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Abstract Background: Inclusion cell disease (I-cell) is a
rare autosomal recessive metabolic disease involving
multiple organ systems, associated with a severely
restricted life expectancy. No curative therapy is currently
available, with management aimed at symptom palliation.

Methods: We present a retrospective, single-centre, case
series of children referred to a tertiary paediatric metabolic
service. The clinical presentation, demographics, genetics
and natural history of the condition are investigated.

Results: Five patients with I-cell disease were referred
over a 10-year period. All patients were born with
dysmorphic features and had a family history of I-cell
disease on further exploration. Phenotypic variation was

seen within patients with the same genetic profile. Airway
problems were common with 100% of the documented
sleep oximetry studies suggesting sleep-disordered breath-
ing. Of the two patients who had tracheal intubation
anaesthetic difficulties we encountered, one required intra-
operative reintubation, and one suffered a failed intubation
with subsequent death. All five patients required oxygen
therapy with the use of CPAP and BiPAP also seen.
Feeding issues were almost universal with four of the five
patients requiring nasogastric feeding. Four patients had
died in the 10-year period with a mean life expectancy of
36 months. Cause of death for three of the four patients was
respiratory failure.

Conclusions: Airway problems, including sleep-
disordered breathing, were ubiquitous in this cohort of
children. Any intervention requiring a general anaesthetic
needs careful multidisciplinary consideration due to signifi-
cant associated risks and possibly death. Management as a
result is generally non-surgical and symptomatic. This case
series demonstrates universal involvement of the airway
and respiratory systems, an important consideration when
selecting meaningful outcomes for future effectiveness
studies of novel therapies.

Abbreviations
BiPAP Bilevel positive airway pressure
CPAP Continuous positive airway pressure
ECHO Echocardiogram
LMA Laryngeal mask airway
NGT Nasogastric tube
ODI Oxygen deprivation index
OSA Obstructive sleep apnoea
PDA Patent ductus arteriosus
PEG Percutaneous endoscopic gastrostomy
SDB Sleep-disordered breathing
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Background

Inclusion-cell disease or I-cell disease (mucolipidosis II) is
a rare autosomal recessive metabolic disease with a
prevalence of 1 in 100,000–400,000. Patients present from
birth with a severe skeletal dysplasia and profound short
stature. Characteristic features include craniofacial abnor-
malities (enlarged skull, gingival hyperplasia, flat nasal
bridge and macroglossia), musculoskeletal malformations
(abnormally shaped vertebrae and ribs, hypoplastic epiphy-
ses, bullet-shaped metacarpals) and severe cardiac and
respiratory problems that result in early death usually
between the fifth and seventh year of life (Wiesmann and
Herschkowitz 1981).

The disease results from an intracellular deficiency of
multiple lysosomal hydrolases leading to a complex storage
phenotype. The primary defect has been found to be a
deficiency of UDP-N-acetylglucosamine-1-phosphate trans-
ferase (GlcNAc-P transferase) activity (Mueller et al. 1983).
Lack of this protein leads to abnormally glycosylated
hydrolytic enzymes and a subsequent failure of trafficking
of these enzymes to the lysosome with subsequent secretion
into the extracellular compartment (Cathy et al. 2008).

Due to the multi-organ involvement, the management of
I-cell patients requires a multidisciplinary team approach
with paediatricians, geneticists, respiratory and cardiac
physicians and otolaryngology surgeons all playing an
important role. The progressive nature of this currently
incurable disease necessitates appropriate parental support,
with the ultimate objective being to optimize quality of life
and palliation.

Despite airway sequelae being a large contributory factor
in the morbidity associated with I-cell disease, little has
been written reflecting the particular perspectives of
respiratory and ENT specialists.

Methods and Inclusion Criteria

In this case series, we present our population of patients
diagnosed with I-cell disease in the last 10 years and
managed at our tertiary paediatric centre. We will review
their genotypic and phenotypic differences to demonstrate
key strategies that can be employed to aid in diagnosis and
management. Our patient experience will be linked to
a comprehensive literature search applied to EMBASE
and MEDLINE with no limits using a medical subject
headings (MeSH) search linking I-cell disease to ENT
issues (Table 1).

I-cell disease is defined in multiple ways within current
literature with a lot of crossover between other lysosomal

storage diseases. Our diagnostic criteria for inclusion in this
paper included:

• Characteristic clinical features
• Genetic mutations (GNPTAB gene)
• Plasma lysosomal enzyme levels

Patient records were reviewed including paper notes and
electronic records.

Results

Baseline Data

Five patients met the inclusion criteria as stated above,
three females and two males. At the time of data collection,
only one patient was still alive aged 35 months (patient 5).

Patient 1 died aged 19 months, patient 2 died aged
4 months, patient 3 died aged 97 months, and patient 4 died
aged 25 months (mean life expectancy ¼ 36 months).

Cause of death was available for three of the patients.
Patients 1 and 3 died of respiratory failure. Patient 4 had
respiratory failure with a failed intubation at the end of life.

Diagnosis

Age at Diagnosis

The age of diagnosis varied significantly with patient 4
being diagnosed at 3 days and patient 3 being diagnosed at
44 weeks. Of note patient 3 was the older sibling of patient
4 facilitating earlier diagnosis, and patient 3 was the first

Table 1 MeSH headings

MeSH headings (combined with mucolipidosis II OR I-cell)

Airway Tonsils

Sleep apnoea Adenoids

Sleep apnoea Hearing

Sleep apnoea syndrome Conductive hearing loss

Sleep apnoea syndrome Sensorineural hearing loss

Airway obstruction Otolaryngology

Obstructive sleep apnoea Otorhinolaryngologic disease

Obstructive sleep apnoea Tracheostomy

Snoring Nasal polyps

Otitis media Sinusitis

Otitis media with effusion Rhinitis

Anaesthesia Adenoidectomy

Anaesthetic Tonsillectomy

Deafness
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family member to have a genetic condition, and as such a
final diagnosis was slower to achieve.

Presenting Features (See Table 2)

All patients were born with dysmorphic features including
micrognathia, gingival hypertrophy and retroglossia, and in
the male children, hypospadias was common. Other
features included talipes, polydactyly, perinatal fractures
and chest wall asymmetry. See Fig. 1.

Ethnicity

Four of the five patients were British Pakistani, and one
was a white Irish traveller (patient 5).

All patients had family members with I-cell disease with
patients 1 and 2 and patients 3 and 4 being siblings.
Parental consanguinity was present in patients 1–4. Patient
5 had multiple family members with I-cell disease including
their paternal grandmother and two cousins.

Birth

Three of the five babies were born at term with one
spontaneous delivery at 34 weeks and another elective

caesarian section at 27 + 4 weeks. Only two of the patients
had antenatal problems including intrauterine growth
restriction in one and foetal tachycardia and oligohydram-
nios in another. One patient developed antenatal fractures
secondary to hyperparathyroidism.

Genetics

Each family had a different genetic profile, and though
siblings shared mutations, there were significant phenotypic
variations in the presentation of the disease (see Table 2).
Two genotypes were found with patients 1, 2 and 5 sharing
the same variant and siblings (patient 3 and 4) sharing
another. Genotypes seen in Irish travellers and British
Pakistani patients tend to be shared and common to those
ethnicities (Lynch et al. 2018). While these mutations
(typically in homozygous form) tend to give rise to a severe
phenotype, there exists considerable variability even within
families.

Airway/Anaesthetic and Respiratory Issues

Sleep oximetry studies were only available for three of the
five patients. All demonstrated sleep-disordered breathing
(SDB) (defined as an oxygen deprivation index ODI 4%

Table 2 Patients genotype and phenotypic variations

Patient Genotype Presenting features Main issues

1 (Female) (sibling of patient 2)
AAD: 8 weeks
DOD: 11/4/13 (19 months)

GNPTAB gene:
homozygous
c.3503_3504delTC

Dysmorphic features, poor
swallow, talipes,
polydactyly

Sleep-disordered breathing
Long-term oxygen
Nasogastric feeding

2 (Female) (sibling of patient 1)
AAD: 2 weeks
DOD: 17/11/14 (4 months)

GNPTAB gene:
homozygous
c.3503_3504delTC

Dysmorphic features, IUGR,
hyperparathyroidism,
skeletal demineralisation, vit
D deficiency, chronic lung
disease, dilated left ventricle

Long-term oxygen
Nasogastric feeding

3 (Male) (sibling of patient 4)
AAD: 44 weeks
DOD: 1/12/15 (97 months)

GNPTAB gene:
homozygous mutation
c.1314_1315delTG

Dysmorphic features,
micrognathia, hypospadias,
gingival hypertrophy,
retroglossia, chest wall
asymmetry

Sleep-disordered breathing
Nocturnal oxygen
BiPAP
Respiratory failure: (diagnosed age
26 months)

Pulmonary hypertension
Nasogastric feeding
Otitis externa

4 (Female) (sibling of patient 3)
AAD: 3 days
DOD: 24/11/17 (25 months)

GNPTAB gene:
homozygous mutation
c.1314_1315delTG

Dysmorphic features,
hyperparathyroidism,
multiple fractures, talipes,
thrombocytopenia

Long-term oxygen
Nasogastric feeding

5 (Male)
AAD: 6 weeks

GNPTAB gene:
homozygous
c.3503_3504delTC

Dysmorphic features, high
bilirubin, galactosaemia

Sleep-disordered breathing
Long-term oxygen
Respiratory failure: (diagnosed age
9 months)

Nasogastric feeding
Inguinal hernias

Bold text indicates dates
AAD age at diagnosis, DOD date of death
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>3 events/h and median saturation of <85% equating to
McGill criteria 3 or 4 (Brouillette et al. 2000) with 4%
oxygen deprivation indices (ODI/h) levels ranging from
8.25 to 42.5 (see Table 3).

All patients required oxygen supplementation therapy.
Data was absent for one patient, but three patients required
constant long-term oxygen and one received nocturnal
oxygen therapy. Starting age of oxygen therapy varied with
one patient never coming off treatment from birth and one
commencing therapy at 24 months. Median age of oxygen
therapy commencement was 7 months.

Patients were defined as having type II respiratory
failure if there was a documented PCO2 >50 mmHg
(6.7 kPa). Three patients had gas measurements within the
notes confirming this; however, only one patient required
BiPAP (bilevel positive airway pressure) support via nasal
non-invasive ventilation (NIV). The age of starting BiPAP
support was 26 months, and it was required 24 h a day until
they died aged 97 months. One patient received CPAP but
only during an acute exacerbation over a 2 week period.
Despite absent gas measurements in the patient records of
the two other patients, they had a documented cause of
death as respiratory failure.

Only one patient had general anaesthetic procedures
performed both after their diagnosis. Their first procedure
aged 4 months was for bilateral herniotomies for which
they had an uncomplicated general anaesthetic with a grade
1 intubation. The second procedure (insertion of a ven-
triculoperitoneal shunt) at 31 months was performed as a
result of communicating hydrocephalus resulting in vision
loss. The initial anaesthetic technique was with the use of a
nasopharyngeal and laryngeal mask airway (LMA). Using
the technique described by Walker et al. (1997), a
bronchoscope was introduced via the LMA to gain a view
of the trachea. After the cords were sprayed with local
anaesthetic, a guide wire was introduced through the
bronchoscope port and the bronchoscope removed. An
exchange catheter was then introduced over the wire to
enable both the wire and LMA to be removed and
endotracheal intubation to be performed over the exchange
catheter. The tube placement was found to be very
positional due to presumed tracheomalacia, and an uncom-
plicated tube change (increased size) was performed mid-
procedure using a GlideScope with a grade 2 view. The
patient was noted to ventilate better in a head-up and head-
extended position.

Cardiac Issues

Within our group three of the five patients had abnormal
findings on their echocardiograms. Patient 3 was the only
patient to develop pulmonary hypertension and had specific
treatment for this in the form of sildenafil, patient
2 demonstrated cardiomegaly on their ECHO, and patient
4 had a patent foramen ovale and PDA which closed
spontaneously.

Feeding Issues

Only one patient managed oral intake as a primary means
of nutrition. Patients 1–4 required nutritional supplementa-
tion via a nasogastric tube (NGT), and in all of these
patients, multiple conversations were held as to the
placement of a percutaneous endoscopic gastrostomy
(PEG), but in all cases patients were deemed unfit for
surgery. NGT feeding however was well tolerated in all
these patients.

ENT Manifestations of Disease and Treatment

Although SDB was ubiquitous, none of our patients
underwent airway surgery (adenotonsillectomy/tracheos-
tomy) due to concerns about life-threatening airway
complications during anaesthesia and in the event of post-
adenotonsillectomy bleeding.

Fig. 1 Characteristic facial dysmorphism in a young child with I-cell
disease
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Ear disease was documented in one patient (patient 3).
Soft tissue narrowing of the ear canals in this patient
predisposed them to recurrent episodes of otitis externa. No
documented cases of conductive hearing loss, sensorineural
hearing loss, recurrent acute otitis media or chronic
suppurative otitis media were found within the records,
although this is likely to be an underestimation. Difficulty
testing thresholds in these patients with cognitive
impairment and multiple co-morbidities is likely to have
influenced the information available in a retrospective study
such as this. Certainly, ear disease is a clinical feature in

several other lysosomal storage diseases, such as mucopo-
lysaccharidosis (Simmons et al. 2005).

Teams Involved in Patient Care

Multidisciplinary working was vital for all patients with
hospital-based input from neonatal, general, respiratory,
cardiac and metabolic paediatricians, geneticists, ENT and
general surgeons, speech and language therapists, dieticians
and physiotherapists. A large part of each patient’s
management was community based with complex

Table 3 Completed data set

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Gender Female Female Male Female Male

Ethnic origin Asian Pakistani Asian Pakistani Asian Pakistani Asian Pakistani White Irish (inc. traveller)

Birth 34 weeks gestation
Normal delivery

27 + 4 weeks
gestations

Elective section

40 weeks gestation
Emergency section

39 + 2 weeks gestation
Emergency section

37 + 5 weeks gestation
Normal delivery

Sleep-disordered
breathing

Yes Undocumented Yes Undocumented Yes

4% ODI/h: 13
Min sat: 62.6%
Mean sat: 95%
Age at test:
17 months

4% ODI/h: 8.25
Min sat: 71.8%
Mean sat: 96%
Age at test:
96 months

4% ODI/h: 42.5
Min sat: 77%
Mean sat: 97%
Age at test: 10 months

Oxygen therapy Yes: long-term
oxygen from
24 months

Yes: long-term
oxygen from
birth

Yes: nocturnal
oxygen

Yes: long-term oxygen
from 5 months

Yes: long-term oxygen
from 9 months

CPAP – Yes: 2 weeks
during LRTI

– – –

BiPAP – – From 29 months – –

Cardiac issues – Cardiomegaly Pulmonary
hypertension

Mitral regurgitation,
patent foramen ovale
and PDA

–

Feeding NGT NGT NGT NGT PO

Surgery Nil Nil Nil Nil Bilateral herniotomy:
4 months

VP shunt insertion:
31 months

General
anaesthetic

– – – – 1st: standard intubation
aged 4 months

2nd: NPA and LMA with
catheter exchange to
ETT. Tube found to be
positional due to
tracheomalacia,
GlideScope used to
reposition tube

Otological
complications

– – EAC stenosis and
recurrent otitis
externa

– –

Cause of death Respiratory failure Unknown Respiratory failure Respiratory failure and
failed intubation

–
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community teams required to enable them to be at home
with nursing care, respite and hospice involvement.

Discussion

A comprehensive literature search revealed only eight
articles linking I-cell disease to the specific ENT search
terms (Table 1). Our patient cohort has revealed several
important areas that highlight a need for an awareness of
the ENT manifestations in patients with I-cell disease.

Airway Issues

Anaesthetic difficulties are well reported in the literature
due to multiple factors. Mucopolysaccharide deposits have
been reported in the airways of patients with I-cell disease
leading to a grossly thickened epiglottis, larynx, trachea and
tongue base (Peters et al. 1985). This occurs as a result of
the lack of lysosomal enzymes which leads to macro-
molecules in the lysosome causing an abnormal architecture
(Hanai et al. 1971). This process complicates the airway of
I-cell patients who already have other predisposing cranio-
facial causes of upper airway obstruction. Such craniofacial
issues combined with adenotonsillar hypertrophy result in
obstructive sleep apnoea (OSA) being almost universal in
these patients. Often the risks of an anaesthetic mean that
surgical management is not feasible and as such medical
management with continuous positive airway pressure
(CPAP) is used.

In a recent case review of three patients, the problems
encountered with managing their airways were reviewed. In
all three cases, the patient required emergency intubation.
Difficulties were encountered with simple face mask
ventilation as well as with the use of supraglottic devices
such as the laryngeal mask airway (LMA), attributed to the
presence of significant ‘deposits’ in the upper airway
distorting the normal anatomy. The authors highlighted that
LMAs may offer a temporary solution but may not be
successful in securing the airway. Direct laryngoscopy by
the otolaryngology team enabled the airway to be secured
in all three patients and was recommended as the best
approach to intubation (Mallen et al. 2015).

Guidance has now been published with advice regarding
safe intubation of I-cell patients (Roth et al. 2015). This
guidance reinforces the difficulties that can be faced with
even face mask ventilation and oral airway adjuncts. The
recommendation is to have a full multidisciplinary experi-
enced team and to ensure that a difficult airway algorithm is
followed. Importantly a recent review (Hakim et al. 2017)
has revealed that the status of a child’s airway with I-cell
disease deteriorates with age, so it is vital to be prepared to
encounter difficulties even in the context of a patient that
has previously had an uncomplicated anaesthetic. This has

been demonstrated within our patient cohort with our
patient number 5 undergoing two anaesthetic procedures:
the first being uncomplicated at age 4 months and the
second resulting in reintubation and the use of a
GlideScope at aged 31 months.

Patient 4 had a failed emergency intubation during an
acute respiratory illness while at a non-specialist hospital.
As a result of this event, certain recommendations have
been made: firstly that in the event of severe respiratory
distress, children with I-cell disease should where possible
be transferred to a specialist centre as a matter of urgency
and secondly that a regular ‘airway plan’ should be made
with families to discuss and decide if intubation should be
attempted both in an acute and an elective setting and how
the child should be managed in a palliative way if not. If
intubation is to be attempted during acute decompensations,
then this should ideally be managed in a setting where the
high risks can be minimalized.

Respiratory Issues

A number of pulmonary complications have been described
including the mucosal thickening which can extend
throughout the lower respiratory tract. Other findings
include lipid granulomata (Gilbert et al. 1972), chronic
respiratory infections, restrictive lung disease due a small
thoracic cage, pulmonary haemorrhage and congestion and
focal indurations due to bronchopneumonic infiltrations
(Ishak et al. 2012).

Within our patient series, respiratory failure was evident
throughout, but each patient had differing respiratory
requirements. The use of supplemental oxygen for comfort
and to maintain saturations over 92% was universal with
prolonged assisted ventilatory support in only one case and
interval CPAP in one patient during a lower respiratory tract
infection.

Nasal CPAP has been found to be beneficial in over-
coming the increased airway resistance caused by the
anatomical deformities, increased secretions and recurrent
atelectasis often associated with the frequent lower respira-
tory tract infections (LRTI) that are encountered in these
patients. In a case report by Sheikh et al., they describe the
use of CPAP leading to a significant reduction in morbidity
by decreasing the impact of the patients OSA on their
respiratory effort (Sheikh et al. 1998).

From our experience, we found that non-invasive
ventilation was considered in patients that showed evidence
of obstructed breathing or had a raised AHI, but if possible
its use was avoided as given the prognosis; comfort was the
overriding priority. One of our patients required BiPAP
support 24 h a day. This is an unusual undertaking as
normal practice is to not extend this beyond 16 h a day. In
this particular patient, parents felt that the child was more
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comfortable with the NIV rather than without it, and it was
felt that it enabled the family to have more time with the
patient resulting in a better quality of life. From comparing
age at death, it might also be the case that in doing so
prolonged the patient’s life with age at death being by far
the greatest at 97 weeks. This highlights the patient-specific
approach that needs to be taken with appropriate
counselling of the implications of the treatments we impose
or suggest.

Cardiac Issues

During respiratory tract infections, OSA symptoms can
worsen with associated increased morbidity due to hypoxia,
right heart strain, hypoventilation and eventually pulmo-
nary hypertension and congestive heart failure. Congestive
heart failure in I-cell patients is therefore often multifacto-
rial with a contribution from underlying hypertrophic or
dilated cardiomyopathy, aortic and mitral valve thickening
(Eminoglu et al. 2016) as well as the OSA.

Gastroenterological Issues

After airway, respiratory and cardiac issues, the most
common clinical problem is poor growth. It has been
reported that from birth babies with I-cell should be able to
safely coordinate an adequate suck reflex to be able to feed,
but often they are not able to meet their nutritional
requirements due to respiratory issues making feeding
difficult resulting in nasogastric feeding tubes being placed
(Leroy et al. 2012). Difficulty ensuring adequate oral
nutrition is often progressive, reflecting worsening effi-
ciency of swallow and aspiration risk, resulting from the
distortion of oropharyngeal and laryngopharyngeal anat-
omy by disease ‘deposits’. Therefore, affected children may
have to be considered for long-term feeding support, with
the decision necessitating careful consideration due to
anaesthetic risks associated with gastrostomy tube insertion.
This is seen within our case series with four of the patients
requiring NGT feed supplementation of whom 100% were
deemed unfit for elective surgery. While difficulty feeding
is almost universal, care must be taken with enteral
supplementation as a normal weight will not be desirable
given the extreme short stature. Care must be taken to aim
for an appropriate weight for length; assessment of the mid-
upper arm circumference may also be a useful guide to
appropriate nutritional intake.

Phenotypic Variations

Patient 2 died aged 4 months despite being diagnosed early
at 2 weeks and had severe respiratory effects of the disease.

Their older sibling died aged 19 months despite it taking
2 months to achieve a diagnosis as she had less severe
respiratory involvement. This leads to a conclusion that age
of diagnosis is not necessarily related to disease survival.
This is likely to be the case as much of the management of
such patients involves best supportive care which can be
offered in the absence of disease classification.

Conclusions

I-cell disease remains a severely life-limiting condition with
management strategies focused upon maintaining quality of
life and palliation.

Our patients have revealed two genetic variants with
differing phenotypic features. Despite the differences, some
common themes persist. Respiratory failure and airway
problems including sleep-disordered breathing were ubiq-
uitous in this cohort.

Any intervention requiring a general anaesthetic needs
careful multidisciplinary consideration due to significant
associated risks and possibly death. Management as a result
is generally multidisciplinary, non-surgical and symptom-
atic.

This case series demonstrates universal involvement of
the airway and respiratory systems, an important consider-
ation when selecting meaningful outcomes for future
effectiveness studies of novel therapies.
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Abstract Ganglioside GM3 synthase is a key enzyme
involved in the biosynthesis of gangliosides. GM3 synthase
deficiency (GM3D) causes an absence of GM3 and all
downstream biosynthetic derivatives. The affected individu-
als manifest with severe irritability, intractable seizures, and
profound intellectual disability. The current study is to assess
the effects of an oral ganglioside supplement to patients with
GM3D, particularly on their growth and development during
early childhood. A total of 13 young children, 11 of them
under 40 months old, received oral ganglioside supplement

through a dairy product enriched in gangliosides, for an
average of 34 months. Clinical improvements were observed
in most children soon after the supplement was initiated.
Significantly improved growth and development were docu-
mented in these subjects as average percentiles for weight,
height, and occipitofrontal circumference increased in
1–2 months. Three children with initial microcephaly
demonstrated significant catch-up head growth and became
normocephalic. We also illustrated brief improvements in
developmental and cognitive scores, particularly in commu-
nication and socialization domains through Vineland-II.
However, all improvements seemed transient and gradually
phased out after 12 months of supplementation. Gangliosides
GM1 and GM3, although measureable in plasma during the
study, were not significantly changed with ganglioside
supplementation for up to 30 months. We speculate that the
downstream metabolism of ganglioside biosynthesis is fairly
active and the potential need for gangliosides in the human
body is likely substantial. As we search for new effective
therapies for GM3D, approaches to reestablish endogenous
ganglioside supplies in the affected individuals should be
considered.

Introduction

Ganglioside GM3 synthase (also called lactosylceramide
alpha-2,3 sialyltransferase) is the key enzyme involved in
the initial stages of the biosynthesis of the a-, b-, c-series
gangliosides. The enzyme deficiency (OMIM 609056) is a
rare metabolic disorder inherited as an autosomal
recessive trait, initially reported in the Old Order Amish
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(Simpson et al. 2004), and later found in other ethnic
groups as well (Boccuto et al. 2014; Fragaki et al. 2013). In
patients with GM3 synthase deficiency (GM3D), GM3 and
all downstream biosynthetic derivatives in the circulation
are extremely low and scarcely detectable even with some
recently improved analytic assays (Huang et al. 2014,
2016). Although the pathological mechanism remains to be
understood, the condition is severe, characterized with
infantile onset of severe irritability, failure to thrive,
developmental stagnation, cortical blindness, profound
intellectual disability, and intractable seizures (Boccuto
et al. 2014; Farukhi et al. 2006; Fragaki et al. 2013;
Simpson et al. 2004; Wang et al. 2013, 2016).

The treatment of the condition remains challenging.
However, it has been noted that most children affected with
the condition are clinically symptom-free for a period of
time after birth, which implies that the infants might be
protected in utero from the negative effects of ganglioside
synthase deficiency. One possible explanation is that the
maternal provision of gangliosides through the placenta
during pregnancy might keep the newborns from develop-
ing clinical symptoms. The disease then progresses quickly
after birth and causes significant constitutional impairments
in growth and development by 6 months of age (Wang et al.
2016), as the maternal provision of gangliosides is
terminated at birth and progressively depleted afterward.
If this is the case, we might be able to relieve, partially
relieve, or even prevent some symptoms by providing an
adequate amount of gangliosides to affected children during
the early stages of the disease, particularly before their
symptoms develop. Based on this hypothesis, we designed
this study to assess the effects of providing oral ganglioside
supplement to patients with GM3D during infancy and
early childhood with emphasis on their growth and
development.

Materials and Methods

Patients and Experimental Design

The study (ClinicalTrials.gov Identifier: NCT02234024)
was approved by the IRB of DDC Clinic, Center for
Special Needs Children in Middlefield, Ohio, and written
informed consent was obtained from patients’ legal guard-
ians. The study protocol (Supplementary Table 1) was
presented to the parents of children diagnosed with GM3D
and younger than 40 months. All study participants’
diagnosis was confirmed with a homozygous mutation
c.862C>T (p.R288*) in ST3GAL5 gene identified through
DNA sequencing as described previously (Wang et al.
2016). Fifteen of them chose to participate in the study and
received oral ganglioside supplement. Two patients older
than 40 months at the time also received oral ganglioside

supplement per parents’ request, and they were included in
the study with emphasis on the clinical aspect.

All study participants received Ganglioside 500™
(G500, Fonterra Co-operative Group Ltd), a commercial
pediatric grade food product prepared from the milk fat
globule membrane of bovine cream, manufactured to GMP
standard, and tested and standardized during production. It
contained relatively high levels of gangliosides (5 mg GM3
and 6 mg GD3/g of G500 powder) compared to milk and
was administered at a starting dose of 0.5 g/kg body
weight/day, divided evenly in a daily dietary regimen. The
dosage was adjusted up to 2 g/kg body weight/day based on
patients’ tolerance, with 0.5 g/kg body weight/day as the
minimal acceptable dosage to be included in the final data
analysis, as it was the dosage we found effective in three
individuals receiving ganglioside supplements from pork
brain prior to this study. The duration of the supplementa-
tion to be included in the study was either more than
24 months or no less than 12 months with the supplement
ongoing. Four patients were excluded from the study as
they either took the supplement insufficiently or irregularly
based on the parameters we set as described above.

The patients were evaluated at baseline, 1, 2, 4, and
6 months, and then every 3 months afterward for an
additional 24 months with a total of 30 months or more
according to the study protocol (Supplementary Table 1).
The clinical evaluations for all individuals were performed
by the same physician across the study. At each visit,
growth and development were assessed; the parent ques-
tionnaire along with seizure and irritability log sheets
recorded by families was reviewed; and blood samples
were collected for ganglioside measurements.

Developmental and Other Assessments

Developmental and cognitive evaluations were performed
through Vineland Adaptive Behavior Scales – Second
Edition (Vineland-II) at the beginning of the study and
every 6 months afterward for each subject by the same
developmental specialist. The domains assessed through
Vineland-II included communication, daily living skills,
socialization, and motor skills.

Auditory evaluations with otoacoustic emissions (OAE)
and auditory brainstem response (ABR) were performed at
the beginning of the study and every 12 months afterward
up to 24 months. Electroencephalogram (EEG) and brain
MRI were selectively performed either as a part of the study
or as clinically indicated.

Biochemical Assays

The blood samples were collected at each visit and kept
at �80�C. Gangliosides including GM1, GM2, and GM3
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were analyzed with a reverse-phase ultra-performance
liquid chromatography (UPLC)/tandem mass spectrometry
(MS) method as described recently (Huang et al. 2016).

Data Analysis and Statistics

As GM3D is an extremely rare metabolic disorder, the
statistical methods applied were mainly descriptive. All
data, expressed as numbers or percentiles, were presented
as means � SD.

Results

Clinical Observation

Eleven younger patients (8 females and 3 males), aged from
birth to 39 months (14 � 13 months) with 6 of them under
12 months old, along with 2 older patients aged 7.3 and
9.6 years, with GM3D received ganglioside supplements
for an average of 34 (12–56) months, with 10 of 13
subjects still receiving the supplement, while the study was
summarized (Table 1). No significant side effects were
reported in these individuals during the time of ganglioside
administration. The parents were given a choice after a
24-month trial; eight children continued the supplement,
while three patients discontinued with various rationales

from parents including its inconvenience (No. 1), possible
allergy to the product (No. 3), and pursuit of other
treatment options (No. 6).

At the beginning of the study, all patients demonstrated
various clinical manifestations, including failed hearing
screening, severe irritability, hypotonia, failure to thrive,
developmental delay, and seizures. Clinical responses were
observed in 12 out of 13 patients by the physician and in 11
out of 13 patients by parents during the study (Table 1 and
Supplementary Table 2), with improved eye contact in the
younger patients and decreased irritability in the older
patients being the most frequent and prominent findings by
both parents and physician. Improved eye contact and
increased responsiveness to the environment, while trivial,
became more noticeable after 3–6 months of supplements,
lasted approximately 12–24 months, and then slowly
phased out.

Abnormal otoacoustic emissions (OAE) were observed
in all subjects during the auditory evaluations before G500
supplement. Auditory brainstem response (ABR) was
completed only in three children because of difficulties in
assessment under minimal sedations. However, all three
children demonstrated abnormal ABR findings. The abnor-
mal OAE was normalized after 12-month supplementation
of G500 in an infant who received G500 supplement soon
after birth (No. 3) but remained abnormal in other children

Table 1 Clinical information of patients at the study

ID Gender
Age at start
(months)

G500 dosage
(g/kg body/day)

Study
duration
(months)

Current
status

Clinical responses observed by the clinician/parents and
most prominent findingsa

1 Female 31 1.0 30 Discontinued +/+, improved eye contact and muscle strength

2 Female 14 2.0 30 Ongoing +/�, improved eye contact and weight gain

3 Female 0 1.0 27 Discontinued +/+, normalized hearing, improved eye contact. and
decreased irritability

4 Male 13 1.0 56 Ongoing +/+, increased interaction, more alert. and smiling

5 Female 39 1.5 56 Ongoing +/+, decreased irritability which returned when she was
off formula

6 Female 27 1.5 36 Discontinued +/+, improved interaction

7 Male 5 0.7 26 Ongoing +/+, improved eye contact and decreased irritability

8 Female 7 2.0 39 Ongoing +/+, responded to visual stimuli and decreased
constipation

9 Female 8 1.0 12 Ongoing +/+, improved eye contact and object tracking

10 Female 6 2.0 47 Ongoing +/+, improved eye contact, and good weight gain with a
growth pattern similar to normal children

11 Male 2 2.0 20 Ongoing �/�
12 Male 115 0.5 24 Ongoing +/+, decreased irritability

13 Male 87 1.0 36 Ongoing +/+, decreased irritability and increased interactions

a + and – represent positive and negative clinical responses observed by the clinician/parents, respectively
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in follow-up auditory studies. The series EEG and brain
MRI performed before and during the G500 supplement
showed no significant changes throughout the study.

Growth

Improved growth was observed soon after G500 supple-
ment started in the majority of children participating in the
study. A catch-up growth became noticeable in some
individuals as soon as 1 month after the supplementation
started, and as a result, the average percentiles for weight,
height, and occipitofrontal circumference (OFC) were
increased (Table 2). Three children manifesting with
microcephaly (OFC less than the 5th percentile) at the
beginning of the study demonstrated significant catch-up
growth of the head after 1–6 months of the supplement, as
the OFC in these children moved up to the normal range
(Table 2). Several children demonstrated growth patterns
completely different from the typical patterns of weight,
height, and OFC that we observed in GM3D children
without G500 supplement (Fig. 1). One female (No. 10)
was able to maintain weight, height, and OFC in the normal
range until 4.5 years old (Fig. 1g–i). This growth pattern
was not observed in any affected children in previous
natural history studies. However, we noted that these
improvements did not last and slowly phased out after
12 months of supplements in most children. The growth
pattern seemed to return to the typical growth pattern
reported in the children with GM3D, even if they continued
to receive the supplement.

Developmental and Cognitive Evaluation

Developmental and cognitive scores were substantially low
in GM3D children at the beginning of the study, as
demonstrated by lower scores in Vineland-II. Increasing
raw scores were observed in all domains with the G500
supplement, with substantial jumps in scores after the first
6 months, followed by smaller but steady increases at each
time point afterward. However, when the raw scores were
standardized to domain standard scores with consideration
of subjects’ age, the improvements were only noticeable in
socialization and communication domains soon after the
supplementation started. No significant improvements were
noted in daily living and motor skill domains. In fact, the
standard scores generally declined in all domains over time
of evaluation although the decline was less prominent in the
socialization domain (Fig. 2 and Supplementary Table 3). It
was also noted that patient 11 who had poor clinical
response with the supplementation showed more substan-
tially decreased domain scores.

