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Abstract Long-chain 3-hydroxyacyl-CoA dehydrogenase
deficiency (LCHADD) is a fatty acid oxidation disorder
with especially high mortality and uncertain long-term
outcome. The aim of the study was to analyze the influence
of diagnostic approach on survival in 59 affected children.
Referral to a metabolic center was replaced over time by
urine/blood testing in centralized metabolic laboratory
(selective screening) and by pilot tandem mass spectrom-

etry newborn screening (NBS). Molecular analysis revealed
the prevalent mutation in the HADHA gene in all 58
examined cases. Twenty patients died. The number of
detections and number of deaths were respectively 9 and 4
(44%) in the patients recognized by differential diagnosis,
28 and 9 (32%) - by selective screening, and 11 and 1 (9%) -
by NBS. In 80% of cases the death occurred before or within
3 weeks from the identification. Urgent and active metabolic
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service remarkably influenced the surviving. The current age
of 39 survivors is 0.5 to 23 yrs (mean 7.2 yrs). The disease
frequency estimated on the patients number was 1: 115 450,
whereas in the pilot NBS - 1: 109 750 (658 492 neonates
tested). Interestingly, the phenylalanine level in asymptom-
atic neonates frequently exceeded the cut-off values. Con-
clusions: 1) Urgent metabolic intervention decreases
mortality of LCHAD-deficient patients, but the prognosis is
still uncertain. 2) Emergent metabolic reporting and service
are crucial also for the survival of neonates detected by NBS.
3) The nationwide selective screening appeared efficient in
LCHADD detection in the country. 4) Transient mild
hyperphenylalaninaemia may occur in LCHAD-deficient
newborns.

Introduction

Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
(OMIM# 609016) is a very rare fatty acid beta-oxidation
(FAO) disorder (Roe and Coates 1995). Long-chain
3-hydroxyacyl-CoA dehydrogenase (LCHAD, EC
1.1.1.211) is one of the three enzymes contained in the
mitochondrial trifunctional protein (MTP), which catalyzes
the third step of the long-chain fatty acid beta-oxidation.
The two remaining MTP enzymes, long-chain enoyl-CoA
hydratase (LCEH) and long-chain ketoacyl-CoA thiolase
(LCKAT), catalyze the last steps of the beta-oxidation spiral
and they are located in the N-terminus of the α subunit
(HADHA gene) and in the β subunit (HADHB gene),
respectively. The domain with LCHAD activity is localized
in the C-terminus of the α subunit of MTP and is encoded
by the HADHA gene (2p23). Depending on the disturbance
of particular enzyme activity that is affected, three
categories of MTP deficiency are distinguished: isolated
LCHAD deficiency (the most frequent), complete MTP
deficiency (the less common) and isolated LCKAT defi-
ciency (recently identified) (Das et al. 2006).

Isolated LCHAD deficiency (LCHADD) is associated
with the common HADHA gene mutation, c.1528 G > C
[p.E474Q], that is located in the catalytic site of the
LCHAD domain. In the majority of LCHAD deficient
patients the prevalent substitution is detected at least at one
allele. The frequency of this mutation is high and ranges
from 71% (Ibdah et al. 1999) to 87% (Ijlst et al. 1996).

Already in early infancy the affected patients usually
show rapid clinical progression with liver failure, coma
triggered by fasting or catabolic status and frequently
sudden death. Detection of the disease requires efficient
differential diagnosis based on the history (also family
history) and clinical picture, which should suggest the need
for the further diagnostics. Assessment of acylcarnitine
profile by tandem mass spectrometry (TMS) is a method

of choice. In the literature the reported patients presented
with particularly high mortality and poor long-term
outcome (Sewell et al. 1994; Tyni et al. 1997a; den Boer
et al. 2002; Olpin et al. 2005). Since the application of
TMS into expanded newborn screening (NBS) the detec-
tion of LCHADD has increased. According to the
American College of Medical Genetics Report 2006, in
the recommended uniform panel for newborn screening
programs, 3-hydroxypalmitoylcarnitine (C16-OH) and/or
3-hydroxyoleoylcarnitine (C18:1-OH) are primary bio-
markers for both disorders: LCHAD and MTP deficiencies
(Sweetman et al. 2006). It has not been proven yet that early
detection of the defect significantly improves the prognosis.

