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Social Functioning and Behaviour in Mucopolysaccharidosis IH

[Hurlers Syndrome] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Annukka Lehtonen, Stewart Rust, Simon Jones, Richard Brown,

and Dougal Hare

Mitochondrial Encephalopathy and Transient 3-Methylglutaconic Aciduria

in ECHS1 Deficiency: Long-Term Follow-Up . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Irene C. Huffnagel, Egbert J. W. Redeker, Liesbeth Reneman, Frédéric M. Vaz,

Sacha Ferdinandusse, and Bwee Tien Poll-The

Glutaric Aciduria Type 3: Three Unrelated Canadian Cases, with Different

Routes of Ascertainment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Paula J. Waters, Thomas M. Kitzler, Annette Feigenbaum, Michael T. Geraghty,

Osama Al-Dirbashi, Patrick Bherer, Christiane Auray-Blais, Serge Gravel,

Nathan McIntosh, Komudi Siriwardena, Yannis Trakadis,

Catherine Brunel-Guitton, and Walla Al-Hertani

High-Throughput Screen Fails to Identify Compounds That Enhance

Residual Enzyme Activity of Mutant N-Acetyl-a-Glucosaminidase
in Mucopolysaccharidosis Type IIIB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

O. L. M. Meijer, P. van den Biggelaar, R. Ofman, F. A. Wijburg,

and N. van Vlies

Demographic and Psychosocial Influences on Treatment Adherence

for Children and Adolescents with PKU: A Systematic Review . . . . . . . . . . . . . 107

Emma Medford, Dougal Julian Hare, and Anja Wittkowski

vi Contents



RESEARCH REPORT

Successful Pregnancy in a Young Woman with Multiple
Acyl-CoA Dehydrogenase Deficiency

Annalisa Creanza • Mariella Cotugno •

Cristina Mazzaccara • Giulia Frisso •

Giancarlo Parenti • Brunella Capaldo

Received: 07 March 2017 /Revised: 08 June 2017 /Accepted: 09 June 2017 /Published online: 07 July 2017
# SSIEM and Springer-Verlag Berlin Heidelberg 2017

Abstract Multiple acyl-CoA dehydrogenation deficiency
(MADD) is an inborn disorder of fatty acid oxidation due to
a defect in electron transfer to the respiratory chain. We
describe the medical/nutritional management of a success-
ful pregnancy in a 19-year-old woman with a known
diagnosis of MADD. A high-carbohydrate, low-fat, six-
meal diet supplemented with protein was prescribed to meet
the nutritional needs during pregnancy. L-Carnitine supple-
mentation was also progressively increased over the weeks.
Serum acyl-carnitine profile revealed raised levels of chain-
length C6-C14, which remained substantially unchanged
during pregnancy. Serum amino acid profile was in the
normal range indicating an adequate nutritional support.
Pregnancy progressed uneventful and the patient gave birth
to a healthy boy without any complication.

A careful clinical monitoring associated with an ade-
quate medical/nutritional management may improve preg-
nancy outcome in women with MADD.

Introduction

Multiple acyl-CoA dehydrogenase deficiency (MADD),
also known as glutaric aciduria type II, is an autosomal
recessively inherited disease of fatty acid, some amino acid
and choline oxidation, caused by a defect in the electron
transfer flavoprotein (ETF) or the electron transfer flavo-
protein dehydrogenase (ETFDH), enzymes involved in the
mitochondrial respiratory chain. This defect results in
compromised fatty acid oxidation, with consequent
impaired adenosine triphosphate (ATP) synthesis, insuffi-
cient gluconeogenesis and excessive lipid accumulation in
different organs.

The clinical expression of MADD is highly heteroge-
neous ranging from severe neonatal-onset form, with or
without congenital anomalies, to milder form with a late-
onset, which is characterized by intermittent episodes of
lethargy, metabolic acidosis, non-ketotic hypoglycaemia,
muscle weakness, generally triggered by catabolic stress
(Rhead et al. 1987; Turnbull et al. 1988; Mongini et al.
1992).

The clinical diagnosis of MADD is based on the
presence of organic acid and acylglycine derivatives in the
urine and increased levels of medium- and long-chain acyl-
carnitines in the blood. Mutations in ETFA, ETFB or
ETFDH genes, encoding the alpha and beta subunits of
electron transfer flavoprotein and the ETF-dehydrogenase,
confirm the diagnosis.

The treatment of MADD consists of a high-carbohy-
drate, low-fat, low-protein diet associated with riboflavin
and carnitine supplementation. Prevention of fasting and of
other precipitating stresses is also essential. Riboflavin is
precursor of flavin adenine dinucleotide (FAD), a cofactor
of several mitochondrial enzymes, such as the acyl-CoA
dehydrogenases. There is evidence of symptoms restoration
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after riboflavin treatment particularly in patients with late-
onset MADD (Olsen et al. 2007).

Advances in both nutritional therapy and management of
acute attacks have considerably improved the outcome of
MADD, particularly in patients with the milder forms of the
disease (Williams et al. 2008; Trakadis et al. 2012). Thus,
an increasing number of women long to have a baby. For
most of the inherited diseases there is a lack of specific
guidelines for the management during pregnancy; therefore,
experience from isolated case reports is particularly
valuable.

We present the case of a young woman with MADD
who led to a successful pregnancy and her medical/
nutritional management during pregnancy and delivery.

Case Description

The patient is a 19-year-old woman who was diagnosed
with MADD at the age of 3 years, due to occurrence of
lethargy and asthenia associated with anorexia. Routine

biochemical analyses showed remarkable increments in
transaminases, lactic dehydrogenase, aldolase and creatine
kinase. The chromatographic layout of urinary organic
acids showed a typical dicarboxylic aciduria. MADD
diagnosis was confirmed by molecular analysis, performed
according to the standardized approach (Scolamiero et al.
2015), which showed a compound heterozygosity in the
ETFDH gene (NM_001281737.1) for the mutations
c.1074G>C (p.R358S) and c.1073G>A (p.R358K) in
exon 9. Her parents were healthy carriers of one of the
two mutations (Fig. 1).

Since the diagnosis, the patient was under follow up at
the Paediatric Unit of AOU Federico II of Naples; she has
been treated with a diet restricted in fat and protein
associated with riboflavin, pyridoxine and carnitine supple-
mentation. Over the years, the patient required sporadic
hospitalizations for metabolic decompensations resolved
with intravenous dextrose infusion and hydration.

At the age of 18, the patient was hospitalized for a severe
episode of rhabdomyolysis (serum creatine kinase level:
69960UI/L), which resolved with intravenous infusion of

Fig. 1 Pedigrees of the family with MADD defect. The electropherogram showing the mutation in the nucleotide sequence is under each symbol
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Dextrose solution (initially 33%, then 10%), hydration and
increased oral L-carnitine supplementation (100 mg/kg/
day). Few months later, the patient unexpectedly became
pregnant. She was not blood related to her partner. The
genetic analysis of the partner did not reveal any mutations
of ETFA/ETFB/ETFDH genes. At 8 week of gestation, the
patient was in good clinical conditions and the results of her
biochemical routine tests were normal. Echocardiographic
examination evidenced a normal cardiac function. The
medical and nutritional management for the whole gestation
is reported in Table 1. A normocaloric (1,700 kcal) diet
moderately restricted in fat and protein was recommended;
an adequate intake of carbohydrate (>50% of total calories)
was provided since it is the main energy substrate for foetal
metabolism. The diet was divided into three main meals
and three snacks in order to avoid prolonged fasting and to
prevent the risk of hypoglycaemia. In addition, the patient
was recommended to have a glucose supply (25–50 g)
every 2 h in case of discomfort or episodic vomiting and to
contact the hospital in case of persistence of symptoms,
fever or acute illness.

In the second and third trimester, a protein supplementa-
tion was added to meet the increased protein requirement
(Table 1). Riboflavin, pyridoxine and L-carnitine dosages
were maintained constant. Folic acid, multivitamin and
mineral supplements were started in the first trimester. At
the beginning of the third trimester, L-carnitine was
increased to 4,000 mg/day because of an increased sense
of fatigue.

At the 22nd and the 36th week of pregnancy, the acyl-
carnitine profile was analysed through spot extraction of
blood on filter paper with chromatography liquid-mass
tandem spectrometry (LC-MS-MS). Blood acyl-carnitine
profile revealed raised levels of chain-length C6-C14,
which remained substantially stable during pregnancy.
Blood amino acid analysis performed at the same time

points showed amino acid levels within or slightly below
the normal range (Table 2).

Periodic glucose home monitoring evidenced blood
glucose levels within the normal range and no value was
below 70 mg/dL throughout the gestation. Periodic obstet-
ric ultrasound examination evidenced normal foetal growth.
At the 39th, the patient underwent an elective cesarean
section to reduce the risk of metabolic decompensation.
During delivery and in the immediate postoperative period,
she received intravenous carnitine (3,000 mg/day) and
isotonic solution (with 10% dextrose) at variable rate to
maintain normoglycaemia. She gave birth to a 3.1 kg healthy
boy without any complication. The baby was breastfed for
2 months during which the patient continued the medical/
nutritional therapy followed during pregnancy. At breastfeed-
ing discontinuation, she returned to her usual dietary protein
restriction and carnitine was reduced to the pre-gestation
dose while continuing riboflavin and pyridoxine.

Discussion

Patients with MADD generate less energy from fatty acids
and amino acids because of a defective transfer of electrons
from flavoproteins to the mitochondrial respiratory chain.
The reduced supply of energy is responsible for a number
of clinical manifestations involving particularly those
organs that have a high flux of beta-oxidation: the skeletal
muscle, with consequent hypotonia, weakness and exercise
intolerance; the heart with cardiomyopathy and arrhyth-
mias; the liver with hepatomegaly and liver dysfunction;
the brain with encephalopathy.

The severity of the clinical phenotype of MADD is
explained by the type of mutation in the ETFA/ETFB/
ETFDH genes, which results in different levels of residual
enzyme activity (Olsen et al. 2003). Nonsense mutations

Table 1 Medical and nutritional management during the course of pregnancy

Week Weight (kg) Energy intake (kcal/day) CHO g (%) P g (%) L g (%) Protein supplement (g/day) Therapy (mg/day)

8 63.8 1,700 257 (53) 80 (18) 59 (29) 0 L-Carnitine 3,000
Riboflavin 100
Pyridoxine 300

12 65.0 1,900 260 (53) 90 (19) 57 (28) 10 L-Carnitine 3,000
Riboflavin 100
Pyridoxine 300

24 70.0 2,100 263 (49) 110 (21) 60 (30) 30 L-Carnitine 4,000
Riboflavin 100
Pyridoxine 300

34 79.5 2,100 263 (49) 110 (21) 60 (30) 30 L-Carnitine 4,000
Riboflavin 100
Pyridoxine 300

CHO carbohydrate, P protein, L lipid

JIMD Reports 3



are associated with fatal disease while missense mutations,
particularly in the ETFDH gene, leaving a detectable
residual enzyme activity, may account for the milder forms
of the disease (Olsen et al. 2003; Goodman et al. 2002;
Schiff et al. 2006; Yotsumoto et al. 2008). In the latter
forms, symptoms are usually elicited by illness or catabolic
stress, as physical exercise, prolonged fasting, irregular
diet, although additional factors, not yet identified, such as
cellular temperature, have been reported to modulate the
enzymatic activity (Olsen et al. 2003).

Our patient had biallelic mutations in ETFDH gene, both
in exon 9: c.1074G>C (p.R358S) and c.1073G>A (p.
R358K). The former, already described in the homozygous
state in three Palestinian siblings, was associated with early
onset and milder forms of MADD (Olsen et al. 2005). The
c.1073G>A (p.R358K) mutation was submitted just once
to ClinVar database (rs796051959 in https://www.ncbi.nlm.
nih.gov/clinvar/) as pathogenic allele, although lacking link
to a specific clinical condition. However, familial segrega-
tion study and in silico analysis, performed by bioinformat-
ics tools, confirmed that this substitution is likely
pathogenetic.

Although the mutation identified in our patient cannot be
linked with certainty to mild/late-onset MADD, she is
likely to have a mild form of the disease in consideration of
some important characteristics, i.e., the absence of congen-
ital abnormalities, age at diagnosis and the relatively mild
clinical course of the disease. Throughout the years, the
patient suffered from sporadic episodes of vomiting,
hypoglycaemia and muscle weakness, which were triggered
by catabolic stress. Although pregnancy cannot be consid-
ered a strictly catabolic condition, it may precipitate
metabolic decompensation in women with inherited disor-
ders of energy metabolism. Nausea, recurrent vomiting or
fasting may cause a shift of maternal metabolism towards
ketosis and reduce glucose availability at a time of
increased metabolic demand. Thus, the gestation in a
woman with MADD may represent a high-risk condition
both for the mother’s health and for foetal growth. Hence,
strict nutritional/medical surveillance is of paramount
importance in pregnant women with MADD. At present,
no guidelines are available for the care of pregnant women
with this condition. Likewise, a clear management plan for
delivery is warranted, as labour is associated with increased

Table 2 Blood acyl-carnitine and amino acid profiles during the course of pregnancy

Blood acyl-carnitine levels (mmol/L) Blood amino acid levels (mmol/L)

Metabolite Week 22 Week 36 Normal range Metabolite Week 22 Week 36 Normal range

C2 5 4.9 3.5–15.4 Aspartic acid 15 94 24–102

C3 0.28 0.32 0.07–0.65 Glutamic acid 73 298 67–223

C4 0.76 0.35 0.12–0.42 Serine 73 232 111–297

C5 1.35 0.65 0.05–0.24 Glutamine 429 401 432–871

C6 1.12 1.00 0.04–0.18 Alanine 298 554 193–597

C8 3.67 2.74 0.07–0.25 Glycine 145 401 240–460

C10 5.38 5.49 0.09–0.43 Threonine 133 195 109–268

C12 1.21 1.32 0.04–0.21 Arginine 23 76 36–172

C14 0.56 0.53 0.03–0.23 Histidine 87 119 72–131

C16 0.40 0.32 0.01–0.23 Taurine 78 212 50–270

C18 0.19 0.15 0.01–0.18 Tyrosine 46 69 45–107

Phenylalanine 62 163 59–112

Methionine 21 32 21–44

Leucine 98 144 82–258

Valine 190 237 187–411

Isoleucine 57 62 42–111

Lysine 147 195 150–286

Proline 168 191 50–350

Ornithine 46 75 63–133
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energy requirements in addition to fasting and dehydration
(Murphy 2015).

In the literature, there is only one case report on
pregnancy and delivery in women with MADD (Trakadis
et al. 2012). This case refers to a successful pregnancy in a
young woman with an atypical presentation of MADD;
indeed, no detail of the nutritional management is provided.
We planned a close nutritional follow up throughout
pregnancy. A six-meal diet high in fibre, very low in fat,
but supplemented with protein (10 g/day in the 2nd
trimester and 30 g/day in 3rd trimester) was prescribed to
meet the increased protein demand during pregnancy.
Serum amino acid analysis showed that the amino acid
availability was adequate for foetal growth (Elango and
Ball 2016). Serum acyl-carnitine concentrations remained
stable throughout pregnancy through adequate nutritional
therapy along with carnitine, riboflavin and pyridoxine
supplements.

The clinical and biochemical stability preserved by the
patient during pregnancy demonstrates the safety of the
nutritional/medical therapy adopted, which proved to
guarantee a good outcome for both mother and baby.
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Abstract Hereditary folate malabsorption is a rare autoso-
mal recessive disorder caused by impaired active folate
transport across membranes and into the central nervous
system due to loss-of-function mutations in proton-coupled
folate transporter (PCFT). Newborns with this condition
have initially normal folate stores, but as they are unable to
absorb dietary folate and use rapidly their stores because of
their growth demands, symptoms appear in the early
infancy. Significant neurological morbidity usually follows
the initial non-specific clinical presentation and delayed
initiation of treatment. High dose oral and parenteral folinic
acid treatment have been previously reported in literature to
improve the clinical outcome without achieving optimal
cerebrospinal fluid (CSF) folate levels though. The active
isomer of 5-formyltetrahydrofolate, also known as levofo-
linic acid, is available for administration. We report our
experience in achieving normal (age dependent) CSF 5-
Methyltetrahydrofolate (5-MTHF) levels following daily
intramuscular administration of levofolinic acid in three
patients with HFM. Follow-up assessment with repeated
lumbar punctures has shown a stabilization of 5-MTHF
levels within normal range. Clinical features and brain MRI
findings had as well either improvement or stabilization. To

the best of our knowledge, we provide as well for the first
time data in regard to the im levofolinate treatment dosage.

Introduction

Hereditary folate malabsorption (HFM; OMIM 229050) is a
rare autosomal recessive disorder caused by impaired active
folate transport across membranes and into the central
nervous system due to loss-of-function mutations in proton-
coupled folate transporter (PCFT) (Kronn and Goldman
2008; Qiu et al. 2006; Zhao et al. 2009). The severe
systemic folate deficiency concomitant with impaired
transport of folate across the blood-choroid plexus-brain
barrier represents the pathophysiological basis of the
disease and results in a marked deficiency of cerebrospinal
fluid (CSF) folate (Zhao et al. 2007, 2009; Geller et al.
2002).

Infants with HFM come to medical attention in early
infancy when they present with non-specific systemic
findings such as failure to thrive, feeding difficulties,
diarrhea, megaloblastic anemia, and/or pancytopenia in the
context of really low baseline serum folate concentrations
(Kronn and Goldman 2008; Zhao et al. 2017). One of the
most unique aspects of the disease is an immune deficiency
which occurs in a setting of significant hypogammaglobu-
linemia resulting in infections with unusual organisms
(Zhao et al. 2017; Borzutzky et al. 2009). Neurologic
symptoms may present concomitantly or develop progres-
sively without adequate treatment (Kronn and Goldman
2008; Zhao et al. 2017). Developmental delay, peripheral
neuropathy, movement disorder, behavioral issues, and
seizures have been observed in the vast majority of reported
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patients with HFM (Kronn and Goldman 2008; Zhao et al.
2017). Diagnosis is suspected on the basis of the above-
mentioned clinical features and hematological findings,
which should prompt the clinician to measure CSF 5-
methyltetrahydrofolate (5-MTHF) levels which are usually
very low or undetectable. Confirmation of the diagnosis is
made by detection of biallelic disease causing mutations in
the SLC46A1 gene.

Early diagnosis is important for the initiation of
treatment. Previous literature reports recommend high
doses of oral or intramuscular (im) 5-formyltetrahydrofolate
(5-formylTHF), also known as folinic acid, aiming to
improve or normalize 5-MTHF CSF levels before irrevers-
ible damage occurs (Kronn and Goldman 2008; Zhao et al.
2017). Nevertheless, those levels are difficult to achieve
even in patients who have been receiving high doses of
parenteral folinic acid (Torres et al. 2015). The active
isomer of 5-formylTHF, also known as levofolinic acid, is
as well available for administration. Anecdotal observations
suggest that the active isomer might be more effective,
especially in patients with neurological involvement and
refractory seizures (Kronn and Goldman 2008). Herein we
report three cases of patients with HFM who received im
levofolinate treatment. Follow-up assessment with repeated
lumbar punctures has shown a normalization of their trough
5-MTHF levels and stabilization of clinical features and
brain MRI findings. Trough CSF 5-MTHF levels were
measured 24 h post-levofolinate dose and prior to the next
dose. Based on achieving normal CSF 5-MTHF results, to
the best of our knowledge, we provide for the first time data
in regard to the im levofolinate treatment dosage.

Case Presentation 1

The first patient is the only son of non-consanguineous
parents of British origin, born at term following an
uneventful pregnancy. This patient’s clinical features were
previously reported (Shin et al. 2011). He presented to his
local hospital at 2 months of age with failure to thrive,
pallor, and diarrhea. He was diagnosed with Pneumocystis
jiroveci pneumonia. Initial work-up showed megaloblastic
anemia, neutropenia, undetectable serum folate with normal
vitamin B12 levels. IgG levels were normal but IgA and
IgM levels were low. Following initial intravenous folinic
acid replacement patient was discharged home on oral folic
acid supplementation of 1.5 mg/day and immunoglobulin
replacement therapy.

Follow-up at 6 months of age demonstrated macrocytic
anemia, neutropenia, low serum/red cell folate, and no
specific immunodeficiency abnormalities. The dose of oral
folic acid was increased. At the age of 13 months the
patient showed developmental arrest, movement disorder,

and signs of central motor neuron involvement. The oral
folic acid supplementation was again increased. At this
point patient had a normal brain MRI and a lumbar
puncture was unsuccessful. Even on high doses of oral
folic acid patient continued to have the same clinical
features and hematologic abnormalities. Based on the above
constellation of findings HFM was suspected. Undetectable
CSF 5-MTHF levels were in agreement with the clinical
diagnosis (Table 1). Genetic analysis confirmed the
diagnosis and patient was found to be compound heterozy-
gous, with a mutant allele from his mother (c.204-
205delCC) in exon 1 resulting in a frameshift starting at
position N68 with early termination of translation, and a
mutant allele from his father located in exon 2 (c.1004
C>A) resulting in an A335D loss-of-function point
mutation (Shin et al. 2011). At this point patient was
started on im folinic acid which led to an improvement of
his clinical features; nevertheless, CSF 5-MTHF levels
remained suboptimal.

Annual reviews showed delay of gross/fine motor skills,
significant visual perceptual difficulty as well as slow
witnessed continuous acquisition of skills with support. At
the age of 5½ years the patient developed sudden mood
swings and drop attacks. He also started having episodes of
generalized tonic-clonic seizures, on a weekly basis, and
complex partial seizures on a daily basis (up to 30 episodes/
day). Epileptic activity was confirmed with an EEG. Patient
was started on antiepileptic treatment and im levofolinic
acid was introduced. Results from a repeat lumbar puncture
1 year following the initiation of levofolinate shown normal
levels of 5-MTHF and brain MRI. Currently, at the age of
10 years the patient remains seizure free for 3½ years
without any antiepileptic medication and continues to have
a normal 5-MTHF CSF level. To date, no local or systemic
complications have emerged from the use of im injections.

Case Presentation 2

Patient 2 is the first male child of non-consanguineous
parents of Pakistani origin born at term after an uncompli-
cated pregnancy. He presented at 2 months of age with
failure to thrive and irritability. On clinical examination
patient presented subtle facial dysmorphism and hypospa-
dias. Initial laboratory work-up showed severe pancytope-
nia requiring red blood cell and platelet transfusion. Plasma
folate level was virtually zero and vitamin B12 was low. IM
vitamin B12 and oral folic acid supplementation was
started. Good progress was initially documented although
plasma folate levels remained suboptimal and total plasma
homocysteine was elevated. Vitamin B12 level normalized
with im treatment within 2 months, however, patient was
lost to follow-up.
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Six months later, while in Pakistan, patient underwent
brain CT scan, following new onset epilepsy. The scan
demonstrated basal ganglia calcification and cerebral
atrophy. At the age of 17 months the patient was admitted
to PICU because of status epilepticus. Clinical examination
revealed truncal hypotonia, movement disorder, and dysto-
nia with poor visual interaction. EEG at that point showed
hypsarrhythmia. Because of the above constellation of
findings a lumbar puncture for a full CSF work-up was
done. The CSF 5-MTHF was undetectable with the rest of
findings within normal range. Gene mutation analysis
confirmed the diagnosis of hereditary folate malabsorption
due to a homozygous c.198C>A, p.Cys66* mutation
causing a premature stop codon. This mutation has been
previously reported in literature in a patient who was
compound heterozygous (Min et al. 2008), but not in a
homozygous state. Patient was started initially on oral
folinic acid supplementation and 4 months later on im daily
injections which led to clinical and biochemical improve-
ment (Table 2 and Fig. 1).

Although on im folinic acid therapy, patient’s neurologic
progress was turbulent with recurrent PICU admissions for
status epilepticus, development of infantile spasms and
subsequently myoclonic jerks which required combined
antiepileptic drugs. At the age of 2 the patient was started
im levofolinate treatment which led to the normalization of
his 5-MTHF levels. Currently, at the age of 5 years the
patient continues to have significant neurological deficit
and intractable seizures, auditory and visual impairment,
and medication controlled movement disorder.

Case Presentation 3

Patient 3 is the younger brother of Patient 2. Parents have
declined antenatal testing. The pregnancy was uneventful
and patient was delivered at term in good condition.

The investigations which were carried out on the second
day of life showed mild thrombocytopenia, with normal
serum folate, red cell folate, and homocysteine. CSF 5-
MTHF level was nevertheless really low. Genetic analysis
confirmed the presence of the same mutation as in the case
of his brother in homozygous state. Levofolinate treatment
was started at a dose of 5 mg/kg/day as one intramuscular
daily dose (Table 3). Trough CSF 5-MTHF levels at 1
month of age showed normalization. Dose per kg decreased
with age because of increasing weight and follow-up
assessment at the age of 6 months showed low CSF 5-
MTHF levels. Dose was increased to 4.5 mg/kg/day. The
neurologic progress and the brain MRI findings are normal
up to date.

Discussion

HFM is a rare autosomal recessive condition affecting
folate metabolism. So far 37 families have been described
worldwide, out of which 30 have as well genetic confirma-
tion (Zhao et al. 2007, 2017; Diop-Bove et al. 2013;
Mahadeo et al. 2011; Atabay et al. 2010). Our patients were
found to have mutations already described in literature as
pathogenic (Shin et al. 2011; Min et al. 2008). HFM is a

Table 1 Biochemical and neuroimaging findings in Patient 1

Age CSF 5-MTHF Medication Imaging

17 months <10 nmol/L
ref. 72–305

Folinic acid, 5 mg/day,
im (0.4 mg/kg/day)

Normal intracranial appearances

2 years 6 months 19 nmol/L (trough level)
ref. 52–178

Folinic acid, 12 mg/day,
im (0.8 mg/kg/day)

Non-specific myelination delay and lack of white matter bulk

3 years 31 nmol/L (trough level)
ref. 52–178

Folinic acid, 12 mg/day,
im (0.71 mg/kg/day)

Subcortical white matter of bilateral cerebral hemispheres better
myelinated, unchanged lack of white matter bulk, no other
intracranial changes

5 years 14 nmol/L (trough level)
ref. 52–178

Folinic acid, 12 mg/day,
im (0.6 mg/kg/day)

No abnormality demonstrated

6 years 17 nmol/L (trough level)
ref. 72–172

Sodium levofolinate,
15 mg/day, im
(0.61 mg/kg/day)

Normal intracranial and intra-spinal appearances

7 years 52 nmol/L (trough level)
ref. 72–172

Sodium levofolinate,
20 mg/day, im
(0.78 mg/kg/day)

Normal intracranial and intra-spinal appearances

10 years 62 nmol/L (trough level)
ref. 46–160

Sodium levofolinate,
50 mg/day, im
(1.13 mg/kg/day)
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multisystemic disease, which emphasizes the major role of
folate in different tissues and organs. Patients’ clinical
features have been recently summarized (Erlacher et al.
2015). Findings include poor feeding, faltering growth,
megaloblastic anemia or even pancytopenia, diarrhea,
immune dysfunction, and neurological manifestations with
progressive deterioration (Kronn and Goldman 2008;
Erlacher et al. 2015; Kishimoto et al. 2014). In our small
cohort, Patient 1 and 2 had typical features of the disease,
which in combination with low 5-MTHF led to the
diagnosis of HFM. The abnormal findings on brain MRI

of patient 2 include calcification of the basal ganglia.
Intracranial calcifications have been reported in other
patients with HFM, typically presenting in the cortex or
basal ganglia (Geller et al. 2002; Ahmad et al. 2015; Wang
et al. 2015).

There have been no formal studies assessing the different
folate formulations, dosing, and routes of administration
that provide an evidence based regimen for optimal
treatment. Most publications agree that parenteral adminis-
tration of folinic acid is the only effective treatment for
HFM. Even though anemia, immune dysfunction, and

Table 2 Biochemical and neuroimaging findings in Patient 2

Age CSF 5-MTHF Medication Imaging

17 months <10 nmol/L
ref. 72–305

Folinic acid, 10 mg/day,
oral

19 months <10 nmol/L (peak sample)
ref. 72–305

Folinic acid, 30 mg/day,
oral

21 months 11 nmol/L (peak sample)
ref. 72–305

Folinic acid, 15 mg/day,
im (2.5 mg/kg/day)

Ponto-cerebellar hypoplasia in addition to generalized lack
of cerebral volume and myelination, bilateral symmetrical
mature hemorrhagic infarction of the basal ganglia,
symmetrical periventricular, and deep white matter change
over the frontal lobes (Fig. 1)

2 years 31 nmol/L (trough level)
ref. 52–178

Sodium levofolinate,
20 mg/day, im
(1.3 mg/kg/day)

2 years 10 months 50 nmol/L (trough level)
ref. 52–178

Sodium levofolinate,
50 mg/day, im
(3.3 mg/kg/day)

4 years 6 months 106 nmol/L (trough level)
ref. 52–178

Sodium levofolinate,
40 mg/day, im
(1.6 mg/kg/day)

No progression of prominent white matter changes and
ponto-cerebellar volume reduction

Fig. 1 MRI brain T1 weighted image showing basal ganglia calcifications (a), ponto-cerebellar hypoplasia, (b) T2 weighted image, (c) showing
white matter changes over the frontal lobes
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gastrointestinal symptoms are reversible with the oral or
parenteral administration of folinic acid and normalization
of blood folate levels is easily achieved, it has been proven
that CSF levels remain suboptimal (Zhao et al. 2017;
Borzutzky et al. 2009; Torres et al. 2015; Min et al. 2008;
Erlacher et al. 2015; Kishimoto et al. 2014; Wang et al.
2015). Thus, the major challenge remains to achieve normal
CSF 5-MTHF levels for treatment of neurological disease
(Zhao et al. 2017).

This paper presents for the first time evidence of the
effective correction of trough CSF 5-MTHF levels using im
levofolinate in three patients with HFM. Two out of three
patients were treated initially with oral and/or parenteral
folinic acid, the racemic stable form of folate, which led to
correction of the systemic manifestations. Nevertheless,
CSF folate levels remained unsatisfactory, below the age
dependent values, which prompted us to use levofolinate,
the pharmacologically active isomer of 5-formylTHF. Daily
im administration of the medication led to the normalization
of trough 5-MTHF levels in the CSF and those levels
remain stable and within normal range so far. Brain MRI
findings had been stabilized. Clinical features of patients
remained stable as well, while Patient 1 had a significant
improvement in regard to his seizure activity. Initial dose in
each patient was decided based on trough CSF 5-MTHF
levels, and previous dose of folinic acid in combination
with current knowledge that the biologic impact of the
active isomer is twice that of the racemic compound at the
same dose (Kronn and Goldman 2008). Hence, by using
the active isomer, we were able to deliver double the
amount of folate that would be delivered in the case the
same dose of the racemic isoform was used. As a general
remark we would say that the dose of im levofolinate which
is required for the normalization of trough 5-MTHF CSF
levels seems to be higher in neonates and infants and
decreases with increasing age. This could demonstrate a
higher demand of folate at the beginning of life and is in
accordance as well with the fact that CSF folate levels are
much higher in infancy and decrease with the advancing
age (Zhao et al. 2017). Nevertheless, this theory has to be

confirmed and appropriate dosing can only be decided
when data from more patients with HFM on im levofolinate
treatment are available. In addition it should be emphasized
that individual CSF 5-MTHF levels may be influenced by
multiple factors such as growth spurts, infections, and
medication. These factors may explain to some degree the
variation observed in our patients. Therefore the treatment
regime should always be interpreted with regard to the
overall clinical outcome and not just the CSF 5-MTHF
levels. Finally, our results are based on assessment of
trough CSF 5-MTHF levels. This represents a limitation of
the study as 5-MTHF levels could have a great variation
during the day which would not be depicted with just a
single measurement.

Finally, this paper describes the youngest patient
diagnosed with HFM and treated on the second day of life.
This patient had only mild thrombocytopenia without any
additional systemic or neurological findings.

Our patients did not experience any local or systemic
complications as a consequence of the im injections.
However, lifelong daily im administration is challenging
and development of alternative and effective route of
administration would be welcomed by the families.

Take Home Message

Intramuscular levofolinate administration represents an
alternative treatment option in HFM which seems to result
in normal CSF 5-MTHF levels and improvement of clinical
features.
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Abstract PMM2-CDG (MIM#212065) is the most com-
mon type of congenital disorders of glycosylation (CDG)
caused by mutations in PMM2 (MIM#601785). In Estonia,
five patients from three families have been diagnosed with
PMM2-CDG. Our aim was to evaluate the presence of
different PMM2-CDG-causing mutations in a population-
based cohort and to calculate the expected frequency of
PMM2-CDG in Estonia. Also, we analyzed the prevalence
of PMM2-CDG based on our patient group data. To
calculate the expected frequency of PMM2-CDG, we used
the whole genome sequencing data of 2,244 participants
from biobank of the Estonian Genome Center, University of
Tartu. Nineteen individuals carried mutated PMM2 alleles
and altogether, five different mutations were identified. The
observed carrier frequency for all PMM2 disease-causing
mutations was thus 1/118, and for the most frequent
mutation p.R141H, 1/224. The expected frequency of the
disease in Estonian population is 1/77,000. It is comparable
to the current prevalence of PMM2-CDG for the less than
18 years age group, which is 1/79,000. In conclusion, the
frequency of PMM2-CDG in Estonia is lower than in other
European populations reported thus far. We demonstrate

that biobank data can be useful for gaining new information
about the epidemiology of the PMM2-CDG.

Introduction

PMM2-CDG (MIM#212065) is the most common type
of congenital disorders of glycosylation (CDG), and is
inherited in an autosomal recessive pattern. There are at
least 1,000 diagnosed PMM2-CDG patients worldwide, but
the number is likely increasing as the awareness of CDG is
growing.

PMM2 (MIM#601785) is located in chromosomal region
16p13 (Martinsson et al. 1994), with at least 117 disease-
causing mutations listed in the Human Gene Mutation
Database (HGMD® Professional) from BIOBASE Corpo-
ration (Stenson et al. 2009), and 97 of them are missense
mutations. In most cases, PMM-CDG patients are com-
pound heterozygotes, and there are no reports describing
the homozygosity of the most frequent mutation p.R141H
because it is probably embryonically lethal (Matthijs et al.
1998). The homozygous state of other mutations like p.
F119L, p.Y64C, p.D65Y, p.P113L, p.N216I, p.Y106F, p.
F183S, and p.T237M has been described by different
authors (Matthijs et al. 2000; Neumann et al. 2003;
Najmabadi et al. 2011; Perez et al. 2011).

