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Abstract Experience with new-born screening (NBS) for
disorders of fatty-acid oxidation (FAOD) is now becoming
available from an increasing number of programs world-
wide. The spectrum of FAOD differs widely between ethnic
groups. Incidence calculations from reports from Australia,
Germany, and the USA of a total of 5,256,999 newborns
give a combined incidence of all FAOD of approximately
1:9,300. However, it appears to be much lower in Asians.
Consequently, a significant prevalence and evidence for a
clear benefit of NBS is proven for medium-chain acyl-CoA
dehydrogenase deficiency (MCAD) only in countries with a
high percentage of Caucasians, with very-long-chain acyl-
CoA dehydrogenase deficiency (VLCAD) and long-chain
3-hydroxy acyl-CoA dehydrogenase deficiency (LCHAD)
being additional candidates. The long-term benefit for
many disorders has still to be evaluated and will require
international collaboration, especially for the rarest disor-
ders. Short-chain acyl-CoA dehydrogenase deficiency
(SCAD) [as well as Systemic carnitine transporter deficien-
cy (CTD) and dienoyl-CoA reductase deficiency (DE-
RED)] are conditions of uncertain clinical significance,

but most FAOD have a spectrum of clinical presentations
(healthy–death). Confirmatory diagnostic procedures
should be agreed upon to ensure international comparability
of results and evidence-based modifications. The case of
short-chain acyl-CoA dehydrogenase deficiency (SCAD)
deficiency shows that even inclusion of conditions without
a clearly known natural course may prove useful with
respect to gain of knowledge and consecutive exclusion of
a biochemical abnormality without clinical significance,
although this line of argument implies the existence of
structured follow-up programs and bears ethical controver-
sies. As a final conclusion, the accumulated evidence
suggests all FAOD should to be included into tandem mass
spectrometry (MS/MS)-based NBS programs provided
sufficient laboratory performance is guaranteed.

Abbreviations
NBS Newborn screening
FAOD Fatty-acid oxidation disorders
MCAD Medium-chain acyl-CoA dehydrogenase

deficiency
VLCAD Very-long-chain acyl-CoA dehydrogenase

deficiency
LCHAD/
mTFP

Long-chain 3-hydroxy acyl-CoA dehydroge-
nase deficiency/mitochondrial trifunctional
protein deficiency

CTD Systemic carnitine transporter deficiency
SCAD Short-chain acyl-CoA dehydrogenase

deficiency
CPT I Carnitine palmitoyltransferase 1 deficiency
CPT II Carnitine palmitoyltransferase-2 deficiency
CACT Carnitine acylcarnitine translocase deficiency
MAD/GA
II

Multiple acyl-CoA dehydrogenase deficien-
cy/glutaric aciduria type II (synonym)

MCKAT Medium-chain ketothiolase
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M/
SCHAD

Medium-/short-chain 3-OH-acyl-CoA dehy-
drogenase deficiency

DE-RED Dienoyl-CoA reductase deficiency
MS/MS Tandem mass spectrometry

Background

Disorders of fatty-acid oxidation (FAOD) are a group of
frequent inborn errors of metabolism with an estimated
combined incidence of 1:9,000. In Caucasian populations,
the frequency of medium-chain acyl-CoA dehydrogenase
(MCAD) deficiency is about the same as that of phenylke-
tonuria (PKU), the condition for which newborn screening
(NBS) was implemented in the 1960s. Most FAOD are
identified by rapid acylcarnitine profile analysis by flow
injection electrospray ionization (ESI) tandem mass spec-
trometry (MS/MS). Furthermore, they are treatable by
simple avoidance of fasting in most cases, whereas
metabolic decompensations can be fatal in unsuspected
patients. Given their frequency, due to the improved clinical
outcome achieved by presymptomatic initiation of treat-
ment and the ability to apply acylcarnitine analysis by MS/
MS to high-throughput testing using dried blood spots
(DBS), MCAD deficiency and other FAOD were included
into many NBS programs since the mid-1990s (Zytkovic et
al. 2001; Schulze et al. 2003). The current state of NBS for
FAOD in various regions and countries was reviewed and
discussed during one session of the symposium on Fatty
Acid Oxidation–Clinical, Biochemical and Molecular
Aspects held in Fulda, Germany, in November 2008.
Particular focus was given to selection of conditions into
NBS programs, the relevance of test performance metrics,
epidemiological data, and follow-up practices of abnormal
screening results. This short report summarizes the content
of the presented lectures and the conclusions drawn in the
subsequent roundtable discussion.