To date several cases with diagnosis of LCHADD have
been described in Poland (Pronicka et al. 1998; Sykut-
Cegielska 2006). The aim of the study was to analyze the
influence of the diagnostic approach mode on the detection
rate and the risk of death in the group of LCHAD deficient
patients identified during the period of 1992-2009.

Patients

A cohort of 59 patients (30 boys and 29 girls) coming from
55 families with LCHADD was enrolled in this study. Two
affected patients from two pairs of twins (one pair from in
vitro fertilization) were included. The diagnosis was
established at the Children’s Memorial Health Institute
(CMHI) and in the Institute of Mother and Child (IMC),
both located in Warsaw, with contribution of molecular
study in Aarhus University Hospital, Skejby.

The study group included 44 patients diagnosed by
metabolic testing after the disease symptoms appeared
(group A), and 15 affected neonates identified presympto-
matically (group B).

In the symptomatic group, there were four different
detection modes specified in the study as follows (Table 1
and Table 2):

A1. The patients transferred from the whole country for
a metabolic work-up at the metabolic center (CMHI)
serving specialized diagnostics (differential diagnosis
group, 9 patients).

A2. Urine and dry blood spot samples submitted to CMHI
with a short clinical description for a metabolic testing. A
newly detected patient is immediately and continuously
followed-up by a CMHI pediatrician experienced inmetabolic
medicine, who recommends further metabolic management
(urgent metabolic service group, 17 patients).

A3. Acylcarnitine profile determination by TMS method
available from the IMC on request since 2001. The results
reported by the laboratory to the referring hospital, without
involvement of a metabolic expert (laboratory testing
group, 11 patients).
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Table 1 List and characteristics of the patients with LCHAD deficiency

Patient
No

Birth
year

Sex Age at
onset

Age at
diagnosis

Detection mode1 Current age2

or age at death
Genotype 4

1 1986 F 18y 18y1mo A3 23y10mo [c.1528 G>C]+[c.1828 C>G]

2 1987 F 11mo 7y7mo A1 23y [c.1528 G>C]+[c.1528 G>C]

3 1990 F 1y11mo 2y A1 19y10mo [c.1528 G>C]+[c.1528 G>C]

4 1990 M no data 5w A5 death - 10y1mo not analyzed

5 1991 F 8mo 1y 9mo A1 death - 9y7mo [c.1528 G>C]+[c.1528 G>C]

6 1992 M 2mo 11mo A1 17y10mo [c.1528 G>C]+[c.1528 G>C]

7 1992 M 5mo 1y7mo A1 death - 2y5mo [c.1528 G>C]+[IVS12+1 G>C]

8 1993 F 7y 1mo A5 16y2mo [c.1528 G>C]+[c.1528 G>C]

9 1993 F 3y5mo 5y6mo A1 16y1mo [c.1528 G>C]+[ ?]

10 1995 M 8y 8y6mo A1 15y [c.1528 G>C]+[c.761_764delAGAA]

11 1998 M 5mo 5mo A2 death - 5mo [c.1528 G>C]+[c.1528 G>C]

12 1999 M 1mo post mortem A5 death - 4mo [c.1528 G>C]+[c.1528 G>C]

13 1999 M 6mo 7mo A2 death - 8mo [c.1528 G>C]+[c.1528 G>C]

14 2000 M 3mo 3mo A2 10y [c.1528 G>C]+[c.1528 G>C]

15 2000 F 3mo 3mo A2 9y10mo [c.1528 G>C]+[c.266 T>G]

16 2000 F 4mo 4mo A2 9y7mo [c.1528 G>C]+[ c.1528 G>C]

17 2000 F 2mo 2mo A2 9y5mo [c.1528 G>C]+[ c.1528 G>C]

18 2000 F 5mo 5mo A3 9y3mo [c.1528 G>C]+[c.1528 G>C]

19 2001 F 4mo 6mo A2 8y4mo [c.1528 G>C]+[c.1528 G>C]

20 2001 M 3mo 4mo A3 death – 4mo [c.1528 G>C]+[c.1528 G>C]

21 2001 M 1y 1y A2 8y [c.1528 G>C]+[c.1528 G>C]

22 2001 M 2mo 2mo A2 8y [c.1528 G>C]+[c.1528 G>C]

23 2002 F 3mo 3mo A2 7y8mo [c.1528 G>C]+[c.1528 G>C]

24 2002 F 3mo 3mo A1 death – 3mo [c.1528 G>C]+[c.1528 G>C]

25 2002 F 4mo 4mo A3 7y3mo [c.1528 G>C]+[c.1528 G>C]

26 2002 M no data 7d B2 death - 7d [c.1528 G>C]+[c.2107 G>A]

27 2003 M 2w 1y A2 death – 5y11mo [c.1528 G>C]+[ ?]