The population-based biobank of the Estonian Genome
Center at the University of Tartu (EGCUT) contains almost
52,000 samples of the adult population (aged �18 years),
which closely reflects the age, sex, and geographical
distribution of the Estonian population, making it a
valuable resource for population-based genetic studies
(Leitsalu et al. 2015). Regarding clinical care, there is only
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one center in Estonia at the Tartu University Hospital
(TUH) that consults the patients suffering from inborn
errors of metabolism. Since 2012, CDG screening (serum
transferrin isoelectric focusing, TIEF) is performed at TUH
on requests made by clinicians from the whole country.
Thus, it is highly likely that all patients diagnosed with
CDG in Estonia have been clinically followed up in TUH.

Several reports describe different PMM2 mutations and
their frequencies in larger cohorts of PMM2-CDG patients,
but to our knowledge, only one report has estimated the
disease frequency based on allele frequencies among
healthy individuals (Schollen et al. 2000). Our aim was to
evaluate the presence of different PMM2-CDG-causing
mutations in a population-based cohort and to calculate the
expected frequency of PMM2-CDG in Estonia. Also, we
analyzed the prevalence of PMM2-CDG based on our
patient group data.

Methods

Population Cohort

Whole genome sequencing (WGS) data of 2,244 geograph-
ically distributed individuals (selected randomly by county
of birth) from EGCUT were available. WGS samples were
sequenced at the Broad Institute (Cambridge, MA, USA)
following a PCR-free sample preparation. Libraries were
sequenced on the Illumina HiSeq X Ten (Illumina,
San Diego, CA, USA) with the use of 150 bp paired-end
reads to 30� mean coverage with a median insert size of
400 bp � 25%.

All variants identified in the PMM2 were extracted and
alleles listed as disease-causing according to HGMD were
counted to estimate pathogenic allele frequencies. In
addition, all other protein-altering variants were evaluated
for possible additional novel disease-causing mutations.

Patient Cohort

Five patients from three families (Table 1) have been
diagnosed with PMM2-CDG in Estonia. All of them have
European ancestry and their parents are unrelated Estonians,

except for one parent who is French. All patients showed
positive TIEF type 1 profile on screening and PMM2-CDG
was molecularly confirmed with different DNA sequencing
approaches.

Statistical Methods

According to census in 2011, there are 1.29 million
enumerated residents in Estonia and 18.4% of them are
children, defined as age less than 18 years. To calculate the
expected disease frequency, we used the assumption of p.
R141H homozygotes being embryonically lethal (Matthijs
et al. 1998). Thus, if q is the allele frequency of p.R141H
and r the combined allele frequency for other identified
mutations in our cohort, then r2 + 2qr denotes the expected
disease frequency in the given population. For 95%
confidence intervals (CI), test of given proportions (prop.
test) was conducted in R version 3.2.3 (R Core Team 2016).

Results

Population Cohort

Out of 2,244 samples, 19 carried one mutated PMM2 allele
and altogether, five different mutations were identified: p.
R141H (10 alleles), p.V231M (5 alleles), p.R239W (2
alleles), p.V67M and p.T237R (both 1 allele) (Table 2). In
addition to disease-causing variants appearing in HGMD,
no possibly pathogenic novel mutations were identified.
Based on these results, the observed carrier frequency for
all PMM2 disease-causing mutations was 1/118 (95% CI 1/
74–1/190) and for the most frequent mutation p.R141H, 1/
224 (95% CI 1/118–1/441). Allele frequency of p.R141H
(q) was 1/449 and of other mutations (r), 1/499. Based on
these data, the expected frequency of the disease (r2 + 2qr)
in Estonian population is 1/77,000.

Patients

The five patients were born from 1998 to 2015. One patient
died in the first week of life and one has reached adulthood.
Thus, the current prevalence of PMM2-CDG can be
calculated for the whole population (four cases) as 1/
322,000 (95% CI 1/117,000–1/1,007,000) and for the less
than 18 years age group (three cases), 1/79,000 (95% CI 1/
25,000–1/306,000).

Discussion

Many reports from different European countries describe
cohorts of patients diagnosed with PMM2-CDG. The

Table 1 PMM2-CDG genotypes in Estonia

PMM2-CDG genotypes Number of patients Phenotype

p.R141H/p.V231M 1 Severe

p.R239W/p.V231M 3a Mild

p.R123Q/p.V231M 1 Severe

a Siblings, described by Vals et al. (2017)
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results give an overview about the frequencies of different
mutations and genotypes, as well as their geographical
distribution. p.R141H is the most commonly found muta-
tion among molecularly confirmed Caucasian PMM2-CDG
patients with prevalence ranging from 20.6 to 44%
(Kjaergaard et al. 1998; Matthijs et al. 2000; Perez et al.
2011). Still, the population data have been only reported by
Schollen et al. who studied p.R141H and p.F119L
frequencies among Dutch neonates and Danish blood
donors (Schollen et al. 2000). They showed that the carrier
frequency for p.R141H is 1/72 and the expected disease
frequency is 1/20,000 in these populations.

The Estonian Biobank represents 5% of Estonian adults
and offers a unique database for research and population-
based studies (Leitsalu et al. 2015). The data of 2,244
individuals revealed five different mutations with a com-
bined carrier frequency of 1/118 for all mutations. The
carrier frequency for p.R141H was 1/224. Compared to our
results, the Dutch and Danish pooled data show a three
times higher p.R141H frequency. Carrier frequency for
other mutations is estimated to be 1/300 to 1/400 (Schollen
et al. 2000) which in our population ranges from 1/448 to 1/
2,244 depending on the mutation.

To our knowledge, there are no reports about the patients
homozygous for the mutations identified in our cohort.
Only the homozygosity of p.R141H has been shown to be
absent, as it is probably lethal (Matthijs et al. 1998). By
excluding p.R141H homozygotes, the expected frequency
of PMM2-CDG in the Estonian population according to the
modified Hardy–Weinberg equilibrium is 1/77,000. The
frequency might be somewhat lower, as we have not
considered the possibility that some of the recombinants
of detected mutations are incompatible with life. If we
compare the frequency with our population size and its age-
specific distribution, there should be up to 16 people,
including 3 children, with PMM2-CDG in Estonia.

So far, we have molecularly confirmed the PMM2-CDG
in five children from three families. They are compound
heterozygotes with four different previously described
missense mutations. Undeniably, because of the small
number of patients, it is difficult to draw any conclusions

about the characteristic genotypes among our patients as
well as to compare them with other countries, but they all
have p.V231M in one allele and only one patient has p.
R141H in the other allele. Based on their genotypes, our
hypothesis was that the most frequent PMM2 mutation
among Estonians is p.V231M. However, similarly to the
other reports, the most frequently found mutation among
biobank participants was p.R141H (56%) and p.V231M
was the second most common mutation (23%). p.R239W
was also represented in the population cohort, but p.
R123Q was not. It might be explained by the fact that the
allele with p.R123Q is inherited from the parent with
French origin and the mutation is not geographically
characteristic of Estonia. In our population cohort, we also
did not find p.F119L, which is the second most common
mutation among the South-Scandinavian population (Kjaer-
gaard et al. 1998; Bjursell et al. 2000).

The prevalence of PMM2-CDG in Estonia in the whole
population calculated by patient data was much lower, 1/
322,000. We believe that the prevalence must be higher as
the disease has not been diagnosed in any adult patients.
Therefore, based on the data about the expected frequency
of the disease, there should be undiagnosed patients with
PMM2-CDG in Estonia whether due to patients not
surviving into adulthood or due to the possible presence
of undiagnosed individuals with mild phenotype. Although
the availability of diagnostic tests is good in Estonia,
congenital metabolic diseases, including CDG, are less
likely to be considered and investigated by clinicians
among the adult patients and CDG screening with serum
TIEF serves mainly children. This is supported by the fact
that three out of the five patients in Estonia were diagnosed
with PMM2-CDG during infancy and that two other
patients with a mild clinical presentation got their diagnosis
as adolescents after the diagnosis of their youngest sibling
(Vals et al. 2017). A similar age distribution favoring the
diagnosis in children was showed by Matthijs et al. (2000).
Therefore we also calculated the prevalence among chil-
dren. As one patient has reached adulthood, the prevalence
in the less than 18 years age group is 1/79,000, which is
similar to the expected frequency of PMM2-CDG in
Estonia based on population allele frequencies.

In conclusion, we showed that the frequency of PMM2-
CDG in Estonia is lower than in other European popula-
tions reported thus far. We have also demonstrated that
population cohort data give useful new information about
the epidemiology of the PMM2-CDG.
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Abstract Carnitine-acylcarnitine translocase (CACT) defi-
ciency is a rare long-chain fatty acid oxidation disorder
(LC-FAOD) with high mortality due to cardiomyopathy or
lethal arrhythmia. Triheptanoin (UX007), an investigational
drug composed of synthetic medium odd-chain triglycer-
ides, is a novel therapy in development for LC-FAOD
patients. However, cases of its safe and efficacious use to
reverse severe heart failure in CACT deficiency are limited.
Here, we present a detailed report of an infant with CACT
deficiency admitted in metabolic crisis that progressed into
severe cardiogenic shock who was successfully treated by
triheptanoin. The child was managed, thereafter, on tri-
heptanoin until her death at 3 years of age from a cardio-
pulmonary arrest in the setting of acute respiratory illness
superimposed on chronic hypercarbic respiratory failure.

Introduction

Long-chain fatty acid oxidation disorders (LC-FAOD) are a
group of autosomal recessive inborn errors of metabolism
wherein genetic defects in specific mitochondrial enzymes
lead to an inability to convert long-chain fatty acids to
energy during periods of physiologic stress (Vockley et al.
2017). Amongst the most uncommon fatty acid oxidation
disorders, carnitine-acylcarnitine translocase (CACT) defi-
ciency is caused by mutations in SLC25A20 (Rubio-
Gozalbo et al. 2004). CACT is an essential component of
the carnitine cycle and is responsible for the importation of
long-chain fatty acids from the cytosol into mitochondria
for energy production via beta oxidation (Pande and
Murthy 1994; Vitoria et al. 2015). Clinical abnormalities
occur secondary to energy deprivation and accumulation of
potentially toxic long-chain fatty acid intermediates (Rubio-
Gozalbo et al. 2004). CACT dysfunction causes hypo-
ketotic hypoglycemia, hyperammonemia, and impairment of
fatty acid-dependent tissues, including the heart, liver, and
skeletal muscle. Presentation is typically early in life with a
relatively severe course, although minor phenotypes have
been reported (Pande and Murthy 1994).

Since the first report of CACT deficiency by Stanley and
colleagues in 1992, approximately 55 cases have been
reported in the medical literature (Stanley et al. 1992;
Vitoria et al. 2015). Treatment has focused on dietary
modification with frequent, carbohydrate-rich meals, avoid-
ance of fasting, restriction of fat intake, and supplementa-
t ion wi th medium chain t r ig lycer ides (MCT)
(Spiekerkoetter et al. 2009). However, the mortality rate
for CACT deficiency remains high (65%), with most deaths
occurring in the first year of life due to cardiac compli-
cations (Bonnet et al. 1999; Vitoria et al. 2015). The most
common cardiac manifestation is cardiomyopathy, but
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fatalities are more often reported due to conduction defects
and arrhythmias (Bonnet et al. 1999). For patients with
CACT deficiency and concomitant cardiac disease, current
treatment options are limited to supportive care.

Triheptanoin (UX007) is an investigational drug com-
posed of synthetic medium chain fatty acid which has been
used on a compassionate or emergency basis in patients
with LC-FAOD and severe cardiomyopathy (Roe and
Brunengraber 2015; Vockley et al. 2015, 2016). Here, we
present a detailed case of a patient with CACT deficiency
and cardiomyopathy devolving into severe cardiogenic
shock during a metabolic crisis. With failure of conven-
tional treatments, including MCT and carnitine supplemen-
tation, we hypothesized that triheptanoin may arrest further
cardiac deterioration and potentially lead to some recovery.

Case Report

The patient is a full-term female born to a 24-year-old G1P0
mother with no prenatal or antenatal complications via
normal spontaneous vaginal delivery who initially pre-
sented with hypoketotic hypoglycemia (glucose 12 mg/dL,
ref > 40 mg/dL) and hypothermia (95�F, ref: 97.5–99.3�F)
at 23 h of life. Her ammonia and lactate peaked at
319 mmol/L (ref: 64–107 mmol/L) and 4.1 mmol/L
(ref < 2 mmol/L), respectively, at 52 h of life. The
acylcarnitine profile demonstrated abnormal elevation of
numerous long-chain acylcarnitine species, particularly
palmitoyl- (16) and oleyl- (C18:1) acylcarnitine, suggestive
of carnitine palmitoyltransferase II or CACT deficiency.
SLC25A20 molecular analysis identified compound hetero-
zygosity for a previously reported c.84delT mutation and a
506-kb deletion on chromosome 3p21.31 which includes
the SLC25A20 gene (Eto et al. 2013, Haldeman-Englert
et al. 2009, Hsu et al. 2001). On day of life (DOL) 5, she
was started on MCT oil to supplement total parenteral
nutrition (TPN) and maternal breast milk (MBM). She was
discharged on a high MCT formula, maternal breast milk, a
carbohydrate module, and additional MCT oil, providing
145 kcal/kg, 1.5 g/kg protein, 33.5% fat calories, 9.5%
from long chain fats (LCFA), and 24% from MCT. Of note,
her initial echocardiogram (ECHO) at 4 days of age already
showed signs of biventricular hypertrophy but with normal
systolic function, i.e. left ventricular ejection fraction (EF)
64% and shortening fraction (SF) 41% (refEF: 49–86%,
refSF: 25–45%). Thus, she was actively followed by the
cardiac failure team.

At 5months, she presentedwith severemetabolic crisis with
hyperammonemia (314mmol/L) and acute kidney injury (AKI)
(creatinine 1.0 mg/dL, ref: 0.2–0.4 mg/dL). By hospital day 3,
despite nutritional support with high dextrose-containing TPN,
her left ventricular EF and SF had decreased from normal to
33% and 20%, respectively. Her cardiac enzymes rose

dramatically with a creatine kinase-MB isoenzyme (CK-MB)
of 119 ng/mL (ref < 1.7 ng/mL), troponin of 24 ng/mL
(ref< 0.1 ng/mL), and pro-basic natriuretic peptide (pro-BNP)
>30,000 pg/mL (ref < 300 pg/mL). Associated arrhythmias
(ectopy, diffuse STchanges, left bundle branch block, and QTc
prolongation >550 ms) ensued resulting in cardiogenic
shock, necessitating veno-arterial extra-corporal membrane
oxygenation (VA-ECMO) for 8 days. Upon recovery from
this episode, her cardiac function returned to baseline, i.e. EF
73% and SF 45%. She was discharged on a high MCT
formula, infant formula, a carbohydrate module, and addi-
tional MCT oil, providing 121 kcal/kg, 1.4 g/kg protein, 37%
fat calories, 8.4% from LCFA, and 28.6% from MCT.

At 10 months of age, she suffered another severe
metabolic crisis secondary to urinary tract infection and
gastroenteritis requiring admission to the pediatric intensive
care unit (PICU) for metabolic management and aggressive
fluid resuscitation due to moderate dehydration secondary
to emesis and diarrhea (stool output up to 30 mL/kg/day in
the first 3 days of hospitalization). To provide sufficient
calories, total parenteral nutrition (TPN) was started (15%
dextrose, 1.2 g/kg amino acids) with continuation of enteral
MCT oil, providing 107 kcal/kg/day, MCT providing 21%
of total calories. She slowly improved clinically and enteral
feedings were initiated on day 5 of hospitalization with
gradual advancement to bolus feeds and discontinuation of
TPN. She was thereafter transferred to the acute care ward.

However, on hospital day 8, she was transferred back to
the PICU for dehydration from continued diarrhea (stool
output >10 mL/kg/day) and oliguric renal failure (creati-
nine 0.9 mg/dL). Despite appropriate fluid and caloric
management (restarted TPN with 10% dextrose, 0.7 g/kg
protein, enteral MCT oil, providing 82 kcal/kg/day, with
MCT providing 32% of total calories), she developed
severe cardiogenic shock within 48 h with extreme tachy-
cardia (>200/min) and hypotension. She had deep ST-
depression with elevated cardiac enzymes, i.e. CK-MB and
troponin at 97.7 ng/mL and 17.2 ng/mL, respectively. Her
pro-BNP was >30,000 pg/mL, lactate peaked at 6.2 mmol/
L, and creatinine peaked at 1.2 (Table 1). With myocardial
ischemia, a strategy of using multiple low-dose dose vaso-
active agents was adopted, including calcium chloride up to
7 mg/kg/h, dopamine up to 7 mg/kg/min, epinephrine up to
0.05 mg/kg/min, and dobutamine up to 7 mg/kg/min,
targeting a mean arterial pressure of 50 mmHg, in con-
junction with a beta-blocker (esmolol up to 150 mg/kg/min)
targeting a heart rate <150/min to optimize cardiac output.
She was also started on stress-dose steroids at 50 mg/m2/
day.

Her overall dismal prognosis made her a poor ECMO
candidate. On hospital day 13 (EF 24.9%, SF 12.4%, CK-
MB 107 ng/mL, troponin 39.9 ng/mL) after obtaining
authorization from the Food & Drug Administration (FDA),
the Institutional Review Board (IRB), and parental consent,
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MCT oil was stopped and triheptanoin was initiated via
naso-jejunal tube at a dosage of 30 kcal/kg/day (34% of
total calories). Three days after initiation of triheptanoin, a
repeat ECHO showed normalization of left ventricular EF
and SF (Fig. 1) and a >4-fold reduction in cardiac enzymes
(Table 1). In the same time frame, all vasoactives were
successfully weaned off.

Her enteral diet was advanced to include a very low fat
elemental product, infant formula, and a protein module,
which, with triheptanoin, provided 90 kcal/kg/day and

1.4 g/kg/day protein with 43% calories from fat, 11% from
LCFA, and 32% from triheptanoin. Walnut oil was added as
a source of essential fats. She was eventually extubated 18
days after triheptanoin initiation and discharged home a
week later. ECHO prior to discharge showed biventricular
hypertrophy with good biventricular systolic and diastolic
function.

She continued triheptanoin after discharge; dosing was
changed to four times a day for ease of administration.
Since initiation of triheptanoin, she had two subsequent

Table 1 Laboratory test results before and after triheptanoin therapy

Reference range
Admission to
hospital

Transfer to
PICU

Cardiogenic
shock

Initiation of
triheptanoin

After 72 h
triheptanoin

Day of hospitalization – 1 8 10 13 16

Ammonia <30 mmol/L 143 241 52 40 32

Lactate <2 mmol/L 0.6 2.8 3.2 1.8 1.9

Creatinine 0.1–0.6 mg/dL 0.4 0.9 1.2 0.9 0.5

Creatinine kinase, total <250 U/L N.C.a N.C. 1,990 713 443

Creatinine kinase, MB <1.7 ng/mL N.C. N.C. 97.7 107 24.7

Troponin <0.1 ng/mL N.C. N.C. 17.2 40 7.9

a N.C. not checked
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Fig. 1 Cardiac function plotted over time. Prior to and even at
admission to ICU, the patient maintained normal biventricular systolic
and diastolic function, despite left ventricular hypertrophy. When she
suffered cardiogenic shock, ejection fraction (EF) and shortening

fraction (SF) both declined precipitously to approximately 25% and
12%, respectively. After 72 h of triheptanoin therapy, her EF and SF
returned to baseline. She continued triheptanoin therapy till her death.
Prior to death, her cardiac function was close to her baseline
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admissions, one for hyperammonemia due to acute gastro-
enteritis and a second for dehydration in the setting of
C. difficile colitis. During both illnesses, her cardiac
function remained stable. At her 20-month clinic visit, she
was in overall good health and had developed the ability to
sit independently. At 32 months of age, she was diagnosed
with obstructive sleep apnea, hypoventilation, hypotonia
and hypercarbic respiratory failure requiring noninvasive
positive pressure ventilation.

At 3 years of age, she suffered a cardiac arrest
precipitated by mucus plugging in the setting of a viral
upper respiratory tract infection; care was withdrawn after
admission due to devastating neurologic injury. ECHO
performed after admission demonstrated no deterioration in
function (Fig. 1, day of life 1,139: EF 70%, SF 32.6%).
Additionally, her EKGs and rhythm strips showed normal
sinus rhythm (NSR).

Discussion

Fatty acid oxidation generates energy during fasting and
stress by directly supplying reducing equivalents for
mitochondrial oxidative phosphorylation and providing
acetyl-CoA to the tricarboxylic acid (TCA) cycle. Loss of
this energy source along with impaired ketone body
production during metabolic crisis leads to increased
demand on the TCA cycle. Medium chain triglycerides
are metabolized to the 2-carbon substrate acetyl-CoA that
can enter the TCA cycle. In addition to two molecules of
acetyl-CoA, triheptanoin provides a 3-carbon propionyl-
CoA which can directly enter the TCA cycle as succinyl-
CoA through the actions of propionyl-CoA carboxylase and
methylmalonyl-CoA mutase (Roe and Mochel 2006).
In this manner, triheptanoin provides appropriate substrate
balance for the TCA cycle.

Triheptanoin, as treatment for fatty acid oxidation
disorders, was first reported in the treatment of three
patients with the cardiomyopathic form of very-long-chain
acyl-CoA dehydrogenase deficiency (Roe et al. 2002). In
these patients, congestive heart failure, rhabdomyolysis,
and muscle weakness improved, as did the severity and
frequency of metabolic decompensation. Results of a larger
series of 20 patients with various long-chain fatty acid
oxidation disorders treated with triheptanoin as part of a
compassionate use protocol showed significant decreases
in mean hospital days per year and hypoglycemia event
rates. Of the 12 patients in the series that had cardiomyop-
athy at the start of triheptanoin therapy, 8 improved, 3
remained stable, and 1 required cardiac transplantation.
The single CACT deficiency patient in this cohort had
cardiomyopathy that improved, with ejection fraction
increasing to 67% from 35% pre-treatment (Vockley et al.

2015). A subsequent case series of ten patients with LC-
FAOD and acute heart failure in whom triheptanoin had
been initiated for compassionate or emergency use dem-
onstrated return of normal EF within 3 weeks of initiation;
only two of these patients had CACT deficiency (Vockley
et al. 2016). Now, a single-arm, open-label, multicenter
Phase 2 trial has been published demonstrating safety and
efficacy in pediatric and adult patients at 24 weeks of
treatment; CACT deficiency patients were excluded from
this study due to the severity of the condition (Vockley
et al. 2017).

Patients with CACT deficiency are at high risk for
morbidity and mortality with each fasting period or ill-
ness. Despite maximizing supportive measures during a
severe metabolic crisis, our patient’s condition declined
precipitously. Only after providing triheptanoin did car-
diac function improve gradually but dramatically, with
ejection fraction rising from 24.9 to 73.7%. With continu-
ation of triheptanoin as a routine part of her nutritional
management, her cardiac function remained preserved
through the next 2 years of life. She even developed the
ability to sit independently. Her ultimate death seemed
linked to a primary respiratory event rather than a cardiac
one. Given the paucity of clinical experience with tri-
heptanoin use specifically in CACT deficiency, our report
highlights the safe and efficacious use of triheptanoin in
acute heart failure in this subset of patients. Triheptanoin
may provide a therapeutic alternative that could poten-
tially lead to improved outcomes for CACT deficiency
patients.

Synopsis

This report details the safe use of triheptanoin to reverse
cardiogenic shock in the case of a patient with carnitine-
acylcarnitine translocase deficiency suffering severe meta-
bolic crisis devolving into acute heart failure.
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Abstract Glutaric aciduria type 1 (GA1) is caused by
deficiency of the mitochondrial matrix enzyme glutaryl-
CoA dehydrogenase (GCDH), leading to accumulation of
glutaric acid (GA) and 3-hydroxyglutaric acid (3OHGA) in
tissues and body fluids. During catabolic crises, GA1
patients are prone to the development of striatal necrosis
and a subsequent irreversible movement disorder during a
time window of vulnerability in early infancy. Thus, GA1
had been considered a pure “cerebral organic aciduria” in
the past. Single case reports have indicated the occurrence
of acute renal dysfunction in children affected by GA1. In
addition, growing evidence arises that GA1 patients may
develop chronic renal failure during adulthood independent
of the previous occurrence of encephalopathic crises. The
underlying mechanisms are yet unknown. Here we report
on a 3-year-old GA1 patient who died following the
development of acute renal failure most likely due to
haemolytic uraemic syndrome associated with a pneumo-
coccal infection. We hypothesise that known GA1 patho-
mechanisms, namely the endothelial dysfunction mediated
by 3OHGA, as well as the transporter mechanisms for the
urinary excretion of GA and 3OHGA, are involved in the
development of glomerular and tubular dysfunction, respec-
tively, and may contribute to a pre-disposition of GA1
patients to renal disease. We recommend careful differential
monitoring of glomerular and tubular renal function in GA1
patients.

Abbreviations
3OHGA 3-Hydroxyglutaric acid
E-IMD European registry and network for intoxication-

type metabolic diseases
GA Glutaric acid
GA1 Glutaric aciduria type 1
GCDH Glutaryl-CoA dehydrogenase
GFR Glomerular filtration rate
HUS Haemolytic uraemic syndrome
LDH Lactate dehydrogenase
OAD Organic aciduria

Introduction

Glutaric aciduria type 1 (GA1, OMIM 231670) is caused
by the autosomal-recessively inherited deficiency of glu-
taryl-CoA dehydrogenase (GCDH, E.C. 1.3.8.6), a mito-
chondrial matrix enzyme involved in the degradation of
lysine and tryptophan. Affected patients accumulate the
pathologic metabolites glutaric acid (GA) and 3-hydroxy-
glutaric acid (3OHGA) and glutaryl-CoA, and are prone to
encephalopathic crises during a time window of vulnerabil-
ity up to 72 months of age, with subsequent irreversible
movement disorder due to injury of striatal neurons
(Goodman and Frerman 2001). Early diagnosis of the
disease by newborn screening is essential to avoid
irreversible neurological sequelae. Treatment includes pre-
symptomatic implementation of a lysine-restricted diet,
carnitine supplementation, and a sufficient emergency
management to avoid catabolism (Boy et al. 2017). The
impairment of mitochondrial energy production reported in
various in vitro and in vivo models appears to play a role in
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the pathophysiology of GA1, although the pathomechan-
isms leading to neurodegeneration are not yet fully
understood (Jafari et al. 2011; Lamp et al. 2011). Animal
and cellular models have demonstrated that the blood–brain
barrier shows only very limited permeability for GA and
3OHGA. Thus, when produced intracerebrally, these
metabolites accumulate in the brain compartment (Keyser
et al. 2008; Sauer et al. 2006). GA and 3OHGA are
excreted into urine via active tubular transport processes
(M€uhlhausen et al. 2008).

The haemolytic uraemic syndrome (HUS) belongs to
the thrombotic microangiopathies. It commonly occurs in
children and presents primarily with renal failure, haemo-
lytic anaemia and thrombocytopenia. The most abundant
trigger is the Shiga toxin of enterohaemorrhagic E. coli. But
also other causes, e.g. inborn deficiencies in the comple-
ment system, or invasive Streptococcus pneumoniae infec-
tions, have been reported (Noris et al. 2012).

Here, we report on a 3-year-old girl with GA1 who died
from renal failure most likely caused by pneumococcus-
associated HUS. We hypothesise that GA1 may have been a
predisposing factor for the acute renal failure that compli-
cated this patient’s pneumococcal sepsis, in that GA1 may
promote increased endothelial vulnerability and thus the
development of HUS.

Case Presentation

The girl was the first child of healthy, consanguineous
parents of Turkish descent. GA1 was diagnosed by
newborn screening. Subsequently, analysis of organic acids
in urine detected a “high excretor” status (GA 2,650 mmol/
mol creatinine; 3OHGA 92 mmol/mol creatinine; Baric
et al. 1999). Genetic analysis revealed the homozygous
pathogenic variant p.Arg402Trp in the GCDH gene, and
residual GCDH enzyme activity in fibroblasts was found to
be absent. A lysine-restricted diet, carnitine supplementa-
tion and adequate emergency management were imple-
mented according to current therapy guidelines (Boy et al.
2017). Until the age of 3 years, the clinical course was
uneventful with normal psychomotor development, absence
of encephalopathic crises and lack of any signs of a
movement disorder.

During a holiday trip to Turkey at the age of 3 years and
3 months, the girl suffered from a febrile airway infection.
She developed dyspnoea and refused to eat. Her condition
rapidly deteriorated and the parents decided to return to
Germany for medical treatment. The parents tried to apply
maltodextrin solution for anabolisation, but the girl drank
only small amounts. During the flight, her consciousness
was reduced and she developed haematemesis.

On admission, the girl was somnolent, had fever and
presented with tachypnoea. During the initial clinical
examination, no signs of a movement disorder were
observed. Severe metabolic acidosis was found (pH 7.19,
bicarbonate 8.9 mmol/L, base excess �17.7 mmol/L, pCO2

23 mmHg) and metabolic emergency treatment was
instituted including discontinuation of all protein intake
and intravenous administration of high glucose-containing
solution, insulin and carnitine. Due to persisting massive
tachydyspnoea and increasing respiratory failure, intubation
and mechanical ventilation were necessary. Inflammatory
parameters were elevated (leukocytes 16.4/nL [normal
5.5–15.5], C-reactive protein 160 mg/L [normal <0.5],
procalcitonin 45 mg/L [normal <0.5]), and a chest X-ray
indicated pneumonia. Streptococcus pneumoniae, serotype
14, was isolated in her blood culture and tracheal aspirate.
In tracheal aspirate, rhinovirus could also be detected. The
girl was diagnosed with invasive septic infection with
Streptococcus pneumoniae and received appropriate anti-
biotic treatment. Of note, the girl had timely received all
standard vaccinations including a 13-valent pneumococcal
conjugate vaccine covering serotype 14 but apparently had
not developed an appropriate immunity for unknown
reasons; there were no clinical or laboratory signs of
immune deficiency (normal IgG, normal red blood count,
no increased frequency of infections prior to the episode
described here). However, a specific work-up for immune
deficiency was not performed.

Furthermore, the girl suffered from acute renal failure
(creatinine 1.68 mg/dL [normal 0.2–0.75], blood urea
nitrogen 66 mg/dL [normal 5–17]). Renal ultrasound
revealed bilateral swelling, cortical hyperechogenicity and
subcortical hypoperfusion. She also had anaemia (haemo-
globin 9.6 g/dL [normal 10.1–13.1]) and showed signs of
haemolysis (LDH 1,892 U/L [normal 120–300], raised up
to 2,837 U/L the following days). Creatine kinase was
elevated on admission (827 U/L [normal <148]) but
normalised within 2 days, indicating absence of rhabdomy-
olysis. Platelets were elevated on admission but fell to
40,000/mL (normal 150,000–500,000) on the second day.
A blood smear showed schistocytes. This combination of
acute renal failure, haemolytic anaemia and thrombocyto-
penia lead to the clinical diagnosis of atypical haemolytic
uraemic syndrome (HUS) associated with pneumococcal
disease. Unfortunately, the girl’s condition did not allow for
renal biopsy to confirm the diagnosis histologically.
Analyses of urine revealed a pronounced glomerular and
tubular proteinuria (albumin maximum 4,857 mg/g creati-
nine [normal <30]; alpha-1-microglobulin maximum
193 mg/g creatinine [normal <30]).

Due to a further decline of urine output and increasing
renal retention parameters (creatinine maximum 2.99 mg/dL;
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cystatine c maximum 3.19 mg/L [normal 0.53–0.95]; GFR
calculated from cystatine c minimum 25 mL/min) peritoneal
dialysis was started on day 3 of hospitalisation and had to be
changed to haemodialysis on day 6. In addition, plasmaphe-
resis was performed several times as an attempt to treat the
HUS. Determination of acylcarnitines in dried blood spots
during renal failure revealed an elevation of free carnitine
(917 mmol/L [normal 10–70]) and all acylcarnitines, espe-
cially glutarylcarnitine (364 mmol/L [normal <0.4]). Deter-
mination of organic acids in urine showed a vastly elevated
concentration of lactate (15,025 mmol/mol creatinine [normal
<285]) and glutarate (4,839 mmol/mol creatinine [normal
<5]), and a slight elevation of concentrations of citric acid
cycle intermediates (succinate 203 mmol/mol creatinine
[normal <79]; fumarate 34 mmol/mol creatinine [normal
<10]) and ketones (2-hydroxybutyrate 271 mmol/mol creati-
nine [normal <5]; 3-hydroxybutyrate 135 mmol/mol creati-
nine [normal <11]). 3OHGA was not detectable in this
sample. No clinical signs of a movement disorder were
detected at any time; however, the validity of neurological
exam was restricted due to sedation. The girl’s condition did
not permit an MRI scan, but on day 13 a cranial CT scan was
performed to assess for brain abnormalities. This scan
revealed enlarged Sylvian fissures (stable as compared to
MRI findings at age 1 month); the basal ganglia did not show
any abnormalities. Taken together, neither clinical nor
radiographic signs of an encephalopathic crisis were detected.

The clinical course was further complicated by severe
lactic acidosis. For a short period of time, reduction of
glucose administration had a positive effect. However,
lactate concentrations increased again and were persistently
elevated above 30 mmol/L for several days, and were
refractory to any therapeutic intervention. The girl died
22 days after admission due to multiple organ failure. Post-
mortem was declined by the parents.

Discussion

Here, we report on a patient with GA1 and acute renal
failure most likely due to atypical HUS caused by invasive
pneumococcal disease.

Renal involvement has not been considered to be part of
the phenotypic spectrum of GA1 previously. However, it
has been shown that 20–25% of adults with GA1 above the
age of 20 years suffer from chronic renal failure (K€olker
et al. 2015). In addition, there have been single reports
about patients with GA1 and renal disease (Table 1). P€oge
and colleagues described a patient with GA1 who first
presented with neurologic symptoms in the neonatal period
and developed nephrotic syndrome at the age of 12 weeks
with glomerular damage, crescentic glomerulonephritis but

a normal tubular morphology (P€oge et al. 1997). In another
report, a 6-year-old patient with GA1 was described
suffering from acute renal failure requiring dialysis. Similar
to our case, HUS had initially been suspected in this patient
because of accompanying anaemia and thrombocytopenia.
However, kidney biopsy in this patient revealed significant
acute tubular damage with distended tubules, damaged
epithelial cells and loss of the brush border membrane,
while the glomeruli were morphologically intact (Pode-
Shakked et al. 2014). Interestingly, the tubular morphology
reported in this case resembles the renal alterations
observed in a mouse model of GA1 during induced
metabolic crises (Thies et al. 2013). In the latter study,
during metabolic crises induced by the administration of a
high protein diet, Gcdh-deficient mice showed an acute
tubular damage with functional tubulopathy, a thinning of
brush border membranes in renal proximal tubule cells and
an altered mitochondrial morphology with enlargement of
mitochondria and a reduction in electron density.