Selection criteria for inclusion of FAOD into NBS
programs

To aid in the selection of diseases to be included into
screening programs, screening principles were first devel-
oped by Wilson and Jungner on behalf of the World Health
Organization in 1968 (Wilson et al. 1968). Although these
principles were not specifically developed for NBS and had
to be modified for this specific theme, they are still the most
commonly cited selection criteria. In 2002, however, the
American College of Medical Genetics (ACMG) was
commissioned by the Maternal and Child Health Bureau

of the Health Resources and Services Administration
(HRSA) of the United States Department of Health and
Human Services to review the scientific basis of NBS and
develop recommendations as to which disorders should be
included in NBS programs. The impetus for a comprehen-
sive review of the status of NBS was the scattered
implementation of MS/MS in US screening laboratories,
which led to marked discrepancies in the number of
screened conditions. Whereas several states provided NBS
for only three diseases, those that implemented amino acid
and acylcarnitine profiling by MS/MS were screening for
more than 30 conditions. In 2006, and after gathering input
from national and international stakeholders in NBS and
experts of the conditions under review, the ACMG’s
conclusions and recommendations were published (Watson
et al. 2006). An initial scoring system grouped eight of 13
FAODs detectable by acylcarnitine analysis within those
conditions that every baby should be screened for. Upon
further review, only five FAOD were deemed appropriate
for inclusion in what was termed primary or core conditions
(Table 1). The reasons to move short-chain acyl-CoA
dehydrogenase deficiency (SCAD) deficiency to the group
of secondary targets was that significant controversy exists
as to whether SCAD deficiency is merely a biochemical
phenotype without clinical correlate. For glutaric acidemia
type II and medium-/short-chain 3-OH-acyl-CoA dehydro-
genase deficiency (M/SCHAD) deficiency, the natural
history is not sufficiently understood.

The secondary targets include conditions that did not
meet all selection criteria. Most of them are nevertheless
identified because they are included in the differential
diagnosis of screening results observed in core conditions
(Table 1). After all, screening tests do not primarily
determine disease status but measure analytes that, in most
cases, are not specific for a particular condition. For
example, when screening by acylcarnitine analysis for
MCAD deficiency, which achieved the highest score
among all conditions that were considered in the ACMG
report, it is expected to also uncover cases of M/SCHAD
deficiency, medium-chain ketothiolase (MCKAT) deficien-
cy and glutaric acidemia type 2. The estimated incidence
of conditions was also considered by the ACMG, and
higher scores were given to the more common conditions,
whereas overall, this criterion was weighted less than
some others, such as simplicity and benefit of early
treatment on outcome and test characteristics (Table 2)
(Watson et al. 2006).

Similar to the situation in the USA, the implementation
of MS/MS into NBS programs has prompted several other
countries to standardize their NBS menu, whereas others
remain skeptical of the benefit of NBS for FAOD, except
MCAD deficiency. For example, in Germany, a commis-
sion was established by the Ministry for Health and Social
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Security to determine the conditions for which every
newborn should be screened. Different from the ACMG
recommendations, six FAODs were included, and the fact
that screening for these conditions could uncover cases of
three additional FAODs was ignored (Table 1).