T
ab

le
2

G
ro
w
th

pa
ra
m
et
er
s
an
d
ga
ng

lio
si
de

le
ve
ls
in

G
M
3D

pa
tie
nt
s
re
ce
iv
in
g
G
50

0

T
im

e
(m

on
th
s)

0
1

2
4

6
9

12
15

18
21

24
27

30

W
ei
gh
t

pe
rc
en
til
e

6
�

10
(2
/1
1)

8
�

14
(2
/1
1)

7
�

13
(2
/1
1)

5
�

11
(2
/1
1)

4
�

8
(2
/1
1)

7
�

15
(2
/1
1)

6
�

15
(2
/1
1)

5
�

11
(2
/1
0)

6
�

12
(2
/1
0)

5
�

9
(2
/1
0)

2
�

5
(2
/1
0)

3
�

6
(2
/9
)

3
�

5
(2
/8
)

H
ei
gh
t

pe
rc
en
til
e

12
�

10
(6
/1
1)

15
�

20
(6
/1
1)

23
�

33
(6
/1
1)

16
�

24
(6
/1
1)

13
�

30
(6
/1
1)

16
�

25
(5
/1
1)

11
�

26
(3
/1
1)

10
�

17
(3
/1
0)

12
�

14
(3
/1
0)

7
�

9
(3
/1
0)

5
�

12
(3
/1
0)

9
�

12
(3
/9
)

3
�

4
(3
/8
)

O
F
C pe
rc
en
til
e

12
�

26
(3
/1
1)

14
�

26
(4
/1
1)

12
�

23
(5
/1
1)

11
�

19
(5
/1
1)

9
�

15
(6
/1
1)

5
�

6
(5
/1
1)

6
�

7
(5
/1
1)

6
�

7
(4
/1
0)

6
�

7
(4
/1
0)

6
�

6
(4
/1
0)

7
�

10
(3
/1
0)

7
�

8
(3
/9
)

2
�

2
(2
/8
)

G
M
1
(n
g/
m
L
)

92
4
�

29
2

99
0
�

15
7

1,
03
5
�

19
6

96
8
�

31
9

82
9
�

19
3

89
5
�

19
2

95
2
�

22
3

93
0
�

25
7

83
8
�

20
3

84
8
�

27
5

1,
04
7
�

27
8

96
2
�

29
3

73
8
�

29
2

G
M
3
(n
g/
m
L
)

86
�

26
84

�
18

10
3
�

23
95

�
15

87
�

15
89

�
12

88
�

20
10
3
�

30
76

�
15

85
�

18
95

�
33

83
�

16
85

�
21

D
at
a
ar
e
ex
pr
es
se
d
as

m
ea
ns

�
S
D
w
ith

th
e
nu

m
be
rs
of

ch
ild

re
n
in

th
e
no

rm
al
ra
ng

e
(b
et
w
ee
n
5t
h
an
d
95

th
pe
rc
en
til
e)

ov
er

th
e
to
ta
la
m
ou

nt
of

ch
ild

re
n
pa
rt
ic
ip
at
in
g
in

th
e
st
ud

y
in

th
e
pa
re
nt
he
se
s

12 JIMD Reports



Fig. 1 Growth charts in GM3D patients. Growth charts for weight,
height, and OFC are presented as (a), (b), and (c) for a patient who
received no ganglioside supplement; (d), (e), and (f) for patient No. 4;

and (g), (h), and (i) for patient No. 10, receiving G500 supplement at
the age of 13 and 6 months, respectively, as indicated with red arrows
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Fig. 1 (continued)
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Fig. 1 (continued)
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Fig. 1 (continued)
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Plasma Ganglioside Levels

With the newly established UPLC/MS assay, GM3 was
detected in all plasma samples from the patients with
GM3D, although its abundance was only about 1% of the
level observed in unaffected individuals (Huang et al.
2016). GM1 and GM3 were both measureable in all the
plasma samples collected during the study, but no signifi-
cant change was found in the levels of GM1 and GM3
before and after the G500 supplement was administered, for
up to 30 months (Table 2). Plasma ganglioside GM2 was
detectable only in a few random samples, and thus analyses
are not presented here.

Discussion

Gangliosides as a group of multifunctional molecules are
found on the surface of essentially all mammalian cells,
particularly abundant in the central nervous system, where
they represent about 10% of total lipid content. These sialic
acid-containing glycosphingolipids are thought to function
in the regulation of signaling pathways that impact cell
proliferation, survival, adhesion, and motility, and they play
essential roles in normal neural development and function
(Schengrund 2015).

Genetic defects in the ganglioside biosynthesis pathway
are devastating. Since we first reported a homozygous loss-

of-function mutation c.862C>T (p.R288*) in ST3GAL5
gene as the cause of GM3D in a group of Old Order Amish
patients in 2004 (Simpson et al. 2004), more than 70
additional patients have been diagnosed, with some patients
identified outside of the Amish community (Boccuto et al.
2014; Fragaki et al. 2013), indicating that this rare
condition might be widespread. Several other genetic
disorders along the ganglioside biosynthesis pathway have
been reported recently, including mutations of the
B4GALNT1 (GM2 synthase) gene resulting in hereditary
spastic paraplegia and cognitive impairment (Boukhris
et al. 2013) and mutations in the ST3GAL3 gene resulting
in intellectual disability and West syndrome (Edvardson
et al. 2013), all with severe consequences. These reports
once again illustrate the critical roles that gangliosides play
in human nervous system function and the need to find
effective treatments for these conditions. The unique setting
of our facility in providing medical care for most patients
suffering from GM3D gives us an exceptional opportunity
for such a study.

The exact pathological mechanism of this condition
remains unclear as the metabolic consequences of the
deficiency of GM3 synthase are manifold, including the
lack of GM3 and its derivatives and the accumulation of
lactosylceramide and its alternative metabolites. Mitochon-
drial dysfunction might also be involved as a part of the
pathology since the significant decrease in mitochondrial

Fig. 1 (continued)
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membrane potential and increase in apoptosis were illus-
trated in the patients’ fibroblasts (Fragaki et al. 2013).
Several studies through gene-engineered animals have also
provided important insights in understanding this condition
and several other ganglioside metabolic disorders (Ohmi
et al. 2014; Yoo et al. 2015; Yoshikawa et al. 2015).

By providing a significant amount of gangliosides orally
during the early stages of the disease, this pilot study is the
first clinical trial in seeking potential treatment for children
with GM3D. The study is based on the hypothesis that
maternal gangliosides coming across the placenta (Mitchell
et al. 2012) overcome the inability of the affected fetus to
synthesize gangliosides in the uterus and the oral supple-
ment provided during very early childhood takes on the role
maternal gangliosides play during pregnancy. Indeed, as a
part of the natural history study, our earlier work has
revealed that the children with GM3D had relatively normal
intrauterine growth and development and showed minimal
clinical symptoms at birth (Wang et al. 2013, 2016). Our
previous study has also demonstrated that the amount of
gangliosides in breast milk, although significantly higher

than infant formula, is not sufficient in maintaining normal
growth and development or altering the disease course in
the affected children as we found similar postnatal growth
and developmental impairments in the children with GM3D
regardless of whether they were breastfed or formula-fed
(Wang et al. 2016). In this current study, through oral
ganglioside supplementation, we have observed significant
improvements in growth and development in the children
with GM3D. This was not only reflected by reports from
parents and clinical observations from physicians and other
health professionals but also by improved growth parame-
ters such as increased weight, height, and OFC when we
compared them with the typical growth curves we
described through our natural history study (Wang et al.
2016), along with improved developmental and cognitive
scores, although the changes we identified were transient
and slowly phased out.

It is noted that the abnormal hearing test identified in one
newborn was normalized after 12-month supplementation
and three children with microcephaly showed significant
catch-up head growth and became normocephalic after

A

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100

ER
OCS

DRADNATS
N

OITACINU
M

M
OC

AGE (MONTH)

1

2

3

4

5

6

7

8

9

10

11

B

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100

ER
OCS

DRADNA TS
GNIVIL

Y LIAD

AGE (MONTH)

1

2

3

4

5

6

7

8

9

10

11

C

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100

ER
OCS

DRADNATS
N

OITAZILAIC
OS

AGE (MONTH)

1

2

3

4

5

6

7

8

9

10

11

D

0

20

40

60

80

100

120

0 20 40 60 80 100

ER
OCS

DRAD NA TS
SL LIKS

R
OT

O
M

AGE (MONTH)

1

2

3

4

5

6

7

8

9

10

11

Fig. 2 Vineland-II domain scores in 11 GM3D patients receiving G500 during the study. (a) Communication domain, (b) daily living domain,
(c) socialization domain, and (d) motor skill domain
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1–6-month supplementation (Table 2). These findings not
only provide strong evidence supporting the efficacy of the
oral dairy ganglioside supplementation but also give us
hints that the pathology of this condition is potentially
reversible. However, it is also noted that the responses to
oral ganglioside supplements appeared more prominent in
young infants than older children as many responses that
we observed in younger children, such as the normalized
hearing in a newborn and renormalized OFC in three
infants, were not found in the older children. These findings
suggest the importance of early intervention.

It is interesting to notice that the ganglioside levels in the
plasma were not significantly changed after daily ganglio-
side supplementation for up to 30 months, although we
observed noteworthy improved clinical symptoms, growth
parameters, and developmental scores. It might be sus-
pected that the gangliosides provided through oral supple-
ments are not absorbed and utilized by these children as the
ganglioside levels in the plasma were not significantly
changed. However, earlier studies have documented that the
gangliosides seemed readily absorbed and integrated into
tissues as a higher content of gangliosides was found in the
brain tissue of the breastfed infants compared with the
formula-fed (Wang et al. 2003) and human breast milk
contains significantly more GM3 compared with cow’s
milk and infant formulas (Pan and Izumi 2000). A more
recent study further demonstrated that the supplementation
of infant formula with gangliosides appeared to increase
serum ganglioside levels in normal healthy infants (Gurnida
et al. 2012). One may speculate that the downstream
metabolism of ganglioside biosynthesis pathway is likely
very active and the gangliosides absorbed in the circulation
in these children have been taken up and metabolized by
other organs and systems immediately; thus, no significant
changes in serum ganglioside levels are observed. Indeed,
GM3 synthase is a key enzyme involved in the initial stages
of biosynthesis with multiple downstream pathways to
various a-, b-, c-series gangliosides (Proia 2004), and the
improvements of clinical symptoms, growth parameters,
and developmental and cognitive scores appear with no
significant changes on the serum gangliosides observed in
children receiving oral supplementation. We are currently
developing a new assay to determine if there are any
changes for the gangliosides in the cellular components in
these patients throughout the study. Further work through a
stable isotope-labeled study in patients or through tissue
ganglioside profile in animal studies would also be helpful
in understanding this process.

The hypothesis that the amount of gangliosides needed
in a human body is potentially substantial is also supported
by other evidence. During the study, we found that GM3

and the downstream products in plasma samples collected
from the umbilical cord of the genotypically positive
newborn were detectable with the newly established
sensitive method (Huang et al. 2016), but the levels are
very similar to the levels we found in the older children
(data not shown). These observations suggested that the
plausibly massive needs of gangliosides during pregnancy
and the maternal gangliosides transferred through the
placenta to the fetus with the genetic defect may not be
sufficient to meet their growth and development in the
uterus. Indeed, the fact that most children with GM3D
failed newborn hearing screening further supports this
hypothesis as these infants might not receive enough
maternal GM3 and the infants might be already affected
at birth. It has been noted that maternal supplementation
with a complex milk lipid mixture during pregnancy and
lactation in rats can significantly increase the ganglioside
contents in neonatal brain (Gustavsson et al. 2010); thus,
the timeline of an early intervention might need to be
redefined, considering as early as pregnancy.

In this study, we have observed some significant
improvements in clinical symptoms, growth parameters,
and developmental and cognitive scores through oral
ganglioside supplement to the affected children. However,
it remains concerning as the improvements we observed in
this study are transient and slowly phase out during the
study. As we further explore therapeutic options for GM3D,
such as supplemental studies with considerably larger
amounts of gangliosides than the amounts we used in this
study or given through parenteral pathways, we should also
consider the approaches to reestablish endogenous ganglio-
side supplies with abundance such as hematopoietic stem
cell or liver transplantation and gene therapies in the
affected individuals. An additional critical factor to be
considered to warrant the ultimate effective outcome is an
adequate amount of gangliosides in the maternal blood
during pregnancy.
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Abstract Hepatic glycogen storage diseases (GSDs) are
inborn errors of metabolism whose dietary treatment
involves uncooked cornstarch administration and restriction
of simple carbohydrate intake. The prevalence of feeding
difficulties (FDs) and orofacial myofunctional disorders
(OMDs) in these patients is unknown. Objective: To
ascertain the prevalence of FDs and OMDs in GSD.
Methods: This was a cross-sectional, prospective study of
36 patients (19 males; median age, 12.0 years; range,
8.0–18.7 years) with confirmed diagnoses of GSD (type
Ia ¼ 22; Ib ¼ 8; III ¼ 2; IXa ¼ 3; IXc ¼ 1). All patients
were being treated by medical geneticists and dietitians.
Evaluation included a questionnaire for evaluation of
feeding behavior, the orofacial myofunctional evaluation
(AMIOFE), olfactory and taste performance (Sniffin’ Sticks
and Taste Strips tests), and facial anthropometry. Results:
Nine (25%) patients had decreased olfactory perception,
and four (11%) had decreased taste perception for all
flavours. Eight patients (22.2%) had decreased perception
for sour taste. Twenty-six patients (72.2%) had FD, and

18 (50%) had OMD. OMD was significantly associated
with FD, tube feeding, selective intake, preference for fluid
and semisolid foods, and mealtime stress (p < 0.05).
Thirteen patients (36.1%) exhibited mouth or oronasal
breathing, which was significantly associated with selective
intake (p ¼ 0.011) and not eating together with the rest of
the family (p ¼ 0.041). Lower swallowing and chewing
scores were associated with FD and with specific issues
related to eating behavior (p < 0.05). Conclusion: There is
a high prevalence of FDs and OMDs in patients with GSD.
Eating behavior, decreased taste and smell perception, and
orofacial myofunctional issues are associated with GSD.

Introduction

Hepatic glycogen storage diseases (GSDs) are inborn errors
of glycogen metabolism. These conditions are divided into
subtypes, depending on the enzyme defect involved
(Wolfsdorf and Weinstein 2003; Walter et al. 2016).
Phenotype depends on the disease subtype and extent of
metabolic control, but major features include growth
retardation, short stature, a doll-like face, hepatomegaly,
hypoglycemia, hyperlactatemia, hypercholesterolemia, and
hypertriglyceridemia (Chen and Kishnani 2012; Kishnani
et al. 2014; Derks and Smit 2015).

Treatment can include restricted intake of simple
carbohydrates (fructose, maltose, glucose, lactose, galac-
tose), administration of uncooked cornstarch several times a
day (including overnight, as some patients do not tolerate
fasting for more than 3 h), and management of clinical and
laboratory parameters (Weinstein and Wolfsdorf 2002;
Chen and Kishnani 2012; Derks and Smit 2015). Some-
times, due to the dietary restrictions and continuous feeding
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required, tube feeding is indicated to maintain normogly-
cemia and proper metabolic control (Rake et al. 2002;
Weinstein and Wolfsdorf 2002; Flanagan et al. 2015).

Feeding difficulties (FDs) are common in childhood,
affecting up to 50% of children regardless of sex or
socioeconomic status. Causes include a variety of organic
and behavioral issues, as well as the feeding style of the
caregivers; specific features and severity vary widely
(Carruth et al. 2004; Wright et al. 2007; Dunitz-Scheer
et al. 2009; Mascola et al. 2010; Benjasuwantep et al. 2013;
Edwards et al. 2015; Kerzner et al. 2015).

The main organic conditions associated with FDs are
dysphagia; gastrointestinal, metabolic, and cardiorespira-
tory abnormalities; structural/mechanical abnormalities;
orofacial myofunctional disorders (OMDs); growth failure;
and tube feeding. Other issues that are also directly related
include prolonged mealtimes, food refusal, mealtime stress,
lack of autonomy to self-feed, lack of distractions to
increase intake, difficulty in eating foods with different
textures, and picky eating. FDs can cause significant
nutritional and emotional problems in children and in their
caregivers (Carruth et al. 2004; Wright et al. 2007; Dunitz-
Scheer et al. 2009; Mascola et al. 2010; Benjasuwantep
et al. 2013; Edwards et al. 2015; Kerzner et al. 2015).

Few studies have assessed the issue of OMD and FDs in
patients with GSDs. This population is particularly suscep-
tible to FDs, as both the disease and its treatment are
associated with risk factors for the development of feeding
disorders. Poor acceptance of dietary plans by patients and
families is also a concern (Correia et al. 2008; Santos et al.
2014; Flanagan et al. 2015). Within this context, the present
study aimed to investigate FDs, OMDs, and olfactory and
gustatory perception in Brazilian patients with hepatic
GSDs.

Materials and Methods

Sample

This was a cross-sectional, prospective study of 36 patients
(19 males; median age, 12.0 years; range, 8.0–18.7 years)
with confirmed diagnoses of GSD (type Ia, n ¼ 22; Ib,
n ¼ 8; III, n ¼ 2; IXa, n ¼ 3; IXc, n ¼ 1) who were being
treated at Hospital de Clínicas de Porto Alegre, a referral
center in Southern Brazil. Fifteen patients (41.7%) were
being tube-fed, 12 (36.1%) through a gastrostomy. Three
patients (8.3%) were on tube feeding due to severe food
refusal, and five (13.8%) were fed either orally or by tube.
Data were collected from 2015 to 2017. A convenience
sampling strategy was used.

Due to similarities in clinical characteristics and treat-
ment, GSD subtypes were pooled as “subtype I” (Ia and Ib)

and “other subtypes” (III and IX). Treatment included
follow-up by an interdisciplinary team (a medical geneticist
specializing in inborn errors of metabolism, a specialized
dietitian, nurse, and clinical psychologist), with visits every
3 months; control of clinical and laboratory parameters;
dietary management; and group therapy. Individuals under
the age of 5 were excluded by recommendation of the tests.
The study was approved by the Institutional Review Board
of the hospital where it was carried out (protocol no.
150072), and written informed consent was obtained from
all individuals before participation.

Procedures

Clinical information was collected from medical records
and through a structured interview with the patient about
FDs. To investigate dietary habits and feeding difficulties, a
questionnaire of relevant items was constructed according
to Edwards et al. (2015) and Kerzner et al. (2015);
caregivers answered the questionnaire when patients were
unable to understand the questions. Relevant behavioral
signs and issues included selective intake, fear/aversion of
feeding, prolonged mealtimes, mealtime stress (e.g.,
parents’ and/or caregivers’ insistence on offering food,
constant resistance and/or refusal to feed, especially in
childhood), preference for fluid/semisolid foods, and family
eating habits (e.g., not eating together). Subjects were
classified as having a “feeding difficulty” on the basis of
the following three aspects: (1) self-report by patients/
caregivers, (2) clinical evaluation by the researcher, and (3)
presence of one or more of the aforementioned behaviors.

Clinical evaluations were performed on the same day by
a trained speech–language pathologist with experience in
administration of the study instruments, namely, (a) a
validated protocol for investigation of OMD, the oro-
facial myofunctional evaluation with scores (AMIOFE)
(De Felício and Ferreira 2008); (b) analysis of olfactory
perception by the Sniffin’ Sticks test (Hummel et al. 1997);
and (c) Analysis of taste perception by the Taste Strips test
(Mueller et al. 2003). This test evaluates four tastes (sweet,
sour, salty, bitter), being possible to obtain the total score or
the score of each flavor separately. For the present study, it
were analyzed the total score and the sour taste, since sour
taste is often present in foods restricted in the diet of
patients with GSDs.

Statistical Analysis

The chi-square, Fisher’s exact, Mann–Whitney U, and
Spearman correlation tests were used for nonparametric
variables, and Poisson regression with robust variance
to analyze risk factors by prevalence ratio (PR). The
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Kolmogorov–Smirnov test was used to evaluate the
assumption of normality. The significance level was set at
5% (p � 0.05).

Results

Assessment of smell and taste perception was performed in
22 patients (61.1% of the sample), all aged �11 years, in
accordance with the test recommendations. Regarding
olfactory perception, the median score was 10.0
(8.8–11.2) points. Nine patients (40.9%) had median scores
below the cutoff point, indicating hyposmia. For taste
perception, the median score was 11.5 (10.0–14.0) points.
Four patients (18.2%) had scores below the cutoff point for
all flavors, suggesting hypogeusia. The scale for sourness
alone ranges from 0 to 4 points. The sample median was
3.0 (0.8–3.0) points, with eight patients (36.4%) having a
score indicative of decreased sour taste perception.

Variables related to the reduction of olfactory, gustatory,
and sourness perception were compared to behavioral
issues regarding food. Decreased olfactory perception was
associated with selective intake (p ¼ 0.027), while
decreased sourness perception was associated with prefer-
ence for fluid and/or semisolid foods (p ¼ 0.006).

The prevalence of feeding issues (feeding behaviors or
conditions that may impact on the child’s feeding) and
a comparison with the presence of FD are presented in
Table 1. The overall prevalence of FD in this sample was
72.2% (n ¼ 26). Since GSD I requires a more restrictive

diet than other subtypes, the potential association between
this subtype and FD needs to be investigated. In this study,
we could not conduct a statistical comparison due to the
discrepancy in sample size (30 participants with GSD I vs.
6 patients with other GSDs).

Findings related to feeding behavior were analyzed and
compared to median scores in the orofacial myofunctional
scale, specifically total, deglutition, and mastication scores
(Table 2). The total orofacial myofunctional score corre-
lated positively with age (r ¼ 0.493, p ¼ 0.002), suggesting
that younger individuals had lower test scores.

Variables were analyzed by Poisson regression with
robust variances to investigate risk factors for OMD, using
prevalence ratios controlled by age. Preference for fluid/
semisolid foods (PR ¼ 10.29, 95% CI 1.4–75.1, p ¼ 0.021)
and selective intake (PR ¼ 7.94, 95% CI 1.1–56.6,
p ¼ 0.038) were significant. This suggests that, even after
controlling for age, these feeding issues are risk factors for
OMD.

Table 3 presents an analysis of posture/appearance,
mobility of orofacial structures, and orofacial functioning,
stratified by age range (Table 3). Regarding stomatognathic
functions, 1 patient presented with mouth breathing and 12
(33.33%) with oronasal-type breathing. Both breathing
patterns were associated with selective intake (p ¼ 0.011)
and nonparticipation in family meals (p ¼ 0.014). Mastica-
tion could not be assessed in three children due to lack of
oral feeding secondary to complete food refusal. In these
cases, the minimum score of one point was assigned, in
accordance with test recommendations.

Table 1 Hepatic glycogen storage disorders: feeding aspects and feeding difficulty

Sample prevalence (n ¼ 36) Feeding difficultya

*p-valuen (%)

Presence of
feeding difficulty
(n ¼ 26)

Absence of
feeding difficulty
(n ¼ 10)

Tube feeding >1 year 15 (41.7%) 13 (50.0%) 2 (20.0%) 0.142

Exclusive breastfeeding <6 months
Feeding behaviors and conditions

25 (69.4%) 21 (80.8%) 4 (40.0%) 0.039*

Selective intake 23 (63.9%) 22 (84.6%) 1 (10.0%) <0.001*

Fear of feeding (or food aversion) 11 (30.6%) 11 (42.3%) 0 (0.0%) 0.016*

Preference for fluid/semisolid foods 21 (58.3%) 19 (73.1%) 2 (20.0%) 0.007*

Prolonged mealtimes 18 (50.0%) 14 (53.8%) 4 (40.0%) 0.360

Not eating together with the family 14 (38.8%) 14 (100%) 0 (0.0%) 0.003*

Mealtime stress 19 (52.8%) 16 (61.5%) 3 (30.0%) 0.139

Gastrointestinal conditions 13 (36.1%) 12 (46.2%) 1 (10.0%) 0.060

*Statistical significance by Fisher’s Exact test to “feeding difficulty” (p � 0.05). Data presented by frequency (percentage)
a “Feeding difficulties” were determined on the basis of tree of these aspects: (1) self-reports by patients/family members, (2) clinical evaluation by
the researcher, and (3) presence of one or more of the aforementioned behaviors
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Discussion

This was the first study in the literature to include a
speech–language pathology viewpoint in the investigation
of orofacial myofunctional issues and feeding behavior, as
well as evaluate the possible association of these issues
with the senses of smell and taste, in a sample of patients
with hepatic glycogen storage diseases. Our findings

indicate that feeding difficulties and orofacial myofunc-
tional disorders are prevalent in this population, which may
be particularly susceptible to the development of stomatog-
nathic abnormalities.

GSD Ia was the most prevalent subtype in our sample,
which is consistent with the literature (Janecke et al. 2001;
Chou et al. 2002). Alternative feeding routes were used in a
substantial portion of patients, which is consistent with the

Table 2 Hepatic glycogen storage disorders: comparison between orofacial myofunctional evaluation scores with feeding aspects (n ¼ 36)

Scores of orofacial myofunctional evaluation

Total score p-valor Deglutition score p-valor Mastication score p-valor

Tube feeding >1 year 84.0 (76.0–88.0) 0.012* 11.0 (9.0–13.0) 0.008* 5.0 (2.0–6.9) 0.077

Exclusive breastfeeding �6 months 87.0 (82.0–91.5) 0.256 12.0 (11.0–14.0) 0.728 5.0 (3.5–7.0) 0.446

Feeding difficulty 84.5 (81.2–90.0) 0.001* 12.0 (10.5–13.0) 0.001* 4.5 (3.0–6.0) 0.009*

Selective intake 84.0 (79.0–89.0) <0.001* 12.0 (9.0–13.0) 0.004* 4.0 (2.0–6.0) 0.001*

Fear of feeding (or food aversion) 83.0 (69.0–90.0) 0.010* 11.0 (8.0–12.0) 0.015* 5.0 (1.0–6.0) 0.282

Preference for fluid/semisolid foods 84.0 (77.5–87.0) <0.001* 11.0 (8.5–13.0) <0.001* 5.0 (3.0–6.0) 0.051*

Prolonged mealtimes 84.0 (80.5–90.2) 0.038* 12.5 (11.0–14.0) 0.532 5.0 (2.7–7.0) 0.322

Not eating together with the family 84.6 (76.5–89.2) 0.019* 12.0 (8.0–12.2) 0.008* 5.0 (1.7–6.0) 0.088*

Mealtime stress 84.0 (79.0–90.0) 0.010* 12.0 (9.0–13.0) 0.058* 5.0 (3.0–6.0) 0.030*

Gastrointestinal conditions 85.0 (84.0–98.2) 0.339 12.0 (8.5–13.5) 0.152 5.0 (4.0–6.5) 0.690

*Statistical significance by Mann–Whitney test to “scores of orofacial myofunctional evaluation” (p � 0.05). Data presented by median
(interquartile range)

Table 3 Hepatic glycogen storage disorders: children and adults in the specific abilities of orofacial myofunctional test

Reference score

Data by age range

Child �12 years old (n ¼ 22) Teenagers and adults >12 years old (n ¼ 14)

Median (IQR) Median (IQR)

Lips 3.0 (2.0–3.0) 3.0 (3.0–3.0)

Mandible/maxilla 3 2.0 (2.0–3.0) 3.0 (2.0–3.0)

Cheeks 3 2.0 (2.0–3.0) 3.0 (2.0–3.0)

Face 3 2.0 (2.0–3.0) 2.5 (2.0–3.0)

Tongue 3 3.0 (2.0–3.0) 3.0 (2.0–3.0)

Palate 3 3.0 (2.0–3.0) 3.0 (2.8–3.0)

Movements

Lips 12 10.0 (9.8–11.3) 11.0 (9.5–12.0)

Tongue 18 17.0 (15.8–18.0) 18.0 (16.8–18.0)

Jaw 15 14.0 (12.0–15.0) 15.0 (14.8–15.0)

Cheeks 12 12.0 (10.8–12.0) 12.0 (11.0–12.0)

Functions

Breathing 3 2.0 (2.0–3.0) 3.0 (3.0–3.0)

Deglutition 15 12.0 (11.0–13.0) 14.5 (11.8–15.0)

Mastication 10 5.0 (2.8–6.3) 7.0 (4.0–7.0)

Total �88 85.0 (81.3–90.3) 91.5 (84.8–99.0)

Data presented by median (IQR interquartile range)
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need for uninterrupted dietary treatment to prevent fatal
hypoglycemia. It is also worth noting that three patients
presented with complete refusal of oral feeding secondary
to progressive food refusal. Although alternative feeding
routes are a necessary resource for some patients with GSD
(Rake et al. 2002), tube feeding is known to cause adverse
events, including negative impact on the stomatognathic
system, and hinder swallowing and feeding behavior
(Dunitz-Scheer et al. 2009; Gomes et al. 2015).

The study participants exhibited reduced olfactory and
taste perception, and we identified an association between
this reduced perception and feeding issues. These findings
are consistent with the literature on FDs (Dunitz-Scheer
et al. 2009; Edwards et al. 2015; Evans et al. 2017). It is
well known that varied sensory experiences in childhood
feeding (olfactory, gustatory, and others) play an important
role in promoting proper and pleasant eating habits. It is
understood that, in GSDs, olfactory and taste perception
may be limited by the lack of stimuli caused by the highly
restrictive diet, particularly regarding fruits and some
vegetables.

We also found a high prevalence of FDs in the sample,
which suggests that individuals with GSD have a higher
frequency of selective intake and fear of feeding
when compared to children without these diseases.
Benjasuwantep et al. (2013) reported a 15.4% prevalence
of selective intake and 0.25% prevalence of fear of feeding
in the general population. Kerzner et al. (2015) and
Edwards et al. (2015) note that children with chronic
diseases or behavioral issues tend to develop feeding
difficulties. In their study of phenylketonuria, an inborn
error of metabolism which also requires a restrictive diet for
proper management, Evans et al. (2017) showed that
neophobia is mainly caused by fear of eating foods that
may be forbidden in the patient’s diet.

The high frequency of negative eating situations and
behaviors identified in this sample corroborates previous
studies showing that gastrointestinal abnormalities, orofa-
cial myofunctional disorders, and the use of alternative
feeding routes are mechanical and structural aspects that
frequently cause feeding difficulty. Family habits and
unfavorable and stressful environments have also been
described as behavioral factors that predispose to food
refusal and selective intake (Dunitz-Scheer et al. 2009;
Kerzner et al. 2015; Edwards et al. 2015). Benjasuwantep
et al. (2013) reported that children with eating problems
tend to eat at the table with their families less often and
have prolonged feeding times.

Within this context, we identified that several participants
in our sample did not eat meals as a family and found an
association between GSD type I and feeding difficulty. These

findings may be related to the high overall prevalence of
feeding difficulty in the sample, as individuals with feeding
problems often do not eat at the family table (Dunitz-Scheer
et al. 2009; Benjasuwantep et al. 2013), as well as to the
disease itself and its treatment, since patients with hepatic
GSD need to eat at prescribed times, which may diverge
from family mealtimes (Rake et al. 2002; Weinstein and
Wolfsdorf 2002; Flanagan et al. 2015). In the case of GSD
type I, dietary control is associated with even greater
restrictions and need for even more frequent intake of
uncooked cornstarch to maintain normoglycemia and
prevent secondary metabolic disorders than in other GSD
subtypes (Rake et al. 2002; Flanagan et al. 2015).

In the present sample, the youngest patients and those
with feeding difficulties performed worse on the orofacial
myofunctional test. This finding is consistent with previous
studies describing that structural and mechanical abnormal-
ities, such as OMDs, can cause feeding difficulties (mainly
selective intake and food aversion). Refusal of solid or
difficult-to-chew foods is usually due to changes in
breathing, swallowing, and mastication patterns, as well as
aversive behaviors due to gagging, odynophagia, and
increased protective oral reflexes (Dunitz-Scheer et al.
2009; Kerzner et al. 2015; Edwards et al. 2015).

We conclude that there is a high prevalence of feeding
difficulties and orofacial myofunctional disorders in
Brazilian patients with hepatic GSD. Our results suggest
that individuals with GSD I subtypes may be at higher risk
of feeding disorders and orofacial myofunctional disorders
compared to those with other GSD subtypes also requiring
strict dietary management. This warrants further evaluation.
Likewise, our suspicion of decreased olfactory and taste
perception in these patients was confirmed, especially for
sourness. Weaknesses of this study include the fact that no
validated protocol was used to assess feeding behavior, the
small sample size, and the single-center design, which will
have influenced dietary treatment practices and the eating
habits of patients.

Our results also indicate that individuals with hepatic
GSD may be inordinately susceptible to orofacial myofunc-
tional disorders and feeding difficulties, due to factors
related to the disease itself, to its treatment, and to eating
habits. We suggest that clinicians involved in the manage-
ment of GSDs need to be alert for selective intake, food
refusal, and difficulties in chewing and swallowing in
childhood and adulthood, especially in children during the
period of food introduction, and should refer patients with
these issues to specialist professionals for evaluation and
follow-up. Further research on this topic be conducted to
confirm whether olfactory and taste perception are reduced
in these patients and investigate possible causes for

JIMD Reports 25



these sensory impairments, as well as to support early
identification of eating disorders and feeding difficulties
and development of therapeutic interventions to address
these issues.
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Abstract Purpose: Auxiliary partial orthotopic liver trans-
plantation (APOLT) in metabolic liver disease (MLD) has
the advantage of correcting the metabolic defect, preserving
the native liver for gene therapy in the future with the
possibility of withdrawal of immunosuppression.

Methods: Retrospective analysis of safety and efficacy of
APOLT in correcting the underlying defect and its impact
on neurological status of children with MLD.