In the patient reported here, from the clinical point of
view the acute renal failure had been attributed to atypical
HUS caused by proven pneumococcal sepsis. Due to the
lack of renal histology, however, it cannot be excluded that
our patient alternatively or in addition suffered from acute
tubular damage as reported earlier in a patient with initial
suspicion of HUS (Pode-Shakked et al. 2014), as indicated
by the elevated urinary excretion of the tubulopathy marker
alpha-1-microglobulin in our patient.

Taken together, it cannot be proven whether the
metabolic (GA1) and renal (HUS) diseases in our patient
were inter-related or rather independent events. However,
the increasing evidence that in GA1 patients chronic renal
failure develops over time (K€olker et al. 2015), and single
cases of GA1 patients with acute renal diseases as presented
here, suggest that the metabolic alterations in GA1 may
display a pre-disposing factor for the development of acute
and/or chronic renal disease.

Various pathomechanisms may be involved in renal
disease in GA1 patients:

1. The pathophysiology of both GA1 and HUS involves
microangiopathy: HUS is associated with thrombotic
microangiopathy of glomerular endothelium (Noris
et al. 2012), whereas in the presence of the GA1-
specific metabolite 3OHGA the endothelial integrity
was impaired in in vitro and in vivo models of
endothelial barriers (M€uhlhausen et al. 2006). The
impaired endothelial integrity due to the disease-
specific metabolites may pre-dispose GA1 patients to
HUS-specific microangiopathy as an add-on pathogenic
event, thus making GA1 patients more prone to the
development of HUS.
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2. Renal proximal tubule cells express various transporters
that mediate the urinary excretion of GA and 3OHGA
(Hagos et al. 2008; M€uhlhausen et al. 2008; Stellmer
et al. 2007); the expression of these transporters is
altered during induced metabolic crises in a GA1
mouse model, which may result in an intracellular
accumulation of GA and 3OHGA in renal proximal
tubule cells, contributing to an impairment of mito-
chondrial energy production in these cells (Thies et al.
2013). Thus, a severely catabolising condition such as
an invasive pneumococcal disease may lead to meta-
bolic decompensation and an increase of GA and
3OHGA concentrations in proximal tubule cells. This
may promote a continuously progressive renal proximal
tubule dysfunction, eventually leading to acute tubular
damage and renal failure. In addition, non-acute but
chronic exposure of renal proximal tubule cells to GA
and 3OHGA may account for the chronic development
of a tubular disease and eventually chronic renal failure
as reported in adult GA1 patients. The potential role
of renal proximal tubule cells in the development
of GA1-associated renal disease is in line with recent

observations of a high renal GCDH expression specifi-
cally in proximal tubule cells (Braissant et al. 2017).

Conclusion

This case report adds to the growing evidence of acute and
chronic renal disease in GA1 triggered by acute catabolic
events or developing over time, respectively. Further
research is necessary to unravel the underlying mecha-
nisms. With regard to patient care, we consider it important
to carefully monitor glomerular as well as tubular function
in GA1 patients to detect a potential impairment of renal
function as early as possible.

Synopsis

We report on a 3-year-old GA1 patient with acute renal
failure most likely due to haemolytic uraemic syndrome
associated with a pneumococcal infection. Endothelial
dysfunction and renal proximal tubule accumulation of

Table 1 Functional and histologic renal alterations in GA1 patients

Model Renal dysfunction Glomerular histology Tubular histology Reference

Case report Nephrotic syndrome Crescentic
glomerulonephritis:
shrinking of glomerular
tufts, increased mesangial
matrix, extracapillary
epithelial proliferations,
formation of larger
epithelial crescents

Normal P€oge et al. (1997)

GA1 mouse model Tubulopathy Normal Acute tubular damage:
thinned bush border
membrane, altered
mitochondrial morphology
with enlargement and
reduced electron density

Thies et al. (2013)

Case report Acute renal failure,
proteinuria, suspected
HUS

Normal Acute tubular necrosis:
tubular damage with
distended tubules,
damaged epithelial cells,
loss of brush border,
debris in the tubular
lumen, interstitial oedema

Pode-Shakked et al. (2014)

E-IMD study
population (GA1,
n ¼ 150; 14% of
OAD cohort adult
patients)

Chronic renal failure in
25% of adult patients
>20 years of age

Not reported Not reported K€olker et al. (2015)

Case report Acute renal failure,
suspected HUS;
proteinuria (albumin,
alpha-1-microglobulin)

Not done Not done This report
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GA1 metabolites may contribute to acute and chronic
glomerular and tubular dysfunction in GA1 patients.
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Abstract Mucopolysaccharidosis type VII (MPS VII) is
caused by b-glucuronidase deficiency, resulting in lyso-
somal accumulation of glycosaminoglycans (GAGs) and
multisystemic disease. We present cardiovascular gross and
histopathology findings from a 11-year-old MPS VII male,
who expired after developing ventricular fibrillation fol-
lowing anesthesia induction. Gross anatomic observations
were made at autopsy; postmortem formalin-fixed paraffin-
embedded samples of the carotid artery, aorta, myocardium,
and valves were sectioned and stained with hematoxylin-
eosin, Verhoeff-Van Gieson, CD68, and trichrome stains.
Gross heart findings include an enlarged, dilated heart,
mitral valve prolapse with thick, shortened chordae tendi-
nae, and thickened aortic valve cusps. The aorta contained
raised intimal plaques mimicking conventional atheroscle-
rosis. Cardiac myocytes included hypertrophic nuclei,

subendocardial fibrosis, and increased interfascicular colla-
gen. Coronary lumens were 40–70% stenosed by fibrointi-
mal hyperplasia containing storage material-laden cells,
CD68+ macrophages, and fragmented elastin laminae.
Similar findings were visualized in aortic intimal plaques.
We confirm that arterial plaques, elastin fragmentation, and
activated CD68+ macrophage infiltration occur in human
MPS VII, consistent with previously observed findings in
murine and canine MPS VII. We also confirm ultrasono-
graphically observed carotid intimal-medial thickening is an
in vivo correlate of histopathologic vascular fibrointimal
hyperplasia. MPS VII patients should be regularly moni-
tored for cardiac disease, with methods such as Holter
monitors and stress testing; MPS VII-directed treatments
should effectively address cardiovascular disease.

Introduction

The mucopolysaccharidoses (MPSs) are inherited lyso-
somal storage diseases caused by deficiencies of enzymes
involved in catabolism of glycosaminoglycans (GAGs).
MPS type VII is caused by a deficiency of the lysosomal
enzyme b-glucuronidase, which results in systemic accu-
mulation of GAGs, specifically chondroitin sulfate (CS),
dermatan sulfate (DS), and heparan sulfate (HS). Due to the
ubiquitous nature of these GAGs, clinical manifestations of
MPS VII include varying degrees of nonimmune hydrops
fetalis, cognitive impairment, corneal clouding, airway
obstruction, hepatosplenomegaly, orthopedic disease, and
cardiovascular disease (Montaño et al. 2016). Even
amongst MPSs, MPS VII is a rare condition, affecting
1 in every 345,000–2,000,000 live births (Muenzer 2011).
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Sudden death has been described in two older patients, and
corresponding reports of cardiovascular histopathology are
also minimal (Vogler et al. 1994; Metcalf et al. 2010;
Bigg et al. 2013; Gniadek et al. 2015). We describe the
cardiovascular histopathology findings in a 11-year-old boy
with MPS VII who died after sustaining ventricular
tachycardia during a dental procedure under anesthesia,
and relate the findings to findings in animal models of
MPS VII that may shed light upon pathogenesis of MPS-
associated cardiovascular disease. An up to date summary
compiling hypothesis from literature on MPS VII patho-
genesis is included to demonstrate the limited research.

Materials and Methods

Human Subjects

Consent for retrospective chart review and postmortem
tissue donation was obtained from parents (Children’s
Hospital of Orange County IRB #100109, approved 12
Apr 2010).

Pathology

Tissue samples of the heart, ascending and descending
aorta, rib cartilage, and spinal cord were frozen at �80�C.
Additional formalin-fixed, paraffin embedded tissue sam-
ples from the Los Angeles County Coroners’ office were
sectioned and stained.

Histopathology

Tissue samples frozen in OCT were sectioned on a Leica
CM3050 cryostat and stained with hematoxylin and eosin.
Cytochemical stains for elastic fibers (Verhoeff-Van Gieson
stain), glycosaminoglycan (Alcian Blue stain pH 2.5),
collagen (Mallory Trichrome stain), and immunohistochem-
ical stains for anti-human CD68 were performed on a
Ventana Benchmark Ultra autostainer. Immunohistochemi-
cal staining was developed with peroxidase-based detec-
tion.

Results

Case Report

This patient was briefly reported in Montaño et al. (2016)
as patient 12 (Montaño et al. 2016). His prenatal history
was significant for hydrops fetalis noted at 8 months’
gestation, and he was born at 38 weeks’ gestational age due
to pregnancy-induced hypertension and maternal protein-

uria. Neonatal respiratory failure necessitated intubation
and mechanical ventilation until the hydrops resolved.
Organomegaly, thrombocytopenia, conjugated hyperbiliru-
binemia, and bilateral inguinal hernias were also present in
the neonatal period leading to diagnosis of MPS VII.

He was lost to follow-up until 7 years of age, when he
presented for medical attention for his MPS due to
progressive behavioral difficulties and painful bilateral hip
dysplasia. He had recurrent otitis media requiring ear tube
implantation, hepatosplenomegaly, kyphoscoliosis, and
obstructive sleep apnea. Urinary GAGs were quantitatively
elevated at 32.9 mg/mmol creatinine (reference range
<12 mg/mmol creatinine) and qualitatively demonstrated
excess CS, DS, and HS. Molecular sequencing of the b-
glucuronidase gene GUSB identified compound heterozy-
gous, previously unreported c.295G>A/c.866G>A (p.
V99M/W289X) variants.

The patient had quarterly electrocardiograms, echocar-
diograms, and cardiology evaluations. His initial echocar-
diogram at age 7.5 years showed mild aortic insufficiency,
mild-moderate mitral insufficiency, mild left ventricular
(LV) dilation, and normal fractional shortening (FS) of
35%. He was placed on enalapril due to the mitral
insufficiency. Over the next 4 years, serial echocardiograms
identified thickening of the mitral and aortic valves, mild
mitral valve prolapse, mildly impaired LV relaxation, then
mild-moderate diminished LV systolic function with an
ejection fraction of 49% (reference range, >58%). At age
8.8 years, carotid ultrasonography identified greatly
increased carotid intima media thickness (cIMT) of
0.50 mm on the right and 0.53 mm on the left compared
to controls (mean control cIMT 0.48 mm, standard
deviation 0.034 cm) (Wang et al. 2011).

His behavioral difficulties made it difficult to adequately
keep up with his dental care, and the patient was therefore
admitted for oral cleaning under anesthesia. He was
administered Sevoflurane, and shortly after, he spontane-
ously developed ventricular tachycardia that rapidly degen-
erated to ventricular fibrillation. Efforts to resuscitate the
patient were unsuccessful. Further pathology investigation
identified primary cardiac etiology as cause of death.

Histopathology

Parental consent was given for postmortem studies.
Weighing 275 g, more than twice the mean for age
(122 g) (Hamill et al. 1979), the heart and especially the
left ventricle were grossly enlarged and dilated. The mitral
valve revealed ballooning of the leaflets with thick and
shortened chordae tendinae. The aortic valve cusps were
also thickened. Raised intimal plaques were visualized
throughout the ascending and descending aorta. Noncardiac
gross findings included cerebral edema, mucous plugging

32 JIMD Reports



of the conducting airways of the lung, and hepatospleno-
megaly.

Microscopically, the sinoatrial, atrioventricular nodes,
and conduction system were unremarkable. However, the
myocardium contained hypertrophic cardiomyocytes with
characteristic “boxcar” nuclei, prominent subendocardial
fibrosis, and increased interfascicular collagen, consistent
with chronic ischemic heart disease (Geer et al. 1980).
Severe myxomatous degeneration (red arrowheads,
Fig. 1a–c) and fibrosis (white arrowheads, Fig. 1b) were
visualized in the mitral and aortic valves. The surface of the
mitral valve was rich with numerous CD68+ macrophages,
which are usually not present in normal mitral valves
(Fig. 1c: brown-stained cells marked with m).

Coronary lumens were 40–70% stenosed by intimal
hyperplasia (Fig. 2a, b) that was shown to be composed of
glycosaminoglycan-rich matrix (Fig. 2c: blue periodic acid-
Schiff staining marked with g), storage-laden cells (Fig. 2d,
examples marked with red arrowheads), fibrosis (Fig. 2d:
blue Trichrome staining), fragmented elastin laminae
(Fig. 2e: white arrowheads), and CD68+ macrophages
(Fig. 2g: brown-stained cells marked with m). None of the
macrophages demonstrated lipid vacuole-laden cytoplasm
and the hyperplastic regions showed no cholesterol-clefting.
These findings are in dual contrast to normal arterial media,
which has continuous sheets of elastin fibers and no
macrophage infiltration, as well as to atherosclerotic
plaques, which demonstrate “foamy” lipid-laden macro-
phages and cholesterol clefting (Miller 2014). Similar
findings were seen focally in the aortic intimal plaques
(Fig. 2e, f, h), though elastin fragmentation was less
prominent compared to the coronary arteries.

Discussion

Cardiomyopathy and cardiac valve disease are very
common manifestations of MPS VII, and frequently

account for mortality in affected patients (Montaño et al.
2016). However, the pathogenesis of MPS VII cardiac
disease is poorly understood due to scarce reports of human
postmortem analyses. Of known histopathology reports of
MPS VII patients (summarized in Table 1), most are in
infants or fetal losses and very few focus upon the
cardiovascular system. A MPS VII male who died suddenly
at age 19 years demonstrated cardiac enlargement,
thickening and calcification of the mitral and aortic valves,
and plaques of the thoracic aorta and left anterior descend-
ing artery (Vogler et al. 1994). The aorta, which demon-
strated cells distended with abundant storage material, was
subsequently shown to have a large amount of elastin
fragmentation (Metcalf et al. 2010). Cardiovascular pathol-
ogy in a 28-year-old MPS VII patient who died in his sleep
identified cardiac enlargement; myocardial interstitial fibro-
sis; pan-valvular thickening, fibrosis, and calcification;
concentric narrowing of all coronary arteries with increased
extracellular matrix, numerous CD68+ macrophages, and
mesenchymal cells distended by storage material (Gniadek
et al. 2015). There was intimal-medial thickening of the
aorta with disruption of the elastin laminae and scattered
CD68+ macrophages within.

Our patient demonstrated similar findings of cardiac
enlargement and dilatation, subendocardial and interfascic-
ular fibrosis, valve thickening, coronary artery stenosis and
aortic plaques both demonstrating prominent intimal-medial
hyperplasia, cellular GAG accumulation, CD68+ macro-
phages, and fragmentation of the elastin laminae. Strik-
ingly, these abnormalities were present at 11 years of age,
indicating significant progression of MPS VII cardiovascu-
lar disease long before patients reach adulthood. The
additional finding of carotid artery intimal-medial hyper-
plasia confirms the utility of carotid ultrasonography in
identifying MPS-related cardiovascular disease in vivo. The
pathologic findings (subendocardial myocardial fibrosis,
dilated/hypertrophic cardiomyopathy, and anesthesia-
induced hemodynamic changes) may all be manifestations

A B C 

Fig. 1 Mitral valve and myocardial histopathology with (a) hematox-
ylin-eosin, (b) trichome stain, and (c) CD68 immunohistochemistry.
Labels: myo myocardium, asterisk mitral valve, m macrophages.

Myxomatous degeneration (red arrowheads), myocardial and valvular
fibrosis (white arrowheads), and macrophage infiltration into valve
parenchyma (brown-stained cells) are noted
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Fig. 2 Prominent luminal stenosis is visualized in hematoxylin-eosin stained (a) coronary artery and (b) ascending aorta. The stenosing
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of longstanding, ongoing ischemic heart disease and have
contributed to the patient’s fatal dysrhythmia (Toda et al.
2001).

While MPS VII cardiovascular lysosomal storage begins
prenatally, the progression and pathogenesis of cardiomy-
opathy, valvular dysfunction, vascular intimal-medial
hyperplasia, and elastin fragmentation are being elucidated
(Irani et al. 1983; Molyneux et al. 1997; Geipel et al. 2002;
Venkat-Raman et al. 2006; Delbecque et al. 2009). The
canine model of MPS VII, which has a severe, rapidly
progressive phenotype, shows mitral and aortic valve
thickening as early as 0.3 years (Sammarco et al. 2000),
and demonstrates similar cardiovascular histopathology
(Muenzer 2011). MPS VII canine aortas also demonstrate
reduced elastin content, increased protease expression and
enzymatic activity, coupled with the abundance of activated
macrophages and increased expression of immune sensing
receptors (toll-like receptor 4) and proinflammatory cyto-
kines (TNFa). Findings implicating GAG-induced inflam-
mation in MPS I canine cardiovascular disease are highly
suggestive of a similar mechanism taking place in MPS VII
(Khalid et al. 2016). The finding of CD68+ macrophages,
which promote inflammation, within valve tissue and
infiltrating arterial parenchyma in this patient lend credence
to this hypothesis. Additional functional or expression
studies are needed to confirm this hypothesis, highlighting
the importance of postmortem tissue collection to under-
stand pathophysiology of MPS VII disease.
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Synopsis

Significant cardiovascular disease (arterial fibrointimal
stenosis, hypertrophic cardiomyopathy, valvular and myo-
cardial fibrosis, and life-threatening dysrhythmias) was
observed in a 11-year-old with mucopolysaccharidosis type
VII; these findings indicate the importance of regular

cardiology monitoring for MPS VII patients starting in
early childhood.
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Fig. 2 (continued) lesions are composed of (c) glycosaminoglycans,
as visualized by periodic acid-Schiff staining and denoted by g, (d)
collagen fibrosis, and storage-containing “clear cells” (red arrow-
heads) as visualized by trichome staining. Elastin fragmentation

(white arrowheads) was more notable in (e) the coronary artery than
the (f) aorta. Macrophages, the CD68 (brown) staining cells marked
with m, were also abundant within the lesions of (g) the coronary
artery and (h) aorta but devoid of lipid-laden vacuoles
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Documentation of Approval from the Institutional
Committee for Care and Use of Laboratory Animals (or
Comparable Committee)

Not applicable (no animal studies).
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Abstract Niemann-Pick disease type C (NPC) is a rare
neurometabolic disorder resulting in impaired intracellular
lipid trafficking. The only disease-modifying treatment
currently available is miglustat, an iminosugar that inhibits
the accumulation of lipid metabolites in neurons and other
cells. This longitudinal diffusion tensor imaging (DTI)
study examined how the rate of white matter change
differed between treated and non-treated adult-onset NPC
patient groups. Nine adult-onset NPC patients (seven
undergoing treatment with miglustat, two not treated)
underwent DTI neuroimaging. Rates of change in white
matter structure as indexed by Tract-Based Spatial Statistics
(TBSS) of fractional anisotropy were compared between
treated and untreated patients. Treated patients were found
to have a significantly slower rate of white matter change in

the corticospinal tracts, the thalamic radiation and the
inferior longitudinal fasciculus. This is further evidence
that miglustat treatment may have a protective effect on
white matter structure in the adult-onset form of the disease.

Introduction

Niemann-Pick disease type C (NPC) is a rare, autosomal
recessive, neurovisceral disorder involving alterations in
intracellular lipid trafficking. Mutations in the NPC1 or the
NPC2 genes result in impaired sterol cycling and accumu-
lation of glycosphingolipids and unesterified cholesterol in
neural and other tissues. The adult-onset form often
presents with psychiatric symptoms, including psychosis,
depression and cognitive difficulties (Walterfang et al.
2006). Progressive neurological symptoms include dyspha-
gia, dysarthria and ataxia, and loss of first vertical, then
horizontal, saccades (Sevin et al. 2007).

The accumulation of lipids in neurons results in changes
to dendritic and axonal morphology (Zervas et al. 2001).
Axonal transport mechanisms are also altered, and hyper-
phosphorylated tau accumulates within neurons (Suzuki
et al. 1995). Cerebellar purkinje cells are particularly
vulnerable to the damaging effects of accumulated GM2
and GM3 gangliosides. Murine models have found that
some cerebellar purkinje populations last longer than
others, with those in the cerebellar vermis generally the
last to be affected (Taniguchi et al. 2001). Cross-sectional
MRI investigations in humans with adult-onset NPC have
found significant reductions in thalamic and hippocampal
volumes, and both cerebellar grey and white matter
volumes compared to age- and gender-matched controls
(Walterfang et al. 2010, 2013).
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Currently, the only disease-specific treatment for NPC is
the iminosugar, miglustat, an inhibitor of glucosylceramide
synthase. This reduces glycolipid storage in neurons and
has been shown in a controlled clinical trial of juvenile,
adolescent and adult-onset NPC to slow disease course
(Patterson et al. 2007). Feline models of NPC have found
increased purkinje cell survival in the cerebella of treated
cats (Stein et al. 2012; Zervas et al. 2001).

Although there have been a number of human neuroim-
aging studies of NPC, there have been few longitudinal
studies. To date, three longitudinal studies have been able
to use brain imaging methods, including volumetric
methods, diffusion tensor imaging and spectroscopy, to
examine treated and untreated patient groups (Bowman
et al. 2015; Masingue et al. 2017; Sedel et al. 2016); these
have shown a restoration of abnormal markers of neuronal
loss and axonal integrity, and a slowing of cerebellar
volumetric changes, respectively. A diffusion tensor-based
analysis of one patient treated with miglustat suggested a
reduction in white matter abnormalities after 1 year of
treatment (Scheel et al. 2010), and a French study that
examined 11 patients over time showed an improvement in
FA in the callosum and corona radiata (Masingue et al.
2017), although no control sample of untreated NPC
patients was used.

In the current study, a diffusion-weighted imaging
analysis was undertaken using FSL’s Tract-Based Spatial
Statistics (TBSS) package to explore possible differences in

the rate of change in fractional anisotropy (FA) between
treated and untreated NPC patients.

Methods

Nine adult-onset NPC patients (five male, four female)
were recruited and scanned at the Royal Melbourne
Hospital, Melbourne, Australia between 2000 and 2012.
The clinical and imaging data are demonstrated in Table 1.
The mean age of the patients at baseline was 33.2 years (SD
9.8 years), with mean age of onset of neurological
symptoms 27.9 years (SD 10.7 years). NPC diagnosis was
confirmed with biochemical analysis of fibroblasts cultured
from skin biopsies, including cholesterol esterification rate
and staining of perinuclear cholesterol. Further details of
patient characteristics can be found in Bowman et al.
(2015).

Seven NPC patients received miglustat treatment from
baseline. Pre-treatment MRI data points were available for
one patient (Patient 3), and one patient refused miglustat
treatment and thus served as a natural control (Patient 7).
Oral miglustat treatment consisted of 200 mg tds, with the
exception of one patient who received 100 mg tds (Patient
9). Three patients (Patients 3, 5 and 6) received oral
atypical antipsychotics from baseline and throughout the
follow-up period. Patient 3 received 10–30 mg/day and
Patient 6 received 30–50 mg/day olanzapine. Patient 5

Table 1 Genetic, clinical and imaging details of treated and untreated patients

Treated
patients Diagnosis

Age at baseline/age at final
follow-up (years)

Follow-up
period (months)

Scan intervals (months from
baseline) Gender

Age of
neurological
onset

1 Filipin: variant 49.3/52.2 34 0, 7, 13, 26, 34 M 47.0

2 Genetic: S940L
S954L

34.7/36.9 21 0, 6, 13, 21 F 29.0

3 Filipin: variant 34.5/38.3 45 0, 6, 14, 22, 30, 37, 45 F 26.0

4 Genetic: G992R
R1186H

45.4/47.8 29 0, 9, 15, 29 F 41.0

5 Genetic: G992R
c.3591+4delA

21.1/25.4 52 0, 7, 12, 19, 25, 32, 40, 52 M 19.0

6 Genetic: R518W
N1156S

32.8/34.0 14 22, 28, 36 M 25.0

8 Genetic: I1061T
I1061T

18.6/23.5 58 0, 10, 15, 18, 22, 26, 31, 38,
46, 58

M 14.0

9 Genetic: R518W
N1156S

35.2/36.1 11 0, 11 F 31.0

Untreated patient

Pre-Tx 6 Genetic: R518W
N1156S

31.0/31.5 6 0, 6 M 25.0

7 Genetic: G992R
R1186H

31.2/33.1 23 0, 23 M 19.0

40 JIMD Reports



received 100 mg/day quetiapine. Additionally, Patient 7
was receiving 500 mg/day oral sodium valproate.

Diffusion tensor imaging (DTI) was undertaken via a 25-
direction (one b0 image) echoplanar imaging sequence with
20 axial 5-mm slices, a b-value of 1,000, TE/TR 90/
6,000 ms a flip angle of 90�, a matrix size of 256 � 256
and voxel dimensions of 0.938 � 0.938 mm.

Participants’ fractional anisotropy (FA) maps were
aligned into a common space using FSL’s FNIRT registra-
tion package (Smith et al. 2004). A mean FA image was
then created and thinned, to isolate a mean “skeleton” of
white matter tracts common to all participants. All
skeletonised FA (sFA) images were then aligned to the
mean skeleton, creating a skeleton for each participant at
each time point. Rate of change of FA over time in each
patient was calculated as the beta coefficient of the linear
regression of the skeletonised FA data across time. Linear
regression across the four-dimensional skeletonised data
was performed using the polyfit function in MATLAB. This
produced a skeleton for each patient containing the rate of
change of white matter FA over time in each voxel.
Between-group analysis was performed on these skeletons
using Randomise in FSL. Randomise uses permutation-
based non-parametric inference using a general linear
model design (Winkler et al. 2014). Images were prepared
using FSL’s Threshold-Free Cluster Enhancement (TFCE)
at p ¼ 0.95.

Results

A number of regions were identified where in untreated
NPC patients’ fractional anisotropy was changing signifi-
cantly faster than in treated patients. These include the
corticospinal tracts, the thalamic radiation and the inferior
longitudinal fasciculus (Fig. 1).

Discussion

Previous cross-sectional studies have found significant
differences in fractional anisotropy between adult-onset
NPC patients and age-matched controls (Walterfang et al.
2010; Masingue et al. 2017). Bilateral widespread reduc-
tions were found in most major white-matter tracts in the
patient groups, including in both projection and association
fibres. The thickness and shape of the corpus callosum are
also found to be significantly reduced in NPC patients
compared to control groups, and the degree of these
changes correlated with illness measures in both adult
(Walterfang et al. 2011) and paediatric (Lee et al. 2014)
patients. One of the few longitudinal studies of NPC
disease progression in treated and untreated patients found

that cerebellar white matter was lost at a significantly faster
rate in untreated patients than in patients treated with
miglustat (Bowman et al. 2015). Similarly, a magnetic
resonance spectroscopy (MRS) study in treated and
untreated patients found a normalisation of the Cho/NAA
ratio in the white matter of the centrum ovale with miglustat
treatment (Sedel et al. 2016).

Axonal structure is known to be altered in NPC and can
include axonal swelling, spheroid formation and abnormal
axonal branching and growth of collaterals (March et al.
1997; Sarna et al. 2003; Zervas et al. 2001). Such
disruptions to healthy axonal growth may reflect the
abnormal transport of cholesterol and other lipid products
to distal axons. Studies have also found a reduction in
myelin-specific proteins that may suggest a disruption to
myelin-producing biochemical pathways in oligodendro-
cytes (German et al. 2002; Goodrum and Pentchev 1997).

Miglustat decreases abnormal and destructive glycolipid
storage in intracellular compartments through the inhibition
of glycosylceramide synthase, and thus the reduction in
ultrastructural changes to axons and impairments in
myelination may be how treatment with miglustat impacts
upon white matter changes in the NPC patient group.

The results of this investigation, the only study to
statistically compare both treated and untreated patients
over time, reveal that white matter change over time as
measured by fractional anisotropy is significantly slower in
NPC patients treated with miglustat compared to untreated
patients, and is concordant with previous findings suggest-
ing that it slows cerebellar volume loss. Whilst our study is
limited by its small sample size, the statistical significance
of our results in even this modest sample suggest that this is
a true biological effect of treatment, and larger samples may
yet demonstrate a more widespread and obvious protective
effect on white matter structures from miglustat treatment.

Synopsis

Treatment with miglustat may affect the rate of alteration of
white matter structure in progression of Niemann-Pick
disease type C.
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Fig. 1 Areas of difference in treated vs untreated patients. Areas of
significantly decreased rate of change in FA in treated compared to
untreated patients. The left column shows sagittal, middle column
coronal and right column axial images. The top row demonstrates a
significant difference in the left corticospinal tract, the middle row

showing changes in the left corticospinal tract and the right inferior
longitudinal fasciculus and the bottom row demonstrating significantly
different change over time in the right thalamic radiation and the right
inferior longitudinal fasciculus
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Abstract Beta-ketothiolase (mitochondrial acetoacetyl-
CoA thiolase) deficiency is a genetic disorder characterized
by impaired isoleucine catabolism and ketone body utiliza-
tion that predisposes to episodic ketoacidosis. It results
from biallelic pathogenic variants in the ACAT1 gene,
encoding mitochondrial beta-ketothiolase. We report two
cases of beta-ketothiolase deficiency presenting with acute
ketoacidosis and “metabolic stroke.” The first patient
presented at 28 months of age with metabolic acidosis
and pallidal stroke in the setting of a febrile gastrointestinal
illness. Although 2-methyl-3-hydroxybutyric acid and trace
quantities of tiglylglycine were present in urine, a diagnosis
of glutaric acidemia type I was initially suspected due to the

presence of glutaric and 3-hydroxyglutaric acids. A
diagnosis of beta-ketothiolase deficiency was ultimately
made through whole exome sequencing which revealed
compound heterozygous variants in ACAT1. Fibroblast
studies for beta-ketothiolase enzyme activity were confir-
matory. The second patient presented at 6 months of age
with ketoacidosis, and was found to have elevations of
urinary 2-methyl-3-hydroxybutyric acid, 2-methylacetoace-
tic acid, and tiglylglycine. Sequencing of ACAT1 demon-
strated compound heterozygous presumed causative
variants. The patient exhibited choreoathethosis 2 months
after the acute metabolic decompensation. These cases
highlight that, similar to a number of other organic
acidemias and mitochondrial disorders, beta-ketothiolase
deficiency can present with metabolic stroke. They also
illustrate the variability in clinical presentation, imaging,
and biochemical evaluation that make screening for and
diagnosis of this rare disorder challenging, and further
demonstrate the value of whole exome sequencing in the
diagnosis of metabolic disorders.
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Introduction

Beta-ketothiolase deficiency is a rare disorder of ketone
body and isoleucine metabolism (Fig. 1). This disorder was
first reported in a patient with recurrent metabolic acidosis
(Daum et al. 1971). Another early report of a patient with
“ketotic hyperglycinemia syndrome” identified a defect in
the reaction converting 2-methylacetoacetyl-CoA to pro-
pionyl-CoA and acetyl-CoA with increased amounts of 2-
methyl-3-hydroxybutyric acid, 2-methylacetoacetic acid,
and butanone excreted in urine (Hillman and Keating
1974). Beta-ketothiolase has since been identified as the
only enzyme able to convert 2-methylacetoacetyl-CoA to
propionyl-CoA and acetyl-CoA (Middleton and Bartlett
1983). The beta-ketothiolase enzyme is encoded by ACAT1,
and the disorder follows autosomal recessive inheritance.

Patients with beta-ketothiolase deficiency typically pres-
ent in early childhood with acute and recurrent ketoacidosis
following an illness (Korman 2006). They are typically
asymptomatic between episodes of metabolic decompensa-
tion (Fukao et al. 2014), which generally decrease in
frequency with age. Similar to a number of other organic
acidemias and mitochondrial disorders, beta-ketothiolase
deficiency can present with metabolic stroke and associated
neurological sequelae (Ozand et al. 1994; Buhas et al.
2013; O’Neill et al. 2014; Yalcinkaya et al. 2001; Shiasi
Arani and Soltani 2014; Akella et al. 2014). Acute
treatment of ketoacidosis in this disorder typically consists
of a high dextrose intravenous (IV) infusion, correction of
the metabolic acidosis with bicarbonate, and carnitine
supplementation if deficient. Chronic management involves

avoiding prolonged periods of fasting and potential dietary
modifications including mild protein restriction and carni-
tine supplementation, if deficient.

We present two patients with beta-ketothiolase defi-
ciency both presenting with ketoacidosis and acute neuro-
logical events. Neither case was detected on routine
newborn screening. These cases highlight variability in
the clinical presentation, imaging, and biochemical evalua-
tion that make screening for and diagnosis of this disorder
challenging.

Materials and Methods

Patient One

A 28-month-old girl presented with a decreased level of
consciousness, hypoglycemia, and profound metabolic
acidosis in the setting of an infectious gastrointestinal
illness with 2 days of emesis and decreased oral intake. On
the day of admission, she was found unresponsive by her
parents. Initial blood glucose was 42 mg/dL (reference
interval: 40–100). Venous blood gas was notable for pH of
6.87 (reference interval: 7.35–7.45), pCO2 of 23 mmHg
(reference interval: 35–45), and measured bicarbonate of
less than 5 mmol/L (reference interval: 20–33). Urine
ketones were estimated to be greater than 80 mg/dL by
dipstick. She was intubated and administered IV boluses of
dextrose, normal saline, and sodium bicarbonate and was
admitted to the intensive care unit. Brain magnetic
resonance imaging (MRI) showed bilateral T2 hyperinten-
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Fig. 1 Beta-ketothiolase deficiency. The location of the metabolic defect is indicated by the solid bar
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sity and reduced diffusivity in the globus pallidi and
substantia nigra (Fig. 2).