28 2003 F 1y6mo 1y6mo A3 death – 1y6mo [c.1528 G>C]+[c.761_764delAGAA]

29 2003 M 6mo 1y9mo A3 6y5mo [c.1528 G>C]+[c.1528 G>C]

30 2004 F 4mo 4mo A3 death – 4mo [c.1528 G>C]+[c.1528 G>C]

31 2004 F no data 11d B2 5y11mo [c.1528 G>C]+[c.1528 G>C]

32 2004 M 4mo 4mo A1 death – 4mo [c.1528 G>C]+[c.1528 G>C]

33 2004 F 5mo 5mo A2 death –5mo [c.1528 G>C]+[c.1528 G>C]

34 2004 M 1y 9d B1 5y5mo [c.1528 G>C]+[c.1528 G>C]

35 2004 F 6mo 1y2mo A3 5y4mo [c.1528 G>C]+[ ?]

36 2004 M 4mo 3w B1 5y1mo [c.1528 G>C]+[IVS12+1 G>C]

37 2005 M 1y1mo 1y1mo A3 death – 1y1mo [c.1528 G>C]+[c.1528 G>C]

38 2005 M 1y6mo 7d B2 4y4mo [c.1528 G>C]+[c.1528 G>C]

39 2005 M no data 8w B1 4y4mo [c.1528 G>C]+[c.1528 G>C]

40 2006 F 8mo 8mo A3 3y11mo [c.1528 G>C]+[c.1528 G>C]

41 2006 F 9mo post mortem A4 death – 10mo [c.1528 G>C]+[not analyzed]

42 2006 M 4mo 6w B3 3y5mo [c.1528 G>C]+[c.1528 G>C]

43 2006 M 6mo 6mo A3 death – 6mo [c.1528 G>C]+[c.1528 G>C]

44 2007 M 5w 3w B3 2y1mo [c.1528 G>C]+[c.1528 G>C]

45 2007 M 5mo 4d B1 2y11mo [c.1528 G>C]+[c.1528 G>C]

46 2007 F 4d post mortem A4 death – 4d [c.1528 G>C]+[not analyzed]

47 2007 F 6w 1mo B2 2y4mo [c.1528 G>C]+[c.1528 G>C]

48 2007 M 6mo post mortem A4 death – 6mo [c.1528 G>C]+[c.1528 G>C]
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A4. Post mortem identification of LCHADD by histo-
logical suspicion of FAO defects at autopsy, followed by
detection of mutations in the HADHA gene (post mortem
group, 4 patients).

A5. Diagnoses established abroad, with unavailable data
on detection mode (3 patients).

Presymptomatic group consists of the following three
subgroups:

B1. Siblings from the families at risk diagnosed by TMS
at neonatal period (family at risk group, 4 patients).

B2. Neonates detected by TMS pilot screening (NBS
group, 6 patients)

B3. Additional LCHAD-deficient neonates detected by
chance. All routine PKU samples with borderline or higher
than cut-off Phe value were obligatory verified by TMS in
the central NBS laboratory (IMC) (Phe group, 5 patients).

Incidence of the disease was assessed taking into
account the number of detected unrelated patients and the
number of births in the relevant time. This incidence was
roughly evaluated for symptomatic patients and those,

Table 2 Number of LCHADD diagnoses and deaths depending on different level of metabolic service availability

Mode of detection Number of diagnoses Number of
deaths

1992-1994 1995-2000 2001-2009 total

A. Symptomatic diagnoses

A1. Differential diagnosis group (at metabolic ward) 5 1 3 9 4 ( 44%)

A2. Urgent metabolic service group (detected by GC-MS selective screening) 0 6 11 17 4 (24%)

A3. Laboratory testing group (detected by TMS screening); without metabolic
expertise

0 0 11 11 5 (46%)

A4. Post mortem group 0 0 4 4 4

A5. Abroad diagnoses 1 2 0 3 3

B. Presymptomatic diagnoses

B1. Family at risk group (siblings detected by TMS) 0 0 4 4 0

B2. Pilot NBS group (detected by TMS) 0 0 6 6 1 *

B3. Phe group (abnormal routine NBS verified subsequently by TMS) 0 0 5 5 0

Total number 6 9 44 59 20 (34%)

