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Abstrakt
Bakgrunn. Pyridoksinavhengig epilepsi (PDE) er en sjelden, autosomal recessiv neonatal epilepsiencefalopati.
Mutasjoner i ALDH7A1-genet er vanligste årsak og gir en forstyrrelse av lysinmetabolismen som blokkerer
tilgjengeligheten av aktivt pyridoksin. Vanlig epilepsibehandling er uten effekt, mens pyridoksin gir
anfallskontroll. Lysinredusert diett og arginintilskudd er anbefalt som tilleggsbehandling. Forløpet utover
barnealder er lite kjent, og opptil 75% får en varierende grad av utviklingshemning.
I denne retrospektive studien ønsket vi å kartlegge spekteret av PDE i ulike aldre i Norge.
Metoder: Invitasjoner ble sendt til alle pediatriske, nevrologiske og nevrohabiliterings-avdelinger i Norge.
Medisinske journaler ble innhentet og gjennomgått.
Resultat. Vi identifiserte 12 pasienter, hvorav 11 var i live. Medianalderen var 16 år (9 mnd-51 år). Seks var <
18 år, noe som gir en forekomst på 5.4 per million blant barn, mot 1.4 per million blant voksne. Hos åtte startet
krampene første levedøgn. Perinatale komplikasjoner (asfyksi med acidose, intrakranielle blødninger) og
nevroradiologiske funn ga hos enkelte mistanke om alternative årsaker. Effekten av pyridoksin var umiddelbar
hos seks, men forsinket hos fem. Noen utviklet senere gjennombrudd av kramper ved interkurrent sykdom og
ved seponering av pyridoksin. En voksen pasient som ble akuttinnlagt for annen tilstand, utviklet alvorlig status
epilepticus på grunn av manglende forståelse for nødvendigheten av vedvarende behandling med pyridoksin
ved sykehuset.
Konklusjon. Fenotypen ved PDE er variabel. Vanligste presentasjon er terapiresistente neonatale kramper, men
anfallene kan debutere senere. Prevalensen var høyere blant barn enn voksne, noe som kan ha sammenheng med
økt dødelighet i barnealder, tidligere underdiagnostisering eller manglende spesialistoppfølging i voksen alder.
Kognitiv utvikling varierte fra normal til alvorlig funksjonshemming og perinatale komplikasjoner var vanlige.
To pasienter utviklet cerebral parese. Andre prediktorer for grad av utviklingshemming ble ikke funnet. Ukjente
faktorer spiller en rolle og bør utforskes nærmere.
Adekvat livslang presisjonsbehandling med pyridoksin og eventuelle behov for diett må få mer oppmerksomhet
i den medisinske omsorgen av både barn og voksne med PDE.
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Abstract
Background: Pyridoxine-dependent epilepsy (PDE) is a rare neonatal epileptic encephalopathy usually caused
by ALDH7A1 mutations. The underlying mechanism is a disruption of the lysine metabolism inhibiting the
availability of bioactive pyridoxine. Anti-seizure medications are ineffective, whereas pyridoxine provides
seizure control. Lysine-restricted diet and arginine supplementation are recently recommended. The course
beyond childhood is insufficiently explored. Up to 75% develop intellectual disability.
In this retrospective study, we aimed to assess the spectrum of PDE-ALDH7A1 at various ages in Norway.
Methods: Invitation letters were sent to all paediatric-, neurological-, and neurohabilitation departments in
Norway. Medical records were reviewed.
Results: We identified 12 patients; 11 were alive. The median age was 16 years (9 months-51 years). Six were
< 18, giving a prevalence of 5.4 per million among children and 1.4 per million among adults. Eight had seizure
onset on the first day of life. Perinatal complications (acidosis, respiratory insufficiency, asphyxia, intracranial
bleedings), and neuroradiological abnormalities suggested alternative causes in several patients. Pyridoxine was
immediately effective in six, while five had a delayed effect. Eight had breakthrough seizures during intercurrent
disease or by pyridoxine discontinuation. One adult patient acutely hospitalized for another condition, developed
severe status epilepticus caused by unawareness of the need for continuous pyridoxine among the hospital staff.