Prior to this admission, the child had been healthy and
developing normally. She had a history of preterm birth at

A,B,C

G,H,I

D,E,F

Fig. 2 MRI for patient 1 (a–c) and patient 2 (d–i). Patient 1, images
obtained at 2 years of age: (a) Axial T2-weighted MR demonstrates
T2 hyperintensity of bilateral globus pallidi. (b, c) Diffusion-weighted
imaging (DWI) demonstrates bilaterally restricted diffusion in globus
pallidi and substantia nigra (arrows). Patient 2, images obtained at 14
months of age: (d–f) Axial T2-weighted MRI demonstrates T2

hyperintensity of bilateral putamina, and to a lesser degree globus
pallidi (arrows). (g) Diffusion-weighted imaging (DWI) and (h, i)
apparent diffusion coefficient (ADC) sequences demonstrate that
regions of signal change in putamina and globus pallidi lack restricted
diffusion
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32 weeks gestational age. Two newborn screening (NBS)
specimens had been collected from the infant on day of life
(DOL) 3 and 13 and both were reported as normal (Table 1).

The metabolism service was consulted and recommen-
ded IV 10% dextrose with half-normal sodium acetate and
sodium bicarbonate boluses. Based on an initial suspicon
for an organic acidemia, she was empirically treated with
intramuscular cyanocobalamin and enteral levocarnitine
and riboflavin.

Initial qualitative assessment of urine organic acids was
notable for marked ketosis, with large peaks of 3-
hydroxybutyric and acetoacetic acids predominating. There
was also a medium-chain dicarboxylic aciduria, with
significant quantities of adipic acid together with smaller
amounts of suberic, sebacic, and 3-hydroxysebacic acids in
a pattern consistent with physiologic ketosis. Also notable
were the presence of significant quantities of 2-methyl-3-
hydroxbutyric and glutaric acids, together with trace
quantities of both tiglylglycine and 3-hydroxyglutaric acid.
Plasma acylcarnitine analysis demonstrated increases
in acetylcarnitine (C2) and 3-hydroxybutyrylcarnitine

(C4OH), a pattern consistent with physiologic ketosis.
Notably, concentrations of 2-methyl-3-hydroxybutyrylcar-
nitine (C5OH) and tiglylcarnitine (C5:1) were within the
reference intervals. Plasma free carnitine was mildly
decreased (22.4 mmol/L; reference interval: 26–60) with a
free/total carnitine ratio of 0.31% (reference interval:
0.50–0.90). Plasma amino acid analysis produced a pattern
suggestive of an acute catabolic state, with moderate
increases in the branched chain amino acids. A plasma
glutaric acid level, collected on the day of admission, was
elevated at 1,088 ng/mL (reference interval: <250). Plasma
3-hydroxyglutaric acid was also elevated at 198 ng/mL
(reference interval: <65). Cerebrospinal fluid (CSF) gluta-
ric acid was normal at 98 ng/mL (reference interval: <250)
with increased CSF 3-hydroxyglutaric acid at 121 ng/mL
(reference interval: <65). Based on these results, a
presumptive diagnosis of glutaric acidemia type I (GA I)
was made.

The patient’s metabolic acidosis and ketosis improved
over the first hospital day on high-dextrose containing
fluids, though recurred during an interruption in her IV

Table 1 Concentration of acylcarnitines and ratios relevant for profiling beta-ketothiolase in the newborn screening specimens from patient 1

Relevant
acylcarnitines/
ratios

Specimen 1–DOL 3 Specimen 2–DOL 13
MA

CLR tools

Original Retest Original Retest

cut-
off

99th
%ile of
normal

1st
%ile
of
BKT

5th
%ile
of
BKT

Target cut-
offsValue

Z-
score Value

Z-
score Value

Z-
score Value

Z-
score

C5:1 0.04 3.34 0.05 3.98 0.05 3.98 0.04 3.34 0.08 0.06 0.07 0.15 0.06–0.15

C5OH 0.18 1.44 0.16 1.09 0.14 0.7 0.18 1.44 0.8 0.36 0.49 0.65 0.36–0.82

C4OH – – 0.1 �0.48 – – 0.1 �0.48 0.75 0.47 0.58 0.6 0.47–0.81

C0 29.41 0.74 55.52 2.59 26.01 0.38 28.27 0.63 – 50.55 9.3 11.19 –

C5 0.37 2.5 0.27 1.52 0.33 2.14 0.38 2.58 – 0.38 0.1 0.13 –

C8 0.06 �1.21 0.05 �1.86 0.1 0.61 0.09 0.24 – 0.17 0.03 0.04 –

C16 1.88 �1.44 1.72 �1.7 0.74 �4.18 0.63 �4.65 – 5.73 1.13 1.32 –

C5OH � C5:1 0.007 3.08 0.008 3.28 0.007 3.08 0.007 3.08 0.02 – – – –

C5 � C5:1/
C5OH

0.082 2.83 0.084 2.88 0.118 3.52 0.084 2.88 0.05 – – – –

C5OH/C8 2.74 1.77 3.16 2.12 1.40 0.22 2.00 1.01 10 7.81 3.68 4.95 7.81–10

C5OH/C0 0.006 – 0.002 – 0.005 – 0.006 – – 0.02 0.02 0.02 0.018–0.026

C4OH/C16 – – 0.06 – – – 0.16 – – 0.13 0.27 0.28 0.13–0.28

BKT beta-ketothiolase deficiency. Concentrations and values shown are those reported originally and after retesting after diagnosis (at time of
retest additional markers including C4OH were also being analyzed for routine screening). Values for the 99th percentile of the normal population,
and the 1st & 5th percentiles in confirmed BKT cases, and recommended cut-offs for the relevant markers and ratios in the CLIR-R4S database
are shown [http://www.clir-r4s.org/; accessed 05/22/2017]. C5:1, C5OH and C4OH are expected to be high in BKT. C0, C5, C8, and C16 are
utilized for calculating ratios and scores to risks of BKT by the NBS Analytical Tools in the CLIR-R4S databases and by the New England
Newborn Screening Program (NENSP). C5OH � C5:1, [C5 � C5:1/C5OH] and C5OH/C8 are utilized by NENSP for evaluating BKT profiles/
risk of disorder. C5OH/C8, C5OH/C0 and C4OH/C16 are required by calculating a score/risk of disorder by the CLIR-R4S in the current BKT
Post-Analytic Tool [BKT 009 2012-01-08 Single-D]. The score for patient 1 calculated using the BKT Post-Analytic Tool was “0” in both
specimens with the interpretation “Score Profile is not informative for BKT”
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fluids and enteral nutrition. Repeat plasma and urine
glutaric acid and 3-hydroxyglutaric acid levels obtained
during the hospitalization were normal.

Clinically, her level of consciousness improved and she
was extubated on hospital day four. She was noted to have
generalized athetosis and dystonia, particularly affecting her
left leg. She was started on baclofen, trihexyphenidyl,
gabapentin, melatonin, and clonazepam. Due to the
suspicion for (GA I), a diet low in tryptophan and lysine
was initiated.

Enzyme analysis of glutaryl-CoA dehydrogenase was
performed in cultured skin fibroblasts and was normal.
Sequencing of GCDH for GA I was negative. Additionally,
mitochondrial genome screening and sequencing of
SURF1, SCO2, and COX10 to evaluate for mitochondrial
disorders were unremarkable. She was transitioned back to
a regular diet and riboflavin and levocarnitine supplements
were discontinued. A follow-up urine collected approxi-
mately 1 week later was essentially normal, with only trace
levels of 2-methyl-3-hydroxybutyric and 3-hydroxybutyric
acids and the medium-chain dicarboxylic acids noted.
During subsequent hospital presentations for fever and
emesis, she was found to have normal or mildly elevated
plasma and urine glutaric and 3-hydroxyglutaric acids, and
qualitative urine organic acid profiles that were either
normal or consistent with ketosis with trace levels of 2-
methyl-3-hydroxybutyric acid.

Her dystonia gradually improved and she was ultimately
weaned off baclofen, gabapentin, trihexyphenidyl, clonaze-
pam, and melatonin. At present, she is developmentally
normal with spasticity of the lower extremities and
occasional dyskinesia of the upper extremities.

Patient 2

A 6-month-old male infant was seen by his pediatrician in
the setting of 2 days of nasal congestion and otitis media.
The following day, he presented to the emergency depart-
ment with lethargy and Kussmaul respirations and was
found to have severe ketoacidosis, with a blood gas notable
for a pH of 7.07, calculated bicarbonate of 3 mmol/L, and
base excess �27. Urinalysis showed 4+ ketones by
dipstick. He was given an IV fluid bolus and admitted to
the intensive care unit.

Prior to this presentation, the patient had been develop-
ing normally. At 3 months of age, he had a focal seizure of
unclear etiology. Electroencephalogram, head CT, and brain
MRI prior to his metabolic decompensation were normal.

Infectious studies returned positive for adenovirus. Urine
organic acids showed marked excretion of 3-hydroxybuty-

ric acid, acetoacetic acid, lactic acid, 2-methyl-3-hydrox-
ybutyric acid and 2-methylacetoacetic acid, and trace
excretion of tiglylglycine. A plasma acylcarnitine profile
revealed elevated C2 and markedly elevated C4OH with
normal C5OH and C5:1. Plasma-free carnitine was
decreased at 15 mmol/L and total carnitine was normal.
Plasma amino acids and urine acylglycines were unremark-
able.

He was administered IV levocarnitine while inpatient,
and switched to oral levocarnitine for home. He also
received high-dextrose IV fluids containing sodium bicar-
bonate. His severe ketoacidosis persisted for 24 h and then
slowly improved, normalizing on the third hospital day.

At a follow-up visit 2 months after his hospitalization, it
was noted that the patient had not attained any further
developmental milestones. Three months after his hospital-
ization, at 8 months of age, he was found to have near
continuous choreoathetoid movements of his extremities.
Brain MRI at 14 months of age demonstrated interval
development of increased T2 signal of the bilateral lenti-
form nuclei, as well as scattered foci of increased T2 signal
in the periventricular and subcortical white matter (Fig. 2).

The patient has not since presented with any episodes of
ketoacidosis. He continues to receive physical, occupa-
tional, and speech therapy and his oral intake remains poor.
Clonazepam was tried, but appeared to decrease his appetite
even more and did not improve his movement disorder.

Whole Exome Sequencing (Patient 1)

Total genomic DNA was extracted from peripheral blood
mononuclear cells using QIAmp DNA Mini Kit (Qiagen).
DNA from the proband and both biological parents was
sent for whole exome sequencing (WES). WES was
provided by the Yale University Center for Mendelian
Genomics on an Illumina HiSeq 2000 instrument with
blood samples pooled 6 per lane. Libraries (TruSeq DNA
v2 Sample Preparation kit; Illumina, San Diego, CA) and
whole exome capture (EZ Exome 2.0, Roche) were
performed according to manufacturer protocols. FASTQs
were filtered, aligned, and variants were filtered and
annotated by Codified Genomics (proprietary algorithm,
Houston, TX). Sanger confirmation of the candidate variant
was performed at the Boston Children’s Hospital Manton
Center Gene Discovery Core. Likely pathogenic variants
were selected to include nonsynonymous, splice site, and
indel variants with an allele frequency <1% in the NHLBI
exome variant server database (http://evs.gs.washington.
edu/EVS/) or 1000 genomes project (http://www.1000ge-
nomes.org) and were evaluated in the ExAC database
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(http://www.exac.broadinstitute.org). The pathogenicity of
the variants was evaluated in silico using Polyphen-2, SIFT,
and MutationTaster.

ACAT1 Gene Sequencing (Patient 2)

ACAT1 was clinically sequenced using standard PCR and
sequencing methods.

Beta-Ketothiolase Enzyme Activity Measurement
(Patient 1)

Beta-ketothiolase enzyme activity was measured in a
fibroblast homogenate prepared in phosphate buffered
saline by sonication. 2-Methylacetoacetyl-CoA was used
as substrate in the reaction in the presence of CoA. After
termination of the reaction, substrate and product (pro-
pionyl-CoA) were separated by ultra-high pressure liquid
chromatography.

Results

Patient 1

WES revealed 470 variants that satisfied the frequency
filtration criteria. Of these, 26 were either de novo
dominant or recessive (homozygous or compound hetero-
zygous in trans). Genes overlapping those variants were
further evaluated for human disease or animal models
consistent with the phenotype and only one gene, ACAT1,
fulfilled the criteria. A splicing variant, c.1006-1G>C, was
maternally inherited while a missense variant, c.1160T>C,
p.Ile387Thr, was paternally inherited. The splicing variant
has been previously reported as pathogenic (Fukao et al.
1992a) and is not seen in ExAC database (Lek 2016). The
missense variant c.1160T>C occurs at a highly conserved
position, is seen in only four individuals in ExAC, all
heterozygous (mean allele frequency or MAF <0.003%),
and is predicted to be pathogenic by several in silico
methods including Polyphen-2, SIFT, and MutationTaster.

Analysis of beta-ketothiolase activity in cultured skin
fibroblasts from patient 1 confirmed the diagnosis, as the
enzyme activity was markedly reduced to below the limit of
quantitation of the assay at <1 nmol/(min.mg of protein)
[reference interval: 23–74 nmol/(min.mg of protein)].

Patient 2

ACAT1 sequencing revealed bi-allelic mutations, one of
which, c.1006-2A>C, has been previously reported as
pathogenic (Fukao et al. 1992b) and is seen in only four
individuals in ExAC, all heterozygous (MAF <0.003%).

The other, c.299G>A, p.Gly100Glu, is not previously
reported but occurs at a highly conserved position, is
predicted to be pathogenic by SIFT, Polyphen-2 and
MutationTaster, and is not seen in ExAC.

Discussion

Beta-ketothiolase deficiency is an autosomal recessive
disorder impairing isoleucine catabolism and ketone body
utilization that predisposes to episodic ketoacidosis (Fig. 1).
We present two patients with beta-ketothiolase deficiency
manifesting with ketoacidosis and neurological injury. The
diagnosis in the first patient was not suspected clinically,
and in fact biochemical evaluation misdirected the work-up
towards GA I, despite the presence of 2-methyl-3-hydrox-
ybutyric acid and trace quantities of tiglylglycine on initial
qualitative urine organic acid analysis (although these
metabolites were absent from subsequent urine organic
acid analyses). “Hypothesis-free” testing with WES was
required to make the diagnosis, confirmed by enzyme
analysis. The second case showed the classic metabolic
profile of beta-ketothiolase deficiency, directing clinicians
to the appropriate diagnosis. The dichotomy of these cases
serves to highlight the challenges in the biochemical
diagnosis of beta-ketothiolase deficiency. The classic
metabolic perturbations seen in this disorder, namely
elevations of 2-methyl-3-hydroxybutyric acid, 2-methyla-
cetoacetic acid, and tiglylglycine in urine, with C5OH and
C5:1 in plasma, may not all be present. This is even more
problematic in patients with residual enzyme activity, and
during periods of clinical stability (Fukao et al. 2003, 2012;
Sarafoglou et al. 2011). In particular, 2-methylacetoacetic
acid is unstable and can be difficult to detect with routinely
used methods for organic acid analysis (Korman 2006;
Catanzano et al. 2010).

Patient 1 was initially suspected to have GA I based on
elevations of glutaric acid and 3-hydroxyglutaric acid in
urine and 3-hydroxyglutaric acid in CSF during her initial
presentation. Both enzymatic and genetic testing for this
disorder were entirely normal, arguing against even a
carrier state. The explanation for these transient elevations
is not clear, but could relate to a generalized mitochondrial
dysfunction in the context of her severe metabolic
decompensation. It is also worth noting that metabolic
stroke in GA I typically involves the striatum, which was
entirely spared in our first patient.

Neither case was detected through NBS, which has been
previously observed in this disorder (Sarafoglou et al. 2011;
Estrella et al. 2014). Rather, both patients were diagnosed
after an acute decompensation had already occurred, high-
lighting the need for improved early diagnosis. Beta-
ketothiolase deficiency is diagnosed in many NBS pro-
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grams through demonstration of increased C5OH and C5:1
levels on a dried blood spot specimen. However, the
concentrations of these markers may be normal in affected
patients. While the incidence of this disorder has been
reported at approximately 1 in 1,000,000, this is widely
considered to be an underestimate, and significantly more
cases are likely to be detected through expanded NBS
programs in the United States. Data from two NBS programs
suggest an incidence closer to 1 in 200,000–300,000
(Sarafoglou et al. 2011; Frazier et al. 2006; Abdelkreem
et al. 2016). The NBS results for patient 1 were scrutinized
closely when she presented clinically, and it was noted that
the concentration of C5:1 in the two specimens was in the
high normal range in both at 0.04 and 0.05 (reference range
<0.08), which at the time was attributed to her prematurity.
The concentration of C5OH was normal. C4OH, now
routinely analyzed and utilized to evaluate the metabolic
profile for beta-ketothiolase deficiency, was not part of
the analyses when this infant was originally screened.
The original screening specimens were retrieved after the
diagnosis of beta-ketothiolase deficiency was confirmed and
reanalyzed to evaluate these additional markers (Table 1).
Although C5:1 was in high range of normal, the metabolic
profile was not suggestive of beta-ketothiolase deficiency.
The results were also compared and scored using the Post
Analytic Interpretative Tools of the CLIR-R4S collaborative
database (Marquardt et al. 2012). The score for patient 1 was
“0” in both specimens with the interpretation “Score Profile
is not informative for BKT.” Notably, the C5:1 concentration
in both specimens was below the 1st percentile of C5:1
concentration in confirmed beta-ketothiolase deficiency cases
in the database.

Both of the patients that we present developed metabolic
stroke, one affecting the globus pallidi and the other the
striatum. This variability in the location of metabolic stroke
associated with beta-ketothiolase deficiency is consistent
with what has been previously described in the literature
(Table 2) and is unique amongst organic acidemias since
metabolic stroke in these disorders typically shows a
striking selective vulnerability for specific structures.
Interestingly, patients with 2-methyl-3-hydroxybutyrate
dehydrogenase deficiency (HSD10 disease), another disor-
der of isoleucine metabolism in which elevated 2-methyl 3-
hydroxybutyric acid and tiglylglycine are observed, but not
2-methylacetoacetic acid, can present with metabolic stroke
affecting the basal ganglia in addition to other abnormalities
seen on neuroimaging such as cortical atrophy (Cazorla
et al. 2007; Zschocke 2012). The explanation for this
variability in metabolic stroke pattern could potentially
relate to factors such as central nervous system maturity,

modifier genes, or relative accumulation of toxic metabo-
lites. This certainly poses a barrier to MRI pattern
recognition of metabolic stroke in this disorder.

In conclusion, we present two individuals with beta-
ketothiolase deficiency, illustrating the wide variability in
clinical presentation, imaging, and biochemical studies that
make diagnosis challenging. The first patient also high-
lights the utility of WES in the diagnosis of rare inborn
errors of metabolism, particularly when biochemical evalu-
ation is non-contributory or incongruent with the clinical
picture. A high index of clinical suspicion in the infant or
young child presenting with severe ketoacidosis is required
for prompt diagnosis and potentially life-saving medical
management.

Synopsis

Beta-ketothiolase deficiency, causing episodic, severe
ketoacidosis, can present with metabolic stroke and may
be difficult to diagnose biochemically.
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Abstract Glycogen accumulation in the central nervous
system of patients with classical infantile onset Pompe
disease (IOPD) has been a consistent finding on the few
post-mortems performed. While delays in myelination and
a possible reduction in processing speed have previously
been noted, it has only been recently that the potential for
clinically significant progressive white matter disease has
been noted. The limited reports thus far published infer that
in some IOPD patients, this manifests as intellectual decline
in the second decade of life. We present a CRIM negative
patient, immunomodulated with rituximab and methotrex-
ate at birth, who despite an initial good clinical response to
ERT, at the age of just under 4 years, presented with
evolving spasticity in the lower limbs. The investigation of

which revealed progressive central nervous system involve-
ment. Given both the earlier onset of the symptoms and
consanguineous familial pedigree, extensive biochemical
and genetic investigation was undertaken to ensure no
alternative pathology was elucidated. In light of these
findings, we review the radiology and post-mortems of
previous cases and discuss the potential mechanisms that
may underlie this presentation.

Introduction

Prior to the advent of enzyme replacement therapy (ERT),
patients with the classical infantile onset variant of Pompe
disease (IOPD), a lysosomal storage disease due to a
deficiency in the enzyme acid a-glucosidase (GAA) (Hers
1963) (OMIM #232300), typically died within the first year
of life (van den Hout et al. 2003). The inherent mortality
has been predominately attributable to cardiorespiratory
failure (Byrne et al. 2011) with both the cardiac hypertro-
phy and the peripheral myopathy inherent to the excessive
skeletal muscle lysosomal glycogen accumulation, being
the major causes of morbidity and mortality (Lim et al.
2014).

While glycogen has been demonstrated to accumulate in
central neuronal tissue (Gambetti et al. 1971), even
prenatally (Chen et al. 2004), its effects have thus far been
apparently limited. For although an initial case series of five
patients of treated with ERT suggested patients may suffer
from delay in CNS myelination, or in one severe case a
possible dysmyelination (Chien et al. 2006) the clinical
significance of these findings has been unclear, with
cognitive outcome over the first decade not overtly
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impaired, excepting a slight reduction in processing speed
(Ebbink et al. 2012; Spiridigliozzi et al. 2013). Even in the
two case reports with recorded white matter changes in
early childhood, one was gaining clinical skills (Rohrbach
et al. 2010) and while clinical decline was noted in the
second case. This was related to both the expected
myopathy and an additional peripheral neuropathy, rather
than be central in origin (Burrow et al. 2010). Indeed, only
recently have there been suggestions that IOPD patients
may be at risk of a clinically significant sequelae from
progressive central nervous system disease. The most
prominent case thus far thus involved a 9-year-old IOPD
patient whose observed intellectual decline was linked with
extensive and progressive periventricular and subcortical
white matter lesions (Ebbink et al. 2016). We report
progressive white matter changes presenting in early
childhood in a classical IOPD patient and their clinical
impact, where extensive biochemical and genetic inves-
tigations have failed to show alternative causation to IOPD.

Methods

The genetic investigations were performed using a combi-
nation of Next Generation Sequencing (NGS) approaches.
The first NGS analysis utilised a preselected vitamin and
organic acid subpanels in an in-house panel of 226 genes
involved with known metabolic pathways (Ghosh et al.
2017). Here DNA from a sample of blood was enriched by
an Agilent SureSelect Custom Design target-enrichment kit
(Agilent, Santa Clara, CA, USA) and sequenced with
Illumina HiSeq 2500 (Illumina, Inc., San Diego, CA,
USA). Subsequent sequence alignment, variant calling and
annotation and filtering strategy were performed as reported
previously from our laboratory (Ellingford et al. 2016). The
second NGS approach was a targeted exome approach
using genes selected based on both the 2015 consensus
document for the definition of leukodystrophies and
leukoencephalopathies (Vanderver et al. 2015) and those
known to cause hereditary paraplegias (Hensiek et al.
2015). The hereditary paraplegias looked at were those
with an autosomal recessive inheritance, presenting with a
pure paraplegia or a complex presentation with documented
leukodystrophy. As with the NGS panel the target exome
used DNA derived from peripheral blood sampling which
was enriched using Agilent SureSelectXT Focused Exome
(Agilent, Santa Clara, CA, USA) and sequenced on the
NextSeq500 (Illumina, Inc., San Diego, CA, USA). Variant
calling using samtools v0.1.18, with hg19 human genome
as a reference, and analysis performed using VarSeq®

(Golden Helix, Bozeman, MT, USA) to identify variants
present in the genes of interest with an allele frequency
<1% in control populations.

CSF glucose tetrasaccharide analysis by HPLC was
performed on a sample snap frozen with liquid nitrogen at
the bedside, using the methodology previously described
(Prunty et al. 2015).

Patient and Results

The patient, part of an extended consanguineous family
affected with IOPD, was initially noted to have hypertro-
phic cardiomyopathy on prenatal echo at 30 weeks’
gestation. He was subsequently born spontaneously, prema-
turely at 33 + 4 weeks’ gestation. On delivery, minimal
cardiac hypertrophy was seen but no other clinical
abnormalities identified. Confirmation of IOPD was via
lymphocyte assay and genotyping. The later showing him
to be homozygous for the familial c.2237G>A p.(Trp746*)
mutation, a severe mutation (Beesley et al. 1998) associated
with a CRIM Negative phenotype (Broomfield et al. 2016).
Immunomodulation with four doses of rituximab (375 mg/
M2) and low dose methotrexate (2 doses of 0.4 mg/kg
around the first six infusions) and subcutaneous immuno-
globulin support was thus initiated with the onset of
Myozyme 20 mg/kg weekly at 35 weeks’ gestation. This
dose of Myozyme was continued weekly for the first 3
months then given alternate weeks as per national protocol.
No immediate acute complications were observed, with
lymphocytic reconstitution occurring at 11 months of age.
Clinical progress was good with normal developmental
milestones achieved over the first 3 years of life with steady
walking achieved at 16 months. No anti-Myozyme IgG
antibodies have ever been detected.

However, at 3 years 10 months a change in gait was
noted. On examination, there was increasing tightness
initially in the left, then bilaterally in dorsiflexors and
ultimately tight Achilles tendons. This was associated
with hyperreflexia of the ankle reflexes but no other
defects in peripheral neurology with proximal lower limb
power remaining good and normal knee reflexes (see
Fig. 1). This progressed over the course of the next year
resulting in a loss of ambulation. An increase in dysarthria
was noted 6 months after the lower limb signs, however
audiology, cardiac and polysomnography were still unre-
markable. One year on dysphagia has developed with
aspiration seen on videofluoroscopy. The latest Wechsler
Preschool and Primary Scale of Intelligence (WPPSI–IV)
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performed at 4 years 10 months, showed global severe
impairment.

Given the increasingly distal lower limb spasticity, the
history of prematurity and the consanguinity of the family,
a central nervous system pathology was considered the
most likely aetiology, possibly unrelated to the infantile
onset Pompe disease. MRI brain at just over 4 years of age
showed a predominately frontoparietal white matter
involvement, initially mildly more extensive on the right
than the left reflecting clinical symptomology. The
subsequent imaging 6 months later showed progression of
the changes but now included mild new bilateral involve-
ment of the external capsules. Follow-up imaging also
included single voxel MR Spectroscopy TE ¼ 30 ms
obtained from the region of the right basal ganglia and the
left frontal deep white matter. Spectrum from the affected
left frontal deep white matter was abnormal, with increased
choline (Cho) and inositol (Ins) peaks, and reduced N-
acetyl Aspartate peak, reflecting myelin and neuronal loss.
MR Imaging findings are shown in Fig. 2.

Extensive biochemical, autoimmune and infective work
up was initiated on the discovery of the white matter
changes. Paired Plasma and CSF amino acids, lactates and
glucose were all unremarkable as were CSF pterins, B6 and
biogenic amine analysis. Similarly, acyl and plasma
carnitines, plasma total homocysteine, cholesterol, plasma
urate, VLCFAs, transferrin isoelectrofocusing, white cell
enzymology and urinary profiling for purine and pyrimi-
dine, bile acid, oligosaccharides and glycosaminoglycans.
The only detectable biochemical abnormality was a CSF
MTHF of 35 nmol/l (normal range 52–105), though plasma
and red cell folate levels were within the normal range. The
patient has been subsequently supplemented with oral

calcium folinate at 15 mg/day without discernible response.
Glucose tetrasaccharide (Glc4) in CSF was undetectable by
HPLC analysis. The infective work up showed negative
plasma and CSF PCR for VZZ, HSV, enterovirus and prior
JC polyomavirus (JCV) infection. Immunological work up
included normal total immunoglobulin, ANA, pANCA
levels with anti-phospholipid antibodies being absent.
Vitamin E and copper, the biochemical causes of spasticity
not already covered in the biochemical white matter screen
were also found to be normal.

Initial genetic profiling concentrated on known causes of
low CSF folate and showed no pathogenic variants in
FOLR1, MTHFR, SLC46A1, DHFR, and indeed only two
variants of unknown significance in BCKDHD and PCCA
both of which could be excluded as pathogenic based on
the normal biochemistry. Similarly blood mitochondrial
DNA analysis for common point mutations, deletions and
duplications was normal. Subsequent analysis using the
targeted exome revealed eight variants of unknown signifi-
cance in eight genes. For the full list of genes selected and
coverage please see Appendix, all the primary leukodystro-
phies, as classified by a recent European consensus group
(Vanderver et al. 2015), had good coverage with none of
the eight variants identified are predicted to be pathogenic
(Richards et al. 2015).

Discussion

The case is the youngest treated IOPD patient who has
demonstrated centrally mediated neurological regression.
Given the consanguineous background, extensive investi-
gation was attempted to ensure no secondary disease was

Fig. 1 Progression of distal spasticity in lower limb spasticity series, taken at 3 years 9 months to 4 years 4 months and 5 years
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present, both to rule out a second treatable pathology and or
identify potential targets for wider family screening. The
only abnormal biochemical finding was a low CSF folate,
though the level was not suggestive of a primary disorder of
folate metabolism. Indeed, the subsequent sequencing of
the genes involved in folate metabolism failed to show
primary defect nor were any mitochondrial DNA point
mutations, duplications or deletions defined in blood. The
level of the folate was not suggestive of a primary defect
and may well, given the extensive pathological cascades
established in Pompe, reflect ongoing oxidative stress
(Aylett et al. 2013). The likelihood of the leukodystrophy
being driven by a reduction in CSF Methyltetrahydrofolate
levels is further reduced by the lack of response to calcium
folinate supplementation. There were no obvious
infective or immunological triggers seen with JCV infection

specifically investigated, given its known association with
progressive multifocal leukoencephalopathy post rituximab
utilisation (Jelcic et al. 2015).

The lack of an alternative diagnosis despite extensive the
biochemical and genetic work up would support the
inference that, the progressive white matter disease was
secondary to the patient’s IOPD. Radiological comparison
of this case to those previously documented would also
seem to support this supposition. In total, there are currently
eight reported IOPD patients on ERT with MRI changes
(Burrow et al. 2010; Chien et al. 2006; Ebbink et al. 2016;
Rohrbach et al. 2010). The radiology in these cases is very
similar to this case, with all patients showing a periven-
tricular white matter involvement with apparent sparing of
the U fibres. Given the extent of the white matter disease in
this patient, it was somewhat surprising to see sparing of

Fig. 2 MRI brain and MR spectroscopy findings. First row: initial
MRI brain at 4 years. Five axial T2 images from the level of the
internal capsules to the level of the centrum semiovale, and a coronal
FLAIR image through the corona radiata. These demonstrate bilateral
white matter changes with frontoparietal predominance involving the
periventricular, deep and subcortical white matter with sparing of the
U-fibres and internal capsules. In the lower row, the corresponding
images to first row are displayed taken at 4 years 7 months. These
demonstrate the progression of the white matter changes, which now

also includes new mild bilateral involvement of the external capsules.
The single voxel MR spectroscopy at the age of 4 years 7 month, on
the left obtained from the right basal ganglia, and on the right from the
affected left frontal deep white matter. Apart from an increased
Myoinositol (Ins) peak, the main metabolites spectrum from the right
basal ganglia is within normal limits for the patient’s age. The
spectrum from the affected left frontal deep white matter is abnormal
with increased Choline (Cho) and Ins peaks, and reduced NAA peak,
reflecting myelin and neuronal loss
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the internal capsule, however myelination was observed in
the internal capsule in all five of the case series of Chien
et al., albeit at a slightly later age than expected (Chien
et al. 2006). In the oldest patient, there was again
periventricular involvement and subcortical white matter
involvement with subcortical predominance (Ebbink et al.
2016). Both the Ebbink et al. case and the patient here had
involvement of the corticospinal tracts including the
internal capsule, though Ebbink et al. reported no overt
clinical sequelae unlike this case.

Mechanistically the potential for central neurological
involvement in IOPD has been frequently postulated
(Burrow et al. 2010; Chen et al. 2004; Rohrbach et al.
2010). Historical autopsies clearly demonstrate the presence
of widespread glycogen deposition in the brain (Gambetti
et al. 1971; Mancall et al. 1965; Martin et al. 1973;
Shotelersuk et al. 2002). Typically, the autopsies show
greatest neuronal glycogen accumulation in the cranial
motor nuclei and cerebellar nuclei (Mancall et al. 1965;
Martin et al. 1973) with minimal build up in the cerebral
cortex (Mancall et al. 1965; Martin et al. 1973; Teng et al.
2004). However, despite limited glycogen deposition the in
the cortex, past autopsies have shown both neuronal loss
(Mancall et al. 1965) and extensive gliosis. Indeed, in IOPD
autopsies glial cell accumulation appears to be greatest in
the white matter (Gambetti et al. 1971; Martin et al. 1973).
This process of neuronal loss and gliosis would be
supported by the spectroscopic findings in this case and
the limited previous spectroscopic data (Burrow et al. 2010;
Chien et al. 2006) where low NAA/creatinine ratios,
suggesting neuronal loss, and raised Choline/creatinine
ratio indicative of either demyelination or gliosis have been
noted.

Given their pivotal role in CNS myelination (Bercury
and Macklin 2015), it is always important to consider the
role of oligodendrocytes in any white matter abnormality,
especially given that in IOPD, oligodendritic accumulate of
glycogen outweighs that of other glial cells (Gambetti et al.
1971). For although absolute oligodendrocyte numbers
appear not to be altered In IOPD (Gambetti et al. 1971;
Mancall et al. 1965), little is known about the potential
impact of glycogen accumulation on oligodendrocyte
function. However, given the impact of a-glucosidase has
on mTOR regulation (Lim et al. 2017) and the importance
of mTOR has on oligodendrocyte differentiation (Bercury
et al. 2014), the potential for oligodendrocyte dysfunction
in IOPD seems a worthwhile avenue worthy of further
investigation.

Given that glycogen accumulation is the pivotal patho-
logical determinant in the subcellular cascades (Lim et al.
2014), it interesting to note that the patients with the most
extensive radiological neurological involvement reported
thus far, have demonstrated or would be predicted to show
the lowest enzymatic activity. Thus case 1, the most
severely affected of the series of Chien et al. (2006), had
the lowest fibroblast, while the both the patient reported
here and that in the case of Rohrbach et al. (2010), have
genotypes predictive of no functional protein production. It
may thus be the central nervous system involvement in part
underlies the seemingly worse outcome in CRIM negative
patients (Kishnani et al. 2010), with increasing suggestions
that the poor outcome may not always be antibody
mediated (Broomfield et al. 2016). The paradigm being
that even minimal increases in glycogen clearance, affected
by minimally functioning a-glucosidase results in milder
CNS disease. This seems to be born out given the
variability in the amount of glycogen found in the CNS in
children diagnosed in early childhood (Martini et al. 2001;
Martin et al. 1976).

