International Journal of

Neonatal Screening

Systematic Review

Sudden Death of a Four-Day-Old Newborn Due to
Mitochondrial Trifunctional Protein/Long-Chain
3-Hydroxyacyl-CoA Dehydrogenase Deficiencies and a
Systematic Literature Review of Early Deaths of Neonates with
Fatty Acid Oxidation Disorders

Ana Drole Torkar 1'2*{), Ana Klinc (7, Ziga Iztok Remec 3, Branislava Rankovic >4(7, Klara Bartolj >, Sara Bertok 1,
Sara Colja 3, Vanja Cuk 3, Marusa Debeljak 23, Eva Kozjek 3, Barbka Repic Lampret 3, Matej Mlinaric !,
Tinka Mohar Hajnsek °, Dasa Perko 3(7, Katarina Stajer 1, Tine Tesovnik 37, Domen Trampuz 3, Blanka Ulaga 3,

Jernej Kovac 230, Tadej Battelino 1>, Mojca Zerjav Tansek > and Urh Groselj 12*

check for
updates

Academic Editor: Can Ficicioglu

Received: 5 November 2024
Revised: 15 January 2025
Accepted: 15 January 2025
Published: 26 January 2025

Citation: Drole Torkar, A.; Klinc, A.;
Remec, Z.I.; Rankovic, B.; Bartolj, K.;
Bertok, S.; Colja, S.; Cuk, V.; Debeljak,
M.; Kozjek, E.; et al. Sudden Death of a
Four-Day-Old Newborn Due to
Mitochondrial Trifunctional
Protein/Long-Chain 3-Hydroxyacyl-
CoA Dehydrogenase Deficiencies and
a Systematic Literature Review of
Early Deaths of Neonates with Fatty
Acid Oxidation Disorders. Int. |.
Neonatal Screen. 2025,11,9. https://
doi.org/10.3390/ijns11010009

Copyright: © 2025 by the authors.
Published by MDPI on behalf of the
International Society for Neonatal
Screening. Licensee MDPI, Basel,
Switzerland. This article is an open
access article distributed under the
terms and conditions of the Creative
Commons Attribution (CC BY) license
(https:/ /creativecommons.org/
licenses /by /4.0/).

Department of Endocrinology, Diabetes and Metabolic Diseases, University Children’s Hospital,
Ljubljana University Medical Center, Bohoriceva 20, 1000 Ljubljana, Slovenia

Faculty of Medicine, University of Ljubljana, Vrazov trg 2, 1000 Ljubljana, Slovenia;
anaa.klinc@gmail.com (A.K.); jernej.kovac@kclj.si (J.K.)

Clinical Institute for Special Laboratory Diagnostics, University Children’s Hospital, Ljubljana University
Medical Center, Vrazov trg 1, 1000 Ljubljana, Slovenia

Institute of Pathology, Faculty of Medicine, University of Ljubljana, Korytkova 2, 1000 Ljubljana, Slovenia
Novo Mesto General Hospital, Smihelska cesta 1, 8000 Novo Mesto, Slovenia

*  Correspondence: ana.droletorkar@kclj.si (A.D.T.); urh.groselj@kclj.si (U.G.); Tel.: +386-1-522-9270 (A.D.T.);
+386-1-522-9270 (U.G.)

Abstract: Mitochondprial trifunctional protein (MTP) and long-chain 3-hydroxyacyl-CoA
dehydrogenase (LCHAD) deficiencies have been a part of the Slovenian newborn screen-
ing (NBS) program since 2018. We describe a case of early lethal presentation of
MTPD/LCHADD in a term newborn. The girl was born after an uneventful pregnancy
and delivery, and she was discharged home at the age of 3 days, appearing well. At the age
of 4 days, she was found without signs of life. Resuscitation was not successful. The NBS
test performed using tandem mass spectrometry (MS/MS) showed a positive screen for
MTPD/LCHADD. Genetic analysis performed on a dried blood spot (DBS) sample identi-
fied two heterozygous variants in the HADHA gene: a nucleotide duplication introducing
a premature termination codon (p.Arg205Ter) and a nucleotide substitution (p.Glu510GIn).
Post-mortem studies showed massive macro-vesicular fat accumulation in the liver and, to
a smaller extent, in the heart, consistent with MTPD/LCHADD. A neonatal acute cardiac
presentation resulting in demise was suspected. We conducted a systematic literature
review of early neonatal deaths within 14 days postpartum attributed to confirmed fatty
acid oxidation disorders (FAODs), which are estimated to account for 5% of sudden infant
deaths. We discuss the pitfalls of the NBS for MTPD/LCHADD.

Keywords: MTP deficiency; MTPD; LCHAD deficiency; LCHADD; fatty acid oxidation
disorder; FAOD; sudden infant death; newborn; newborn screening; NBS

1. Introduction

Mitochondrial trifunctional protein deficiency (MTPD) and long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency (LCHADD; jointly abbreviated MTPD/LCHADD) are
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included in the population newborn screening (NBS) programs of many countries [1]. The
condition has been part of Slovenia’s NBS since 2018 [2].

NBS for MTPD/LCHADD is based on establishing abnormal acylcarnitine profiles
through tandem mass spectrometry (MS/MS), followed by genetic and enzymatic analysis
to confirm the diagnosis. Confirmatory testing is necessary to reduce the risk of misdiagno-
sis of NBS [3,4] because a positive newborn screening result does not indicate a definitive
diagnosis; it merely suggests a child at risk.

Acylcarnitine profiles do not fully discriminate between LCHAD, MTP, and long-chain
ketoacyl-CoA thiolase (LCKAT) deficiencies. Thus, screening for LCHAD deficiency also
results in screening for MTP and LCKAT deficiencies [5].

Inborn errors of metabolism (IEMs) are estimated to account for 0.9-6% of sudden
unexpected death in infancy (SUDI), which refers to the death of a child that occurs
suddenly and unexpectedly during the first year of life and represents one of the lead-
ing causes of post-neonatal death [6-9]. The IEMs associated with SUDI also include
MTPD/LCHADD [5,10].

We describe a case of early lethal presentation of MTPD/LCHADD in a term newborn.
In addition, we performed a systematic review of published cases of early neonatal mortality
within the first 14 days postpartum due to fatty acid oxidation disorders (FAOD).

2. Case Report

The girl was born after an uneventful pregnancy and induced delivery at 40 weeks
of gestation, with appropriate birth measures (BW 3.2 kg, BL 49 cm, HC 34 cm, Apgar
9/10). Meconium amniotic fluid was observed, but she was stable and did not need any
interventions. She was discharged home at the age of 3 days and appeared well. At the age
of 4 days, the newborn was fed as usual and at a regular interval, not showing any signs of
fatigue or being unwell. After the girl awoke from a subsequent nap crying, the mother tried
to comfort her before feeding, when the girl suddenly became unresponsive and showed
no signs of life. No vital heart activity was achieved after 1 h of prolonged and adequate
resuscitation. Asystole was the detected cardiac arrest rhythm and was unresponsive
to treatment (11 x 12.5 mcg/kg of epinephrine, bicarbonate, glucose, and transfusion
of concentrated erythrocytes and boluses with normal saline were administered). NBS
samples were collected approximately 24 h before cardiac arrest.

The NBS test performed by MS/MS chronologically 3 days after death showed a
positive screen for MTPD/LCHADD (reported in umol/L with the maximum normal
range in brackets): C140H 0.45 (0.04), C160H 2.77 (0.05), C16:1 OH 0.46 (0.1), C16 OH/C14
1.41 (0.2), C16 OH/C16 0.24 (0.03), C18:1 OH 1.17 (0.04), C18 OH 1.27 (0.03), and C18
OH/C18 0.93 (0.09). The screen report was available after the infant died.

Genetic next-generation whole exome sequencing analysis was performed after
parental consent had been obtained, using DNA isolated from the dried blood spot (DBS)
used for NBS. Two heterozygous pathogenic variants in the HADHA gene were found. The
first was a nucleotide duplication c.612dup, resulting in a termination codon (p.Arg205Ter)
that was previously reported as pathogenic (ClinVar ID 638987) and is pathologic according
to the ACMG criteria (PVS1, PM2, PM3); the variant is not present in the healthy population
(GnomAD database), and it was paternally inherited. The second variant, a nucleotide
substitution 1528G>C (p.Glu510Gln), was reported as pathogenic (ClinVar ID: 100085,
HGMD: CM 940884) and classified as pathogenic according to the ACMG criteria (PS3,
PM2, PP3, PM3); the prevalence of the variant in the general population is 0.31% and it was
maternally inherited. No other genetic variants were identified.

Post-mortem studies revealed a structurally normal heart with a persistent foramen
ovale. Histology and electron microscopy findings were consistent with MTPD/LCHADD.
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Rather diffuse steatosis was present in the liver (Figure 1A,B), with small to medium
intra-cytoplasmatic fat droplets in most hepatocytes. Fat droplets were also seen in fewer
cardiomyocytes (Figure 1G,H). Additional electron microscopy (EM) (Figure 1C-F) revealed
prominent cellular vacuolization with diminished organelles and only a few mitochondria
showing deformed cristae structure. A neonatal acute cardiac presentation resulting in

demise was suspected.

LIVER HEART

Figure 1. Post-mortem histology tests: diffuse accumulation of fat droplets within the
hepatocyte (A-D) and cardiomyocyte (E-H) sections. Arrows show fat accumulation detected on
EM (C-F). (A) Liver, HE stain 4x magnification, the orthotopic liver structure is preserved. There is
diffuse steatosis, and optically clear vacuoles are present in nearly all hepatocytes. (B) Liver, HE stain
20 x magnification, diffuse steatosis. Sinusoids are congested. (C) Liver on EM. (D) Single hepatocyte
on EM. (E) Cardiac tissue on EM. (F) Cardiocyte on EM. (G) Myocard, HE stain 4 x magnification,
the orthotopic structure is preserved. Intracytoplasmatic clear vacuoles (fat droplets) are present
within cardiomyocytes. (H) Myocard, HE stain, 20 x magnification. Legend: HE stain hematoxylin
and eosin stain, M magnification, EM electron microscopy.

3. Materials and Methods of the Systematic Literature Review

We reviewed the literature on cases of the most common types of FAOD, in which
death occurred within the first 14 days of life, referred to in this article as early neonatal
death. A systematic literature review in the PubMed database was performed on 5 October
2024, following the PRISMA reporting guidelines (Figures S1 and S2 in the Supplementary
Materials). We searched the database for available case reports on patients with FAOD
presenting as early neonatal death and collected data on pregnancy and delivery history,
family medical history, initial clinical presentation and its onset, abnormalities in laboratory
assessments, progression of symptoms, circumstances and timing of death, diagnostic
approaches for FAOD, the timing and results of NBS, underlying genetic variants in cases
in which FAOD was genetically confirmed, autopsy findings with a focus on histological re-
sults, and other post-mortem analyses. Search terms, including “neonatal death”, “sudden
death”, “unexpected death”, “lethal”, “fatal”, and “SUDI”, were combined with full names
and abbreviations of major types of FAOD listed in Table 1. We included case reports or case
series documenting death within the first 14 days of life in patients diagnosed with FAOD
via enzyme activity testing or genetic analysis, either pre- or post-mortem. In addition, we
inspected references to the articles identified, and we identified some additional relevant
reports. The references for the articles included and the number of patients presenting
with early neonatal death for each major type of FAOD are detailed in Table 1. In certain
types of FAOD, the actual number of early neonatal deaths may be higher than reported
because some case reports describe a sibling that died under very similar circumstances
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without FAOD being diagnosed at the time; however, the condition was later confirmed in

a younger sibling.