Conclusion: The phenotype of PDE is variable. Intractable neonatal convulsions are the hallmark, but later
onset may occur. We identified a higher prevalence among children than adults, likely due to early mortality,
previous underdiagnosis or loss of follow-up. Cognitive outcomes ranged from normal to severe intellectual
disability. Perinatal complications were common. No other clear predictors of poor outcome were identified,
and unidentified factors play a role and should be further explored. The condition appeared to remain stable in
adult life.
Lifelong precision treatment with pyridoxine, and dietary intervention when needed, must receive persistent
attention in childhood as well as in adult care of PDE.
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1. Background
1.1 Clinical manifestations
Pyridoxine dependent epilepsy, PDE-ALDH7A1 (MIM# 266100), first described by Hunt et al. in 1954 [1], is
a rare seizure disorder caused by mutations in the ALDH7A1 gene located on chromosome 5q13. Contrary to
most monogenetic epilepsies, PDE is not a channelopathy [2]. It can be characterized as a metabolic disease
affecting the ability to utilize pyridoxine (P), i.e. vitamin B6. The disorder can be fatal in severe non-intervened
cases, and even in treated patients, it can advance to a seizure disorder associated with severe brain dysfunction.
The presentation of the disease is individually variable. Although dramatic events consisting of prolonged
seizures and recurrent status epilepticus are most common [3], the disease can manifest with many additional
symptoms. In its usual form, the first clinical manifestations are neonatal seizures within six months postpartum, usually in the first few days. The seizures are typically resistant to anti-seizure medication (ASMs) but
are clinically and electrographically responsive to P injections. Therefore, the disease entails lifelong
dependency on P, reflected by seizure recurrence when the substance is withdrawn [1]. Several seizure types,
including focal and bilateral clonic, myoclonic, tonic and atonic, as well as epileptic spasms can be seen in the
same patient[3, 4]. Other neurological symptoms and findings, such as cognitive deficits, hypotonia, dystonia,
lethargy, and sleep disturbances are frequently reported together with various magnetic resonance imaging
(MRI) abnormalities, particularly corpus callosum hypoplasia [5, 6].
In atypical forms, the disease onset is in utero in the form of aberrant foetal activity noticed by the mother, and
foetal death may occur. In other cases, the onset might be delayed up to the third year of life or even later
reflecting the heterogeneity in disease severity [7, 8]. The disorder might also manifest with a multitude of
additional symptoms from different organ systems, such as strabismus, microcephaly, macrocephaly,
respiratory distress, cardiomyopathy, and coagulopathy. Some patients may also partly respond to traditional
ASMs.
In line with the wide spectrum of seizure types, the interictal electroencephalography (EEG) abnormalities are
variable, showing both focal and multifocal epileptiform activity (EA) with unilateral or bilateral distributions.
Burst suppression pattern and bilateral slow delta wave activity have also been reported [9, 10].
The effect of pyridoxine in some seizure patients was recognized in 1954. Subsequently, this substance was
alone used for diagnostic purposes until the identification of the first underlying mutation in 2006 by Mills et
al. [11]. Since then, numerous mutations in altogether 10 genes have been reported. All result in a similar
phenotypic spectrum that either fall under Pyridoxine or Pyridoxal-5’-phosphate (PLP) responsive epilepsies.
The lack of exact diagnostic tools until 2006 is reflected by varying reports of the disease frequency, ranging
from 1:20.000 to 1:700.000 births in different countries [12-14]. Currently, at least 200 cases are reported
worldwide with a variety of clinical manifestations including various degrees of intellectual disability [15]. To
our knowledge, only one patient has previously been reported from Norway. She had neonatal seizures
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developing to infantile spasms and recurrent status epilepticus at age 10 months with response to pyridoxine,
which had been continued. Neurodevelopment had been mildly delayed up to the time of reporting at the age of
10 years. A genetic diagnosis was not available at that time [16].
According to the recently revised classification of epilepsies by the International League against epilepsy
(ILAE), PDE can be classified as a genetic and metabolic seizure disorder, which often manifest as an epileptic
or a combined epileptic and developmental encephalopathy [17]. Pyridoxine-Dependent (ALDH7A1)-DEE &
Pyridox(am)ine 5’-Phosphate Oxidase (PNPO) Deficiency are proposed as a separate syndrome entity among
the aetiology-specific epilepsy syndromes by the ILAE in the neonate and infant [18].