Implications of test performance on NBS

The performance of NBS programs with respect to false
positive/negative rates (FPR, FNR), positive/negative pre-
dictive values (PPV, NPV), and detection rates has not

Table 2 Incidences of fatty-acid oxidation disorders (FAOD) in different newborn screening programs

Disorder Australia/Germany/USA
(N 5,256,999 for 1-3)

Turkey (N=78,850)
(Demirkol unpubl.)

Minnesota, USA
(N=378,272)

Qatar
(N=71,069)

Taiwan (N=433,874)
(Huang et al 2006)

1 MCAD 1:15,000 1:10,508 1:4,000 1:199,922

2 VLCAD 1:85,000 1:94,568 1:71,069 Not detected

3 LCHAD/TFP 1:250,000/1:750.000 1:75,654 Not detected

4 CTD 1:77,000 1:22,251a Not detected

5 SCAD 1:95,000 1:25,218 1:217,000

6 CPT-1 1:750,000 to 1:2,000,000 <1:378,272 Not detected

7 CPT-2 1:750,000 to 1:2,000,000 1:378,272b Not detected

8 CACT 1:750,000 to 1:2,000,000 Not detected

9 MAD, GA II 1:750,000 to 1:2,000,000 1:15,000 1:378,272 Not detected

10 MCKAT

11 M/SCHAD

12 DE-RED

Combined 1:9,300 1:3,300 1:4613 1:3900 1:217,000

1 Medium-chain acyl-CoA dehydrogenase deficiency, 2 very-long-chain acyl-CoA dehydrogenase deficiency, 3 long-chain 3-hydroxy acyl-CoA
dehydrogenase deficiency/mitochondrial trifunctional protein deficiency, 4 carnitine transporter deficiency, 5 short-chain acyl-CoA dehydrogenase
deficiency, 6 carnitine palmitoyltransferase-1 deficiency, 7 carnitine palmitoyltransferase-2, 8 carnitine acylcarnitine translocase deficiency, 9
multiple acyl-CoA dehydrogenase deficiency/glutaric aciduria type II, 10 medium-chain ketothiolase, 11 medium-/short-chain 3-OH-acyl-CoA
dehydrogenase deficiency, 12 dienoyl-CoA reductase deficiency
a Infant: 1:189,136, Mother 1:25,218 b CPTII/CACT combined

Table 1 Fatty-acid oxidation disorders (FAOD) included in newborn screening (NBS) panels in various countries

Disorder USA D A CH NL B DK GB AUS

CTD +1 - + - - + + - +

CPT I +2 + + - - + + - +

CPT II +2 + + - - - + - +

CACT +2 + + - - + + - +

VLCAD +1 + + - + + + - +

LCHAD +1 + + - + + + - +

mTFP +1 (+) + - (+) + + - +

DE-RED +2 - - - - - - - -

MCAD +1 + + + + + + + +

MCKAT +2 (+) + (+) (+) + + (+) +

SCAD +2 - + - + - - +

M/SCHAD +2 (+)