Table 1. Data from a systematic literature review of fatal FAOD cases in the first 14 days of life.

NBS Results at Median Age at .
FAOD Type Time of No. of .Cases Presentation Median Age at References
. Described Death (Range)
Presentation (Range)
MCADD R not available 14 48 h (12-120 h) 3d (2-6d) [11-18]
No NBS >5 46 h (24-70 h) 3d (2.5-4 d) [12,19-22]
R not available 5 2d(1-3d) 5d (3-10d) [23-25]
MTPD/LCHADD R available 1 7d 7d [26]
No NBS >26 3d(0.5-13d) 5d (0.5-14 d) [26-45]
R not available 4 30 h (24-40 h) 38 h (32-48 h) [46-49]
VLCADD No NBS >5 41h (1-3 d) 2d(1-3 d) [50-52]
R not available —
Cub No NBS 1 1d 5d [53]
R not available —
CPTID No NBS 1 34h 34h [54]
R not available 6 20 h (17-240 h) 3d(1.5-13 d) [55-61]
CPT2D R available 2 10d 13.5d (13-14 d) [55,60]
No NBS 10 36 h (12-72 h) 5d (1.5-12d) [57,62-68]
CACT R not available >20 24 h (0.5-52 h) 3d(15-84d) [61,69-77]
No NBS >12 30 h (24-48 h) 1.5d (1-10 d) [78-90]

NBS—newborn screening; R—results; h—hours; d—days; MCADD—medium-chain acyl-CoA dehydrogenase
deficiency; MTPD/LCHADD—mitochondrial trifunctional protein/long-chain 3-hydroxyacyl-CoA dehydro-
genase deficiencies; VLCADD—very long-chain acyl-CoA dehydrogenase deficiency; CUD—carnitine uptake
defect; CPT1D—carnitine palmitoyltransferase I deficiency; CPT2D—carnitine palmitoyltransferase II deficiency;
CACT—carnitine-acylcarnitine translocase deficiency.

4. Results of the Systematic Literature Review
4.1. Medium-Chain Acyl-CoA Dehydrogenase Deficiency (MCADD)

In most cases, the pregnancy and delivery were uneventful, with symptoms emerging
between 12 h and 5 days, including difficulty feeding, lethargy, and hypotonia. Vomiting
and seizures can occur. There are more than 19 cases of MCADD patients with early neona-
tal death described in the literature. Profound hypoketotic hypoglycemia was described
in all instances in which glucose measurement during the metabolic decompensation was
reported. Frequently, lactic acidosis and hyperammonemia occur. Death occurred due to
sudden cardiac-respiratory arrest or multi-organ failure at a median age of 3 days (range:
44 to 144 h) [11-22]. Common post-mortem findings included extensive hepatic steatosis
and fatty vacuolization of cardiomyocytes, renal tubular epithelium, and skeletal muscle
fibers. Almost all cases described were homozygous for the pathogenic ACADM variant
.985A>G (p.Lys329Glu) [11-22].

4.2. Mitochondrial Trifunctional Protein/Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase
Deficiencies (MTPD/LCHADD)

The initial presentation occurred within the timeframe of 12 h to 8 days. The main
characteristics described in the literature for 32 patients with MTPD/LCHADD with lethal
neonatal phenotype were severe cardiomyopathy and lactic acidosis. Fetal abnormalities
such as biventricular cardiac hypertrophy and hydrops fetalis were observed in utero in
some cases. In all patients with available laboratory reports, there was metabolic acidosis
with limited response to treatment; hypoketotic hypoglycemia, elevated creatine kinase
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(CK), and mild hyperammonemia were somewhat less frequently present. The clinical
condition rapidly deteriorated due to cardiomyopathy at a median age of 5 days (range:
0.5 to 14 days). Hypotonia and liver involvement can be present [27-38].

The predominant post-mortem finding was dilatative or hypertrophic cardiomyopa-
thy; fatty infiltration of the liver, heart, and skeletal muscle was generally moderate to
mild and not universally present. In cases in which NBS could detect MTPD, patients were
severely ill or deceased before the results became available. Enzyme activity determinations
in cell cultures revealed pronounced deficiencies in LCHAD and LKAT activities, consistent
with MTPD characteristics. According to genetic analysis, the disease-causing variants are
more common in the HADHB gene than in the HADHA gene [27-38], with the 1528G>C
variant being the most prevalent [91-94].

The occurrence of early neonatal death in isolated LCHADD is less frequent than
in complete MTPD. At the median age of three days (range: 2 to 7 days), patients ex-
perienced sudden and unexpected death, with minimum or no preceding symptoms.
Severe hypoketotic hypoglycemia was characteristic. The only reported autopsy finding
was hepatic steatosis [39—43]. Even in cases with a prevented fatal outcome, numerous
MTPD/LCHADD patients presented with symptoms in the days before the NBS results
were available [26,43—-45]. Sykut-Cegielska et al. described a case of early neonatal death
due to LCHADD at the age of 7 days; the diagnosis was confirmed from the NBS DBS
sample the same day [26].

4.3. Very Long-Chain Acyl-CoA Dehydrogenase Deficiency (VLCADD)

Over nine cases of VLCADD patients with a fatal neonatal outcome have been reported,
with death occurring shortly after birth. Sudden cardiac death occurred at a mean age
of 43 h (range: 1 to 7 days); most cases were asymptomatic before that. In rare instances,
grunting, hiccups, and arrhythmias were noticed. Liver disease, cardiomyopathy, and
pericardial effusion can be present. Several cases describe hypoketotic hypoglycemia,
metabolic acidosis, and moderately elevated liver enzymes. Feeding difficulty was noted
in a single case. Resuscitation efforts proved unsuccessful upon finding an unresponsive
child [46-52]. The significant autopsy findings included microvesicular steatosis of the liver
and fatty degeneration of the myocardium. Most patients died before the NBS results were
available or even before screening samples were taken. A diverse array of variants were
detected in the ACADVL gene, with no single variant standing out in frequency [46-52].

4.4. Carnitine Uptake Defect (CUD)

The patient reported by Rinaldo et al. is the only case of early neonatal death due to
CUD. Lethargy and feeding difficulty were observed from the 1st day until the infant was
found without signs of life on day 5. Post-mortem analysis revealed hypoglycemia and
elevated levels of C10—-C18 fatty acids, coupled with microvesicular fatty infiltration of the
liver and myocardium. CUD was confirmed through a significantly reduced total carnitine
concentration and carnitine transport assay in the parents’ cultured fibroblasts [53]. CUD
is rare in the European population, except in the Faroe Islands and Denmark, where the
¢.95A>G variant is most prevalent in severe cases [95,96].

4.5. Carnitine Palmitoyltransferase I Deficiency (CPT1D)

One neonatal patient with a fatal outcome due to CPT1D was reported by Invernizzi
etal. Death occurred after an episode of treatment-resistant bradycardia 34 h after birth. The
autopsy revealed microvesicular steatosis of the liver, with no abnormalities detected in the
heart. The NBS sample revealed an elevation of free carnitine, a reduction in acetylcarnitine,
and a near absence of other acylcarnitines. A profound decrease in CPT1 activity in cultured
fibroblasts confirmed CPT1D. Presumably, CPT1D was also the cause of death in his sister,
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who passed away under similar circumstances at 3 days of age [54]. CPT1D is rare in
Europe, with no specific high-frequency variants, except for individuals of Inuit origin,
where the ¢.1436C>T variant in CPT1A is the most prevalent [97].

4.6. Carnitine Palmitoyltransferase 11 Deficiency (CPT2D)

Severe neonatal phenotype is one of the typical presentations of CPT2D. We reviewed
18 cases in which the initial presentation typically occurred between 12 h and 12 days
postpartum, resulting in early neonatal death. Compared to other FAODs, CPT2D is
characterized by cystic dysplasia of the renal parenchyma and renal insufficiency. Initial
symptoms include respiratory distress, hypotonia, lethargy, and hypothermia. The clinical
course was complicated by resistant seizures and episodes of apnea requiring mechanical
ventilation. Bradycardia and widening of the QRS complexes are the leading causes of
death. The median time of death is the 5th day after birth (range: 1.5 to 14 days); it is
slightly later compared to other FAODs because approximately half of the reported patients
die in the 2nd week of life [55-68].

In addition to nephrological changes, the autopsy findings include cardiomegaly
with biventricular hypertrophy, hepatomegaly, and intracytoplasmic lipid accumulation
in hepatocytes, skeletal and myocardial muscle fibers, renal epithelial tubules, and the
adrenal cortex. In some cases, neurodevelopmental anomalies were also reported. Hypo-
glycemia and liver calcifications can also be present. In nearly all cases, the disease was
also genetically confirmed; no detected variant in the CPT2 gene predominates [55-68].

4.7. Carnitine-Acylcarnitine Translocase Deficiency (CACTD)

Symptoms of CACTD commonly manifest in the neonatal period [69]; hence, descrip-
tions of early neonatal death are prevalent. The disease manifests in the timeframe between
0.5 and 52 h postpartum, with most patients experiencing onset on the 1st or 2nd day of
life. In the literature, fatal neonatal outcomes have been reported in more than 32 patients
with diagnosed CACTD, with additional cases in which the diagnosis was established in a
sibling. Typically progressing rapidly, the disease is mainly characterized by the abrupt
onset of cardiorespiratory insufficiency. Patients are often found in sudden cardiac arrest,
lacking prior symptoms. In laboratory assessment, hypoglycemia, hyperammonemia, and
lactic acidosis are common, and elevations in CK, transaminases, and lactate dehydroge-
nase (LDH) are often associated. Episodic bradycardia with hypotension and recurrent
ventricular tachycardia leading to ventricular fibrillation were most frequently recorded;
patients died at a median age of 3 days (range: 1 to 9 days) due to cardiac-respiratory
arrest. Even rigorous diet and carnitine supplementation interventions could not prevent
a fatal outcome [61,69-90]. On autopsy, severe lipid cardiomyopathy, hepatomegaly, and
diffuse fatty liver and kidney infiltration were described. In the severe neonatal phenotype,
cultured fibroblasts usually have no detectable CACT enzyme activity. Various disease-
causing variants in the SLC25A20 gene were detected, with ¢.199-10T>G splice site change
being particularly common [61,69-90].

5. Discussion

Although the clinical presentations vary, FAODs are an important group of IEMs,
accounting for high morbidity and mortality. Premature death is common in FAODs, and
they are estimated to cause 5% of sudden and unexpected deaths in infants [5,10]. As
shown in our systematic review, the most common FAODs causing early neonatal death
are CACT and MTPD/LCHADD.

