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condition can be considered a possible pre-stage of SID in a 
continuum of aggravating symptoms.  Results:  43 IEMs were 
identified that were associated with SID and/or RS. Of these, 
(1) 26 can already present during the neonatal period, (2) 
treatment is available for at least 32, and (3) 26 can currently 
be identified by the analysis of acylcarnitines and amino ac-
ids in dried bloodspots (DBS).  Conclusion:  We advocate an 
extensive analysis of amino acids and acylcarnitines in blood/
plasma/DBS and urine for all children who died suddenly 
and/or unexpectedly, including neonates in whom blood 
had not yet been drawn for the routine NBS test. The ap-
plication of combined metabolite screening and DNA-se-
quencing techniques would facilitate fast identification and 
maximal diagnostic yield. This is important information for 
clinicians who need to maintain clinical awareness and deci-
sion-makers to improve population NBS programmes. 
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 Abstract 

  Background:  Many inborn errors of metabolism (IEMs) may 
present as sudden infant death (SID). Nowadays, increasing 
numbers of patients with IEMs are identified pre-symptom-
atically by population neonatal bloodspot screening (NBS) 
programmes. However, some patients escape early detec-
tion because their symptoms and signs start before NBS test 
results become available, they even die even before the sam-
ple for NBS has been drawn or because there are IEMs which 
are not included in the NBS programmes.  Objectives and 

Methods:  This was a comprehensive systematic literature re-
view to identify all IEMs associated with SID, including their 
treatability and detectability by NBS technologies. Reye syn-
drome (RS) was included in the search strategy because this 
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 Introduction 

 Many inborn errors of metabolism (IEMs) that cause 
cellular energy deficiency and/or intoxication are associ-
ated with sudden infant death (SID). Based on retrospec-
tive studies, approximately 0.9–6% of all SID cases in-
volve IEMs  [1–3] . Although these studies were subject to 
several forms of selection bias, they formed the rationale 
behind metabolic autopsy protocols for young children, 
which include analyses of amino acid and acylcarnitine 
profiles in plasma/urine  [4] .

  Since the 1990s, tandem mass spectrometry (TMS) of 
dried blood spots (DBS) has been developed to perform 
high-throughput simultaneous quantitative analysis of 
different diagnostic metabolites in small amounts in bio-
logical samples  [5] . As a consequence, in the last 2 de-
cades, population neonatal bloodspot screening (NBS) 
programmes have expanded to include many IEMs. Pa-
tients with treatable IEMs can remain undetected by pop-
ulation NBS programmes for several reasons. In some 
IEMs, symptoms and signs including death may already 
occur before the NBS test results become available or even 
before blood for testing has been drawn, annulling the 
benefits of NBS  [6–10] . This is especially relevant in areas 
where neonatal blood is collected relatively late, for in-
stance, in the Netherlands (i.e. 72–168 h after birth)  [11, 
12] . Worldwide, across different areas, population NBS 
programmes differ with respect to the methodological as-
pects and the disorders screened.

  Systematic studies on the percentage of IEMs in SID 
cases are required because, although rare, SID that is pre-
ventable due to the IEM concerned being treatable does 
still occur. Therefore, we performed this comprehensive 
systematic literature review to identify IEMs that (1) are 
associated with SID, (2) have clinical ascertainment dur-
ing the neonatal period, (3) are treatable and (4) are de-
tectable on TMS.

  Methods 

 Search Strategy 
 A literature search for relevant references was performed accord-

ing to the Cochrane Collaboration methodology. The CINAHL, Co-
chrane, PubMed and Embase public databases were searched using 
both MeSH terms and free text. A detailed presentation and assess-
ment of the search strategy, including the Preferred Reporting Items 
for Systematic Review and Meta-Analysis Protocols (PRISMA-P) 
2015 checklist, is presented in the online supplementary data (see 
www.karger.com/doi/10.1159/000443874 for all online suppl. mate-
rial).  Figure 1  presents the flow chart of the detailed search strategy 
together with the steps of the systematic review. 