In conclusion, this is the earliest case of apparent
progressive CNS disease documented thus far in the classical
onset IOPD population, where extensive investigation has
failed to find an alternative causation. It adds to the growing
evidence that the CNS accumulation of glycogen in classical
onset IOPD cases may not be as benign as previously
considered and may indicate the need for greater surveillance
of the central nervous system in the IOPD population from an
early age. For although thus far the clear majority of IOPD
patients have no apparent manifestations of progressive
white matter involvement, CNS involvement should at least
be considered in IOPD who are showing increasing func-
tional loss, whatever their age.

Synopsis

Some patients with the classical variant of infantile onset
Pompe disease run the risk of an early childhood onset
progressive white matter involvement.
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Appendix

Genes examined by NGS targeted panel approach:

ABCD4, ACSF3, AMN, AUH, BCKDHA, BTD,
CD320, CUBN, DBT, DHFR, DHFRL1, DNAJC19,
FOLR1, FLOR2, FOLR3, FTCD, GIF, HCFC1, HLCS,
IVD, LMBRD1, MCCC1, MCCC2, MCEE, MMAA,
MMAB, MMACHC, MTHFD1, MTHFR, MTR, MTRR,
MUT, OPA3, PCCA, PCCB, PPMIK, SERAC1, SLC19A3,
SCL46A1, SLC52A1, SLC52A2, SLC5A3, SCULA2,
SUCLG1, TAZ, TCN1, TCN2, TMEM70.

Unclassified variants identified through screening were
the BCKDHD c.-4G>C heterozygote and PCCA
C.1236A>G p.(Pro421Pro) het.

Genes examined using NGS targeted exome approach:
ACOX1, ACP5, AIMP1, ATN1, ATP7B, BCAP31,

CGA, CLCN2, CLCN7, COL4A1, COL4A2, CSF1R,
CTC1, DARS, DARS2, DCAF17, EARS2, EIF2B1,
EIF2B2, EIF2B3, EIF2B4, EIF2B5,ERCC2, ERCC3,
ERCC5, ERCC6, ERCC8, FA2H, FAM126A, FARS2,
FHL1, FHL2, FKRP, FKTN, GAN, GBE1, GFAP, GJA1,
GJC2, GPR56, GTF2H5, HSD17B4, HSPD1, HTRA1,
JAM3, LAMA2, LARGE, LMNB1, MAGT1, MARS2,
MLC1, MPLKIP, NDUFS1, NOTCH3, NPC1, NPC2,
NUBPL, OCLN, OCRL, OSTM1, PEX1,PEX2,PEX3,
PEX5,PEX6, PEX7, PEX10, PEX11B, PEX12, PEX13,
PEX14, PEX16, PEX19, PEX26, PLP1, PMM2, POLD1,
POLR1C, POLR3A, POLR3B, POMGNT1, POMT1,
POMT2.

RNASET2, SLC16A2, SLC17A5, SLC25A12,
SLC7A2, SPG5A, SPG7, SPG11, SPG15, SPG18,
SPG26, SPG35, PG53, TREM2, TUBB4A, TYROBP,
ZFYVE26.

Unclassified variants identified using NGS targeted
exome approach:

NM_025000.3 DCAF17 c.1030T>C p.(Trp344Arg)
het

NM_004366.5 CLCN2 c.1930C>T p.(Arg644Cys)
het

NM_003630.2 PEX3 c.161G>A p.(Arg54Gln) het
NM_001940.3 ATN1 c.1500_1508delGCAGCAGCA p.

(Gln500_Gln502del) het
NM_000053.3 ATP7B c.442C>T p.(Arg148Trp) het
NM_013382.5 POMT2 c.2223A>G p.(¼) het
NM_025137.3 SPG11 c.3146-4C>A het
NM_152415.2 SPG53 c.834A.G het
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Abstract Identification of very long-chain acyl-CoA dehy-
drogenase deficiency is possible in the expanded newborn
screening (NBS) due to the increase in tetradecenoylcarni-
tine (C14:1) and in the C14:1/C2, C14:1/C16, C14:1/C12:1
ratios detected in dried blood spots. Nevertheless, different
confirmatory tests must be performed to confirm the final
diagnosis. We have revised the NBS results and the results
of the confirmatory tests (plasma acylcarnitine profiles,
molecular findings, and lymphocytes VLCAD activity) for
36 cases detected in three Spanish NBS centers during
4 years, correlating these with the clinical outcome and
treatment. Our aim was to distinguish unambiguously true
cases from disease carriers in order to obtain useful

diagnostic information for clinicians that can be applied in
the follow-up of neonates identified by NBS.

Increases in C14:1 and of the different ratios, the presence
of two pathogenic mutations, and deficient enzyme activity
in lymphocytes (<12% of the intra-assay control) identified
12 true-positive cases. These cases were given nutritional
therapy and all of them are asymptomatic, except one.
Seventeen individuals were considered disease carriers
based on the mild increase in plasma C14:1, in conjunction
with the presence of only one mutation and/or intermediate
residual activity (18–57%). In addition, seven cases were
classified as false positives, with normal biochemical
parameters and no mutations in the exonic region of
ACADVL. All these carriers and the false positive cases
remained asymptomatic. The combined evaluation of the
acylcarnitine profiles, genetic results, and residual enzyme
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activities have proven useful to definitively classify indi-
viduals with suspected VLCAD deficiency into true-positive
cases and carriers, and to decide which cases need treatment.

Introduction

Very long-chain acyl-CoA dehydrogenase (VLCAD) is a
membrane-bound mitochondrial enzyme involved in the ß-
oxidation of long-chain fatty acids that is encoded byACADVL.
Patients with VLCAD deficiency (VLCADD; MIM 201475)
have a varied clinical phenotype: a severe early-onset form
that is associated with a high incidence of cardiomyopathy
and high mortality; an intermediate form with childhood onset
that is usually associated with hypoketotic hypoglycemia,
hepatopathy, and a more favorable outcome; and an adult-
onset, myopathic form with isolated skeletal muscle involve-
ment, rhabdomyolysis, and myoglobinuria after exercise or
fasting (Andresen et al. 1999; Merinero et al. 1999). The
accumulation of tetradecenoylcarnitine (C14:1) in plasma is a
biomarker of this disease, and some correlations between
genotype and phenotype have been established. Thus, patients
with null mutations in ACADVL that provoke a loss of activity
have more severe symptoms than those that retain some
residual activity (Andresen et al. 1999).

The determination of acylcarnitines (AC) in dried blood
spots (DBS) by tandem mass spectrometry (MS/MS) has
enabled VLCADD to be identified in presymptomatic
newborns through the elevation of its primary marker
C14:1, and of the C14:1/C2, C14:1/C16 and C14:1/C12:1
ratios (Merritt et al. 2014). Early disease detection by
newborn screening (NBS) is absolutely essential to achieve
a more favorable clinical outcome and indeed, it helps to
significantly reduce disease mortality and morbidity
(Arnold et al. 2009; Spiekerkoetter et al. 2009). Since its
introduction into NBS programs, the number of cases of
VLCADD detected has increased, reaching an estimated
prevalence of 1:31,500–50,000 (Boneh et al. 2006; Spie-
kerkoetter et al. 2010). This increase could be explained by
the detection of either milder phenotypes or asymptomatic
individuals, even by the identification of false-positives. In
fact, the mild accumulation of long-chain AC can be
observed in healthy children due to the activation of
mitochondrial fatty acid oxidation during catabolism in
the first days of life (Boneh et al. 2006). Thus, each
newborn with a suggestive VLCADD AC profile requires
further confirmatory diagnosis (ter Veld et al. 2009).

Molecular and/or enzyme assays have been recommen-
ded as second-level testing for VLCADD (Browning et al.
2005). However, genetic analysis alone may be inconclu-
sive in predicting the risk of future metabolic decompensa-
tion as new nucleotide variants of unknown clinical

significance are often identified (Coughlin and Ficicioglu
2010). Besides, as there is considerable molecular hetero-
geneity in VLCADD, genotyping is not always a swift and
cost-effective confirmatory diagnostic technique (ter Veld
et al. 2009). Despite the use of different tests, the
confirmation of a VLCADD diagnosis identified in NBS
still requires several rounds of discussion (Pena et al. 2016).

In this study we have revised the NBS results, the
diagnostic evaluation through plasma AC profiles, the
molecular findings and lymphocyte VLCAD activity, as
well as the clinical outcome and treatment of 36 cases
detected over 4 years in three Spanish NBS centers. The
aim of the study was to unambiguously distinguish true
VLCADD cases from carriers of the disease and from false-
positive cases, and to provide useful diagnostic information
to clinicians in the follow-up of NBS identified neonates.

Materials and Methods

Patients

A retrospective analysis was performed on the clinical
evaluation and results of confirmatory tests carried out on
36 neonates with suspected VLCADD that were detected
by MS/MS between April 2011 and December 2015 among
619,906 newborns in three Spanish screening centers
(Madrid, Eastern Andalucía and Murcia). Each center had
previously independently determined its internal NBS 99.5
percentile cut-off levels and the criteria for a positive screen
of newborns at 48–72 h of life. Cut-offs for C14:1 ranged
from 0.27 to 0.50 mmol/L, and for C14:1/C2 from 0.015 to
0.030, C14:1/C16 from 0.087 to 0.14 and/or of C14:1/
C12:1 from 7 to 7.3.

The data for all cases were analyzed using the current
Region 4 VLCADD general single post-analytical tool. The
Region 4 Stork (R4S) Collaborative Project is a database
developed for newborn screening quality improvement
(Hall et al. 2014). This tool calculates predictive score for
VLCADD based on newborn screening analytes including
C14:1, C14, C14:2, C16:1, C16OH, C12, C12:1 and ratios
thereof. A score of �100 is “very likely” to be VLCADD,
>50–100 is “likely” to be VLCADD, �10–50 is “possi-
bly” VLCADD, and <10 “not informative”.

The identified cases were remitted to their clinical
reference units for confirmation of VLCADD between 7
and 20 days post-partum. In all cases the confirmatory tests
involved measuring the plasma AC levels, the organic acids
in urine and a thorough molecular analysis of ACADVL. In
some selected cases, namely those with two mutations or
those with only one variant of unknown clinical signifi-
cance, VLCAD enzyme activity in lymphocytes was
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assessed by MS/MS. Parents signed a written informed
consent for the mutation analysis and/or the assessment of
enzyme activity.

Biochemical Analysis

Acylcarnitines were analyzed in plasma as described
previously (Ferrer et al. 2007). Organic acids were
determined by GC/MS as trimethylsilyl derivatives after
urease treatment and ethyl acetate liquid–liquid extraction
without oxymation.

VLCAD Enzyme Activity in Lymphocytes

The method used to assess VLCAD activity is based on the
oxidation of palmitoyl-CoA (C16:0-CoA) in the presence
of the electron acceptor, ferrocenium hexafluorophosphate
(FcPF6), essentially as described for MCAD activity
(Tajima et al. 2005). Lymphocytes were isolated from
whole blood (3–5 mL) using Histopaque (Sigma-Aldrich,
Deisenhofen, Germany) and the resulting pellet was frozen
before use. The lymphocytes were resuspended in a buffer
containing 125 mmol/L KH2PO4, 1 mmol/L EDTA and 9%
Triton X-100, and they were then sonicated twice for 5 min,
kept on ice for 30 min and finally, centrifuged at
12,000 rpm for 10 min. The reaction mixtures contained
5 mmol/L C16:0-CoA, 4 mmol/L FcFP6, in a final volume
of 100 mL.

The analysis of C16:0-CoA and the 2-hexadecenoyl-
CoA (C16:1-CoA) and 3-hydroxyhexadecanoyl-CoA
(C16OH-CoA) reaction products was performed by LC-
MS/MS (1100 Agilent Series HPLC, Santa Clara, Califor-
nia, USA), with the apparatus coupled to an Applied
Biosystems API 2000 QTrap (Carlsbad, California, USA).
A 5 mL aliquot of each sample was injected onto a
Symmetry C18 column (100 mm � 2.1 mm, particle size
3.5 mm, Waters) and the mobile phase consisted of
10 mmol/L ammonium acetate in a mixture of H2O:ACN
(45:55). The flow rate was 200 mL/min, and the run time
was 20 min. Acyl-CoAs were analyzed in positive multiple
reaction monitoring (MRM) mode, with MRM transitions
of 1,006 ! 499 for C16:0-CoA, 1,004 ! 497 for C16:1-
CoA and 1,022 ! 515 for standard C16OH-CoA.
Quantification was based on the peak area [sum of products
areas/(sum of substrate + products areas) ratio], with the
initial amount of C16:0-CoA substrate set to 20 nmol (ter
Veld et al. 2009). Proteins were quantified by the Lowry
method prior to adding Triton X-100.

Product formation was shown to be linear for up to 15 min
and proportional to the amount of protein added in the range
of 20–200 mg, with a correlation coefficient of r2 ¼ 0.99. The
limit of C16:1-CoA or C16OH-CoA detection (signal/noise
>3) was estimated to be 0.015 nmol/min/mg protein. The

intra-day reproducibility of VLCAD activity was calculated in
one control sample, realizing multiple replicates that revealed
an imprecision coefficient of 1.8%, indicative of satisfactory
reproducibility in the analysis.

Mutation Analysis

Genotypes were analyzed by exon sequencing of the
ACADVL locus using conventional Sanger sequencing or
massive parallel sequencing. Massive parallel sequencing
was done using a targeted customized panel to capture the
exome of 120 genes involved in metabolic disorders
(Nextera Nature Capture, Illumina, San Diego, California,
USA: the list of genes included can be sent upon request).
The mean depth of coverage was 292� (99.9%) for the
ACADVL gene. Mutations are named according to the
HGVS nomenclature (http://www.hgvs.org/mutnomen),
using the RefSeq number NM_000018.3. New single
nucleotide variants (SNVs) were analyzed using Alamut
Visual Software to predict their pathogenic effect and all
variant changes were confirmed by Sanger sequencing in
parental samples.

Clinical Parameters

A clinical questionnaire was sent to the referring physicians
to collect data regarding the neonatal screening, family
origin, consanguinity, pregnancy and delivery, neonatal
complications, nutritional treatment (low-LCT diet, MCT,
and/or carnitine supplementation), metabolic decompen-
sation, and clinical evaluation (weight, height and head
circumference parameters, routine laboratory findings,
neurological and cardiological examinations).

Statistical Analysis

A non-parametric Mann–Whitney U-test (two-tailed) was
used to assess the significance of the differences in AC
levels between the groups, with a p value <0.05 considered
significant.

Results

Newborn Screening

Fifteen cases presented a significant elevation of C14:1
(1.02–7.55 mmol/L), as well as the enhanced C14:1/C2 and
C14:1/C16 ratios in DBS (P1–P10, P13–P17: Tables 1 and
2). Ratio C14:1/C12:1 was also found elevated in some of
them (P1, P3, P4, P5, P7, P8, P10). The remaining
individuals had elevated C14:1 ranging from 0.44 to
0.93 mmol/L and/or C12, C12:1, C14, C14:2 (data not
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shown), with at least one of the ratios in some cases
(Tables 1 and 2). The predictive score for VLCADD was
found informative in 31 out of 36 cases (condition “very
likely” in P1–P10; P13, P14; P17; condition “likely” in
P11; P15; P16; P18; P21; P22; and condition “possibly” in
P12; P19; P20; P23–P26; P29; P31–P33; P35).

Confirmatory Testing

Classification

Cases were classified according to the results of the
confirmatory tests. True-positive cases were those with
abnormal plasma C14:1 levels and ratios, and with bi-allelic
mutations coupled to deficient VLCAD activity in lympho-
cytes (<12% of intra-assay control: cases P1–P12).
Individuals P11 and P12 displayed a mild increase in
DBS C14:1 and they were later considered true-positive
cases after completing the confirmatory testing. Disease
carriers were considered P13–P29: those with only a mild
increase in plasma C14:1 and of at least one ratio, the
presence of only one single loss of function (LoF) mutation
(P13–P20), or with one single probably missense mutation
(P21–P28) and with intermediate residual activity
(18–57%), and P29 (not genotyped) with just an intermedi-
ate activity of 57%. Those individuals with normal
biochemical parameters and no mutations were classified
as false positive cases (P30–P36).

Biochemical Confirmatory Analysis

Acylcarnitines were measured in plasma obtained between
day 8 and 23 in all cases, except in cases P3 and P12 where
it was obtained at 2 and 3 months of age, respectively.
Sixteen cases (P1–P13, P15–P17) presented increased
C14:1 levels (0.36–2.74 mmol/L; NV <0.17) with altered
ratios in many of them. These parameters were normal in
the remaining cases except for an isolated mild increase of
C14:1 in P20 and P28 (Tables 1 and 2). Some overlapping
in the plasma AC levels was observed between the true-
positive cases and the disease carriers.

Significant differences in the C14:1 concentration were
found between the 12 true-positive cases and the eight
carriers of loss of function (LoF) mutations (P13–P20),
both in DBS and plasma (p < 0.01). Similarly, the increases
in the C14:1/C2, C14:1/C16, and C14:1/C12:1 ratios were
also significant different in both groups (p < 0.05), with the
increase in the C14:1/C16 ratio being the most significant
parameter (p < 0.005) in both situations. The C14:1
concentrations were also significantly higher in both DBS
and plasma (p < 0.05) among the carriers of LoF mutations
(P13–P20) and the rest of heterozygotes (P21–P29),
although in this case the ratios were not (Tables 1 and 2).

Secondary indicators of abnormal fatty acid oxidation,
such as urine dicarboxylic and 3-hydroxydicarboxylic
acids, were within normal limits in all the cases studied,
except in individuals P2 and P14 who excreted medium-
chain dicarboxylic acids (data not shown). The analysis of
organic acids in urine proved to be uninformative.

Moreover, three asymptomatic mothers of heterozygous
individuals (P13, P16, and P17) that carried the mutation
found in their child, had a normal AC profile in DBS,
ruling out maternal VLCADD (data not shown).

Molecular Analysis

A mutational analysis of ACADVL was performed on 35
individuals (33 unrelated families), of which 12 had bi-
allelic variants (P1–P12), 16 only one pathogenic variant in
the exonic region (P13–P28), and 7 carried no mutations
(P30–P36, see Tables 1 and 2 for the genotypes). In total,
28 different variants were detected, including 12 that have
not been previously reported: 8 potential missense changes
and 4 severe LoF mutations. All the possible missense
changes were predicted to be probably disease-causing
mutations, affecting highly conserved residues in at least
one algorithm used, and none of these were detected in
control samples (Richards et al. 2015; Dopazo et al. 2016)
(Table 3). All the individuals with bi-allelic changes carried
at least one previously described or one LoF mutation,
except P1.

Only one variant was detected in 16 individuals, 8 of
whom carried a LoF mutation (Table 2), while 6 variants were
new: 2 LoF (c.990_994delCAAGC; c.1102_1103delCA) and
4 probably missense mutations (c.515T>C; c.1037C>T;
c.1322G>C; c.1627T>C). Genomic rearrangements were
ruled out by CGH arrays in P13, P16, and P21. The most
common mutations have already been described: c.848T>C
(p.Val283Ala), six alleles; c.896_898delAGA (p.Lys299del),
three alleles; [c.1097G>A; c.1844G>A] [p.Arg366His; p.
Arg615Gln], three alleles; and c.643T>C (p.Cys215Arg),
three alleles. Curiously, two mutations [p.Arg366His; p.
Arg615Gln] were present in the same allele in two patients
(P5, P10).

Lymphocyte Enzyme Activity

The VLCAD activity in lymphocytes from nine healthy adult
subjects ranged from 0.95 to 6.85 nmol/min/mg protein, with
a mean (�SD) value of 3.37 (�1.99) nmol/min/mg protein.
Enzyme activity of 0.015 and 0.135 nmol/min/mg protein
(0.6 and 5.8% of the intra-assay control) was determined in
two confirmed adult myopathic VLCAD-deficient patients to
validate the method. The enzyme activity in lymphocytes
was clearly deficient in 11 individuals with abnormal NBS
results and 2 bi-allelic mutations, ranging from undetectable
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to 11.8% of the simultaneous control (Table 1). There was
residual activity in five cases with only one LoF mutation in
ACADVL (P13, P15, P16, P17, and P20), ranging from 18 to
57% of the intra-assay control (Table 2). The enzyme activity
was also reduced in P23 (34%), an individual carrying one
novel missense variant, and in P29 (57%) that has not yet
been genotyped. The enzyme activity in five parents carrying
one mutation in ACADVL ranged from 0.43 to 1.31 nmol/
min/mg protein (34.7–40% of the intra-assay control).

Clinical and Biochemical Outcome

Clinical questionnaires were completed for 36 cases from 33
families. The parents of most individuals were of Spanish
origin (18 families), there were 4 from Morocco, 2 from
Romania, 2 from China, 1 from Peru, 1 from Venezuela, and
6 mixed couples (Spain-Hispanic). Consanguinity was only
recognized in the family of P1 and no incidents of interest
were reported in any of the pregnancies. There were three
twin pregnancies (two identical and one fraternal), and both
children of two of these pregnancies (P14 and P33; P18 and
P19) and only one from the third (P23) were investigated.
One of these pregnancies was a preterm labor, and in the
whole cohort five cesarean deliveries were documented. All
cases were asymptomatic when referred to clinical units,
except four cases that were admitted to hospital in the
neonatal period (between 1 and 15 days) due to dehydration
and weight loss (P2), paroxysmal supraventricular tachycar-
dia (P5), jaundice (P16), or prematurity (P23, twin preg-
nancy), all without metabolic decompensation. Seven true-
positive individuals were admitted to hospital due to different
infections between 3 months and 4 years of age, usually
gastroenteritis, gingival stomatitis or pneumonia, and these
symptoms were accompanied by metabolic decompensation
in four of these cases (P1, P3, P7 and P10). These individuals
presented elevated creatine kinase (CK: 515–4,000 U/L),
elevated transaminases, hypoglycemia, and/or metabolic
acidosis. In addition, P3 was admitted several times for
emergency treatment due to severe metabolic decompensa-
tion, usually presenting increased CK (515–1,296 U/L,
N 26–308) even when stable.

The decision whether or not to treat the children, and
what is the optimal treatment for each patient, is difficult as
there are currently no evidence-based guidelines available.
For each individual patient clinical decision making was
based on the consensus recommendations of European
experts (Spiekerkoetter et al. 2009). Asymptomatic cases
with normal values of glucose, CK and liver enzymes were
fed with a 50:50 mixture of breast milk (or infant formula)
mixed with a special medium-chain triglyceride (MCT)-
enriched infant formula, which was prescribed according to
age in order to avoid fasting. A specific appropriate sick
day regime was also provided. After confirmatory studies,

dietary intervention was recommended in those cases with
two mutations and low residual activity. A fat modified diet
(LCT �10% of total caloric value and MCT 20% of total
caloric value) and carnitine (15–50 mg/kg/day) were
administered to 6 of the 12 children. Only MCT supple-
mentation was provided to 3 of the 12, LCT restriction and
MCT supplementation in 1, LCT restriction and carnitine in
1, and only carnitine supplementation in another (Table 1).
The follow-up period of the individuals varied between 12
months and 5.5 years. All the evaluated individuals except
one (P3) are in good condition, with normal growth and
anthropometric parameters (weight, height and head cir-
cumference), normal psychomotor development and neuro-
logic examination, normal cardiologic examination with
normal ECG record and normal routine biochemical
parameters without hepatic or muscle impairment. To date,
P3 is the only clinically affected individual despite adhering
to a regulated diet, with several decompensated parameters,
hypertrophic cardiomyopathy, hepatopathy, myopathy, and
hypotonia at 3 years of age.

The plasma AC levels were monitored periodically in
ten true-positive cases and six carriers of LoF mutations.
Under treatment, plasma C14:1 levels remained high
(1.01–3.4 mmol/L) in cases P1, P2, P5, and P7, all with
very low residual activity (<5%), who were in good
clinical condition and complied well with their diet. By
contrast, in six cases the plasma AC levels were only
slightly higher than the controls (0.17–0.50 mmol/L): P4,
P6, P8, P9, P10, and P12. Carriers that did not receive
dietary interventions always had C14:1 levels in the control
range (<0.17 mmol/L), except P13 who had levels slightly
above those of the controls (0.21–0.50 mmol/L).

Discussion

Although the detection of VLCADD is not mandatory in
Spanish expanded NBS programs, it is included in some
regions because the early detection of this disease may
improve the outcome if prophylactic measures are rapidly
put in place. The true incidence of VLCADD in Spain is
not known and in fact, between 1989 and 2010 very few
cases were diagnosed based on clinical evidence: five
patients in Madrid (three with severe early onset and two
with adolescent myopathic presentation) (Merinero et al.
1996); and at least three cases in Barcelona (Osorio et al.
2003). In some Spanish regions, no positive cases were
identified between 2000 and 2013 in more than 800,000
newborns screened in the expanded NBS programs
(approximately 46% of all annual births (Rocha et al.
2014)). Hence, the high number of cases with suspected
VLCADD that were detected here over a short period
(between April 2011 and December 2015) was quite
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striking. In order to better understand how this increased
incidence arose, we first set out to unambiguously
distinguish the true-positive cases that need nutritional
intervention and clinical monitoring from those individuals
that are carriers of the disease, or even false-positive cases.
To achieve this we revised the results of the NBS and of the
diagnostic evaluation (plasma AC profiles, molecular
findings, lymphocyte enzyme activity), as well as the
clinical outcome and treatment data of 36 cases detected
by NBS in the last 4 years.

Initially, the combination of plasma AC profile and
mutational analysis was used to confirm the diagnosis of
VLCADD. However, most of the cases presented only one
exonic mutation, although other nucleotide changes in the
proximal or distal promoter or in deep intronic sequences
could not be ruled out because routine genetic analysis only
involves the sequencing of coding exonic regions. Besides,
the finding of novel mutations with uncertain clinical
significance in some cases makes it more complicated to
achieve a true diagnosis of VLCADD, as occurred
elsewhere (Schiff et al. 2013).

The determination of enzyme activity in lymphocytes
was added to the diagnostic algorithm in order to provide
accurate information for clinicians. All the cases with two
bi-allelic mutations had low residual activity (<12%), even
the cases bearing the mild p.Val283Ala mutation (Andresen
et al. 1999). By contrast, those cases with only one
nucleotide change presented intermediate residual activity
that ranged from 18 to 57%, suggesting that they were
indeed carriers of the disease. In our hands, the determina-
tion of enzyme activity in lymphocytes proved useful as a
rapid confirmatory test to definitively classify the cases into
true-positive cases or carriers. There is a lack of correlation
between VLCAD enzyme activity in lymphocytes and AC
levels in DBS and plasma samples in our confirmed
patients. Similar inconsistencies between the biochemical
data, genetic results, enzyme studies, and/or presence of
clinical symptoms have already been described; therefore,
the need to combine different confirmatory tests. The
enzyme activity also does not allow carriers to be
discriminated from healthy controls, as occurs elsewhere
(ter Veld et al. 2009).

The fact that with nutritional therapy 11 true-positive
patients remain free of symptoms after a mean follow-up of
30 months, and only one is symptomatic, highlights the
importance of early diagnosis through NBS and prompt
nutritional intervention. Nevertheless, early intervention
does not prevent asymptomatic cases from being at risk of
presenting symptoms in the future and hence, such cases
will require close clinical monitoring, especially in situ-
ations of energy demand (fasting, prolonged exercise,
illness, adolescence, etc.). In this cohort the disease carriers
did not present any symptoms, despite a mild increase in

plasma C14:1 during the follow-up period. Thus, it would
seem that they are not at risk of developing clinical
complications in the future and therefore, a clinical and
biochemical follow-up may not be necessary.

In our experience the R4S post-analytical tool has
allowed to discriminate most true-positive cases as very
likely/likely (P1–P11) except P12 and there were no false
negative cases. The evaluation of five clearly false positive
cases (P27, P28, P30, P34, and P36) could have been
avoided. So, the R4S post-analytical tool is able to provide
reliable advice on the interpretation of NBS results.

Although the increase in the number of cases with
suspected VLCADD may be at least partially related to the
different cut-offs used in the regional NBS centers, it seems
that this disease is more common in Spain than previously
thought. Based on this experience, we suggest that cases
with abnormal plasma C14:1 (>1 mmol/L) and with higher
ratios of C14:1/C2, C14:1/C16 and/or C14:1/C12:1 will
need early dietary treatment pending the outcome of the
enzymatic/molecular analysis. We recommend that enzyme
analysis should be performed in all newborns with mild
plasma C14:1 levels ranging from 0.36 to 1 mmol/L in order
to definitively classify them as true-positive cases or
disease carriers, and to decide which will require treatment,
as well as clinical and biochemical monitoring. Moreover,
in those children with normal plasma results in the first
6 months of life, no further biochemical studies are needed.

Conclusions

This is the first time that data has been compiled on
suspected VLCADD cases identified through NBS pro-
grams in Spain. True-positive cases were defined as those
with increased C14:1 and ratios, two pathogenic mutations
and deficient VLCAD activity in lymphocytes. All these
individuals are receiving a nutritional intervention and to
date, all but one remain asymptomatic. Children with
normal or only a mild increase in plasma C14:1, the
presence of only one single mutation and intermediate
residual activity don’t seem to be at risk of developing
clinical complications in the future and a close follow-up is
not necessary. Enzyme determination is essential in many
cases to interpret the genetic findings and to decide which
cases require treatment, as well as close clinical and
biochemical monitoring. Using biochemical, enzymatic,
and comprehensive gene analysis, a biochemical genetic
service could rapidly evaluate potential patients.

Acknowledgments The authors would like to thank the families
involved in this study for giving their consent. This work was funded
by a grant from the Fundación Isabel Gemio. The authors confirm
independence from the sponsors; the content of the article has not
been influenced by the sponsors.

72 JIMD Reports



A Concise One Sentence Take-Home Message

The combined evaluation of the acylcarnitine profiles,
genetic results, and residual enzyme activities have proven
useful to definitively classify individuals with suspected
VLCAD deficiency into true-positive cases and carriers,
and to decide which cases need treatment, as well as close
clinical and biochemical monitoring.
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Abstract Background: Mucopolysaccharidosis type IH
(MPS-IH) [Hurlers Syndrome] is a developmental genetic
disorder characterised by severe physical symptoms and
cognitive decline. This study aimed to investigate the
behavioural phenotype of MPS-IH treated by haemato-
poietic cell transplantation, focusing on social functioning
and sleep. Parental stress was also measured.
Methods: Participants were 22 children with MPS-IH
(mean age 9 years 1 month), of whom 10 were male
(45%). Parents completed the Social Responsiveness Scale
(SRS), Child Behaviour Checklist (CBCL), Children’s
Sleep Habit Questionnaire and Parent Stress Index, Short
Form (PSI-SF).
Results: Twenty-three per cent of children with MPS-IH
scored in the severe range of the SRS, suggesting
significant difficulties in social functioning. Children with
MPS-IH were more than 30 times more likely to receive
scores in the severe range than typically developing
children. Thirty-six per cent scored in the mild-to-

moderate range, suggesting milder, but marked, difficulties
in social interaction. Although children with MPS-IH did
not show significantly higher rates of internalising,
externalising or total behaviour problems than the norma-
tive sample, they received scores that were significantly
higher on social, thought and attention problems and rule-
breaking behaviour, and all the competence areas of the
CBCL. Parents of children with MPS-IH did not score
significantly higher on parental stress than parents in a
normative sample.
Conclusions: Parents of children with MPS-IH rate their
children as having problems with social functioning and
various areas of competence more frequently than previ-
ously thought, with implications for clinical support.

Introduction

Mucopolysaccharidosis type I (MPS-I) is an autosomal
recessive genetic disorder with a frequency of 1.07/100,000
in England and Wales (Moore et al. 2008). The most severe
subtype, Hurler syndrome (MPS-IH), is characterised by
early onset of symptoms and central nervous system (CNS)
involvement. MPS-I is chronic and progressive, affecting
multiple bodily systems (D’Aco et al. 2012) with symptom
onset in infancy and early cognitive decline due to CNS
damage. MPS-I is caused by deficient alpha-L iduronidase
enzyme and consequent inability to metabolise glycosami-
noglycans (GAGs), which accumulate causing tissue
dysfunction.

Children with MPS-IH are currently treated with
haematopoietic stem cell transplantation (HCT), which has
reduced morbidity and mortality but not eliminated all
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disease burden. Post-HCT enzyme activity in white cells is
similar to that of healthy individuals and the accumulated
GAGs disappear or decrease. HCT halts cognitive decline;
however, general learning problems persist with post-HCT
cognitive scores tending to be 1 SD lower than population
mean (Eisengart et al. 2013; Aldenhoven et al. 2015;
Shapiro et al. 2015).

Few studies have investigated behaviour in children with
MPS-IH. Krivit et al. (1995) suggested that children with
MPS-IH only display behaviour problems later in their
development. Bax and Colville (1995) reported sleep
problems, fearfulness and difficulty to settle, and Bjoraker
et al. (2006) noted that children with MPS-IH had deficits
in various areas of adaptive functioning, making progress at
a slower rate than typically developing children. The latter
may be partly due to residual post-treatment hearing and
movement difficulties.

Other aspects of the MPS-IH behavioural phenotype that
have been examined include social functioning, with
Bjoraker et al. (2006) reporting impairments compared to
normative data and Pitt et al. (2009) reporting that children
with MPS-IH participate in social activities less than
typically developing children. Sleep problems have also
been identified as a problem in MPS-I disorders (1995),
although not specifically in MPS-IH. Given the significant
effect that a child’s sleeping problems can have on family
functioning (Quine 1991, 1992; Wiggs and Stores 2001),
further investigation is important. Parental stress is another
factor potentially influencing quality of life for children
with MPS-IH and their families, as parents of children with
chronic illnesses have been shown to report significantly
higher stress levels than parents of healthy children
(Cousino and Hazen 2013). Furthermore, parental stress is
associated with parental depression (Driscoll et al. 2010)
and child behaviour problems (Colletti et al. 2008).

The aim of this study was to investigate the behavioural
phenotype of children with MPS-IH compared to published
norms and children with intellectual disability, with a
specific focus on social functioning and sleep. Parental
stress was also examined.