The only non-conclusive FAOD is SCADD because the metabolic findings might just
be incidental in these circumstances; SCADD is now viewed as a biochemical phenotype
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rather than a disease and should not preclude additional testing to look for other causes of
the clinical picture [98]. SCADD is being removed from the NBS panels [99]. These are the
reasons why we did not include this condition in our review.

The timing of presentations ranges from under 24 h to 14 days, with our described case
fitting into the calculated median of published MTPD/LCHADD cases. Even beyond fatal
neonatal presentation, long-term complications of MTPD/LCHADD include severe liver
disease, peripheral neuropathy, and retinopathy [44,100]. Approximately 38% of infants
die before or within 3 months of MTPD/LCHADD diagnosis [101].

In patients with MTPD/LCHADD, a high incidence of prematurity (>60%) and ma-
ternal hemolysis, and elevated liver enzymes, low platelet count (HELLP) syndrome
(approximately 25%) is found, which adds to the disease burden [102].

The genotype of the case presented is compound heterozygosity for the 1528G>C
variant, which is a high-frequency mutation present in European patients with clinically
overt disease in homozygous or heterozygous form with a second HADHA polymorphism,
as it was in our case [91-94]. Determining enzymatic activity is the only way to characterize
isolated LCHAD deficiency or general MTP deficiency; however, this was not possible in
our case. The clinical presentation of our case does not differ from other published cases.

Several management strategies are available; however, there is no cure for
MTPD/LCHADD [103]. This pitfall covers NBS for all FAOD. MTPD/LCHADD leads
to an accumulation of toxic 3-oxidation intermediates, causing acute and long-term
symptoms not responding to available treatment protocols [10,26]. Even patients diag-
nosed with MTPD/LCHADD prenatally and treated rigorously with intravenous glucose,
sodium bicarbonate, diet, and carnitine supplementation died due to cardiac decompensa-
tion [61,62,69-76,78-89]. Comparing the health outcomes of people with MTPD/LCHADD
treated with pre-symptomatic dietary management following NBS detection with people
detected following symptomatic presentation found no statistically significant differences
in outcomes between the two groups [104].

However, treated in time, the outcome of MTPD/LCHADD can be favorable, prompt-
ing its inclusion into NBS programs [44,95,103,105,106].

Since 2018, the Slovenian NBS program has included a group of FAODs using tandem
mass spectrometry (MS/MS) and confirmatory whole genome sequencing (WES) testing [2],
with VLCADD (eight cases) and MCADD (eight cases) being the most prevalent [107]. The
cumulative incidence of FAOD in the NBS era in Slovenia (18.7 per 100,000 newborns
screened in the period 2018-2023) is slightly higher compared to the general incidence of
0.9 to 15.2 per 100,000 [108].

There is currently insufficient evidence to judge the test accuracy of acylcarnitine pro-
filing from DBS for MTPD/LCHADD. The NBS programs do not use the same combination
of markers and thresholds for the FAOD [103]. A systematic review performed by Stilton
et al. in 2021 showed that positive predictive value in the 10 studies included ranged from
0% (zero true positives and 28 false positives from 276,565 babies screened) to 100% (13 true
positives from 2,037,824 babies screened). No sensitivity, specificity, or negative predictive
value could be calculated because there was no systematic follow-up of babies that had
screened negative [103].

For some FAODs, missed cases of NBS were reported, most commonly for VLCADD.
This is due to possibly normal or only slightly elevated VLCADD-specific biomarkers in
NBS tests [109,110]. Furthermore, sporadic cases missed in the initial NBS sample have
been reported for MTPD/LCHADD. Lotz-Havla et al. described three cases resulting in
life-threatening metabolic decompensations within the first 6 months of life. One was
overlooked due to misinterpretation caused by prematurity, and the other two were missed
due to inappropriate management of confirmatory testing [5].
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Modifying analyte cut-off values, implementing analyte ratios, second-screening speci-
mens in preterm babies, or second-tier strategies, including next-generation sequencing [3,4],
can be implemented to avoid false negative results [111,112].

For MTPD/LCHADD, it has been reported that immediate metabolic advice is cru-
cial for the survival of newborns detected by newborn screening. Most deaths occur
before or within 3 weeks of diagnosis, especially in patients with a limited approach to
metabolic expertise [26].

In Slovenia, all newborns that test positive for NBS are actively invited for further
testing by the Metabolic Center of the Ljubljana Children’s Hospital, so that appropriate
confirmatory testing can be performed and lost to follow-up cases are reduced. When a
newborn is admitted to the neonatal intensive care in a peripheral maternity hospital, a
consulting metabolic specialist gives advice on therapy and diet regime, plans the actions
to be taken, and discusses the screening results with the parents.

Our literature review shows that a recognizable latent or early symptomatic stage does
not exist in some FAOD cases. Therefore, the fatal outcome of FAOD could not be prevented
by NBS in all cases. For example, for MCADD, there are reports that the NBS results
were unavailable before the onset of acute clinical events [14-16,21,113]. Furthermore,
Estrella et al. reported an MCADD patient that died before the collection of the NBS
sample [111]. Nevertheless, NBS has significantly contributed to reducing the overall
neonatal mortality rate in MCADD (0.6% in Germany and 2.4% in Australia) in comparison
to the period before the inclusion of MCADD in NBS (7.5% in an Australian unscreened
population) [15,114], and positive outcomes are also convincing in the Slovenian NBS
program [115]. Numerous MTPD/LCHADD patients presented with symptoms in the
days before the NBS results were available [26,43-45]. The results of NBS were often
available too late in cases of CACTD [69-76,78-89].

There must be no delays in processing the NBS samples—from adherence to the
agreed time of sample taking to sending, analyzing, interpreting, and communicating the
results promptly [116]. In our case report, we describe a newborn that died 24 h after
the NBS sample collection and could not be helped. However, determining the reason
for the sudden death was valuable to the parents and medical personnel. The parents
received genetic counseling to plan further pregnancy and also avoid the risk of the mother
developing HELLP syndrome because a distinctive feature of this type of FAOD is the
frequent occurrence of pregnancy complications (hemolysis, elevated liver enzymes, low
platelet count, pre-eclampsia, and acute fatty liver) in the mother carrying an affected child;
this was reported in approximately a third of MTPD/LCHADD cases resulting in early
neonatal death [15-17,23-25,27-36].

Screening for MTPD/LCHADD is conducted as part of the NBS programs in several
countries, but more published data on the benefits and harms of the programs must be
collected. The elements that might determine the balance of benefits and harms from
screening programs are test accuracy, the benefit of early detection and treatment, and
overdiagnosis—that is, detection and treatment of a condition that never would have
caused symptoms within a person’s lifetime [104,117]. There are no published data on that
aspect. The lack of data and variability between studies leads to considerable uncertainty
regarding the benefits and harms of screening for MTPD/LCHADD [103,104].

False-positive screening results do create a high burden for the NBS programs but
even more so for families, with an impact on parental anxiety, stress, and possibly altered
parent—child relationships. However, the experience of a life-threatening decompensation
due to an insufficiently diagnosed metabolic disorder severely traumatizes parents and
advocates in favor of NBS [5,118,119].



Int. J. Neonatal Screen. 2025, 11,9

9of 15

6. Conclusions

Our observations highlight the main challenges of NBS for MTPD/LCHADD. Ad-
herence to the time frame for collecting, sending, and analyzing the samples is essential.
Rapid action is needed in the case of an initial positive NBS result, which should be com-
municated to the attending physician and the parents by a medical professional in charge
of treating MTPD/LCHADD. The results may not be reported soon enough to identify
severely affected infants.

Rapid confirmatory genetic testing should be available for the FAODs in the NBS
programs. It is important for false positive cases in the sense of shortening the parental
stress of coping with a pending result, and even more so for newly diagnosed patients.
It is also important in the case of SUID to identify the cause of death and guide genetic
counseling for the family.

Clinicians caring for MTPD/LCHADD patients may consider partnership develop-
ment across clinical and research networks to address the pitfalls of the NBS programs
for FAODs, to produce per-country disorder-based overviews to compare screening per-
formance, diagnostic confirmation, crisis interventions [120], and therapy follow-up for
FAODs, and to advocate for advancements and work toward achieving equity in the NBS
programs worldwide [116,121,122]. As a next step, we would consider surveying centers
involved in the NBS for FAOD to obtain further information on challenges and existing
best practices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijns11010009/s1, Figure S1: PRISMA flow diagram for a systematic
literature review on early neonatal deaths due to FAODs Figure 52: PRISMA flow diagram for a
systematic literature review on early neonatal deaths due to FAODs.

Author Contributions: Conceptualization, A.D.T. and U.G.; Writing—original draft preparation,
A.D.T. and A K.; Writing—review, AD.T,, BR, KB, S.B,,S.C,V.C,M.D,EK, BRL, MM, ZIR,,
TMH., D.P,KS, TT,D.T, BU,MZT. and U.G.; Writing—editing, A.D.T., AK, K.S. and M.Z.T;;
Supervision, A.D.T., T.B.,, M.Z.T. and U.G,; Literature review, A K.; Formal analysis, A.K.; Laboratory
analysis S.C., V.C,, EK, B.R.L, D.P, D.T,, ZLR. and B.U.; Genetic analysis, M.D., T.T. and Z.IR,;
Autopsy findings, T.M.H. and B.R.; Histology interpretation, B.R.; Genetic counseling, S.B. and M.Z.T,;
Interpretation, M.D., BR.L.,, TM.H., T.T,, D.T. and J.K,; Clinical coordination M.M. and K.S.; Genetic
analysis, D.P, T.T., Z.LR. and ].K.; Methodology, K.S., ] K. and U.G.; Project administration, ] K. and
U.G.; Resources, ] K. and U.G.; Funding acquisition, T.B. and U.G.; Clinical management, M.Z.T. and
A.D.T,; Validation, U.G., T.B. and ] K. All authors have read and agreed to the published version of
the manuscript.

Funding: The publication of this article was supported by the Slovenian Research Agency grant
no. P3-0343.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The family provided informed consent for post-mortem genetic testing
and agreed with the publication.

Data Availability Statement: Data are available upon request.