  The following search terms were included to further optimize 
our search. The term ‘mitochondrial fatty acid oxidation’ was in-
cluded because, based on previous studies and our personal exper-
tise, this disease group has the highest incidence of IEMs associ-
ated with both SID  [1–3]  and NBS programmes  [6, 7, 10] . SID is 
historically defined as occurring in the first year of life. We there-
fore expanded our search strategy, adding the term ‘sudden unex-

Search strategy

Included after
screening titles

n = 216 

Included articles
after repeating

search
n = 1

Articles found
n = 378

Included after
screening abstracts

n = 152

Included after screening
full-text papers

n = 91 

Excluded by title
n = 162

Excluded by full-text
n = 61 

Excluded by abstract
n = 64 

Newly emerged articles after
checking reference lists

n = 187

Included after screening titles,
abstracts and full-text papers

n = 44

Best available evidence
n = 91 + 44 + 1 = 136  

  Fig. 1.  Flow chart of detailed search strategy. CINAHL, Cochrane, 
PubMed and Embase were searched using both MeSH terms and 
free text: ‘Metabolism, Inborn Errors’ (MeSH) OR ‘inborn errors 
of metabolism’ OR ‘mitochondrial fatty acid oxidation’ AND ‘Sud-
den Infant Death’ (MeSH) OR ‘sudden infant death’ OR ‘sudden 
infant death syndrome’ OR ‘unexpected death’ OR ‘sudden unex-
pected death of infant’ OR ‘Reye syndrome’ (MeSH) AND ‘Hu-
mans’ (MeSH) AND ‘Infant, Newborn, Child, Adolescent’ (MeSH) 
OR ‘newborn’ OR ‘infant’ OR ‘child’. The search was conducted 
on 15 February 2013. Due to the time that elapsed between the ex-
ecution of the search and the completion of the paper, the search 
was repeated on 28 August 2015 to screen for possible extra IEMs. 
This led to the inclusion of only 1 more IEM associated with either 
SIDS and/or RS: dihydrolipoamide dehydrogenase deficiency 
(DLD deficiency; MIM No. 246900). 
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pected death of infant’. Originally, Reye syndrome (RS) was de-
scribed as a non-inflammatory encephalopathy in childhood, as-
sociated with hepatic dysfunction  [13] . Since the 1980s, it has been 
recognized as a presenting symptom of IEMs rather than an etio-
logic diagnosis  [14] . We considered RS as a potential pre-stage of 
SID in a continuum of aggravating symptoms. We therefore also 
included the term ‘Reye syndrome’ in our search.

  All reports published since 1990 were included, corresponding 
with the first publications about the availability of TMS and the 
general progressions made with molecular and enzymatic confir-
matory testing in the field of IEMs. References published before 
1990 were only included when available upon request. Two inde-
pendent reviewers (G.K. and T.D.) performed title and abstract 
screenings. Consensus about inclusion was reached during reg-
ular meetings. Subsequently, 3 independent reviewers (W.v.R., 
G.K. and T.D.) screened the full-text articles of all selected refer-
ences. The inclusion of a diagnosis as a cause of SID and/or RS was 
based on the presence of detailed patient data and a confirmed 
diagnosis in the full-text articles. Specific exclusion criteria were: 
(1) no detailed patient data reported, (2) a lack of accessibility of 
the articles, (3) confirmatory metabolite, molecular or enzymatic 
studies were inconclusive, (4) there had been a (possible) addi-
tional contributing cause of death, (5) RS patients were >18 years 
old and (6) the abstract and/or article was not available in either 
English or Dutch.

  Data Analysis 
 All IEMs were classified according to the Society for the Study 

of Inborn Errors of Metabolism classification of IEMs  [15] . Based 
on the included references, associations between confirmed diag-
noses and SID and/or RS were documented (e.g.  table 1 : ‘+’ in the 
SID column indicates that the particular IEM has been associated 
with SID in at least 1 of the corresponding references in online 
sυppl. table 1). Neonatal clinical presentation was reported based 
on detailed patient data from the included references. Based on 
recent textbooks and the literature, the treatability  [16]  and de-
tectability by TMS of a DBS  [17–19]  were documented, respec-
tively.

