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Abstract Objective: To improve the efficacy of newborn
screening (NBS) for very long chain acyl-CoA dehydro-
genase deficiency (VLCADD).

Patients and Methods: Data on all dried blood spots
collected by the Dutch NBS from October 2007 to 2010
(742.728) were included. Based solely on the C14:1 levels
(cutoff >0.8 pmol/L), six newborns with VLCADD had
been identified through NBS during this period. The ratio of
C14:1 over C2 was calculated. DNA of all blood spots with
a Cl14:1/C2 ratio of >0.020 was isolated and sequenced.
Children homozygous or compound heterozygous for muta-
tions in the ACADVL gene were traced back and invited for
detailed clinical, biochemical, and genetic evaluation.
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Results: Retrospective analysis based on the C14:1/C2
ratio with a cutoff of >0.020 identified an additional five
children with known ACADVL mutations and low enzy-
matic activity. All were still asymptomatic at the time of
diagnosis (age 2—5 years). Increasing the cutoff 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 than Cl14:1 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 approach may also
identify individuals who may never develop clinical
disease. Long-term follow-up studies are needed to esta-
blish the risk of these VLCADD-deficient individuals for
developing clinical signs and symptoms.

Introduction

Many newborn screening (NBS) programs in the world,
including the Dutch NBS program, have very long chain
acyl-CoA dehydrogenase deficiency (VLCADD) in their
disease panel (Lindner et al. 2010; Loeber et al. 2012).
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 hypo-
glycemia, hepatomegaly, and cardiomyopathy in the neo-
natal period and rhabdomyolysis in early childhood. These
features can be induced by fasting, exercise, illness, and
fever (Vianey-Saban et al. 1998; Andresen et al. 1999;
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Laforét et al. 2009; Baruteau et al. 2014). VLCADD is
included in NBS programs mainly because life-threatening
symptoms as hypoglycemia and cardiomyopathy can be
prevented by dietary measures.

NBS for VLCADD is performed by measuring the
concentration of accumulating long-chain acylcarnitines in
blood spots, especially tetradecenoyl carnitine (C14:1). In
the Netherlands, the cutoff level of C14:1 for referral of
newborns was initially >0.80 pmol/L (2007). However,
because one patient was missed (detected via screening of
the family of an index patient), the cutoff level for referral
was reduced to >0.60 pmol/L (2010). Results of the
Region 4 database (McHugh et al. 2011), which contains
collaborative data on the outcome of NBS programs
worldwide (Houten et al. 2013), indicated that the ratio of
Cl14:1 over acetylcarnitine (C2) might further improve the
sensitivity of the screening procedure (Hall et al. 2014). C2
concentrations are often, and also in the Netherlands,
measured in NBS screening programs as secondary markers
for screening of isovaleric acidemia. In order to improve the
NBS on VLCADD, we retrospectively investigated whether
the ratio C14:1/C2 is a better marker for VLCADD than the
original marker C14:1.

Patients and Methods

We retrospectively calculated the C14:1/C2 ratios and
C14:1 levels of all 742.728 NBS blood spots from the
Dutch NBS program taken in the period 2007-2010. NBS
blood spots are taken within 72—144 h from birth. The
levels were measured within 7 days after birth. All blood
spots with a C14:1/C2 cutoff value of >0.020 and/or C14:1
>0.60 umol/L were selected for further analysis. DNA of
the selected blood spots was isolated using the NucleoSpin
Tissue genomic DNA purification kit (Macherey-Nagel,
Diiren, 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 ferrocenium hexafluorophosphate as the electron
acceptor, followed by UPLC, to separate the different acyl-
CoA species (Wanders et al. 2010). Acylcarnitines were
measured as described previously (Vreken et al. 1999).

Based on the duty of care principle (Sokol 2012), the
patients who were originally classified as nonaffected but
who turned out positive upon evaluation of the C14:1/C2
ratio were traced back and contacted for care. All were alive
and all accepted the invitation for neurological, cardio-
logical, biochemical, and genetic evaluation.