Acknowledgments: We sincerely thank the patient’s family for agreeing to the publication of the
case described.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/ijns11010009/s1
https://www.mdpi.com/article/10.3390/ijns11010009/s1

Int. ]. Neonatal Screen. 2025, 11,9 10 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Carpenter, K.; Pollitt, R.J.; Middleton, B. Human liver long-chain 3-hydroxyacyl-coenzyme a dehydrogenase is a multifunctional
membrane-bound beta-oxidation enzyme of mitochondria. Biochem. Biophys. Res. Commun. 1992, 183, 443-448. [CrossRef]
Lampret, B.R.; Remec, 7.1; Torkar, A.D.; Tansek, M.Z.; Smon, A.; Koracin, V.; Cuk, V.; Perko, D.; Ulaga, B.; Jeloviek, AM,;
et al. Ex-panded newborn screening program in Slovenia using tandem mass spectrometry and confirmatory next generation
sequencing genetic testing. Slov. J. Public Health 2020, 59, 256. [CrossRef]

Smon, A.; Lampret, B.R.; Groselj, U.; Tansek, M.Z.; Kovac, J.; Perko, D.; Bertok, S.; Battelino, T.; Podkrajsek, K.T. Next generation
sequencing as a follow-up test in an expanded newborn screening programme. Clin. Biochem. 2018, 52, 48-55. [CrossRef]
Remec, Z.1.; Podkrajsek, K.T.; Lampret, B.R.; Kovac, J.; Groselj, U.; Tesovnik, T.; Battelino, T.; Debeljak, M. Next-Generation
Sequencing in Newborn Screening: A Review of Current State. Front. Genet. 2021, 12, 662254. [CrossRef] [PubMed]
Lotz-Havla, A.S.; Roschinger, W.; Schiergens, K.; Singer, K.; Karall, D.; Konstantopoulou, V.; Wortmann, S.B.; Maier, E.M. Fatal
pitfalls in newborn screening for mitochondrial trifunctional protein (MTP)/long-chain 3-Hydroxyacyl-CoA dehydrogenase
(LCHAD) deficiency. Orphanet J. Rare Dis. 2018, 13, 122. [CrossRef] [PubMed]

Krous, H.E; Beckwith, ].B.; Byard, RW.; Rognum, T.O.; Bajanowski, T.; Corey, T.; Cutz, E.; Hanzlick, R.; Keens, T.G.; Mitchell, E.A.
Sudden Infant Death Syndrome and Unclassified Sudden Infant Deaths: A Definitional and Diagnostic Approach. Pediatrics 2004,
114, 234-238. [CrossRef]

Boles, R.G.; Buck, E.A.; Blitzer, M.G,; Platt, M.S.; Cowan, T.M.; Martin, S.K.; Yoon, H.; Madsen, ].A.; Reyes-Mugica, M.; Rinaldo, P.
Ret-rospective biochemical screening of fatty acid oxidation disorders in postmortem livers of 418 cases of sudden death in the
first year of life. |. Pediatr. 1998, 132, 924-933. [CrossRef]

Chace, D.H.; DiPerna, J.C.; Mitchell, B.L.; Sgroi, B.; Hofman, L.F.; Naylor, E.W. Electrospray Tandem Mass Spectrometry for
Analysis of Acylcarnitines in Dried Postmortem Blood Specimens Collected at Autopsy from Infants with Unexplained Cause of
Death. Clin. Chem. 2001, 47, 1166-1182. [CrossRef] [PubMed]

van Rijt, W.J.; Koolhaas, G.D.; Bekhof, J.; Fokkema, M.R.H.; de Koning, T.].; Visser, G.; Schielen, P.C; van Spronsen, EJ.; Derks, T.G.
Inborn Errors of Metabolism That Cause Sudden Infant Death: A Systematic Review with Implications for Population Neonatal
Screening Programmes. Neonatology 2016, 109, 297-302. [CrossRef] [PubMed]

den Boer, M.E,; Ijlst, L.; Wijburg, F.A.; Oostheim, W.; van Werkhoven, M.A.; van Pampus, M.G.; Heymans, H.S.; Wanders, R.J.
Heterozygosity for the common LCHAD mutation (1528g>C) is not a major cause of HELLP syndrome and the prevalence of the
mutation in the Dutch population is low. Pediatr. Res. 2000, 48, 151-154. [CrossRef]

Cyriac, J.; Venkatesh, V.; Gupta, C. A Fatal Neonatal Presentation of Medium-chain Acyl Coenzyme a Dehydrogenase Deficiency.
J. Int. Med. Res. 2008, 36, 609—-610. [CrossRef] [PubMed]

Manoukian, A.A.; Ha, C.E.; Seaver, L.H.; Bhagavan, N.V. A Neonatal Death Due to Medium-Chain Acyl-CoA Dehydrogenase
Defi-ciency: Utilization of the Neonatal Metabolic Screen in a Functional Approach to Sudden Unexplained Infant Death. Am. J.
Forensic. Med. Pathol. 2009, 30, 284-286. [CrossRef] [PubMed]

Korman, S.H.; Gutman, A.; Brooks, R.; Sinnathamby, T.; Gregersen, N.; Andresen, B.S. Homozygosity for a severe novel medium-
chain acyl-CoA dehydrogenase (MCAD) mutation IVS3-1G > C that leads to introduction of a premature termination codon by
complete missplicing of the MCAD mRNA and is associated with phenotypic diversity ranging from sudden neonatal death to
asymptomatic status. Mol. Genet. Metab. 2004, 82, 121-129. [PubMed]

Yusuf, K,; Jirapradittha, J.; Amin, H.J.; Yu, W.; Hasan, S.U. Neonatal Ventricular Tachyarrhythmias in Medium Chain Acyl-CoA
Dehydrogenase Deficiency. Neonatology 2010, 98, 260-264. [CrossRef] [PubMed]

Miitze, U.; Nennstiel, U.; Odenwald, B.; Haase, C.; Ceglarek, U.; Janzen, N.; Garbade, S.F; Hoffmann, G.F,; Kolker, S.; Haas,
D. Sudden neonatal death in individuals with medi-um-chain acyl-coenzyme A dehydrogenase deficiency: Limit of newborn
screening. Eur. ]. Pediatr. 2022, 181, 2415-2422. [CrossRef] [PubMed]

Lovera, C.; Porta, F; Caciotti, A.; Catarzi, S.; Cassanello, M.; Caruso, U.; Gallina, M.R.; Morrone, A.; Spada, M. Sudden unexpected
infant death (SUDI) in a newborn due to medium chain acyl CoA dehydrogenase (MCAD) deficiency with an unusual severe
genotype. Ital. |. Pediatr. 2012, 38, 59. [CrossRef]

Anderson, D.R.; Viau, K.; Botto, L.D.; Pasquali, M.; Longo, N. Clinical and biochemical outcomes of patients with medium-chain
acyl-CoA dehydrogenase deficiency. Mol. Genet. Metab. 2020, 129, 13-19. [CrossRef]

Leung, K.-C.; Hammond, J.W.; Chabra, S.; Carpenter, K.H.; Potter, M.; Wilcken, B. A fatal neonatal case of medium-chain
acyl-coenzyme a dehydrogenase deficiency with homozygous A—G985 transition. . Pediatr. 1992, 121, 965-968. [CrossRef]
Brackett, J.C.; Sims, H.E; Steiner, R.D.; Nunge, M.; Zimmerman, E.M.; Demartinville, B.; Rinaldo, P,; Slaugh, R.; Strauss, A W. A
novel mutation in medium chain acyl-CoA dehydrogenase causes sudden neonatal death. J. Clin. Investig. 1994, 94, 1477-1483.
[CrossRef]

Catzeflis, C.; Bachmann, C.; Hale, D.E.; Coates, PM.; Wiesmann, U.; Colombo, J.P.; Joris, F.; Déleze, G. Early diagnosis and
treatment of neonatal medium-chain acyl-CoA dehydrogenase deficiency: Report of two siblings. Eur. J. Pediatr. 1990, 149,
577-581. [CrossRef] [PubMed]


https://doi.org/10.1016/0006-291X(92)90501-B
https://doi.org/10.2478/sjph-2020-0032
https://doi.org/10.1016/j.clinbiochem.2017.10.016
https://doi.org/10.3389/fgene.2021.662254
https://www.ncbi.nlm.nih.gov/pubmed/34122514
https://doi.org/10.1186/s13023-018-0875-6
https://www.ncbi.nlm.nih.gov/pubmed/30029694
https://doi.org/10.1542/peds.114.1.234
https://doi.org/10.1016/S0022-3476(98)70385-3
https://doi.org/10.1093/clinchem/47.7.1166
https://www.ncbi.nlm.nih.gov/pubmed/11427446
https://doi.org/10.1159/000443874
https://www.ncbi.nlm.nih.gov/pubmed/26907928
https://doi.org/10.1203/00006450-200008000-00006
https://doi.org/10.1177/147323000803600330
https://www.ncbi.nlm.nih.gov/pubmed/18534147
https://doi.org/10.1097/PAF.0b013e318187e09b
https://www.ncbi.nlm.nih.gov/pubmed/19696588
https://www.ncbi.nlm.nih.gov/pubmed/15171999
https://doi.org/10.1159/000295713
https://www.ncbi.nlm.nih.gov/pubmed/20414003
https://doi.org/10.1007/s00431-022-04421-y
https://www.ncbi.nlm.nih.gov/pubmed/35294644
https://doi.org/10.1186/1824-7288-38-59
https://doi.org/10.1016/j.ymgme.2019.11.006
https://doi.org/10.1016/S0022-3476(05)80353-1
https://doi.org/10.1172/JCI117486
https://doi.org/10.1007/BF01957697
https://www.ncbi.nlm.nih.gov/pubmed/2347356

Int. ]. Neonatal Screen. 2025, 11,9 11 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Riicklova, K.; Hrub4, E.; Pavlikova, M.; Handk, P.; Farolfi, M.; Chrastina, P.; Vlagkovéa, H.; Kousal, B.; Smolka, V.; Foltenov4,
H.; et al. Impact of Newborn Screening and Early Dietary Management on Clinical Outcome of Patients with Long Chain
3-Hydroxyacyl-CoA Dehydrogenase Deficiency and Medium Chain Acyl-CoA Dehydrogenase Deficiency—A Retrospective
Nationwide Study. Nutrients 2021, 13, 2925. [CrossRef]

Wilcken, B.; Carpenter, K.H.; Hammond, J. Neonatal symptoms in medium chain acyl coenzyme A dehydrogenase deficiency.
Arch. Dis. Child. 1993, 69, 292-294. [CrossRef]

Schwantje, M.; Fuchs, S.A.; De Boer, L.; Bosch, AM.; Cuppen, I.; Dekkers, E. Genetic, biochemical, and clinical spectrum
of pa-tients with mitochondrial trifunctional protein deficiency identified after the introduction of newborn screening in the
Neth-erlands. |. Inherit. Metab. Dis. 2022, 45, 804-818. [CrossRef] [PubMed]

Spiekerkoetter, U.; Mueller, M.; Cloppenburg, E.; Motz, R.; Mayatepek, E.; Bueltmann, B.; Korenke, C. Intrauterine cardiomyopa-
thy and cardiac mitochondrial proliferation in mitochondrial trifunctional protein (TFP) deficiency. Mol. Genet. Metab. 2008, 94,
428-430. [CrossRef]

Diekman, E.E; Boelen, C.C.A.; Prinsen, B.H.C.M.T.; Ijlst, L.; Duran, M.; de Koning, T.].; Waterham, H.R.; Wanders, R.J.A.; Wijburg,
F.A.; Visser, G. Necrotizing Enterocolitis and Respiratory Distress Syndrome as First Clinical Presentation of Mitochondrial
Trifunctional Protein Deficiency. In JIMD Reports—Case and Research Reports, 2012/4 [Internet]; Brown, G., Morava, E., Peters,
V., Gibson, K.M., Zschocke, J., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 7, pp. 1-6. Available online:
http:/ /link.springer.com/10.1007 /8904_2012_128 (accessed on 4 January 2024).

