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Carnitine transporter defect (CTD) is a potentially life-threatening disorder causing acute metabolic decom-
pensation, cardiac arrhythmia, and cardiac and skeletal myopathies. CTD is included in many newborn screening
(NBS) programs. The screening parameter free carnitine, however, is influenced by maternal conditions due to
placental transfer. This study reviewed the NBS results for CTD as part of a pilot study in Bavaria, Germany, and
the long-term follow-up of the identified patients treated in our center between January 1999 and June 2018.
Among 1,816,000 Bavarian NBS samples, six newborns were diagnosed with CTD (incidence of 1:302,667;
positive predictive value (PPV) of 1.63% from 2008 to 2018). In the 24 newborns presented to our center for
confirmatory testing, we detected four newborns and six mothers with CTD, one newborn and three mothers in
whom CTD was presumed but not genetically confirmed, and one mother with glutaric aciduria type I. In 11
newborns, no indication for an inborn error of metabolism was found. The newborns and mothers with CTD had
no serious cardiac adverse events or relevant muscular symptoms at diagnosis and during treatment for up to 14
years. Three mothers were lost to follow-up. Revealing a lower incidence than expected, our data confirm that
NBS for CTD most likely misses newborns with CTD. It rather produces high numbers of false-positives and a low
PPV picking up asymptomatic mothers with a diagnosis of uncertain clinical significance. Our data add to the
growing evidence that argues against an implementation of CTD in NBS programs.

1. Introduction

Carnitine transporter defect (CTD, OMIM 212140), also referred to as
systemic primary carnitine deficiency, is a rare autosomal-recessive
disease caused by a dysfunction of the OCTN2 carnitine transporter in
the plasma membrane [20]. The dysfunction leads to urinary carnitine
loss, low serum carnitine concentrations, and decreased intracellular
carnitine supply. As carnitine is involved in the transport of long chain
fatty acids across the inner mitochondrial membrane, the energy pro-
duction from beta-oxidation is impaired affecting heart, skeletal muscle
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and brain function during metabolic stress. Patients with CTD may suffer
from acute metabolic decompensation with hypoketotic hypoglycemia
and hepatic encephalopathy early in life or from cardiac arrhythmias,
cardiac and skeletal myopathies later in life [16]. Treatment with t-
carnitine can prevent metabolic and myopathic manifestations of the
disease [17].

As CTD is a potentially life-threatening but readily treatable disor-
der, CTD has been included in several newborn screening (NBS) pro-
grams using low concentrations of free carnitine (CO) as screening
parameter, detected by tandem mass spectrometry (MS/MS) from dried
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blood spots (DBS) [8,11,34,36]. However, identifying newborns with
CTD by NBS remains challenging as CO levels in newborns shortly after
birth are strongly influenced by maternal CO levels due to placental
transfer [3,35]. As a consequence, newborns with CTD might be missed
while mothers with CTD or secondary carnitine deficiencies are detec-
ted. Accordingly, previous NBS studies (a) identified lower numbers of
newborns with CTD than expected, (b) were associated with high
numbers of false-positives, and (c) detected mothers with CTD or inborn
errors of metabolism such as glutaric aciduria type I, medium-chain
acyl-CoA dehydrogenase deficiency and cobalamin C deficiency rather
than newborns with CTD [8,11,34]. The women with CTD identified by
their offspring’s NBS had mainly no or only minor symptoms and
showed that this disorder includes a large group of adults with unre-
markable clinical phenotype [4,12,26,32]. Data on the natural course of
the disease in these individuals are scarce and the benefit of treatment in
asymptomatic patients remains a matter of debate [4,17,34]. The low
sensitivity, high false-positive rate and the identification of many
asymptomatic adult cases recently led to the discontinuation of CTD
screening in New Zealand [34].

Since the introduction of MS/MS based NBS in 1999, the detection of
CTD has been part of a pilot project in Bavaria. We report the results of
this NBS pilot study and the clinical long-term follow-up of the identified
patients with CTD treated in our center during a study period of 19 '
years.