*Number of deaths in the whole presymptomatic group 1/15 (6.6%)

Abbreviations: GC-MS - gas chromatography/mass spectrometry; TMS – tandem mass spectrometry; NBS – newborn screening; Phe – abnormal
(>3 mg/dl) phenylalanine level

Table 1 (continued)

Patient
No

Birth
year

Sex Age at
onset

Age at
diagnosis

Detection mode1 Current age2

or age at death
Genotype 4

49 2007 M 7mo 7mo A2 2y2mo [c.1528 G>C]+[c.1528 G>C]

50 2007 M 1y1mo 1y1mo A2 2y2mo [c.1528 G>C]+[c.1528 G>C]

51 2008 M no data post mortem A4 death – 8mo [c.1528 G>C]+[c.1528 G>C]

52 2008 M no data 9d B2 1y3mo [c.1528 G>C]+[c.1528 G>C]

53 2008 F 7mo 9mo A2 1y2mo [c.1528 G>C]+[c.1528 G>C]

54 2009 M 5mo 5mo A2 9mo [c.1528 G>C]+[not analyzed]

55 2009 F 6w 1mo B3 9mo [c.1528 G>C]+[c.1528 G>C]

56 2009 F no data 2w B2 8mo [c.1528 G>C]+[c.1528 G>C]

57 2009 F 3mo 3mo A2 7mo [c.1528 G>C]+[c.1528 G>C]

58 2009 F no data 1mo B3 6mo [c.1528 G>C]+[c.1528 G>C]

59 2009 F 4mo 2w B3 6mo [c.1528 G>C]+[c.1528 G>C]

1 see Table 2
2 age to 31.12.2009
3 [?] – no pathogenic changes detected
4 Numbering of identified nucleotide changes was based on the reference sequences (GenBank RefSeq: NC_000002 and NC_007309), position +1
corresponded to the A of the ATG translation initiation codon. Abbreviations: d – day; mo– month; w – week; y – year
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diagnosed by the pilot TMS newborn screening, which
covered 20% of population; from four voivodships from the
eastern part of the country, while the highest carrier
frequency has been noted in another northern part of
Poland (Piekutowska-Abramczuk et al. 2008).

The study was approved by the Bioethics Commission of
the Children’s Memorial Health Institute. The clinical
characteristics of 41 patients from this cohort was included
in an earlier multi-center report summarizing 55 cases from 7
European metabolic centers (Spiekerkoetter and Sykut-
Cegielska 2007).

Methods

Organic acid analysis in urine by GC-MS method

The analysis was performed using a method based on one
described by Chalmers and Lawson (1975) using GC-MS
equipment (Fisons Instruments) and a non-polar capillary
column type OV1. Trimethylsilyl- and methoxy-derivatives
were analyzed. The analytical procedure is under the quality
control of the ERNDIM (European Research Network for
Inherited Disorders of Metabolism) qualitative organic acids
in urine scheme. Increased 3-hydroxydicarboxylic C6-C10
aciduria (3-OHDCA, 3-hydroxyderivatives of adipic, sube-
ric, sebacic acids) with or without low ketonuria (3-
hydroxybutyric acid, acetoacetic acid) was interpreted as a
profile indicating suspicion of LCHADD.

Acylcarnitine analysis in dry blood spot on paper
by tandem MS method

Blood samples were collected on Schleicher and later on
Whatman 903 papers, after 48 h of life (mainly 48 –
120 hrs) in NBS and by random sampling in older patients.
Tandem MS was performed in API 2000 (Sciex Applie
Biosystems). The analysis procedure is under the quality
control of CDC (Centers for Disease Control and Preven-
tion). Laboratory cut-off values for C16-OH acylcarnitines
were established at 0.22 micromol/l (for newborns) and
0.33 (after the first month of life), and for C18:1-OH
acylcarnitines - at 0.15 and 0.18, respectively. Laboratory
cut-off value for phenylalanine in NBS was 150 micromol/l.

Molecular analysis

Total DNA of whole blood leukocytes, dry blood spots,
cultured fibroblasts or muscle biopsies was isolated by
standard proteinase K digestion and phenol/chloroform
extraction.

