2). Babies born to mothers with
CUD had a gradual increase in free carnitine level during follow-up
(Fig. 3). All of the six false-positive cases were confirmed based on
a positive rescreen; five of them had normal first DBS free carnitine
levels. However, their secondary carnitine deficiencies were quite
prolonged, which may have led to a false diagnosis of CUD.

Ten different SLC22A5 gene mutations were identified in this
study; five of the mutations were novel (p.F17L, p.P143L,
p.G234R, p.S362L and p.R471C; Table 2). The most common muta-
tion in clinically diagnosed cases and newborns with CUD was
p.R254X (50% and 30%, respectively), while the most common
mutation in mothers with CUD was p.S467C (40%).

Discussion
Prevalence of CUD

In this paper, we report the results of newborn screening for
CUD at a single screening center. During a 2.5-years period with
an adequate cut-off, the prevalence of CUD in newborns was one
in 67,000. The prevalence found in the current study is higher than
results from most other studies [22]. Screening programs in North
Carolina (n=239,415; cut-off =13 uM), California (n=755,698),
and Massachusetts and New England (n = 200,000) did not identify
any cases of CUD [23-25]. A German program (n = 250,000) [10]
and an Australian (New South Wales) program (n = 149,000, cut-
off =10 uM) found one case each [12]. The free carnitine cut-off
values employed in each program differed, but their results were
comparable [3,12].

The high incidence of CUD in the current study is due to a foun-
der mutation (p.R254X) of the SLC22A5 gene among Southern
Chinese [18]. Tang et al. studied 250 control samples in which
two heterozygote carriers of p.R254X were identified; thus, the
population carrier rate for p.R254X would be about one in 125
[18]. Haplotypes of p.R254X alleles were examined and patients
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Fig. 2. First available dry blood spot free carnitine levels in different groups.
Clinical, clinically diagnosed CUD patients; NB CUD, newborns with CUD; NB
maternal CUD, babies born to mothers with CUD; Mother CUD, mothers with CUD.
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Fig. 3. Changes in free carnitine level during serial follow-up before carnitine
supplementation. The solid line indicates the normal mean of newborns, and the
dashed line indicates -2SD. NB CUD, newborns with CUD; NB maternal CUD, babies
born to mothers with CUD.

homozygous for p.R254X were also homozygous for the same
haplotype of intragenic and microsatellites markers [18]. However,
given the estimate that p.R254X accounts for 50% of all mutated al-
leles in clinical cases, the total mutation carrier rate will be ~ one
in 62.5, and the incidence of CUD will be ~ one in 15,625, which is
even higher than the incidence from the current study. It is inter-
esting that, although one screening program in Japan found no
cases of CUD among 102,200 newborns [26], an earlier study
employing molecular methods gave different results [27]. In the
latter report, from among 973 unrelated individuals in Akita, they
identified 36 with low serum free carnitine levels. SLC22A5 gene
mutations were identified in nine of the 36, making an estimated
incidence of CUD as one in 40,000. They also found recurrent muta-
tions of p.W132X (n=3) and p.S467C (n=4) [27].

Maternal effects

Free carnitine can be transported through the placenta. Fetuses
with CUD have a supply of free carnitine through the placenta,
although their mothers could be heterozygotes and have a signifi-
cant chance of being carnitine deficient themselves. Babies with
CUD have decreasing free carnitine levels after birth, but at the
time of newborn screening (usually 2-3 days old) they may not
have a level low enough to be detected by screening. This may
be one of the reasons for false-negative cases in newborn screening
for CUD, although certainly an inappropriate cut-off like that used
during the first period of the current study causes false negatives.
Free carnitine levels in the acylcarnitines profile analysis using the
butylation method can be overestimated because of the break-
down of acylcarnitines. However, this method is reliable for detect-
ing CUD, as sample acylcarnitines levels are also low.