Results: A total of 13 APOLT procedures were
performed for MLD during the study period. The
underlying aetiologies being propionic acidemia (PA)-5,
citrullinemia type 1 (CIT1)-3 and Crigler-Najjar syndrome
type 1 (CN1)-5 cases respectively. Children with PA and
CIT1 had a median of 8 and 4 episodes of decompensation
per year, respectively, before APOLT and had a mean social
developmental quotient (DQ) of 49 (<3 standard devia-
tions) as assessed by Vineland Social Maturity Scale prior
to liver transplantation. No metabolic decompensation
occurred in patients with PA and CIT1 intraoperatively or
in the immediate post-transplant period on protein-unre-
stricted diet. Patients with CN1 were receiving an average
8–15 h of phototherapy per day before APOLT and had
normal bilirubin levels without phototherapy on follow-up.
We have 100% graft and patient survival at a median
follow-up of 32 months. Progressive improvement in
neurodevelopment was seen in children within 6 months
of therapy with a median social DQ of 90.

Conclusions: APOLT is a safe procedure, which
provides good metabolic control and improves the neuro-
development in children with selected MLD.
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Introduction

Auxiliary partial orthotopic liver transplantation (APOLT) is a
surgical procedure where a portion of native liver is removed and
a partial liver graft is placed in the space created (Reddy et al.
2017; Rela et al. 2016). This is in contrast to standard
orthotopic liver transplantation (OLT) where the whole liver is
removed and replaced with an allograft. APOLT is an excellent
option in selected cases of acute liver failure, where the native
liver can regenerate and immunosuppression withdrawn; its
utility in metabolic liver disease (MLD) is still being criticized
due to complexity of surgical technique and a continued need
for immunosuppression (Reddy et al. 2017; Rela et al. 2016).
Here, we report our experience with APOLT for selected MLD.

Materials and Methods

Clinical data of children who underwent APOLT for MLD
over a period of 9 years (July 2009–May 2018) at Institute
of Liver Disease and Transplantation was retrospectively
analysed. The criteria for patient selection, operative
procedure of APOLT and refinements in operative techni-
ques for APOLT for MLD have been described in detail
previously (Reddy et al. 2017; Rela et al. 2013, 2016;
Kaibori et al. 1998).

Clinical records of these patients were reviewed to collect
the following data: indications for performingAPOLT, gender,
age at onset, symptoms at presentation, type of feeds, mode of
feeding, total number of metabolic decompensations, fre-
quency of hospitalizations, need for invasive ventilation,
haemodialysis, pre-transplant neurological status and status
of metabolic control prior to transplant. Data was also
collected about time from onset of disease to APOLT, ABO-
blood-type matching, graft types, graft-to-recipient weight
ratio (GRWR), donor demographics, postoperative complica-
tions, day of initiation of normal feeds, metabolic decom-
pensations in the post-transplant period, immunosuppressive
therapy, incidence of rejection and duration of follow-up.

Primary endpoints were patient survival, graft survival and
graft function. Secondary endpoints were the improvement of
developmental quotient (DQ), the number of episodes of
metabolic decompensation in patients with PA and CIT1 and
the need for phototherapy in children with CN1. Developmen-
tal status was assessed using developmental screening test
(DST) and Vineland Social Maturity Scale (VSMS) prior to
and 6months after APOLT (in PA and CIT1). Disease severity
(DS), metabolic status (MS), neurological status (NS) and
quality of life were assessed by grading scales used previously
to compare children with liver-based metabolic disorder as
shown in Table 1 (Morioka et al. 2005a, b).

Table 1 Grading scales to evaluate disease severity, metabolic status and neurological status and classifications of quality of life (used with
permission from Morioka et al. 2005a, b)

Severity of the disease (DS):
Grade 4: Many episodes of severe hyperammonemic coma, some with NH3a > 300 mmol/L
Grade 3: One to several episodes of hyperammonemic coma, no more than one with NH3a > 300 mmol/L
Grade 2: One to few episodes of hyperammonemic coma, none with NH3a > 300 mmol/L
Grade 1: Only one episode of hyperammonemic coma, with NH3a < 300 mmol/L
Grade 0: No episodes of hyperammonemic coma, no NH3a > 300 mmol/L

Metabolic status (MS):
Grade 4: No improvement, severe hyperammonemia and need for constant, full doses of medication
Grade 3: Some improvement, moderate hyperammonemia and need for constant medication
Grade 2: Major improvement, moderate hyperammonemia and need for some medication for control
Grade 1: Almost complete correction, occasional hyperammonemia and with or without need for medication
Grade 0: Completer correction, no hyperammonemia and no need for medication

Neurological status (NS):
Grade 5: Persistent coma or vegetative state
Grade 4: Responds to noxious stimuli, but no social interaction, no ambulation and no communication
Grade 3: Limited social interaction, no bipedal ambulation and limited communication through gestures
Grade 2: Definite social interaction and fair ambulation, though possibly limited by spasticity
Grade 1: Good social interaction and full ambulation but perhaps partially impaired gross and fine motor skills and use of language, mildly
delayed development and only modest learning deficits

Grade 0: Seems to be normal spectrum for social interaction, motor skills and language development and learning

Quality of life:
Excellent: Receiving one or no immunosuppressive drugs and all the above grading scales corresponding to a score of 0
Good: Receiving two or more immunosuppressive drugs and all the above corresponding to a score of 0
Fair: Regardless of the number of immunosuppressive drugs each patient received, one or more of the above scales corresponding to a scale to 1
Poor: With any episodes of graft dysfunction to necessitate frequent or long hospital stay regardless of their causes and/or one or more of the
above scales corresponding to a score of 2 or more

aNH3 serum ammonia level, mmol/L micromoles/litre
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Statistical Methods

Chi-square testing was used to compare categorical varia-
bles, while comparisons of continuous variables were
performed with the t test and Mann-Whitney U test. SPSS
commercial statistics software was used for all statistical
analyses (PASW Statistics ver. 18.0; IBM Co., Armonk,
NY, USA). The p-values less than 0.05 were considered to
be significant. Values were reported as medians and ranges
unless stated otherwise.

Results

During the study period, a total of 291 children below
18 years of age underwent liver transplantation (LT), of
which 13 APOLT procedures were performed for MLD.
The underlying MLD were propionic acidemia (PA) in five,
citrullinemia type 1 (CIT1) in three and Crigler-Najjar
syndrome type 1 (CN1) in five patients. Details of three
patients have been reported previously (Shanmugam et al.
2011; Govil et al. 2015).

Patient Characteristics

Propionic Acidemia (n ¼ 5) and Citrullinemia Type 1
(n ¼ 3)

These two diseases are grouped together for discussion as
both are disorders of amino acid metabolism with elevated
ammonia during decompensation and similar medical
management during decompensation. The age of presenta-
tion ranged from 3 to 6 days after birth, with a median of
3 days. All children with CIT1 and three patients with PA
presented with a history of poor feeding, encephalopathy,
acidosis and hyperammonemia. Two patients with PA were
diagnosed prenatally by genetic assay (patients 2 and 3).
Seven patients (58%) had fatal family history due to MLD.

All children with PA and CIT1 were on protein-restricted
feeds prior to APOLT. Patients 4 and 8 were on supportive
nasogastric feeds. Difficulty in procuring special feeds was
a significant concern for Indian patients prior to LT since it
had to be imported and was expensive. In the PA subgroup,
three were on carglumic acid, two were on sodium benzoate
and all received carnitine and biotin, prior to APOLT. All
patients with CIT1 were on arginine and sodium benzoate.

Indications for APOLT in PA and CIT1 were frequent
metabolic decompensations, poor quality of life, diet
restriction and delayed development in all except one.
Patient 3 did not have any metabolic decompensation prior
to LT and had normal developmental milestones, but
parents opted for LT since caring for the child was
restricting the quality of life of the parents and siblings.

Patient 1 with PA had dilated left ventricle (LV) with
hypokinesia (LV ejection fraction – 45%) and hypertension.

Crigler-Najjar Syndrome Type 1 (n ¼ 5)

The median serum bilirubin value prior to transplantation
was 393 mmol/L (range 325–496 mmol/L) in spite of
8–15 h of phototherapy daily. Patients 10 and 11 had
normal developmental milestones but were taken up for
APOLT because it was difficult to restrict children under
phototherapy. Patient 9 had normal milestones while on
phototherapy but developed bilirubin encephalopathy at the
age of 1.5 years during an episode of intercurrent infection.
During that episode, he required mechanical ventilation due
to refractory seizures, following which he had developmen-
tal delay. Patients 12 and 13 had developmental delay with
poor social skills.

APOLT Procedure

The age of patients at APOLT ranged from 8 to 264 months,
with a median of 32 months. All transplants were
performed as left auxiliary liver transplants. Patient 11 with
CN1 received a domino auxiliary graft from patient 5 with
propionic acidemia (Govil et al. 2015). All patients under-
went intraoperative portal flow modulation as previously
described (Reddy et al. 2017; Shanmugam et al. 2011; Rela
et al. 2015). None of the patients developed portal steal
phenomenon in the immediate post-transplant period. The
median duration of hospital stay after transplantation was
18 days (range 14–45 days). The pre-/post-APOLT demo-
graphics and follow-up data are summarized in Table 2.

Post-transplant Course

The immediate postoperative period was uneventful with
no episodes of metabolic or hepatic decompensation in
children with PA and CIT1 except for patient 5. All
children received total parenteral nutrition for first 3–5 days
with 1 g/kg of bodyweight of protein until enteral feeds
were started with close monitoring of serum ammonia and
amino acid levels. Enteral protein supplements were
gradually increased to unrestricted diet over a period of
5 days with monitoring of ammonia. All children were on
normal diet/standard formula intake by the 10th postopera-
tive day. Facilitating oral intake was difficult in many
children since they were on enteral tube feeds and were not
used to the taste and texture of normal diet. Patient 4 was
on nasogastric feeds 6 months after APOLT due to feeding
difficulties.

The postoperative recovery was uneventful in all patients
with CN1. Serum bilirubin levels normalized within 6 days
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after APOLT (range 3–7 days), and none of the children
required phototherapy after surgery.

Immunosuppression Post-APOLT

All patients were on standard immunosuppression with
tacrolimus and steroids as per our unit protocol. Trough
tacrolimus levels were maintained between 10 and 12
nanogram/millilitre (ng/mL) in first 3 months, 8–10 ng/mL
for next 6 months and 5–7 ng/mL later on. Steroids were
started at 2 mg/kg and then tapered to 1 mg/day (same dose
for all patients) over the next 3 weeks. Children were
monitored for rejection based on aminotransferase level
elevation. Any elevated levels were evaluated with tacro-
limus level, Doppler ultrasound to evaluate preferential
graft portal perfusion and biopsy of the native and graft
liver. Rejection confirmed by biopsy was treated with
intravenous methyl prednisolone for 3–5 days followed by
oral taper to 1 mg/day.

Post-transplant Complications

Four children had six episodes of histologically proven
steroid-responsive acute cellular rejection. The first episode
of rejection occurred after a median of 35 days (range
22–70 days). Patient 5 had two more episodes of steroid-
responsive rejection 114 days and 180 days after APOLT.
None of the rejection episodes were associated with
metabolic decompensation.

One child with PA (patient 5) was diagnosed with
hepatic artery thrombosis on the 6th postoperative day. He
underwent immediate surgical revascularization and made a
complete recovery. Over a follow-up period of 30 months,
his graft function remains good.

Patient 3 with PA had an episode of high ammonia
without encephalopathy during an episode of intercurrent
illness 9 months after APOLT. A segmental portal vein
embolization of the native liver was performed to cause
segmental atrophy of the native liver and facilitate
compensatory hypertrophy of the graft. This rapidly
corrected the metabolic abnormality, and the child has
remained asymptomatic without further episodes of decom-
pensations with good graft function over 29 months of
follow-up.

Patient 8 with CIT1 developed gastrointestinal post-
transplant lymphoproliferative disorder 6 months after
APOLT. He was managed with immunosuppression with-
drawal and rituximab. There were no episodes of rejection
or metabolic decompensation during the time period. He
recovered well, immunosuppression was reintroduced
6 months later and he is presently on regular follow-up
with good graft function and disease in remission.

Follow-Up

We have 100% graft and patient survival at a mean follow-
up of 32 months (range 5–99 months). All children with PA
and CIT1 had metabolic cure of hyperammonemia and are
on unrestricted diets. Carnitine supplementation was
stopped in patient 1 resulting in low serum-free carnitine
and elevated acyl carnitine levels and so was restarted. All
other children with PA were continued on carnitine and
biotin supplementation. Cardiomyopathy and hypertension
in patient 1 did not progress after liver transplantation, and
the patient has remained stable on follow-up of 50 months.
He continues to take digoxin for cardiac problem and
lisinopril for hypertension.

All three children with CIT1 had serum citrulline levels
of more than 2,000 mmol/L before transplant that has
reduced to 300–800 mmol/L after transplant on a median
follow-up of 20 months. CIT1 patients continued to receive
arginine supplementation. CN1 patients have normal
bilirubin values without phototherapy.

Development and Quality of Life

Patients with PA and CIT1 had a mean social developmen-
tal quotient (DQ) of 49 (<3 standard deviation) as assessed
by VSMS prior to APOLT. Progressive improvement in
developmental scores was seen in children within 6 months
of therapy with a median social DQ of 90. Disease severity,
metabolic status, neurological status and quality of life prior
to APOLT and at the last follow-up are shown in Table 2.

Discussion

Metabolic liver diseases are a group of liver-based
monogenic inherited disorders that cause disruption in
normal metabolic pathways due to the absence of specific
protein, which could be an enzyme or a receptor (Fagiuoli
et al. 2013; Sokal 2006). MLD could be grossly divided
into cirrhotic and non-cirrhotic (Fagiuoli et al. 2013; Sokal
2006). Non-cirrhotic could be further divided into those
with primary defective hepatic enzyme expression, such as
CN1, or defective hepatic and extrahepatic expression such
as PA and CIT1 (Fagiuoli et al. 2013).

APOLT is primarily indicated in non-cirrhotic MLD
where the gene defect leads to a deficiency or lack of a
specific enzyme or protein such as CN1, urea cycle defects,
etc. (Reddy et al. 2017). APOLT should not be offered in
cirrhotic metabolic disorders as there is a potential risk of
development of malignancy in the remnant native liver
(Reddy et al. 2017). This procedure is also not recom-
mended for MLD such as primary hyperoxaluria and
primary hypercholesterolemia where an excess of toxic
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substrates such as oxalate crystals and cholesterol, respec-
tively, are produced (Reddy et al. 2017; Trotter and Milliner
2014). The retained native liver in primary hyperoxaluria
will continue to produce oxalate crystals, which will
continue to damage the kidneys, while continued produc-
tion of cholesterol in primary hypercholesterolemia would
result in progressive atherosclerosis (Reddy et al. 2017;
Trotter and Milliner 2014).

APOLT in the setting of LT for MLD has several distinct
advantages. Most MLD need only small amount of enzyme
activity to be completely symptom-free. This could range
from 20% for PA to just around 5% for CN1 (Fagiuoli et al.
2013). Replacing an entire, otherwise normal liver in these
children is unnecessary. A small graft is usually sufficient
for these patients; hence, a split left lateral segment may be
sufficient even for an adult, while a smaller graft can
improve donor safety in the setting of LDLT. Since there is
no need for a total hepatectomy during APOLT, the stress
of the anhepatic phase and the risk of intraoperative
metabolic crises are sharply reduced. APOLT also decreases
the cardiac stress associated with LT (Blankensteijn et al.
1990). In MLD with defective hepatic and extrahepatic
expression, whether OLT or APOLT, there is only partial
correction of the defect, and in theory, these children could
have metabolic crisis during an intercurrent illness (Baba
et al. 2016).

Domino liver transplantation involves the use of a
genetically defective liver as a graft for a second recipient
and can be used in the setting of MLD when the
extrahepatic organs of the recipient are able to compensate
for the deficient gene in the allograft liver (example: maple
syrup urine disease). We have expanded this concept further
and used liver graft from a child with PA in a child with
CN1 (Govil et al. 2015). Patient can survive with two
hemilivers, each with a different metabolic defect without
clinical or biochemical manifestation, because each geneti-
cally defective hemiliver cancels the metabolic defect of the
other (Govil et al. 2015).

Domino liver transplantation between MLD patients
requires a basic understanding of the disease pathology
and the complications. For example, it is not feasible for
primary hyperoxaluria liver to be used as domino graft
because the allograft will continue to produce oxalate
which will damage the recipient’s kidneys and could lead
to renal failure (Popescu and Dima 2012). The other
important considerations include the informed consent of
both the domino recipient and the donor, compatible blood
groups and size-matched liver grafts.

Living donor liver transplantation with heterozygous
donors has been documented to be safe and effective in
CN1, CIT1 and PA (Morioka et al. 2005a, b). The
effectiveness of genetic evaluation in MLD other than
ornithine transcarbamylase deficiency is uncertain

(Morioka et al. 2005a, b). In a large series of LT for
MLD, neither mortality nor morbidity related to the
heterozygous state was observed for the recipient or the
donor (Morioka et al. 2005a, b). No differences were noted
between the cadaveric and related grafts in our study. Based
on the analysis of data from a large group of urea cycle
disorder patients who underwent LDLT, it has been
postulated that neurological impairment is more likely to
remain in deceased donor LT than in those who underwent
LDLT, but the difference was not of statistical significance
(Morioka et al. 2005a, b).

None of the children with PA and CIT1 in our series had
intraoperative or perioperative decompensation necessitat-
ing the need for dialysis (Baba et al. 2016). The highest
recorded ammonia and lactate were 76 mmol/L and 2.2
mmol/L, respectively, during intraoperative period. APOLT
provides intraoperative and perioperative stability as there
is no anhepatic phase during surgery, potentially eliminat-
ing the risk of metabolic crisis during the time period in
these disorders (Fagiuoli et al. 2013). Carnitine supplemen-
tation in PA and arginine in CIT1 is indicated even after
transplantation, the reason being allograft donor liver is the
only source of missing enzyme, while the metabolic defect
continues to persist in the rest of the body.

In CN1, high unconjugated bilirubin fraction can cross
the blood-brain barrier and damage the brain, resulting in
neurological sequelae. CN1 requires intense phototherapy
for 12–16 h a day to keep unconjugated bilirubin under
danger levels. As these children get older, the efficiency of
phototherapy declines due to increase in thickness of the
skin and increased mobility. Restriction under constant
phototherapy affects the quality of life and interferes with
the attainment of normal developmental milestones.

Allograft dysfunction due to any cause such as rejection,
surgical complications, etc. after OLT could present with
metabolic crises and liver failure which could be life-
threatening and difficult to manage. On the contrary, graft
problems in APOLT manifest as a metabolic crisis which
can be medically managed as the native liver would support
the liver function.

Technical complications including portal steal with early
graft dysfunction and long-term graft atrophy have been a
major problem with this operation previously (Kasahara
et al. 2005). LFT or even disease-specific markers may not
be sufficient to diagnose graft atrophy at an early stage
(Reddy et al. 2017). We perform 6 monthly Doppler
ultrasound to confirm preferential graft portal perfusion in
all patients on follow-up. Volumetric computed tomography
(CT) to quantify the graft and native liver volume was done
6 monthly in the first year of follow-up and then as per
clinical indication. Recurrence of original symptoms in
patient 3 was evaluated with Doppler ultrasound, volumet-
ric CT, graft and native liver biopsy.
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With technical refinements and careful intraoperative
portal flow modulation, this is uncommon as evidenced in
our present series (Reddy et al. 2017; Rela et al. 2015,
2016). Sze et al. also reported outcome of APOLT in 11
children with metabolic disease, with no significant
difference in patient or graft survival when compared with
standard OLT at 1-, 5- and 7-year follow-up (Sze et al.
2009).

Finally, APOLT preserves a part of the patient’s native
liver for future gene therapy. While this goal may take
decades to achieve, it is important to note that most
patients undergoing LT for MLD now are small children
and will still benefit immensely as young adults from an
immunosuppression-free life when gene therapy becomes
available.

APOLT is a safe procedure in selective cases of MLD
providing adequate metabolic control with improvement in
developmental and neurological state. Apart from the added
benefit of preserved native liver, it provides greater intra-
operative and postoperative stability due to the absence of
anhepatic phase during LT. This study shows that APOLT
provides adequate metabolic control in selected MLD.

Synopsis

Auxiliary partial orthotopic liver transplantation provides
good metabolic control and improves the neurodevelop-
ment in children with selected metabolic liver diseases
while retaining a part of the native liver for future gene
therapy.
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Abstract Multiple acyl-CoA dehydrogenase deficiency
(MADD) or glutaric aciduria type II (GAII) is a clinically
heterogeneous disorder affecting fatty acid and amino acid
metabolism. Presentations range from a severe neonatal
form with hypoglycemia, metabolic acidosis, and hepato-
megaly with or without congenital anomalies to later-onset
lipid storage myopathy. Genetic testing for MADD tradi-
tionally comprises analysis of ETFA, ETFB, and ETFDH.
Patients may respond to pharmacological doses of ribofla-
vin, particularly those with late-onset MADD due to
variants in ETFDH. Increasingly other genes involved in
riboflavin transport and flavoprotein biosynthesis are
recognized as causing a MADD phenotype. Flavin adenine
dinucleotide synthase (FADS) deficiency caused by bial-
lelic variants in FLAD1 has been identified in nine previous
cases of MADD. FLAD1 missense mutations have been

associated with a riboflavin-responsive phenotype; however
the effect of riboflavin with biallelic loss of function
FLAD1 mutations required further investigation. Herein
we describe a novel, truncating variant in FLAD1 causing
MADD in an 8-year-old boy. Fibroblast studies showed a
dramatic reduction in FADS protein with corresponding
reduction in the FAD synthesis rate and FAD cellular
content, beyond that previously documented in FLAD1-
related MADD. There was apparent biochemical and
clinical response to riboflavin treatment, beyond that
previously reported in cases of biallelic loss of function
variants in FLAD1. Early riboflavin treatment may have
attenuated an otherwise severe phenotype.

Introduction

Multiple acyl-CoA dehydrogenase deficiency (MADD,
MIM #231680) or glutaric aciduria type II is an autosomal
recessive disorder causing defective electron transport from
flavin adenine dinucleotide (FAD)-containing dehydro-
genases to coenzyme Q10 in the mitochondrial electron
transport chain. The condition is clinically heterogeneous
ranging from a severe, neonatal form, presenting with
hypoketotic hypoglycemia, metabolic acidosis, cardiomy-
opathy, and hepatomegaly to a later-onset form character-
ized by proximal myopathy. The neonatal form is further
subdivided based on the presence of congenital anomalies
including dysplastic kidneys, cerebral malformations, pul-
monary hypoplasia, facial dysmorphism, and abnormal
genitalia (Gr€unert 2014). Episodic vomiting, encephalopa-
thy, liver and renal impairment, rhabdomyolysis, and
sudden death may occur at times of catabolic stress
(Horvath 2012).
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Plasma acylcarnitine profile findings of elevated short-,
medium- and long-chain acylcarnitines (C4–C16) may be
diagnostic or absent if carnitine depleted (Wen et al. 2015).
Urine organic acid analysis may show increased ethyl-
malonic acid, 2-hydroxyglutarate, glutaric acid, lactate,
dicarboxylic acids, and glycine conjugates. Creatine phos-
phokinase (CPK) and lactate levels are typically raised
during metabolic decompensation. Biochemical findings
may normalize during periods of stability. Muscle biopsy
reveals lipid accumulation in skeletal muscle and reduced
activity of mitochondrial respiratory chain complexes I + III
and II + III and coenzyme Q10 (Vergani et al. 1999; Olsen
et al. 2007; Horvath 2012).

Genetic changes in ETFA (15q23-q25) and ETFB
(19q13.3-q13.4) encoding the alpha and beta subunits of
electron transport flavoprotein (ETF) and ETFDH (4q32-
q35) encoding ETF-ubiquinone oxidoreductase (ETFQO),
respectively, were first identified as causing MADD.
ETFDH variants are the most common cause of late-onset
disease (Gr€unert 2014). Both ETF and ETFOQ contain
FAD prosthetic groups (Henriques et al. 2010). Deficiencies
in FAD therefore inhibit activity of ETF and ETFOQ as
well as other FAD-dependent enzymes, causing MADD.

Riboflavin (vitamin B2), the precursor for flavin mono-
nucleotide (FMN) and FAD, cannot be synthesized in
humans. It is consumed in dietary sources such as meat and
dairy, absorbed in the intestine, transported into the blood
stream, and taken up by one of three tissue-specific
riboflavin transporters thus far identified (RFVT 1, 2, 3),
encoded by SLC52A1, SLC52A2, and SLC52A3 (Barile
et al. 2016). Inside the cell, riboflavin kinase converts
riboflavin into FMN, which is adenylated to FAD, by FAD
synthase (FADS), encoded by FLAD1 (Brizio et al. 2006).
Activated FADS may chaperone the folding of apoproteins
into stable flavoproteins (Giancaspero et al. 2015).

Biochemical features of MADD have been noted in
newborns of mothers with riboflavin deficiency and
heterozygous mutations in SLC52A1 (Chiong et al. 2007;
Ho et al. 2011) and in patients with Brown–Vialetto–Van
Laere (BVVL) syndrome, caused by mutations in SLC52A2
or SLC52A3 (Haack et al. 2012). More recently, mutations
in the mitochondrial FAD transporter gene (SLC25A32,
MIM 610815) (Schiff et al. 2016) and FAD synthase gene
(FLAD1, MIM 610595) (Olsen et al. 2016) have been
shown to cause MADD. While FLAD1 missense mutations
were associated with a riboflavin-responsive phenotype, the
effect of riboflavin with biallelic loss of function FLAD1
mutations was less clearly defined. Herein we describe a
novel, truncating variant in FLAD1 causing riboflavin-
responsive MADD myopathy in an 8-year-old boy.

Case Report

The patient was referred to the metabolic service with a
positive newborn screen for medium-chain acyl-CoA
dehydrogenase (MCAD) deficiency, due to an elevated
C8-acylcarnitine of 0.58 mM (<0.4). He was the first child
to consanguineous, first cousins of Palestinian descent. The
antenatal history was unremarkable, and he was born by
normal vaginal delivery at 40-week gestation, with a birth
weight of 3.268 kg. No resuscitation was required, and he
fed well 3 h, on a combination of breast milk and formula.
Family history was noncontributory and examination
normal. The diagnosis of MADD was made when a
confirmatory plasma acylcarnitine profile detected eleva-
tions in C6–C10 acylcarnitines and urine organic acid
analysis detected ethylmalonic acid, 2-hydroxyglutaric acid,
glutaric acid, and dicarboxylic aciduria (for biochemical
results, see Supplementary Material). Other blood work was
normal, including liver enzymes and CPK. Riboflavin
(10 mg/kg/day) was initiated at 16 days of age. No
pathogenic variants were identified in ETFA, ETFB, or
ETFDH (Emory Genetics). An elevated CPK (457) was
noted at 3 months of age during his first hospital admission
and recurred with subsequent recurrent respiratory infec-
tions. Riboflavin was increased to 50 mg/kg/day and
carnitine added (100 mg/kg/day). Dietary fat was restricted
from 48% of calories from fat at baseline to 32%; however
a fat- and protein-restricted diet has never been closely
adhered to. Riboflavin was stopped at 29 months of age due
to low palatability, while carnitine was continued. A
myopathic open mouth appearance was first noted at aged
3 years with nasal speech and open mouth breathing not
improved following tonsillectomy and adenoidectomy. On
otorhinolaryngology review, aged 6 years, he had hyper-
nasality, weak facial muscles, and a wet cough. The palate
did not elevate on phonation, and he displayed significant
oral incoordination. Laryngoscopy identified severe velo-
pharyngeal insufficiency, and a wide surgical velopharyng-
eal flap was recommended.

By 8 years of age, he had an evolving myopathy with
fatigue on chewing and worsening exercise intolerance. He
was achieving normally in mainstream schooling. Hearing
tests performed in the community were normal. He had not
attended for ophthalmology review. Annual cardiac evalua-
tion including echocardiogram and electrocardiogram
(ECG) were normal. Height was on the 25th centile
(122.3 cm) and weight on the 10th (20.5 kg). He had
myopathic facies with a tented downturned mouth held in
an open position. Dental caries affected the upper dentition,
and he had a high-arched palate with no visible cleft. There
was no facial asymmetry, and he was able to protrude his
tongue in the midline but was unable to raise his eyebrows.
Speech was almost unintelligible due to velopharyngeal
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insufficiency. He had minimal muscle bulk, and tone was
generally reduced. Power appeared normal in all four limbs,
but reflexes were not obtainable despite reinforcement.
Plantars were down-going bilaterally, and there was no
clonus. Cardiac, respiratory, and abdominal examinations
were all normal.

A microarray identified significant loss of heterozygosity
(LOH), consistent with parental consanguinity. The gene
for FAD synthase, FLAD1, was noted to be within one such
region, and targeted sequencing of FLAD1 identified
homozygosity for c.745C > T (p. Arg249*). This nonsense
variant results in a premature STOP codon in exon 2 of the
molybdopterin-binding (MPTb) domain and is predicted
pathogenic (Giancaspero et al. 2015). The variant is seen
six times in a heterozygous state but has not previously
been reported in the homozygous state (http://gnomad.
broadinstitute.org/gene/ENSG00000160688). Functional
analyses were performed to better characterize the novel
variant. Riboflavin was restarted at 150 mg/day.

Methods

Cell Culturing

Dermal fibroblast cultures from the patient (P) and three
healthy, age- and gender-matched controls (C1, C2, C3)
(Cambrex #CC-2509, ATCC #CRL-2450, and private
donation from Dr. L. Vergani, University of Padua) were
incubated at 37�C and humidified atmosphere of 5% (v/v)
CO2 in EMEM (Eagle’s minimum essential medium)
(Lonza, Basel, Switzerland) supplemented with 2 mmol/L
of L-glutamine (Sigma Aldrich, St. Louis, Missouri, USA),
10% fetal calf serum (Sigma Aldrich, St. Louis, Missouri,
USA), and 1% penicillin/streptomycin (Sigma Aldrich, St.
Louis, Missouri, USA). Following pre-culturing, the cell
cultures were transferred to 1 � 75 cm2 culture flask and
harvested at sub-confluence by detaching in trypsin-EDTA
solution, PBS (pH 7.4), centrifuged for 3 min at 405 � g,
and washed twice in PBS. Fibroblast pellets were stored at
�80�C after removal of PBS.

Quantification of Cellular Flavin Content and Measurement
of FAD Synthesis Rate

Cell pellets were resuspended in 100 mL lysis buffer
(50 mmol/L Tris–HCl [pH 7.5], 1% Triton X-100,
5 mmol/L ß-mercaptoethanol [2-ME], 1 mmol/L NaF,
0.1 mmol/L PMSF, and 1 x protease inhibitor cocktail)
and passed through a 26G needle. After incubation for
30 min on ice, the cell suspension was centrifuged at
13,000 � g for 10 min at 4�C, and the supernatant was
recovered as cell lysate. Protein content was determined by
the Bradford protein assay (Bio-Rad, Hercules, California,

USA). Riboflavin, FMN, and FAD were measured in
neutralized perchloric acid extracts of cell lysates (0.2 mg)
by HPLC as previously described (Liuzzi et al. 2012).

The rate of FAD synthesis was measured at 37�C in
600 mL of 50 mM Tris–HCl (pH 7.5) in the presence of
0.2 mg cell lysate, 1 mmol/L FMN, 5 mmol/L ATP, and
5 mmol/L MgCl2. At the appropriate time, 100 mL aliquots
were taken, extracted with perchloric acid, and neutralized.
Quantitative determination of riboflavin, FMN, and FAD
was carried out with a calibration curve made in each
experiment with standard solutions diluted in the extraction
solution.

Western Blotting

Frozen cell pellets were dissolved in lysis buffer on ice
(50 mM Tris–HCl pH 7.8, 5 mM EDTA, 1 mM DTT, 1%
Triton X-100, and one protease inhibitor cocktail tablet
(cOmplete Mini, Roche, Mannheim, Germany) in 10 mL),
followed by 30 s of sonication in ultrasonic bath (Bandelin
SONOREX™ SUPER with built-in heating ultrasonic
baths) (Sigma Aldrich, St. Louis, Missouri, USA). The
lysate was separated into Triton X-100 soluble and
insoluble fractions by 15 min of centrifugation at
14,800 � g, 4�C.

20 and 40 mg of the total cell protein extract [determined
by the Bradford protein assay (Bio-Rad, Hercules, Cal-
ifornia, USA)] were analyzed by SDS-PAGE on Crite-
rion™ TGX Stain-free™ Precast Gels (any kD) (Bio-Rad,
Hercules, California, USA) in Tris-glycine 0.1% SDS
buffer. All Blue Standards (Bio-Rad, Hercules, California,
USA) was used as molecular weight (MW) marker. Proteins
were blotted onto PVDF membranes [midi format, 0.2 mm
(Bio-Rad, Hercules, California, USA)] by semidry electro-
blotting [Trans-Blot® Turbo™ Transfer System (Bio-Rad,
Hercules, California, USA)] for 30 min. The PVDF
membranes were incubated 1 h in 5% nonfat skim milk
(VWR, Radnor, Pennsylvania, USA). Transferred proteins
were incubated overnight with primary polyclonal rabbit
antibodies: (1) anti-VLCAD (very long-chain Acyl-CoA
dehydrogenase) antibody (kindly provided by Dr. Arnie
Strauss), diluted 1:10,000 (detected at MW 68 kDa); (2)
anti-SCAD (short-chain acyl-CoA dehydrogenase) antibody
(kindly provided by Dr. Kay Tanaka), diluted 1:15,000
(detected at MW 40 kDa); (3) anti-ETF A and B (electron
transfer flavoprotein a and b) antibody (kindly provided by
Dr. Kay Tanaka) diluted 1:20,000 (detected at MW 32 and
27 kDa); and (4) anti-FLAD1 antibody (HPA028563)
(Sigma Aldrich, St. Louis, Missouri, USA), diluted 1:250
(detected at MW 54 kDa). Polyclonal goat anti-rabbit-HRP
antibody (DAKO, Copenhagen, Denmark) at dilution
1:20,000 was used as secondary antibody. ECL plus
Western blotting detection system (Amersham Biosciences,
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Little Chalfont, UK) was used for protein detection,
according to manufacturer’s recommendations. Detection
was done using the ImageQuant LAS 4000 (GE Healthcare,
Little Chalfont, UK). The intensities of bands were
quantified using ImageQuant TL (GE Healthcare, Little
Chalfont, UK) and normalized to total protein content.