+ Diseases included in the official NBS program (1 primary target, 2 secondary target), (+)diseases excluded from a program but detected anyway
as part of the differential diagnosis of a screened FAOD, A Austria, AUS Australia, B Belgium, CH Switzerland, D Germany, DK Denmark, GB
Great Britain, NL Netherlands, USA United States of America, MCAD medium-chain acyl-CoA dehydrogenase deficiency, VLCAD very-long-
chain acyl-CoA dehydrogenase deficiency, LCHAD/mTFP long-chain 3-hydroxy acyl-CoA dehydrogenase deficiency/mitochondrial trifunctional
protein deficiency, CTD carnitine transporter deficiency, SCAD short-chain acyl-CoA dehydrogenase deficiency, CPT I carnitine
palmitoyltransferase-1 deficiency, CPT II carnitine palmitoyltransferase-2, CACT carnitine acylcarnitine translocase deficiency, MAD-GA II
multiple acyl-CoA dehydrogenase deficiency/glutaric aciduria type II, MCKAT medium-chain ketothiolase, M/SCHAD medium-/short-chain 3-
OH-acyl-CoA dehydrogenase deficiency, DE-RED dienoyl-CoA reductase deficiency
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received significant attention until multianalyte testing in
the form of acylcarnitine and amino acid profiling by MS/
MS was applied to NBS. Until then, the primary goal was
100% sensitivity with sufficient specificity, and parameters
such as FPR and PPV were only considered for those
conditions that were particularly affected by a large number
of FPR, such as screening for congenital adrenal hyperpla-
sia (van der Kamp and Wit 2004). NBS by MS/MS
generating profiles of metabolites that by themselves are
often not specific disease markers is not easily amenable to
simple application of age-appropriate cutoff values but
often also requires result interpretation. Accordingly,
expansion of NBS panels increases the responsibility of
laboratories to provide testing with highest sensitivity and
specificity to allow identification of affected patients while
minimizing the FPR (Rinaldo et al. 2006). With respect to
FAOD, this requires laboratories to become familiar with
the relevant metabolites and metabolite ratios expected to
be abnormal in a particular condition and to set cutoffs at
appropriate levels. This is now achievable by learning from
the experience of programs that have been using MS/MS
for several years and by participating in projects such as the
Region 4 Collaborative Project, which aims at improving
the analytical quality of NBS by MS/MS and is accessible
to any interested screening laboratory (http://www.region4
genetics.org/msms_data_project). Exemplary performance

metrics for FAOD of three programs with multiyear
experience are shown in Table 3.

It is extremely difficult to asses FNRs, as screening
laboratories usually will not be informed about an FAOD
diagnosis in an older, symptomatic child. False negative
cases have been reported for MCAD (Maier et al. 2009)
and are imminent in all FAODs, as acylcarnitine profiles
may normalize in older infants (Boneh et al. 2006).

Newborn screening experiences and incidences of FAOD

Experience with NBS for FAOD for about a decade is
now available from an increasing number of programs
worldwide. Wilcken and colleagues reported a compre-
hensive outcome study revealing a reduction by 74% of
severe metabolic decompensations and/or death in
patients with MCAD deficiency who were identified by
NBS (Wilcken et al. 2009). Reduced morbidity and
mortality at an incremental cost below the range for
accepted health care interventions has been shown for
MCAD in The Netherlands and the UK (Pandor et al.
2004). Van der Hilst and colleagues calculated an
incremental cost-effectiveness ratio of € 1,653 for every
life year gained, which compares favorably to other
preventive health measures (van der Hilst et al. 2007).

Table 3 Screening test performance for fatty-acid oxidation disorders (FAOD) in newborn screeing (NBS) programs (Minnesota, USA, 2004–
2008, N=378,272; Germany, 2007, N=686,064)

Performance metric FPR (%) PPV (%)

Disorder\Program Germany 2007 overall (min;max) MN NY Germany 2007 overall (min;max) MN NY