From 1998 to 2003 the molecular analysis was based on
the PCR-RFLP method, described by Ijlst et al. (1996).

Since 2003 direct sequencing of PCR products was used.
Amplification of the coding sequence of the HADHA gene
was always started from exon 15, where the common
mutation is localized. When necessary, all remaining exons
and intron-exon boundaries of the HADHA and HADHB
genes were amplified using specific oligonucleotide primers
(sequences available on request). DNA samples of both
parents were also examined, if available, to confirm the
segregation of identified mutations. The control panel
included 50 unrelated healthy subjects from a geographi-
cally representative (Polish) population group.

Enzyme activity assays

Enzymatic assays for MTP components were performed
abroad by the courtesy of Lyon Hopital Debrousse (C.
Vianey-Saban) and in Amsterdam Academic Medical
Center (R. Wanders).

Results

The patients’ birth year, gender, age at onset, age at diagnosis,
age at death and genotype are summarized in the Table 1.
Among 59 patients with detected LCHADD 39 are alive
(66%) with ages ranging from 6 months to 23 years and
10 months (mean 7 years and 3 months). Initial clinical
symptoms usually appeared in the first year of life, but later
in some patients. In the oldest patient (patient 1) clinical
onset occurred at the time of diagnosis, at the age of
18 years. Seven patients reached an age above 15 years.

Twenty patients (34%) died at the age of 4 days to 10 years
(mean 1 year 10 months, median 6 months). The number of
deaths differed remarkably depending on an availability of the
diagnostic and therapeutic expertise and the emergency
approach, presented by the mode of LCHADD detection
(Table 2). In the symptomatic group there were 4 out of 9
deaths ( 44%) among the patients diagnosed at the metabolic
ward or out-patient service, and with remarkably delayed
appropriate management. Remaining 28 cases were identi-
fied by the selective screening (GC-MS and/or TMS).
Among them, in the cases when urgent proper metabolic
expert supervision was provided, four patients died out of 17
(24%), but in the cases without metabolic expertise included
in the laboratory data, five patients died out of 11 (46%).

In the presymptomatic detection group only one out of
11 (9%) died among the cases detected in the NBS pilot
study, and none of four siblings detected by metabolic
testing of the families at risk (experienced by having or loss
of the older affected proband).

Table 3 shows the summary of the deceased patients.
The deaths were most frequently unexpected, after a short
period of clinical deterioration; as sudden infant death
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Table 3 Time and cause of death in twenty patients with LCHAD deficiency

Patient Time of death since the diagnosis Peri-mortem data Conclusive remarks

Before or
within
one week

Within three
weeks

On long-
term
treatment

Patient 4 - - 10y Sudden death (at age 10y 1mo)
in the academic hospital after
episode of unconsciousness
with hypoglycemia. The child
was after long travel for
cardiosurgical consultation abroad.

Inappropriate knowledge of the
disease among non metabolic
medical specialists

Patient 5 - - 7y 10mo Death (at age 9y 7mo) in CMHI.
Recurrent Reye syndrome and
cardio-respiratory failure with
secondary severe central nervous
system damage.

Remarkable delay in metabolic
testing; uncertain compliance
of metabolic treatment

Patient 7 - - 10mo Sudden death (at age 2y 5mo) in
the local hospital. Recurrent Reye
syndrome with secondary central
nervous system damage.

Delayed metabolic testing,
inappropriate medical service

Patient 11 - 3 weeks - Sudden death (at age 5mo)
in CMHI. Cardiac arrest
and liver failure after
episode of unconsciousness.

Delayed metabolic testing,
inappropriate metabolic service

Patient 12 Diagnosis
post mortem

- - Death (at age 4mo) during the
mother’s stay abroad as liver
failure.

Delayed metabolic testing

Patient 13 - 3 weeks - Sudden death (at age 8mo)
in the referral metabolic
center due to sustained
ventricular tachycardia
during 24-hour Holter
recording.

Being on proper
metabolic
management

Patient 20 Diagnosis
at the day
of death

- - Sudden death (at age 4mo) in
the academic hospital. Cardiac
arrest with inefficient reanimation.

Delayed metabolic testing

Patient 24 - 11 days - Death (at age 3mo) in the
referral metabolic center.
Recurrent cardiac arrests
with cardio-respiratory
insufficiency.

Delayed
metabolic
testing

Patient 26 Diagnosis
at the day
of death

- - Sudden death (at age 7d) without
specific treatment. Diagnosed by
pilot NBS.