@ Springer

Results

Acylcarnitine Measurement and Mutation Analysis in
Blood Spots

We found a C14:1/C2 ratio of >0.020 in 67 blood spots.
Sequence analysis of the ACADVL gene in this group
revealed five children who were either homozygous for a
single mutation or compound heterozygous for two differ-
ent mutations. These mutations were confirmed in inde-
pendent samples (blood spot 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 children (PID
1 and 2) and mildly reduced in the other three patients (PID
3-5). The parents of individual 5 with 46% VLCAD activity
were analyzed to check for heterozygosity. Both parents
were heterozygotes for the found mutations in patient 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 umol/L.
The five additional children detected in this study were not
referred at the time. However, based on the current cutoff
value of C14:1 >0.6 umol/L (adopted 2013), individual 1
would have been referred.

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

Clinical Phenotype

All newly identified children with VLCADD were eval-
uated for clinical symptoms (Table 1). None of these
children reported muscle-related symptoms and none had
neurological or cardiological abnormalities. All were normo-
glycemic upon evaluation and none had suffered metabolic
decompensation. Growth varied with a length range < —1.5
SD below the target 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
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742.728 bloodspots

C14:120.8
n=9

C14:1 20.6
n=15

C14:1/C2 20.020
n=67

C14:1/C2 20.023
n=30

True positive
n=6
Sensitivity: 50%
" Positive predictive value: 66%
False positive
n=3 (0 carriers)

False negative
n=6

True positive
n=7
Sensitivity: 58%
" Positive predictive value: 47%
False positive
n=8 (1 carrier)

False negative
n=5

True positive
n=11
Sensitivity: 93%
Positive predictive value: 16%

False positive
n=56 (18 carriers)

False negative
n=1

True positive

n=11

Sensitivity: 93%

Positive predictive value: 37%

False positive
n=19 (6 carriers)

False negative
n=1

Fig. 1 Sensitivity and positive predictive value. Sensitivity and positive predictive values of C14:1 and C14:1/C2 with the various cutoff values

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
(Fig. 1). With a C14:1/C2 cutoff value of >0.023, the
sensitivity remains 93%, while the positive predictive
value increases to 37% (Fig. 1).
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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. Accord-
ingly, this ratio is now added to the Dutch NBS as primary
marker for screening on VLCADD.
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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 fewer 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 involved (Waisbren et al. 2003; Gurian et al.
2006). Special care and a best practice for communication
between healthcare providers and parents are therefore
essential in mitigating the stress involved (Schmidt et al.
2012). Compared to other disease in the NBS, a positive
predictive value of 37% is high (Hall et al. 2014).

Retrospective analyses allowed us to identify five
children with reduced VLCAD activity who, on clinical
evaluation, were all asymptomatic, but in whom the
diagnosis VLCADD was confirmed by mutation analysis.
These children may be at high risk of future metabolic
crises and/or later-onset disease. However, it is not
possible to define which outcomes are clinically relevant
(Wilcken 2010; Bonham 2013). Children with a VLCAD
activity of >20% appear to have no symptoms (Hoffmann
et al. 2011). One could argue that individual 5 is therefore
not a case. Even with a residual VLCAD activity <20%,
the clinical outcome is not certain. Fatty acid oxidation
flux might be a better biomarker to predict the clinical
severity of VLCAD deficiency than enzyme activity
(Diekman et al. 2015). With the current development rate
of new techniques in genetics and biochemistry, sensitivity
will probably increase even more in the coming years
(Dixon et al. 2012; Bonham 2013). Although the intro-
duction of worldwide NBS programs has offered signifi-
cant health gain for many patients, it might be argued that
too sensitive NBS methods can lead to “overdiagnosing”
and as such may be harmful for patients and their families
(Timmermans and Buchbinder 2010; Kwon and Steiner
2011).

Conclusion

In summary, we show that the biomarker C14:1/C2
(>0.023) is a better marker (sensitivity 93%) compared to
C14:1 (>0.8, sensitivity 50%) to detect VLCADD patients
and thus leads to fewer missed patients. However, the
identified missed patients were all asymptomatic at the time
of diagnosis. This suggests that a more sensitive screening
approach may also identify individuals who may never
develop clinical disease. Studies that evaluate the natural
history of pre-NBS detected patients are needed to establish
the risk of these VLCADD-deficient individuals for
developing clinical signs and symptoms.
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