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Abstract

Carnitine palmitoyltransferase 1A (CPT1A) deficiency is a long chain fatty acid

oxidation disorder, typically presenting with hypoketotic hypoglycaemia and

liver dysfunction during fasting and intercurrent illness. Classical CPT1A defi-

ciency is a rare disease, although a milder ‘Arctic variant' (p.P479L) is common

in the Inuit population. Since the introduction of expanded metabolic screen-

ing (EMS), the newborn screening programmes of Hawai'i and New Zealand

(NZ) have detected a significant increase in the incidence of CPT1A deficiency.

We report 22 individuals of Micronesian descent (12 in NZ and 10 in Hawai'i),

homozygous for a CPT1A c.100T>C (p.S34P) variant detected by EMS or

ascertained following diagnosis of a family member. No individuals with the

Micronesian variant presented clinically with metabolic decompensation prior

to diagnosis or during follow-up. Three asymptomatic homozygous adults were

detected following the diagnosis of their children by EMS. CPT1A activity in

cultured skin fibroblasts showed residual enzyme activity of 26% of normal

controls. Secondly, we report three individuals from two unrelated Niuean

families who presented clinically with symptoms of classic CPT1A deficiency,

prior to the introduction of EMS. All were found to be homozygous for a

CPT1A c.2122A>C (p.S708R) variant. CPT1A activity in fibroblasts of all three

individuals was severely reduced at 4% of normal controls. Migration pressure,

in part due to climate change may lead to increased frequency of presentation

of Pacific peoples to regional metabolic services around the world. Knowledge

of genotype–phenotype correlations in these populations will therefore inform

counselling and treatment of those detected by newborn screening.
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1 | INTRODUCTION

Carnitine palmitoyltransferase I (CPT1) catalyses the syn-
thesis of long chain acylcarnitines from their fatty acyl-
CoA derivatives. These are then translocated into the
mitochondrial matrix, converted back to their acyl-CoA
origins and undergo ß-oxidation to produce acetyl-CoA
and ketone bodies. There are three distinct genetic
isoforms: CPT1A is expressed primarily in the liver,
CPT1B in heart and skeletal muscle, and CPT1C in the
brain.1

CPT1A deficiency (OMIM#255120) is a long chain
fatty acid oxidation disorder (FAOD) with a predomi-
nantly hepatic phenotype. The classical presentation is
with hypoketotic hypoglycaemia and hepatitis (with or
without hyperammonaemia) provoked by fasting, usually
in the context of intercurrent illness. The other classic
FAOD symptoms of rhabdomyolysis and cardiomyopathy
are not usually a feature, due to the normal function of
CPT1 isoforms in heart and skeletal muscle.1,2

Expanded metabolic screening (EMS) using tandem
mass spectrometry (TMS) was introduced in Hawai'i in
2003 and New Zealand (NZ) in 2006. EMS can identify
patients with CPT1A deficiency by their high free carni-
tine (C0) levels and high C0/(C16 + C18) ratios.1,2 The
disease appears to be rare with few symptomatic patients
reported. There is a well described CPT1A variant that is
very common in the Inuit population. There is some evi-
dence that it is associated with a greater incidence of
early childhood death when present in the homozygous
state.2–4

The newborn screening services of NZ and Hawai'i
each screen large numbers of newborns of Pacific ances-
try. Pacific refers to people from the geographically, eth-
nically and culturally diverse regions of Polynesia
(including NZ, Samoa, Tonga, Niue, Hawai'i and the
Cook Islands), Micronesia (Kiribati, Nauru, Caroline and
Marshall Islands) and Melanesia (Vanuatu, New Caledo-
nia, Fiji and Solomon Islands). These two screening
units, and the clinical services associated with them, have
identified two distinct groups of children with CPT1A
deficiency from Niue and Micronesia. This paper
describes the experience of EMS for CPT1A deficiency in
Hawai'i and NZ, and delineates the phenotype associated
with two previously unreported variants.

2 | METHOD

This was a retrospective review of all cases diagnosed
with CPT1A deficiency by the metabolic services and
newborn screening units of Hawai'i and NZ, identified by
audit of respective databases. For all cases identified,

clinical data from medical records were interrogated for
evidence of symptomatic CPT1A deficiency, including
encephalopathy, hypoketotic hypoglycaemia and liver
dysfunction, particularly during fasting or episodes of
increased metabolic demand, including illnesses and
surgery.

EMS (where performed) was by TMS on dried blood
spots (DBS) collected at 48–72 h after birth. C0/(C16 +

C18) ratio was used as the primary screening marker in
Hawai'i with a cut-off of 100. In NZ, the combination of
raised C0 (cut-off 60 μmol/L) and C0/(C16 + C18) ratio
(cut-off 70) was used.

CPT1 enzyme activity (where performed) was mea-
sured in cultured skin fibroblasts, by published methods.5

CPT1 activity was estimated as the malonyl-CoA sensi-
tive CPT component, or by oxidation of (9,10-3H)
myristate, (9,10-3H) palmitate, and (9,10-3H) oleate.