Method

Recruitment

MPS-IH Group

The majority of the children with MPS-IH diagnosis were
recruited from the Northwest of England. The parents/
guardians of eligible children were sent a study pack
including an introductory letter, information sheet, consent

form, parental questionnaires and a freepost envelope. If the
parents/guardians had not responded within 4 weeks, they
were telephoned to check they had received the question-
naire pack and to offer help in completing the question-
naires. Participants were also recruited through the UK
MPS Society. Participants were excluded if they were
outside the 2.5- to 16-year age range or if the parents did
not have sufficient English to complete the questionnaires
without an interpreter.

Comparison Group

A comparison group of children with mixed intellectual
disabilities was recruited via the Facebook pages of the
charities Cerebra and MENCAP and via 69 schools for
children with special needs in England, selected through
EduBase. Exclusion criteria were age �2.5 years or
�16 years and/or an autistic spectrum disorder (ASD)
diagnosis or genetic disorder associated with ASD (e.g.
fragile X syndrome).

Measures

Social Responsiveness Scale, 2nd edition (SRS-2) (Con-
stantino 2012): The 65-item standardised questionnaire
identifying social impairment typical in ASD, over five
subscales (Social Awareness, Social Cognition, Social
Communication, Social Motivation, Restricted Interests
and Repetitive Behaviour). Versions for both the pre-
schoolers (2.5- to 4.5-year olds) and school-age children
(4- to 18-year olds) were used. Internal consistency is good
(a ¼ 0.92–0.95) and clinical cut-offs for severe (�75) and
mild-to-moderate (61–74) levels of ASD symptomatology
are provided. The rates of typically developing children
receiving scores above the clinical cut-off (for PDD-NOS,
101.5) are 1.4% for boys and 0.3% for girls (Constantino
and Todd 2003).

Child Behaviour Checklist (CBCL; Achenbach and
Rescorla 2001): The 100-item version for ages 1.5–5 years
and the 120-item version for ages 6–18 years were used to
generate scores for internalising and externalising prob-
lems, total problems score and various syndrome scores.
The version for 6- to 18-year olds also included compe-
tence scales, equivalent to measures of adaptive behaviour
described in literature. Internal consistency for the CBCL
ranged from 0.63 to 0.97.

Children’s Sleep Habits Rating Scale: A 36-item
measure adapted from the Children’s Sleep Habits Ques-
tionnaire (Owens et al. 2000) by Mahon et al. (2014) to
assess whether a range of sleep problems occur “usually”
(5–7 nights a week), “sometimes” (2–4 times a week) or
rarely (0–1 time a week).
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Parenting Stress Index, short form (PSI-SF; Abidin
1995): A 36-item scale to identify characteristics of family
functioning and parenting that may hinder normal develop-
ment and functioning. The PSI-SF provides three sub-
scores (parental distress, parent-child dysfunctional inter-
action and difficult child) and a total score. It is stand-
ardised for children aged up to 12-year olds.

In addition, the parents of 16 children gave consent to
access routinely collected IQ scores variously derived from
the Wechsler Intelligence Scale for Children, 4th Edition
(WISC-IV), Wechsler Preschool and Primary Scale of
Intelligence, 3rd Edition (WPPSI-III) and The Bayley
Scales for Infant and Toddler Development, 3rd Edition.

Statistical Analyses

Datawere analysed inSPSSversion22with alpha¼p< 0.05.
Normality of distributions was assessed using Kolmogor-
ov–Smirnov tests. Differences between participants/non-
participants were investigated by t-tests and w2 tests.
Differences between MPS-IH group and norms on the
outcome measures were explored by one-sample t-tests and
Wilcoxon Signed Rank Tests. Odds ratios were computed
to examine the rates of clinical scores on the SRS in the
MPS-IH sample compared to typically developing children.
Regression analysis was used to investigate the relationship
between IQ and SRS total scores to check that the former
was not a confounding variable. For the CBCL, raw scores
were used for normative comparisons, as T scores are
truncated at 50 and therefore not necessarily sensitive for
variation at the low end of syndrome T scores or high end
of competence T scores.

Results

Thirty-five children were identified as eligible for the study
from the clinical database; of these, twenty-one were
enrolled into the study (60%), with two more children with
MPS-IH enrolled through the MPS Society. Fifteen families
expressed interest in participating in the control arm of the
study but as only nine completed the questionnaires, these
data were not used and the scores of the children with
MPS-IH were compared to available norms.

Since the demographic information (age and gender) was
available for all the eligible children in the clinical database,
it was possible to analyse whether the children whose parents
were enrolled into the study (“participants”) were signifi-
cantly different on these measures than the children whose
parents were not enrolled into the study (“non-participants”).
This analysis was not possible for the MPS Society recruits
as the demographics of potential participants were not
available. Table 1 presents the demographic information for

the participants and non-participants of the children on the
clinical database. These groups did not significantly differ in
terms of age (t(33) ¼ 0.042, p ¼ 0.96, CI [�2.81, 2.93]) or
gender (w2 (1, N ¼ 35) ¼ 1.54, p ¼ 0.214) and the mean age
of the whole sample was 9 years 1 month (SD ¼ 4 years
6 months); 45% were male (10/22).

The SRS scores of 23% (5/22) of the MPS-IH children
were in the severe range of autism, 36% (8/22) in the mild-to-
moderate range and 41% (9/22) in the normal range (Table 2).
Mean total raw score for the school-age children with MPS-
IH (M ¼ 67.7, SD ¼ 42.1) was significantly higher than the
normative mean score (M ¼ 24.6, t(15) ¼ 4.09, p ¼ 0.001,
95% CI [20.6, 65.5]). The mean total raw score for the
preschool age children (M ¼ 75.7, SD ¼ 32.4) was not
significantly different to the reported mean (M ¼ 42.5),
although there was a near-significant trend (t(5) ¼ 2.51,
p ¼ 0.054, 95% CI [�0.84, 67.17]). Of the five subscales of
the SRS, the social cognition subscale had the highest
percentage of children scoring in the severe range.

A multiple regression analysis was conducted with age
and IQ as independent variables and SRS total as a
dependent variable. As the IQ scores were provided by
different instruments, the total scores were standardised
across measures and these scores were used in the
regression analysis. The regression analysis indicated no
significant effects of age or IQ on the SRS scores.

Table 1 Demographic details of the responders and non-responders
of the patient sample

Responders
N ¼ 21

Non-responders
N ¼ 14

Male/female 9/12 9/5

Mean age (SD) 9 years 7 months
(4 years 2 months)

9 years 7 months
(3 years 11 months)

Table 2 SRS and IQ scores

Mean (SD)

SRS total T score 63.77 (14.72)

SRS total raw score (school-age) 67.69 (42.13)

SRS total raw score (preschool age) 75.67 (32.40)

SRS subscales

Awareness 60.95 (12.45)

Cognition 65.18 (14.94)

Communication 61.23 (14.44)

Motivation 59.05 (14.28)

Restricted interests and repetitive behaviour
(RRB)

66.09 (14.83)

IQ score 76.13 (22.98)
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Odds ratios indicated that, compared to the rate for boys
in Constantino and Todd (2003), children with MPS-IH
were >31 times more likely to receive scores in the clinical
range (OR ¼ 31.64, 95% CI [5.66–176.61]).

Mean T scores and mean raw scores for the CBCL are
shown in Table 3. Of the MPS-IH children, 24% (5/21)
received scores in the clinical range for internalising
problems, 19% (4/21) for externalising problems and 29%
(6/21) for total problems.

The scores of the school-age children were compared to
published norms. The internalising, externalising and total
problem scores were normally distributed, while the sub-
scores relating to anxious/depressed, withdrawn/depressed,
rule-breaking and aggression were not. These data were
therefore analysed using one-sample Wilcoxon Signed
Rank Tests.

School-age children with MPS-IH did not significantly
differ from the normative sample in their internalisation,
externalisation or total problem scores, but had significantly
more social problems (t(14) ¼ 2.206, p ¼ 0.045, 95% CI

[0.05, 3.88]), thought problems (t(14) ¼ 3.152, p ¼ 0.007,
95% CI [0.99, 5.18]), attention problems (t(14) ¼ 2.598,
p ¼ 0.021, 95% CI [0.62, 6.64]) and demonstrated
significantly more rule-breaking behaviour (Z ¼ 24,
p ¼ 0.038) than the normative sample.

Preschool children with MPS-IH had significantly more
attention problems (t(5) ¼ 2.74, p ¼ 0.041, 95% CI [0.26,
8.07]) and internalisation problems (t(5) ¼ 2.86, p ¼ 0.035,
95% CI [1.16, 21.84]) than the normative sample, but as
there were N ¼ 6 preschool-aged children, these findings
should be regarded as illustrative only.

The CBCL competency scores were only available in the
school-age CBCL and due to missing data, were only
computable for 13 children, of whom 9 (69%) received scores
in the clinical range in total competence, 31% (4/13) received
scores in the clinical range for activities, 8% (1/14) for social
competence and 31% (4/13) for school competence.

Comparisons to published norms indicated that children
with MPS-IH received significantly lower scores on activities
(t(12) ¼ �5.00, p < 0.001, 95% CI [�5.49, �2.16]), social

Table 3 CBCL scores

School-age children Mean T score (SD) Mean raw score (SD) Normative score Significance Effect size d

Anxious/depressed 54.40 (7.83) 2.67 (3.98) 3.00 n.s.
Withdrawn/depressed 54.33 (7.70) 1.60 (2.80) 1.65 n.s.

Somatic complaints 56.67 (7.37) 2.20 (2.51) 1.20 n.s.

Social problems 58.20 (8.04) 4.07 (3.45) 2.10 * 0.57

Thought problems 61.60 (9.91) 4.73 (3.79) 1.65 * 0.81

Attention problems 62.07 (12.17) 7.13 (5.44) 3.50 * 0.67

Rule-breaking behaviour 53.27 (4.23) 1.53 (1.42) 2.05 *
Aggressive behaviour 54.33 (6.75) 4.27 (5.12) 4.60 n.s.

Internalising 49.67 (12.28) 6.47 (8.54) 50.15 n.s.

Externalising 48.60 (10.64) 5.80 (6.22) 50.10 n.s.

Total problems 53.93 (11.49) 32.27 (24.34) 49.80 n.s.

Competence scales

Activities 35.85 (7.84) 7.27 (2.76) 11.1 * 1.39

Social 40.31 (8.67) 6.23 (2.35) 8.75 * 1.07

School 34.54 (6.68) 3.10 (0.98) 5.05 * 2.00

Total competence 32.92 (8.31) 16.60 (4.13) 50.00 * 2.05

Preschool children

Emotionally reactive 60.50 (7.77) 5.17 (2.86) 2.4 n.s.
Anxious/depressed 54.50 (4.97) 3.00 (2.19) 2.9 n.s.

Somatic complaints 63.50 (11.08) 5.17 (4.07) 1.8 n.s.

Withdrawn 63.67 (9.09) 4.17 (2.71) 1.5 n.s.

Sleep problems 58.67 (13.95) 3.67 (4.97) 2.8 n.s.

Attention problems 70.50 (8.96) 6.67 (3.72) 2.5 * 1.12

Aggressive behaviour 59.00 (8.63) 14.50 (9.03) 10.4 n.s.

Internalising 61.50 (9.85) 17.50 (9.48) 50.0 * 1.17

Externalising 59.33 (13.87) 21.17 (12.14) 50.0 n.s.
Total problems 61.17 (12.31) 57.50 (28.72) 50.1 n.s.
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skills (t(12) ¼ �3.86, p ¼ 0.002, 95% CI [3.94, �1.10]),
school (t(12) ¼ �7.202, p < 0.001, 95% CI [�2.54, �1.36])
and total competence (t(12) ¼ �7.41, p < 0.001, 95%
CI [�22.10, �12.05]).

Analysis of sleep data was based on a sample of 21, with
parents reporting 57% (12/21) of their children to have
sleep problems, with a median age of onset of 0 years (i.e.
from birth; range ¼ 0–13 years). Sleep problems included
difficulties falling asleep, not getting tired and restless
sleep. Five children had been prescribed melatonin
(Table 4).

Fifty per cent of the children with MPS-IH usually fell
asleep within 20 min, while 20% rarely or never did.
Twenty per cent of the children with MPS-IH woke up
more than once a night, 55% rarely or never. Only 15% of
the children usually displayed disruptive behaviour; no
children displayed dangerous behaviour. Sleep disordered
breathing was shown by 5–6 children (loud snoring,
snorting and gasping).

Since the PSI-SF is only normed for children aged
12 years and younger, data from 19 families are reported
(Table 4), with five parents (26%) scoring in the clinically
elevated range for the total score (>90; Abidin 1995). The
mean total raw score of the parents of children with MPS-
IH was not significantly higher than that of the normative
sample (M ¼ 71.0), however.

Discussion

The aim of this study was to investigate behaviour,
particularly social functioning and sleep, and parental stress

in children with MPS-IH. This is the first investigation of
these factors in MPS-IH. The current data indicated that
23% of children with MPS-IH had clinically significant
difficulties in social functioning likely to cause severe
interference with everyday social interactions, with another
36% having similar but less pronounced difficulties.
Moreover, the mean SRS score of the school-age MPS-IH
group was significantly higher than that reported for
typically developing children, and children with MPS-IH
were 30 times more likely to receive scores in the severe
clinical range than typically developing children. The
difference between preschool-age children with MPS-IH
and typically developing children did not reach signifi-
cance, most likely due to the small sample size. These
findings indicate that difficulties in social functioning and
behaviours are more common in MPS-IH than previously
thought.

In contrast, school-age children with MPS-IH showed no
more internalising, externalising or general problem behav-
iour than their typically developing peers. Analysis of
syndrome scores suggested that children with MPS-IH had
significantly more social problems, thought problems,
attention problems and showed more rule-breaking behav-
iour than typically developing children, whilst the pre-
school children with MPS-IH only demonstrated
significantly more attention and internalising problems.
This is interesting given the findings of both Mazefsky
et al. (2011), who noted that children with ASD showed a
similar pattern of elevated scores on the social, thought and
attention syndrome scales of the CBCL, whilst Shapiro
et al. (2012) noted a relationship between attention and
corpus callosum development in MPS 1H but not in
attenuated MPS 1H.

Analyses of the CBCL competence scores showed that
school-age children with MPS-IH struggle with the compe-
tency areas and skills. This concurs with the findings of Pitt
et al. (2009), who suggest that the multiple hospital visits/
admissions and limitations set by the residual physical
problems due to MPS-IH limit the participation of children
with MPS-IH in many everyday activities, a factor not
accounted for by the CBCL. The results of the school
competence scale are comparable with the known cognitive
impairment in children with MPS-IH (Shapiro et al. 2015).
With regard to sleep, 57% of parents reported that their
children had sleep problems, including bedtime resistance
and sleep disordered breathing. The latter is likely to be
associated with airway-related problems in MPS-IH
(Arn et al. 2015).

The parents of children with MPS-IH did not report
experiencing stress levels significantly higher than parents
of the normative sample, although 26% scored in the
clinical range on the PSI-SF. MPS-IH is diagnosed in the
first few months of life but all the children in the current

Table 4 Sleep and PSI-SF scores

Children’s Sleep Habits Rating Scale Mean (SD)

Sleep resistance 9.52 (3.76)

Sleep delay 1.71 (0.78)

Sleep onset delay

Sleep anxiety 5.00 (2.07)

Sleep duration 5.62 (1.78)

Sleep waking 5.38 (1.91)

Night behaviours 2.43 (0.75)

Parasomnias 8.24 (2.05)

Breathing 5.10 (1.58)

Sleepiness 12.00 (2.86)

Total 54.85 (11.57)

PSI total stress 82.3 (25.9)

Parental distress 30.5 (10.6)

Dysfunctional interaction 22.9 (7.4)

Difficult child 29.2 (10.6)
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study had already received HCT; it possible that the parents
were coping at this stage, or that they had habituated to the
stress after having coped with it over a number of years.
Alternatively, the parents might find it difficult to admit
their stress.

Limitations

The study was limited by the absence of a control group
and also because both the SRS and the CBCL measures
required using separate forms for younger and older age
groups. Although this allows a wider age range to be
studied, it necessitated splitting the data, resulting in an
overly small sample for the younger group being used in
some of the analyses.

Research Implications

The current study adds to the growing body of research
indicating that social impairment is more common in
developmental genetic disorders. Comparable SRS scores
have been observed, for example, in Neurofibromatosis
type 1 (NF1) (Garg et al. 2013; Plasschaert et al. 2015) and
Turner Syndrome (Lepage et al. 2013). It would be
informative to use either of these as a comparison group
for the MPS-IH group, as they share the characteristics of
physical disability and, in the case of NF1, cognitive
impairment. A question for further study is the relationship
between social impairment and intellectual disability (Moss
and Howlin 2009).

Clinical Implications

Almost a quarter of children with MPS-IH scored in the
severe range of the SRS, suggesting clinical-level problems,
and fewer than half had scores in the normal range. It is
important to recognise this in clinical practice and when
planning support for children and families, with timely
referrals for ASD assessments. This may bring extra help
and resources at school and help to understand hitherto
strange or unpredictable behaviours. Similarly, clinicians
should be aware that about a third of children with MPS-IH
may struggle with social interactions and require help even
if they do not reach ASD criteria. The presence of social
difficulties should not be overlooked because the children
have an MPS-IH diagnosis (diagnostic overshadowing
(Dykens 2007)). It is necessary to consider social
impairment as children are followed up through childhood
and into adolescence, since social demands change with
age. Findings from the CBCL suggest that the behaviour of
children with MPS-IH can be more difficult to manage and

awareness of this may help parents to understand and
accept such behaviours. The presence of specific attentional
problems merits further neuropsychological investigation
given the potential negative impact on learning. Finally, it is
important to investigate the sleep of children with MPS-IH
further, as sleep problems appear relatively common in
children with MPS-IH. Further research using, for example,
actigraphy could differentiate behavioural sleep problems,
sleep apnea and airway disease. Additional studies would
inform clinical interventions and ensure that sleep problems
are not overlooked as merely being typical in childhood.

Synopsis

Children with MPS-IH have problems with social function-
ing, attention and various competence areas, as rated by
their parents.
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Abstract We report the major diagnostic challenge in a
female patient with signs and symptoms suggestive of an
early-onset mitochondrial encephalopathy. Motor and cogni-
tive development was severely delayed and brain MRI
showed signal abnormalities in the putamen and caudate
nuclei. Metabolic abnormalities included 3-methylglutaconic
aciduria and elevated lactate levels in plasma and cerebrospi-
nal fluid, but were transient. Whole exome sequencing at the
age of 25 years finally revealed compound heterozygous
mutations c.[229G>C];[563C>T], p.[Glu77Gln];[Ala188Val]
in the ECHS1 gene. Activity of short-chain enoyl-CoA
hydratase, a mitochondrial enzyme encoded by the ECHS1
gene, was markedly decreased in lymphocytes. Retrospective
urine analysis confirms that elevated levels of S-(2-carbox-
ypropyl)cysteamine, S-(2-carboxypropyl)cysteine, and N-ace-
tyl-S-(2-carboxypropyl)cysteine can be a diagnostic clue in
the disease spectrum of ECHS1 mutations.

Introduction

Short-chain enoyl-CoA hydratase (SCEH, also known as
crotonase, EC 4.2.1.17), which is encoded by the ECHS1
gene (OMIM no. 602292), has a broad substrate specificity
and is involved in valine and isoleucine metabolism as well
as in mitochondrial b-oxidation of short-chain and medium-
chain fatty acids (Wanders et al. 2012). Deficiency of this
mitochondrial enzyme has been associated with an enceph-
alopathy similar to Leigh syndrome, in some accompanied
by cardiac defects, optic abnormalities, epilepsy, and
paroxysmal exercise-induced dystonia. The reported
patients show various symptoms and biochemical abnor-
malities (Peters et al. 2014; Ferdinandusse et al. 2015;
Haack et al. 2015; Sakai et al. 2015; Tetreault et al. 2015;
Yamada et al. 2015; Ganetzky et al. 2016; Nair et al. 2016;
Olgiati et al. 2016; Bedoyan et al. 2017; Al Mutairi et al.
2017; Mahajan et al. 2017).

Here, we report the severe neurological course of a 26-
year-old female patient with transient metabolic abnormal-
ities, including 3-methylglutaconic aciduria and elevated
lactate levels in plasma and cerebrospinal fluid (CSF).
The patient had compound heterozygous mutations, c.
[229G>C];[563C>T], p.[Glu77Gln];[Ala188Val] (the latter
being novel) in the ECHS1 gene.

Case Report

The female patient is the first child of non-consanguineous
Dutch parents who was born after an uncomplicated
pregnancy and delivery with a birth weight of 2.81 kg
(10th percentile). The presenting symptom was wandering
eye movements at 6 weeks of age with a horizontal
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nystagmus. Although ophthalmological examination, elec-
troretinography, and visual evoked potentials were normal
at first, optical atrophy was noted at the age of 4 years with
a visual acuity of 20/100 Snellen equivalent.

Maximum motor development was achieved at 3 months
of age with head balance and grasping near objects.
Choreoathetosis progressed until the age of 4 but has
slowly been ameliorating since. Cognitive development
has remained limited to laughing and babbling. To date, at
26 years of age, she shows a spastic tetraparesis and
contractures of all major joints with almost no voluntary
movements and dystonia during excitement. Visual acuity
has diminished to inconsistent light perception. Hearing
seems to be intact. Heart ultrasound and an ECG were
normal at the age of 20 months. No clinical symptoms and
signs of cardiac disease have developed since.

Brain MRI showed mild dilatation of the ventricles with
bilateral signal abnormalities on T2-weighted images in the
putamen and caudate nuclei at 1 year of age. At the age of
4, atrophy was generalized including basal ganglia and
vermis cerebelli superior with signal abnormalities that had
progressed to the globi pallidi. No lactate peak was seen on
MRS. At 12 years of age atrophy had progressed even
further, the corpus callosum was thin, and myelination was
delayed (Fig. 1a–i). Repeated EEGs showed no epilepti-
form activity.

Lactate levels in blood (1.6–4.9 mmol/L; reference range
(RR): 0–2.0 mmol/L) were elevated until the age of 7 years,
while pyruvate levels were normal. Lactate levels in cerebro-
spinal fluid (CSF) were also repeatedly elevated
(3.2–4.4 mmol/L; RR: 0–2.3 mmol/L) in the first 5 years of
life with a marginally elevated pyruvate level (142 mmol/L;
RR: 0–130 mmol/L). Analysis of organic acids in urine
revealed persistent mild elevations of 3-methylglutaconic acid
(22–34 mmol/mmol creatinine; RR: 0–19 mmol/mmol creati-
nine) until 5 years of age. Levels of 3-methylglutaric acid
were slightly increased (7 mmol/mmol creatinine; RR:
0.9–4.5 mmol/mmol creatinine) when the girl was 2 years
old and normalized afterwards. Additional organic acid
analysis in CSF showed an increase in 3-hydroxyisovaleric
acid (15 mmol/L, RR: 1–4 mmol/L) at 2 years of age. This
metabolite was also elevated in urine upon leucine-loading
(100 mg/kg). Urinary analysis of amino acids was repeatedly
normal. Biotinidase activity level in plasma, glutaryl-CoA-
dehydrogenase activity in lymphocytes, and 3-methylgluta-
conyl CoA hydratase activity in fibroblasts were all normal.
Holocarboxylase synthetase deficiency was excluded with
fibroblast enzyme analysis. A muscle biopsy at 2 years of age
revealed no abnormalities in oxidative phosphorylation.
Strikingly, even though this patient was severely neurologi-
cally affected at 23 years, metabolic profiling, including
amino acids, acylcarnitines, and organic acids was normal.

Whole exome sequencing (WES) at 25 years of age
revealed compound heterozygous mutations c.[229G>C];
[563C>T], p.[Glu77Gln];[Ala188Val] in the ECHS1 gene.
Mutation analysis by WES confirmed maternal inheritance
of c.[229G>C], p.[Glu77Gln] and paternal inheritance of c.
[563C>T], p.[Ala188Val]. Activity of SCEH was markedly
decreased in lymphocytes (<31 nmol/(min.mg); RR:
101–218 nmol/(min.mg)). Retrospective analysis of metab-
olites known to be elevated in SCEH deficiency in urine
(Peters et al. 2014) showed increased levels of S-(2-
carboxypropyl)cysteamine, S-(2-carboxypropyl)cysteine,
and N-acetyl-S-(2-carboxypropyl)cysteine in our patient
(Fig. 1j).

Discussion

The progressive psychomotor retardation, mild 3-methyl-
glutaconic aciduria, and elevated lactate levels in plasma
and CSF were highly suggestive for a mitochondrial
encephalopathy, which was supported by bilateral signal
abnormalities in the basal ganglia on MRI. The increased
urinary excretion of 3-methylglutaconic acid was consid-
ered an important diagnostic clue, but a muscle biopsy,
biotinidase activity level in plasma, glutaryl-CoA-dehydro-
genase activity in lymphocytes, and 3-methylglutaconyl
CoA hydratase activity in fibroblasts were all normal. In
lack of an identified causative disorder, the diagnosis
remained unspecified 3-methylglutaconic aciduria for years.

Surprisingly, despite the severe neurological clinical
picture, metabolite abnormalities decreased and almost
normalized as she got older. Finally, at 25 years of age
WES revealed mutations in the ECHS1 gene, with
concomitant decrease in SCEH activity in lymphocytes.

The evolution of the phenotype in this patient highlights
the major diagnostic challenge clinicians can face in the
diagnosis of the newly recognized disease spectrum of
ECHS1 mutations. The differential diagnosis of mild 3-
methylglutaconic aciduria is long and diverse. This tran-
sient biochemical abnormality probably was aspecific and
due to mitochondrial dysfunction in general (Wortmann
et al. 2013). However, in patients with an early-onset severe
mitochondrial encephalopathy and absent differentiating
biochemical abnormalities, cysteamine/cysteine derivatives
should be measured in urine as elevated levels of S-(2-
carboxypropyl)cysteamine, S-(2-carboxypropyl)cysteine,
and N-acetyl-S-(2-carboxypropyl)cysteine can be a diag-
nostic clue. The urinary levels in our patient were similar to
previously reported cases (Peters et al. 2014; Ferdinandusse
et al. 2015; Yamada et al. 2015; Olgiati et al. 2016), but not
as high as in a severely affected patient that was previously
described by Ferdinandusse et al. (2015) (Fig. 1j).
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Fig. 1 Brain MRI at age 1, 4, 12 years and metabolite analysis.
(a, d, g) Brain MRI at age 1 year. (b, e, h) Brain MRI at age 4 years.

(c, f, i) Brain MRI at age 12 years. (a–c) Axial T2-weighted images.
(d–f) Axial T1-weighted images. (g–i) Sagittal T1-weighted images.
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Take-Home Message
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Abstract Glutaric aciduria type 3 (GA3) is associated with
decreased conversion of free glutaric acid to glutaryl-coA,
reflecting deficiency of succinate-hydroxymethylglutarate
coA-transferase, caused by variants in the SUGCT
(C7orf10) gene. GA3 remains less well known, character-
ised and understood than glutaric aciduria types 1 and 2. It
is generally considered a likely “non-disease,” but this is
based on limited supporting information, with only nine
individuals with GA3 described in the literature. Clinicians
encountering a patient with GA3 therefore still face a
dilemma of whether or not this should be dismissed as
irrelevant.

We have identified three unrelated Canadian patients
with GA3. Two came to clinical attention because of
symptoms, while the third was identified by a population
urine-based newborn screening programme and has so far
remained asymptomatic. We describe the clinical histories,
biochemical characterisation and genotypes of these indi-
viduals. Examination of allele frequencies underlines the
fact that GA3 is underdiagnosed. While one probable factor
is that some GA3 patients remain asymptomatic, we high-
light other plausible reasons whereby this diagnosis might
be overlooked.

Gastrointestinal disturbances were previously reported in
some GA3 patients. In one of our patients, severe episodes
of cyclic vomiting were the major problem. A trial of anti-
biotic treatment, to minimise bacterial GA production, was
followed by significant clinical improvement.

At present, there is insufficient evidence to define any
specific clinical phenotype as attributable to GA3. However,
we consider that it would be premature to assume that this
condition is completely benign in all individuals at all times.
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Introduction

Three distinct types of glutaric aciduria have been
described. Glutaric aciduria type 1 (GA1; OMIM 231670;
Goodman and Frerman 2001; Boy et al. 2017) is caused by
deficiency of glutaryl-CoA dehydrogenase (EC 1.3.8.6), an
intramitochondrial flavoprotein required for metabolism of
lysine, hydroxylysine and tryptophan. As well as accumu-
lation and increased excretion of glutaric acid (GA),
biochemical markers of GA1 include elevations of 3-
hydroxyglutaric acid (3HGA), glutaconic acid and glutaryl-
carnitine. The natural clinical course of GA1 is character-
ised by encephalopathic crises, dystonia and dyskinesia,
reflecting neuronal degeneration of the striatum.

Glutaric aciduria type 2 (GA2; OMIM 231680; Frerman
and Goodman 2001) is caused by decreased activities of
multiple acyl-CoA dehydrogenases, reflecting a primary
defect in transfer of electrons from these flavoprotein
enzymes to the respiratory chain. GA2 is recognised bio-
chemically by characteristic patterns of elevation of several
organic acids, acylglycines and acylcarnitines, derived from
the various accumulating substrates. Clinical presentations
of GA2 reflect, in part, a deficiency of energy generation.
However, the pathogenesis of GA2 largely reflects toxicity
of accumulated acyl-CoAs and/or of toxic acids derived
from alternative metabolism of these acyl-CoAs. The patho-
genesis of GA1 likewise reflects toxic consequences of an
accumulation of glutaryl-coA and its conversion to toxic
acids (Goodman and Frerman 2001). Thus, GA1 and GA2
both represent examples of “CASTOR” (Coenzyme A
sequestration, toxicity or redistribution) disorders (Mitchell
et al. 2008).

Glutaric aciduria type 3 (GA3, OMIM 231690) is
fundamentally distinct from GA1 and GA2, and it is much
less well known, characterised and understood than those
two conditions. Only nine individuals with GA3 have been
described (Bennett et al. 1991; Knerr et al. 2002; Sherman
et al. 2008), five asymptomatic, with no single consistent
clinical presentation evident in the other four. The observed
biochemical phenotype was persistent elevation of GA,
notably without elevation of any other markers of GA1 or
GA2, and increased GA excretion following lysine loading.
The enzyme deficient in GA3 corresponds to an intra-
mitochondrial succinate-hydroxymethylglutarate CoA-
transferase (EC 2.8.3.13), encoded by SUGCT (originally
called C7orf10), which converts free GA to glutaryl-CoA
(Sherman et al. 2008; Marlaire et al. 2014). While this is
probably its main physiological role, several other dicarbo-
xylic acids are good alternative CoA acceptors in vitro,
glutaryl-CoA and succinyl-CoA are interchangeable CoA
donors, and the reaction is easily reversible; together
suggesting potential complexity in vivo under certain
conditions.

GA3 is generally considered a likely “non-disease.”
However, there is only limited supporting information
available. Clinicians encountering a patient diagnosed with
GA3 still face the dilemma of whether or not to dismiss this
as irrelevant. We therefore describe three unrelated cases,
ascertained by different routes, and contribute to the
clinical, biochemical and molecular characterisation of this
condition.

Patient Descriptions

Patient 1

Patient 1 is an 18-year-old male, born in the province of
Ontario, Canada, to non-consanguineous parents of British
ancestry. He came to clinical attention at age 22 months
with global developmental delay. He had recurrent wheez-
ing episodes in early childhood and admissions for lethargy
and unexplained ketonuria/ketoacidosis. There was no
history of acute encephalopathy, regression, vomiting epi-
sodes or hypoglycemia. MRI at age 2 years showed non-
specific periventricular white matter signal change. Growth
parameters were unremarkable. He had low-set posteriorly
rotated ears, almond shaped eyes, a smallish midfacies with
thin upper lip and a sacral dimple.

Qualitative urine organic acid analysis at age 22 months
indicated isolated elevation of GA, which was persistent.
(Analysis of urine metabolite profiles in recent samples
from all patients is described in more detail in the following
section, with results in Tables 1 and 2). Results of other
metabolic testing, including plasma acylcarnitine and amino
acid profiles, were normal. GA1 and GA2 were further
excluded by fibroblast studies, respectively by direct
enzyme assay and by beta oxidation profiling.

At various times between ages 2 and 7 years, before the
diagnosis of GA3 was established and also before the
underlying biochemical basis of GA3 was defined, dietary
interventions were introduced on an empiric basis, attempt-
ing to improve or prevent the recurrent ketotic episodes. A
trial of low-fat diet with riboflavin supplementation was
changed (following the exclusion of GA2) to a trial of low-
protein diet with carnitine supplementation. All such inter-
ventions were subsequently discontinued, except carnitine,
for which the dose was decreased.

GA3 was diagnosed with the finding of compound
heterozygous sequence variants in SUGCT (NCBI Refer-
ence Sequence NM_001193313.1/NP_001180242.1). The
c.1006C>T, p.Arg336Trp variant (previously called
c.895C>T, p.Arg299Trp, Sherman et al. 2008) has been
reported in other GA3 patients and is deleterious to the
protein (Marlaire et al. 2014). The other variant identified

90 JIMD Reports



in Patient 1, c.826G>A, p.Val276Ile, is predicted to be
deleterious.

Brain MRI, repeated at ages 12 and 16 years, again
showed non-specific changes of white matter signal, which
were stable from age 12 to age 16. He continues to have
attention and impulsivity issues and learning disability, but
his cognitive delay is relatively mild and not progressive.
He has not had any further ketotic episodes since age 10
years. There are no other clinical concerns.