Results

Flavin Content and FAD Synthesis Rate in Fibroblasts

The rate of FAD synthesis in cultured fibroblast from the
affected individual was drastically reduced with respect to
the control range (0.35 pmol/min mg versus
3.50–4.37 pmol/min mg, student’s t-test p < 0.001)
(Fig. 1). FAD synthesis impairment resulted in a significant
reduction in FAD content (Table 1) measured in cultured
fibroblasts from the affected individual (60.5 pmol/mg,
student’s t-test p < 0.05) with respect to that found from
controls (ranging from 111.7 to 171.2 pmol/mg). Quite
surprisingly, there was also a significant reduction in the
cellular content of FMN (5.8 pmol/mg, student’s t-test
p < 0.001) and riboflavin (1.0 pmol/mg, student’s t-test
p < 0.01) to 44 and to 33%, respectively, that of control

values, suggesting a regulatory metabolic response to
FADS impairment.

FADS and Flavoenzyme Protein Levels in Fibroblasts

FADS and flavoenzyme protein levels in patient and control
fibroblasts were determined by Western blot analysis. As
expected from the FLAD1 genotype, the MADD patient
fibroblasts displayed significantly decreased full-length
50 kDa FADS protein levels compared to control fibro-
blasts (student’s t-test p < 0.001). However, the 26 kDa
FADS band, which was suggested to contain an intact and
functional FADS domain (Olsen et al. 2016), seems equally
expressed in both patient and control fibroblasts (Fig. 2a,
b). Mitochondrial flavoproteins comprising very long-chain
acyl-CoA dehydrogenase (VLCAD), short-chain acyl-CoA
dehydrogenase (SCAD), and the two ETF subunit proteins
showed a tendency to be decreased in the patient as
compared to control, although neither of the results was
statistically significant (Fig. 3a, b).

Discussion

This is the tenth published case of MADD due to biallelic
pathogenic variants in FLAD1. The age of onset in the nine
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Fig. 1 The rate of FAD synthesis was measured in fibroblasts from the patient (P) and from three control individuals (C1, C2, and C3), as
described in Sect. 3. Data represent the mean � SD of two independent cell lysates; student’s t-test: ***p < 0.001

Table 1 Cellular FAD, FMN, and riboflavin quantification in fibroblast samples

Cellular flavin content (pmol/mg)

FAD FMN Rf

C1 111.7 � 2.8 13.3 � 1.4 2.6 � 0.5

C2 171.2 � 18.8 12.4 � 0.3 3.1 � 0.1

C3 123.3 � 15.1 14.3 � 1.3 3.5 � 0.6

P 60.5 � 2.6* 5.8 � 1.1*** 1.0 � 0.4**

For cellular flavin content, data represent the mean � SD of two independent cell lysates; student’s t-test: *p<0.05, **p<0.01, and ***p<0.001
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previously reported cases of FLAD1-related MADD ranges
from birth to 44 years, however most presented in infancy,
with five out of nine dying in the first year of life (Taylor
et al. 2014; Olsen et al. 2016). A lipid storage myopathy
with respiratory chain deficiency predominates, similar to
ETFDH-related riboflavin-responsive forms of MADD.
Cardiomyopathy has been reported once, and two patients
required pacemaker insertion for tachyarrhythmia/cardiac
arrest (Olsen et al. 2016). Neuropathies, hearing or visual
impairment as seen in BVVL (Bosch 2011), have not yet
been described with FLAD1 variants. Hypotonia, swallow-
ing, and speech difficulties as seen in this case are typical
(Olsen et al. 2016).

Two major human FLAD1 transcript products, FADS1
(mitochondrial) and FADS2 (cytosolic), have been charac-
terized in detail (Brizio et al. 2006; Barile et al. 2016);
however, only the cytosolic isoform was identified in
human fibroblasts (Olsen et al. 2016). FADS contains an

N-terminal molybdopterin-binding (MPTb) domain with
FAD hydrolase activity and a C-terminal domain, which
catalyzes FAD synthesis (FADS domain) (Giancaspero
et al. 2015). Patients with biallelic frameshift variants in
exon 2, i.e., in the MPTb domain, as found in our case,
have had early-onset, severe disease (Olsen et al. 2016).

Consistently, fibroblast studies in our patient revealed a
dramatic reduction in FADS protein level with
corresponding reduction in both FAD synthesis rate and
FAD cellular content. Previous studies measuring residual
FADS activity in individuals with FLAD1 variants revealed
only a partial defect in FAD synthesis ability of affected
fibroblasts, with corresponding cellular FAD, FMN, and
riboflavin content within the control range. A low mito-
chondrial FAD content was observed in one patient (Olsen
et al. 2016). While the previously observed residual FAD
synthesis activity could be explained by missense mutations
in some cases, even previous cases of biallelic frameshift
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Fig. 2 (a) Representative immunoblot analysis of FADS protein.
Protein extracts from cultured human dermal fibroblasts were
separated by SDS-PAGE and immunoblotted with a polyclonal
antibody, raised against the C-terminal part of human FAD synthase
protein (FADS). The patient cells were cultured in two separate
cultures together with two healthy control individuals (C1 and C2);
protein was extracted and 40 mg loaded on Criterion™ TGX Stain-

free™ Precast Gels (any kD) (Bio-Rad). The molecular weight of
protein bands identified as FADS by mass spectrometry analysis
(Olsen et al. 2016) is indicated. (b) FADS protein intensities were
quantified relative to total protein content (Trihalo staining). Quantifi-
cation of patient FADS relative to combined two control individuals as
shown. The error bars represent standard error of mean (SEM) of two
independent experiments, student’s t-test: ***p < 0.001
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variants in exon 2 in the MPTb domain, predicted to result
in complete loss of function, had some expression of
FADS. Since the FADS domain can function independently
from the MPTb domain to catalyze FAD synthesis
(Miccolis et al. 2012), the authors hypothesized that the
residual FADS activity could result from the expression of
novel FLAD1 isoforms coding for the FADS domain alone
(Olsen et al. 2016). It was recently confirmed that one of
these truncated isoforms, isoform 6, could produce FAD
(Leone et al. 2018). While immunoblotting showed almost
no detectable full-length FADS in our case, a 26 kDa
protein band, corresponding to a truncated FADS protein, is
expressed (Fig. 2). The rate of FAD synthesis in our
patient’s fibroblasts, however, was lower than that
measured before, only 9% of controls (Fig. 1) as compared
to 25% of controls in a previous case with biallelic
frameshift FLAD1 variants (Olsen et al. 2016). However,
cellular content of FAD was only reduced to 54% that of
controls (Table 1). There was a minor, but not significant,
decrease in mitochondrial flavoproteins VLCAD, ETF-
alpha, and ETF-beta (Fig. 3). It is difficult to relate the

significant reduction in FAD synthesis to the milder clinical
outcome. FADS activity of 9% that of controls seems to
allow cellular FAD supply comparable to heterozygous
levels. It is likely that FADS is not the rate-limiting step in
this process and that residual synthetic activity, possibly
complemented by the 26 kDa truncated FADS protein, is
sufficiently active to synthesize half of normal total FAD
content. The 26 kDa isoform does not contain a mitochon-
drial leader peptide; therefore mitochondrial FAD supply in
patients with biallelic exon 2 loss of function mutations
depends on import by the mitochondrial FAD transporter.
This may become limiting during periods of catabolic
stress, when the expression of mitochondrial flavoproteins
is increased. The clinical course may have been modified
by treatment with riboflavin from the neonatal period until
2.5 years of age, and he may have maintained adequate
general health and caloric intake, such as to avoid
significant catabolic stress.

It should be noted that in our patient’s fibroblasts, there
was also an unexpected reduction in the cellular content of
FMN and riboflavin rather than the expected increase in
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Fig. 3 (a) Representative immunoblot analysis of ACAD proteins.
Protein extracts from cultured human dermal fibroblasts were loaded
in 20 mg. Samples were separated by SDS-PAGE and immunoblotted
with polyclonal antibodies raised against each of the four mitochon-
drial flavoproteins VLCAD, SCAD, or the two ETF subunit proteins.
The patient cells were cultured in two separate cultures together with
two healthy control individuals (C1 and C2); protein was extracted

and loaded on Criterion™ TGX Stain-free™ Precast Gels (any kD)
(Bio-Rad). (b) Protein intensities were quantified relative to total
protein content (Trihalo staining). Quantification of patient FADS
relative to combined two control individuals as shown. The error bars
represent standard error of mean (SEM) of two independent experi-
ments. There was no significant difference in the mitochondrial
flavoprotein content between patient and control fibroblasts
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substrate levels before the enzymatic block at FADS. A
reduction of FAD associated with a reduction of FMN and
riboflavin has been also found in the model organism C.
elegans with silenced FAD synthase gene (Liuzzi et al.
2012). Feedback control on either riboflavin kinase or
SLC52A2/RFVT2 was proposed but has not yet been
documented. It is possible that either the riboflavin kinase
or the riboflavin transporter step is the rate-limiting step in
FAD synthesis overall process, and a secondary deficiency
may result from disturbed flavin homeostasis, causing
reduced FMN synthesis or riboflavin transport. No reported
cases of riboflavin kinase deficiency in humans have yet
been described.

Flavoproteins, such as mitochondrial acyl-CoA dehydro-
genases, appear to undergo rapid degradation in a state of
riboflavin deficiency (Henriques et al. 2010). A trial of
high-dose riboflavin supplementation (100–400 mg/day) is
recommended in all MADD cases. Riboflavin has low
toxicity even at high doses as riboflavin exceeding renal
reabsorption is eliminated in the urine (Barile et al. 2016).
Side effects are largely limited to non-specific gastrointes-
tinal disturbance. Riboflavin responsiveness has been
reported in FLAD1 variants, more often in milder variants
affecting a single amino acid in the FADS domain (Auranen
et al. 2017). Four out of five patients treated showed a
response, including improved cardiac and skeletal muscle
function, normalization of urinary organic acids, and
reductions in acylcarnitine species (Olsen et al. 2016).
Patients with biallelic frameshift variants in exon 2 were
more severely affected and less responsive to riboflavin
therapy. Based on plasma acylcarnitine profiles and urine
organic acid excretion, our patient did appear to partially
respond to riboflavin. Off riboflavin his acylcarnitine
profile showed more widespread and higher elevations in
acylcarnitine species, and urine organic acids showed
excretion of ethylmalonic acid (EMA), 2-hydroxyglutaric,
glutaric, adipic, and suberic acids. On riboflavin, only urine
EMAwas detected. Urine EMA on riboflavin was 30% that
of urine EMA excretion off riboflavin (see Supplementary
Material). Once treatment with 150 mg/day of riboflavin
was restarted, his parents reported better muscle endurance
and ability to chew food although this has not been
quantified objectively.

In summary, this report describes the clinical, biochemi-
cal, and molecular findings of an 8-year-old boy with
FLAD1-related MADD. Newborn screening was positive
for MCAD deficiency, although the pattern was atypical
and diagnostic evaluation identified MADD. Disorders of
riboflavin metabolism must be considered in the differential
diagnosis for MADD to ensure prompt treatment. Although
commenced in the neonatal period, riboflavin treatment was
not adhered to, and myopathic symptoms became
evident by 4 years of age. Recent discovery of homozygous

frameshift variants in FLAD1 has been clinically significant
as it has provided the necessary motivation for compliance
with riboflavin therapy. Fibroblast studies have shown a
dramatic reduction in FADS protein with corresponding
reduction in FAD synthesis rate and FAD cellular content,
beyond that previously documented in FLAD1-related
MADD. The presence of biallelic truncating mutations
with a significant reduction in cellular flavin content
predicts a severe, potentially lethal phenotype. This may
have been prevented by early treatment with riboflavin,
myopathy developing when riboflavin was ceased, or by
relative avoidance of catabolic stress. The residual synthetic
activity, possibly complemented by the 26 kDa truncated
FADS protein, seems to be sufficient to allow for
mitochondrial flavoprotein biogenesis, except at times of
catabolic stress. Further studies are planned to clarify the
feedback mechanism controlling cellular flavin content.

Key Message

Analysis of FLAD1 is recommended in cases of MADD, if
no pathological variants are identified in ETFA, ETFB, or
ETFDH, and a trial of riboflavin is recommended in all
patients with FLAD1 variants.
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Abstract Background/Aims: Continuous intravenous glu-
cagon is frequently used in the management of severe
congenital hyperinsulinism (HI), but its efficacy in these
patients has not been systematically evaluated. The aim of
this study was to describe the use of continuous intravenous
glucagon and to evaluate its effect on the glucose infusion
rate (GIR) requirement in infants with HI.

Methods: Retrospective chart review of children with HI
who received continuous intravenous glucagon for preven-
tion of hypoglycemia at the Children’s Hospital of
Philadelphia between 2003 and 2013.

Results: Forty (22 male) infants were included, and
median (IQR) age at glucagon treatment was 29 (23, 54)
days. Median glucagon dose was 205 (178, 235) mcg/kg/day
and duration of treatment was 5 (3, 9) days. GIR reduced
from 18.5 (12.9, 22.8) to 11 (6.6, 17.5) mg/kg/min 24 h
after starting glucagon (p < 0.001), and hypoglycemia
frequency reduced from 1.9 (1.3, 2.9) to 0.7 (0.3, 1.2)
episodes per day. Vomiting (n ¼ 11, 13%), rash (n ¼ 2,
2%), and respiratory distress (n ¼ 15, 19%) were seen
during glucagon treatment.

Conclusion: An intravenous glucagon infusion reduces
the required GIR to maintain euglycemia, decreasing the
risks associated with the administration of high fluid
volume or fluids with high-glucose concentrations.

Abbreviations
GIR Glucose infusion rate
HI Hyperinsulinism
KATP ATP-sensitive potassium channel

Introduction

Congenital hyperinsulinism (HI) is a common cause of
persistent hypoglycemia in infants and children. This
condition is characterized by dysregulated insulin secretion,
and delayed treatment is associated with severe hypoglyce-
mia with increased risk of seizures, developmental delay,
and permanent brain injury (Palladino and Stanley 2011;
Meissner et al. 2003; Steinkrauss et al. 2005; Lord et al.
2015). Causal mutations in eleven genes have been
described in congenital HI, with the most severe forms of
disease seen in individuals with inactivating mutations
affecting the ATP-sensitive potassium channel (KATP)
(Vajravelu and De Leon 2018). However, approximately
50% of infants with congenital HI do not have an identified
genetic cause of disease (Lord et al. 2013; Lord and De
Leon 2013).

Available medical treatments for the management of
infants with HI are limited. Currently, two medications are
routinely used to suppress insulin secretion and ameliorate
hypoglycemia in these infants: diazoxide, a KATP channel
activator that maintains the channel in the open state, and
octreotide, a somatostatin analog (Lord and De Leon 2013).
For children with severe HI, medical management can be
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ineffective in preventing hypoglycemia and pancreatectomy
may be required (Lord et al. 2013). Prior to pancreatec-
tomy, these children require a continuous glucose infusion
at high concentrations and often at high fluid volumes.
Central venous access may be required to deliver high
concentrations of intravenous dextrose, which may be
associated with increased risk of infection and intestinal
ischemia (Hawkes et al. 2016; Barrington 2000). Increased
intravenous fluid volumes in neonates can result in fluid
overload and cardiac failure, which can also be exacerbated
by diazoxide administration (Lord and De Leon 2013).
Glucagon is often used to reduce glucose demands
and consequently can reduce these risks in infants
with congenital HI (Palladino and Stanley 2011; Lord
et al. 2013).

Glucagon opposes insulin action (Quesada et al. 2008)
and prevents hypoglycemia by stimulating hepatic gluco-
neogenesis and glycogenolysis, as well as inhibiting
glycogen synthesis and hepatic glucose uptake. Glucagon
can also stimulate the uptake of amino acids in the liver as
well as increase the release of glycerol from adipocytes,
both of which can be used for gluconeogenesis [reviewed in
(Unger and Cherrington 2012)]. Despite widespread use of
intravenous glucagon in congenital HI, the only published
reports describing its use have been in neonates with
unspecified hypoglycemia (Charsha et al. 2003; Miralles
et al. 2002; Carter et al. 1988). There have been concerns
raised regarding a possible association between glucagon
treatment and thrombocytopenia or hyponatremia (Belik
et al. 2001), but thrombocytopenia was not seen in these
retrospective studies including 108 infants, and hyponatre-
mia was considered to be related to excess fluid adminis-
tration (Charsha et al. 2003; Miralles et al. 2002; Carter
et al. 1988).

The aim of this study was to determine the effect of
intravenous glucagon on the required glucose infusion rate
(GIR) in infants with severe HI awaiting surgical manage-
ment of their disease. As a secondary outcome, we sought
to describe the rates of adverse events seen in infants during
glucagon infusion.

Methods

A retrospective chart review of infants with HI who were
treated with a continuous intravenous glucagon infusion
prior to partial or subtotal pancreatectomy between January
2003 and December 2013 at the Children’s Hospital of
Philadelphia was conducted. The Institutional Review
Board at The Children’s Hospital of Philadelphia approved
this study.

All infants with a diagnosis of focal or diffuse HI who
subsequently underwent pancreatic surgery were eligible
for inclusion in this study if they were under 6 months of

age at the time of glucagon treatment, they received
glucagon for greater than 24 h, and glucose measurements
in the 24 h prior to glucagon treatment were available. All
children treated with glucagon, regardless of age and
availability of glucose measurements, were included in the
analysis of adverse events during glucagon treatment.

The diagnosis of HI was based on biochemical
evidence of insulin excess at the time of plasma glucose
<50 mg/dL, as previously described (Ferrara et al. 2016).
The time of glucagon initiation was extracted from the
electronic health record. Capillary glucose concentrations
were monitored during glucagon treatment at least every
3 h, using a point-of-care glucose meter [Lifescan Sure-
Step Pro (Johnson & Johnson, PA, USA) prior to 2012 and
Nova StatStrip (Novo Nordisk, Bagsvaerd, Denmark) after
2012].

Glucagon Administration

Glucagon was administered intravenously, either through a
peripheral or a central intravenous line. For administration,
glucagon was diluted in 5% dextrose to a concentration of
42 mcg/mL. The initial dose for all patients was 1 mg in
24 h, independent of body weight. To prevent precipitation,
bags of diluted glucagon and infusion tubing were replaced
with freshly prepared glucagon every 24 h.

Statistical Analysis

In analyzing the efficacy of glucagon infusion, the primary
outcome was the GIR at 24 h before and after starting
glucagon infusion. Secondary outcomes were the frequency
of hypoglycemia (plasma glucose <70 mg/dL) and hyper-
glycemia (plasma glucose >140 mg/dL) in the days prior to
and during glucagon treatment. The number of hypo- and
hyperglycemia events was averaged for up to 4 days before
and during glucagon treatment. Non-normally distributed
continuous variables including GIR, hypoglycemia fre-
quency, and hyperglycemia frequency before and during
treatment were described using medians and interquartile
ranges (IQR) and compared using Wilcoxon signed-rank
test. Statistical analyses were performed using SPSS 22.0
(IBM, N.Y., USA). Figures were generated using Prism 5.0
(GraphPad Software Inc., California, USA) and Adobe
Illustrator 16.0 (Adobe Systems Inc., California, USA).

Results

Eighty-seven children diagnosed with congenital HI were
treated with continuous intravenous glucagon infusion
prior to pancreatectomy at the Children’s Hospital of
Philadelphia between January 2003 and December 2013.
Of these, 40 were eligible for inclusion in the analysis of
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glucagon efficacy (7 were over 6 months of age, 31
commenced treatment with glucagon prior to transfer to
our center, and 9 were treated with glucagon immediately
on admission and did not have 24 h of glucose measure-
ments available prior to treatment with glucagon). All 87
infants were included in the analysis of adverse events
during glucagon treatment.

Efficacy of Glucagon Infusion in Children with Congenital
HI

Of the 87 infants treated with intravenous glucagon, 40 had
data available of glycemic control before and after glucagon
treatment. The median (IQR) age at the time of starting
glucagon treatment was 29 (23, 56) days of age, and
duration of glucagon treatment was 5 (3, 9) days.
Demographic and clinical data for these infants are shown
in Table 1.

Of the 40 eligible children, 34 had a decreased glucose
infusion rate (GIR) 24 h after starting glucagon treatment.
Four children had an increased GIR, and two had no
change. Intravenous glucose was completely stopped in two
infants after starting glucagon. Overall, there was a
statistically significant reduction in the median (IQR) GIR
during the 24 h following initiation of continuous glucagon

infusion compared to 24 h before initiation (18.5 (12.9,
22.8) to 11 (6.6, 17.5) mg/kg/min, p < 0.001) (Fig. 1).
Starting glucagon was also associated with a reduction in
the median (IQR) frequency of hypoglycemia (1.9 (1.3, 2.9)
to 0.7 (0.3, 1.2) episodes per day, p < 0.001) (Fig. 2a)
without a change in the frequency of hyperglycemia (0.8
(0.3, 1.9) to 1 (0.5, 1.7) episodes per day, p ¼ 0.3)
(Fig. 2b).

Adverse Events

Thirty-five of the 87 children (41%) treated with continu-
ous glucagon infusion experienced adverse events during
treatment. Multiple adverse events were reported during
treatment. Vomiting (n ¼ 11, 13%), rash (n ¼ 2, 2%), and
respiratory distress (n ¼ 15, 19%) are reported side effects
of glucagon treatment and were seen in these patients. One
patient had thrombocytopenia prior to starting glucagon
treatment, but no patient developed thrombocytopenia
during glucagon treatment.

Discussion

Continuous intravenous glucagon is effective in the acute
management of infants with congenital HI. We have shown

Table 1 Demographics and clinical characteristics

Characteristic n ¼ 40

Male 22 (55%)

Gestational age, weeks 38 (36, 39)

Age at starting glucagon, days 29 (23, 54)

Duration of glucagon treatment, days 5 (3, 9)

Glucagon dose, mcg/kg/day 205 (178, 235)

Concomitant medications

Diazoxidea 0 (0%)

Octreotide 2 (5%)

Genetic mutations

ABCC8

Monoallelic 18 (45%)

Biallelic 15 (37.5%)

KCNJ11

Monoallelic 3 (7.5%)

Biallelic 2 (5%)

None identified 2 (5%)

Pancreatic histology

Diffuse 24 (60%)

Focal 14 (35%)

Other 2 (5%)

a All infants had failed a trial of diazoxide treatment prior to starting glucagon treatment
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that this treatment is associated with a median reduction in
GIR of 7.5 mg/kg/min within 24 h of starting treatment and
a significant reduction in the frequency of hypoglycemia
without an increase in hyperglycemia. This reduction in
GIR can reduce the need for hyperosmolar concentrated
glucose or high-volume intravenous infusions. Although
numerous adverse events were seen during glucagon
treatment, it is not possible to determine if these are related
to glucagon infusion, and we generally believe that this is a
safe treatment in this population.

When compared with previous studies of glucagon
infusion in infants with hypoglycemia, we have observed
similar reductions in GIR and hypoglycemia during
treatment. However, our study is the first to describe this
only in infants with severe HI requiring surgical manage-
ment. These infants are at particularly high risk of
unfavorable developmental outcomes due to the severe
and persistent hypoglycemia and often require extremely
high concentrations of infused glucose to maintain eugly-

cemia. In infants with congenital HI, endogenous glucagon
secretion is blunted during hypoglycemia (Hussain et al.
2005), making exogenous replacement a physiologically
appropriate treatment.

There have been concerns regarding the association
between treatment of neonates with intravenous glucagon
and the development of complications including hypona-
tremia and thrombocytopenia (Charsha et al. 2003; Miralles
et al. 2002; Belik et al. 2001). In this study, we have
evaluated the safety of glucagon infusion in the largest
reported cohort of treated infants with HI. Only one child in
this study had thrombocytopenia, but this was present prior
to the initiation of glucagon infusion. Hyponatremia was
not seen in any infant included in this study. Vomiting, rash,
and respiratory distress are reported adverse effects that
may be associated with glucagon administration (Food and
Drug Administration n.d.) and, while these were seen in
some of the patients included in this study, it is difficult to
ascertain that this was associated with glucagon treatment.

Fig. 1 Glucose infusion rate (GIR, in mg/kg/min) in children with congenital hyperinsulinism 24 h prior to and 24 h after starting continuous
glucagon infusion. Box represents 25th and 75th percentiles, and whiskers represent 10th and 90th percentiles
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The large number of infants included in this study
provides an opportunity to describe the effect of glucagon
administration in this patient population and to observe
the safety of this treatment. This study is limited by its
retrospective design and absence of a control group for
comparison. However, by describing only infants who were
scheduled for surgical management of their HI, only infants
with severe disease and high risk of hypoglycemia were
included. Although it is conceivable that GIR prior to
starting glucagon may have been unnecessarily high due to
insufficient weaning of intravenous glucose, this is unlikely.
The frequency of episodes of hypoglycemic was higher
prior to starting glucagon, suggesting that it was not possible
to wean the GIR further prior to glucagon treatment.

In conclusion, this study demonstrates that continuous
glucagon infusion is an effective treatment in severe
congenital HI. Starting a glucagon infusion allows for a
reduction in GIR in most infants, which will facilitate a
reduction in intravenous volume and/or glucose concentra-
tion administered. Furthermore, we have not demonstrated
significant safety concerns in using glucagon but recom-
mend close observation as these infants are at risk of
complications due to their underlying disease, high fluid
requirements, and coexisting medications.
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Abstract Glycogen storage disease type IV (GSD-IV), or
Andersen disease, is a rare autosomal recessive disorder
that results from the deficiency of glycogen branching
enzyme (GBE). This in turn results in accumulation of
abnormal glycogen molecules that have longer outer chains
and fewer branch points. GSD-IV manifests in a wide
spectrum, with variable phenotypes depending on the
degree and type of tissues in which this abnormal glycogen
accumulates. Typically, GSD-IV presents with rapidly
progressive liver cirrhosis and death in early childhood.
However, there is a severe congenital neuromuscular
variant of GSD-IV that has been reported in the literature,
with fewer than 20 patient cases thus far. We report an
unusual case of GSD-IV neuromuscular variant in a late
preterm female infant who was born to non-consanguineous
healthy parents with previously healthy children. Prenatally,
our patient was found to have decreased fetal movement
and polyhydramnios warranting an early delivery. Postna-
tally, she had severe hypotonia and respiratory failure, with
no hepatic or cardiac involvement. Extensive metabolic and
neurological workup revealed no abnormalities. However,
molecular analysis by whole-exome sequencing revealed
two pathogenic variants in the GBE1 gene. Our patient was

thus a compound heterozygote of the two pathogenic
variants: one of these was inherited from the mother [p.
L490WfsX5 (c.1468delC)], and the other pathogenic
variant was a de novo change [p.E449X (c.1245G>T)].
As expected in GSD-IV, diffuse intracytoplasmic periodic
acid-Schiff-positive, diastase-resistant inclusions were
found in the cardiac myocytes, hepatocytes, and skeletal
muscle fibers of our patient.

Introduction

Glycogen storage diseases (GSDs) are a group of rare
inherited metabolic disorders caused by abnormal synthesis
or breakdown of glycogen, leading to accumulation of
abnormal quantity, quality, or both, of glycogen in the
tissues. Glycogen is synthesized by the enzymes glycogen
synthase and glycogen branching enzyme (GBE), which
function in forming a-1,4 and a-1,6 glucose linkages,
respectively (Tay et al. 2004). The a-1,6 branching in the
glycogen molecule increases its solubility by decreasing the
osmotic strength. Additionally, the action of glycogen
phosphorylase on the branched structure of the glycogen
molecule makes more glucose monomers available for
metabolic needs. Accumulation of this abnormal glycogen
molecule that has a long outer chain and poor solubility
causes irreversible tissue and organ damage, especially in
the liver and muscles.

There are multiple forms of GSDs, each with a
predilection for a certain age group. GSD-IV (also called
Andersen disease, amylopectinosis, or polyglucosan body
disease) is a rare autosomal recessive disease, with an
estimated incidence of 1 in every 760,000–960,000 births
(Tang et al. 1994). It results from deficient GBE activity.
Human GBE cDNA has been cloned and has a length of
~3 kb (Thon et al. 1993). The coding sequence contains
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2,106 bp, encoding 702 amino acids. Human GBE protein
is located on chromosome 3p (Thon et al. 1993). In the
absence of GBE, an abnormal glycogen called polygluco-
san is formed; it has fewer branching points and longer
outer chains than normal glycogen (Tay et al. 2004). This
polyglucosan accumulates in all tissues to various degrees
and results in different manifestations of disease.

The more classic form of GSD-IV, originally described
by Anderson in 1956, involves the liver, leading to
progressive cirrhosis of the liver (Andersen 1956). How-
ever, there also exists a neuromuscular variant of GSD-IV.
This variant is distinguished into four different groups
categorized by the age of onset: perinatal, congenital,
juvenile, and adult forms. To our knowledge, fewer than
20 cases of genetically characterized fatal congenital
neuromuscular variant of GSD-IV have been reported in
the literature thus far (Tay et al. 2004; Tang et al. 1994;
Zellweger et al. 1972; Bao et al. 1996; Assereto et al. 2007;
Bruno et al. 2004, 2007; Lamperti et al. 2009).

Case Report

We describe a female infant born at 36 weeks and 4 days of
gestation by an urgent cesarean delivery for concerns of
non-reassuring fetal testing, biophysical profile of 6, and
marked polyhydramnios. Ultrasound immediately prior to
delivery was significant for IUGR<5th percentile, small
fetal stomach, and polyhydramnios with AFI of 39. These
findings were concerning for tracheoesophageal fistula. The
infant was delivered limp, with no respiratory effort and
undetectable heart rate. The infant required extensive
resuscitation, including intubation, chest compressions,
and epinephrine in the delivery room. Apgar scores were
1, 1, 1, 2, 3, and 5 at 1, 5, 10, 15, 20, and 25 min of life.
The infant was taken to the NICU, and a therapeutic
hypothermia protocol was initiated based on the extensive
resuscitation measures, initial gases, and seizures within
first hour of life. On initial assessment, the infant’s
neurological status was Sarnat stage 3. The admission
exam was consistent, with a birth weight of 2,230 g, head
circumference of 33.5 cm, and length of 48 cm. There was
no spontaneous eye opening or limb movements. The suck,
gag, rooting, moro, and deep tendon reflexes were absent.
There was no response to noxious stimuli. The infant’s tone
was flaccid. She had no dysmorphic features or arthrogry-
posis. Flexion creases were normal. There was no cardiac
murmur or organomegaly.

On further history, mother is a 24-year-old woman with
two prior healthy children. She reported a sudden 20-pound
weight gain over the last three weeks and decreased fetal
movements since ~6 months of gestation, which had been
attributed to her class III obesity. She denied exposure to or
use of any drugs, tobacco, or alcohol during pregnancy.

Both parents were reportedly healthy, had no significant
family history of neuromuscular disorders, and denied
consanguinity. The infant’s exam remained unchanged over
the course of the following weeks, other than for occasional
movements of her finger and tongue. Initial echoencephalo-
gram showed a structurally normal brain with no bleeds.
Echocardiography showed a structurally normal heart, with
signs of pulmonary hypertension on the initial day of life.
Electroencephalogram was consistent with mild encepha-
lopathy. Brain MRI and MR venogram showed no evidence
of acute ischemia or sinus venous thrombosis. Extensive
metabolic workup, including blood gases, blood glucose,
serum amino acids, urine organic acids, ammonia, lactate,
thyroid studies, acylcarnitine profile, gamma-glutamyltrans-
ferase, transaminases, aldolase, creatine kinase, and initial
and repeat newborn screens, were all within normal limits.
The sepsis workup done during hospital stay was negative.
Additionally, the placental pathology was unremarkable.
Single nucleotide polymorphism (SNP) array, whole-exome
sequencing, and sequential analysis with deletion testing of
the mitochondrial genome were performed.

The infant was noted to have hypercarbia when
challenged with low ventilator settings and was thought to
be ventilator-dependent. On day 29 of life, after extensive
discussion with the family, the parents agreed to withdraw
care because of the unfavorable prognosis. The patient was
extubated and expired within minutes after the extubation.
An unrestricted autopsy was performed immediately after
death. At time of the autopsy, the baby weighed 2,590 g
and the crown-heel length was 43 cm. There were no
apparent dysmorphic features or evidence of congenital
malformations. The most significant histological findings
included diffuse intracytoplasmic, pale basophilic inclu-
sions in the cardiac myocytes, hepatocytes, and skeletal
muscle fibers [Fig. 1, upper panel (a–d)]. These inclusions
were strongly positive for periodic acid-Schiff (PAS)
staining [Fig. 1, middle panel (e–h)] and resistant to
diastase digestion, i.e., positive for PAS-diastase staining
[Fig. 1, lower panel (i–l)], which are consistent with
indigestible abnormal polysaccharide material and support
the diagnosis of type IV glycogen storage disease.

SNP array performed on the patient’s peripheral blood
did not reveal any clinically significant microdeletion or
micro-duplication. Five small regions of homozygosity
were identified, and the gene of interest was not a part of
it. Subsequently, whole-exome sequencing further con-
firmed the diagnosis. The patient was noted to have two
pathogenic variants in the GBE1 gene, one resulting from a
de novo change p.E449X (c.1345G>T) and the other
inherited from the mother p.L490WfsX5 (c.1468delC).
Pathogenic variants in GBE1 gene are known to cause
autosomal recessive GSD-IV. Clinical presentation, along
with positive pathology findings suggestive of GSD-IV and
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molecular findings of two pathogenic variants of the GBE1
gene, is consistent with most severe neonatal neuromuscu-
lar presentation of autosomal recessive GSD-IV.