Molecular analysis by Sanger sequencing of the
CPT1A gene was performed at clinical molecular genetics
laboratories including Children's Hospital of Philadel-
phia, Emory Genetics Laboratory, Invitae and Labplus
(Auckland, NZ).

3 | RESULTS

Twenty-five individuals with CPT1A deficiency were
identified. Of these, three were homozygous for the
CPT1A c.2122A>C (p.S708R) variant, and the remaining
22 were homozygous for CPT1A c.100T>C (p.S34P). All
individuals had clinical review and genetic counselling
following diagnosis, provided by metabolic services in
Hawai'i and NZ.

3.1 | Micronesian variant

Twenty-two individuals were found to be homozygous
for the CPT1A c.100T>C (p.S34P) variant. Twelve were
identified in NZ, all of whom were of Kiribati ethnicity.
Seven were diagnosed by EMS and five following the
diagnosis of an affected family member; none presented
clinically. Avoidance of prolonged fasting was rec-
ommended and a written emergency regimen for sick-

Synopsis

Novel CPT1A variants cause classical CPT1A
deficiency in the Niuean population (c.2122A>C)
and apparently benign CPT1A deficiency in the
Micronesian population (c.100T>C).
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day management was provided by the treating physician
at the time of clinical review, for all cases except for two
asymptomatic adults. One individual required intensive
care admission in infancy due to sepsis with a retro-
pharyngeal abscess, but remained stable from a metabolic
perspective, with only a mildly elevated creatine kinase.
Another developed mild acidosis during severe gastroen-
teritis with profuse watery diarrhoea, treated with intra-
venous fluid therapy. All other cases have remained
asymptomatic (age range 5 weeks–33 years). Enzymology
in cultured skin fibroblasts in an asymptomatic adult,
showed residual CPT1 activity at 26% of normal controls,
despite abnormal acylcarnitine metabolites consistent
with CPT1A deficiency (Table 1).

The EMS program of Hawai'i identified 10 individuals
with raised C0/(C16 + C18) (classified as screen posi-
tive). Subsequent acylcarnitine profiles for all patients,
when performed, were normal. Sequencing of the CPT1A
gene found all patients to be homozygous for CPT1A
c.100C>T (p.S34P). Pedigree analysis identified all indi-
viduals to be of Micronesian descent, with the affected
patients coming from the Marshall Islands (6), Chuuk
(3), and Pohnpei (1). Specific dietary management was
not instituted for these patients, and no episodes of meta-
bolic decompensation were documented. None were hos-
pitalised with metabolic crises in their lifetimes to date
(age range 2–12 years). One patient had mildly elevated
transaminases during a viral illness that resolved without
treatment (Table 1).

3.2 | Niuean variant

Three individuals homozygous for CPT1A c.2122A>C (p.
S708R) were identified, from two unrelated families
(Table 2). All were of Niuean ethnicity, and were born
prior to the introduction of EMS. Two presented clini-
cally with classical CPT1A deficiency symptoms, the
third was an asymptomatic younger sibling, diagnosed
prospectively. Significantly elevated creatine kinase in
the setting of acute encephalopathy was noted in one
individual, and chronic mild hyperammonaemia in
adulthood in another. CPT1A activity in cultured skin
fibroblasts was consistent with severe CPT1A deficiency
in all three cases (Table 2).

4 | DISCUSSION

CPT1A deficiency is a rare disease. Excluding the com-
mon ‘Arctic variant' (p.P479L), there are fewer than
60 affected individuals reported in the literature.2 The
severe phenotype of hypoketotic hypoglycaemia with

acute hepatic failure associated with CPT1A deficiency is
well described.2 We report three individuals from two
families, homozygous for a previously unreported Niuean
variant (p.S708R) who presented clinically with a classi-
cal, severe phenotype. CPT1A enzyme activity was corre-
spondingly reduced at 4% of normal controls. Of interest,
one patient had moderately raised creatine kinase, and
while this has previously been reported in CPT1A
deficiency,6 the pathogenesis is not well understood,
given the presumed normal activity of the muscle isoform
CPT1B. Similarly, hyperammonaemia has been reported
in CPT1A deficiency and in other long chain FAODs,1,2

although the mild persistence of this abnormality even in
the well state was notable. Following the introduction of
EMS in NZ and Hawai'i, no further cases of Niuean-
variant CPT1A deficiency have been detected.

By contrast, the Micronesian variant (p.S34P) is associ-
ated with residual enzyme activity at 26% of normal con-
trols. While most individuals had abnormal acylcarnitine
metabolites on EMS, one had normal biochemistry at the
time of newborn screening (Table 2), therefore it is likely
that other individuals homozygous for this variant escape
detection by EMS. Three cases were asymptomatic adults,
diagnosed after the detection of affected offspring, and of
these only one had abnormal acylcarnitine metabolites.
There have been no episodes of significant metabolic
decompensation in any of the 22 cases, including
10 patients who were not treated with dietary manage-
ment, and one who was admitted to the intensive care unit
with sepsis. Therefore, the risk of clinical sequelae associ-
ated with the Micronesian variant is likely to be signifi-
cantly lower than with classical CPT1A deficiency.