Delayed transfer of laboratory
data

Patient 27 - - 4y 11mo Sudden death (at age 5y 11mo) at
home after several ALTE due to
acute cardiac insufficiency, despite
good general condition.

Being on proper
metabolic management

Patient 28 Diagnosis
at the day
of death

- - Death (at age 1y 6mo) in the academic
hospital. Acute cardiomyopathy with
cardio-respiratory failure.

Delayed metabolic testing

Patient 30 Diagnosis
at the day
of death

- - Death (at age 4mo) in the academic
hospital. Cardiac failure after episode
of vomiting, loss of consciousness
and seizures.

Delayed metabolic testing

Patient 32 5 days - - Death (at age 4mo) in the referral
metabolic center. The child after
transfer to referral hospital. Acute
liver failure.

Delay in metabolic testing and
in proper metabolic
management

Patient 33 1 week - - Death (at age 5mo) in the academic
hospital. Cardio-respiratory failure
after first episode of unconsciousness,
hepatic dysfunction and cardiomyopathy.

Delay in metabolic testing
and in proper metabolic
management
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syndrome (patient 46), before admission to the hospital
(patient 48), but also during proper monitoring of disease
treatment (patient 13). They occurred in local hospitals,
academic hospitals, and our referral metabolic center, as
well. In 80% of the patients the death occurred before or
within 3 weeks from the LCHADD diagnosis, especially in
the patients with limited approach to the active metabolic
expertise, but regardless of the detection procedure. In
seven patients data about death cause were unavailable.
Death cause as sudden cardiac arrest was specified in six
cases, as acute severe liver failure in four cases and as
multiorgan insufficiency in three cases.

The results of laboratory methods applied for the LCHADD
detection are summarized in Table 4. False negative results
were obtained in some patients at the initial testing by TMS
and by GC-MS, as well. In as many as 15 out of 51 analyses
the free carnitine concentration was very low; below 7 μmol/l,
indicating initially a primary carnitine deficiency.

A mildly increased or borderline phenylalanine level was
observed in five LCHAD-deficient neonates. They pre-
sented with abnormal results of the routine NBS and were
identified by chance, when re-investigated by TMS method
(Table 2, group B3).

Molecular analysis was performed in all LCHAD-
deficient patients, except one (inaccessible biological
material). The presence of the common c.1528 G>C
mutation was demonstrated in 103 out of 113 alleles tested
(overall allele frequency: 91%). Forty-five homozygotes
and thirteen heterozygotes were identified in the studied

group (Table 1). DNA analysis of the further HADHA gene
fragments revealed five novel mutations (one in-frame
deletion, three missense mutations, and one splice-site
variant) in seven patients from six families. None of them
was present in control 100 alleles studied. In three probands
only one of two mutant alleles was found, despite analysis
comprising all HADHA and HADHB exons. In the remain-
ing three children screening for a second mutation has not
been conducted yet. Moreover, eight prenatal diagnoses in
seven families were performed (all based on DNA analysis
but one – on enzymatic method) with detection of healthy
fetuses in all investigations.

On the basis of the number of 29 detected symptomatic
and molecularly confirmed LCHAD-deficient patients in
2001-2009 period and the number of total live births in
Poland in the same time (3 348 000), the incidence of
LCHADD was approximately 1: 115 450. During the same
period six patients were detected by the pilot tandem MS
study (group B2) among 658 492 examined newborns, so
the estimated prevalence of the disease from this evaluation
was approximately 1: 109 750.

The comparison of the number of identified patients,
who were born since 1986 with the number of expected
cases born in subsequent years (estimated on the basis
of mean incidence calculated from the pilot TMS study)
is shown in Fig. 1. It may be assumed that several dozen
LCHAD-deficient infants may have died without diag-
nosis in this period of time, including older sibs of the
patients reported in this study (family history revealed at

Table 3 (continued)

Patient Time of death since the diagnosis Peri-mortem data Conclusive remarks

Before or
within
one week

Within three
weeks

On long-
term
treatment

Patient 37 1 week - - Death (at age 1y 1mo) in the
academic hospital due to acute
liver failure.

Delay in metabolic testing
and in proper metabolic
management

Patient 41 Diagnosis
post mortem

- - Death (at age 10mo) due to severe
liver failure.