Sykut-Cegielska, J.; Gradowska, W.; Piekutowska-Abramczuk, D.; Andresen, B.S.; Olsen, R K.].; Ottarzewski, M.; Pronicki, M.;
Pajdowska, M.; Bogdariska, A.; Jabtoriska, E.; et al. Urgent metabolic service improves survival in long-chain 3-hydroxyacyl-CoA
dehydrogenase (LCHAD) deficiency detected by symptomatic identification and pilot newborn screening. J. Inherit. Metab. Dis.
2011, 34, 185-195. [CrossRef] [PubMed]

Bo, R.; Hasegawa, Y.; Yamada, K.; Kobayashi, H.; Taketani, T.; Fukuda, S.; Yamaguchi, S. A fetus with mitochondrial trifunctional
protein deficiency: Elevation of 3-OH-acylcarnitines in amniotic fluid functionally assured the genetic diagnosis. Mol. Genet.
Metab. Rep. 2015, 6, 1-4. [CrossRef]

Bo, R.; Yamada, K.; Kobayashi, H.; Jamiyan, P.; Hasegawa, Y.; Taketani, T.; Fukuda, S.; Hata, I.; Niida, Y.; Shigematsu, Y.; et al.
Clinical and molecular investigation of 14 Japanese patients with complete TFP deficiency: A comparison with Caucasian cases. J.
Hum. Genet. 2017, 62, 809-814. [CrossRef] [PubMed]

Schwab, K.; Ensenauer, R.; Matern, D.; Uyanik, G.; Schnieders, B.; Wanders, R.J.; Lehnert, W. Complete deficiency of mitochondrial
trifunc-tional protein due to a novel mutation within the 3-subunit of the mitochondrial trifunctional protein gene leads to failure
of long-chain fatty acid -oxidation with fatal outcome. Eur. J. Pediatr. 2003, 162, 90-95. [CrossRef] [PubMed]

Matern, D.; Strauss, A.W.; Hillman, S.L.; Mayatepek, E.; Millington, D.S.; Trefz, F.-K. Diagnosis of Mitochondrial Trifunctional
Protein Deficiency in a Blood Spot from the Newborn Screening Card by Tandem Mass Spectrometry and DNA Analysis. Pediatr.
Res. 1999, 46, 45-49. [CrossRef] [PubMed]

Hintz, S.R.; Matern, D.; Strauss, A.; Bennett, M.].; Hoyme, H.E.; Schelley, S.; Kobori, J.; Colby, C.; Lehman, N.L.; Enns, G.M.
Early Neonatal Diagnosis of Long-Chain 3-Hydroxyacyl Coenzyme A Dehydrogenase and Mitochondrial Trifunctional Protein
Deficiencies. Mol. Genet. Metab. 2002, 75, 120-127. [CrossRef]

Ojala, T.; Nupponen, L; Saloranta, C.; Sarkola, T.; Sekar, P.; Breilin, A.; Tyni, T. Fetal left ventricular noncompaction cardiomyopathy
and fatal outcome due to complete deficiency of mitochondrial trifunctional protein. Eur. ]. Pediatr. 2015, 174, 1689-1692.
[CrossRef] [PubMed]

Yamazaki, H.; Torigoe, K.; Numata, O.; Haniu, H.; Uchiyama, A.; Ogawa, Y.; Kaneko, U.; Imamura, M.; Hasegawa, S. Mitochon-
drial trifunctional protein deficiency in a lethal neonate. Pediatr. Int. 2004, 46, 178-180. [CrossRef] [PubMed]

Boer, M.E.D.; Dionisi-Vici, C.; Chakrapani, A.; van Thuijl, A.O.; Wanders, R.J.; Wijburg, F.A. Mitochondrial trifunctional protein
deficiency: A severe fatty acid oxidation disorder with cardiac and neurologic involvement. J. Pediatr. 2003, 142, 684—689.
[CrossRef] [PubMed]

Spiekerkoetter, U.; Sun, B.; Khuchua, Z.; Bennett, M.].; Strauss, A.W. Molecular and phenotypic heterogeneity in mitochondrial
tri-functional protein deficiency due to beta-subunit mutations. Hum. Mutat. 2003, 21, 598-607. [CrossRef]

Griinewald, S.; Bakkeren, J.; Wanders, R.A.; Wendel, U. Neonatal lethal mitochondrial trifunctional protein deficiency mimicking
a respiratory chain defect. J. Inherit. Metab. Dis. 1997, 20, 835-836. [CrossRef] [PubMed]

Spiekerkoetter, U.; Khuchua, Z.; Yue, Z.; Strauss, A.W. The early-onset phenotype of mitochondrial trifunctional protein deficiency:
A lethal disorder with multiple tissue involvement. J. Inherit. Metab. Dis. 2004, 27, 294-296. [CrossRef] [PubMed]

Emura, I.; Usuda, H. Morphological investigation of two sibling autopsy cases of mitochondrial trifunctional protein deficiency.
Pathol. Int. 2003, 53, 775-779. [CrossRef] [PubMed]

Wanders, R.J.; Duran, M.; [jlst, L.; De Jager, ].P.; Van Gennip, A.H.; Jakobs, C.; Dorland, L.; Van Sprang, EJ. Sudden infant death
and long-chain 3-hydroxyacyl-coa dehydrogenase. Lancet 1989, 334, 52-53. [CrossRef]


https://doi.org/10.3390/nu13092925
https://doi.org/10.1136/adc.69.3_Spec_No.292
https://doi.org/10.1002/jimd.12502
https://www.ncbi.nlm.nih.gov/pubmed/35383965
https://doi.org/10.1016/j.ymgme.2008.04.002
http://link.springer.com/10.1007/8904_2012_128
https://doi.org/10.1007/s10545-010-9244-x
https://www.ncbi.nlm.nih.gov/pubmed/21103935
https://doi.org/10.1016/j.ymgmr.2015.11.005
https://doi.org/10.1038/jhg.2017.52
https://www.ncbi.nlm.nih.gov/pubmed/28515471
https://doi.org/10.1007/s00431-002-1035-4
https://www.ncbi.nlm.nih.gov/pubmed/12548384
https://doi.org/10.1203/00006450-199907000-00008
https://www.ncbi.nlm.nih.gov/pubmed/10400133
https://doi.org/10.1006/mgme.2001.3282
https://doi.org/10.1007/s00431-015-2574-9
https://www.ncbi.nlm.nih.gov/pubmed/26070998
https://doi.org/10.1046/j.1442-200x.2004.01861.x
https://www.ncbi.nlm.nih.gov/pubmed/15056246
https://doi.org/10.1067/mpd.2003.231
https://www.ncbi.nlm.nih.gov/pubmed/12838198
https://doi.org/10.1002/humu.10211
https://doi.org/10.1023/A:1005340322558
https://www.ncbi.nlm.nih.gov/pubmed/9427156
https://doi.org/10.1023/B:BOLI.0000028839.57386.88
https://www.ncbi.nlm.nih.gov/pubmed/15243991
https://doi.org/10.1046/j.1440-1827.2003.01558.x
https://www.ncbi.nlm.nih.gov/pubmed/14629302
https://doi.org/10.1016/S0140-6736(89)90300-0

Int. ]. Neonatal Screen. 2025, 11,9 12 of 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Duran, M.; Wanders, R.J.; De Jager, ].P; Dorland, L.; Bruinvis, L.; Ketting, D.; [jlst, L.; Van Sprang, FJ. 3-Hydroxydicarboxylic
aciduria due to long-chain 3-hydroxyacyl-coenzyme A dehydrogenase deficiency associated with sudden neonatal death:
Protective effect of medium-chain triglyceride treatment. Eur. J. Pediatr. 1991, 150, 190-195. [CrossRef]

Martins, E.; Costa, A.; Silva, E.; Medina, M.; Cardoso, M.L.; Vianey-Saban, C.; Divry, P; Vilarinho, L. Lethal dilated cardiomyopa-
thy due to long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. |. Inherit. Metab. Dis. 1996, 19, 373-374. [CrossRef]
Wanders, R.J.; IJlst, L.; Van Gennip, A.H.; Jakobs, C.; De Jager, J.P.; Dorland, L.; Van Sprang, FJ.; Duran, M. Long-chain 3-
hydroxyacyl-CoA dehydrogenase deficiency: Identification of a new inborn error of mitochondrial fatty acid 3 -oxidation.
J. Inherit. Metab. Dis. 1990, 13, 311-314. [CrossRef] [PubMed]

Sperk, A.; Mueller, M.; Spiekerkoetter, U. Outcome in six patients with mitochondrial trifunctional protein disorders identified by
newborn screening. Mol. Genet. Metab. 2010, 101, 205-207. [CrossRef]

Karall, D.; Brunner-Krainz, M.; Kogelnig, K.; Konstantopoulou, V.; Maier, E.M.; Moslinger, D.; Plecko, B.; Sperl, W.; Volkmar, B.;
Scholl-Biirgi, S. Clinical outcome, biochemical and therapeutic follow-up in 14 Austrian patients with Long-Chain 3-Hydroxy
Acyl CoA Dehydrogenase Deficiency (LCHADD). Orphanet ]. Rare Dis. 2015, 10, 21. [CrossRef] [PubMed]

Spiekerkoetter, U.; Lindner, M.; Santer, R.; Grotzke, M.; Baumgartner, M.R.; Boehles, H.; Das, A.; Haase, C.; Hennermann,
J.B.; Karall, D.; et al. Management and outcome in 75 individuals with long-chain fatty acid oxidation defects: Results from a
workshop. J. Inherit. Metab. Dis. 2009, 32, 488-497. [CrossRef] [PubMed]

Arivalagan, P.; Husain, M.S.; Subramaniam, K.; Kaslan, M.R.M. Fatty liver in a two days old neonate. Med. |. Malays. 2019, 74,
454-455.