1.2 Genetics and pathophysiological mechanisms
In the past, the pathophysiological cause of PDE was thought to be a deficiency of glutamic acid decarboxylase
(GAD). GAD catalyses the conversion of glutamate to γ- aminobutyric acid (GABA) and is dependent on PLP
as a cofactor. It was hypothesised that the deficiency of GAD causes a relative disequilibrium between excitatory
(glutamate) and inhibitory neurotransmitters, leading to seizure activity [19-21]. But negative linkage studies
with GAD caused a paradigm shift. The pathological mechanisms of the disease were linked to mutations in
chromosome 5 [22, 23].
The first genetic mutations causing PDE were found in the ALDH7A1 gene located on chromosome 5q13,
which cause a defective α- aminoadipic semialdehyde dehydrogenase (antiquitin). The enzyme is important in
the pipecolate lysine catabolism pathway, which is the main lysine degradation pathway in the brain [24]. The
defect causes an accumulation of α- aminoadipic semialdehyde (αAASA) that is in equilibrium with its cyclic
form L-∆1-piperidine-6-carboxylate (P6C). These compounds spontaneously inactivate PLP through
Knoevenagel condensation creating a P6C-PLP complex [11] (Fig. 1).
An identical pathway of PLP inactivation takes place in the case of ALDH4A1- mutations, which encodes
pyroline-5-carboxylic acid (P5C) dehydrogenase. The enzyme normally produces L- glutamic acid through the
metabolites P5C and L-glutamic-γ-semialdehyde, but the mutation renders the enzyme defective and causes
higher levels of P5C, which spontaneously reacts with PLP [25]. Although the disease is known as
Hyperprolinemia type II (MIM# 239510) according to the biochemical marker [26], it manifests with an
epileptic phenotype similar to that of PDE with seizures responsive to P. The mutations in different genes
leading to the closely related PLP- and P-responsive disorders are summarized in Table I. Most are involved in
the metabolism and transport of P vitamers but mutations causing inactivation of PLP are the most frequent. All
disorders are autosomal recessive and lead to a functional PLP- deficiency in neurons.
The functional PLP deficiency causes disturbances in multiple brain enzyme systems and explains some of the
previously reported findings, such as low GABA- [19], and high glutamate concentrations [27], that can be
explained by GAD dysfunction. Another factor contributing to the elevated levels of glutamate in the
cerebrospinal fluid might be the conversion of lysine to glutamate [28], and this conversion may
correspondingly be the reason for normal lysine concentrations in the affected patients. This imbalance between
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neurotransmitters and the consequential excitotoxicity are plausible causes for the seizures and the
encephalopathy associated with the disease [21, 27]. Additionally, the ALDH7A1 mutation causes higher
concentrations of pipecolate, one of the precursors of αAASA, which is shown to have modulatory effects on
GABA-concentrations by acting on presynaptic receptors [29, 30]. But its pathogenic effects and contribution
to seizure generation are yet to be elucidated. The fate of the P6C-PLP condensate is unknown, and the
compound and its metabolites might be accumulated to toxic concentrations, possibly affecting the
neurodevelopmental outcome.

1.3 Diagnosis and treatment
In 2005, Plecko et al. presented findings of higher pipecolate concentration in serum and cerebrospinal fluid of
affected patients and suggested the use of pipecolate quantification in the diagnosis of the disease [31]. This
provided a more objective method of diagnosis. However, hyper-pipecolemia is not specific for PDE. It can be
seen secondary to liver diseases and in peroxisomal disorders [32, 33].
By demonstrating the association between ALDH7A1 mutations and PDE, Mills et al. arranged for definitive
diagnostic tools for the disease by genetic analysis, and later suggested quantification of αAASA in bodily fluids
and CSF to distinguish PDE from other epileptic disorders [5]. The accumulation of αAASA is pathognomonic
for PDE, and direct analysis of the compound can be done by liquid chromatography-tandem mass spectrometry.
Above-normal concentrations are highly indicative of PDE. A conclusive diagnosis is done by sequencing and
demonstration of biallelic homozygous or compound heterozygous nonsense mutation in the ALDH7A1 gene
[8].
Therapy for PDE aims to correct the effects of the mutations associated with the disease. Administration of
intravenous P or PLP causes the plasma levels of PLP to increase. The uptake of PLP across the blood-brain
barrier is not directly saturable, causing elevated levels of PLP in neurons [34], and allowing rapid normalization
of PLP-dependent enzymatic activity and metabolism of neurotransmitters. In addition to pharmacological
levels of P (or PLP), new consensus guidelines from 2021 recommend lysine reduction therapies and arginine
supplementation for both children and adults. Although the level of evidence for the recommendations is low,
they are strongly advised [35].