2. Patients and methods
2.1. Patients

Data on newborns with positive NBS results regarding reduced
concentrations of CO between 1st of January 1999 and 30th of June
2018 were collected. For newborns with confirmed CTD treated at our
center, data on treatment and clinical follow-up were assessed. In
addition, medical history, clinical follow-up, biochemical, and genetic
data of mothers with CTD identified by positive NBS of their offspring,
were compiled.

2.2. Newborn screening

NBS samples were to be taken between 36 and 72 h of life on filter
paper. The concentration of CO was determined using MS/MS as previ-
ously described [6,18]. An abnormal result was defined as CO < 9.0
pmol/l. Newborns with concentrations below this cut-off were recalled
for the analysis of CO in a second DBS. If the CO concentration persisted
below 9.0 pmol/], confirmatory testing was initiated.

2.3. Confirmatory testing

For confirmatory testing, the concentration of CO and acylcarnitines
in serum and the renal reabsorption of CO were analyzed in both the
newborn and its mother before the initiation of treatment with r-carni-
tine. If the renal reabsorption of CO was abnormal, a sequence analysis of
the SLC22A5 gene was initiated. If no or only one mutation was detected
by sequence analysis, a skin biopsy for the assessment of carnitine
transport in cultured fibroblasts was recommended [31]. Patients were
diagnosed with CTD based on two pathogenic mutations in the SLC22A5
gene or a markedly reduced carnitine uptake in cultured fibroblasts.

2.4. Clinical management

Newborns and adults diagnosed with CTD were treated with 1-
carnitine and received an emergency plan. The dosage of L-carnitine was
adjusted according to the patient’s weight and serum CO concentration.
Infants with CTD were seen in the outpatient clinic on a regular basis and
measurements of CO, creatine kinase, and liver transaminases in serum
were performed every 6 to 12 months with a re-analysis of serum CO
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concentrations after dose adjustments. Electrocardiograms (ECG) and
echocardiograms were initiated annually.

Adults with CTD were followed either in our metabolic center or in
the adult service. Outpatient visits including blood analysis and cardiac
assessment were recommended on an annual basis.

2.5. Statistical analysis

Statistical analyses were not performed due to the small sample sizes.
The figure was created using the IBM SPSS Statistics program (version
26).

2.6. Statement of ethics

The study was conducted in accordance with the World Medical
Association Declaration of Helsinki. The local ethics committee
approved the pilot study within the Bavarian newborn screening pro-
gram (No 09074). Informed consent for the participation of their
newborn was obtained by the parents. For the review of medical records
informed consent was waived due to retrospective and anonymized data
assessment (No 18-646).

3. Results
3.1. Incidence, recall rate, and positive predictive value

Between 1st of January 1999 and 30th of June 2018, 1,816,000
samples from Bavarian newborns were analyzed. Among them, six
newborns were diagnosed with CTD indicating an incidence of
1:302,667 in newborns.

The numbers of recalled newborns have not been registered until 1st
of January 2008. Among 890,000 samples screened after this date, 184
NBS samples showed a reduced concentration of CO and a second DBS
was requested (recall rate 0.02%). In 30 (0.003%) of these newborns,
the concentration of CO persisted below the cut-off and confirmatory
testing was initiated. Three of these newborns were confirmed to suffer
from CTD resulting in a positive predictive value (PPV) of 1.63%.

Of note, two of the six newborns with CTD were diagnosed and
treated in another clinic, and thus were taken into account only when
calculating the incidence. No information on confirmatory testing or
clinical follow-up of these patients were available to us.

No symptomatically diagnosed patient with CTD missed by our NBS
pilot study (false-negative) came to our attention.

3.2. Patient cohort

24 newborns were presented to our metabolic center for confirma-
tory testing. Four newborns (N1 — N4) and six mothers (M1, M3 — M7)
were diagnosed with CTD. In one consanguineous family, both the
newborn (N4) and the mother (M1) were diagnosed with CTD. In two
mothers (M8 and M9), the biochemical parameters and mild muscular
symptoms were consistent with CTD, but diagnosis could not be
confirmed by genetic testing, and skin biopsy was denied.

One mother showed secondary carnitine deficiency due to glutaric
aciduria type I. The diagnosis was confirmed by the characteristic profile
of acylcarnitines in serum, the excretion of 3-hydroxy-glutaric acid in
urine, and the detection of two mutations in the GCDH gene (c.1156C >
T/p.R386X, c.1262C > T/p.A421V).