Coughlin, C.R; Ficicioglu, C. Genotype—phenotype correlations: Sudden death in an infant with very-long-chain acyl-CoA
de-hydrogenase deficiency. J. Inherit. Metab. Dis. 2010, 33, 129-131. [CrossRef] [PubMed]

Bleeker, J.C.; Kok, LL.; Ferdinandusse, S.; van der Pol, W.L.; Cuppen, L; Bosch, A.M.; Langeveld, M.; Derks, T.G.; Williams, M.; de
Vries, M.; et al. Impact of newborn screening for very-long-chain acyl-CoA dehydrogenase deficiency on genetic, enzymatic, and
clinical outcomes. J. Inherit. Metab. Dis. 2019, 42, 414-423. [CrossRef]

Singh, P.; Amaro, D.; Obi, O.; Kiran, EN.; Hediger, E.; Toler, T.L.; Dickson, PI.; Grange, D.K. Postmortem diagnosis of very
long chain acyl-CoA dehydrogenase (VLCAD) deficiency in a neonate with sudden cardiac death. JIMD Rep. 2023, 64, 261-264.
[CrossRef] [PubMed]

Scalais, E.; Bottu, J.; Wanders, R.J.A.; Ferdinandusse, S.; Waterham, H.R.; De Meirleir, L. Familial very long chain acyl-CoA
dehydro-genase deficiency as a cause of neonatal sudden infant death: Improved survival by prompt diagnosis. Am. J. Med.
Genet. A 2015, 167,211-214. [CrossRef] [PubMed]

He, G.; Yang, B.Z.; Roe, D.S,; Teramoto, R.; Aleck, K.; Grebe, T.A.; Roe, C.R.; Ding, J.H. Identification of Two Novel Mutations in
the Hypoglycemic Phenotype of Very Long Chain Acyl-CoA Dehydrogenase Deficiency. Biochem. Biophys. Res. Commun. 1999,
264, 483-487. [CrossRef]

Mathur, A.; Sims, H.E,; Gopalakrishnan, D.; Gibson, B.; Rinaldo, P.; Vockley, J.; Hug, G.; Strauss, A.W. Molecular Heterogeneity in
Very-Long-Chain Acyl-CoA Dehydrogenase Deficiency Causing Pediatric Cardiomyopathy and Sudden Death. Circulation 1999,
99, 1337-1343. [CrossRef] [PubMed]

Rinaldo, P; Stanley, C.A.; Hsu, B.Y.; Sanchez, L.A.; Stern, H.J. Sudden neonatal death in carnitine transporter deficiency. J. Pediatr.
1997, 131, 304-305. [CrossRef] [PubMed]

Invernizzi, F.; Burlina, A.B.; Donadio, A.; Giordano, G.; Taroni, F.; Garavaglia, B. Lethal neonatal presentation of carnitine
palmitoyltransferase I deficiency. J. Inherit. Metab. Dis. 2001, 24, 601-602. [CrossRef]

Isackson, PJ.; Bennett, M.J.; Lichter-Konecki, U.; Willis, M.; Nyhan, W.L.; Sutton, V.R.; Tein, L.; Vladutiu, G.D. CPT2 gene mutations
resulting in lethal neonatal or severe infantile carnitine palmitoyltransferase II deficiency. Mol. Genet. Metab. 2008, 94, 422—427.
[CrossRef] [PubMed]

Albers, S.; Marsden, D.; Quackenbush, E.; Stark, A.R.; Levy, H.L.; Irons, M. Detection of Neonatal Carnitine Palmitoyltransferase
II Deficiency by Expanded Newborn Screening With Tandem Mass Spectrometry. Pediatrics 2001, 107, €103. [CrossRef]

Pierce, M.R.; Pridjian, G.; Morrison, S.; Pickoff, A.S. Fatal Carnitine Palmitoyltransferase II Deficiency in a Newborn: New
Phenotpic Features. Clin. Pediatr. 1999, 38, 13-20. [CrossRef]

Vladutiu, G.D.; Quackenbush, E.J.; Hainline, B.E.; Albers, S.; Smail, D.S.; Bennett, M.]. Lethal neonatal and severe late infantile
forms of carnitine palmitoyltransferase II deficiency associated with compound heterozygosity for different protein truncation
mutations. . Pediatr. 2002, 141, 734-736. [CrossRef]

Sharma, R.; Perszyk, A.A.; Marangi, D.; Monteiro, C.; Raja, S. Lethal Neonatal Carnitine Palmitoyltransferase II Deficiency: An
Unusual Presentation of a Rare Disorder. Am. |. Perinatol. 2003, 20, 25-32. [CrossRef]

Yahyaoui, R.; Espinosa, M.G.; Gémez, C.; Dayaldasani, A.; Rueda, I.; Roldédn, A.; Ugarte, M.; Lastra, G.; Pérez, V. Neonatal
carnitine palmitoyltransferase II de-ficiency associated with Dandy-Walker syndrome and sudden death. Mol. Genet. Metab. 2011,
104, 414-416. [CrossRef]


https://doi.org/10.1007/BF01963564
https://doi.org/10.1007/BF01799273
https://doi.org/10.1007/BF01799383
https://www.ncbi.nlm.nih.gov/pubmed/2122092
https://doi.org/10.1016/j.ymgme.2010.07.003
https://doi.org/10.1186/s13023-015-0236-7
https://www.ncbi.nlm.nih.gov/pubmed/25888220
https://doi.org/10.1007/s10545-009-1125-9
https://www.ncbi.nlm.nih.gov/pubmed/19399638
https://doi.org/10.1007/s10545-009-9041-6
https://www.ncbi.nlm.nih.gov/pubmed/20107901
https://doi.org/10.1002/jimd.12075
https://doi.org/10.1002/jmd2.12365
https://www.ncbi.nlm.nih.gov/pubmed/37404675
https://doi.org/10.1002/ajmg.a.36803
https://www.ncbi.nlm.nih.gov/pubmed/25338548
https://doi.org/10.1006/bbrc.1999.1411
https://doi.org/10.1161/01.CIR.99.10.1337
https://www.ncbi.nlm.nih.gov/pubmed/10077518
https://doi.org/10.1016/S0022-3476(97)70171-9
https://www.ncbi.nlm.nih.gov/pubmed/9290621
https://doi.org/10.1023/A:1012476029536
https://doi.org/10.1016/j.ymgme.2008.05.002
https://www.ncbi.nlm.nih.gov/pubmed/18550408
https://doi.org/10.1542/peds.107.6.e103
https://doi.org/10.1177/000992289903800102
https://doi.org/10.1067/mpd.2002.128545
https://doi.org/10.1055/s-2003-37952
https://doi.org/10.1016/j.ymgme.2011.05.003

Int. ]. Neonatal Screen. 2025, 11,9 13 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Zhou, D.; Cheng, Y.; Yin, X.; Miao, H.; Hu, Z.; Yang, J.; Zhang, Y.; Wu, B.; Huang, X. Newborn Screening for Mitochondrial
Carnitine-Acylcarnitine Cycle Disorders in Zhejiang Province, China. Front. Genet. 2022, 13, 823687. [CrossRef] [PubMed]
Rubio-Gozalbo, M.; Vos, P.; Forget, P.; Meer, S.; Wanders, R.; Waterham, H.; Bakker, J. Carnitine-acylcarnitine translocase
deficiency: Case report and review of the literature. Acta Paediatr. 2007, 92, 501-504. [CrossRef]

Dorum, S.; Giiney Varal, I.; Gorukmez, O.; Dogan, P.; Ekici, A. A novel mutation leading to the lethal form of carnitine
palmito-yltransferase type-2 deficiency. J. Pediatr. Endocrinol. Metab. 2019, 32, 781-783. [CrossRef]

Smeets, R.J.P.; Smeitink, ].A.M.; Semmekrot, B.A.; Scholte, H.R.; Wanders, R.J.A.; Heuvel, L PW.J.v.D. A novel splice site mutation
in neonatal carnitine palmitoyl transferase II deficiency. . Hum. Genet. 2003, 48, 0008-0013. [CrossRef] [PubMed]

Semba, S.; Yasujima, H.; Takano, T.; Yokozaki, H. Autopsy case of the neonatal form of carnitine palmitoyltransferase-II deficiency
triggered by a novel disease-causing mutation del1737C. Pathol. Int. 2008, 58, 436—441. [CrossRef]

North, K.N.; Hoppel, C.L.; De Girolami, U.; Kozakewich, H.P.W.; Korson, M.S. Lethal neonatal deficiency of carnitine palmito-
yltransferase II associated with dysgenesis of the brain and kidneys. . Pediatr. 1995, 127, 414—420. [CrossRef]

Hug, G.; Bove, K.E.; Soukup, S. Lethal Neonatal Multiorgan Deficiency of Carnitine Palmitoyltransferase II. N. Engl. ]. Med. 1991,
325, 1862-1864. [CrossRef] [PubMed]

Du, S.-H.; Zhang, E; Yu, Y.-G.; Chen, C.-X_; Wang, H.-J.; Li, D.-R. Sudden infant death from neonate carnitine palmitoyl transferase
II deficiency. Forensic. Sci. Int. 2017, 278, e41-e44. [CrossRef]

Zhang, L.; Hu, Y,; Xie, M.; Zhang, Y.; Cen, K.; Chen, L.; Cui, Y.; Li, H.; Wang, D. Carnitine-acylcarnitine translocase deficiency
caused by SLC25A20 gene heterozygous variants in twins: A case report. J. Int. Med. Res. 2023, 51, 03000605231163811. [CrossRef]
Yan, HM.; Hu, H.; Ahmed, A.; Feng, B.B,; Liu, J; Jia, Z.J.; Wang, H. Carnitine-acylcarnitine translocase deficiency with ¢.199-10
T>G and novel ¢.1A>G mutation: Two case reports and brief literature review. Medicine 2017, 96, e8549. [CrossRef] [PubMed]
Carmona, SM.G.; Abacan, M.A.R,; Alcausin, M.M.L.B. Carnitine-acylcarnitine Translocase Deficiency with ¢.199-10T>G Mutation
in Two Filipino Neonates Detected through Parental Carrier Testing. Int. J. Neonatal Screen. 2023, 9, 4. [CrossRef]

Li, X.; Zhao, F; Zhao, Z.; Zhao, X.; Meng, H.; Zhang, D.; Zhao, S.; Ding, M. Neonatal sudden death caused by a novel heterozygous
mutation in SLC25A20 gene: A case report and brief literature review. Leg. Med. 2021, 54, 101990. [CrossRef] [PubMed]

Ryder, B.; Inbar-Feigenberg, M.; Glamuzina, E.; Halligan, R.; Vara, R.; Elliot, A.; Coman, D.; Minto, T.; Lewis, K.; Schiff, M.; et al.
New insights into carnitine-acylcarnitine translocase deficiency from 23 cases: Management challenges and potential therapeutic
approaches. J. Inherit. Metab. Dis. 2021, 44, 903-915. [CrossRef] [PubMed]

Li, X.; Shen, J. One potential hotspot SLC25A20 gene variants in Chinese patients with carnitine-acylcarnitine translocase
defi-ciency. Front. Pediatr. 2022, 10, 1029004. [CrossRef]

Fukushima, T.; Kaneoka, H.; Yasuno, T.; Sasaguri, Y.; Tokuyasu, T.; Tokoro, K.; Fukao, T.; Saito, T. Three novel mutations in the
carnitine—acylcarnitine translocase (CACT) gene in patients with CACT deficiency and in healthy individuals. ]. Hum. Genet.
2013, 58, 788-793. [CrossRef]

Tran, V.K,; Diep, Q.M.; Qiu, Z.; Le, T.P; Do, L.D.; Tran, H.A.; Bui, T.-H.; Van Ta, T.; Tran, T.H. Whole exome sequencing analysis in
a couple with three children who died prematurely due to carnitine-acylcarnitine translocase deficiency. Taiwan. |. Obstet. Gynecol.
2022, 61, 153-156. [CrossRef] [PubMed]