1.4 The objective of the student thesis
In this study, we identified Norwegian subjects with known PDE-ALDH7A1 at all ages and reviewed data from
medical and EEG records to characterize the phenotypic spectrum and the treatment details to study factors that
determine the overall prognosis of the disorder.
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2. Methods
To identify subjects with PDE- ALDH7A1, 113 postal participation invitation letters were sent to all paediatric
and neurological hospital departments and the neurohabilitation departments in Norway. An information letter
about the study was posted on websites of the Norwegian Branch of the International League Against Epilepsy
(Norsk epilepsiselskap), the Norwegian Pediatric Neurology Society (Norsk Barnenevrologisk Forening), the
Medical Association for Neurohabilitation (Medisinsk forening for nevrohabilitering), as well as of the National
Management of Newborn Screening and Advanced Laboratory Diagnostics in Inborn Errors of Metabolism,
Oslo University Hospital (Nasjonal kompetansetjeneste for medfødte stoffskiftesykdommer). The study was
also announced in the periodical “Axonet” of the Norwegian Neurological Association (Norsk nevrologisk
forening). Eligible professionals, such as physicians known by the collaboration group likely to be involved in
the treatment of patients with PDE- ALDH7A1, were directly invited by e-mail as well.
Treatment providers were asked to contact available patients or their parents/guardians for written informed
consent to participate. Medical records of all positive responders were collected.
Patients who met the clinical criteria for the PDE diagnosis were included. Each case was classified as either
definite or probable based on Baxter’s classification system with modifications [4]. Definite cases were defined
as spontaneous neonatal seizures that responded to i.v. administration of >50mg P within a week, and a
recurrence of seizures upon P termination, or a genetic confirmation of known biallelic pathogenic mutations in
the ALDH7A1 gene. Probable cases were defined as described above, either without P-trial termination, the
discovery of a novel mutation, or mutations of unknown clinical significance. One patient was preliminary
included based on parental information and one affected sibling.
All available medical records were reviewed, and the following variables were extracted:
1. Type of ALDH7A1 mutation.
2. Pregnancy: reported foetal rhythmic movements (suggesting intrauterine seizures)
3. Age at seizure onset, seizure types
4. Age at diagnosis, start and history of pyridoxine therapy (mg/kg) as well as other medications and
dietary treatments
5. Later seizures and seizure precipitants (e.g., intercurrent infections),
6. EEG findings and evolution (separate publication)
7. MRI findings
8. Any assessed biochemical parameters (e.g., pipecolic acid, AASA)
9. Comorbidities (intellectual disability/psychiatric), developmental milestones, educational career, and
neuropsychological test results, when available.
The study was approved by the Regional Ethical Committee of Mid-Norway (REK # 200284).
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2.1 Clinical severity score
A modified clinical severity score[36] was implemented to objectify the clinical condition of the patients and
the outcome of the treatment measures. The patients were scored on the following variables:

1. Most recent clinical assessment of development or diagnosis of intellectual disability: 0 = normal, 1 = mild
delay/ID, 2 = moderate delay/ ID and 3 = severe delay/ID.

2. Clinical seizures during maintained P treatment: 0 = no seizures on low dose P, 1 = no seizures on high dose
P, 2 = seizures on low dose P, 3 = seizures on high dose P, 4 = Seizures on P and ASMs and/or arginine
supplemented and/or lysine restricted diet.

3. Latest interictal electroencephalography on maintained P treatment: 0 = normal EEG, 1 = abnormal
background activity, 2 = focal epileptiform activity, 3 = multifocal epileptiform activity and 4 = epileptiform
activity on an abnormal background activity.
Low dose P was less than 15mg/kg/d in children or 200 mg/d in adults. High doses were conversely defined as
more than 15mg/kg/d in children and 250 mg/d in adults. Total severity scores from zero to three were
considered mild, scores from four to seven were considered moderate and scores from eight to 11 were
considered severe.
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3. Cases
Patient #1 Death from status epilepticus.
Male, age 9 months at death.
Genetics. Not tested. Sibling with PDE (Patient 9) carries a homozygous ALDH7A1 mutation: c.1513G>C
(p.Gly505Arg).