One newborn (N5) and its mother (M12) had mildly reduced carni-
tine uptake in fibroblasts, but genetic analysis remained inconclusive. In
the remaining 11 cases, no inborn error of metabolism was found in the
newborn or the mother.

In addition, one newborn born in another federal state of Germany
was presented to our metabolic center with a reduced concentration of
CO in NBS but inconclusive work-up. The newborn was healthy, but its
mother (M2) and the sister of the mother (M10) were diagnosed with
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CTD. Furthermore, a sister of the mother M3 (M11) was diagnosed with
CTD by family screening. All three women were included in the clinical
data description.

3.3. Biochemical and genetic findings

Results of NBS and confirmatory testing of the four newborns with
CTD (N1-N4) are listed in Table 1. In N2-N4, a reduced concentration of
CO0 was confirmed in serum and the renal reabsorption was decreased. In
N1, treatment with r-carnitine was started by the local pediatrician
before the patient was referred for confirmatory testing. Thus, initial CO
in serum and renal reabsorption could not be assessed. In all newborns,
the diagnosis was confirmed by two mutations in the SLC22A5 gene or a
markedly reduced carnitine uptake in cultured fibroblasts. The nonsense
mutation ¢.351G > A (p.W117X) (N2) has not been described in the
literature so far.

The mean concentration of CO decreased from the first (5.7 + 0.6
pmol/1, range 5-6) to the second DBS (3.2 + 2.6 pmol/], range 1-6) due
to a decrease in N2 and N3, while the concentration of CO stayed un-
changed in N1 (Fig. 1). N4 was not included because its mother (M1)
was also affected with CTD.

As reduced concentrations of CO in NBS can be a consequence of
maternal conditions, the mothers of the newborns were also tested. In
seven mothers (M1 — M7) the diagnosis of CTD was established by two
mutations in the SLC22A5 gene or markedly reduced carnitine uptake in
cultured fibroblasts (Table 2). Two additional women were diagnosed
with CTD by family screening (M10 and M11). In two mothers (M8 and
MO9) only one mutation in the SLC22A5 gene was found despite reduced
concentration of CO in serum and decreased renal reabsorption. A skin
biopsy to determine the carnitine uptake in fibroblasts was

Table 1
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recommended, but denied by both women.

The genotypes of mothers with CTD are listed in Table 2. All women
showed at least one missense mutation or a mutation previously
described in an asymptomatic mother with the most common being
¢.136C > T (p.P46S) identified in eight of 11 women. Three novel mu-
tations were identified, two missense mutations (c.98G > T/p.G33V and
¢.1531G > C/p.E511Q) and an in-frame deletion of 18 base pairs (c.769-
786del18/p.A257-262).

There was no difference in the mean concentrations of CO in new-
borns of maternal CTD between the first (4.7 + 1.6 pmol/1, range 3-7.5)
and the second DBS (4.5 + 1.7 pmol/l, range 3-7.6) (Fig. 1).

One newborn (N5) and its mother (M12) showed CO concentrations
in serum in the lower normal range (17.5 and 10.5 pmol/1, respectively;
reference value 8.9-93.3 pmol/1), a mildly decreased renal reabsorption
(91% and 74%, respectively; reference value >90%) and mildly reduced
carnitine uptake in fibroblasts (25% and 36% of control, respectively).
Sequence analysis of the SLC22A5 gene revealed no mutation. Both in-
dividuals are indicated as “mild functional CTD” (Table 1 and Table 2).

In 11 newborns, no indication for CTD or another inborn error of
metabolism was found in the newborn or the mother. Confirmatory
testing showed CO concentrations in serum within the normal range in
all newborns and mothers. In eight of these cases, renal reabsorption of
CO was available and gave unremarkable results. No further follow-up
was required.

The concentrations of CO of these newborns in the first DBS (5.4 +
1.1 pmol/l, range 4-7.8) were reduced to values comparable to the
newborns with CTD (5.7 + 0.6 pmol/l, range 5-6) and newborns of
mothers with CTD (4.7 + 1.6 pmol/], range 3-7.5). Furthermore, the
mean concentration of CO in the second DBS (5.4 &+ 1.1 pmol/], range
4-8.2) stayed unchanged (Fig. 1).