Tang, C.; Liu, S.; Wu, M,; Lin, S.; Lin, Y.; Su, L.; Zhang, J.; Feng, Y.; Huang, Y. Clinical and molecular characteristics of carnitine-
acylcarnitine translocase deficiency: Experience with six patients in Guangdong China. Clin. Chim. Acta 2019, 495, 476-480.
[CrossRef]

Korman, S.H.; Pitt, ].J.; Boneh, A.; Dweikat, I.; Zater, M.; Meiner, V.; Gutman, A.; Brivet, M. A novel SLC25A20 splicing mutation
in patients of different ethnic origin with neonatally lethal carnitine-acylcarnitine translocase (CACT) deficiency. Mol. Genet.
Metab. 2006, 89, 332-338. [CrossRef] [PubMed]

Niezen-Koning, K.E.; van Spronsen, EJ.; [jlst, L.; Wanders, R.J.A.; Brivet, M.; Duran, M.; Reijngoud, D.J.; Heymans, H.S.A.; Smit,
G.P.A. A patient with lethal cardiomyopathy and a carnitine—Acylcarnitine translocase deficiency. J. Inherit. Metab. Dis. 1995, 18,
230-232. [CrossRef] [PubMed]

Stanley, C.A.; Hale, D.E.; Berry, G.T.; Deleeuw, S.; Boxer, J.; Bonnefont, J.P. Brief report: A deficiency of carnitine-acylcarnitine
trans-locase in the inner mitochondrial membrane. N. Engl. . Med. 1992, 327, 19-23. [CrossRef]

Lee, RS.Y,; Lam, C.W,; Lai, C.K;; Yuen, Y.P,; Chan, K.Y.; Shek, C.C.; Chan, A.Y.W.; Chow, C.B. Carnitine-acylcarnitine translocase
deficiency in three neonates presenting with rapid deterioration and cardiac arrest. Hong Kong Med. ]. 2007, 13, 66—68.

Pande, S.V,; Brivet, M.; Slama, A.; Demaugre, F; Aufrant, C.; Saudubray, ].M. Carnitine-acylcarnitine translocase deficiency with
severe hypoglycemia and auriculo ventricular block. Translocase assay in permeabilized fibroblasts. J. Clin. Investig. 1993, 91,
1247-1252. [CrossRef]

Yang, B.-Z.; Mallory, ].M.; Roe, D.S.; Brivet, M.; Strobel, G.; Jones, K.M.; Ding, ].-H.; Roe, C.R. Carnitine/Acylcarnitine Translocase
Deficiency (Neonatal Phenotype): Successful Prenatal and Postmortem Diagnosis Associated with a Novel Mutation in a Single
Family. Mol. Genet. Metab. 2001, 73, 64-70. [CrossRef] [PubMed]


https://doi.org/10.3389/fgene.2022.823687
https://www.ncbi.nlm.nih.gov/pubmed/35360862
https://doi.org/10.1111/j.1651-2227.2003.tb00586.x
https://doi.org/10.1515/jpem-2019-0038
https://doi.org/10.1007/s100380300001
https://www.ncbi.nlm.nih.gov/pubmed/12560872
https://doi.org/10.1111/j.1440-1827.2008.02250.x
https://doi.org/10.1016/S0022-3476(95)70073-0
https://doi.org/10.1056/NEJM199112263252607
https://www.ncbi.nlm.nih.gov/pubmed/1961225
https://doi.org/10.1016/j.forsciint.2017.06.020
https://doi.org/10.1177/03000605231163811
https://doi.org/10.1097/MD.0000000000008549
https://www.ncbi.nlm.nih.gov/pubmed/29137068
https://doi.org/10.3390/ijns9010004
https://doi.org/10.1016/j.legalmed.2021.101990
https://www.ncbi.nlm.nih.gov/pubmed/34784499
https://doi.org/10.1002/jimd.12371
https://www.ncbi.nlm.nih.gov/pubmed/33634872
https://doi.org/10.3389/fped.2022.1029004
https://doi.org/10.1038/jhg.2013.103
https://doi.org/10.1016/j.tjog.2021.11.027
https://www.ncbi.nlm.nih.gov/pubmed/35181030
https://doi.org/10.1016/j.cca.2019.05.018
https://doi.org/10.1016/j.ymgme.2006.06.009
https://www.ncbi.nlm.nih.gov/pubmed/16919490
https://doi.org/10.1007/BF00711775
https://www.ncbi.nlm.nih.gov/pubmed/7564255
https://doi.org/10.1056/NEJM199207023270104
https://doi.org/10.1172/JCI116288
https://doi.org/10.1006/mgme.2001.3162
https://www.ncbi.nlm.nih.gov/pubmed/11350184

Int. ]. Neonatal Screen. 2025, 11,9 14 of 15

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Costa, C.; Costa, ].M.; Nuoffer, ].M.; Slama, A.; Boutron, A.; Saudubray, ].M.; Legrand, A.; Brivet, M. Identification of the molecular
defect in a severe case of carnitine-acylcarnitine carrier deficiency. J. Inherit. Metab. Dis. 1999, 22, 267-270. [CrossRef]

Choong, K,; Clarke, ].T.R.; Cutz, E.; Pollit, R.J.; Olpin, S.E. Lethal Cardiac Tachyarrhythmia in a Patient with Neonatal Car-nitine-
Acylcarnitine Translocase Deficiency. Pediatr. Dev. Pathol. 2001, 4, 573-579. [CrossRef] [PubMed]

Chalmers, R.A.; Stanley, C.A.; English, N.; Wigglesworth, J.S. Mitochondrial carnitine-acylcarnitine translocase deficiency
presenting as sudden neonatal death. J. Pediatr. 1997, 131, 220-225. [CrossRef] [PubMed]

Wasant, P.; Matsumoto, I.; Naylor, E.; Liammongkolkul, S. Mitochondrial fatty acid oxidation disorders in Thai infants: A report
of 3 cases. |. Med. Assoc. Thail. Chotmaihet Thangphaet. 2002, 85 (Suppl. S2), S710-5719.

Habib, A.; Azize, N.A.; Abd Rahman, S.; Yakob, Y.; Suberamaniam, V.; Nazri, M.L; Sani, H.A.; Ch'ng, G.S.; Yin, L.H.; Olpin, S.;
et al. Novel mutations associated with carnitine-acylcarnitine translocase and carnitine palmitoyl transferase 2 deficiencies in
Malaysia. Clin. Biochem. 2021, 98, 48-53. [CrossRef]

Geven, W.; Niezen-Koning, K.; Timmer, A.; van Loon, A.; Wanders, R.; van Spronsen, F. Pre-eclampsia in a woman whose child
suffered from lethal carnitine-acylcarnitine translocase deficiency. BJOG Int. |. Obstet. Gynaecol. 2007, 114, 1028-1030. [CrossRef]
Jing,J.; Zhang, C.; Du, S.; Tan, X.; Yue, X.; Qiao, D. Sudden death with cardiac involvement in a neonate with carnitine-acylcarnitine
translocase deficiency. Cardiovasc. Pathol. 2024, 70, 107630. [CrossRef] [PubMed]

IJlst, L.; Wanders, R.]J.; Ushikubo, S.; Kamijo, T.; Hashimoto, T. Molecular basis of long-chain 3-hydroxyacyl-CoA dehydrogenase
deficiency: Identification of the major disease-causing mutation in the a-subunit of the mitochondrial trifunctional protein.
Biochimica et Biophysica Acta (BBA)-Lipids and Lipid Metabolism. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1994, 1215,
347-350. [CrossRef]

Nedoszytko, B.; Siemiriska, A.; Strapagiel, D.; Dabrowski, S.; Stomka, M.; Sobalska-Kwapis, M.; Marciniak, B.; Wierzba, J.;
Skokowski, J.; Fijatkowski, M.; et al. High prevalence of carriers of variant c. 1528G> C of HADHA gene causing long-chain
3-hydroxyacyl-CoA dehydrogenase deficiency (LCHADD) in the population of adult Kashubians from North Poland. PLoS ONE
2017, 12, e0187365. [CrossRef] [PubMed]

Joost, K.; Ounap, K,; Zordania, R.; Uudelepp, M.L,; Olsen, RK; Kall, K; Kilk, K.; Soomets, U.; Kahre, T. Prevalence of long-chain
3-hydroxyacyl-CoA dehydrogenase deficiency in Estonia. [IMD Rep.-Case Res. Rep. 2011, 2012, 79-85.

Tyni, T.; Pihko, H. Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. Acta Paediatr. 1999, 88, 237-245. [CrossRef]

Lund, A.M.; Hougaard, D.M.; Simonsen, H.; Andresen, B.S.; Christensen, M.; Dung, M.; Skogstrand, K.; Olsen, R K.; Jensen, U.G;
Cohen, A; et al. Biochemical screening of 504,049 newborns in Denmark, the Faroe Islands and Greenland—Experience and
development of a routine program for expanded newborn screening. Mol. Genet. Metab. 2012, 107, 281-293. [CrossRef]
Rasmussen, J.; Nielsen, O.W.; Janzen, N.; Duno, M.; Keber, L.; Steuerwald, U.; Lund, A.M. Carnitine levels in 26,462 individuals
from the nationwide screening program for primary carnitine deficiency in the Faroe Islands. |. Inherit. Metab. Dis. 2014, 37,
215-222. [CrossRef] [PubMed]

Clemente, EJ.; Cardona, A.; Inchley, C.E.; Peter, B.M.; Jacobs, G.; Pagani, L.; Lawson, D.J.; Antao, T.; Vicente, M.; Mitt, M.; et al. A
Selective Sweep on a Deleterious Mutation in CPT1A in Arctic Populations. Am. |. Hum. Genet. 2014, 95, 584-589. [CrossRef]
Wolfe, L.; Jethva, R.; Oglesbee, D.; Vockley, J. Short-Chain Acyl-CoA Dehydrogenase Deficiency. In GeneReviews®; University of
Washington: Seattle, WA, USA, 1993. [PubMed]

Sadat, R.; Hall, P.L.; Wittenauer, A.L.; Vengoechea, E.D.; Park, K.; Hagar, A.F,; Singh, R.; Moore, R.H.; Gambello, M.]. Increased
parental anxiety and a benign clinical course: Infants identified with short-chain acyl-CoA dehydrogenase deficiency and
isobutyr-yl-CoA dehydrogenase deficiency through newborn screening in Georgia. Mol. Genet. Metab. 2020, 129, 20-25.
[CrossRef]

Immonen, T,; Turanlahti, M.; Paganus, A.; Keskinen, P; Tyni, T.; Lapatto, R. Earlier diagnosis and strict diets improve the survival
rate and clinical course of long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency. Acta Paediatr. 2016, 105, 549-554. [CrossRef]
Boer, M.E.].D.; Wanders, R.J.A.; Morris, A.A.M.; Ijlst, L.; Heymans, H.S.A.; Wijburg, F.A. Long-Chain 3-Hydroxyacyl-CoA
Dehydrogenase Deficiency: Clinical Presentation and Follow-Up of 50 Patients. Pediatrics 2002, 109, 99-104. [CrossRef] [PubMed]
De Biase, I.; Viau, K.S; Liu, A.; Yuzyuk, T.; Botto, L.D.; Pasquali, M.; Longo, N. Diagnosis, treatment, and clinical outcome of
patients with mitochondrial trifunctional protein/long-chain 3-Hydroxy acyl-CoA dehydrogenase deficiency. [IMD Rep. 2017, 31,
63-71. [PubMed]