Delayed metabolic testing

Patient 43 Diagnosis
at the day
of death

- - Death (at age 6mo) in the local
hospital.

Delayed metabolic testing

Patient 46 Diagnosis
post mortem

- - Sudden cot death (at age 4d)
at home.

Severe clinical presentation
(genotype uncertain)

Patient 48 Diagnosis
post mortem

- - Sudden death (at age 6mo) during
the first day of upper respiratory
tract infection with somnolence;
on the way to the academic hospital.

Delayed metabolic testing

Patient 51 Diagnosis
post mortem

- - Sudden death (at age 8mo) in the
local hospital due to acute metabolic
decompensation.

Delayed metabolic testing
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least 12 sibs’ deaths). On the other hand, since year 2000
when NBS was initiated, the number of patients diag-
nosed with LCHADD exceeds the expected number.

Discussion

The LCHADD has been known since 1989, and is reported
as a severe, unforeseen disorder, frequently lethal. The
patients often die immediately after clinical onset, some-
times too quickly to establish a final diagnosis, not to
mention instituting proper therapy. Mortality of up to 50%
was reported in some series (Sewell et al. 1994; Tyni et al.

1997b) and usually is about 30% of symptomatic patients
(den Boer et al. 2002; Spiekerkoetter et al. 2009). The
deaths of LCHAD-deficient patients were described in the
majority of case reports (Dionisi-Vici et al. 1990; Duran et
al. 1991; Jackson et al. 1992; Isaacs et al. 1996; Van
Maldergem et al. 2000; Hintz et al. 2002) including first
descriptions (Wanders et al. 1990; Wanders et al. 1992; Roe
and Coates 1995) and even in newborns identified
presymptomatically by NBS (Wilcken et al. 2003; Wilcken
et al. 2009).

This study included the large cohort of 59 LCHAD-
deficient patients diagnosed and followed in one metabolic
center. The majority of 20 deaths took place before or at the

Table 4 Results of laboratory investigations at the moment of diagnosis in the group of 59 LCHAD-deficient patients

Method Number
of
analyses

Description of results False negative results Remarks

Acylcarnitine profile
in dry blood spot
using TMS

51 In the majority: elevation of
C16-OH and C18:1-OH
(in 7 analyses only one
biomarker abnormal). In
15 cases: free carnitine
below 7 μmol/l

Five false negative results;
C16-OH and C18:1-OH
did not exceed cut-off
values

Method of choice; possible false negative
results at stable clinical status and when
free carnitine concentration is very low

Urinary organic acid
profile using
GC-MS method

46 In decompensation status:
evident
3-OHDCA C6-10 without
or with small ketonuria. In
stable conditions: slight
3-OHDCA C6-10

Three false negative results;
organic acid profile not
suggestive for LCHADD

Useful metabolic test with very low
specificity

Molecular analysis
for common
c.1528 G>C
mutation

58 45 homozygotes and 13
heterozygotes

Three patients with only
one mutation found

Method of choice; low percentage of
heterozygosity in the affected population

Enzymatic assays in
skin fibroblasts for
MTP components

11 Isolated LCHADD
confirmed in all, including
three 1528 G>C
heterozygotes

None Limited application to establish diagnosis
in c. 1528 G>C heterozygotes

Fig. 1 The number of
diagnosed LCHAD deficiency
patients, according to their age
birth (dark diagram) versus
the expected number of affected
cases born in subsequent
years (light diagram)
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time of diagnosis and the start of proper treatment. In our
material, a lower number of deaths was observed when
metabolic expert, after information about LCHADD detec-
tion from the lab, immediately made a call to a referring
doctor, telling about the diagnosis and suggestions for
proper management. Laboratory report without such meta-
bolic expert’s contribution was insufficient in our experi-
ence, probably due to a lack of knowledge of the risk
among referring doctors in the country. Percentage of the
deaths in the above situations differed, and were respec-
tively 24% and 46%.

The first hours of the disease rather than days, are critical
for the efficacy of the entire detection process (and
prognosis) starting from clinical suspicion at the local
hospital, through sample taking and sending, metabolic
work-up, information transfer, to implementation of sys-
tematic metabolic management (treatment and monitoring).
In order not to miss any affected patients, 24-hour alert of
the local doctors in charge and contact with the metabolism
specialists (emergency services) are needed. The availabil-
ity of metabolic consultation by phone is of great
importance. The emergency approach (prompt analysis
and reporting) is also necessary in the NBS labs, when an
abnormal acylcarnitine profile typical for LCHADD is
found. Most of the affected neonates detected by NBS are
asymptomatic, but sometimes clinical onset is sudden,
leading to early death. In such situations only immediate
information transfer about a suspected diagnosis prevents
catastrophic consequences. One out of six affected neonates
identified by the pilot screening in this study had died
before the already known result was reported.