Clinical and biochemical data of newborns with CTD at diagnosis and long-term follow-up.

Subject Newborn screening (dried blood spots) and confirmatory testing Clinical data at diagnosis Long-term follow-up
number
CO in CO in CO in RR? Carnitine Genotype Gender  CTD-related current Mean 1- Mean CO Hospital
first second serum of uptake in SLC22A5 symptoms age carnitine in serum admissions
DBS® DBS (pmol/  CO fibroblasts cDNA (protein) (metabolic (years) treatment during and/or
(pmol/  (pmol/ D (%) (pmol/min decompensation, (mg/kg/ treatment CTD-related
D )] X mg) muscular/cardiac d) (pmol/1) symptoms
symptoms)
Ref.” [>9] [>9] [8.9- [>90] [1.06 + [8.9-93.3]
93.3] 0.30]
Newborns with CTD
N1 6 6 NA® NA 0.09 c.761G > A/— Male None 18 65 28 ECG: RBBBY,
(p-R254Q/-) Sokolow-
Lyon
criterion for
LVH" (both
transient)
N2 6 2.5 4.9 61 0 c.351G > A/ Female None 15 75 15 None
deletion exon 2
(p.W117X/
deletion exon 2)
N3 5 1 0.8 0 0 c.458_459delTG/  Male None 14 150 14 14
¢.1403C > G (p. prophylactic
V153Afs*41/p. hospital
T468R) admissions
N4 4 4 7.6 95” NA c.641C > T/ Male None 4 85 54 None
c.641C > T (p.
A214V/p.
A214V)
Newborn with mild functional CTD
N5 3.5 4.5 17.5 91 0.26 - Female  None 18 50 25 None

@ Ref., reference; DBS, dried blood spot; RR, renal reabsorption; NA, not available; ECG, electrocardiogram; RBBB, right bundle branch block; LVH, left ventricular

hypertrophy.

b FTR was assessed in a different laboratory with a reference value of >98%. Novel mutations in bold and italic.
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Fig. 1. Concentrations of free carnitine (CO) in first and second dried blood spots (DBS). The progression of the CO concentrations from the first to the second DBS is
illustrated for newborns with carnitine transporter defect (CTD), newborns of mothers with CTD and newborns with no identifiable inborn error of metabolism. The
newborn N4 was not included because both N4 and his mother M1 were affected by CTD. The newborn of M2 was not included as the newborn screening (NBS) was

performed in a different screening laboratory.

3.4. Treatment, clinical findings, and long-term follow-up

All newborns with CTD were asymptomatic at the time of diagnosis.
They showed no evidence of metabolic decompensation and no ECG or
echocardiogram abnormalities. Serum concentrations of CO were
determined on a regular basis and r-carnitine supplementation was
required at a daily dose between 65 and 150 mg/kg, divided into 2 to 4
doses. N3 required the highest daily dose and a frequency of at least 4
doses per day in order to maintain serum CO concentrations in the low
normal range (>10 pmol/1). He suffered considerably from fishy body
odor and was admitted to hospital on 14 occasions due to vomiting or
reluctance to eat during viral infections. In the remaining children, no
prophylactic admission to hospital was necessary during intercurrent
illnesses. No metabolic decompensations occurred, no muscular symp-
toms were reported. Routine ECG and echocardiograms were unre-
markable in all children except for N1, who showed a right bundle
branch block and signs of ventricular hypertrophy (Sokolow-Lyon cri-
terion) in the ECG in childhood, both normalizing during puberty. All
patients showed normal neurocognitive development, motor skills, and
endurance at the age of 4, 14, 15, and 18 years, respectively. Clinical
information on the patients is listed in Table 1.