Discussion

GSD-IV is a heterogeneous disorder that presents with
marked clinical variability. The most classic form is the
hepatic form that presents with hepatosplenomegaly and
failure to thrive by 18months of age, followed by progressive
liver failure, and death by 5 years of age (Andersen 1956;
Bao et al. 1996). The milder form involves nonprogressive
hepatic dysfunction, which has little impact on life
expectancy and does not necessitate liver transplantation
(McConkie-Rosell et al. 1996). In addition to the more
common hepatic form, there exists a neuromuscular variant,

which is further classified into four forms based on age at
manifestation. The perinatal form of this variant presents
with fetal akinesia, arthrogryposis, fetal hydrops, and death
in the perinatal period (Alegria et al. 1999). The congenital
form manifests with polyhydramnios, profound hypotonia,
respiratory failure, and death in early infancy (Tay et al.
2004; Tang et al. 1994; Zellweger et al. 1972; Bao et al.
1996; Assereto et al. 2007; Bruno et al. 2004, 2007;
Lamperti et al. 2009; McMaster et al. 1979). The juvenile
form presents with hypotonia and/or cardiomyopathy (Bao
et al. 1996; Reusche et al. 1992). Lastly, the adult-onset
disease presents with diffuse central and peripheral nervous
system dysfunction (Bruno et al. 1993).

Literature search yielded a handful of case reports on
congenital GSD-IV, all with some variations in their
clinical presentation. In 1972, Zellweger et al. reported

Fig. 1 Histopathological features of diffuse intracytoplasmic inclu-
sions in the myocardial fibers (a, e, i), hepatocytes (b, f, j), intercostal
skeletal muscle fibers (c, g, k), and thigh skeletal muscle fibers (d, h,
l). Top panel (a through d): Tissues with hematoxylin and eosin
staining demonstrate intracytoplasmic, pale basophilic inclusions
(indicated by yellow arrows). Middle panel (e through h): Tissues

with periodic acid-Schiff (PAS) staining show strong PAS-positive
intracytoplasmic eosinophilic inclusions (indicated by blue arrows).
Lower panel (i through l): tissues with PAS-diastase staining highlight
PAS-positive diastases-resistant intracytoplasmic eosinophilic inclu-
sions (indicated by black arrows)
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one of the earliest demonstrated GBE-deficient cases of
infantile onset of GSD-IV with hypotonia (Zellweger et al.
1972). Tang et al. described a neonate with severe
hypotonia and dilated cardiomyopathy without liver
involvement, but amylopectin-like inclusions were found
in hepatocytes, as seen in our patient (Tang et al. 1994). Tay
et al. reported two unrelated patients with the congenital
variant of GSD-IV, confirmed by pathogenic variants in the
GBE1 gene (Tay et al. 2004). Both pregnancies were
complicated by polyhydramnios, and both neonates showed
hypotonia and poor respiratory effort at birth. Autopsy
results showed pale, atrophic skeletal muscles, and PAS-
positive, diastase-resistant globules in the liver, heart,
skeletal muscle, and neurons of the brain and spinal cord.
Assereto et al. described two unrelated newborns who
showed severe hypotonia at birth and died of cardiorespira-
tory failure at ages 4 and 12 weeks, respectively (Assereto
et al. 2007). Both pregnancies were complicated by
polyhydramnios and reduced fetal movements. GBE1
activity in cultured fibroblasts was less than 5% in both
cases. Molecular analysis identified a homozygous null
mutation in the 2 gene in each patient.

Bruno et al., Burrow et al., and Fernandez et al. reported
a total of four cases of non-lethal congenital hypotonia due
to GSD-IV (Bruno et al. 2004; Burrow et al. 2006;
Fernandez et al. 2010). All patients had significant delays
in motor development, which plateaued at some point,
leaving them wheelchair-bound. The degree of fine motor,
language, and social impairments in these cases varied from
none to moderately affected. These findings support the
current theory of GSD-IV being a phenotypic spectrum
with varying degrees of organ involvement, age of onset,
and evolution of disease process, all dependent on the
residual GBE activity (Fernandez et al. 2010). All cases of
perinatal or neonatal death from GSD-IV have been
associated with the near-complete absence of GBE activity
(Assereto et al. 2007; Bruno et al. 2004, 2007).

We have reported here the clinical, pathological, and
molecular data of an infant affected with GBE deficiency
caused by de novo disease-causing one variant and another
disease-causing variant inherited from the mother in the
GBE1 gene. Our patient’s de novo p.E449X (c.1345G>T)
variant in the GBE1 gene is predicted to cause loss of
normal protein function through either protein truncation or
nonsense-mediated mRNA decay. This variant has not been
previously reported as a pathogenic variant nor as a benign
variant, but for our patient, it was interpreted as a
pathogenic variant. The maternally inherited p.L490WfsX5
(c.1468delC) variant in the GBE1 gene has been reported
previously in GSD-IV. This variant causes a frameshift
starting with a codon Leucine 940, changes this amino acid
to a tryptophan, and creates a premature stop codon at
position 5 of the new reading frame.

Our patient demonstrated features of severe congenital
GSD-IV, with profound hypotonia, polyhydramnios, respi-
ratory failure, and no clinical liver or heart involvement.
Diagnosis for our patient was made based on the accumu-
lation of PAS-positive, diastase-resistant intracytoplasmic
inclusions in hepatocytes, cardiac myocytes, and skeletal
muscle fibers. In cases of autosomal recessive disorders, we
normally expect both parents to be carriers of the disease-
causing variants, but this was not the case for our patient.
Only the mother of our patient was found to be a carrier for
this variant; the second disease-causing variant happened as
a new genetic change (de novo) in our patient. The risk for
these parents to have another child affected with GSD-IV is
minimal in this scenario.

The neuromuscular variant of GSD-IV is very rare.
However, there is a strong possibility of underdiagnosis.
The neuromuscular variant of GSD-IV should be consid-
ered one of the differential diagnoses in neonates with
hypotonia and in pregnancies complicated with polyhy-
dramnios, fetal hydrops, and reduced fetal movement of
unknown etiology. The presence of PAS-positive and
diastase-resistant inclusion bodies in the muscle is the
hallmark for this disease, and gene sequencing is the gold
standard for diagnosis.
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Abstract Ethylmalonic encephalopathy (EE) is caused by
mutations in the ETHE1 gene. ETHE1 is vital for the
catabolism of hydrogen sulfide (H2S). Patients with
pathogenic mutations in ETHE1 have markedly increased
thiosulfate, which is a reliable index of H2S levels.
Accumulation of H2S is thought to cause the characteristic
metabolic derangement found in EE. Recently introduced
treatment strategies in EE, such as combined use of
metronidazole (MNZ) and N-acetylcysteine (NAC), are
aimed at lowering chronic H2S load. Experience with
treatment strategies directed against acute episodes of
metabolic decompensation (e.g., hemodialysis) is limited.

Here we present an unusually mild, molecularly confirmed,
case of EE in a 19-year-old male on chronic treatment with
MNZ and NAC. During an acute episode of metabolic
decompensation, we employed continuous renal replace-
ment therapy (CRRT) to regain metabolic control. On
continuous treatment with NAC and MNZ during the
months preceding the acute event, plasma thiosulfate levels
ranged from 1.6 to 4 mg/mL (reference range up to 2 mg/
mL) and had a mean value of 2.5 mg/mL. During the acute
decompensation, thiosulfate levels were 6.7 mg/mL, with
hyperlactatemia and perturbed organic acid, acylglycine,
and acylcarnitine profiles. CRRT decreased thiosulfate
within 24 h to 1.4 mg/mL. Following discontinuation of
CRRT, mean thiosulfate levels were 3.2 mg/mL (range,
2.4–3.7 mg/mL) accompanied by clinical improvement with
metabolic stabilization of blood gas, acylcarnitine, organic
acid, and acylglycine profiles. In conclusion, CRRT may
help to regain metabolic control in patients with EE who
have an acute metabolic decompensation on chronic
treatment with NAC and MNZ.

Introduction

Ethylmalonic encephalopathy (EE; OMIM #602473) is
generally considered a rare autosomal recessive neuro-
metabolic disorder of infancy but presents with wide
clinical heterogeneity. It is clinically characterized by
neurodevelopmental delay and regression, prominent pyra-
midal and extrapyramidal signs, recurrent petechiae, ortho-
static acrocyanosis, and chronic diarrhea (Drousiotou et al.
2011). It was first described by Burlina et al. in 1991, but it
was not until 2004 that Tiranti et al. mapped its genomic
locus to the ETHE1 gene (OMIM #608451) on chromo-
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some 19q13 (Burlina et al. 1991; Tiranti et al. 2004). The
ETHE1 gene encodes a 30-kDa polypeptide (ETHE1),
which is a non-heme, iron-dependent, mitochondrial matrix
sulfur dioxygenase that is involved in the catabolism of
hydrogen sulfide (H2S). It catalyzes the oxidation of
glutathione persulfide (GSSH) to give glutathione and
persulfite (Kabil and Banerjee 2012; Pettinati et al. 2015).

GSSH þ O2 þ H2O ���!hETHE1
GSHþ SO2�

3 þ 2Hþ

This reaction is a vital part of the H2S catabolic pathway, as
it generates the glutathione (GSH) that is needed for the
extraction of sulfur atoms of the intermediately produced
thiosulfate (Hildebrandt and Grieshaber 2008; Jackson et al.
2012).

Hydrogen sulfide is a colorless, water-soluble gas-
otransmitter with physiologic roles in CNS signaling, heart
rate regulation, blood pressure regulation, and inflammation
(Kimura and Kimura 2004; Nagai et al. 2004; Qingyou
et al. 2004; Whiteman et al. 2004; Xu et al. 2008; Bucci
et al. 2010; Elsey et al. 2010). In mammals, H2S can be
endogenously produced from L-cysteine taken up by diet or
synthesized via trans-sulfuration of serine by L-methionine,
but most of the H2S load stems from intestinal anaerobes
(Viscomi et al. 2010; Di Meo et al. 2015). Under steady-
state conditions, tissue concentrations of H2S are generally
in the low nanomolar range, but patients harboring biallelic
pathogenic mutations in ETHE1 were found to have
markedly elevated levels of thiosulfate, which can be used
as a stable and readily measurable index of H2S levels
(Viscomi et al. 2010). The accumulated H2S inhibits short-
chain acyl CoA dehydrogenase (SCAD) and cytochrome c
oxidase (COX) activities, causing the characteristic, but far
from specific, biochemical changes observed in patients
with EE, namely, ethylmalonic acid (EMA) aciduria,
sometimes with mild elevations of short-chain acylglycines
also detected in the urine organic acid profile (ethylmalonic
acid, methylsuccinic acid, isobutyrylglycine, and iso-
valerylglycine), increased levels of plasma C4- and C5-
acylcarnitines, and elevated plasma lactate (Tiranti et al.
2009). The ensuing metabolic derangement is thought to
cause damages to the intestinal mucosa and the endothelia
and lead to alterations of the blood vessel tone, thereby
resulting in the main clinical features of EE (e.g., chronic
hemorrhagic and/or mucoid diarrhea, petechial purpura
with edematous acrocyanosis, and progressive neurological
failure with pyramidal signs).

Treatment

There are several reports in the literature of patients that
have been diagnosed with EE through newborn screening,
during routine medical referral, or through a known family

history, which contributed to our understanding of chronic
management of this disease (Grosso et al. 2002; McGowan
et al. 2004; Zafeiriou et al. 2007; Mineri et al. 2008; Pigeon
et al. 2009; Dionisi-Vici et al. 2016; Tavasoli et al. 2017;
Boyer et al. 2018). This has led to the introduction of new
treatment strategies, such as the combined use of antibiotics
and N-acetylcysteine (NAC), which is aimed at lowering
the chronic H2S load (Viscomi et al. 2010). Metronidazole
(MNZ) is a commonly used bactericidal nitroimidazole that
is broadly active against aerobic and anaerobic bacterial
species (Perencevich and Burakoff 2006). N-acetylcysteine,
on the other hand, is a cell-permeable precursor of GSH,
which is needed as an acceptor of sulfur atoms in H2S
catabolism (Atkuri et al. 2007). Notably, a recent report by
Boyer et al. suggests that a diet restricted in sulfur-
containing amino acids, in addition to medical treatment,
results in further improvement in clinical outcomes and
biochemical markers in patients with EE identified on
newborn screening (Boyer et al. 2018). Despite these
advances, our knowledge of chronic management of EE
remains scant, due to the rarity of the disease and the fact
that many cases of EE described in the literature presented
within the first year of life in context of an acute metabolic
decompensation with an almost invariably lethal outcome.

Here we describe our experience with the use of
continuous renal replacement therapy (CRRT) to lower
plasma sulfide levels in an unusually mild clinical course of
EE in a 19-year-old male, who nonetheless presented with
an acute metabolic decompensation, despite chronic treat-
ment with antibiotics and NAC. To the best of our
knowledge, the use of continuous veno-venous hemodialy-
sis was reported only once before in a case of EE to remove
EE-associated metabolites during liver transplant surgery
(Dionisi-Vici et al. 2016).

Case Report

Our patient is a 19-year-old man with an atypical mild form
of EE. He was initially seen at the department of Medical
Genetics at 10 years of age because of long-standing spastic
paraplegia, dysarthria, and Arnold-Chiari malformation
type I of unclear etiology. He was also regularly followed
at the department of Pediatric Neurology for treatment of
his spastic paraplegia with a baclofen pump. He had no
history of diarrhea or acrocyanosis. The clinical features are
summarized in Table 1. His parents are a non-consanguine-
ous couple from Serbia, and he has an older healthy brother.

First Hospitalization

At 16 years of age, he was admitted to the pediatric ICU for
generalized spasticity and trismus in the context of an upper
respiratory tract infection. Metabolic work-up revealed
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elevated C4-carnitine on plasma acylcarnitine profile,
although without substantial elevation of C5-carnitine, and
moderately elevated EMA on urine organic acid profile on
three consecutive measurements (72, 29, and 42 mmol/mol
creatinine, reference range <11) along with slightly
elevated methylsuccinic acid levels and variable slight
elevations of short-chain acylglycines. Plasma lactate was
within the normal range on multiple samples. The rest of
the metabolic work-up was unremarkable. An MRI of the
brain showed bilateral and symmetric increased T2 signal-
ing in the basal ganglia and cerebellum (Fig. 1a, b).
Magnetic resonance spectroscopy (MRS) of the basal
ganglia demonstrated a corresponding high lactate peak
not shown. Sanger sequencing of the ETHE1 gene
identified a homozygous missense variant (c.79C>A; p.
Gln27Lys) for which both parents were carriers. Interest-
ingly, the same mutation (in heterozygous status with
another known pathogenic variant) was described in two
sisters with EE, also coming from former Yugoslavia
(Pigeon et al. 2009). The acute management during this
admission was supportive with IV fluids, dextrose, and
carnitine, and, based on his biochemical profile, MNZ and
NAC were added for treatment of suspected EE. After
discharge and upon molecular confirmation, chronic treat-
ment with MNZ 500 mg tid (1 week on, 1 week off) and
NAC at 100 mg/kg/day divided tid was initiated, and
plasma thiosulfate levels were measured regularly to assess
metabolic control. Over the next 12 months, his plasma

thiosulfate levels ranged from 1.6 to 4 mg/mL (reference
<2 mg/mL), and he demonstrated significant improvement
in mobility and speech.

Second Hospitalization with Acute Metabolic
Decompensation

At 17 years of age, the patient was admitted to the pediatric
psychiatric ward for an episode of suicidal ideation. During
the admission, he developed a severe metabolic decompen-
sation with encephalopathy, new-onset focal seizures, fever,
and high lactate with no identifiable trigger and, while on
sufficient caloric intake, required intubation and admission
to intensive care. His plasma thiosulfate levels increased
from 2.5 to 6.7 mg/mL, and plasma lactate levels were as
high as 14.8 mmol/L (reference range 0.6–2.4). Quantita-
tive urine acylglycine profile analysis (Bherer et al. 2015)
showed elevations of several C4, C5, and other species,
with butyrylglycine (C4) at 16.95 mmol/mol creatinine
(reference range, 0.01–0.15 mmol/mol creatinine) being
the most markedly elevated during the acute episode.
Table 2 summarizes laboratory investigations pre, post,
and during the acute events, while Supplementary Table 1
summarizes results for EMA, other organic acids, and
acylglycine profile from multiple samples collected during
the acute episodes and on other occasions. Plasma
acylcarnitine profiling persistently showed C4-carnitine
elevation in all samples. Multiple other acylcarnitines were
elevated only at the time of this acute episode, although
notably C5-carnitine was never substantially elevated (see
Table 2). Figure 2 summarizes the MRI images taken
during this episode, which demonstrated new evidence of
acute and chronic brain injury (Fig. 2a–c). While trying to
identify the underlying trigger of this acute episode, it was

Table 1 Summary of clinical features

Clinical features reported in EE Absent or present (� or +)

Failure to thrive �
Retinal lesions with tortuous vessels n/a

Orthostatic acrocyanosis �
Chronic diarrhea �
Petechiae �
Coma/encephalopathy During metabolic

decompensation

Developmental regression �
Developmental delay +

Intellectual disability +

Pyramidal symptoms +

Ataxia +

Hypotonia �
Seizures During metabolic

decompensation

Hyperintense lesions in the basal
ganglia on MRI

+

Other clinical features not reported in
EE

Trismus During first hospitalization

n/a not assessed

Fig. 1 MRI brain images during the first hospitalization. (a) T2-
weighted image demonstrating signal hyperintensity at the level of the
basal ganglia (black arrow). (b) T2-weighted image demonstrating
signal hyperintensity at the level of the cerebellum (white arrow)
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noted that the subcutaneous baclofen pump was empty, and
concerns were raised about the possibility of a baclofen
intoxication. Notably, continuous EEG recordings showed
moderate to severe disturbance of cerebral activity with
patterns suggestive of baclofen toxicity (e.g., triphasic
waves, frontal intermittent rhythmic delta activity alternat-
ing with faster rhythms in the theta and alpha range) (Sutter
et al. 2018). This could not be confirmed by measurement
of CSF baclofen levels, which were undetectable. Notably,
the CSF sample was drawn only on day 5 of the acute
event, 2 days after initiation of CRRT, due to the patient’s
clinical instability.

Despite intensive supportive management (IV fluids,
dextrose, MNZ, NAC, carnitine, and appropriate caloric
intake) over 3 days, there was worsening of the patient’s
clinical and metabolic state, reflected by increasing lactate
levels. Although his renal function remained intact (serum
creatinine 63 mmol/L with good urine output), additional
treatment with CRRT was initiated on day 4 and continued

for 96 h in the form of continuous venovenous hemodiafil-
tration (CVVHDF). The CVVHDF prescription included a
blood flow of 200 mL/min, dialysate flow of 1.2 L/h, and
replacement flow of 1.2 L/h. This rapidly lowered thiosul-
fate, lactate, and other biochemical parameters to baseline
levels and allowed us to regain metabolic control (Fig. 3 and
Supplementary Table 1). The improved metabolic state was
accompanied by a reversal of the encephalopathy and
restoration of consciousness. Over the following weeks, the
patient continued his recovery and could regain much of his
functionality.

Discussion

To this day, more than 80 patients have received a
molecular diagnosis of EE (Tiranti et al. 2004, 2006;
Mineri et al. 2008; Drousiotou et al. 2011; Tiranti and
Zeviani 2013). The natural history of the disease was
thought to be invariably fatal with onset in the first

Table 2 Summary of main biochemical parameters

Clinical status

Lactate
(plasma)
(0.6–2.2)a

Thiosulfate
(plasma) <2b

Plasma acylcarnitinesc Urine organic acids d and acylglycines e

C4
(0.06–0.44)

C5
(0.03–0.24)

EMAf

(<11)
Isobutyryl
(0.08–1.59)

Butyryl
(0.01–0.15)

Isovaleryl
(0.14–2.98)

First hospitalization 1 – 2.4 0.47 72 – – –

First hospitalization 1.4 – 6.71 0.92 – – – –

Stable interim
period

2.0 1.5 1.02 0.17 – – – –

DODg – 12 days 1.7 1.6 – – – – – –

DOD1g,h 7.7 3.3 1.14 0.19 100 7.48 16.95 8.32

DOD2g,h 10.6 5.4 – – – – – –

DOD3g,h 14.3 6.7 – – – – – –

DOD4g,h,i 14.8 – – – – – – –

DOD5g,h,i 12.9 1.4 – – – – – –

DOD6g,h,i 9.7 2.7 0.71 0.19 13 0.90 0.85 2.65

DOD7g,h 5.9 3.7 0.80 0.18 18 – – –

DOD8g,h 3.6 2.4 1.14 0.20 20 – – –

DOD9 2.3 – – – – – – –

Stable <2.2 3.6 – – – – – –

a Lactate – highest day level is indicated. Concentrations expressed in mmol/L; reference values shown in parentheses; italic values are above
reference range
b Thiosulfate, analysis by ion chromatography (NMS labs, USA). Concentrations expressed in mcg/mL; reference values shown; italic values are
above reference range
c Acylcarnitines. Concentrations expressed in umol/L; reference values shown in parentheses; italic values are above reference range
d Urine organic acids. Concentrations expressed in mmol/mol creatinine; reference values shown in parentheses; italic values are above reference
range
e Urine acylglycines. Concentrations expressed in mmol/mol creatinine; reference values shown in parentheses; italic values are above reference
range
fEMA ethylmalonic acid
gDOD day of decompensation
h Received IV carnitine
i Received CRRT
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2–4 months of life, which is followed by progressive
clinical deterioration with psychomotor regression and
complete absence of neurological improvement. However,
the two sisters (monochorionic twins) reported by Pigeon
et al., harboring one of the same mutations as our patient,
had a milder disease course suggesting a genotype-
phenotype correlation (Pigeon et al. 2009). Like our patient,
both sisters lacked the characteristic features of EE, such as
petechiae, orthostatic acrocyanosis, or chronic diarrhea. Of
note, despite them being monochorionic twins, their clinical
courses differed markedly; one had an episode of coma at

3 years of age, had spastic quadriparesis at 10 years of age,
and could not speak, while the other sister had pyramidal
symptoms mostly limited to the lower extremities and was
able to speak two languages. As mentioned by Pigeon et al.,
this observation highlights the marked clinical heterogene-
ity displayed in EE. Insight into the biochemical nature of
EE has led to the advent of new treatment strategies aimed
at lowering the chronic H2S load (e.g., MNZ and NAC).
Recently, Dionisi-Vici et al. convincingly reported the
successful use of liver transplantation as an effective
therapeutic approach in reverting the natural course of an

Fig. 2 MRI brain images during the second episode of acute
metabolic decompensation. (a) T2-weighted images demonstrated
interval atrophy and central necrosis of the known basal ganglia
abnormality with a new area of hyperintensity (white arrow) and
corresponding diffusion restriction along the posterior putamina. (b)
At the level of the cerebellum, there was abnormal symmetric
hyperintensity in the dentate nuclei and the inferior cerebellar

subcortical white matter (white arrow). (c) Multivoxel MRS demon-
strated an inverted lactate peak in the basal ganglia and centrum
semiovale at 1.3 ppm. The inverted lactate peak on MRS corresponds
to an elevated tissue lactate. At 1.3 ppm, lactate resonates with a
characteristic double peak at long echo times but is superimposed on
the lipid band. By using an intermediate echo time of 135–145 ms, the
lactate peak will be inverted, allowing it to be distinguished
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otherwise fatal neurological disease (Dionisi-Vici et al.
2016). However, experience with treatment strategies
directed against acute episodes of metabolic decompensa-
tion (e.g., hemodialysis) in patients with milder disease
forms, who may not qualify for liver transplantation, is
limited, except for a recent report of the use of IV NAC in a
patient with an acute episode of EE in the context of
meningococcemia (Kilic et al. 2017). Here we share our
experience with an unusually mild clinical course of EE in
a 19-year-old male, who presented with two acute episodes,
one being an acute metabolic decompensation. His second
episode was characterized by increasingly elevated lactate
levels and metabolic deterioration, as reflected by levels of
plasma thiosulfate and other biochemical parameters,
despite intensive supportive management. To regain control
of his metabolic state, we successfully employed CRRT to
lower plasma sulfide levels. Given the small size of
thiosulfate (112 D), these anions are readily removed by
convection from hemofiltration and/or diffusion from
dialysis; therefore, our patient received both modalities
delivered as CVVHDF. Importantly, CRRT removes NAC
but has no appreciable effect on the removal of MNZ
(Hernandez et al. 2015; Roberts et al. 2015). It is suggested
that the dose of intravenous NAC should be doubled during
dialytic therapies. Notably, when we measured baclofen in
CSF, levels were undetectable. It is important to point out
that the CSF sample could only be obtained on day 5 of the
acute episode. Around 70–80% of baclofen is excreted in

the urine, and about 15% is metabolized in the liver. The
elimination half-life is about 5 h in CSF but has been
reported to increase up to 35 h in overdose (Meulendijks
et al. 2015). However, given that CRRT is known to
improve baclofen clearance, it is conceivable that, after
5 days, most of the baclofen may have been eliminated
(Roberts et al. 2015).

In conclusion, CRRT may help to regain metabolic
control in patients with milder courses of EE with an acute
metabolic decompensation who are on chronic treatment
with NAC and MNZ and fail to respond to conventional
supportive measures.
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Fig. 3 Plasma thiosulfate levels during the second episode of acute
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Abstract Dihydropyrimidine dehydrogenase (DPD)
deficiency is a rare autosomal recessive disorder of the
pyrimidine degradation pathway and can lead to intellectual
disability, motor retardation, and seizures. Genetic varia-
tions in DPYD have also emerged as predictive risk factors
for severe toxicity in cancer patients treated with fluoropyr-
imidines. We recently observed a child born to non-
consanguineous parents, who demonstrated seizures, cogni-
tive impairment, language delay, and MRI abnormalities
and was found to have marked thymine-uraciluria. No
residual DPD activity could be detected in peripheral blood
mononuclear cells. Molecular analysis showed that the
child was homozygous for the very rare c.257C > T (p.
Pro86Leu) variant in DPYD. Functional analysis of the
recombinantly expressed DPD mutant showed that the DPD
mutant carrying the p.Pro86Leu did not possess any

residual DPD activity. Carrier testing in parents revealed
that the father was heterozygous for the variant but
unexpectedly the mother did not carry the variant. Micro-
satellite repeat testing with markers covering chromosome
1 showed that the DPD deficiency in the child is due to
paternal uniparental isodisomy. Our report thus extends the
genetic spectrum underlying DPYD deficiency.

Introduction

Dihydropyrimidine dehydrogenase (DPD) is the initial and
rate-limiting enzyme of the pyrimidine degradation path-
way, catalyzing the reduction of uracil and thymine to 5,6-
dihydrouracil and 5,6-dihydrothymine, respectively. In
patients with a complete DPD deficiency (MIM 274270),
a considerable variation in the clinical presentation has been
observed ranging from severely (neurologically) affected to
symptomless. Therefore, a DPD deficiency is probably a
necessary, but not a sole prerequisite for the onset of a
clinical phenotype (Fleger et al. 2017; van Kuilenburg et al.
1999). Delayed cognitive and motor development and
convulsive disorders are relatively frequent manifestations,
whereas growth retardation, microcephaly, dysmorphia,
autism, hypotonia, and ocular abnormalities are less
frequently observed (Chen et al. 2014; Enns et al. 2004;
van Kuilenburg et al. 1999, 2002a, 2009). In addition,
patients with a DPD deficiency have a strongly reduced
capacity to degrade the widely used chemotherapeutic drug
5-fluorouracil and, therefore, an increased likelihood of
suffering from severe and sometimes fatal multi-organ
toxicity (Johnson and Diasio 2001; van Kuilenburg 2004).
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DPYD is present as a single copy gene on chromosome
1p21.3 and consists of 23 exons (Wei et al. 1998). A large
number of variants have been described in DPYD including
large genomic deletions and amplifications (van Kuilenburg
et al. 2009). The identification of novel disease-causing
genomic aberrations is important to allow analysis of
genotype-phenotype relationships in DPD-deficient patients
and screening of cancer patients at risk. Our study
identified a novel genetic mechanism underlying DPD
deficiency, and we present the first patient with a complete
DPD deficiency due to paternal uniparental isodisomy of
chromosome 1.

Materials and Methods

Sequence analysis of DPYD, including analysis of intra-
genic rearrangements, was carried out essentially as
described before (van Kuilenburg et al. 2017). Analysis of
pyrimidine metabolites was performed using reversed-
phase HPLC combined with electrospray tandem-mass
spectrometry (van Lenthe et al. 2000). Functional expres-
sion of a DPYD mutation in mammalian HEK293 Flp-In
cells and subsequent analysis of recombinantly expressed
DPD protein levels and DPD activity were performed as
described before (van Kuilenburg et al. 2017).

Twenty six microsatellite repeat markers spreading over
the full length of chromosome 1 were used for haplotype
analysis. These included 21 markers from ABI-Prism
Linkage Mapping Set MD panels 1 and 2 (PE Biosystems,
Foster City, CA, USA) and 5 additional markers: D1S2775,
D1S2719, D1S2793, D1S415, and D1S2753 (NCBI,
UniSTS). After PCR, the amplified fragments were sepa-
rated using the ABI Prism 377 automatic DNA sequencer
(PE Biosystems, Foster City, CA, USA), and the length of
the fragments was analyzed with GeneMapper software (PE
Biosystems, Foster City, CA, USA).

Results

Case Report

The female patient was the first child of non-consanguine-
ous Portuguese parents. Developmental delay was noticed
during the second year of life: she walked unassisted at the
age of 20 months and showed language delay. At the age of
3 years, she started to have seizures. Despite treatment with
valproic acid and carbamazepine, she continued to have
seizures every few weeks to months. A neuropsychological
study at 5 years and 8 months using the McCarthy Scales of
Children’s Abilities (MSCA) showed significantly reduced
scores [verbal, 22; perceptual performance, 22; quantitative,
22; memory, 25; motor, 24 (controls: mean � standard
deviation 50 � 10); and general cognitive index, 50

(controls: mean � standard deviation 100 � 15)]. Neuro-
logical examination at the age of 7 years revealed a non-
dysmorphic child with normal growth and head circumfer-
ence and poor fine and gross motor coordination. She was
socially engaging and showed cognitive impairment and
language delay. Magnetic resonance imaging (MRI) dem-
onstrated symmetrically enlarged lateral ventricles and a
thin corpus callosum. Cerebral white matter signal was
normal. EEG showed generalized slow wave discharges
with maximal amplitude in frontal lobes and poor organi-
zation of background activity. At 10 years, the Peabody
Picture Vocabulary Test-IV (PPVT-IV) revealed markedly
low verbal abilities (verbal age 4 years and 4 months). An
attempt to withdraw valproic acid at 10 years increased
epileptic activity. Currently, the patient is 12 years old, and
she has adapted to a mainstream school with the support of
special education teachers and speech therapy. She suffers
from occasional partial and secondarily generalized tonic-
clonic seizures. Background activity on EEG recording has
normalized, and no paroxysms are registered.

Biochemical and Genetic Studies

As part of a screening for inborn errors of metabolism,
purines and pyrimidines were analyzed in urine and plasma.
Strongly elevated concentrations of uracil and thymine
were observed in urine and plasma which suggested that the
patient had a DPD deficiency (Table 1). Subsequent
analysis showed no residual DPD activity in peripheral
blood mononuclear cells. Sequence analysis of DPYD
showed that the patient was homozygous for the c.257C > T
(p.Pro86Leu) variant (Table 1). Expression of the mutant
DPYD construct containing the c.257C > T (p.Pro86Leu)
variant in HEK293 Flp-In cells showed that the DPD
mutant carrying the Pro86Leu variant possessed hardly any
residual activity (0.7%) compared to the wild-type enzyme
(Fig. 1). To exclude the possibility that the lack of DPD
activity was the result of an inability to produce the mutant
DPD protein in HEK293 Flp-In cells, the DPD protein
expression levels were analyzed by immunoblotting. Figure
1 shows that the mutant DPD protein, carrying the
Pro86Leu variant, was expressed in a comparable amount
as the wild-type protein. Thus, the lack of DPD activity of
the mutant DPD enzyme in HEK293 Flp-In cells is not due
to rapid degradation of the mutant DPD protein in the
HEK293 Flp-In lysates.

DNA sequence analysis in the father demonstrated that
he was heterozygous for the c.257C > T variant in DPYD,
but in the mother the variant could not be detected. DPYD
is prone to acquire genomic rearrangements due to the
presence of an intragenic fragile site FRA1E, but MLPA
analysis showed no intragenic deletions or amplifications of
DPYD in the patient or parents. Haplotype analyses with 26
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microsatellite repeats distributed over chromosome 1 to
probe for homozygosity for the c.257C > T variant in
DPYD by uniparental isodisomy for chromosome 1
demonstrated the patient to be homozygous for all 26
markers (Fig. 2). Fourteen markers were uninformative
since they could have been inherited from either parent. For
one marker only paternal uniparental disomy (UPD) could
be proven. Paternal isodisomy was observed for 11 markers
(Fig. 2).

Discussion

Dihydropyrimidine dehydrogenase (DPD) deficiency is an
autosomal recessive disease characterized by thymine-
uraciluria in homozygous-deficient patients. Here, we
present the first case of DPD deficiency due to uniparental
isodisomy. The phenotype in the patient, i.e., cognitive
impairment, language delay, and seizures, is similar to the

phenotype typically observed in clinically affected patients
with DPD deficiency (van Kuilenburg et al. 1999, 2002a,
2009). The MRI findings in the present patient are
nonspecific and have been reported infrequently in DPD-
deficient patients (Chen et al. 2014; Enns et al. 2004).
Chromosome 1 is not known to contain imprinted areas or
imprinted genes, so UPD of chromosome 1 is not expected
to cause a phenotype by a disturbed methylation.