  Results 

 This systematic review included a total of 136 refer-
ences.  Table 1  presents the 43 IEMs associated with either 
SID and/or RS, concerning mostly disorders of mito-
chondrial fatty acid oxidation, the urea cycle and organic 
acidurias. References of all included articles are presented 
in online supplementary table 1. Out of these 43 IEMs, 26 
had presented already during the neonatal period, and 15 
were found to be treatable and also detectable with TMS 
methodologies. In at least 32 of the IEMs, a specific di-
etary and/or pharmacological treatment is available in or-
der to prevent clinical presentation. Identification by 
population NBS programmes by TMS analysis of amino 
acids and/or acylcarnitines in DBS is possible in 26 of the 
IEMs.

  Discussion 

 This unique systematic literature review identified at 
least 43 IEMs associated with SID and/or RS, 26 of which 
can already present during the neonatal period. At least 
32 are considered as treatable disorders and 26 are cur-
rently detectable by TMS analysis of amino acids and/or 
acylcarnitines in DBS. The remaining 17 cannot be de-
tected by current metabolite screening methods but re-
quire additional testing either by expanding the metabol-
ic testing options or by means of genetic and/or enzy-
matic laboratory methods. Out of the 26 IEMs in which 
feasibility of clinical ascertainment within the neonatal 
period has been reported, at least 15 are treatable and are 
detectable by TMS analysis. This is important informa-
tion to for the improvement of population NBS pro-
grammes because early detection and subsequent appro-
priate treatment can prevent clinical presentation and 
even death ( table 1 ). Moreover, considering the results of 
our study, we propose that diagnostic (laboratory) proto-
cols can be improved for children (including neonates) 
presenting with sudden/unexpected death.

  There is no doubt that the expanded population NBS 
programmes have significantly improved the outcomes 
of many patients, but there is still a subset of patients that 
unfortunately escapes early identification  [20] . In one 
group, this is because limited numbers of IEMs are in-
cluded in NBS programmes. It is important to realize that 
population NBS programmes vary worldwide, and maybe 
even within countries. In another group, it is because the 
symptoms and signs present before the NBS test results 
become available or even before blood has been drawn. 
This is aggravated by the relatively late drawing of blood 
and/or follow-up after positive test results in some areas/
countries. In the Netherlands, the blood for the NBS test 
is collected between 72 and 168 h after birth  [11, 12] . In 
2013, the response rate for the NBS programme was 
99.35%. Referral to a metabolic physician was initiated 
before day 8 in 62% of the positive neonates, but 441 out 
of 173,118 newborns died (etiology was not specified) be-
fore blood could be drawn  [11] . The reports on popula-
tion NBS programmes from Australia, the USA and Ger-
many present patients with clinical ascertainment and 
sometimes even neonatal death before the NBS test re-
sults have become available (see:  a  in  table 1 )  [6, 7, 10] . In 
line with these reports, since the expansion of the NBS 
programme in our country ( table 1 ), clinical symptoms 
and signs have often preceded the NBS test results, some-
times even leading to early death, in cases of very long-
chain acyl-CoA dehydrogenase deficiency, long-chain 
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 Table 1.  IEMs associated with SID and/or RS

Disorder Neonatal 
presentation

RS SID Treatable DBS Phenotype 
MIM No.