All mothers and adult family members with CTD were asymptomatic
at the time of diagnosis with no history of metabolic decompensations or
cardiac abnormalities. No muscular symptoms were reported with the
exception of M8 and M9, who described muscle pain and leg cramps,
respectively (Table 2). ECG and echocardiogram showed no signs of
arrhythmia or cardiac hypertrophy when available. Eight women with
CTD were followed up at our outpatient clinic for a duration between 1
and 14 years (Table 2). They required r-carnitine supplementation be-
tween 30 and 80 mg/kg per day in 1 to 3 doses adjusted to the in-
dividual’s serum CO level. Three women (M2, M10, M11) reported side
effects of L-carnitine treatment i.e. unpleasant body odor and gastroin-
testinal symptoms. No metabolic decompensations occurred. Follow-up
ECGs and echocardiograms revealed no cardiac abnormalities. M8 re-
ported subjective improvement of muscular symptoms with r-carnitine
treatment.

Three women were not followed-up in our outpatient clinic. To our

knowledge, they decided against a supplementation with r-carnitine but
remained asymptomatic.

In N5 and its mother M12, supplementation with L-carnitine was
recommended as serum CO concentrations decreased significantly below
the normal range, whenever treatment was withdrawn. In addition,
family history revealed that the first child of the family died from sudden
infant death syndrome at the age of 15 months. Medical history of N5
was uneventful. M12 suffered from supraventricular extrasystoles and
required a catheter ablation. The unclear diagnosis and the side-effects
of 1-carnitine treatment were reported to be very burdensome.

4. Discussion

The primary aim of NBS is the early detection and treatment of
clinically important disorders in order to minimize morbidity and
mortality in early childhood [33]. CTD is a potentially life-threatening
but readily treatable disorder and low levels of CO are detectable by
the widely used screening technique MS/MS. Hence, CTD appeared to be
a reasonable candidate disorder for the detection by NBS and was
included in many NBS programs, among them our pilot study within the
Bavarian NBS program [8,11,14,24,34,36]. Previous results of NBS
programs for CTD, however, have challenged the assumption of CTD
being a suitable candidate. For instance, high false-positive rates and
low PPV between 1.9 and 4.7% have been described [8,11,13,34]. This
finding is confirmed by a PPV of 1.63% found in our cohort between
2008 and 2018. During that time, only three newborns with CTD were
confirmed out of 184 initial NBS specimens flagged positive. Within the
entire study period of 19 ! years, six newborns with CTD were identified
suggesting an incidence of 1:302,667. This corresponds to the previously
estimated incidence of 1:382,247 using NBS data from Bavaria and
Baden-Wuerttemberg [9] and low incidences were also reported from
NBS programs in USA (1:142,236), Australia (1:120,000), and New
Zealand (1:290,000) [30,33,34]. However, data suggest that these in-
cidences might be too low indicating that a considerable number of
individuals with CTD are missed by NBS [8,29,34]. Given the frequency
of pathogenic SLC22A5 gene variants in the normal population, the
predicted incidence would be 1:59,465 [7], and may be even higher
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Table 2
Medical history, biochemical data and long-term follow-up of mothers and women identified by family screening with CTD.

Subject Medical history Laboratory work-up Long-term follow-up
number

CO in CO0 in Age at CTD-related history ~ CO in RR"of  Carnitine Genotype Duration Mean L- Mean CO in

newborn’s newborn’s diagnosis (metabolic serum Cco uptake in SLC22A5 of follow-  carnitine serum

first DBS® second DBS  (years) decompensations, (pmol/1) (%) fibroblasts cDNA up treatment during

(pmol/1) (pmol/1) muscular/cardiac (pmol/min (protein) (years) (mg/kg/d)  treatment
symptoms) X mg) (pmol/1)

Ref.” [>9] [>9] [8.9-93.3] [>90] [1.06 + [8.9-93.3]
0.30]

Mothers with CTD

M1° 4 4 28 None 6 93¢ NA® c.641C > T/ 4 - -
c.641C>T (p.
A214V/p.
A214V)

M2 NA NA 31 None 2.1 60 0.02 c.136C > T/ 14 80 11
c.769-
786del18 (p.
P46S/
p.A257-262)

M3 4 3 36 None 31 82.1 NA c.136C > T/ 4 70 13
¢.1531G > C
(p.P46S/p.
E511Q)

M4 3 3 34 None 2.3 87.8 NA c.136C > T/ 10 80 18
c.98G > T (p.
P46S/p.
G33V)