By comparison, babies born to mothers with CUD do not have
an adequate supply of carnitine and are carnitine deficient before
birth. The prevalence of mothers with CUD was very high in the
current study (one in 33,000). There have been other reports
describing the detection of mothers with CUD through newborn
screening programs [3,6,28]. Schimmenti et al. reported six moth-
ers with CUD in 2007 [3]. Through cases that occurred in Minne-
sota, they estimated an incidence of CUD as one in 40,000 (four
out of approximately 161,420 births), which was quite close to
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Table 2
Clinical features and mutations in patients with carnitine uptake defect (CUD).
Case Age at diagnosis Gender CO level (uM) SLC22A5 mutations Symptoms
allele1/allele2
MAT1 26y F 1.00 (3.15)° S467C/Y396X No
MAT2 32y F 1.52 (5.87)¢ R254X/S467C No
MAT3 34y F 2.17 (3.67)° R282Q/S467C/S467C cM
MAT4 31y F 1.30 (5.03)° F17L°[F17L No
MAT5 24y F 0.90 (2.85)° F17L°/S467C No
MAT6 31y F 0.89 (3.73)° R254X/? LE
MAT7? 33y F 1.44 (4.90) R254X/S467C No
NBS1 78d F 3.88 R254X/S362L" No
NBS2 21d F 4.19 R254X/P143L" No
NBS3 19d M 6.08 R254X/? No
NBS4 18d F 2.57 ?2/? No
NBS5? 30d F 3.00 ?[? No
CLN1P 20y M 0.384 R254X [IVS3 +1G > A CM, HA, RL
CLN2 6m F 4519 R254X/Y387X RL
CLN3 2y5m M 1.64¢ R254X/R254X CM, HA, RL, MA
CLN4 1y2m M 0.25¢ R254X/R254X CM, HA, HG, RL, MA
CLN5P 1y7 m F NA R254X/R254X RL
CLN6 6m M 0.82¢ ?/? CM, HA, HG, RL, MA
CLN7 5y3 m F 0.19¢ F17L°/R471C" HA, HG, RL
CLN8 8y7 m F 0.664 G234R"/R254X HA, HG, RL

2 From other screening center.

b Expired.

€ Her baby’s first dried blood spot data.
4 Lowest available data.

" Mutation not reported before; CLN, clinically diagnosed cases; NBS, newborns with CUD; MAT, mothers with CUD; CO, free carnitine; CM, cardiomyopathy; HA, hyper-
ammonemia; HG, hypoglycemia; LE, less energetic; MA, metabolic acidosis; No, no symptoms; NA, not available; RL, Reye-like syndrome; ?, mutation not found; CLN4 and
CLNS5 are sibs; CLN6 and NBS4 are sibs. The first CO concentration in CLN6 at 3-day-old was 6.52 pM by other screening center.

the incidence discovered by our study. If the prevalence of mothers
with CUD (one in 33,000) represents a true incidence for CUD, the
false-negative rate for newborn screening will be 50% based on our
current performance (an incidence of one in 67,000).

Phenotypes of CUD

Detection of CUD has lead to the discovery of undiagnosed,
asymptomatic siblings [29]. This raised a concern that biochemi-
cally affected individuals may not have any symptoms. The first
four mothers reported as diagnosed through their babies were
asymptomatic [6]. However, in the report by Schimmenti et al.,
among the six mothers, one had fasting intolerance and fatigue,
one had decreased stamina, and another had ventricular arrhyth-
mia and prolonged QT intervals [3]. In our study, one mother had
dilated cardiomyopathy and arrhythmia and another complained
of fatigue.

It is likely that adult females with CUD may have a disease phe-
notype different from classic CUD. This may be explained by the
mild mutations found in the mothers, such as p.S467C, p.F17L
and p.R282Q. In vitro carnitine uptake assays showed that the func-
tion of p.S467C was around 11% of control [27]. A homozygous
p.R282Q mutation was described in a 7-week-old girl presenting
with failure to thrive, gastroesophageal reflux and hypotonia, and
this mutation had about 10% residual transport activity compared
with other mutations reported in patients with classic presenta-
tions (0-5%) [30]. Newborns with mild mutations may be more
likely to be missed by screening, which explains the differences
in mutations between newborns and mothers with CUD.

In our cohort, most clinically diagnosed cases carried the
p.R254X mutation, which indicates that this mutation may cause
significant clinical presentations, such as dilated cardiomyopathy,
hyperammonemia and others. The mother with dilated cardiomy-
opathy in the current study may have had three mutations: one
chromosome with p.S467C and another chromosome with both
p.S467C and p.R282Q. Because of the relatively low enzyme activ-
ity of p.S467C in vitro, it is likely that p.S467C plus another severe

mutation would be clinically significant. For example, MAT2 and
MAT?7 (both had p.R254X/p.S467C) may be symptomatic at a later
time because p.R254X is a well-known mutation in clinically diag-
nosed CUD cases. Nonetheless, MAT6 who had two severe muta-
tions (p.R254X/p.R254X) should also be carefully monitored for
her clinical presentations in the future. Because acute death is
one of the major presentations in adults with CUD, carnitine sup-
plementation is the safest and most acceptable management for
any asymptomatic individual with “profound” carnitine deficiency.

In conclusion, this study demonstrated the high incidence and
importance of CUD in the Southern Chinese population. What can-
not be covered at this time are possible undiagnosed male adult
patients who are at risk for cardiomyopathy and acute death
[29,31]. Long term follow-up of patients detected by screening
and searching for modifying genes will be necessary in the future
[29,32].
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