Amino acid and peptide metabolism
Urea cycle disorders

Carbamoylphosphate synthetase I deficiency + + + + +d 237300
Ornithine transcarbamylase deficiencya + + + + +d 311250
Citrullinemia type Ia + + + + +d 215700
Argininosuccinic aciduria – – + + +d 207900

Organic acidurias
Glutaric aciduria type Ia, b – – + + +d 231670
Propionic aciduriaa, c + + – + +d 232000
Methylmalonic aciduriaa, c + + + + +d 251000
Isovaleric aciduriaa, b – – + + +d 243500
Methylglutaconic aciduria, type I – + – + +d 250950
Methylglutaconic aciduria, type II (Barth syndrome) + + + + – 302060
3-Hydroxy-3-methylglutaric aciduria + + – + +d 246450
Alpha-methylacetoacetic aciduriac – + – + +d 203750
L-2-hydroxyglutaric aciduria – – + – – 236792

Disorders of the metabolism of branched-chain amino acids not classified as organic acidurias
Dihydrolipoamide dehydrogenase deficiency1 + + – – – 246900

Disorders of phenylalanine or tyrosine metabolism
Tyrosinemia type Ia, b + + + + +d 276700

Disorders of serine, glycine glycerate metabolism
Nonketotic hyperglycinemiaa + – + +/– +d 238300

Disorders of amino acid transport
Lysinuric protein intolerance – – + + – 222700

Carbohydrate metabolism
Disorders of fructose metabolism

Hereditary fructose intolerance – + – + – 229600
Disorders of glycerol metabolism

Glycerol kinase deficiency + + – + – 307030
Disorders of gluconeogenesis

Fructose-1,6-biphosphatase deficiency + + – + – 229700
Phosphoenolpyruvate carboxykinase deficiency – + + – – 261650

Glycogen storage disorders
Glycogen storage disease type Ia (von Gierke disease) + + + + – 232200
Glycogen storage disease type Ib – – + + – 232220
Glycogen storage disease type II (Pompe disease) – – + + +e 232300

Fatty acid and ketone body metabolism
Disorders of carnitine transport and the carnitine cycle

Carnitine transporter deficiencyc + + + + +d 212140
Carnitine palmitoyltransferase I deficiencyc + + + + +d 255120
Carnitine acylcarnitine translocase deficiencyc + + + + +d 212138
Carnitine palmitoyltransferase II deficiencyc + + + + +d 255110

Disorders of mitochondrial fatty acid oxidation
Very long-chain acyl-CoA dehydrogenase deficiencya, b + + + + +d 201475
Mitochondrial trifunctional protein deficiency + + + +/– +d 143450
Isolated deficiency of long-chain 3-hydroxylacyl-CoA dehydrogenaseb + + + + +d 143450
Medium-chain acyl-CoA dehydrogenase deficiencya, b + + + + +d 201450
Medium-chain 3-ketoacyl-CoA thiolase deficiency2 + – + + – 602199
3-Alpha-hydroxylacyl-CoA dehydrogenase deficiency + + + + +d 231530
Multiple acyl-CoA dehydrogenase deficiencya + + + +/– +d 231680
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3-hydroxyacyl-CoA dehydrogenase deficiency/mito-
chondrial trifunctional protein deficiency, medium-
chain acyl-CoA dehydrogenase deficiency, maple syrup 
urine disease and galactosemia (unpubl. data). Patients 
may also escape early identification due to false-negative 
NBS results (e.g. patients with carnitine transporter defi-
ciency or very long-chain acyl-CoA dehydrogenase de-
ficiency  [21, 22] ) or for analytical reasons, which is of 
concern for patients with carnitine palmitoyltransferase 
2 deficiency  [23] . These examples stir up the debate on 
whether the NBS test should be performed earlier in life 
and/or at 2 different time points.

  The general view on ‘the metabolic autopsy’ originated 
from case studies and small retrospective cohort studies 
that introduced bias  [4] . It is generally recognized that 
low incidences and aspecific symptoms and signs cause 
an under-diagnosis of IEMs  [9] . Our study strengthens 
the rationale that, despite a low incidence of individual 
IEMs, the neonates who died deserved at least a TMS 
analysis of amino acids and acylcarnitines in a DBS, when 
feasible. For most of the disorders listed in  table 1 , the as-
sociated recurrence rate for affected families is at least 
25%.