Patient 2

Patient 2 is a 3-year-old boy, born in the province of
Quebec, Canada, to non-consanguineous French-Canadian
parents. He came to clinical attention through population
urine-based newborn screening. In the Quebec Neonatal
Urine Screening Programme (Auray-Blais et al. 2007), an
infant’s urine sample is collected on filter paper and
submitted by parents. Screening is performed on eluted

Table 1 Urine organic acids and acylcarnitines

Patient Sample Age

Organic acid profilea

GC/MS method
Organic acidsa

LC MS/MS
Acylcarnitines
MS/MS

GAb 3HGAc HMG Ket. Dic. Gut SNS GAd 3HGAe C5DCf
C5DC/
C5OHg

C5DC/
C5h

1 1-1 16 years 45 5 � � � � � 65 5.1 0.6 2.1 1.7

2 2-1i 4 months 940 7 + � � � � NC NC NC 2.4 2.5

2 2-2 i 6 months 309 0 + � � � � NA NA NA NA NA

2 2-3 9 months NA NA NA NA NA NA NA 701 4.1 0.4 2.0 1.7

2 2-4 1 year
10 months

153 0 ++ � � � � 151 4.7 0.4 2.6 0.2

2 2-5 1 year
10 months

NA NA NA NA NA NA NA 241 5.2 0.5 2.1 0.2

3 3-1i 4 weeks 9j 0 � � � � � NC NC NC 1.9 1.8

3 3-2 5 months 91 6 + � + + + 61 3.0 0.3 3.4 1.8

3 3-3 6 months 48 4 � � + ++ + 41 1.2 0.3 3.1 1.2

3 3-4 7 months 144 0 ++ ++ + ++ + 110 4.3 0.1 2.0 0.9

3 3-5 7 months
3 weeks

166 4 ++ ++ + + + 107 2.1 0.2 4.1 1.7

3 3-6 8 months
2 weeks

393 2 ++ +++ + ++ + NA NA NA NA NA

3 3-7 1 year
2 months

158 0 � � � � + 145 4.5 0.7 5.1 1.2

3 3-8 1 year
4 months

38 0 � � � � � NA NA NA NA NA

3 3-9 2 years
9 months

89 0 + � � k + 111 2.9 0.5 2.6 0.7

GA glutaric acid, 3HGA 3-hydroxyglutaric acid, HMG 3-hydroxy-3-methylglutaric acid, Ket ketones, Dic dicarboxylic acids, Gut acids of
probable intestinal origin (including methylmalonic, 3-hydroxypropionic, 4-hydroxyphenyllactic), SNS other acids considered secondary or non-
specific, NA not analysed (specimen not available), NC could not be calculated
Concentrations of organic acids other than GA and 3HGA are summarised as follows: � denotes within reference range; + denotes 1�–3�
reference limit; ++ denotes 3�–10� reference limit; +++ denotes >10� reference limit

a All organic acids are expressed in mmol/mol creatinine. Underlined figures indicate concentrations above reference range
b Age-related reference limits for glutaric acid by GC/MS: 12 (age 0–5 months), 22 (5–24 months), 4 (2–12 years), 2 (>12 years)
c Age-related reference limits for 3HGA by GC/MS: 10 (0–5 months), 7 (5–24 months), 4 (2–12 years), 5 (>12 years)
d Ref. limit: 16
e Ref. limit: 7.1
f Ref. limit: 5.2 mmol/mol creatinine (Tortorelli et al. 2005; Al-Dirbashi et al. 2011)
g Ref. limit (ratio): 10
h Ref. limit (ratio): 10
i Urine specimen received on filter paper
j Retrospective analysis of stored newborn screening filter paper sample
k Elevation of lactic acid seen in this specimen only, without elevation of other “gut” markers and without elevation of plasma (L-)lactate,
attributed to probable production by gut bacteria
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samples by thin-layer chromatography, then any samples
with apparent substantial elevations of certain organic acids
are re-analysed by more quantitative gas chromatography-
mass spectrometry (GC-MS) in the biochemical genetics
laboratory of CHU Sherbrooke. In two successive screening
samples from this infant, GA was elevated, without ele-
vation of markers suggesting GA1 or GA2.

The infant was referred to a metabolic specialist for
evaluation. No clinical concerns were identified. Analyses
of subsequent urine samples again showed elevation of GA
(Table 1). Acylcarnitine profiles were normal in plasma and
urine. Analysis of SUGCT revealed compound hetero-
zygosity for the known deleterious variant c.1006C>T, p.
Arg336Trp, in trans with c.625G>A, p.Ala209Thr, which
is predicted to be deleterious.

This patient continues to show normal development,
without any signs or symptoms of disease, and without any
treatment.

Patient 3

Patient 3 is a 4-year-old girl, born in Quebec to French-
Canadian parents, who are first cousins. Her urine newborn
screening results were negative. She was followed by
metabolic specialists because of cyclic vomiting episodes,
which began at age 4 months while on breastfeeding, in a

context of gross motor delay, deafness and axial hypotonia.
She had a single palmar crease, inverted nipples, frontal
bossing, left torticollis and right plagiocephaly. Her head
circumference at 6 months had increased to the 90th per-
centile from the 5th percentile at birth. MRI at age 6
months (Supplementary Fig. 1) showed minimal delayed
myelination at the genu of the corpus callosum, and axial
CSF space enlargement which raised concern about possi-
ble GA1. MR spectroscopy was normal. A repeat MRI at
age 1 year was normal.

She continued to have severe episodes with intractable
vomiting (10–12 times within a few hours) and dehydra-
tion, accompanied by lethargy, metabolic acidosis and
ketonuria, with hypoglycemia documented during one
episode. These crises occurred at intervals of 2 weeks to
2 months. She was started on L-carnitine (100 mg/kg/day)
and riboflavin (100 mg bid).

Plasma acylcarnitine and amino acid profiles were essen-
tially unremarkable. Urine organic acid profiles were some-
what variable; at first they were considered probably non-
specific and partly related to gastro-intestinal sources or
nutritional status, but GA elevation was noted to be a persistent
feature. Profiles were not suggestive of GA1 or GA2. Genetic
testing for GA1 (analysis of the GCDH gene) was negative.
Sequencing of SUGCT showed homozygosity for
c.1006C>T, p.Arg336Trp, establishing the diagnosis of GA3.

Table 2 Urine acylglycines

Patient Sample Age

Acylglycinesa

Acetylglycineb Propionylglycinec Crotonylglycined Butyrylglycinee

3 3-1f 4 weeks 56.51 2.91 11.17 2.74

3 3-2 5 months 50.57 2.27 10.60 3.72

3 3-3 6 months 51.81 3.75 10.39 3.85

3 3-4 7 months 66.83 7.22 18.28 4.90

3 3-5 7 months 3 weeks 71.36 3.56 15.18 3.86

3 3-6 8 months 2 weeks NA NA NA NA

3 3-7 1 year 2 months 105.95 9.65 2.91 7.22

3 3-8 1 year 4 months 156.45 9.72 2.44 9.49

3 3-9 2 years 9 months 148.00 10.75 6.72 8.27

Ctrl pos ACY1g 12 years 81.35 9.66 2.37 3.41

NA not analysed (specimen not available)
Acylglycine profile analysis was performed by an LC-MS/MS method (Bherer et al. 2015) which includes quantitative analysis of 15 acylglycines
and semi-quantitative analysis of 6 others. Glutarylglycine analysis is not included in this method

a All acylglycines are expressed in mmol/mol creatinine. Underlined figures indicate concentrations above reference range
b Age-related reference limits for acetylglycine: 2.55 (age <9 months); 3.13 (age 9 months–8 years)
c Age-related reference limits for propionylglycine: 0.15 (age <9 months); 0.15 (age 9 months–8 years)
d Age-related reference limits for crotonylglycine: 0.94 (age <9 months); 1.46 (age 9 months–8 years)
e Age-related reference limits for butyrylglycine: 0.16 (age <9 months); 0.22 (age 9 months–8 years)
f Urine specimen received on filter paper; retrospective analysis of stored newborn screening filter paper sample
g “Ctrl pos ACY1” is a positive control urine sample from an individual with aminoacylase 1 deficiency; “Sample 240” provided by the ERNDIM
qualitative organic acids (Heidelberg) external quality assurance scheme
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Over time the patient’s parents noticed that she had
changes in stool quality together with decreased energy and
general unwellness in the days immediately prior to each
acute episode. This temporal association, recognisable as a
recurrent prodrome, prompted clinical suspicion that the
episodes could reflect an interplay between the metabolic
changes due to GA3 and gut bacterial metabolism. This
hypothesis seemed plausible particularly because it is
known that free GA can be produced by gut bacteria
(Wendel et al. 1995; Kumps et al. 2002). Treatment with
the antibiotic metronidazole, to “sterilise” the gut, was
therefore introduced on a trial basis (10 mg/kg/day, divided
tid, given 10 days per month).

We later noted elevations of several N-acetyl-amino
acids in urine samples (data not shown). This observation
was persistent, being confirmed retrospectively in samples
from 5 months of age onwards, and is characteristic of
aminoacylase 1 (ACY1) deficiency (Sass et al. 2006; Gerlo
et al. 2006). This represented a second unrelated diagnosis
for this patient, independent of her diagnosis of GA3.
ACY1 deficiency, like GA3, is a condition of uncertain
clinical significance; widely considered benign or likely
benign, but observed in some patients with non-specific
neurological findings (Sass et al. 2007; Tylki-Szymanska
et al. 2010). However, it has not been reported in
association with episodic metabolic disturbance or cyclic
vomiting, therefore did not provide an explanation for this
patient’s major symptoms.

Other metabolic and genetic testing, for a possible other
disorder which could explain the symptoms, especially the
cyclic vomiting, has thus far been normal. This has
included extensive biochemical workup, mitochondrial
DNA sequencing and deletion/duplication testing, mole-
cular analysis for channelopathies and sequencing of the
HMG CoA lyase (HMGCL) and synthase (HMGCS2)
genes.

The patient has been doing much better, with only one
crisis over the last 18 months, since metronidazole was
started. She has sensorineural hearing loss, for which she
wears hearing aids. She still has developmental delay, but
this is mild and consists of learning difficulties only. There
are no other neurological or clinical concerns.

Metabolite Profiles in Urine

Quantitative urine organic acid profiling, by GC-MS
following trimethylsilyl derivatisation, was performed at
CHUS during clinical investigations of patients 2 and 3.
Other investigations for patient 2, at Children’s Hospital of
Eastern Ontario (CHEO), included analysis of dried urine
spots for GA and 3HGA by a liquid chromatography-
tandem mass spectrometry (LC-MS/MS) assay (Al-Dirba-

shi et al. 2011), with quantification of glutarylcarnitine
(C5DC) and associated acylcarnitine ratios by MS/MS
(Tortorelli et al. 2005). Patient 3 also had urine acylglycine
profiling performed at CHUS by LC-MS/MS (Bherer et al.
2015). Exchanges of available samples later provided
results from all methods for all three patients.

Table 1 summarises urine organic acid and acylcarnitine
results. Elevation of GA was observed in all urine samples
from all patients, except the original newborn screening
sample (3-1) from Patient 3. GA values from the GC/MS
organic acid profile method and from the dedicated LC-
MS/MS method were broadly similar. No sample showed
elevation of 3HGA, by either method, nor was 2HGA
elevated in any organic acid profile (data not shown). Urine
C5DC (expressed relative to creatinine concentration and
also as ratios to C5OH and to C5) was consistently normal.
These findings were in accord with GA3.

Several samples from Patient 3 showed elevations of
organic acids other than GA, including products of gut
floral metabolism as well as ketones, dicarboxylic acids and
mild elevations of some citric acid cycle metabolites, all
supposed secondary to a catabolic state related to vomiting
episodes. Her GA levels showed some apparent correlation
with variations in her condition, as relatively modest GA
elevations were observed at times when the profile was
otherwise unremarkable. 3-hydroxy-3-methylglutaric acid
(HMG) was elevated in several samples from Patient 3,
again tending to correlate with catabolic state. HMG was
also somewhat elevated in samples from Patient 2, while
his organic acid profiles were otherwise unremarkable.

Acylglycine profiling of urine samples from Patient 3
showed persistent elevations of acetylglycine, propionylgly-
cine, crotonylglycine and butyrylglycine in all specimens,
including the original newborn screening filter paper sample
(Table 2). Mild elevations of isobutyrylglycine and valeryl-
glycine were also seen in some samples, while all other
acylglycines assayed were within reference range (data not
shown). No obvious correlations were identified between
acylglycine concentrations and concentrations of organic
acids in the corresponding samples. Subsequent acylglycine
analysis of available specimens from Patients 1 and
2 (samples 1-1, 2-1 and 2-3), by the same method, gave
essentially normal results (data not shown). However, ana-
lysis of a control sample from an individual with ACY1
deficiency gave a similar profile to those of Patient 3.

Sequence Variants in SUGCT (C7orf10)

Table 3 summarises the variants identified in our patients,
and all previously published variants, with population fre-
quencies from the ExAC database (http://exac.broadinsti-
tute.org).
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Discussion

We present three cases of GA3; two investigated because of
clinical symptoms, the other identified through population
screening. There are very few published reports of GA3
patients. Considering observed allele frequencies (Table 3),
frequency of GA3 is estimated at ~1/11,000 (European) to
~1/27,000 (Global). This condition is clearly underdiag-
nosed.

One reason is that some GA3 individuals, perhaps most,
remain asymptomatic. GA3 is not detectable by bloodspot
acylcarnitine-based newborn screening, as GA3 does not
result in accumulation of glutaryl-coA, hence glutarylcarni-
tine is not elevated. Very few jurisdictions perform urine
newborn screening for organic acidemias. In Quebec, only
one case of GA3 has been identified by this route in the 16
years (1,161,000 infants screened) since addition of GA1 as
a target of the provincial urine screening programme
(Auray-Blais et al. 2007); probably because GA was below
the detection threshold in most cases.

Some GA3 individuals could have symptoms which are
insufficiently specific, severe or persistent to prompt
consideration of an inherited disorder. There are other
potential reasons why GA3 could be missed, even when
“metabolic work-up” is performed. GA excretion levels are
variable and often moderate. GA3 is described as present-
ing with “isolated glutaric aciduria,” however this was not
always the case with our patients (Table 1); in Patient 3
other acids were often more prominently elevated than GA.
Moderate GA elevations are often seen in clinical labo-
ratories; causes or associations (Kumps et al. 2002; Boy
et al. 2017) include gut bacterial metabolism and primary or
secondary mitochondrial dysfunction. With no known
biomarker other than GA, GA3 has been a “diagnosis of
exclusion,” especially while no genetic or enzymatic test
was available. Even with the relevant gene now known,
DNA testing is normally only initiated following suspicion
based on recognised clinical manifestations or metabolite
profiles.

Patient 3 presented with cyclic vomiting. This was true
of the first reported GA3 patient (Bennett et al. 1991),
while another presented with acute gastroenteritis (Knerr
et al. 2002). Both were possibly attributable to, or
influenced by, co-existing conditions. A recent abstract
(Skaricic et al. 2016) mentions two new patients, one with
recurrent vomiting. Intracellular accumulation of free GA, a
direct result of GA3, could contribute directly to gastro-
intestinal disturbances. Our experience with Patient 3
suggests that antibiotic treatment, to minimise bacterial
GA production, may be helpful in this context. The signifi-
cance of interplay between human metabolism and gut
microbiome is becoming increasingly recognised, including
in patients with inborn errors (Gertsman et al. 2015).

We note that gastrointestinal disturbances are not typical
features of either GA1 or GA2, although both conditions
are associated with increased GA in body fluids. However,
the biochemical basis of GA3 is fundamentally different
from that of GA1 or GA2: only in GA3 is the free acid
itself a primary substrate of the enzyme, liable to direct
accumulation within cells, whereas the elevations of GA
observed in blood and urine in GA1 or GA2 arise by a
more indirect route via accumulation of glutaryl-coA.

Clinical concerns for Patients 1 and 3 included lethargy,
hypotonia and developmental issues. Both had MRI ano-
malies, albeit minimal and non-specific or transient.
Neurological and developmental problems have been
described in other GA3 patients (Bennett et al. 1991;
Knerr et al. 2002; Skaricic et al. 2016), although some were
transient or potentially explicable by other factors.

Patient 3 also has evidence of ACY1 deficiency. We
cannot exclude a small possibility that this contributed to her
mild developmental delay, but there is no obvious association
between ACY1 deficiency and her other symptoms.

There is presently insufficient evidence to define any
clinical phenotype as attributable to GA3. However, it would
be premature to assume that GA3 is completely benign in all
patients at all times. An international collaboration to
compile histories of known patients might elucidate common
threads, or provide stronger evidence for a lack thereof.
Similar considerations apply to ACY1 deficiency.

The biochemical characterisation of GA3 also remains
incomplete. For example, elevations of 3-hydroxy-3-methyl-
glutaric acid (HMG) in several samples from twopatients (Table
1) were initially discounted as non-specific. HMG is in fact an
alternative substrate for C7orf10 in vitro (Marlaire et al. 2014),
but its in vivo significance (if any) in GA3 patients is
unknown. Specificity studies with other possible CoA donors
and acceptors examined only a few candidate molecules.

The persistently abnormal urine acylglycine profile of
Patient 3 was intriguing. There was no obvious link with
what is known of the biochemical basis of GA3, and we did
not observe similar profiles in our two other GA3 patients.
We have, however, seen similar patterns in some other
patients in decompensated states, with or without an under-
lying primary disorder of energy metabolism. It later
became apparent that the profile could be attributed in this
case to co-existing ACY1 deficiency. N-acetylglycine is a
known marker of ACY1 deficiency. It is reasonable to
suppose that propionylglycine, crotonylglycine and butyryl-
glycine (Table 2) are also substrates of ACY1. Broader
metabolomic studies on larger groups of GA3 and ACY1-
deficient individuals could be worthwhile, particularly in an
era where many metabolic enzymes are newly recognised
to have additional diverse and significant “moonlighting”
roles in other cellular processes (Zschocke 2012; Vilardo
and Rossmanith 2015; Boukouris et al. 2016).
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In summary, we have described three individuals with
GA3, two of whom showed clinical symptoms. We propose
that this condition may have some clinical significance, if
only in a subset of patients or in combination with other
factors, and that this possibility warrants investigation.
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Table 3 Sequence variants in SUGCT (C7orf10) and their frequencies

Variant designationsa

Identified in this study? Previously published?

Allele frequenciesb

cDNA Protein dbSNP European Global

c.1006C>T p.Arg336Trp rs137852860 Patients 1, 2, 3 Yesc–e 0.009295 0.005642

c.826G>A p.Val276Ile rs750657344 Patient 1 No 0.00004132 0.00006313

c.625G>A p.Ala209Thr rs781200920 Patient 2 No Not found 0.000008293

c.322C>T p.Arg108Ter rs137852862 No Yesc 0.0002758 0.0003234

c.535C>T p.Arg179Ter rs137852861 No Yesc,e,f 0.00001498 0.00001656

All five variants (totals of allele frequencies) 0.009627 (1/104) 0.006053 (1/165)

a Variant designations (cDNA and protein) used in the present study are based on NCBI Reference Sequence NM_001193313.1/NP_001180242.1
b The quoted allele frequencies were obtained from the ExAC (Exome Aggregation Consortium) database (http://exac.broadinstitute.org), which
includes 60,706 individuals, of whom approximately half are “European (non-Finnish)”

c Sherman et al. (2008)
d Variant originally referred to as c.895C>T, p.Arg299Trp
e Differences in numbering of some variants, versus the original descriptions by Sherman et al. (2008), are related to the use of a newer reference
sequence (also discussed by Marlaire et al. 2014)

f Variant originally referred to as c.424C>T, p.Arg142Ter
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Abstract Background: In the severe neurodegenerative
disorder mucopolysaccharidosis type IIIB (MPSIIIB or
Sanfilippo disease type B), deficiency of the lysosomal
enzyme N-acetyl-a-glucosaminidase (NAGLU) results in
accumulation of heparan sulfate. Patients present with a
severe, rapidly progressing phenotype (RP) or a more
attenuated, slowly progressing phenotype (SP). In a
previous study, residual NAGLU activity in fibroblasts of
SP patients could be increased by culturing at 30�C,
probably as a result of improved protein folding and
lysosomal targeting under these conditions. Chaperones
are molecules which influence protein folding and could
therefore have therapeutic potential in SP MPSIIIB patients.
Here we studied the effects of 1,302 different compounds
on residual NAGLU activity in SP MPSIIIB patient

fibroblasts including 1,280 approved compounds from the
Prestwick Chemical Library.
Methods: Skin fibroblasts of healthy controls, an SP
MPSIIIB patient (homozygous for the temperature sensitive
mutation p.S612G) and an RP MPSIIIB patient (homozy-
gous for the p.R297* mutation and non-temperature
sensitive), were used. A high-throughput assay for mea-
surement of NAGLU activity was developed and validated,
after which 1,302 different molecules were tested for their
potential to increase NAGLU activity.
Results: None of the compounds tested were able to
enhance NAGLU activity.
Conclusions: This high-throughput screen failed to identify
compounds that could enhance residual activity of mutant
NAGLU in fibroblasts of SP MPSIIIB patients with
temperature sensitive mutations. To therapeutically simulate
the positive effect of lower temperatures on residual
NAGLU activity, first more insight is needed into the
mechanisms underlying this temperature dependent
increase.

Introduction

In mucopolysaccharidosis type IIIB (MPSIIIB or Sanfilippo
disease type B; OMIM#: 252920), deficiency of the
lysosomal enzyme N-acetyl-a-glucosaminidase (NAGLU;
EC: 3.2.1.50) results in accumulation of the glycosamino-
glycan (GAG) heparan sulfate (Muenzer 2011). Patients
generally present between the age of 1 and 4 years with a
delay in neurocognitive development, predominantly affect-
ing speech and language skills, which is followed by a
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progressive neurocognitive decline accompanied by behav-
ioral problems (Valstar et al. 2010). There is a wide
spectrum of disease severity, ranging from a severe, rapidly
progressing phenotype (RP) to a more attenuated, slowly
progressing phenotype (SP). Whereas RP patients often die
in their late teenage years or early adulthood, patients
with an SP phenotype may show a stable developmental
impairment for years (Moog et al. 2007; Valstar et al.
2010). No disease modifying treatment is yet available.

Recently, we showed that culturing skin fibroblasts of
MPSIIIB patients with an SP phenotype at 30�C signifi-
cantly increased residual NAGLU activity, probably due
to improved protein folding, decreased degradation, and
improved targeting to the lysosome (Meijer et al. 2016).
Chaperones are molecules that could induce comparable
effects and may be considered as potential therapeutic
agents for SP MPSIIIB patients. Molecular chaperones,
including the heat shock proteins, are endogenous chaper-
ones that play an important role in protein stabilization and
are key players in the intracellular protein quality control
system (Hartl et al. 2011). Chemical chaperones, on the
other hand, are exogenous compounds that stimulate
protein folding by nonspecific modes of action (Engin and
Hotamisligil 2010; Cortez and Sim 2014), whereas phar-
macological chaperones stabilize proteins by more specific
binding as they act as ligand to the enzyme or selectively
bind a particular native conformation of the protein (Parenti
2009). The use of pharmacological chaperones has been
investigated for many diseases affecting protein folding,
including LSDs, and several are now in clinical trials
(Hollak and Wijburg 2014; Parenti et al. 2015).

Suitable candidates for chaperone therapy in MPSIIIB
are 2-acetamido-1,2-dideoxynojirimycin (2AcDNJ) and 6-
acetamido-6-deoxycastanospermine, since they were found
to be potent inhibitors of purified human NAGLU and its
bacterial homolog (Zhao and Neufeld 2000; Ficko-Blean
et al. 2008). Another compound of interest is glucosamine.
Treatment of cultured fibroblasts from MPS IIIC patients
(OMIM#: 252930) with glucosamine partially restored the
activity of the deficient enzyme heparan acetyl-CoA:alpha-
glucosaminide N-acetyltransferase (HGSNAT; EC:2.3.1.78).
This could also be the case for MPSIIIB, as NAGLU binds
glucosamine residues at the non-reducing end of the GAG
chain (Feldhammer et al. 2009; Matos et al. 2014).

Here we aimed to investigate the effects of known
chemical and pharmacological chaperones on residual
enzyme activity in a MPSIIIB fibroblast cell line in which
residual enzyme activity can be increased by culturing at
low temperature. Also, we investigated the effect of the
1,280 approved compounds from the Prestwick Chemical
Library, which have all proven their safety in humans.

Material and Methods

Cell Culture

Cultured skin fibroblasts of healthy controls, a MPSIIIB
patient with an SP phenotype, homozygous for the
temperature sensitive missense mutation p.S612G, and of
a MPSIIIB patient homozygous for the p.R297* mutation
conveying an RP phenotype and previously demonstrated
not to be temperature sensitive, were selected for validation
of the assay and subsequent compound screen (Meijer et al.
2016). Fibroblasts were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (FBS) and 100 U/mL penicillin, 100 mg/mL
streptomycin, and 250 mg/mL amphotericin at 37�C (unless
otherwise stated) in a humidified atmosphere containing 5%
CO2. Before adding FBS to the medium, bovine NAGLU
was inactivated by incubation of FBS at 65�C for 35 min.
All cell lines were found negative for mycoplasma
contamination.

NAGLU Activity Assay

NAGLU activity in protein homogenates of skin fibroblasts
was measured according to our previously described
method (Meijer et al. 2016). Since this method is unsuitable
for screening of a large number of compounds, an assay
suitable for high-throughput screening was designed, based
on the method described by Mauri et al. (2013). Fluoro-
genic 4-methylumbelliferyl-2-acetamido-2-deoxy-a-D-glu-
copyranoside (4MU-a-GlcNAc) (Moscerdam, Oegstgeest,
The Netherlands) was used as substrate and dissolved to the
required concentration in a 0.1 M citrate 0.2 M phosphate
buffer pH 4.3. The assay was started by adding 50 mL
reaction mixture (12.5 mL 4MU-a-GlcNAc, 37 mL 0.1 M
citrate 0.2 M phosphate buffer pH 3.85 and 0.5 mL 10%
Triton-X100) to each well which was incubated at 37�C
for different time periods. The reaction was stopped by
adding 150 mL 0.2 M sodium carbonate buffer pH 10.5.
Fluorescence of released 4-methylumbelliferone was
measured with a Fluostar Optima Microplate Reader (BMG
Labtech, Ortenberg, Germany), using an excitation and
emission wavelength of 360 nm and 450 nm, respectively.
NAGLU activity was calculated using a calibration curve
of 4-methylumbelliferone (Glycosynth Ltd., Warrington,
Cheshire, UK).

Compound Screen

Cells were harvested by trypsinization, counted using a Z™

series Coulter Counter (Beckman Coulter Inc., Brea,
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California, United States) and diluted in culture medium to
the required concentrations. For each cell line, 100 mL cell
suspension per well was plated in black, clear bottom 96-
well plates (Greiner Bio-One, Kremsm€unster, Austria).
Next day, culture medium was replaced with 200 mL
culture medium containing one of the small compounds
described below and incubated for 5 days following our
standard protocol. After 5 days incubation, plates were
washed three times with phosphate buffered saline (PBS)
and NAGLU activity was measured as described above.

Chemicals

Taurine, D-arginine, L-homoarginine hydrochloride, saccha-
rose, trimethylamine N-oxide (TMAO), dimethyl sulfoxide
(DMSO �99.9%), ambroxol, D-glucosamine hydrochloride,
N-acetylglucosamine, trichostatin A (TSA), bortezomib,
and ursodeoxycholic acid (UDCA) were all purchased from
Sigma-Aldrich (St. Louis, MO, USA). L-arginine monohy-
drochloride, trehalose and 4-phenylbutyrate (4-PBA) were
from Merck (Darmstadt, Germany), b-alanine from BDH
(Analytical Chemicals, VWR International, Radnor, PA,
USA), glycerol and betaine were from Arcos Organics
(Geel, Belgium), and glycine from Serva Electrophoresis
GmbH (Heidelberg, Germany). Tauroursodeoxycholic acid
(TUDCA) was from Calbiochem (Merck Millipore, Bill-
erica, MA, USA), 2-acetamido-1,2-dideoxynojirimycin
(2AcDNJ) from Bio-connect (Life Sciences, Huissen, The
Netherlands), and suberanilohydroxamic acid (SAHA or
Vorinostat) from Cayman Chemical Company (Ann Arbor,
MI, USA).

The compounds used in our screen were first dissolved in
milliQ (Synergy Water Purification System, Merck Millipore,
Billerica, MA, USA), sterilized using a 0.45 mm syringe filter
(Merck Millipore, Billerica, MA, USA) and diluted in culture
medium to the required concentration. Except for UDCA,
ambroxol, bortezomib, TSA, and SAHA, for which stock
solutions were prepared in DMSO and subsequently diluted
in culture medium (final DMSO concentration 1.0%).

The Prestwick Chemical Library (Prestwick Chemical,
Illkirch, France) consisted of 1,280 compounds (2 mM
stock solutions in DMSO), which were diluted in culture
medium to a final concentration of 10 mM (final DMSO
concentration 0.5%).

Western Blot Analysis

Cell pellets were dissolved in milliQ supplemented with
cOmplete™ protease inhibitor cocktail (Roche, Mannheim,
Germany) and disrupted by sonification using a Vibra Cell
sonicator (Sonics & Materials Inc., Newtown, CT, USA).
Protein concentration was measured in whole cell lysates as

described by Lowry et al. (1951). For Western blot analysis
of NAGLU, 50 mg of protein was loaded onto a NuPAGE
Novex 4–12% Bis-Tris pre-cast polyacrylamide gel (Invi-
trogen, Carlsbad, CA, USA) that after electrophoresis was
transferred onto an Amersham Protran Nitrocellulose
Blotting Membrane by semidry blotting (GE Healthcare
Life Sciences, Little Chalfont, UK). Membranes were
blocked in 30 g/L bovine serum albumin (Sigma-Aldrich,
St. Louis, MO, USA) in 0.1% Tween-20 in PBS (TPBS).
Antibodies used were: rabbit anti-NAGLU antibody 1:800
(ab169874; Abcam, Cambridge, UK), mouse anti-b-actin
antibody 1:10,000 (Sigma-Aldrich, St. Louis, MO, USA),
goat anti-rabbit and donkey anti-mouse antibody 1:10,000
(IRDye 800CW and IRDye 680RD, respectively; LI-COR
Biosciences, Lincoln, NE, USA). Primary antibodies were
dissolved in TPBS and secondary antibodies in TPBS with
Odyssey® blocking buffer and SDS 0.01%. Between
antibody incubations membranes were washed five times
with TPBS. Blots were analyzed using the Odyssey® CLx
Infrared Imaging System (LI-COR Biosciences, NE, USA).

Statistical Analysis

Data analyses were performed using SPSS software for
Windows (version 23.0, SPSS Inc., Chicago, IL, USA). A
p-value of <0.05 was considered statistically significant.

Results

Effects of Culturing at 30�C on Mutant NAGLU

Previously it has been shown that residual activity of
NAGLU in fibroblasts of MPSIIIB patients with an SP
phenotype can be increased by culturing at 30�C (Meijer
et al. 2016). To further investigate the increase in activity of
mutant NAGLU at low culture temperature, NAGLU
protein and activity levels were determined in control and
MPSIIIB fibroblast cell lines after culturing at 37 and 30�C
(Fig. 1a). Western blot analysis of fibroblasts from a healthy
control cultured at 37�C showed that NAGLU consists of
two forms: a precursor form with an apparent molecular
weight of 85 kD and a mature form with an apparent
molecular weight of 82 kD. In the SP p.S612G MPSIIIB
cell line, only the precursor form was detected after
culturing at 37�C, whereas after culturing at 30�C both
NAGLU forms could be observed. This corresponded with
an increase in NAGLU activity from 0.41 nmol mg�1 h�1

after culturing at 37�C up to 4.06 nmol mg�1 h�1 after
culturing at 30�C (Fig. 1b; NAGLU activity in control
fibroblasts cultured at 37�C: 19.71 nmol mg�1 h�1). In
fibroblasts of the RP p.R297* MPSIIIB patient, no NAGLU
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protein was present under either of these conditions
(measured NAGLU activities: 0.14 and 0.15 nmol mg�1 h�1

after culturing at 37�C and 30�C, respectively).

Optimization and Validation of the 96-Well NAGLU Assay

Prior to the compound screen, a method suitable for high-
throughput applications was developed based on the
method described by Mauri et al. (2013) and optimized
for incubation time, 4MU-a-GlcNAc substrate concentra-
tion and cell density (Supplementary figure 1). Based on
these results we decided to use 10,000 cells/well and to
measure NAGLU activity after 5 days of culturing using
1 mg/mL 4MU-a-GlcNAc substrate incubated at 37�C for
24 h. Since at present no compound is known that can
enhance residual NAGLU activity in MPSIIIB fibroblasts,
fibroblasts of a healthy subject were used as a positive
control and plated at a density of 2,500 cells/well in each
plate. As chaperones only act on missense variants, p.
R297* MPS IIIB fibroblasts plated at a density of 10,000
cells/well were included as a negative control. Since this
cell line contains a mutation resulting in a premature stop,
no protein will be synthesized and no activity was expected
to be measured.

Using these conditions, the Z-factor of the assay was
determined, which is considered a reliable measure for
evaluation and validation of high-throughput screens
(Zhang et al. 1999). A calculated Z-factor of 0.69 classified
this assay as “excellent.”

Effect of Chemical Chaperones

Chemical chaperones are generally divided into two
subgroups: the osmolytes and hydrophobic compounds
(Cortez and Sim 2014). Several classes of osmolytes were
studied: free amino acids and amino acid derivatives (b-
alanine, glycine, taurine, D-arginine, L-homoarginine hydro-
chloride, L-arginine monohydrochloride), carbohydrates
(trehalose and saccharose), polyols (glycerol), methyl-
amines (betaine and TMAO), and organosulfur compounds
(DMSO). In addition the effect of the hydrophobic
chaperones 4-PBA and the bile acids UDCA and TUDCA
was assessed.

None of the 15 chemical chaperones tested, enhanced
NAGLU activity in MPSIIIB fibroblasts after 5 days incu-
bation at different concentrations (Fig. 2a).

Effect of Pharmacological Chaperones, Previously
Investigated in LSDs

Pharmacological chaperones previously studied for poten-
tial effects in LDSs were assessed and included ambroxol
(Maegawa et al. 2009), the proteasome inhibitor bortezomib
(Shimada et al. 2011; Macías-Vidal et al. 2014) and the
HDAC inhibitors TSA and SAHA (Pipalia et al. 2011).
None of these compounds enhanced residual NAGLU
activity in p.S612G MPSIIIB fibroblasts (Fig. 2b).

The (N-acetyl)glucosamine inhibitors D-glucosamine, N-
acetylglucosamine, and 2AcDNJ, which were previously

Fig. 1 (a) Western blot analysis of NAGLU protein levels and (b)
corresponding activity levels (nmol mg�1 h�1) after culturing
MPSIIIB patient and control fibroblasts at 37 and 30�C for 1 week.