For short-term prognosis the urgent metabolic service at
first clinical symptoms (or presymptomatically) is even
more important than following specific therapeutic options.
In our experience a presence of unconsciousness or liver
failure at the start of proper treatment may not influence
poor outcome.

Differential clinical diagnosis is difficult and requires
marked experience in the field. Unspecific and frequent 3-
hydroxydicarboxylic C6-C10 aciduria without ketonuria
may be important in initial suspicion, especially in the
context of the clinical picture. Acylcarnitine analysis
remains the investigation of choice, when LCHADD is
suspected but it should be remembered then that the
specific biomarkers may be in upper normal reference
values, and so may be overlooked. Enzymatic assays in
skin fibroblasts should be performed only in c.1528 G>C
heterozygotes for a diagnosis confirmation.

In our experience, acylcarnitine analysis for LCHADD
should be recommended for those neonates, in whom the
phenylalanine level in NBS for PKU, are increased. TMS
showed a transient mild increase of phenylalanine level
(above cut-off value) in 45% of asymptomatic LCHAD-

deficient newborns. At least three similar notes are found in
the literature (Hagenfeldt et al. 1990; Sewell et al. 1994;
Frazier et al. 2006). This phenomenon needs further
considerations.

To date, 29 different mutations in the HADHA gene have
been reported; we identified 5 novel molecular variants in
Polish patients. Despite direct sequencing of all HADHA
and HADHB gene exons, only one causative mutation was
detected in three children. Similar findings have been
reported earlier (Olpin et al. 2005; Sander et al. 2005)
suggesting the existence of rare intronic variants, potential-
ly vital for protein function. The frequency of the common
substitution was very high in our study (91% alleles tested)
in comparison with other reports (Ijlst et al. 1996; Ibdah et
al. 1999), reflecting potential population differences in the
mutation spectrum. LCHADD seems extremely rare in
Australia and Northern America (Zytkovicz et al. 2001;
Wilcken et al. 2003; Frazier et al. 2006; Wilcken et al.
2009) with estimated frequencies of 1:193 430 and 1:314
700 births, respectively. Some data indicate that the
condition is more frequent in Europe, especially around
the Baltic Sea (Hagenfeldt et al. 1995; Tyni and Pihko
1999; den Boer et al. 2000; Klose et al. 2002). The later
study shows that Poland also belongs to the regions of
relatively high prevalence of LCHADD. Interestingly, the
current results reveal an increased with time number of
diagnosed symptomatic patients, in some years even
exceeding the incidence estimated in the pilot TMS
study. We speculate that this estimation may be lowered
by the fact, that the pilot study did not include the Polish
region with the highest disease frequency. Further studies
are in progress to explain this discrepancy (Piekutowska-
Abramczuk et al. 2008).

In summary, our results indicate that the efficient
detection of symptomatic patients with LCHAD deficiency
may be achieved through a specific, multi-specialty and
systematic approach, including fast and directed manage-
ment. Availability of quick and professional metabolic
advice is of great importance. Moreover, the continuous
care of all affected families identified in one metabolic
center gives a special opportunity to perform reliable
assessment of the follow-up. Also Wilcken and coauthors
stress the advantages of a centralized metabolic service
(Wilcken et al. 2009). Nevertheless, even strict patient’s
monitoring may not prevent clinical deterioration. Asymp-
tomatic children identified by NBS also require immediate
further diagnostics and vigilant care, because they may
develop sudden fatal clinical symptoms. The main diag-
nostic analysis for LCHAD deficiency is the acylcarnitine
profile, but special attention should be paid to samples with
low free carnitine concentration and borderline values of
diagnostic biomarkers. Transient mild hyperphenylalanine-
mia detected in NBS requires determination of the
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acylcarnitine profile in each case in order to exclude
LCHADD.

The study results confirm that LCHADD is a relatively
frequent condition in Poland and that early symptomatic
identification and pilot newborn screening have improved
detection of the affected patients and positively influenced risk
of mortality.
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