M5 5.1 4.7 32 None 5.2 87.5 NA c.136C > T/ Lost to - -
c1195C > T follow-up
(p.P46S/p.
R399W)

M6 3.3 3.1 23 None <2.0 99.5¢ NA ¢.136C > T/ Lost to - -
¢.506G > A follow-up
(p.P46S/p.
R169Q)

M7 4 5 25 None' 8 NA 0 c.394-16 T > 1 30 14
A/— (IVS1-16
T>A/-)

M8 6 5 38 Muscle pain 4.6 87.3 NA c1385G >T/ 8 40 20
— (p.G462V/
=)

M9 7.5 7.6 29 Muscle pain, 5.5 90.1 NA c.136C > T/— Lost to - -

cramps (p.P46S/-) follow-up

Family screening

M10° 32 None 0.5 NA NA c.136C > T/ 13 60 12
c.769-
786del18 (p.
P46S/p.
del257-262)

mi11° 37 None 2.5 60.4 NA c.136C > T/ 6 80 11
c.1531G > C
(p.P46S/p.
E511Q)

Mother with mild functional CTD
Mi12 3.5 4.5 30 Supraventricular 10.5 74 0.34 - 18 45 30
extrasystoles’

Novel mutations in bold and italic.
@ Ref., reference; DBS, dried blood spot; RR, renal reabsorption; NA, not available.

b M1 is the mother of N4, both diagnosed with CTD. M10 and M11 are the sisters of M2 and M3, respectively.
¢ RR was assessed in a different laboratory with a reference value of >98%.

4 Electrocardiogram and echocardiography were not performed.

¢ Result not informative due to very low carnitine levels.

f The 1st child died of sudden infant death syndrome with 15 months of life.
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considering the recently described frequent variant within the 5’ un-
translated region (UTR) of the gene [5]. Of note, in Japan, an incidence
as high as 1:40,000 was reported by population screening in adults as
opposed to 1:199,000 by NBS [10,27].

Both low specificity and low sensitivity can be explained by the
strong influence of maternal concentrations of CO on the newborn
concentrations of CO. Carnitine is transferred via the placenta to the
fetus during pregnancy and the concentrations of CO during the neonatal
period reflect those of the mother rather than the newborn. As a
consequence, unaffected newborns of mothers with CTD can have low
concentrations of CO shortly after birth and affected newborns of
healthy, heterozygous mothers may still display sufficient concentra-
tions of CO to escape detection by NBS [8,29]. In addition, maternal
concentrations of CO decrease physiologically during pregnancy and
thus add to the number of false-positives [15,35]. Accordingly, NBS
programs detect considerable numbers of mothers with CTD or other
conditions leading to secondary carnitine deficiency [8,11,13,34,36]. In
our cohort, we identified nine mothers with CTD and one mother with
glutaric aciduria type 1, as opposed to only four newborns with CTD. In
line with previous reports [4,12,13,26,32,36], the nine mothers and two
adult family members diagnosed with CTD in our cohort were asymp-
tomatic at the time of diagnosis with the exception of M8 and M9 who
reported minor muscular symptoms. No woman carried null mutations
on both SLC22A5 alleles. All women showed at least one missense mu-
tation or a mutation previously described in an asymptomatic mother
identified by NBS of the child. The frequent mutation c.136C > T (p.
P46S) was found in eight women (36% of alleles). This mutation has
mainly been encountered in asymptomatic women so far [1,12,26] and
retains a considerable residual activity [1,5,25]. It has therefore been
suggested that this and other similar missense mutations might be pro-
tective against early clinical manifestations [25]. In four individuals a
definitive diagnosis could not be established. In M8 and M9, only one
mutation in the SLC22A5 gene could be identified. Both women reported
mild muscular symptoms that improved with r-carnitine supplementa-
tion. In N5 and M12, mild impairment of carnitine uptake in fibroblasts
was detected, but no underlying genetic variation could be identified.
This finding is in line with reports describing mutation analysis in CTD
to be inconclusive in about 16% of alleles [7]. Of note, the recently
described prevalent 5’UTR variant (c.-149G > A) was not analyzed in
our cohort [5]. Genetic testing in our patients was performed before this
variant came to attention and comprised Sanger sequencing of the
coding exons and flanking regions, a technique that is unlikely to cover
the relevant gene region [5]. One might speculate that this variant may
well be the underlying cause, particularly in N5 and M12, and re-testing
needs to be considered.