The frequency of UPD in newborn is considered to be 1 in
3,500–5,000 (Liehr 2010). Chromosomes 7, 11, 14, 15, and
16 are most often involved in uniparental isodisomy
formation, and for chromosome 1 only, a moderate
frequency of uniparental isodisomy has been observed
(Liehr 2010). The c.257C > T variant (rs568132506) is
extremely rare in the general population (allele frequency
5.4 � 10�5 in gnomAD; http://gnomad.broadinstitute.org/
variant/1-98206012-G-A). So far, this variant has been
described in only one patient with a complete DPD

Table 1 Biochemical and genetic analysis of a DPD-deficient patient

Subject

Urine (mmol/mmol creatinine) Plasma (mM)

DPD activity [nmol/(mg total protein � h)] DPYDaUracil Thymine Uracil Thymine

Patient 236 131 13.4 15.2 <0.025 c.257[C > T];[C > T]

Father n.a. n.a. n.a. n.a. n.a. c.257[C > T];[¼]

Mother n.a. n.a. n.a. n.a. n.a. c.257C¼
Controls 9.9 � 2.8 (n ¼ 54)b

Median 5 <1 0.19 0.04

Range 1–35 (n ¼ 112) <1 (n ¼ 112) 0.08–0.36 (n ¼ 100) 0.02–0.09 (n ¼ 100)

n.a. not available
a Nomenclature according to http://varnomen.hgvs.org/
b Data taken from (van Kuilenburg et al. 2002b)

Fig. 1 DPD activity and immunoblot analysis of recombinantly
expressed wild-type and mutant DPD enzymes. The results represent
the relative DPD activity (mean + SD, n ¼ 3) of the DPD mutant

carrying the Pro86Leu variant compared to wild-type DPD enzyme.
The insert shows the immunoblot analysis of the expressed wild-type
and mutant DPD enzyme
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deficiency (van Kuilenburg et al. 2002a). Analysis of the
crystal structure of DPD showed that Pro86 is in close
proximity to one of the iron-sulfur clusters in the N-terminal
domain (van Kuilenburg et al. 2002a). The introduction of a
leucine at this position would interfere with the binding of
the iron-sulfur cluster, thereby inhibiting electron transport
and thus activity (van Kuilenburg et al. 2002a).

The elucidation of genetic mechanisms underlying DPD
deficiency is increasingly being appreciated since DPD
deficiency has been recognized as an important determinant
of fluoropyrimidine-associated toxicity in cancer patients
(van Kuilenburg et al. 2017; van Kuilenburg 2004). To
date, many pathogenic variants have been described in
DPYD, and additional rare variants may collectively
explain an appreciable fraction of patients with DPD
deficiency. Therefore, the identification of novel genetic
mechanisms underlying DPD deficiency will not only allow
analysis of genotype-phenotype relationships in DPD-
deficient patients but also screening of cancer patients at
risk. Our study showed that uniparental isodisomy should
be considered in DPD-deficient patients with only one
parent being a carrier for a pathogenic variant in DPYD.

Synopsis

The c.257C > T (p.Pro86Leu) variant in DPYD results in a
mutant DPD enzyme without residual activity, and unipa-
rental isodisomy should be considered in DPD-deficient
patients with only one parent being a carrier for a
pathogenic variant in DPYD.
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Abstract Background: Deleterious mutations in cytosolic
leucine-tRNA synthetase (LARS) cause infantile liver
failure syndrome, type 1 (ILFS1), a recently recognized,
rare autosomal recessive disorder (OMIM151350). Only six
families with ILFS1 have been reported in the literature.
Patients with ILFS1 are typically diagnosed between 5 and
24 months of age with failure to thrive, developmental
delays, encephalopathy, microcytic anemia, and chronic
liver dysfunction with recurrent exacerbations following
childhood illnesses. Neonatal manifestations of this dis-
order have not been well documented.

Case Report: We report a premature female newborn
with intrauterine growth restriction, failure to thrive,
congenital anemia, anasarca, and fulminant liver failure
leading to lethal multiple organ failure. Liver failure in this
infant was characterized by a disproportionate impairment
of liver synthetic function, including severe coagulopathy
and hypoalbuminemia without significant defects in liver
detoxification or evidence of hepatocellular injury during
early phase of the disease. Whole-exome sequencing of
child-parent trio identified two inherited missense muta-
tions in LARS in this patient. One, c.1292T>A;

p.Val431Asp, has been reported in patients with ILFS1,
while the other, c.725C>T; p.Pro242Leu, is novel. Both
mutations involve amino acid residues in the highly
conserved editing domain of LARS, are predicted to be
functionally deleterious, and presumably contribute to the
clinical manifestations in this patient.

Conclusion: This is the first case documenting neonatal
manifestation of ILFS1, highlighting early, severe, and
disproportionate defects in liver synthetic function. Timely
diagnosis of ILFS1 is crucial to guide critical clinical
management and improve outcomes of this rare and
potentially life-threatening disorder.

Introduction

Neonatal acute liver failure (NALF) is a rare and poorly
understood disease entity (Taylor and Whitington 2016;
Bitar et al. 2017). Determining the etiology of NALF
presents a unique and urgent clinical challenge given
extensive differential diagnoses and often rapid and
fulminant disease progression (Sundaram et al. 2011).
Establishing a timely diagnosis is critical to guiding clinical
management, as many NALF disorders are medically and/
or surgically treatable with favorable outcomes (Bitar et al.
2017; Sundaram et al. 2011; Devictor et al. 2011).

LARS encodes cytosolic leucine-tRNA synthetase, an
enzyme critical for incorporating leucine (the most abun-
dant amino acid) during protein synthesis. Deleterious
mutations in LARS cause infantile liver failure syndrome,
type 1 (ILFS1), a recently recognized, rare autosomal
recessive disorder (OMIM151350). Only six families have
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been reported in the literature, with the majority of affected
individuals from the Irish Traveller population (Casey et al.
2012, 2015; El-Gharbawy et al. 2015; Lin et al. 2017).
Reported patients have been diagnosed between 5 and
24 months of age, with variable clinical phenotypes,
including liver dysfunction with recurrent exacerbations,
microcytic anemia, failure to thrive, encephalopathy, devel-
opmental delays, and intellectual disability. Neonatal
manifestations of this disorder have not been well docu-
mented.

We report a case of a premature female neonate who
presented with intrauterine growth restriction (IUGR), con-
genital anemia, anasarca, and fulminant liver failure who was
found to be a compound heterozygote for two deleterious
mutations in LARS. This is the first report documenting
severe neonatal manifestations of ILFS1 and highlights
defects in liver synthetic function as an initial presentation
of this rare and potentially lethal genetic disorder.

Case Report

This female infant was born at 29–6/7 weeks of gestation
by Cesarean section in the setting of intrauterine growth
restriction and maternal preeclampsia. Maternal history was
significant for two prior first-trimester pregnancy losses of
unknown etiology and a threatened first-trimester loss in
this pregnancy. APGAR scores were 7 and 9 at 1 and 5 min
of life, respectively. Physical examination at birth was
remarkable for a small for gestational age female (weight
760 g, 5th percentile; length 32 cm, 1st percentile; head
circumference 25.5 cm, 18th percentile) with a two-vessel
cord. Immediate neonatal course was notable for mild
respiratory distress, congenital anemia (hemoglobin 9.1 g/
dL; MCV 101.1 fL), transient hyponatremia, and apnea of
prematurity. Breast milk feedings were initiated but stopped
several times due to abdominal distention. At 25 days of
age, the infant developed increased work of breathing,
abdominal distention, diffuse edema, hematemesis, and
hematochezia. Her laboratory studies showed coagulopathy
and hypoalbuminemia; her abdominal imaging demonstra-
ted bowel wall thickening and moderate ascites. She was
stabilized on mechanical ventilation and treated with
empiric antibiotics.

Head ultrasound showed mild asymmetric prominence
of the left lateral ventricle without hemorrhage. Abdominal
ultrasound showed increasing echogenicity of the right
kidney, intermittent reversal of blood flow within the main
portal vein, reversal of blood flow within the left portal
vein, and moderate ascites, but without significant hep-
atosplenomegaly. Echocardiography showed pulmonary
hypertension, a small muscular ventricular septum defect,
and normal biventricular function. Exploratory laparotomy
(performed due to a concern for necrotizing enterocolitis)

demonstrated approximately 30 mL of clear ascites but no
evidence of bowel necrosis or malrotation. A catheterized
urine specimen showed moderate leukocyte esterase and
grew Candida lusitaniae at 3 days; the patient was treated
with 14 days of intravenous fluconazole. Evaluations for
causes of infectious hepatitis, including herpes simplex
virus, cytomegalovirus, enterovirus, parvovirus, and hepa-
titis B and C, were negative.

During her hospital course, laboratory studies showed
persistent anemia (nadir 7.9 g/dL; normal 14.1–20.1 g/dL)
despite several packed red cell transfusions and hypoalbu-
minemia (1.5–2.8 g/dL; normal, 3.5–5.3 g/dL) refractory to
multiple albumin transfusions and protein intake of up to
3.5 g/kg/day from total parenteral nutrition. She had severe
coagulopathy (PT 16.5–44.9 s [normal 10.0–13.6 s]; PTT
34.2–166.4 s [normal 26.9–62.5 s]; INR 1.6–4.6 [normal
0.86–1.22]). Plasma ammonia levels were normal
(55–129 mmol/L; normal <150 mmol/L). Serum bilirubin
levels were mildly elevated (peak total bilirubin 6.3 mg/dL;
peak direct bilirubin 4.6 mg/dL) at 29 days of life, and
serum transaminases were normal to borderline elevated:
aspartate aminotransferase (26–99 IU/L; normal <31 IU/
L), alanine aminotransferase (7–68 IU/L; normal <31 IU/
L), and g-glutamyltransferase (23–27 U/L; normal
12–123 U/L). As her illness progressed, she developed
thrombocytopenia (nadir 23 K/mL; normal 180–327 K/
mL), low factor VII activity (5%; normal >25%), low
fibrinogen level (47 mg/dL; normal 82–383 mg/dL), and
elevated D-dimer (6.42–7.55 mg/L FEU; normal
0.11–0.42 mg/L FEU), which did not correct after multiple
fresh frozen plasma and cryoprecipitate transfusions.
Despite maximal ventilation support, aggressive treatment
of infection, and optimized nutrition, she developed severe
respiratory failure, vasopressor-refractory hypotension,
renal failure, and profound anasarca. She died due to
multi-organ failure at 53 days of age.

The infant had an elevated immunoreactive trypsinogen
(IRT level >468 ng/mL; normal <100 ng/mL) on her initial
state newborn screen. However, molecular testing for 23
common mutations for cystic fibrosis (core pathogenic
mutations recommended by American College of Medical
Genetics) was negative, and a repeat IRT also was normal.
Her serum lactate levels were intermittently elevated
(4–6.9 mmol/L; normal, 0.5–2.2 mmol/L). Total and
fractionated carnitine levels and acylcarnitine profile did
not suggest a known inborn error of metabolism. Plasma
amino acids showed nonspecific moderate elevation of
several amino acids including tyrosine (361–748 mmol/L;
normal 20–108 mmol/L), methionine (96–148 mmol/L;
normal 7–43 mmol/L), and glycine (745–927 mmol/L;
normal 87–323 mmol/L). Urine organic acids showed
increased excretion of 4-hydroxyphenyllactate and
4-hydroxyphenylpyruvate, suggesting either liver
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immaturity or dysfunction. Quantitative blood succinylace-
tone was normal (1.9 nmol/mL; normal <5 nmol/mL).
Carbohydrate-deficient transferrin electrophoresis showed a
normal profile. Alpha-fetoprotein levels were age-appropriate
(6,964–11,601 ng/mL; normal <22,062 ng/mL). Serum
ferritin levels were normal to borderline elevated
(314–952 ng/mL; normal 200–600 ng/mL).

A single nucleotide polymorphism (SNP) microarray
identified an 807 kb interstitial duplication at 17p12 of
unknown clinical significance which was inherited from her
mother who is asymptomatic. Mitochondrial DNA sequenc-
ing and deletion/duplication analysis found no pathogenic
variants. Whole-exome sequencing utilizing the child-parent
trio revealed compound heterozygosity in the infant for two
potentially pathogenic variants in LARS [NM_020117.9]
(Fig. 1). One missense variant, c.1292T>A; p.Val431Asp
in exon 14 [NM_020117.9], was maternally inherited, has a
cumulative allele frequency of 0.0003612, and has not been
observed in a homozygous state in large population cohorts
(gnomad.broadinstitute.org). This amino acid substitution is
located in the LARS editing domain crucial to protein
function (Fig. 1) (Han et al. 2012; Huang et al. 2014) and
occurs at a position where only amino acids with similar
properties to valine (isoleucine and leucine) appear tolerated
across species. In silico analysis indicates that amino acid
substitution of valine by aspartate results in significant
changes in polarity, charge, and size of the residue and
predicts a probably damaging effect on protein structure and/
or function [PolyPhen-2: 0.994; probably damaging (http://
genetics.bwh.harvard.edu/pph2/) and CADD-PHRED: 29.5
https://cadd.gs.washington.edu/)]. Importantly, this variant
has been previously described in two unrelated, non-Irish
Traveller patients with ILFS1 (El-Gharbawy et al. 2015).
Five of the eight previously reported mutations in ILFS1
patients are located in this LARS editing domain (Fig. 1).
The second missense variant, c.725C>T; p.Pro242Leu in

exon 8 [NM_020117.9], was paternally inherited, has a
cumulative allele frequency of 0.00001628, and has not been
observed in a homozygous state in large population cohorts
(gnomad.broadinstitute.org). This amino acid substitution is
located in the CH1 hairpin motif of the editing domain of
LARS at an amino acid position that is highly conserved
across species (Fig. 1) (Lin et al. 2017). In silico analysis
predicts that it is probably damaging to protein structure and/
or function (PolyPhen-2: 0.998; probably damaging; CADD-
PHRED: 32). This novel variant has not been reported
previously in ILFS1. Subsequent testing confirmed that a
healthy 3-year-old sister of this patient is heterozygous for
this variant.

Discussion

ILFS1 is a newly recognized, rare autosomal recessive
disorder caused by deleterious mutations in LARS. Patients
typically present from infancy to early childhood during
periods of illness or other physiological stress. Noted
clinical features include preterm delivery, intrauterine
growth restriction, failure to thrive, microcytic anemia,
hypoalbuminemia, coagulopathy, recurrent liver dysfunc-
tion, liver fibrosis and cirrhosis, renal dysfunction, enceph-
alopathy, developmental delays, and intellectual disability
(Table 1). Chronic liver dysfunction with intermittent
exacerbations (triggered by fever, infection, and physical
and/or metabolic stress conditions) leads to progressive
liver failure, fibrosis, and cirrhosis (Table 1). In addition to
premature birth, IUGR, and congenital anemia, our patient
presented with a fulminant course of liver failure leading to
multi-organ failure. This case provides valuable clues for
initial recognition and underscores importance of early
diagnosis of this potentially lethal genetic disorder.
Although available genetic findings and core clinical
manifestations of this patient are consistent with ILFS1,
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functional characterizations of these variants are warranted
to establish a definitive causal relationship.

Prematurity, IUGR, and anemia are relatively nonspe-
cific findings commonly seen in neonates admitted to the
neonatal intensive care unit (NICU). Impaired liver function
(with elevated transminases and g-glutamyl transferase,
hyperbilirubinemia, hyperammonemia, hypoglycemia,
hypoalbuminemia, and coagulopathy in neonates) can be
caused by infectious hepatitis, gestational alloimmune liver
disease, histophagocytic lymphohistocytosis, systematic
illnesses (such as hypoxia and sepsis), and metabolic
disorders (including tyrosinemia type I, galactosemia,
alpha-1-antitrypsin deficiency, and mitochondrial disor-
ders). In the majority of these disorders, hepatocellular
injury results in elevated transaminases and, ultimately,
defects in liver detoxification and liver synthetic function.
Although ILFS1 patients develop recurrent hepatic dys-
function leading to progressive liver fibrosis and cirrhosis
with disease progression, this case highlights the dispropor-
tionately impaired liver synthetic function causing severe
and persistent coagulopathy and hypoalbuminemia during
early course of the disease. In our patient, liver trans-
aminases and g-glutamyltransferase were normal or only
mildly elevated, suggesting absence of significant hepato-
cyte and biliary tree injury. Additionally, liver detoxifica-
tion functions of ammonia, bilirubin, and bile acids were
normal or only mildly affected. This liver failure profile,
coupled with congenital anemia, prenatal and postnatal
growth restriction, and negative evaluations for other
common causes of neonatal liver failure, serves as a
valuable clue for early diagnosis of ILFS1 during the
neonatal period. Additionally, early WES-based diagnosis
could potentially establish or eliminate inborn errors of
metabolism and other genetic disorders presenting with
neonatal liver failure and reduce expansive diagnostic
workups. Data from WES analysis also may provide
neonatologists and pediatric critical care specialists with
prognostic and therapeutic guidance in managing such
diseases. In ILFS-1, for example, initiation of early,
aggressive nutrition support has been proposed to benefit
affected patients (El-Gharbawy et al. 2015).

The pathophysiology of LARS deficiency is incom-
pletely understood. The failure to incorporate leucine
efficiently during protein synthesis is particularly detrimen-
tal to organs that depend on high-protein synthesis rate
(such as the liver and bone marrow) during periods of rapid
physical growth in infancy and early childhood. We
speculate that this mechanism contributes to the observed
intrauterine growth restriction and failure to thrive in ILFS1
patients. This mechanism also may in part explain why
clinical symptoms are improved in ILFS1 patients during
later adolescence and adulthood when physical growth and

demands for protein synthesis slow down. Consistent with
this mechanism, tissues with high demand for protein
synthesis, such as liver, hematopoietic cells, and immune
systems, are commonly affected in ILFS1 patients (Casey
et al. 2012, 2015; El-Gharbawy et al. 2015; Lin et al. 2017).
Finally, recent studies showed that LARS functions as a
leucine sensor in regulating the mTORC1-signaling
pathway, which plays a key role in many cellular processes,
including autophagy, and cell growth (Han et al. 2012).

Only six families with ILFS1 were reported in the
literature (Table 1). Two families, including the original
family with eight patients, are Irish Travellers (Casey et al.
2012, 2015). However, current literature supports an
expanding awareness of ILFS1 in populations outside of
this group. LARS mutations have been found in unrelated
ILFS1 patients of Ashkenazi Jewish, Caucasian non-Irish
Traveller, and Chinese descent (Casey et al. 2015;
El-Gharbawy et al. 2015; Lin et al. 2017) (Table 1). LARS
deficiency-related ILFS1 likely is under-recognized for
several reasons. Early clinical features such as IUGR,
failure to thrive, anemia, and liver dysfunction are relatively
nonspecific in premature infants. In older children, ILFS1
exacerbations are often triggered by common childhood
illnesses such as fever and systematic infection, and the
associated hepatic and red cell abnormalities may be
attributed to the illness itself. Thus, high clinical vigilance
is needed to recognize the profile of ILFS1 manifestations
at different ages leading to early diagnosis and optimized
treatment to achieve desirable clinical outcomes and
prevent permanent liver damage and other severe compli-
cations.

Though specific treatment to ILFS1 is not yet available,
patients with ILFS1 should be admitted, even with minor
illnesses, for aggressive treatment and supportive care of
the underlying causes of physical and/or metabolic stress.
High dextrose infusions (to suppress catabolism) and
sufficient protein intake (to promote protein synthesis) are
indicated during acute exacerbations to minimize liver
damage and reduce risks of complications involving
multi-organs (Casey et al. 2015; El-Gharbawy et al. 2015).
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Abstract Fabry disease is a rare inherited lysosomal
storage disorder caused by the deficiency of the enzyme
alpha-galactosidase A. There is uncertainty regarding the
safety of enzyme replacement therapy during pregnancy.
We describe the course and outcome of seven pregnancies
in six patients with Fabry disease who continued or
reinitiated enzyme replacement therapy during pregnancy.
No adverse events, in both mothers and children, were
observed.

Introduction

Fabry disease (FD) is a rare X-linked lysosomal storage
disorder caused by the deficiency of the enzyme alpha-
galactosidase A (a-Gal A). This condition results in the
accumulation of glycosphingolipids, mainly globotriaosyl-
ceramide (gb3), in the lysosomes of cells throughout the
body (Germain 2010) and impairs the function of major
organs, including the heart, the kidneys, and the central and
peripheral nervous systems, often leading to death at an
early age (Tuttolomondo et al. 2013).

Men with classical FD typically present more severe
clinical manifestations than women and nonclassically
affected male patients. Because of X-chromosome inactiva-
tion, women with FD may experience a variable range of
symptoms (Echevarria et al. 2016). The efficacy of enzyme
replacement therapy (ERT) has been demonstrated (Baehner
et al. 2003) among these female patients.

There are few publications addressing the use of ERT in
pregnant women, with only nine cases reported worldwide
treated with agalsidase alfa (Wendt et al. 2005; Dehout
et al. 2006; Kalkum et al. 2009; Hughes et al. 2012). The
largest case series to date was presented by Hughes in
2012, who reported on the administration of ERT during
five pregnancies (Hughes et al. 2012). No experimental
studies specifically assessing drug safety during pregnancy
have been conducted in humans.

Methods

In this series, we retrospectively reviewed the medical
records of all FD patients receiving ERT during pregnancy
and lactation at the Centro de Investigación, Diagnóstico y
Tratamiento de Enfermedad de Fabry (CIDTEF, Research,
Diagnosis and Treatment Center for Fabry Disease) in
Catamarca, Argentina, between January 2012 and Decem-
ber 2017. Relevant clinical, laboratory, and imaging
findings are provided for all patients. Data were collected
from each pregnant woman at diagnosis and during the
course of pregnancy and lactation. Baseline characteristics,
including age (in years), mutation of the GLA gene, signs
and symptoms at presentation, activity of the a-Gal A
enzyme, imaging studies, indication, and dose of ERT, were
registered. During pregnancy, age (in years), initiation or
resumption of ERT, potential treatment-emergent adverse
effects and/or complications, mode of administration, and
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gestational age at the time of delivery (in weeks) were
recorded. For newborns, gender, weight (in grams), length
(in centimeters), and Apgar score at birth were recorded,
including data on whether or not they were breastfed
(exclusively or partially) and for how long (in months),
their current age (in years), and subsequent health issues,
if any.

To calculate the newborns’ weight and height percen-
tiles, international standards were used according to
gestational age and sex (Villar et al. 2014).

Results

Six women with FD who received ERT during their
pregnancies were included. Patient 3 had two previous
pregnancies.

The patients’ baseline characteristics are shown in
Table 1. All FD diagnoses were made by family screening
of the index case. All six patients share the same genetic
mutation (exon 3 of the GLA gene coding region
c.520T>G, missense-type mutation, C174G genotype,
late-onset phenotype). The median age at diagnosis was
22 years old (range 16–35 years). During follow-up, all
women showed signs or symptoms of FD. Patient 1
presented mainly with peripheral nervous system involve-
ment (compromise of A-delta fibers in lower limbs) with
severe neuropathic pain (acroparesthesias) and heat intoler-
ance that affected her quality of life. The remaining six
patients presented kidney involvement, with a decrease in
glomerular filtration rate (patients 2, 4, 5, 6) and micro-
albuminuria (patient 3), confirmed by typical histological

findings of FD in renal biopsies (patients 3, 4, 6). Pain
crises occurred in patients 1, 2, and 3. Most patients (1, 2,
4, 5) had reduced activity of the a-Gal A enzyme. All six
women had started ERT prior to their pregnancies and
received intravenous infusions of agalsidase alfa at a dose
of 0.2 mg/kg every 14 days.

The patients’ characteristics during pregnancy and the
follow-up of their child are shown in Table 2. The median
age at the time of pregnancy diagnosis was 26 years old
(range 19–38 years). In patients 1, 2, and 3, ERT was
discontinued during the first trimester. Given the recurrence
of severe untreatable pain crises (pain visual analog scale
8–9/10), it was decided to resume therapy, thereby leading
to a major improvement of symptoms. Pregnancy in patient
number 4 was confirmed late (Week 10), so ERT was
continued. Patients 5 and 6 had impaired renal function and
experienced kidney disease progression. The decision to
continue ERT was agreed with each patient and their
relatives upon the assessment of the risk-benefit balance.
All patients underwent close medical follow-up during
pregnancy. No drug-related adverse effects were reported.

End of pregnancy occurred between Weeks 36 and 39 of
gestational age by means of five vaginal deliveries and two
cesarean sections (C-section). Patient number 3 had
developed eclampsia at Week 36 during her first pregnancy.
She had proteinuria, a hypertensive crisis, and seizures,
which led to an emergency C-section, without further
complications.

The median newborns’ birthweight was 2,890 g (range:
2,370–3,800 g), and the median birth length was 50 cm
(range: 46–51 cm). No infant had their weight or size

Table 1 Baseline characteristics of women with Fabry disease at the time of diagnosis

ID
Age
(years) Mutation Clinical involvement. Enzymatic dosage Drug dose

1 35 C174G • Symptoms: acroparesthesia, pain crisis, heat intolerance
• Peripheral nervous system: compromise of A-delta fibers in lower limbs
• Hearing: moderate mixed hearing loss
• Dosage of alpha-galactosidase A: 0.94 mmol/L/h (reference value: 2.10–10.50 mmol/L/h)

Agalsidase alfa
0.2 mg/kg/
14 days

2 35 C174G • Symptoms: acroparesthesia, heat intolerance, pain crisis
• Renal: creatinine clearance, 71 mL/min � 1.73 m2

• Dosage of alpha-galactosidase A: 1.27 mmol/L/h (reference value: 2.10–10.50 mmol/l/h)

Agalsidase alfa
0.2 mg/kg/
14 days

3 22 C174G • Symptoms: severe pain crisis
• Renal: microalbuminuria 240 mg. Biopsy: microvacuoles in visceral and mesangial cells.
Ultrasound: parapelvic renal cyst

Agalsidase alfa
0.2 mg/kg/
14 days

4 16 C174G • Renal: creatinine clearance: 72 mL/min � 1.73 m2. Biopsy: glomeruli with
intracytoplasmic microvacuoles in some cells. Electron microscopy: podocytes with
intracytoplasmic inclusions resembling zebra bodies and myelin figures

Agalsidase alfa
0.2 mg/kg/14
days

5 28 C174G • Renal: creatinine clearance, 69 mL/min � 1.73 m2

• Dosage of alpha-galactosidase A: 1.55 mmol/L/h (reference value: 2.10–10.50 mmol/L/h)
Agalsidase alfa
0.2 mg/kg/14
days

6 18 C174G • Renal: creatinine clearance, 63 mL/min � 1.73 m2. Biopsy: microvacuolated podocytes
with foamy cytoplasm

• Dosage of alpha-galactosidase A: 1.17 mmol/L/h (reference value: 2.10–10.50 mmol/L/h)

Agalsidase alfa
0.2 mg/kg/14
days
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below the tenth percentile for their gestational age. The first
child of patient number 3 (eclampsia and emergency C-
section) had a first-minute Apgar score of less than 8 but
recovered spontaneously without any resuscitation maneu-
vers. This was the only non-breastfed child. Three babies
were exclusively breastfed for 6 months and continued
breastfeeding during the first year. Babies 1, 5, and 6 were
partially breastfed for 5, 12, and 10 months, respectively.
One girl experienced five episodes of recurrent uncompli-
cated urinary tract infections in her first 2 years of age.
Urine reflux and anatomical malformations were ruled out
by renal and urinary tract ultrasound and a cystourethrog-
raphy. She has not had any recurrent infections to date.
Another child had controlled asthma and received treatment
with the leukotriene receptor blocker montelukast and
inhaled corticosteroids (fluticasone). FD was diagnosed
only in newborn 3a by family screening and was ruled out
in the remaining six babies by enzyme activity dosage in
males and molecular methods in females. Currently, child-
ren’s median age is 2 years old (range: 1–5 years old), and
no health issues potentially associated with the use of ERT
during pregnancy and breastfeeding have been reported.

Discussion

In this report, we describe six related patients with FD
treated with agalsidase alfa during pregnancy and lactation.
They share the same genetic mutation and have different
clinical manifestations of FD. Although this mutation is
phenotypically characterized by late disease onset, these
patients presented early manifestations and therefore
received ERT. Two patients (2 and 5) with decreased
glomerular filtration rate refused to undergo kidney biopsy.
Kidney damage was attributed to FD due to histologically
confirmed early renal involvement in their female relatives
harboring the same mutation (patients 3, 4, and 6). In
patients 2 and 5, there were no clinical signs or symptoms
suggestive of other kidney function-impairing conditions.

In all six cases, the decision of whether or not to
continue with ERT during pregnancy was challenging.
Beck et al. suggested that the medication could be safely
used during pregnancy in light of missing evidence on any
harmful effect for the mother or the newborn (Beck 2009).
Of note, however, this statement was based on only two
cases reported worldwide. In our experience, patients
presented either disabling clinical symptoms related to the
disease that interfered with daily activities or impairment
and progression of their kidney disease. The risks and
benefits were carefully weighed, and, in agreement with the
patients and their families, a decision was made to continue
or resume treatment. The medication was well tolerated in
all cases, and no ERT-related complications were reported
neither in mothers nor in newborns. Although one pregnant

woman developed eclampsia, she was at increased risk,
with factors including nulliparity, chronic hypertension, and
a family history of preeclampsia (Bartsch et al. 2016).

In conclusion, there is limited evidence in current
literature on pregnant women with FD treated with
agalsidase alfa. At the time of this writing, the total number
of women with FD treated during their pregnancies
worldwide was 9 (Wendt et al. 2005; Dehout et al. 2006;
Kalkum et al. 2009; Hughes et al. 2012), with the largest
series (5 patients) belonging to the Fabry Outcomes Survey
(FOS) (Hughes et al. 2012). The outcomes of these
pregnancies during ERT are promising.

We present the largest series available in the literature to
date, raising the total number of pregnant women receiving
treatment for FD with agalsidase alfa to 16. In our case
series, agalsidase alfa was safe and well tolerated during
pregnancy and lactation, with no adverse events reported in
mothers and children. Nevertheless, we believe there is still
poor evidence to support its universal use among all
pregnant women with symptomatic FD.
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Abstract Ornithine transcarbamylase (OTC) deficiency is
well known to cause severe neonatal hyperammonemia in
males with absent enzyme activity. In families with large
deletions of the X chromosome involving OTC and other
contiguous genes, male infants appear to have an even more
severe course. Notably, there are no published reports of
these males surviving to liver transplant, even in cases
where the diagnosis was known or suspected at birth. We
describe two male newborns and their mother who all have
a 1.5-Mb deletion of Xp11.4 encompassing the genes
TSPAN7, OTC, and part of RPGR. The first child
succumbed to his illness on his fourth day of life. His
younger brother was diagnosed prenatally, and with early
aggressive treatment, he survived the neonatal period. He
suffered multiple life-threatening complications but stabi-
lized and received a liver transplant at 7 months of age.
This report demonstrates both the possibility of survival
and the complications in caring for these patients.

Introduction

Ornithine transcarbamylase (OTC; OMIM 300461) is a
proximal enzyme in the urea cycle which catalyzes the
formation of citrulline from carbamoyl phosphate and
ornithine. The gene OTC is located on the X chromosome
at band Xp11.4. OTC deficiency (OMIM 311250) is the
most common urea cycle disorder; in its classical form, it
presents with severe neonatal hyperammonemia in affected
males and has a mortality rate of 24% (Batshaw et al.
2014). This presentation typically occurs in males with null

mutations leading to absent enzyme activity in the liver
(McCullough et al. 2000; Tuchman et al. 1989).

About 5–10% of cases of OTC deficiency are caused by
deletions or complex rearrangements involving the OTC
gene (Caldovic et al. 2015; Tuchman et al. 1998). Several
families have been reported with large X chromosome
deletions involving multiple genes, and the males described
in these families seem to have a particularly poor prognosis,
as described below in Table 1. Most affected males have
died within days to weeks, and there are no published
reports of these males receiving liver transplants. It has
been proposed that the involvement of other genes in
addition to OTC may complicate these patients’ care
(Balasubramaniam et al. 2010; Deardoff et al. 2008). The
ratio of patients with deletions involving the OTC gene
seems to be skewed heavily toward females, thought to be
partially due to the diminished likelihood of survival in
males (Shchelochkov et al. 2009).

Case 1

Patient 1 was born at 34 + 2 weeks’ gestational age
weighing 2,660 g. He was admitted to the neonatal
intensive care unit (NICU) for prematurity following
delivery and was started on standard total parenteral
nutrition (TPN) and infant formula. On day 2 of life, he
developed lethargy and seizures. He was loaded with
phenobarbital and intubated. Labs were obtained which
revealed an ammonia of 1,100 mmol/L. His IV fluids were
immediately switched to dextrose 10% in water, and he was
transferred to the children’s hospital for further care. He
was too hypotensive to safely initiate hemodialysis, so he
was started on IV ammonia scavengers: sodium phenyl-
acetate 250 mg/kg plus sodium benzoate 250 mg/kg and
arginine 200 mg/kg, with one loading dose given over 2 h
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and a second dose given over the next 24 h. Labwork
revealed glutamine 3,029 nmol/mL (reference range
316–1,020), citrulline 3 nmol/mL (reference range 9–38),
and significantly elevated orotic acid and lactic acid in the
urine. Despite treatment, his ammonia rose rapidly to
5,480 mmol/L on day 3 of life. Treatment was stopped,
and he died on day 4 of life. Molecular analysis later
revealed deletion of the entire OTC gene.