The CPT1A ‘Arctic variant' (p.P479L) is associated
with comparable residual enzymatic activity at 20% of nor-
mal controls, and impaired fasting ketogenesis has been
demonstrated in homozygous infants.7 While hypoketotic
hypoglycaemia has not been documented in individuals
homozygous for the Micronesian variant (p.S34P), a simi-
lar mild impairment in ketogenesis cannot be ruled out in
the absence of formal fasting studies. However, it seems
likely that the vast majority of these individuals would pre-
viously have remained undiagnosed.

Prior to the introduction of EMS, CPT1A deficiency
was an extremely rare disease in NZ and Hawai'i. Follow-
ing the establishment of Collaborative Laboratory Inte-
grative Reports in 2004,8 only 27 cases of CPT1A
deficiency have been detected by participating newborn
screening programmes. NZ is significantly over-
represented with 11 cases, although as outlined here
these cases are probably benign. To our knowledge, no
individuals with the Micronesian variant have presented
clinically with symptoms of CPT1A deficiency, prior to or
following the introduction of EMS.
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The carrier frequency of the Micronesian variant
(p.S34P) has not been determined, but it is likely to be
common in the Micronesian population, based on the
unexpectedly high number of homozygotes detected
since the introduction of EMS. The calculated incidence
in the screened population is 1/128 500 in NZ and
1/28 500 in Hawai'i, however the true incidence of
Micronesian variant CPT1A deficiency is likely some-
what higher, as suggested by the finding of normal EMS
in one individual.

The ‘Arctic variant' (p.P479L) is highly prevalent in
the Inuit population, with a carrier frequency of 0.68–
0.85.4 This suggests a survival advantage in heterozygous
carriers, further evidenced by the highly conserved adja-
cent genomic region, the largest selective sweep
described in humans.9,10 The Arctic variant may confer a
selective advantage in carriers due to metabolic adapta-
tion to the traditional Inuit diet.10 Due to a poor soil and
a relative lack of fresh water compared to other Pacific
islands, the traditional Kiribati diet was highly dependent
on seafood and coconuts, and thus high in protein and
fat but very low in carbohydrates.11 This is very similar to
the Inuit diet and suggests there may have been a similar
evolutionary selective advantage in carriers of the
Micronesian variant.10

To our knowledge, this is the first published report of
both the Niuean (p.S708R) and Micronesian (p.S34P) vari-
ants. These variants were both reported as likely patho-
genic by clinical genomics laboratories. Both variants result
in a non-conservative amino acid substitution at a position
which is highly conserved between species. The
Micronesian (p.S34P) variant is located in the N-terminal of
the protein (residues 1–47),12 and of five other missense
variants in this region reported to the ClinVar database,
none have been reported as pathogenic or likely patho-
genic.13 By contrast, the Niuean variant (p.S708R) is located
in the catalytic domain of the protein, and adjacent patho-
genic missense variants (p.G709E) and (p.G710E) have
been shown to abolish CPT1A catalytic activity, as both are
located in the hydrophobic core of the catalytic site.12

While these variants are absent in population geno-
mic databases, minority populations including the
indigenous Pacific populations, are under-represented in
these databases.14 Therefore, interpretation of newborn
screening and genomic results in these populations is
challenging. Identification of benign variants by newborn
screening can result in unnecessary treatment, with psy-
chosocial impacts on the individual, family and wider
community.15 Recognition of the probably benign pheno-
type associated with the Micronesian variant should
reduce the burdens associated with over-treatment,
including impacts on healthcare systems. Accordingly,
we suggest a protocol whereby the Micronesian variant is

confirmed by urgent CPT1A sequencing performed on
the DBS sample, in screening programmes with signifi-
cant Pacific populations. This approach, previously
described for a benign Citrullinaemia type 1 variant,16

allows rapid identification of individuals who are
unlikely to benefit from disclosure of benign variants
detected by EMS.

The introduction of EMS in Hawai'i and NZ has
increased the detection of CPT1A deficiency, and
our experience is consistent with a strong genotype–
phenotype correlation in individuals homozygous
for previously unreported Niuean and Micronesian
CPT1A variants. While Niue and the countries compris-
ing Micronesia do not have their own screening
programmes, individuals with these variants are likely
to be detected by other regional newborn screening
programmes, especially in North America and Australia.
Climate change is expected to place severe migration
pressure on many island nations in the Pacific and else-
where due to sea-level rise, and an increase in migration
is predicted.17 Of these, Kiribati is particularly vulnera-
ble, with an average altitude of just 1.8 m.17 Accord-
ingly, knowledge of the genetic variome and genotype–
phenotype correlations in these populations is vital to
guide counselling and clinical management of those
detected by newborn screening.
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