  Several methodological issues in this study should be 
mentioned. First, the retrospective design of many of the 
cohort studies and case studies included might have in-
troduced both a publication bias and a data availability 
bias as (1) the reports do not always describe detailed pa-
tient data and (2) obviously not all SID cases due to IEMs 
get reported in the literature. Second, there are many fac-
tors including aspecific symptoms that lead to under-di-
agnosis of IEMs in neonates  [9] . Third, despite our exten-
sive and detailed search strategy, we cannot exclude the 
possibility that a few references were missed. This was 
emphasized by the fact that, after including the full-text 
articles in the first round (n = 91), new references still 
emerged via the reference lists of excluded and included 
full-text articles. In order to optimize the search strategy, 
we conducted a second (n = 44) and third (n = 1) screen-
ing round. Fourth, in the medical literature, the definition 
of SID is not always consistently applied with regard to 
age range and clinical symptoms and signs. In an attempt 
to overcome this, we added the term ‘sudden unexpected 
death of infant’ to our search strategy. Last, some includ-
ed IEMs exemplify only one protein deficiency in a large 
metabolic pathway involving many enzymes and trans-
porters that could potentially create a similar clinical pic-

Disorder Neonatal 
presentation

RS SID Treatable DBS Phenotype 
MIM No.

Energy metabolism
Disorders of pyruvate metabolism

Pyruvate dehydrogenase complex deficiency – + – +/– – n.s.
Mitochondrial respiratory chain disorders

Point mutations of mtDNA + + + – – n.s.
Ubiquinone (CoQ10) deficiency (non-LS) – + + + – 607426
Complex I deficiency; riboflavin responsive (ACAD9) – + + – – 611126
Complex I deficiency – – + – – 252010
Complex IV deficiency + + + – – 220110

Metabolism of vitamins and (non-protein) cofactors
Disorders of biotin metabolism

Biotinidase deficiency – – + + +f 253260
Holocarboxylase synthetase deficiency – – + + +d 253270

  In the SID column, ‘+’ indicates an association with SID in at least 1 of the corresponding references presented in online suppl. table 
1. n.s. = Not specified.

1 Dihydrolipoamide dehydrogenase deficiency (DLD deficiency; MIM No. 246900); 2 Medium-chain 3-ketoacyl-CoA thiolase defi-
ciency (MCKAT deficiency; MIM No. 602199); these IEMs were not included in the list of the Society for the Study of Inborn Errors of 
Metabolism, but were found via the search strategy and were therefore included as IEMs associated with either SID and/or RS. 

a Reported to have caused clinical ascertainment and/or neonatal death before NBS test results were available [6, 7, 10]. b Included 
in the expanded Dutch population NBS Programme since 2007 [25]. c Recommended in 2015 for the expansion of the Dutch population 
NBS Programme [25]. d According to McHugh et al. [17]; e according to Kishnani et al. [18]; f according to Gonzalez et al. [19].

Table 2 (continued)
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ture. Therefore, we believe, based on our systematic re-
view, that the IEMs included in  table 1  should be consid-
ered as the minimal number of IEMs associated with SID 
and/or RS. Despite expanding NBS programmes, clinical 
awareness needs to remain high amongst neonatologists 
and paediatricians because many IEMs have not yet been 
implemented in NBS programmes. It is possible that ear-
ly recognition of clinical presentations and subsequent 
diagnostic testing could prevent fatal outcomes  [24] .

  In summary, our systematic review identified the IEMs 
that are associated with RS and SID, a significant propor-
tion of which are treatable disorders. In our opinion, the 
analysis of amino acids and acylcarnitines in blood/plas-
ma/DBS and urine should be part of post-mortem diag-
nostic protocol, next to the isolation of DNA and, prefer-

entially, material for functional tests such as the analysis 
of cultured skin fibroblasts. The combination of metabo-
lite screening and DNA-sequencing techniques would 
harbor the best of both methods, i.e. fast identification 
and a high diagnostic yield.
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