The patient’s mother presented for a clinic visit 2 months
later. She gave a personal history of sleepiness after eating
meat and difficulty in school. Biochemical testing was
significant for ammonia 42 mmol/L (reference range 11–35)
and glutamine 1,060 nmol/mL (reference range 371–957).
This information raised our suspicion that she may be a
carrier of the deletion; however, confirmatory molecular
testing was not done at that time due to insurance coverage.
The maternal grandmother and great-grandmother both
denied a history of symptoms, and there were no other
males in the family who had died unexpectedly in infancy.

Genetic Testing

The patient’s mother presented to prenatal diagnosis clinic
when she was 25 weeks’ pregnant with her second child.
She opted for genetic testing via amniocentesis. Whole-
genome array comparative genomic hybridization (CGH)
was performed for both the fetus and the mother. The
mother’s report revealed a 1.5-Mb deletion at Xp11.4 and a
15-kb duplication at Xp22.33, reported as arr[hg19]

Xp22.33 (2,863,854–2,878,978)x3 and Xp11.4
(38,135,974–39,631,170)x1. The amniocentesis confirmed
that the fetus was a male and carried both of these changes.

The Xp11.4 deletion encompasses OTC as well as three
other genes: TSPAN7 (transmembrane 4 superfamily mem-
ber 2; OMIM 300096), MID1IP1 (MID1 interacting protein
1; OMIM 300961), and part of RPGR (retinitis pigmentosa
GTPase regulator; OMIM 312610). Both RPGR and
TSPAN7 have been linked to human diseases, whereas
MID1IP1 has not. Mutations in RPGR are a well-described
cause of X-linked retinitis pigmentosa. Mutations in
TSPAN7, also called TM4SF2, have been implicated in X-
linked intellectual disability. The Xp22.33 duplication is
classified as a variant of uncertain significance and contains
part of the gene ARSE (arylsulfatase E; OMIM 300180).
Mutations in ARSE can cause X-linked recessive chondro-
dysplasia punctata; the clinical significance of this duplica-
tion is unknown. The mother was monitored closely
through the rest of her pregnancy and delivered at the
academic medical center so that we could begin the baby’s
treatment immediately.

Case 2

Patient 2 was born at 38 + 3 weeks’ gestational age
weighing 3,283 g. Apgar scores were 8 and 9. He was
immediately started on IV dextrose 10% in water, followed
by IV ammonia scavengers started at 3 h of life. He was
given a loading dose of sodium phenylacetate 250 mg/kg

Table 1 Outcomes in male infants with OTC deficiency due to contiguous gene deletion syndromes

Reference Deletion size, OMIM genes
Number of affected
males Positive family history? Age at death

Gallant et al. (2015) 1.87-Mb deletion of XK, CYBB,
RPGR, OTC, and TSPAN7

One No 7 days old

Jain-Ghai et al. (2015) 0.74-Mb deletion of RPGR, OTC,
and TSPAN7

One Yes – older sister with
known OTC deficiency

14 months old

Ono et al. (2010) 1-Mb deletion of RPGR, OTC,
and TSPAN7

One No 16 days old

Quental et al. (2009) 209-kb deletion of OTC and part
of TSPAN7

One No Several days old

Deardoff et al. (2008) 3.9-Mb deletion of XK, CYBB,
RPGR, and exons 1–8 of OTC

Two brothers Yes – prenatal diagnosis
made in second infant

5 days old (1st child)
12 weeks old (2nd
child)

Arranz et al. (2007) 0.5-Mb deletion of RPGR, OTC,
and TSPAN7

One Yes – mother with known
OTC deficiency

17 days old

Segues et al. (1995) Both families had deletions of
CYBB, RPGR, and OTC

Three: two brothers
and one unrelated

Yes – one family had
multiple male neonatal
deaths

2 days old (both
brothers)

Several days old

Old et al. (1985) Xp21 deletion on karyotype,
spanning NROB1 through OTC

One No 36 h old
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plus sodium benzoate 250 mg/kg and arginine 200 mg/kg
given over 2 h, followed by a maintenance dose given
over 24 h. His initial ammonia level at 3 h of life was
176 mmol/L and trended downward to a low of 67 mmol/L.
He was started on continuous nasogastric tube feeds of Pro-
Phree formula. The following day, his ammonia started to
rise, and hemodialysis was started at 36 h of life. Ammonia
peaked at 276 mmol/L before coming down to 35 mmol/L
the following morning. On day 2, Cyclinex-1 formula was
added to his feeds, providing 0.25 g/kg/day of protein in the
form of essential amino acids. He was taken off of dialysis
on day 4 of life and transitioned to enteral ammonia
scavengers on day 6 of life: sodium phenylbutyrate 550 mg/
kg/day and citrulline 200 mg/kg/day, each divided into four
doses and given every 6 h. The amount of Cyclinex-1 in his
feeds was increased, increasing protein intake to 0.5 g/kg/
day on day 5 of life and to 1 g/kg/day on day 8 of life. His
ammonia remained less than 50 mmol/L until reaching
1 g/kg/day of protein, at which time it peaked at 124 mmol/
L and protein was temporarily decreased.

On day 13 of life, the baby developed sudden respiratory
failure and went into cardiac arrest. He had had a normal
exam and an ammonia level of 42 mmol/L earlier that
morning. He received several rounds of CPR with epineph-
rine before his pulse returned. He was intubated and
transferred to the pediatric intensive care unit (PICU) for
postarrest care. His ammonia jumped to 778 mmol/L and
lactate to>20 mmol/L. IV scavengers were restarted and the
ammonia appropriately trended downward. He received
infusions of epinephrine and norepinephrine for hypotension
and cryoprecipitate and packed red blood cell transfusions for
anemia and disseminated intravascular coagulopathy (DIC)
and was started on a hypothermia protocol for neuro-
protection. Blood cultures grew Streptococcus mitis in
multiple bottles within 24 h, consistent with bacteremia.

Over the next few days, he slowly improved, and he was
transferred out of the PICU for continued care when stable.
He was transitioned back to enteral sodium phenylbutyrate
and citrulline at the previously described dosing. A gastro-
stomy tube was placed, and he was kept on continuous drip
feeds as we slowly increased his protein intake. Initially we
increased the ratio of Cyclinex-1 to Pro-Phree formula to
increase protein by 0.25 g/kg/day. Once he reached 1 g/kg/
day of protein, we added ProSobee as a source of complete
protein and continued to increase protein content by 0.25 g/
kg/day until reaching 1.5 g/kg/day of protein, with total
caloric goal within 110–120 kcal/kg/day. Ammonia levels
remained less than 100 mmol/L during this time. His course
continued to be otherwise complicated. He developed
swelling and duskiness in the left foot and then the right

hand and was found to have thrombi in the left superficial
femoral vein and the right jugular vein, both sites of
previous central venous catheters, and was started on
enoxaparin. He received several blood transfusions for
anemia. He developed episodes of respiratory distress and
vital sign changes consistent with sepsis around 4–5 weeks
of age; blood, urine, and CSF cultures were all negative at
that time. We continued to monitor him closely and
determined that he was stable for discharge around 2 months
of age: he was tolerating feeds, and his ammonia levels held
steady around 50–60 mmol/L.

Over the next 5 months, he was followed closely in
outpatient clinics. He saw either his pediatrician or his
geneticist weekly for a weight check and an ammonia level.
He had five admissions for ammonia levels above
100 mmol/L, typically related to viral infections. Two of
these admissions required PICU-level care: the first due to
an ammonia level of 282 mmol/L treated with IV
scavengers and the second due to seizures, respiratory
failure, and an ammonia level of 332 mmol/L treated with
hemodialysis. During the other three admissions, he was
treated conservatively with IV dextrose 10% and a brief
reduction in protein intake, and he recovered quickly.
Between hospitalizations, he tolerated 1.5 g/kg/day of
protein in his feeds and maintained a normal weight. He
was continued on enoxaparin by hematology, and workup
revealed that he is heterozygous for the prothrombin
20210G>A mutation.

He was listed for liver transplant at 6 months of age, and
he received a liver transplant at 7 months of age. The
surgery was complicated by occlusive blood clots in the
hepatic artery and portal vein which were removed in
the operating room. He has been admitted several times
posttransplant for respiratory illnesses and central line
infections, though none have required PICU-level care.
He continues to receive citrulline 200 mg/kg/day.

Patient 2 is currently 16 months old. He is behind in
meeting developmental milestones but is making consistent
progress. He is sitting unassisted and rolling over and
working on putting pressure on his feet when held in a
standing position. He transfers objects between his hands,
waves, and drinks thickened liquids through a sippy cup.
He is interactive, babbles, and says “hi” and “dada.” His
weight has never been below the second percentile. He
appears to have some difficulty fixing visually as well as
persistent nystagmus. Dilated eye exam does not show any
retinal anomalies yet; electroretinography (ERG) may be
considered in the future. His mother was advised to follow
a protein-restricted diet and receives citrulline supple-
mentation due to intermittently elevated glutamine levels,
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maximum of 1,150 nmol/mL (reference range 371–957).
She has poor vision and endorses worsening vision at night.
She is currently pregnant with an unaffected female.

Discussion

Deletions at Xp11.4 involving OTC and surrounding genes
are expected to produce the most severe form of OTC
deficiency. We saw this in our personal experience in taking
care of this family, and this is reflected in prior literature
which describes survival of weeks to months in most
affected males. Males with absence of the entire gene are
unable to make any amount of even truncated or minimally
active enzyme. It has been previously proposed that the
deletion of additional genes adds complexity (Deardoff
et al. 2008), and we agree with this theory. RPGR is a
protein involved in ciliary function and is expressed in the
retina, respiratory tract epithelium, cochlea, and multiple
other cell lines. Absence of this gene may have contributed
to patient 2’s multiple respiratory infections. TSPAN7 is less
well-described, and it is difficult to predict how this
deletion is contributing to his developmental delays and
hypotonia, especially in the setting of a previous cardiac
arrest and multiple episodes of moderate hyperammonemia.

We attribute patient 2’s survival, while his older brother
had died, to prenatal diagnosis allowing for immediate
treatment following delivery. His deletion was also smaller
in size than some of the other male neonates who died, and
notably did not contain CYBB, responsible for X-linked
chronic granulomatous disease and thought to contribute to
complications in other patients (Deardoff et al. 2008).
Characterization of the deletion on cytogenetic testing
allowed for us to have a realistic estimate of prognosis
and to be prepared for a severe course. We recommend
molecular testing in all those with a biochemical diagnosis
of OTC deficiency and prenatal testing for at-risk fetuses
for this reason. Another benefit of prenatal diagnosis is that
it would allow for perinatal treatment. A recent paper
describes the administration of IV sodium phenylacetate/
sodium benzoate and arginine to mothers during labor and
delivery of male infants with severe defects in the OTC
gene, and both infants had good neurodevelopmental
outcomes (Wilnai et al. 2018). We agree that this is a
reasonable approach in severe cases and may portend the
best chance for survival.

Patient 2’s long-term management was even more
conservative than what we typically do for males with
OTC deficiency. He was discharged from the NICU with
both a gastrostomy tube and a tunneled central line for
emergency management. Feeds were initially advanced
slowly: we increased protein content by 0.25 g/kg/day,
and we kept him on continuous rather than bolus feeds
during that time to avoid giving him a large protein load at

any one time. We also insisted that he was seen by a
physician for an exam, weight check, and ammonia level
test weekly. We admitted him for observation whenever his
ammonia level rose above 100 mmol/L. He was ultimately
listed for liver transplant by age 6 months. We would
recommend a similar time frame in other males with severe
neonatal disease to allow for the best chance of survival and
a good neurocognitive outcome.
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Synopsis

OTC deficiency resulting from contiguous Xp11.4 gene
deletion is typically fatal in male neonates, but with early
and conservative management, survival to transplant is
possible.
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Abstract Background: Hereditary tyrosinemia (HT1) is an
autosomal recessive disorder characterized by impaired
tyrosine catabolism because of fumarylacetoacetate hydro-
lase deficiency. HT1 is caused by homozygous or com-
pound heterozygous mutations in the FAH gene. The HT1
frequency worldwide is 1:100,000–1:120,000 live births.
The frequency of HT1 in the Russian Federation is
unknown.

Aim: To estimate the spectrum of mutations in HT1 in
several ethnic groups of the Russian Federation.

Materials and methods: From 2004 to 2017, 43 patients
were diagnosed with HT1. The analysis of amino acids and
succinylacetone was performed using NeoGram Amino
Acids and Acylcarnitines Tandem Mass Spectrometry Kit
and a Sciex QTrap 3200 quadrupole tandem mass spec-
trometer. Bi-directional DNA sequence analysis was
performed on PCR products using an ABI Prism 3500.

Results: In the Russian Federation, the most common
mutation associated with HT1 (32.5% of all mutant alleles)
is c.1025C>T (p.Pro342Leu), which is typical for the
Chechen ethnic group. Patients of the Yakut, the Buryat,
and the Nenets origins had a homozygous mutation
c.1090G>C (p.Glu364Gln). High frequency of these
ethnicity-specific mutations is most likely due to the
founder effect. In patients from Central Russia, the splicing
site mutations c.554-1G>T and c.1062+5G>A were the
most prevalent, which is similar to the data obtained in the
Eastern and Central Europe countries.

Conclusion: There are ethnic specificities in the spec-
trum of mutations in the FAH gene in HT1. The Chechen
Republic has one of the highest prevalence of HT1 in the
world.

Introduction

Tyrosinemia type I (hepatorenal tyrosinemia (HT1) OMIM
276700) is an inherited disorder caused by deficiency of
fumarylacetoacetate hydrolase (FAH, MIM 613871) which
is the last enzyme of the tyrosine catabolic pathway.
Enzyme deficiency leads to accumulation of toxic metab-
olites (succinylacetone and fumarylacetoacetate) that influ-
ence hepatocytes and cells of the proximal renal tubules,
resulting in liver damage and disruption of tubular
reabsorption of phosphates (Endo and Sun 2002; Novikov
2012).

The fumarylacetoacetate hydrolase gene (FAH) is located
on chromosome 15 (locus 15q23-q25). To date, approxi-
mately 100 mutations have been found, and most of them
are missense mutations (Bergeron et al. 2001).
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HT1 is characterized by progressive liver disease and
secondary renal tubular dysfunction leading to hypophos-
phatemic rickets. Two clinical forms of HT1 have been
described: the acute form, which presents itself in the first
months of life and is associated with acute liver failure, and
the chronic form, which appears after the first year of age
and leads to the development of hepatic failure or liver
tumors (van Spronsen et al. 1994). The main biomarker
used to detect the diagnosis of HT1 was an increase in
succinylacetone (SA) in blood and urine.

Nitisinone (Orfadin®), also known as NTBC (2-(2-nitro-
4-trifluoromethylbenzoyl)-1,3-cyclohexanedione), blocks
the second step in the tyrosine degradation pathway and is
successfully used for treatment of HT1. Therefore, early
diagnosis of the disorder plays a crucial role in successful
treatment (McKiernan 2006; Polyakova 2012).

Newborn screening for HT1 has been introduced in
some countries and is based on detection of SA in the blood
(Allard et al. 2004).

The aim of the study was to estimate the spectrum of
mutations in HT1 and their frequencies in several ethnic
groups belonging to different geographical regions of the
Russian Federation.

Materials and Methods

Patients

From 2004 to 2017, 43 patients were diagnosed with HT1.
The ethnic composition of the patients was as follows: 24
Russians, 13 Chechens, 1 Ingush, 2 Armenians, 1 Yakut,
1 Buryat, and 1 Nenets.

Metabolites

The analysis of amino acids, acylcarnitines, and succinyla-
cetone was performed using NeoGram Amino Acids and
Acylcarnitines Tandem Mass Spectrometry Kit (Perkin
Elmer Life and Analytical Sciences, Wallac OY, Finland)
and a Sciex QTrap 3200 (Sciex, USA) quadrupole tandem
mass spectrometer operating based on the positive electro-
spray ionization technique. The concentrations of amino
acids, acylcarnitines, and succinylacetone were calculated
automatically using the internal standards and ChemoView
software (Sciex, USA).

Molecular Genetics

Amplification of all the coding exons and their flanking
regions FAH gene was performed by PCR on patient
genomic DNA. Bi-directional DNA sequence analysis was

performed on PCR products using an ABI Prism 3500
(Applied Biosystems). Primer sequences and protocol are
available upon request.

To evaluate the frequency of the c.1025C>T (p.
Pro342Leu) mutation, DNA extracted from dried blood
spots of newborns from the Chechen Republic (n ¼ 2,215)
and the Republic of Dagestan (n ¼ 201) were analyzed.
Blood specimens (unidentified) were provided by the
neonatal screening centers in Grozny and Makhachkala.
The specimens were collected during 2016. PCR-RFLP
analysis using MspI (C^CGG) restriction endonuclease
(SibEnzyme, Russia) was developed for detection of the
c.1025C>T (p.Pro342Leu) mutation. The Hardy-Weinberg
equilibrium was used to calculate the frequency of the
disorder: p2 + 2pq + q2 ¼ 1. The confidence interval for
frequencies was calculated by the Wilson method.

Results

In 43 patients from the Russian Federation, the diagnosis
was made based on typical clinical presentation (hepatic
impairment, rickets-like changes) as well as detection of
specific HT1-related biomarkers, such as elevated blood
and/or urine concentration of succinylacetone, tyrosine, and
methionine. Biomarker concentrations in HT1 patients are
presented in Table 1. In all patients, genetic testing was
conducted to detect FAH gene mutations.

In our cohort of patients from different regions of the
Russian Federation, 16 different mutations in different
combinations were revealed; the most common mutations
were c.554-1G>T, c.1062+5G>A, c.1025C>T (p.Pro342-
Leu), and c.1090G>C (p.Glu364Gln). Clear ethnicity-
related peculiarities were observed (Tables 2 and 3). The
most frequent mutation in our cohort was c.1025C>T
(p.Pro342Leu) (32.5% of mutant alleles).

Table 1 Biochemical changes observed in patients with tyrosinemia
type 1

Controla Acute typea
Chronic
typea

Tyrosine (blood),
mM/L

81.7 � 38.8
(3.1–322)

442 � 136
(352.8–767)

327.1 � 88.7
(234–618)

Methionine
(blood), mM/L

26.8 � 13.4
(3–198)

515.8 � 318.8
(18.2–1,157)

45.1 � 44.1
(11.3–171)

Succinylacetone
(blood), mM/L

0.74 � 0.3
(0.13–1.9)

32.1 � 36.2
(5.27–85.2)

9.1 � 5.9
(2.4–17.5)

Succinylacetone
(urine), mM/M
creatinine

Undetectable
<2

167.3 � 75.8
(75.4–283)

57.2 � 33.3
(14–112)

aMean � deviation (minimum–maximum)
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Discussion

HT1 is a rare autosomal recessive genetic disorder. The HT1
worldwide frequency is approximately 1:100,000–1:120,000
live births (Mitchell et al. 2001). In some areas, the incidence
of HT1 is noticeably higher. In Norway, Finland, and
Tunisia, the frequency of HT1 is 1:74,800, 1:60,000, and

1:14,804, respectively (Bliksrud et al. 2012; St-Louis et al.
1994; Nasrallah et al. 2015). The highest prevalence of the
disorder is observed in Canada (the Province of Quebec) near
Saguenay-Lac Saint-Jean at 1:1,846 live births. Newborn
screening has been conducted in the Province of Quebec
since 1970. The most predominant mutation in this region is
c.1062+5G>A (IVS12+5G>A), accounting for ~90% of all
the disease-causing alleles. The HT1 carrier frequency in
Quebec is 1:66, while in the region of Saguenay-Lac Saint-
Jean, it is estimated to be 1:16–1:20 (De Braekeeler and
Larochelle 1990).

In addition to the differences in incidence of the disorder,
the distribution of mutations among ethnic groups has also
been described. The most common mutation in patients
from Northern Europe, Pakistan, Turkey, and the United
States is a c.1062+5G>A (IVS12+5G>A) splicing muta-
tion. Another splicing site mutation, c.554-1G>T, is
prevalent in Central and Eastern Europe, and in Spain this
mutation accounts for approximately 70% of all mutant
alleles (Bergman et al. 1998). Some populations demon-
strate predominance of certain unique mutations due to the
founder effect. In the Finnish population, c.786G>A
(p.Trp262X) represents ~88% of all reported HT1 alleles,
and the major mutation in Ashkenazi Jews is c.782C>T
(p.Pro261Leu) (St-Louis et al. 1994; Elpeleg et al. 2002).
All patients from the Province of Quebec are homozygous
for the splicing site mutation c.1062+5G>A (Elpeleg et al.
2002). In 19 HT1 patients in Norway, three new small
deletions were found: c.615delT (p.Phe205LeufsX2),
c.744delG (p.Pro249HisfsX55), and c.835delC (p.
Gln279ArgfsX25) in 13.5%, 3.8%, and 1.9% of the alleles,
respectively.

In our patients from Central Russia, the splicing site
mutations c.554-1G>T and c.1062+5G>A were the most
prevalent, which is similar to the data obtained in the
Eastern and Central Europe countries (Table 3).

Clear ethnicity-related peculiarities were observed
(Tables 2 and 3). The most frequent mutation in our cohort
was c.1025C>T (p.Pro342Leu) (32.5% of mutant alleles).
This homozygous mutation was identified in 14 patients, 13
of whom were ethnic Chechens (12 from the Chechen
Republic and 1 from the Republic of Dagestan) and 1 was
Ingush. This mutation has been previously described in the
literature and in the Human Gene Mutation Database in a
patient from Norway (HGMD CM940753) (heterozygous
mutation). A functional analysis using fibroblast culture
demonstrated a decrease in enzyme activity associated with
this mutation (Rootwelt et al. 1994). Assessment of the
mutation using standard software (PolyPhen-2, PROVEAN
+SIFT, MutationTaster) shows highly probable pathogenic-
ity of this substitution. According to ExAc, the frequency
of this allele is 0.0000247/3, which also confirms its
pathogenicity.

Table 3 Frequencies of some mutations in the FAH gene in different
ethnic groups

Ethnic
group

Frequency of mutations (number of alleles)

c.554-
1G>T

c.1062
+5G>A

c.1025C>T
(p.Pro342Leu)

c.1090G>C
(p.Glu364Gln)

Russians
(n ¼ 24)

41.7
(20)

16.7
(8)

0 0

Chechens
(n ¼ 13)

0 0 100 (26) 0

Armenians
(n ¼ 2)

0 0 0 0

Yakuts
(n ¼ 1)

0 0 0 100 (2)

Buryats
(n ¼ 1)

0 0 0 100 (2)

Nenets
(n ¼ 1)

0 0 0 100 (2)

Among 24 patients of Russian ethnic group, 20 alleles were identified
c.554-1G>T, which is 41.7%; and 8 alleles were identified c.1062
+5G>A, which is 16.7% of the sample. 26 alleles c.1025C>T were
found in 13 patients of the Chechen Republic, which is 100% of the
sample. Yakuts, Buryats, and Nenets were found the same mutation in
the homozygous state

Table 2 Frequencies of the FAH gene mutations among patients with
tyrosinemia type 1 from the Russian Federation

Mutation
Number of
alleles Frequency (%)

c.1025C>T (p.Pro342Leu) 28 32.5

c.554-1G>T (IVS6-1G>T) 20 23.3

c.1062+5G>A (IVS12
+5G>A)

8 9.3

c.1090G>C (p.Glu364Gln) 8 9.3

c.192G>T (p.Gln64His) 4 4.6

c.520C>T (p.Arg174Term) 2 2.3

c.782C>T (p.Pro261Leu) 2 2.3

c.497T>G (p.Val166Gly) 2 2.3

c.698A>T (p.Asp233Val) 1 1.2

c.2T>A (p.Met1Lys) 1 1.2

c.1056C>A (p.Ser352Arg) 1 1.2

c.455G>A (p.Trp152Term) 1 1.2

Variant of uncertain
significance

8 9.3

JIMD Reports 91



Based on the obtained results, it was suggested that the
HT1 prevalence is higher in the Chechen Republic
compared to other regions of the Russian Federation. The
presence of the major mutation allows for analysis of
the carrier frequency. 2,215 blood specimens collected
from newborns in the Chechen Republic and 201 blood
specimens collected from newborns in the Republic of
Dagestan were analyzed. Thirty-five carriers of mutation
c.1025C>T (p.Pro342Leu) were revealed in the Chechen
population examined; no such mutation was found in the
blood specimens obtained from newborns in the Republic
of Dagestan. Thus, the frequency of the mutant allele
p.Pro342Leu in the Chechen Republic was 0.0079 (95%
confidence interval, 0.0045998 � 0.01207), and the
estimated frequency of HT1 (q2) was 0.00006242 (95%
confidence interval, 0.00002116 � 0.00014568) or
1:16,020 (95% confidence interval, 1:6,864 � 1:47,263).
This frequency is one of the highest in the world. Since the
Chechen population consists of local clans (taips), it is
necessary to determine the taips of patients from the
Chechen Republic to estimate the reason of prevalence of
this mutation in the respective subpopulations (and to
determine whether it is the result of the founder effect).
Since the populations of the Chechens and the Ingush are
genetically quite similar (Dibirova et al. 2010), it is
reasonable to evaluate the frequency of the p.Pro342Leu
mutation in the Ingush ethnic group.

Another interesting finding is the detection of a
homozygous c.1090G>C (p.Glu364Gln) mutation in three
patients (who were from the Yakut, Buryat, and Nenets
ethnic groups). Maksimova et al. found that the carrier
frequency of this heterozygous mutation among the Yakuts
was 1%. These results suggest that the prevalence of HT1
in this region of the Russian Federation is also quite high
and may be up to 1:10,000 live births (Maksimova et al.
2016).

In seven patients, undescribed variants in the heterozy-
gous condition were identified (c.767C>A (p.Ala203Asp),
c.772T>C (p.Phe205Ser), с.702G>T (p.Trp234Cys),
c.803C>A (p.Ala268Asp), c.998A>C (p.His333Pro),
c.706+3G>A (ivs8+3G>A), c.455+1G>A (ivs5
+1G>A)). Diagnosis of HT1 was confirmed by biochemi-
cal methods: succinylacetone in the urine ranged from 47
to 146 mM/M creatinine and in the blood ranged from 4 to
8 mM/L and tyrosine in the blood ranged from 113 to
618 mM/L. Functional diagnosis of confirmation of patho-
genicity of the variants was not carried out. But assessment
of the variants using standard software (PolyPhen-2,
PROVEAN+SIFT, MutationTaster) shows highly probable
pathogenicity of these substitutions. It should be noted that
the variant c.772T>C (p.Phe205Ser) met twice by patients
of the Chuvash Republic.

Common pseudodeficiency allele c.1021C>T (p.
Arg341Trp) was not detected in patients with HT1.
Frequency of this allele was about 3% in the control
sample.

Conclusion

Evaluation of the spectrum of mutations in the FAH gene
in hereditary tyrosinemia type 1 (HT1) in different
populations of the Russian Federation demonstrated ethnic
specificity of some mutations. The mutation c.1025C>T
(Pro342Leu), which is common for the Chechens, was
found to be the most common (32.5%) among mutations
leading to this disorder. The estimated prevalence of HT1 in
this population, 1:16,020, is one of the highest in the world.

We identify mutation c.1090G>C (p.Glu364Gln), in
HT1 patients representing the nations of the peoples of
Northern-Eastern Russia, including the Yakuts, the Buryats,
and the Nenets. The estimated prevalence of HT1 in the
Yakuts may be 1:10,000 live births, which is also quite
high.

The obtained data indicate the need for introduction of
HT1 newborn screening to the National program in the
Chechen Republic and probably in Yakutia.
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Abstract Background: Fabry disease (FD), an X-linked
lysosomal storage disease, results from an a-galactosidase
A deficiency and altered sphingolipid metabolism. An
accumulation of globotriaosylsphingosine (lyso-Gb3) likely
triggers the pathological cascade leading to disease pheno-
type. The pathogenic significance of several Fabry muta-
tions including the R118C a-galactosidase (GLA) gene
variant has been disputed. We describe three members of
the same family with the R118C variant, each having
documented clinical signs of FD, low residual enzyme
levels, and an elevated lyso-Gb3 in one heterozygote.

Determining the clinical significance of each GLA gene
variant remains an ongoing challenge, with potential for
inadequate treatment if the diagnosis of FD is missed.
Elevated lyso-Gb3 has been shown to be the most reliable
noninvasive marker of clinically relevant GLA variants.
While the R118C variant will likely lead to a milder
phenotype, additional genetic, epigenetic, and environmen-
tal factors can ameliorate or exacerbate the expression and
impact on the resultant phenotype and associated compli-
cations. Patients affected with this variant warrant closer
review and better management of disease risk factors.

Abbreviations
aGal Alpha-galactosidase A
FD Fabry disease
Gb3 Globotriaosylceramide
GLA Gene encoding a-galactosidase
Lyso Gb3 Globotriaosylsphingosine

Introduction

Fabry disease (FD) (OMIM 301500) is an X-linked
lysosomal storage disease with reduced a-galactosidase A
(aGal) activity (Desnick et al. 1973) and disrupted
glycosphingolipid homeostasis resulting from mutations in
the a-galactosidase (GLA) gene. Intracellular accumulation
of the glycosphingolipid globotriaosylceramide (Gb3)
triggers inflammation, hypertrophy, and fibrosis and causes
widespread organ injury (von Scheidt et al. 1991). More
than 700 GLA gene variants have been reported (Smid
et al. 2015), 60% being mis-sense mutations, leading to a
significant heterogeneity in phenotype, even within families
carrying the same variant. Accurate and reliable diagnosis
of FD and the potential phenotype–genotype relationship is
extremely important in patient management.

In classical FD, patients have very low or no residual aGal
activity, with resultant life-threatening end-organ injury
including progressive hypertrophic cardiomyopathy, renal
impairment, and cerebrovascular disease including strokes
(Mehta et al. 2009). Another group of patients have delayed
or attenuated forms of FD, presenting clinically with single
organ involvement, often cardiac, or with milder phenotypes
(Desnick et al. 2003). These variants tend to be associated
with higher residual but still subnormal aGal activity. A third
group of GLA variants, including D313Y and S126G, have
been described as non-organ affecting (Linthorst et al. 2010;
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Houge et al. 2011). These variants have been reported to
have residual enzyme levels above that likely to cause
disease (Schiffmann et al. 2016). The GLA variant R118C
has previously been included in this nonpathogenic group
based on the absence of end-organ pathology in a large
Portuguese family (Ferreira et al. 2015).

The deacylated form of globotriaosylsphingosine (lyso-
Gb3) has been suggested as a biomarker of disease. Lyso-
Gb3 accumulates in vasoendothelial cells and has been
detected at a high level in plasma (Aerts et al. 2008). It
correlates with left ventricular hypertrophy (Aerts et al.
2008; Rombach et al. 2010) and has been associated with
the development of cerebrovascular accidents and white
matter lesions (Rombach et al. 2010). Elevated lyso-Gb3
has therefore been recommended as an accurate determi-
nant and noninvasive indication of clinically significant
Fabry disease (Nowak et al. 2017). We therefore challenge
the assertion that R118C is nonpathogenic, based on our
clinical and biochemical findings in three family members
with this mutation.

Methods

All samples were processed by the South Australian
Pathology Service, the National referral Laboratory for
Metabolic disease analysis, a Nationally Accredited facility.
Genetic determination of Fabry sequence variants was
performed on blood EDTA samples with restriction enzyme
analysis. Alpha-Galctosidase activity was measured in dried
blood spot samples. Lyso Gb3 was assayed by LC/MS
(Talbot et al. 2017).

Peripheral neuropathy was determined by bedside
examination including thermal discrimination testing.

Case Report

A 25-year-old heterozygous female with a family history of
cardiovascular disease was identified as carrying the R118C
GLA gene variant of FD through screening for familial
cardiomyopathy. Plasma aGal activity was 1.5 nmol/h/mL
(Normal 2.0–6.9 nmol/h/mL) on dried blood spot and lyso-
Gb3 was 5 pmol/mL (Normal <5 pmol/mL). Clinical
features included peripheral neuropathy, with temperature
analgesia in hands and feet, hypohidrosis, and mild septal
hypertrophy, but no proteinuria or cerebrovascular disease
(see Table 1). In the absence of altered renal or cardiac
function there were no indications for cardiac or renal
biopsies. She has not to date been referred for enzyme
replacement therapy.

The father of the index case, a 60-year-old homozygous
male with hypertension, had reduced aGAL activity at

1.4 nmol/h/mL on dried blood spot, but no elevation in lyso-
Gb3. Clinical signs included mild concentric left ventricular
hypertrophy, cerebrovascular disease manifesting as white
matter lesions, hypohidrosis, and peripheral neuropathy with
temperature analgesia in hands and feet. In the absence of
altered renal or significant cardiac dysfunction there were no
indications for cardiac or renal biopsies. He has not been
referred for enzyme replacement therapy at this point.

The sister of the index case, a 28-year-old heterozygous
female, had aGal activity at the lower level of normal at
2.0 nmol/h/mL (Normal 2.0–6.9 nmol/h/mL) on dried
blood spot, and no elevation in lyso-Gb3. Clinically she
had hypohidrosis, temperature analgesia to hands and feet,
and gastrointestinal symptoms. Of note she had a long
cardiac history with symptomatic heart block requiring a
pacemaker and cardiomegaly. A cardiac biopsy performed
several years earlier showed occasional small and single
lamellar bodies consistent with early Fabry disease. These
pathological Fabry findings however were out of keeping
with the severity of her cardiac disease suggesting a second
pathology exacerbating her presentation.

Discussion

In classical FD phenotypes, diagnosis is established by low
aGal levels, most reliably in males, and increased lyso-Gb3
in tissues or plasma (Schiffmann et al. 2016; Desnick et al.
1973). The pathological GLA mutation is then identified by
genetic testing. Lyso-Gb3 has been confirmed as a
biochemical marker in cases of uncertain diagnosis (Aerts
et al. 2008; Nowak et al. 2017). We present clear evidence
of the potential pathogenicity of the R118C GLA gene
variant. Within our R118C family, three members had
clinical phenotype of hypohidrosis, temperature analgesia,
and reduced aGal levels, while an elevated plasma lyso-
Gb3 was present in one heterozygote, and a cardiac biopsy
showed early Fabry related changes in another. While
disease severity is mild in this family, a diagnosis of mild
but clinically significant FD has been established. This
diagnosis has the potential to dramatically alter patient
management, including the necessity for close monitoring
and provision for prophylactic therapy against disease
complications.