NAGLU activity was measured as was described previously (Meijer
et al. 2016). NAGLU activity in control fibroblasts cultured at 37�C
was 19.71 nmol mg�1 h�1
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Fig. 2 (continued)
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Fig. 2 (a) Effect of treatment with different classes of chemical
chaperones on residual NAGLU activity in p.S612G MPSIIIB
fibroblasts. (b) Effect of treatment with pharmacological chaperones
used in other protein folding diseases including LDSs, on residual
NAGLU activity in p.S612G MPSIIIB fibroblasts. (c) Effect of
treatment with pharmacological chaperones used in MPS III on

residual NAGLU activity in p.S612G MPSIIIB fibroblasts. NAGLU
activity levels are shown in fluorescence (arb. units). All compound
concentrations were tested in triplicate. Mean � SD is given. (d)
Western blot analysis of the effect of treatment with N-acetylglucos-
amine (NAG) and 2AcDNJ for 5 days on NAGLU protein levels in p.
S612G MPSIIIB fibroblasts
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shown to affect NAGLU and HGSNAT in MPSIIIB and
MPS IIIC respectively, were also investigated (Zhao and
Neufeld 2000; Ficko-Blean et al. 2008; Feldhammer et al.
2009; Matos et al. 2014). As is shown in Fig. 2c, treatment
with these compounds did not lead to significant enhance-
ment of NAGLU activity levels.

To investigate whether any of these compounds did have
an effect on protein levels, which, due to a too strong
inhibitory effect, may not have resulted in detectable
changes in enzyme activity, the effect of N-acetylglucos-
amine and 2AcDNJ on NAGLU protein was assessed on
Western blot (Fig. 2d). Treatment with neither of these
compounds led to higher expression of the precursor of
NAGLU or the formation of the mature form of the
enzyme.

Prestwick Chemical Library

So far none of the compounds tested showed any effect
on residual activity of mutant NAGLU. Therefore the
Prestwick Chemical Library was tested consisting of 1,280
approved drugs (Fig. 3a). All compounds with a fluorescent
signal of 500 arb. units or above the mean background were
selected for further analyses. These included the antihyper-
tensive drugs benzamil hydrochloride (PCL-657) and
doxazosin mesylate (PCL-858), the anti-osteoporetic drug
ibandronate sodium (PCL-1285), the xanthine oxidase
inhibitor used for the treatment of gout, allopurinol (PCL-
1213), and the antiseptic drug aminacrine (PCL-1717). To
validate the results of the screen, MPSIIIB p.S612G
fibroblasts were incubated for 5 days with the selected
compounds at increasing concentrations. Both ibandronate
sodium and allopurinol did not show any significant effect
on NAGLU activity (Fig. 3b). For aminacrine, benzamil
hydrochloride, and doxasozin mesylate a dose dependent
increase in fluorescent signal was observed. However, the
same increase in fluorescence was obtained when the assay
was repeated in the absence of the 4MU-a-GlcNAc
substrate, indicating that there is no actual increase in
residual NAGLU activity upon treatment with these
compounds.

Discussion

We assessed the effect of 1,302 different molecules on
residual enzyme activity in a MPSIIIB patient fibroblast cell
line which responded with a significant increase in NAGLU
activity when cultured at 30�C instead of 37�C (Meijer et al.
2016). As enzyme activity is related to the efficiency of
protein folding, culturing at 30�C may improve folding of
the mutant NAGLU enzyme (Fan 2003; Gootjes et al. 2004).
Unfortunately, none of the molecules tested in our assay,

including the 1,280 compounds from the Prestwick Chemical
Library, were effective.

The observed lack of effect may well be understood if
protein misfolding is not, or only to a limited extend,
involved in the SP MPSIIIB phenotype and if the observed
increase in enzyme activity in fibroblasts cultured at 30�C
is due to other mechanisms. Indeed, our observation on
Western blot that at 37�C culture conditions only the 85 kDa
precursor form of NAGLU is detected while at 30�C also the
mature 82 kDa NAGLU protein is observed rather suggests
differences in protein synthesis and processing.

The majority of chemical chaperones studied here have
remarkable general mechanisms of action and were shown
to influence enzymatic activity in other protein folding
diseases including LSDs (Maegawa et al. 2009; Pipalia
et al. 2011; Shimada et al. 2011; Cortez and Sim 2014;
Macías-Vidal et al. 2014). We consider that, if protein
misfolding is indeed involved in the MPSIIIB SP phenotype,
some effect of these compounds would have been observed.
Our observation that more NAGLU specific compounds
such as the N-acetylglucosaminidase inhibitors N-acetylglu-
cosamine and 2AcDNJ also lacked effect on NAGLU protein
and activity levels further supports the hypothesis that
protein misfolding does not play a major role in MPSIIIB.
In previous studies the binding capacity of 2AcDNJ has
always been assessed using purified NAGLU (Zhao and
Neufeld 2000; Ficko-Blean et al. 2008). As NAGLU is
synthesized in the rough endoplasmic reticulum (ER), it is
possible that these compounds do have the capacity to bind
and stabilize mutant NAGLU, but cannot enter the ER in a
cell culture model as used here. This may also have blocked
potential effects of other compounds tested in this study,
although it is unlikely that compounds which do not reach
the target protein in vitro would have therapeutic properties
in vivo. Thus, despite the promising effects of chaperones in
other LSDs such as Fabry disease, this approach may not
serve all LSDs as was shown here for MPS IIIB (Hollak and
Wijburg 2014; Germain et al. 2016; Hughes et al. 2017).

A limitation of this study is that compounds were tested
in one MPSIIIB cell line. Although this cell line was
selected because its mutation conveys an SP phenotype and
enzyme activity responded favorably to culturing at 30�C,
we cannot exclude that this mutation is insensitive to the
here tested compounds and that they might have had a
positive effect on other mutations. However, allelic hetero-
geneity in MPSIIIB is large, and it would not be feasible to
test all reported mutations (Valstar et al. 2010). A drawback
of high-throughput screens in general is that compound
libraries are often tested in a limited number of concen-
trations, so that an effect of any of the compounds at a
different concentration cannot be ruled out.

Thus, despite a reliable and robust assay, this high-
throughput screen failed to identify compounds that could
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enhance residual activity of mutant NAGLU in fibroblasts
of an SP MPSIIIB patient homozygous for a temperature

sensitive mutation. We conclude that to therapeutically
simulate the positive effect of lower temperatures on

Fig. 3 (a) Effect of treatment with compounds from the Prestwick
Chemical Library (10 mM) on NAGLU activity in p.S612G MPSIIIB
fibroblasts. NAGLU activity levels are shown in fluorescence (arb.
units) and were corrected for the mean plate signal. (b) Validation of
the compounds identified in the high-throughput screen of the

Prestwick Chemical Library in p.S612G MPSIIIB fibroblasts.
NAGLU activity levels are shown in fluorescence (arb. units) after
incubation with or without 4MU-a-GlcNAc substrate. All compound
concentrations were tested in triplicate. Mean � SD is given
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residual NAGLU activity, first more insight is needed into
the mechanisms underlying this temperature dependent
increase in enzyme activity.
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Abstract Phenylketonuria (PKU) is a rare genetic disorder
in which the amino acid phenylalanine cannot be suffi-
ciently metabolised. Although a build-up of phenylalanine
causes irreversible cognitive impairment, this can be
prevented through a strict, lifelong diet restricted in natural
protein. Despite the severe consequences of poor metabolic
control, many children and adolescents have phenylalanine
levels above their recommended limits. This systematic
review was the first to examine studies reporting demo-
graphic and/or psychosocial influences on blood phenylala-
nine levels, with the aim to identify factors that were
robustly linked with metabolic control. Four electronic
databases were searched, yielding 1,808 articles. Articles
were included if they reported a statistical examination of
the association between one or more demographic or
psychosocial factor(s) and metabolic control (as measured
by blood phenylalanine concentration) for children and
adolescents with PKU. Twenty-nine studies were selected
for inclusion, which examined a range of child, parent and
family factors related to blood phenylalanine levels. The
most reproducible association was with child age, with
metabolic control worsening with increasing age. This

suggests that interventions promoting treatment adherence
would be particularly beneficial for adolescents. There was
a paucity of studies in some areas, and the quality of
included studies varied; therefore, the conclusions of this
review are preliminary. Research recommendations focus
on promoting the growth of the evidence-base to support
clinical practice.

Introduction

Phenylketonuria (PKU, OMIM 261600) is a rare genetic
disorder with an incidence of approximately 1 in 10,000
(Donlon et al. 2004). Due to a deficiency in the enzyme
phenylalanine hydroxylase, the amino acid phenylalanine
(phe) cannot be sufficiently metabolised. PKU is primarily
seen in a so-called ‘classic’ form in which the level of blood
phe is above 1,200 mmol/L, as well in a milder variant, the
prevalence of which is unknown, in which the blood phe
level is between 600–1,200 mmol/L. In both cases, but to a
necessarily greater degree in the case of classic PKU, phe
builds up in the body, causing severe and irreversible
cognitive impairment. However, this can be prevented to a
considerable degree by a strict, lifelong, natural protein-
restricted diet with amino acid supplements (see Koch et al.
2002). Although the aim of dietary treatment is to maintain
blood phe concentrations within an acceptable target range,
which is monitored via frequent blood samples, currently
there is no universally accepted range, with different
countries, and different clinics within countries, using
varied management guidelines (Ahring et al. 2009; Feilliet
et al. 2010).
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Poor metabolic control in children and adolescents is
associated with increased cognitive difficulties and poorer
academic achievement (e.g., Azen et al. 1991; Chang et al.
2000). A meta-analysis of 40 studies by Waisbren et al.
(2007) showed a 1.3–3.1 point reduction in Intelligence
Quotient (IQ) for each 100 mmol/L increase in phe
concentration. Furthermore, elevated phe levels have been
associated with increased behavioural difficulties (Anjema
et al. 2011; Smith and Knowles 2000) and poorer
psychological wellbeing (Brumm et al. 2010; Clacy et al.
2014), with a hypothesised biological basis of these
difficulties due to raised phe levels. Given the severe
consequences of poor treatment adherence, it might be
expected that very few children and adolescents have poor
metabolic control. However, research indicates that this is
not the case, with many children and adolescents having
phe levels above the recommended range (Levy and
Waisbren 1994; MacDonald et al. 2010, 2012; Walter
et al. 2002; Walter and White 2004). For example, in a
study with 330 patients, a quarter of 0–9 year-olds, half
of 10–14 year-olds, and more than three-quarters of
15–19 year-olds had phe levels above their maximum
recommended limits (Walter et al. 2002).

These issues can be considered within the broader
context of treatment adherence in long-term treatments
and/or chronic conditions (Horne et al. 2005; Haynes et al.
2008).

Despite the recognised difficulties with metabolic con-
trol, very few studies have examined interventions to
improve treatment adherence, and those that have are
limited and mainly uncontrolled (e.g., MacDonald et al.
2010). To inform interventions, it is necessary to identify
the factors that affect treatment adherence for children and
adolescents, and whether certain groups are at greater risk
of poor metabolic control. A narrative review by MacDon-
ald et al. (2010) highlighted a number of influences on
dietary adherence, including patient age, social pressures,
educational achievement of carers, and level of family
cohesion [marital/cohabiting status of parents (Olsson et al.
2007)]. However, to date, there has been no systematic
review of the factors affecting metabolic control for
children and adolescents with PKU.

The aim of this review was to identify factors that were
robustly linked with treatment adherence by examining
studies reporting a statistical examination of the association
between demographic and/or psychosocial factors relating to
children and adolescents with PKU and their families, and
metabolic control, as assessed by blood phe concentration.

Method

Search Strategy

A systematic search of Ovid Medline, PsychInfo, Embase,
and EBSCO CINAHL was performed on 11th December
2015. Search terms were Phenylketonuria AND adheren*
OR diet* OR treatment OR complian* OR control OR
phenylalanine OR outcome* OR concordan*. Search
limitations included English language, children and adoles-
cents (0–18 years) and years 1985–2015.

Figure 1 presents an outline of the search process based on
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al. 2009). Studies
were included if they (1) reported a statistical examination
of the association between one or more demographic or
psychosocial factor(s) and metabolic control (as measured by
blood phe concentration) for children and adolescents
with PKU, (2) were in the English language, and (3) were
published in a peer-reviewed journal between 1985–2015.
Case series and review papers were excluded.

Titles and abstracts were screened for inclusion by the
first author and relevant abstracts were selected for full-text
review (n ¼ 62). Full text articles were assessed for
eligibility and excluded if they did not meet the inclusion
criteria. Any uncertainty about eligibility was resolved via
discussion with another author. Six full text articles could
not be accessed via inter-library loan, internet search, or by
contacting authors via email. Twenty-eight papers were
excluded: 16 did not examine the association between one
or more demographic or psychosocial factor(s) and meta-
bolic control and 12 reported a relationship but did not
examine the association(s) statistically. Reference lists of
included papers were manually examined, yielding one
additional paper; thus, 29 studies were included. Data were
extracted and entered into a database by the first author (see
Supplementary Table 1).

Quality Assessment

The Quality Assessment Tool for Studies with Diverse
Designs (QATSDD) was used to assess study quality
(Sirriyeh et al. 2012). The QATSDD has shown good
reliability and validity and was chosen due to the diverse
methodologies of the included studies.

The 14 QATSDD items relating to quantitative studies
were rated on a 4-point scale from ‘not at all’ (0) to
‘complete’ (3). The item scores were summed to provide a
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total score, with a maximum score of 42 (see Supplemen-
tary Table 2). The first author rated all studies, and another
author independently rated five studies (17%) to determine
inter-rater reliability, which was good (k ¼ 0.71).

Results

Twenty-nine studies were included in this review, repre-
senting 1,784 participants with PKU (including children,
adolescents and adults, see Supplementary Table 1 for
participant age ranges). Sample sizes ranged from 13 to 167
participants and the sample characteristics that were
reported varied greatly. Most studies provided information
on patient age and sex, but few provided further details,
such as socioeconomic status and ethnicity, alongside
country of completion, with the most common country
being the USA (n ¼ 11). Of the 29 studies, 19 were cross-
sectional, 7 were longitudinal, and 3 were intervention
studies. Two of the intervention studies were pre-post
designs with no control group (Gleason et al. 1992; Singh
et al. 2000), and one was a randomised controlled trial
(Durham-Shearer et al. 2008), with participants allocated to
the intervention (educational resource) or control group (no

educational resource). Whilst all studies statistically exam-
ined associations between demographic or psychosocial
factors and blood phe levels, many studies (n ¼ 13) did not
have this as their primary objective.

Quality Ratings

Quality ratings ranged from 14 to 34 (% of maximum score
range 33–81%), with a mean of 26 (61%). Reasons for low
ratings included having weak references to theory, limited
rationale for choice of data collection tools, limited
assessment of the reliability and validity of measurement
tools, minimal evidence of user involvement in design, and
minimal discussion of study limitations. Several studies
also had small sample sizes, very few provided evidence
that the sample size was considered in terms of analysis,
and some did not provide a clear rationale for choice of
analytic method. Only one study (Hood et al. 2014)
provided separate effect sizes for significant findings and
further inspection of the reported results identified that
some post-hoc effect sizes could be computed for signifi-
cant findings in five studies (Fehrenbach and Peterson
1989; Gleason et al. 1992; Arnold et al. 1998; Weglage
et al. 1999; Griffiths et al. 2000) but that this was not
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possible for four studies (Verkerk et al. 1994; Griffiths et al.
2000; Singh et al. 2000; Crone et al. 2005) due to the lack
of relevant statistical information data in the papers. In all
other cases, there were either no significant findings or
correlational analyses were used. Therefore, it was decided
that a comprehensive meta-analysis would be neither
appropriate nor feasible and individual effect sizes (d) were
reported where possible, following the convention of
reporting small (d ¼ 0.2), medium (d ¼ 0.5) and large
(d ¼ 0.8) effect sizes (Cohen 1988).

Finally, on observation, an association between study
quality and year of publication or methodological design
was not evident. As this is the first review of the influence
of psychosocial and demographic factors on metabolic
control for children and adolescents, all studies were
retained to provide a comprehensive overview of the
available research.

Study Findings

Studies were grouped according to whether they examined
the influence of child, parent or other family factors on
metabolic control: 24 assessed child factors, 14 parent
factors, and 8 reported on other family factors (see
Supplementary Table 3).

Child Factors

Of 16 studies that examined the association between child
age and metabolic control, 7 used correlational analyses,
with 6 reporting a positive correlation (Al-Qadreh et al.
1998; Freehauf et al. 2013; McMurry et al. 1992; Schulz
and Bremer 1995; VanZutphen et al. 2007; Vilaseca et al.
2010), and 1 reported no significant correlation (Arnold
et al. 1998). Five Pearson’s r coefficients ranged from
0.35–0.64, and one Spearman’s rho coefficient was 0.62
(Freehauf et al. 2013). However, the positive correlation
reported by Vilaseca et al. (2010); Pearson’s r ¼ 0.63 might
be partially explained by an increase in target blood phe
level for 6–12 year-olds (<600 mmol/L) compared to under
6-year-olds (<480 mmol/L). An additional study (Crone
et al. 2005) found a quadratic rather than linear association
between age and metabolic control, with blood phe
increasing after 13 years.

One study (Freehauf et al. 2013) found a positive
correlation between age and blood phe for over 12-year-
olds (Spearman’s rho ¼ 0.48), but not for under 12-year-
olds. When using a measure of difference score between
phe level and target level, a significant correlation remained
with age for over 12-year-olds (Spearman’s rho ¼ 0.48),
indicating a progressive reduction of metabolic control

from adolescence. If this is the case, this could explain the
lack of a significant correlation found in Arnold et al.’s
(1998) study, which examined the association between age
and blood phe in 1–8-year-olds. Nevertheless, in a sample
of 8–19-year-olds, age was not significantly associated with
metabolic control when phe was dichotomised into poor
and good control (Olsson et al. 2007). However, as only a
small proportion had poor control (n ¼ 14), there might not
have been sufficient statistical power to identify an
association.

Two studies (Griffiths et al. 2000; Viau et al. 2011)
found that blood phe levels significantly increased year-by-
year with age, and eight studies found that blood phe
was significantly higher for those above 6 years of age
(Gokmen-Ozel et al. 2008; Vilaseca et al. 2010), 8 years
(Al-Qadreh et al. 1998), 10 years (Hood et al. 2014),
12 years (McMurry et al. 1992; Vilaseca et al. 2010), and
14 years (Weglage et al. 1999). However, in Gokmen-Ozel
et al.’ (2008) study, the increase in phe for over 6-year-olds
compared to under 6-year-olds might be partially explained
by an increase in target phe levels from age 6.

Two studies examined the proportion of children who
achieved good metabolic control and found contrasting
results: Vilaseca et al. (2010) discovered that the proportion
with good control decreased with increasing age (from
under 6 years, to 6–12 years, to over 12 years), but Hartnett
et al. (2013) found no significant difference between under
6 and 6–12-year-olds, whilst Cotugno et al. (2011)
observed that more over 10-year-olds achieved target phe
levels than under 10-year-olds, apparently contradicting
studies showing reduced metabolic control with age.

Three studies (Hartnett et al. 2013; Hood et al. 2014;
Viau et al. 2011) examined the relationship between age
and variability in phe levels, but their findings showed no
significant associations.

Sex

There was no significant relationship with blood phe levels
(Al-Qadreh et al. 1998; Freehauf et al. 2013; Vilaseca et al.
2010) and the proportion achieving target levels (Cotugno
et al. 2011) did not significantly differ between male and
female children, and sex did not predict phe levels (Olsson
et al. 2007; Verkerk et al. 1994). Olsson et al. (2007) noted
that sex had a borderline statistical significance in a
subgroup of children whose parents had not separated,
with a tendency toward lower phe levels in female children.
In addition, in a sample of 6–17-year olds, the proportion
with 70% or more of their phe levels within target range
was significantly higher for females than males (MacDonald
et al. 2011).
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Child Knowledge

Three studies evaluated the impact of adolescent treatment
programmes designed to improve treatment adherence
(Durham-Shearer et al. 2008; Gleason et al. 1992; Singh
et al. 2000). Gleason et al. (1992) identified that post-
intervention improvements in knowledge were accompa-
nied by reductions in blood phe level; however, other
treatment factors, including motivational techniques, might
have led to reduced levels rather than improved knowledge.
Two studies (Durham-Shearer et al. 2008; Singh et al.
2000) reported that post-intervention improvements in PKU
knowledge were not accompanied by sustained reductions
in blood phe. However, the intervention studies were
limited by small sample sizes (n ranged from 16–32), and
did not examine the direct association between PKU
knowledge and metabolic control. An additional study
(Bekhof et al. 2003) found that knowledge of PKU did not
significantly predict blood phe levels.

Other Child Factors

In their examination of the association between metabolic
control and child attributional style, Antshel et al. (2004)
measured using locus of control ratings for vignettes
describing a young person with behavioural dysregulation
or academic difficulties. Locus of control ratings were
significantly correlated with blood phe level (Pearson’s
r ¼ 0.61 for behavioural dysregulation vignettes and 0.43
for academic difficulties vignettes), with higher blood phe
associated with a higher external locus of control. They
suggested that children with a higher internal locus of
control assumed more personal responsibility for treatment
adherence, resulting in better metabolic control, or that
children with a higher external locus of control felt more
powerless over their condition, leading to reduced treatment
adherence.

In their intervention study examining the associations
between metabolic control, attitudes, and health beliefs
relating to PKU, Singh et al. (2000) found that post-
intervention improvements in attitudes and health beliefs
(assessed by questionnaires based on previous research)
were not accompanied by sustained reductions in blood phe
levels.

Finally, Ievers-Landis et al. (2005) examined the
associations between adherence strategies, perceived strat-
egy effectiveness, perceived problem frequency and diffi-
culty (assessed by semi-structured interview and Likert
scales), and metabolic control. Higher child perceived
strategy effectiveness was associated with lower blood
phe levels (Pearson’s r ¼ �0.68), but perceived problem
frequency and difficulty were not significantly associated
with blood phe levels. In addition, children who used

strategies coded as maladaptive for treatment adherence
(e.g., avoiding problems) had higher blood phe levels than
those who did not use maladaptive strategies.

Parent Factors

Three studies examined the association between parent
income and metabolic control. Whilst Griffiths et al. (2000)
found that chief earner income was positively correlated
with blood phe, two other studies (MacDonald et al. 2008;
Reber et al. 1987) failed to identify a significant correlation
between metabolic control and income. Of the three studies
examining the association between parent employment or
occupational status and metabolic control, only Alaei et al.
(2011) noted that children with employed parents had
significantly lower blood phe levels than children with
unemployed parents. Employment status was not signifi-
cantly associated with metabolic control in MacDonald
et al.’s (2008) study and occupational level did not predict
blood phe in Verkerk et al.’s (1994) study.

Five studies examined the association between parents’
educational level and metabolic control. According to
Reber et al. (1987) and MacDonald et al. (2008), blood
phe was not significantly associated with parents’ level of
education. Alaei et al. (2011) found that metabolic control
was not significantly different for parents with different
educational levels. Although Olsson et al. (2007) noted that
parental educational level did not predict phe levels
dichotomised into good and poor control, Shulman et al.
(1991) identified that children’s concurrent phe level was
correlated with maternal (Pearson’s r ¼ �0.27) and
paternal education (r ¼ �0.28), with higher education
associated with lower blood phe.

Three studies examined the association between parent
knowledge of PKU (using questionnaires based on previous
research) and metabolic control. Whilst Gokmen-Ozel et al.
(2008) found a significant negative correlation between
maternal exchange knowledge score and blood phe level
(Pearson’s r ¼ �0.17), total knowledge scores were not
significantly associated with metabolic control. Similarly,
MacDonald et al. (2008) reported that mother’s total
knowledge of PKU was not associated with phe level, nor
was their ability to calculate exchanges or estimate the
number of phe exchanges in food portions. Although
Bekhof et al. (2003) noted that higher parent knowledge
predicted lower blood phe levels, this association disap-
peared when other confounders were adjusted for (pre-
treatment phe, dietary phe tolerance, parent age, parent
educational level, and ethnicity).

Fehrenbach and Peterson (1989) examined the associa-
tions between parent problem-solving skills, parenting
strategies, and metabolic control. Children with good
metabolic control had parents who produced a higher
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number and higher quality of verbal responses to PKU
problem scenarios than children with poor metabolic control.
Furthermore, those with good metabolic control had families
that were organised in a more hierarchical manner with more
firmly fixed rules. However, Ievers-Landis et al. (2005)
observed that parents using strategies coded as “authoritar-
ian” had children with higher phe levels than those who did
not. In addition, higher parent perceived strategy effective-
ness was associated with lower phe levels (Pearson’s
r ¼ �0.64), and higher ratings of problem frequency
(r ¼ 0.55), problem difficulty (r ¼ 0.79) and affective
intensity (r ¼ 0.61) were associated with higher phe levels.

Crone et al. (2005) examined the associations between
parent attitudes, subjective norms, self-efficacy and meta-
bolic control. Children’s blood phe levels were lower when
parents’ experiences were that their child adhered well to
the diet, even if their phe levels were sometimes too high
(attitudes), and when parents answered that having their
child eat the synthetic protein substitute was easy (self-
efficacy). However, blood phe levels were higher when
parents answered that their relatives did not agree when
their child deviated from the diet (subjective norm).

Antshel et al. (2004) examined the association between
metabolic control and parent attributional style. The latter
was explored by asking parents to rate their perceived
‘locus of control’ (Rotter 1966) (i.e. the degree to which a
person perceives events to be under their own control
[internal locus of control] or under the control of other
people or events [external locus of control]) in a series of
written vignettes describing a young person with PKU
presenting with behavioural dysregulation or academic
difficulties. The subsequent locus of control ratings was
significantly correlated with blood phe level (Pearson’s
r ¼ 0.69 for behavioural dysregulation vignettes and 0.52
for academic difficulties vignettes), with higher blood phe
associated with a higher external locus of control. Antshel
and colleagues suggested that parents with a higher external
locus of control felt more powerless in relation to their
child’s condition, leading to reduced efforts in supporting
treatment adherence.

Finally, two studies examined the relationship between
parental distress and metabolic control, and found that
parental distress, parenting-related stress, and marital
satisfaction were not significantly associated with phe
levels (Reber et al. 1987), and level of external stress was
not significantly different for those with good and poor
control (Fehrenbach and Peterson 1989).

Other Demographic Factors

Two studies from the Netherlands examined the association
between parental country of origin and metabolic control
(Crone et al. 2005; Verkerk et al. 1994). Children with

parents who had emigrated from a different country had
higher blood phe levels than children with Dutch parents,
possibly because of barriers to accessing health care
services for some immigrants, such as language difficulties.
In their study of the relationship between parent age and
metabolic control, MacDonald et al. (2008) found no
significant association.

Other Family Factors

Four studies examined the associations between family
composition factors and metabolic control. Children with
separated or divorced parents were more likely to have
higher phe levels than children with married or cohabitant
parents (Alaei et al. 2011; Olsson et al. 2007), but family
size/number of children was not associated with metabolic
control (Alaei et al. 2011; MacDonald et al. 2008). Whilst
Alaei et al. (2011) found that blood phe was positively
correlated with the number of children with PKU (strength
of correlation not reported), Crone et al. (2005) noted that
the number of children with PKU did not predict phe level.
Three older studies specifically examined the association
between family cohesion [i.e. marital/cohabiting status of
parents] and metabolic control using parent questionnaires.
Two studies used the Family Adaptability and Cohesion
Evaluation Scale (Reber et al. 1987; Shulman et al. 1991)
and one used the Family Environment Scale (Fehrenbach
and Peterson 1989). Although Shulman et al. (1991)
reported that lower blood phe level was moderately
associated with higher paternal and maternal family
cohesion scores (Pearson’s r ¼ �0.34; �0.36, respec-
tively), Reber et al. (1987) and Fehrenbach and Peterson
(1989) found no significant association with metabolic
control. Finally, Freehauf et al. (2013) found no significant
association between distance from home to clinic and
metabolic control.

Discussion

This systematic review examined 29 identified studies
reporting a statistical examination of the association
between one or more demographic or psychosocial factor
(s) and metabolic control (as measured by blood phe
concentration) for children and adolescents with PKU.
Only studies reporting statistical analyses were included in
order to identify the factors most robustly linked with
metabolic control and the QATSDD was found to be a valid
tool for assessing the methodological quality of the studies
included in the current review. In summary, the included
studies examined a range of child, parent and family factors
and indicated some strong associations with blood phe
levels. However, there were some areas of investigation
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with a paucity of studies, highlighting a need for further
research in this area.

This review suggests that the most reproducible factor
associated with blood phe level currently is child age.
Sixteen studies examined child age, with the majority
finding a progressive reduction in metabolic control with
age, and some suggesting that this occurred from adoles-
cence. Reported correlations between age and metabolic
control ranged from 0.35–0.64, indicating moderate to
large associations. A similar influence of age has been
found in children with diabetes (Neylon et al. 2013),
implying that this association may be common in other
metabolic disorders. With increasing age, it is likely that
increased independency from the family and heightened
social pressures, for example, around food and lifestyle,
contribute to reduced dietary adherence (Levy and Waisb-
ren 1994). It was noted that all 16 studies reporting an
association with age did not examine this as their primary
aim, suggesting that demographic data are frequently
examined in health-related studies as a secondary objective.

Following age, the next most reproducible factor was
child sex, with six studies indicating no association with
sex and one study finding that more females had 70% or
more of their phe levels within target range than males
(MacDonald et al. 2011). In this study, the endpoint
measure of 70% or more levels within target range might
have allowed greater sensitivity with regard to identifying
more subtle differences in metabolic control between males
and females.

Due to the small numbers of studies examining other
child, parent, and family factors, it is difficult to draw firm
conclusions regarding their influence. However, regarding
child factors, the available research indicated that blood phe
level was not associated with child knowledge of PKU,
attitudes, health beliefs, perceived problem frequency, or
perceived problem difficulty. Conversely, blood phe level
showed moderate to large correlations with child attribu-
tional style, a strong correlation with perceived strategy
effectiveness, and was significantly different for those using
maladaptive and non-maladaptive strategies.

Regarding parent and family factors, the available
findings indicated that metabolic control was associated
with parenting strategies, attitudes, subjective norms, self-
efficacy, perceived strategy effectiveness, perceived prob-
lem frequency, perceived problem difficulty, attributional
style, affective intensity of problems, country of origin, and
marital status. Conversely, metabolic control was not
associated with or inconsistently associated with parent
knowledge of PKU, parent age, parent distress, family
size, number of children with PKU in the family, family
cohesion, geographic proximity to clinic, and socioeco-
nomic factors, such as parent income, education, and
occupation. The inconsistencies in findings between studies

could be a result of different study methodologies, measures
and cohort characteristics. For example, in relation to
socioeconomic factors, participants from different countries
may experience different levels of social inequality, and
therefore factors such as unemployment may have a greater
impact on treatment adherence and availability of low protein
foods and food substitutes in some countries than others.

Limitations

Whilst this review identified a number of factors related to
metabolic control, it was difficult to draw firm conclusions
due to both a paucity of studies in some areas of
investigation and some inconsistent findings. Furthermore,
the strength of conclusions that can be drawn is limited by
the varied quality of the included studies. As highlighted by
the QATSDD ratings, a number of studies had small sample
sizes with no evidence of consideration of the sample size
in terms of analysis, meaning that the power of some
studies could have been limited. However, it should be
noted that the potential recruitment pool of young people
with PKU is small due to the rarity of the condition, and
hence small sample sizes are common. Nevertheless, as
studies often provided scarce sample descriptions and the
majority used cross-sectional methodology, it is difficult to
draw conclusions about cause and effect influences on
metabolic control. Finally, as there was limited availability
of articles during the search process (six full-text articles
were not available), it is unknown whether these would
have met the inclusion criteria and contributed to the results
and conclusions of this review.

Recommendations for Clinical Practice

This review indicates that certain groups of young people
may be at higher risk of poor treatment adherence,
particularly older children and adolescents. It is therefore
important that clinicians and parents are aware of the
tendency for worsening metabolic control with age and
consider providing extra support to older children (around
age 12 and above). Whilst PKU clinics routinely provide
information about PKU and associated dietary treatment to
young people and their carers, this review indicated that
child knowledge of PKU was not associated with metabolic
control, and parental knowledge was only weakly or
inconsistently associated. Thus, treatment knowledge is
necessary but not sufficient for dietary adherence. To date,
there are no effective interventions to improve treatment
adherence in PKU but current management guidelines for
PKU in the UK (NSPKU 2014) recommend that services
should be multi-disciplinary with a clinical psychologist to
focus on, among other things, promoting ‘patient and parent
motivation to comply with treatment’. On the basis of the
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current review, such work could usefully focus on child and
parent attributional style, attitudes and self-efficacy.

Recommendations for Future Research

This review highlights that there is a paucity of studies
examining the potential demographic or psychosocial
influences on metabolic control for young people with
PKU, which appears to be in contrast to other metabolic
conditions, such as diabetes, where metabolic control has
been associated with factors such as ethnicity, personality
characteristics and coping style (Neylon et al. 2013). Whilst
currently unexplored, it is possible that these factors also
influence treatment adherence for children with PKU. One
of the reasons for limited research in this field is the small
sampling pool due to the rarity of the condition, which
makes it difficult to recruit sufficient numbers of patients. It
is therefore recommended that future studies promote
increased recruitment by working more in partnership with
clinicians, patients, carers and support groups (DeWard
et al. 2014).

It is important that future studies provide more informa-
tion about participant characteristics, such as socioeco-
nomic details, particularly as these may impact treatment
adherence outcomes. In addition, more longitudinal studies
are needed to help ascertain cause and effect influences on
metabolic control and to explore whether other variables
mediate the associations between factors such as age
and metabolic control, such as increased social pressures.
Although this is currently an emerging evidence-base,
further studies could design and examine interventions to
improve treatment adherence, informed by the factors
highlighted in this review.

A further area for future research would be to examine
treatment adherence from a health economics perspective
and incorporate cost-benefit analyses alongside psychologi-
cal and physiological data.

It is also important to acknowledge that small sample
size is likely to continue to be an issue in future research in
this field (Griggs et al. 2009). Therefore, further research
could be informed by recent methodological thinking, for
example, Abrahamyan et al.’s (2014) toolkit for conducting
clinical trials with rare disorders and proposals to incorpo-
rate Bayesian statistical techniques into such studies (Bill-
ingham et al. 2001).

Conclusion

This review was the first to systematically examine studies
reporting a statistical examination of the association
between demographic or psychosocial factors and meta-

bolic control for children and adolescents with PKU.
Findings suggested that the most reproducible association
was with child age, with control worsening with increasing
age. Whilst a number of other factors were associated with
blood phe levels, the evidence-base was small with some
methodological limitations, and therefore the conclusions
of this review are preliminary. This review highlights a
paucity of research examining many demographic or
psychosocial influences on metabolic control for young
people with PKU. Research recommendations are therefore
targeted towards promoting the growth of the evidence-base
to support clinical practice.
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