Pregnancy/birth. Information was not yet available.
Neonatal period/early childhood. Based on records from the younger sibling with PDE and information by
telephone from his father, he had an onset of seizures shortly after birth. The clinical picture was similar to his
sibling, but he was not tested for PDE. He had intractable seizures treated with ASMs and died from seizures
with complications, possibly SE, at the age of nine months.
Written informed consent was obtained from the parents, but medical records were not received at the time of
master thesis submission.

Patient #2 Microhaemorrhages in cerebellar foils, multifocal sharp waves during
sleep, and delayed pyridoxine response.
Female, age 9 months.
Genetics. Homozygous ALDH7A1 mutation; c.1008+1G>A (p.Glu336=). Parents were heterozygous carriers.
Pregnancy/birth. Hyperemesis complicated pregnancy, requiring four intravenous (i.v.) fluid treatments. Birth
by spontaneous vaginal delivery. APGAR scores were 10, 10 and 10 after one, five and 10 minutes.
Neonatal period. The patient presented with high frequency screams reminiscent of Cri du Chat, hypothermia
(35.5 degrees) and quivering approximately one hour postpartum. Multifocal myoclonic seizures associated
with apnoea presented five hours after birth and evolved into clonic seizures. Phenobarbital (PB) and
Levetiracetam (LEV) appeared to have a temporary effect, but she continued to have sporadic seizures for five
days. She had a mild acidosis and EEG showed multifocal EA bilaterally. Cerebral ultrasound on day two
showed asymmetrical periventricular echogenicity suggesting ischemia. Brain MRI on day five revealed micro
haemorrhages in cerebellar foils to the left.
On day six, she received 100 mg P i.v. EEG demonstrated multifocal EA when awake and burst suppression
during sleep persisted, but within the same day the motor seizures stopped, and she became hypotonic. PB was
discontinued. Findings of high plasma 2-oxopropylpiperidine-2-carobylic acid (2-OPP) and 6-oxo-pipecolate
(6-Oxo-PIP) suggested PDE. The patient was kept on maintained P 30 mg/kg/d with double dose in case of
intermittent or febrile disease. At the age of 11 days, the diagnosis was confirmed by genetic testing.
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Follow-up wake EEG on day 13 was normal. However, EA and polymorphic slow delta wave activity were
seen over the left temporo-occipital region during sleep. A lysine restricted and arginine supplemented diet was
introduced at three weeks of age.
Childhood. LEV was tapered off from two months of age. After discontinuation, the seizures recurred,
beginning with gaze deviation and head-turning. Durations varied from a few seconds up to 15 minutes.
Interictal EEG showed sharp waves in the temporoparietal and central regions, but the clinical symptoms had
no electrographic seizure correlates. She improved without further intervention and has been seizure-free since.
The initial hypotonia was no longer present at the age of three months. MRI was normal with resorbed
haemorrhages. At age five months, the patient had a mild to moderate gross motor delay, a tendency to jerky
limb movements, and reduced spontaneous movements. Convergent strabismus was present, as well as a severe
obstipation.

Patient #3 Significant ventricular haemorrhage.
Female, age 1 year, and 10 months.
Genotype: Homozygous c.1279G>C (p.Glu427Gln) mutation in ALDH7A1.
Pregnancy/birth. During the last trimester, the mother noticed almost daily rhythmic motor activity lasting 4-5
sec. Caesarean section was performed due to impending postmature pregnancy 11 days after the due date.
Shortly after birth, the newborn developed respiratory distress and mild pulmonary hypertension, resulting in
asphyxia and acidosis. She received ventilatory support.
Neonatal period. Clonic seizures occurred 22 hours after birth. EEG showed a continuous burst-suppression
pattern consistent with SE, and MRI revealed intra-ventricular haemorrhage (occipital horns), perimedullary
venous thrombosis, small intraparenchymal haemorrhages in the cerebellum and blood on the cerebral surface
with cytotoxic oedema. Viral encephalitis was considered, but serology was negative. PB, LEV, Midazolam
(MDZ) and topiramate (TPM) were ineffective. She continued to have serial focal and bilateral clonic seizures
until the third day of life. Although the burst suppression pattern resolved at this age, the EEG showed abundant
bilateral EA on a slowed background.