This family highlights both the difficulties of definitive
causality of some GLA mutations in Fabry disease and the
need for accurate biomarkers. Clinical signs were supportive
of the diagnosis in each patient but have been debated in the
literature. Definitive tissue morphology was limited to a
single cardiac biopsy with only early Fabry changes. Indeed
it is likely that a second pathology like a viral associated
cardiomyopathy exacerbated this patient’s presentation.
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However, left ventricular hypertrophy has been described
previously in a patient with this R118C mutation (Caetano
et al. 2014). Recently Lyso-Gb3 has become established as
a noninvasive maker for the presence of Fabry disease
(Nowak et al. 2017). Where serum lyso-Gb3 is detected it
serves as a marker of tissue involvement but its absence
does not preclude tissue injury. Given that there has been
debate in the literature about the cut-off of pathological
lyso-Gb3 levels we have previously published a lyso-Gb3
assay (Talbot et al. 2017) with high cut-off of 5 pmol/mL
such that there are no false positive results. However, aside
from establishing the diagnosis, the correlation between
specific disease mutations and lyso-Gb3 levels (Lukas et al.
2013) has not yet been proven, especially in females.
Indeed lyso-Gb3 is not elevated in the late-onset M296I
mutation (Mitobe et al. 2012) and 19% of females with the
IVS4 + 914G>A mutation have lyso Gb3 within the
normal range (Liao et al. 2013). Other studies however

suggest that lyso-Gb3 levels can differentiate clinically
relevant Fabry mutations (Lukas et al. 2013; Niemann et al.
2014; Nowak et al. 2017) and can separate high-risk
affected females with the late-onset IVS4 + 914G>A
mutation from unaffected controls (Liao et al. 2013).
Furthermore there is currently no plasma lysoGb3 concen-
tration that can predict either the absence or the presence of
end-organ damage.

As in many diseases multiple additional genetic and
epigenetic factors are likely to ameliorate or exacerbate the
impact of each Fabry mutation, and hence underlie the
significant heterogeneity of disease. For example, in FD
patients with the p.A143T GLA mutation, the 10C>T
polymorphism in the 50 untranslated region of GLA has
been shown to reduce alpha-galactosidase activity (Desnick
et al. 2015). This could partially explain the pathogenic
variability seen in this mutation. Whether a similar
polymorphism can explain the variability in the R118C

Table 1 Baseline clinical features of relatives with the R118C GLA mutation

Patient 1 Patient 2 Patient 3

Age 25 60 28

Gender Female Male Female

a-galactosidase A (normal 2.0–6.9 nmol/h/mL) 1.5 1.4 2.0

Lyso Gb3 (pmol/mL) 5 Not elevated Not elevated

BMI kg/m2 24.9 32.5 39

Symptoms

Hypohidrosis Yes Anhidrosis Yes

Angiokeratoma Nil Scattered Nil

Neuropathic pain Nil Nil Moderate

Gastrointestinal Nil Nil Diarrhoea

Dyspnoea Nil Nil NYHA 2

Cardiac

ECG NAD LVH Paced/bradycardia

IVSD (mm) 11 11 8

PWT (mm) 7 11 9

E/Ea – 11 –

Renal

eGFR (MDRD) 112 129 83

Proteinuria (g/24 h) 0.12 0.18 0.13

Serum creatinine 57 56 72

Neurological

MRI brain

WML Nil Mild –

CVA Nil Nil –

Ectasia Nil Mild –

Neuropathy Temperature analgesia Temperature analgesia Temperature analgesia
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mutation has not been shown. In any case family members
with this mutation require ongoing assessment and end-
organ investigation.
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Take Home Message

The Fabry R118C GLA mutation may cause clinically
significant disease with reduced a galactosidase level and
requires ongoing patient follow-up.
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Abstract Advancements in genetic testing now allow early
identification of previously unresolved neuromuscular
phenotypes. To illustrate this, we here present diagnoses
of glycogen storage disease IV (GSD IV) in two patients
with hypotonia and delayed development of gross motor
skills. Patient 1 was diagnosed with congenital myopathy
based on a muscle biopsy at the age of 6 years. The genetic
cause of his disorder (two compound heterozygous mis-

sense mutations in GBE1 (c.[760A>G] p.[Thr254Ala] and
c.[1063C>T] p.[Arg355Cys])), however, was only identi-
fied at the age of 17, after panel sequencing of 314 genes
associated with neuromuscular disorders. Thanks to the
availability of next-generation sequencing, patient 2 was
diagnosed before the age of 2 with two compound
heterozygous mutations in GBE1 (c.[691+2T>C] (splice
donor variant) and the same c.[760A>G] p.[Thr254Ala]
mutation as patient 1). GSD IV is an autosomal recessive
metabolic disorder with a broad and expanding clinical
spectrum, which hampers targeted diagnostics. The current
cases illustrate the value of novel genetic testing for rare
genetic disorders with neuromuscular phenotypes, espe-
cially in case of clinical heterogeneity. We argue that
genetic testing by gene panels or whole exome sequencing
should be considered early in the diagnostic procedure of
unresolved neuromuscular disorders.

Introduction

Rapidly evolving genetic diagnostic procedures provide a
powerful tool to unravel the disease cause in pediatric
patients with a suspected genetic disorder. Specifically, this
advancement allows identification of mild or atypical
phenotypes of rare Mendelian diseases (Choi et al. 2009).
Our recent identification of glycogen storage disease type
IV (GSD IV) [OMIM 232500] in two patients with
congenital myopathy serves as a good example.

GSD IV is an autosomal recessive inborn error of
metabolism caused by mutations in the gene-encoding
glycogen-branching enzyme (GBE1, EC 2.4.1.18). This
enzyme is critical for the production of normal glycogen.
Reduced activity causes linear glycogen with long chains of
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glucose and infrequent branch points. The resulting amylo-
pectin-like polysaccharide (polyglucosan) accumulates in
all tissues, most notably in liver and muscle. The GSD IV
phenotype represents a heterogeneous continuum of disease
that ranges from perinatal, early fatal neuromuscular
disease, to severe isolated hepatopathy requiring liver
transplantation, to mild myopathy (Moses and Parvari
2002; Magoulas and El-Hattab 2013). Adult polyglucosan
body disease (APBD), characterized by progressive dys-
function of central and peripheral nervous system in
adulthood, is caused by mutations in the same gene (Klein
2013).

The two patients described here both presented with
hypotonia, delayed development of gross motor skills, and
mild failure to thrive. The “diagnostic odyssey” of patient 1
was long and only ended after the advent of next-generation
sequencing when he was aged 17. In contrast, the genetic
defect in patient 2 was identified within the first 2 years of
life, illustrating the advancement of genetic diagnostics in
patients with unresolved neuromuscular phenotypes.

Case Report

Case Description 1

After a normal pregnancy and delivery, patient 1 (male) was
born to nonconsanguineous parents and presented with late
development of gross motor skills. Neck holding, crawling,
and standing were all delayed by several months. Fine
motor, cognitive, and verbal development were normal.
Clinically, he showed weakness and hypotrophy of all large
muscles. No sensory, pyramidal, or cerebellar deficits were
present and motor nerve conduction was normal. Creatine

kinase was always in the normal range (80–160 U/L) and
no abnormalities in the DMPK gene were found. At age
6 years, a muscle biopsy showed mild fiber-type dispropor-
tion without any signs pointing towards a more specific
disorder, such as (polyglucosan) inclusion bodies. At 7 years
of age, his growth was stunted with length 114 cm (�2 SD)
and weight-to-length ratio 16 kg/114 cm (�2.4 SD). At age
8, mild hepatomegaly was noticed (1–2 cm below costal
margin), liver transaminases were mildly increased (ALP
max 219 U/L, AST max 116 U/L, and ALT max 73 U/L),
and prolonged overnight fasting caused symptoms compat-
ible with hypoglycemia. Indeed, a regular fasting test
showed diminished fasting tolerance (blood glucose
<3.0 mmol/L after 15 h).

To further investigate the nature of this intolerance, a
fasting test with use of stable isotopes was performed at age
9 in which blood glucose was 3.4 mmol/L after 16 h of
fasting (Fig. 1a). Endogenous glucose production (EGP)
remained within the normal range, but the fractional
glycogenolysis (GGL) was lower than the reported
fractional GGL for healthy controls (Fig. 1b, also see
Supplementary Material). Lacking an exact, genetic expla-
nation for this glycogenolytic deficiency, a functional diet
approach was started that aimed at preventing catabolism
and consisted of three large meals, frequent smaller meals,
and an evening dose of raw cornstarch (40 g). This diet led
to compensatory growth, normalization of gross motor
skills, and improvement of exercise tolerance. He was able
to cycle 22 km each day, but still experienced exhaustion at
the end of the day. At age 17, another fasting test was
performed to assess the safety of extended fasting given his
intention to live independently in student housing. During
the fasting test glucose concentration now remained above
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Fig. 1 Glucose kinetics during a fasting test in patient 1, including (a)
plasma glucose concentrations, (b) endogenous glucose production
(EGP; circle), glycogenolysis (GGL; triangle), and gluconeogenesis

(GNG; inverted triangle), and (c) fractional glycogenolysis in relation
to the fasting time
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4.5 mmol/L after 17 h of fasting. This initiated a new
diagnostic work-up, including next generations sequencing
which by then had become available and affordable.

Genetic Evaluation

Genetic investigation of 314 genes associated with neuro-
muscular disorders revealed two compound heterozygous
missense mutations in the GBE1 gene (NM_00158.3):
c.[760A>G] p.[Thr254Ala] (previously reported, Said
et al. 2016) and c.[1063C>T] p.[Arg355Cys] (previously
unreported). Three pathogenicity prediction algorithms
(PolyPhen-2: both damaging, MutationAssesor:
T253A ¼ medium impact, R355C ¼ high impact,
MutationTaster2: both disease causing) predicted T254A
to have medium impact and R355C to have high impact on
protein function. The activity of GBE1 in white blood cells
was severely impaired compared to reference values. The
muscle biopsy taken at age 6 was re-examined, but no
polyglucosan bodies, which could have been diagnostic for
GSD IV, could be identified.

Radiographic Evaluation

To further investigate the muscular phenotype, we per-
formed a whole body MRI scan at age 17. This scan
showed bilateral atrophy of the gluteus maximus muscle
and mild atrophy of the semimembranosus muscle (Fig. 2).
The muscle MRIs showed no edema, diffusion restriction,
or other signs of active myositis. All other muscles were

preserved. Echocardiography showed no cardiomyopathy.
MR-angiography (MRA) did reveal a double aortic arch
with a dominant right-sided arch and an incomplete left-
sided arch (Fig. 3). At present he is a student and doing
well.

Case Description 2

After normal pregnancy and delivery, patient 2 (male) was
born to nonconsanguineous parents and presented at the age
of 6 months with hypotonia. Despite physiotherapy,
development of gross motor skills, including free sitting
and standing, was delayed by several months. At the age of
17 months, occult spina bifida was noted, but no spinal
cord abnormalities were seen on MRI. At 21 months,
physical examination showed a length of 85 cm (�0.3 SD),
a weight-to-length ratio of 10.6 kg/85 cm (�1.8 SD), and a
head circumference of 49.3 cm (0 SD), notably underde-
veloped musculature of all four limbs with mild hypotonia,
externally rotated gait, and lumbar hyperlordosis. Creatine
kinase (199 U/I) and aspartate transaminase (AST 64 U/I)
levels were mildly elevated, while other liver enzymes
remained within the reference range (ALT <40 U/I, LDH
<400 U/L, and AP <300 U/L). Abdominal ultrasound did
not show hepatosplenomegaly and musculoskeletal
ultrasound, nerve conduction studies, and cardiac tests did
not reveal abnormalities. The clinical presentation of
generalized muscle atrophy without evident liver involve-
ment had a wide differential diagnosis. It was most
suspicious for selenoprotein-related myopathy, for which

Fig. 2 T1-weighted MR images of patient 1 at age 17. The transverse
section of the pelvis (a) and the sagittal section of the thorax,
abdomen, and pelvis (b) demonstrated nearly complete bilateral

replacement of the normal hypo-intense signal of gluteus maximus
muscle with the hyperintense signal of fat (white arrowheads)
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muscle biopsies are often inconclusive. Therefore, a gene
panel investigation into a broader range of disorders was
performed.

Genetic and Enzymatic Evaluation

Investigation of 74 genes associated with distal myopa-
thies revealed two missense mutations in the GBE1 gene:
c.[691+2T>C] splice donor variant (previously reported as
pathogenic variant in severe GSD IV, Fernandez et al.
2010) and the same mutation as patient 1; c.[760A>G]
p.[Thr254Ala] (previously reported, Said et al. 2016). As
mentioned above, three pathogenicity prediction algorithms
predicted T254A to be a disease-causing variant. The
activity of GBE1 in red and white blood cells was severely
reduced (5–10% of normal). No muscle biopsy was
performed because genetic and enzymatic methods had
already confirmed the diagnosis. Although laboratory and
radiological findings did not suggest liver involvement, a
continuous glucose monitoring was performed to rule out
the possibility of unnoticed hypoglycemia. No hypoglyce-
mic events occurred during 34 h, and glucose levels
remained above 3.7 mmol/L during an 8-h overnight fast.
At present, the patient is aged 3 years, no hypoglycemic
events have occurred thus far, and he receives a normal
diet. He still suffers from hypotonia, but motor skill
development progresses, CK (148 U/L) and AST (35 U/
L) values remain within the reference range, and weight-to-
length ratio normalizes (15.7 kg/103.8 cm, �0.95 SD).

Discussion

GSD IV is an autosomal recessive metabolic disorder, with
an incidence of 1:600,000–1:800,000. Classically, five
clinical subtypes have been recognized. However, the
widely heterogeneous presentations, varying in age of onset
and affected organ systems, do not all fit well into these
subtypes (Burrow et al. 2006). The patients here described
presented with generalized hypotonia and myopathy and
could be classified as presentations of the childhood
neuromuscular subtype (Magoulas and El-Hattab 2013)
with little (patient 1) to no (patient 2) involvement of the
liver and a mild clinical course. However, fasting intoler-
ance and decreased glycogenolytic capacity as observed
and quantified in patient 1 have not been reported
previously in this subtype. Indeed, hypoglycemia is rarely
observed in GSD IV and only in the context of liver failure.
This shows that the clinical spectrum of GSD IV is ever
expanding and will likely further expand in the current age
of genetic testing.

The severity of GSD IV phenotypes has been correlated
to residual glycogen-branching enzyme activity, with null
mutations leading to severe perinatal and congenital
subtypes. However, it remains largely unclear how milder,
biallelic mutations relate to organ involvement and disease
progression (Magoulas and El-Hattab 2013). The c.
[1063C>T]; p.[Arg355Cys] missense mutation identified
in patient 1 has not been reported previously. It concerns a
highly conserved (Fig. S1 in Supplementary Material)

Fig. 3 Transverse MRI (a) and coronal MRI-angiography (b) in
patient 1 showed a dominant right aortic arch and Kommerell
diverticulum. The left subclavian artery (LSA) was not directly

connected to the Kommerell diverticulum. Most likely an atypical
duct previously connected the Kommerell diverticulum to the LSA.
TR trachea, AA ascending aorta, DA descending aorta
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arginine residue located in the catalytic core and has high
predicted impact on protein function. The c.[691+2T>C]
mutation identified in patient 2 affects a consensus splicing
site and was previously described in a patient with
congenital neuromuscular subtype and 20% residual
enzyme activity in fibroblasts (Fernandez et al. 2010). The
c.[760A>G] p.[Thr254Ala] mutation found in both our
patients has recently been identified in one other patient
with a mild classic hepatic subtype and >25% residual
enzyme activity in fibroblasts (Said et al. 2016). When
compared to these patients with similar genotypes, residual
enzyme activity in our patients (patient 1: undetectable;
patient 2: 5–10%) was remarkably low. Besides, patients
reported in the literature with comparable childhood
neuromuscular phenotypes typically had >10% residual
activity in fibroblasts (Magoulas et al. 2012). This
discrepancy might well be caused by the use of blood cells
in our enzyme activity tests versus fibroblasts in most other
reports, as residual activity can vary between cell types
within the same individual (Li et al. 2010). In summary,
both our patients with predominant muscular phenotypes
have one unique mutation that has high predicted impact
on protein function and share the milder c.[760A>G]
p.[Thr254Ala] mutation previously identified in a patient
with a predominant hepatic phenotype. This shows that it
remains difficult to predict organ involvement based on
genotype alone and suggests that other genetic or environ-
mental factors also play a role.

The muscle MRI of patient 1 showed replacement of
muscle with connective and adipose tissue in the gluteus
maximus muscles. Although cardiomyopathy is a common
finding in GSD IV, echocardiographic evaluation of our
patient did not reveal this. However, MRA showed a double
aortic arch, an unusual finding in the general population
(estimated incidence 1:1,000–1:10,000). The co-occurrence
of double aortic arch and GSD IV could be coincidental, but
indications exist that GBE1 mutations can modify structural
cardiac development. First, Lee et al. (2011) showed
abnormal cardiac development in a GBE1�/� mouse model.
Second, double aortic arch has been reported in other
storage disorders, including GSD II (Akalin et al. 2000) and
mucopolysaccharidosis (Slepov and Chumakov 1997).
Further investigations are needed into the possible correla-
tion between GBE1 mutations and structural cardiac
abnormalities and into the possibility of these two con-
ditions co-existing, independent of each other.

No polyglucosan bodies or other histopathological
findings suggestive of GSD IV could be identified in the
muscle biopsy of patient 1, even upon re-examination after
the genetic diagnosis. A review of the literature revealed
that the absence of polyglucosan bodies in biopsies
from patients with GBE1 dysfunction is very rare

(Supplementary Table 2 in Supplementary Material). Out
of 60 patients with GSD IV, only 1 patient did not have
histopathological findings indicative of abnormal glycogen
storage. Upon intensive re-examination of this patient’s
muscle biopsy after genetic diagnosis, sporadic polygluco-
san bodies could be identified (Ravenscroft et al. 2013).
Out of 24 patients with adult polyglucosan body disease,
two patients did not have polyglucosan bodies in muscle
biopsies (Colombo et al. 2015). Importantly, the literature
might underestimate the percentage of GSD IV patients
without polyglucosan bodies, because histopathological
findings are key to the diagnosis when no (untargeted)
genetic methods are available.

In conclusion, we present two patients with a similar
neuromuscular presentation of GSD IV but with strikingly
different diagnostic gaps: 17 years in patient 1 and 2 years
in patient 2. Their cases illustrate the value of early genetic
testing for rare genetic disorders. Genetic testing was
especially helpful in patient 1, in which typical histopatho-
logical findings were absent from the muscle biopsy.
However, genetic testing does have limitations including
(1) false negatives due to low sequencing coverage or
exclusion of disease-causing regions and (2) diagnostic
dilemmas arising from variants of uncertain significance
(Reid et al. 2016). Therefore, genetic testing should always
be preceded by a thorough clinical workup and comple-
mented by biochemical evaluations.

Synopsis

Our recent diagnoses of GSD IV in two patients with
hypotonia and delayed development of gross motor skills
further expand the clinical phenotype of GSD IV and
demonstrate the value of early genetic testing in the
diagnostic procedure of unresolved neuromuscular disor-
ders.
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Abstract Phosphoglycerate kinase-1 (PGK1) deficiency is
a rare X-linked disorder caused by pathogenic variants in
the PGK1 gene. Complete loss-of-function variants have
not been reported in this gene, indicating that residual
enzyme function is critical for viability in males. Therefore,
copy number variants (CNVs) that include single exon or
multiple exon deletions or duplications are generally not
expected in individuals with PGK1 deficiency. Here we
describe a 64-year-old male presenting with a family
history (three additional affected males) and a personal
history of childhood-onset metabolic myopathy that
involves episodes of muscle pain, stiffness after activity,
exercise intolerance, and myoglobinuria after exertion.
Biochemical analysis on a muscle biopsy indicated signifi-
cantly reduced activity (15% compared to normal) for
phosphoglycerate kinase (PGK1), a glycolytic enzyme
encoded by PGK1. A diagnosis of PGK1 deficiency was

established by molecular analysis which detected an
approximately 886 kb deletion involving the polyadenyla-
tion site in the 30UTR of the PGK1 gene. RNA analysis
showed significantly reduced PGK1 transcript levels (30%
compared to normal). This is the first deletion reported in
the PGK1 gene and is the first pathogenic variant involving
the 30UTR polyadenylation site of this gene. Our report
emphasizes the role of 30UTR variants in human disorders
and underscores the need for exploring noncoding regions
of disease-associated genes when seeking a molecular
diagnosis.

Introduction

Phosphoglycerate kinase-1 (PGK1) deficiency (MIM#
300653) is a rare X-linked disorder that is clinically
heterogeneous and presents with hemolytic anemia, muscu-
lar defects, and neurological dysfunction. The disease exists
in two major forms: the hemolytic subtype, in which
affected individuals have hereditary non-spherocytic hemo-
lytic anemia (HNSA), and the myopathic form, character-
ized by progressive muscle weakness, pain, and cramping
(Beutler 2007). Both forms can be accompanied by
intellectual disability or other neurological manifestations
(Fermo et al. 2012).

PGK1 deficiency is caused by pathogenic variants in the
PGK1 gene. PGK1 encodes a phosphoglycerate kinase
(EC.2.7.2.3) that catalyzes a critical ATP-generating step of
glycolysis. A single pathogenic variant in a hemizygous
copy of the PGK1 gene causes disease in males; female
carriers are typically asymptomatic or demonstrate chronic,
mild hemolytic anemia (Valentine et al. 1968). At least 25
different PGK1 pathogenic variants, all of which are
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sequence variants, have been reported in the literature.
These include 16 missense variants, 2 small (less than 5
basepairs) deletions within exons, and 4 splice site variants,
all of which are expected to reduce, but not completely
abolish, expression levels, stability, or enzymatic efficiency
of the PGK1 protein (Stenson et al. 2017). Complete loss-
of-function variants have not been reported in this gene,
indicating that residual enzyme function is critical for
viability in males (Chiarelli et al. 2012; Pey et al. 2014).
Therefore, copy number variants (CNVs) that include
single exon or multiple exon deletions or duplications are
generally not expected in patients with PGK1 deficiency.
Here we report a familial PGK1 deficiency caused by a
novel 886 kb deletion located downstream of the translation
termination site and involving the 30UTR polyadenylation
(poly-A) sequence; the entire PGK1 coding region is
otherwise intact. This is the first pathogenic CNV and the
first 30UTR variant ever reported in PGK1.

Clinical Report

A 64-year-old Caucasian male presented with a childhood-
onset metabolic myopathy characterized by episodes of
muscle pain, muscle stiffness, exercise intolerance, and
myoglobinuria after activity. One episode of rhabdomyoly-
sis occurred during the fifth decade of life. The patient is
asymptomatic at rest and does not require assistance with
daily activities or assistive devices for mobility, but rests
between activities that require exertion. Creatine kinase
(CK) levels have reportedly been elevated since childhood
and ranged from 600 to 7,000 U/L for the past year. He has
mild proximal weakness of shoulder girdle and hip girdle
muscles. EMG findings indicated a nonirritable myopathy.
Dried blood spot test showed normal acid alpha-glucosi-
dase level arguing against Pompe disease. Muscle biopsy
showed normal routine histology, arguing against a dystro-
phic myopathy or a mitochondrial myopathy.

Given the concern for a metabolic myopathy, a compre-
hensive biochemical evaluation of the patient's muscle
tissue was performed. Biochemical analysis of a muscle
biopsy revealed significant deficiency of PGK1 enzyme
activity (18 mmol/min/g tissue compared to a normal
reference mean of 116.5 mmol/min/g; reference range of
48–184), indicating a possible diagnosis of PGK1 defi-
ciency. Biochemical analysis of all enzyme levels in the
myoglobinuria profile panel including myophosphorylase,
phosphorylase b kinase, phosphofructokinase, phospho-
glycerate mutase, carnitine palmitoyltransferase, lactate
dehydrogenase, myoadenylate deaminase was normal. This
residual PGK1 activity of 15% is comparable to those
reported in individuals with a clinical diagnosis of PGK1
deficiency (Chiarelli et al. 2012). Congruent myopathic

symptoms were noted in the patient’s maternal uncle,
brother, and sister’s son, consistent with an X-linked
disorder (Fig. 1a). No history of anemia or neurological
dysfunction was noted in the proband or other affected
family members.

Molecular Analysis and RNA Quantification

PGK1 Sanger sequencing and deletion/duplication analysis
by array CGH were performed at EGL Genetics (Tucker,
GA, USA), a CAP and CLIA-certified clinical laboratory.
Deletion breakpoint mapping analysis was performed using
sequence-specific primers as described previously (Ankala
et al. 2012). RNA was isolated from peripheral blood and
analyzed by RT-PCR. All samples were run in triplicate and
products were visualized on an agarose gel. RNA quantifi-
cation and relative PGK1 RNA expression (normalized to
b-actin) were performed with imaging software (Image
Studio Lite, version 3.1; Li-Cor Biosciences, Lincoln,
Nebraska, USA) according to the manufacturer’s instruc-
tions.

Results

Sequence analysis of the coding region and flanking
intronic sequences of PGK1 did not detect any sequence
variants (benign, pathogenic, or otherwise). Subsequently,
analysis for intragenic deletions or duplications was
performed using array CGH. No CNVs were detected
within the protein-coding region of the PGK1 gene;
however, an 886 kb deletion with genomic breakpoints at
nucleotide positions g.77,381,971 and g.78,268,131 (hg19
reference; X chromosome; ClinVar accession number
SCV000678240) and located approximately 600 bp down-
stream of the translation termination site of the PGK1 gene
was detected (Fig. 1b, c). This deletion encompasses the
terminal portion of the 30UTR and includes the poly-A
signal sequence (ATTAAA) of the gene (Thierry-Mieg and
Thierry-Mieg 2006). It also includes five additional genes,
TAF9B, CYSLTR1, ZCCHC5, LPAR4, and P2RY10, none of
which have been associated with human diseases. A
deletion involving this region of the human genome has
not been reported in the general population (MacDonald
et al. 2014) or in individuals with disease (Stenson et al.
2003). The proband’s affected brother was also found to
carry this deletion (Fig. 2a). Quantitative analysis of RNA
extracted from the peripheral blood sample of the affected
brothers showed significantly reduced (37–40%) transcript
levels of PGK1 when compared to that of a gender-matched
unaffected control (Fig. 2b). No other family members were
available for testing. While the segregation analysis shown
here is limited, all other lines of evidence including

106 JIMD Reports



biochemical (reduced enzyme activity), molecular (reduced
transcript levels), population data (absent in population),
and family history (X-linked inheritance) suggest that the
observed deletion is potentially pathogenic.

Discussion

After a comprehensive analysis involving clinical evalua-
tion, enzyme activity assays on muscle biopsy, molecular
investigation of genomic DNA, and RNA quantitation, we
establish a diagnosis of PGK1 deficiency in a 64-year-old
male with a childhood-onset metabolic myopathy. We
report the first pathogenic variant within the 30UTR of the
PGK1 gene: an 886 kb deletion involving the poly-A site.
Our report of the first pathogenic CNV within the PGK1
gene expands the mutation spectrum of the gene and
establishes the clinical utility of deletion/duplication

analysis for PGK1 deficiency as a follow-up test for
individuals with a clinical diagnosis of PGK1 deficiency
but negative sequencing results.

30UTRs are known to contain important sequence
elements that collectively determine the fate of mRNA, from
its post-transcriptional modifications, stability, and half-life
to its export from the nucleus and successful translation into
a full-length polypeptide. An important component of this
region is the poly-A signal sequence, which is critical for
proper transcription termination, post-transcriptional pre-
mRNA cleavage, and subsequent placement of the poly-A
tail (Chen et al. 2006). Several variants that disrupt this
sequence have been associated with disease. These include
single nucleotide variants (SNVs) in the poly-A hexamer of
the FOXP3 gene that causes IPEX syndrome (Bennett et al.
2001) and of the IL2RG gene that causes severe combined
immunodeficiency syndrome (SCID; Hsu et al. 2009).

Fig. 1 (a) The proband (arrow) reports that his maternal uncle,
brother, and sister’s son share similar myopathic symptoms (black
squares), consistent with an X-linked disorder. (b) Deletion and
duplication analysis by CGH detected an 866 kb deletion in the
noncoding region downstream of PGK1. (c) The 50 breakpoint of the
deletion occurs 600 bp downstream of the PGK1 translation

termination codon (black circle). The deletion (gray arrow) encom-
passes a portion of the 30UTR, including the polyadenylation site
(ATTAAA; black square) and a DNase sensitive site (DNase I SS;
gray oval) that may act as a PGK1 transcription regulatory element.
Numbers indicate genomic location of labeled sites (hg19, chromo-
some X). Genetic elements are not to scale
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Additionally, deletion variants within the poly-A signals of
the HBA2 and HBB genes have been reported to cause a-
thalassemia and b+-thalassemia, respectively (Prior et al.
2007; Rund et al. 1992). Such disruption of the poly-A
signal has been reported to result in read-through transcripts
extending past the normal poly-A cleavage site, resulting in
aberrant transcription termination and RNA splicing and
processing (Rund et al. 1992). Although these longer and
abnormal transcripts are reported as unstable and likely
targeted by nonsense mediated decay (Chen et al. 2006),
they are also translatable in vivo and can contribute to
residual protein expression (Rund et al. 1992). This likely
explains the residual PGK1 enzyme activity and metabolic
myopathy in our study individuals.

Variants outside the poly-A signal sequence have also been
identified as causative of disease. These include the 13 bp
deletion and the c.*32A>C variant in the 30UTR of the b-
globin mRNA (HBB gene) which result in thalassemia by
affecting nuclear processing of the mRNA or by decreasing
mRNA stability, respectively (Bilenoglu et al. 2002; Hino
et al. 2012). Alternatively, similar variants that disrupt
30UTR sequences may alter recruitment of trans-acting
factors which regulate gene expression or modify the 30UTR
secondary structure, thereby leading to disease (Chen et al.
2006). Gene expression (temporal and/or spatial) may also
be altered by variants that disrupt chromosomal structure
around a gene and/or of the cis-acting long-range regulatory
elements (reviewed in Maston et al. 2006). Similarly, the

deletion detected in this study may also alter PGK1 gene
expression as it includes a known DNase I sensitive site
(Fig. 1c; Riley et al. 1991). This site has been shown to be
specific to the actively expressing PGK1 allele and is
suggested to play a role as a regulatory element in mediating
chromatin configuration around the PGK1 gene and in
regulating its expression. The possible mechanisms (of
position effect) by which this potential regulatory element
may alter PGK1 gene expression are illustrated in the
supplementary data (Fig. S1).

For a metabolic disease like PGK1 deficiency that is
very rare and has a wide clinical spectrum that ranges from
death in early childhood to being asymptomatic (Beutler
2007), making a molecular diagnosis and understanding the
genotype–phenotype correlation are important. Given the
high clinical variability, it is highly likely that the disease in
general is underdiagnosed. In the current study, the negative
sequencing result for PGK1, an X-linked gene (with only
one copy in a male) would have likely ruled out a deletion
and potentially evaded the diagnosis, had the subsequent
CNV analysis not been performed. Therefore, it is critical
that a comprehensive genetic evaluation (that includes SNV
and CNV analysis) be made, especially when there is a
strong clinical suspicion of a genetic disorder. Occasionally,
mosaicism for CNVs has been reported in males with a
milder presentation of an otherwise lethal X-linked disorder
(Maddalena et al. 1988), which further emphasizes the need
for complete genetic analysis.

1 2 3 4

PGK1 Exon 11

PGK1 3’ UTR Deletion

A

B

0.0%

20.0%

40.0%
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80.0%

100.0%

PGK1 mRNA expression

1 2 3

Fig. 2 PGK1 30UTR deletion is associated with decreased PGK1
mRNA expression. (a) PCR analysis showing that the coding region
(gel image at the top) of the last exon (exon 11) of PGK1 is intact in
(lane 1) a control sample, (lane 2) the proband, and (lane 3) the
proband’s affected brother. Lane 4 is a blank (no DNA) control.
Breakpoint-junction primers designed to amplify across the deletion
(intact control sample would not give a product) demonstrate that the

affected brothers (lanes 2 and 3), but not the control (lane 1), carry the
3′ UTR deletion (gel image at the bottom). (b) Relative RNA analysis
demonstrates that compared to a normal control (1), PGK1 mRNA
expression was decreased to 37% in the proband (2) and to 42% in the
proband’s affected brother (3). Percentages represent an average of
three separate experiments
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Our findings further demonstrate the importance of
investigating the noncoding regions of the genome. The
promoter region, protein-coding exons, noncoding exons
that comprise the 50 and 30 untranslated regions (UTRs),
and interspersing introns together constitute the basic
structure of a functional eukaryotic gene. However, given
the lack of complete understanding of the sequence context
of each individual gene and transcript in the human
genome, molecular diagnostics is most often confined to
variants within the protein-coding region. Currently, CNVs
and SNVs within these noncoding and regulatory regions,
that potentially modify gene expression and cause diseases,
typically escape most routine molecular diagnostic tests.
However, as investigation of the roles of 50 and 30 UTRs
and other regulatory elements continues, and reports of
disease-causing variants within these regions emerge (Ma
et al. 2015), the need for interrogating these regions will
increase. The rapidly reducing costs of sequencing are
expected to further facilitate this, thereby allowing for
increased clinical diagnostic yield.

Synopsis

This report of a PGK1 deficiency case caused by a novel
hemizygous deletion in the PGK1 gene demonstrates the
need to include exon level copy number analysis in the
diagnostic workup to fully exclude this disorder.
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