MCADa 0,03 (0,01;0,08) 0.003 0.06b 46 (12;100) 78 8b

VLCADa 0,02 (<0,001;0,09) 0.003 - 5,2 (3;100) c 27 -

LCHAD/mTFPa 0,01 (<0,001;0,04) <0.001 - 6,2 (16;100) c 83 -

CTDa NI 0.004 - NI 50 -

SCAD NI 0.006 - NI 42 -

GA II NI 0.001 - NI 33 -

CPTII/CACT <0,001 0.002 - 14 -

M/SCHAD ND 0.001 - ND 0 -

CPT I <0.001 <0.001 - 0 -

MCKAT/RED ND ND - ND ND -

DE-RED ND ND - ND ND -

MCAD medium-chain acyl-CoA dehydrogenase deficiency, VLCAD very-long-chain acyl-CoA dehydrogenase deficiency, LCHAD/mTFP long-
chain 3-hydroxy acyl-CoA dehydrogenase deficiency/mitochondrial trifunctional protein deficiency, CTD carnitine transporter deficiency, SCAD
short-chain acyl-CoA dehydrogenase deficiency, CPT I carnitine palmitoyltransferase-1 deficiency, CPT II carnitine palmitoyltransferase-2, CACT
carnitine acylcarnitine translocase deficiency, MAD-GA II multiple acyl-CoA dehydrogenase deficiency/glutaric aciduria type II, MCKAT
medium-chain ketothiolase, M/SCHAD medium-/short-chain 3-OH-acyl-CoA dehydrogenase deficiency, DE-RED dienoyl-CoA reductase
deficiency, FPR false positive rate, Germany German screening laboratories, Nationaler Screeningreport 2007, MN Minnesota, ND not detected,
NI not included, NY New York, PPV positive predictive value
a Primary targets in the ACMG uniform panel; b Nichols et al 2008, c only single laboratories reported true-positive cases
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SCAD deficiency provides a different example following
years of NBS. Whereas this condition was regarded a
potentially life-threatening disorder prior to expanded NBS,
patients identified by NBS seem to remain asymptomatic
despite confirmation of severe enzyme deficiency. Accord-
ingly, inclusion of this condition in NBS programs has been
questioned and was removed from the screening panel in a
few programs (van Maldegem et al. 2006; Waisbren et al.
2008; Wilcken et al. 2009). On the other hand, without
inclusion of this disorder into NBS programs worldwide,
this information may have eluded discovery to the
detriment of patients who have been labelled with a
diagnosis of SCAD deficiency when, indeed, an alternative
or additional etiology of their clinical presentation should
have been pursued. It may be argued then, that all FAOD
should be included in NBS programs because evidence-
based screening is only achievable by screening for these
conditions and long-term follow-up of identified patients.

Incidence calculations from reports from Australia,
Germany, and the USA of a total of 5,256,999 newborns
give a combined incidence of all FAODs of approximately
1:9,300. Data from recent screening efforts in countries
with different ethnic backgrounds reveal significantly
different incidences (Table 2). This raises the question of
whether an FAOD that is rarely identified in a particular
population should be excluded from the screening panel,
e.g., in Asians. Obviously, carefully evaluated pilot projects
must be performed and evaluated in non-Caucasian
populations before embarking on population screening. If
screening for each FAOD would require significant effort, a
separate DBS punch analysis, or even dedicated equipment,
exclusion of such rare conditions seems reasonable. The
situation is different for FAOD, however, because if any
FAOD is deemed significant enough to be included into an
NBS panel, there is no real additional effort, time, or cost
accrued by screening for all detectable FAODs by acylcar-
nitine analysis. Screening for all conditions detectable by
combined acylcarnitine and amino acid analysis by MS/MS
can be expected to be more cost effective than screening for
a single condition (Pandor et al. 2004). Of course, this is
only true as long as the screening test performance is
acceptable, which—as indicated above—is readily achiev-
able given the growing number of NBS laboratories
experienced in the use of MS/MS.

Recommendations for confirmatory diagnostic workup

Recommendations for the diagnostic workup of an abnor-
mal NBS result have been developed, but—given the rarity
of some of the conditions—are based mostly on expert
opinion or consensus and lack unequivocal evidence. In the
past, such procedural guidelines had been created by

metabolic specialists to be used in their respective centers
but for the most part were not made available to outsiders.
Therefore, the ACMG established a work group of experts
to develop guidelines for the follow-up of each primary and
secondary condition it had recommended for inclusion into
NBS programs. Following peer and ACMG board review,
this work group’s suggested ACTion (ACT) sheets and
diagnostic algorithms were published online (www.acmg.
net) to be available for the primary care provider who may
be faced with the task of follow-up of a presumptively
positive screening result but does not have immediate
access to a metabolic center. These guidelines are updated
on a regular—yet not yearly—basis, and programs are
encouraged to adopt them as they see fit and provide
feedback for improvements.
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