Stinton, C.; Fraser, H.; Geppert, ].; Johnson, R.; Connock, M.; Johnson, S.; Clarke, A.; Taylor-Phillips, S. Newborn Screening for
Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase and Mitochondrial Trifunctional Protein Deficiencies Using Acylcarnitines
Measurement in Dried Blood Spots—A Systematic Review of Test Accuracy. Front. Pediatr. 2021, 9, 606194. [CrossRef]

Fraser, H.; Geppert, J.; Johnson, R.; Johnson, S.; Connock, M.; Clarke, A.; Taylor-Phillips, S.; Stinton, C. Evaluation of earlier versus
later dietary management in long-chain 3-hydroxyacyl-CoA dehydrogenase or mitochondrial trifunctional protein deficiency: A
systematic review. Orphanet |. Rare Dis. 2019, 14, 258. [CrossRef]

Jones, PM.; Bennett, M.]. The changing face of newborn screening: Diagnosis of inborn errors of metabolism by tandem mass
spectrometry. Clin. Chim. Acta 2002, 324, 121-128. [CrossRef]


https://doi.org/10.1023/A:1005590223680
https://doi.org/10.1007/s10024001-0101-7
https://www.ncbi.nlm.nih.gov/pubmed/11826365
https://doi.org/10.1016/S0022-3476(97)70157-4
https://www.ncbi.nlm.nih.gov/pubmed/9290607
https://doi.org/10.1016/j.clinbiochem.2021.10.002
https://doi.org/10.1111/j.1471-0528.2007.01411.x
https://doi.org/10.1016/j.carpath.2024.107630
https://www.ncbi.nlm.nih.gov/pubmed/38490313
https://doi.org/10.1016/0005-2760(94)90064-7
https://doi.org/10.1371/journal.pone.0187365
https://www.ncbi.nlm.nih.gov/pubmed/29095929
https://doi.org/10.1111/j.1651-2227.1999.tb01089.x
https://doi.org/10.1016/j.ymgme.2012.06.006
https://doi.org/10.1007/s10545-013-9606-2
https://www.ncbi.nlm.nih.gov/pubmed/23653224
https://doi.org/10.1016/j.ajhg.2014.09.016
https://www.ncbi.nlm.nih.gov/pubmed/21938826
https://doi.org/10.1016/j.ymgme.2019.11.008
https://doi.org/10.1111/apa.13313
https://doi.org/10.1542/peds.109.1.99
https://www.ncbi.nlm.nih.gov/pubmed/11773547
https://www.ncbi.nlm.nih.gov/pubmed/27117294
https://doi.org/10.3389/fped.2021.606194
https://doi.org/10.1186/s13023-019-1226-y
https://doi.org/10.1016/S0009-8981(02)00238-3

Int. ]. Neonatal Screen. 2025, 11,9 15 of 15

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Sander, J.; Sander, S.; Steuerwald, U.; Janzen, N.; Peter, M.; Wanders, R.].; Marquardt, I.; Korenke, G.C.; Das, A.M. Neonatal
screening for defects of the mitochondrial trifunctional protein. Mol. Genet. Metab. 2005, 85, 108-114. [CrossRef]

Remec, Z.1; Groselj, U.; Drole Torkar, A.; Zerjav Tansek, M.; Cuk, V.; Perko, D.; Ulaga, B.; Lipovec, N.; Debeljak, M.; Kovac, J.; et al.
Very long-chain acyl-CoA dehydrogenase deficiency: High incidence of detected patients with expanded newborn screening
program. Front. Genet. 2021, 12, 648493. [CrossRef]

Marsden, D.; Bedrosian, C.L.; Vockley, J. Impact of newborn screening on the reported incidence and clinical outcomes associated
with medium- and long-chain fatty acid oxidation disorders. Anesth. Analg. 2021, 23, 816-829. [CrossRef]

Spiekerkoetter, U.; Mueller, M.; Sturm, M.; Hofmann, M.; Schneider, D.T. Lethal undiagnosed very long-chain acyl-CoA dehydro-
genase deficiency with mild C14-Acylcarnitine abnormalities on newborn screening. [IMD Rep. 2012, 6, 113-115. [PubMed]
Ficicioglu, C.; Coughlin, C.R.; Bennett, M.].; Yudkoff, M. Very long-chain acyl-CoA dehydrogenase deficiency in a patient with
normal newborn screening by tandem mass spectrometry. J. Pediatr. 2010, 156, 492-494. [CrossRef]

Estrella, ].; Wilcken, B.; Carpenter, K.; Bhattacharya, K.; Tchan, M.; Wiley, V. Expanded newborn screening in New South Wales:
Missed cases. J. Inherit. Metab. Dis. 2014, 37, 881-887. [CrossRef]

Spiekerkoetter, U.; Haussmann, U.; Mueller, M.; ter Veld, F.; Stehn, M.; Santer, R.; Lukacs, Z. Tandem Mass Spectrometry Screening
for Very Long-Chain Acyl-CoA Dehydrogenase Deficiency: The Value of Second-Tier Enzyme Testing. J. Pediatr. 2010, 157,
668—673. [CrossRef]

Ahrens-Nicklas, R.C.; Pyle, L.C.; Ficicioglu, C. Morbidity and mortality among exclusively breastfed neonates with medium-chain
acyl-CoA dehydrogenase deficiency. Genet. Med. 2016, 18, 1315-1319. [CrossRef] [PubMed]

Wilcken, B.; Haas, M.; Joy, P.; Wiley, V.; Chaplin, M.; Black, C.; Fletcher, J.; McGill, J.; Boneh, A. Outcome of neonatal screening for
medium-chain acyl-CoA dehydrogenase deficiency in Australia: A cohort study. Lancet 2007, 369, 37-42. [CrossRef]

Smon, A.; Groselj, U.; Debeljak, M.; Zerjav Tansek, M.; Bertok, S.; Avbelj Stefanija, M.; Trebusak Podkrajsek, K.; Battelino, T.; Repic
Lampret, B. Medium-chain acyl-CoA dehydrogenase deficiency: Two novel ACADM mutations identified in a retrospective
screening. J. Int. Med. Res. 2018, 46, 1339-1348. [CrossRef] [PubMed]

Sikonja, J.; Groselj, U.; Scarpa, M.; la Marca, G.; Cheillan, D.; Kolker, S.; Zetterstrom, R.H.; KoZich, V.; Le Cam, Y.; Gumus, G.; et al.
Towards achieving equity and innovation in newborn screening across Europe. Int. J. Neonatal Screen. 2022, 8, 31. [CrossRef]
Taylor-Phillips, S.; Stinton, C.; di Ruffano, L.E; Seedat, F.; Clarke, A.; Deeks, ].]. Association between use of systematic reviews
and national policy recommendations on screening newborn babies for rare diseases: Systematic review and meta-analysis. BM]
2018, 361, k1612. [CrossRef] [PubMed]

Waisbren, S.E.; Albers, S.; Amato, S.; Ampola, M.; Brewster, T.G.; Demmer, L.; Eaton, R.B.; Greenstein, R.; Korson, M.; Larson, C.;
et al. Effect of Expanded Newborn Screening for Biochemical Genetic Disorders on Child Outcomes and Parental Stress. JAMA
2003, 290, 2564-2572. [CrossRef]

Matern, D.; Tortorelli, S.; Oglesbee, D.; Gavrilov, D.; Rinaldo, P. Reduction of the false-positive rate in newborn screening by
im-plementation of MS/MS based second-tier tests: The Mayo Clinic experience (2004-2007). J. Inherit. Metab. Dis. 2007, 30,
585-592. [CrossRef]

Mlinaric, M.; Bonham, J.R.; KoZich, V.; Kolker, S.; Majek, O.; Battelino, T.; Torkar, A.D.; Koracin, V.; Perko, D.; Remec, Z.I; et al.
Newborn Screening in a Pandemic—Lessons Learned. Int. |. Neonatal Screen. 2023, 9, 21. [CrossRef] [PubMed]

Koracin, V.; Mlinaric, M.; Baric, I.; Brincat, I.; Djordjevic, M.; Torkar, A.D.; Fumic, K.; Kocova, M.; Milenkovic, T.; Moldovanu, E;
et al. Current Status of Newborn Screening in Southeastern Europe. Front. Pediatr. 2021, 9, 648939. [CrossRef] [PubMed]
Loeber, ].G.; Platis, D.; Zetterstrom, R.H.; Almashanu, S.; Boemer, F.; Bonham, J.R.; Borde, P,; Brincat, I.; Cheillan, D.; Dekkers,
E.; et al. Neonatal screening in Europe revisited: An ISNS perspective on the current state and developments since 2010. Int. J.
Neonatal Screen. 2021, 7, 15. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ymgme.2005.02.002
https://doi.org/10.3389/fgene.2021.648493
https://doi.org/10.1038/s41436-020-01070-0
https://www.ncbi.nlm.nih.gov/pubmed/23430948
https://doi.org/10.1016/j.jpeds.2009.10.031
https://doi.org/10.1007/s10545-014-9727-2
https://doi.org/10.1016/j.jpeds.2010.04.063
https://doi.org/10.1038/gim.2016.49
https://www.ncbi.nlm.nih.gov/pubmed/27148938
https://doi.org/10.1016/S0140-6736(07)60029-4
https://doi.org/10.1177/0300060517734123
https://www.ncbi.nlm.nih.gov/pubmed/29350094
https://doi.org/10.3390/ijns8020031
https://doi.org/10.1136/bmj.k1612
https://www.ncbi.nlm.nih.gov/pubmed/29743278
https://doi.org/10.1001/jama.290.19.2564
https://doi.org/10.1007/s10545-007-0691-y
https://doi.org/10.3390/ijns9020021
https://www.ncbi.nlm.nih.gov/pubmed/37092515
https://doi.org/10.3389/fped.2021.648939
https://www.ncbi.nlm.nih.gov/pubmed/34026686
https://doi.org/10.3390/ijns7010015

	Introduction 
	Case Report 
	Materials and Methods of the Systematic Literature Review 
	Results of the Systematic Literature Review 
	Medium-Chain Acyl-CoA Dehydrogenase Deficiency (MCADD) 
	Mitochondrial Trifunctional Protein/Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase Deficiencies (MTPD/LCHADD) 
	Very Long-Chain Acyl-CoA Dehydrogenase Deficiency (VLCADD) 
	Carnitine Uptake Defect (CUD) 
	Carnitine Palmitoyltransferase I Deficiency (CPT1D) 
	Carnitine Palmitoyltransferase II Deficiency (CPT2D) 
	Carnitine-Acylcarnitine Translocase Deficiency (CACTD) 

	Discussion 
	Conclusions 
	References