The clinical benefit of treating asymptomatic women identified by
low concentrations of CO in their children’s NBS remains a matter of
debate [4,17,34]. The women identified and treated at our center
experienced no serious cardiac adverse events or relevant muscular
symptoms even when compliance with 1-carnitine supplementation was
low or absent. Some dropped out of clinical follow-up seeing no further
need. On the other hand, several women experienced a high psycho-
logical burden due to the unclear clinical risk of their condition, espe-
cially when the diagnosis remained inconclusive. Furthermore, some
women were affected by the side-effects of L-carnitine supplementation
such as unpleasant body odor and gastrointestinal symptoms. In general,
NBS aims at the early detection of relevant disease in infants in order to
prevent serious adverse events. Occasionally, the target disease was
detected in the mother rather than the newborn [19]. In NBS for CTD,
however, maternal CTD has been shown to be detected in high numbers.
This could be regarded as an additional benefit when clinically relevant
phenotypes are identified. Picking up considerable numbers of mothers
carrying missense mutations associated with significant residual OCTN2
activity and thus largely benign conditions, might not be justified
considering the potentially unnecessary interventions and therapies,
that cause psychological, physical, and social distress as well as financial
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burdens to the health care systems [2].

The newborns diagnosed with CTD displayed one null mutation
(N3), two null mutations (N2), or a distinctively decreased carnitine
transporter activity (N1) consistent with findings reported from symp-
tomatic patients [25]. N4, born to consanguineous parents, showed the
mutation ¢.641C > T (p.A214V) in a homozygous state. This mutation
has been identified in asymptomatic mothers showing significantly
higher residual activities as compared to symptomatic patients [25].
This patient might have escaped detection by NBS, had not his mother
(N1) also been affected and thus had revealed low concentrations of CO
to be detected [29]. Of note, the missense mutation c¢.136C > T (p.P46S)
was not identified in a newborn with CTD, supporting the hypothesis
that mild CTD might be missed by NBS [29]. The children followed at
our center showed a normal development without hypoglycemia or
metabolic decompensation during intercurrent infections in childhood
or relevant cardiac abnormalities. Within 19 ! years, no clinically
ascertained patient, missed by NBS, came to our attention. This obser-
vation further highlights the question whether mild CTD phenotypes
within the Bavarian population are clinically relevant.

In order to improve the performance of NBS for CTD, blood sampling
at a later age has been suggested [8,15,22,29]. In line with these con-
siderations, we found a trend to lower CO concentrations in the group of
newborn CTD in the second DBS. However, these suggestions contradict
the requirements of a possibly early screening in order to identify dis-
orders with a short pre-symptomatic window such as methylmalonic
aciduria in due time [28]. On the Faroe Islands, the collection of a
second, post-neonatal screening sample for CTD beyond the age of two
months has been introduced [29]. Re-screening all newborns seems
justified in a population with an incidence of CTD as high as 1:300 and a
prevalent founder mutation (c.95A > G; p.N32S) identified in 86% of
cases, which has been shown to be strongly associated with a severe
phenotype and an increased risk of sudden cardiac death in homozygous
individuals [21,23]. It might not be feasible in Germany/Bavaria given
the low incidence and a mutational spectrum including numerous var-
iants with an unknown clinical relevance in many detected individuals.
A second tier strategy applying genetic testing could serve as an
alternative.

5. Conclusions

Our data confirm that NBS for CTD produces high numbers of false-
positives and shows a low PPV, while it most likely misses newborns
with CTD. It rather picks up asymptomatic mothers confronting them
with an unsettling diagnosis of uncertain clinical significance. Our data
add to the growing evidence that argues against an implementation of
CTD in NBS programs applying the current screening strategy relying on
the determination of CO within the first days of life. In the context of the
high frequency of benign phenotypes, a targeted diagnostic work-up in
patients with suggestive clinical features of CTD, such as hypoketotic
hypoglycemia, infantile-onset cardiomyopathy and cardiac arrhyth-
mias, might be preferable.
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