Follow up brain MRI at day 15 showed persistent small haemorrhages in the ventral parts of the temporal lobes,
thrombus in sinus rectus, expanded ventricles and prepontine- and infratemporal arachnoid cysts. On the same
day, she developed status epilepticus (SE) with serial seizures, including epileptic spasms, and one seizure
lasting more than 50 min. and several more than 20 min. Seizure clustering lasted three days.
Elevated plasma vanillactic acid and urine 5-hydroxyindoleacetic acid (5-HIAA) suggested PNPO deficiency,
and on day 18, PLP was administrated, and the seizures stopped immediately. When the genotype was identified
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a week later, PLP was substituted by P 30 mg/kg/d. Lysine restriction and arginine supplementation were started
at two months and three weeks of age. The EEG showed less frequent EA with no background changes.
Childhood. Psychomotor development was delayed. Hypotonia with head lag and unconjugated eye movements
were present at three months. ASMs were discontinued at the age of five months. The last clinical assessment
at one year and six months showed a moderate developmental delay, particularly affecting language. Alternating
intermittent esotropia became evident at the age of one year and one month.
At the age of two months, she had a febrile motor seizure that lasted approximately 30 minutes diagnosed as
SE, and at the latest assessment at age one year and nine months, an episode of seizures independent of
intermittent or febrile disease was reported. She also had severe feeding problems and a percutaneous
endoscopic gastrostomy.
EEG background activity normalized, but intermittent sharp waves, predominantly left-sided persisted. At the
age of one year and five months, the background activity was again abnormal with sharp waves bilaterally or
side-shifting. The last EEG at the age of one year and nine months was normal.
Follow-up MRI at three months revealed persistently expanded ventricles. The corpus callosum was hypoplastic
and the cisterna magna enlarged. Substance loss corresponded to prior haemorrhages.

Patient #4 Pathologic cardiotocography and breakthrough seizures arising in sleep.
Male, 2 years, and 8 months.
Genetics. Homozygous ALDH7A1 mutation: c.1279G>C (p.Glu427Gln)
Pregnancy and birth. Delivery was induced due to preeclampsia and reduced foetal movements but completed
by emergency C-section due to abnormal cardiotocography. The amniotic fluid was meconium stained, and the
patient developed respiratory failure, acidosis, and hypoxia. X-ray identified a right upper pulmonary opacity.
Ventilatory support was provided.
Neonatal period. The parents noticed startle-like jerks and perioral movements three hours post-partum. Motor
seizures were evident at 12 hours. Tonic, clonic and myoclonic seizures continued despite treatment with
Phenytoin (PHT), PB, LEV and MDZ infusion. A single dose of 100 mg P was given i.v. on day two. He
responded with less seizure activity and improved ventilatory function permitting extubation. EEG showed a
burst-suppression pattern interrupted by bilateral frontal EA. On P administration, the EEG improved with one
day delay.
Seizures (focal and bilateral) recurred and culminated in SE lasting 30 min. two days later. It was treated with
LEV and MDZ infusion in combination with PLP. High plasma- and spinal fluid levels of threonine and low
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levels of arginine suggested PNPO deficiency. Continuous PLP administration was started and replaced by P
20mg/kg/d when the genetic diagnosis became known on day nine. ASMs were discontinued.
Childhood. During full breastfeeding, the mother followed a lysine restricted nutritional regimen. From two
months of age a lysine-restricted, and arginine supplemented formula was introduced. Feeding was challenging.
The patient had four breakthrough seizures at the ages of three, seven, nine and 18 months: one after vomiting
and probably due to insufficient P intake and the others associated with febrile illness. Two of the seizures lasted
15 and 30 min.; the latter was classified as a convulsive SE. All seizures emerged from sleep and manifested
despite double P doses.
Follow-up EEGs showed a slow background activity and occasional sharp waves during the first year of life.
Later recordings demonstrated age-appropriate findings. Urine alpha-ASAA excretion at the age of two years
and one month remained high despite triple therapy. Levels of P6C was slightly elevated.
The patient seemed to develop normally up to the age of six months, but later a moderate delay became evident,
particularly affecting language. Clinical assessment showed a mild gross- and fine- motor delay. Difficulties
falling asleep were pronounced until treatment for a gastroesophageal reflux disorder was introduced at the age
of two years.

Patient #5 Uncomplicated birth followed by pneumonia and metabolic acidosis.
Male, 3 years, and 4 months.
Genotype. Compound heterozygous ALDH7A1 mutations: c.834G>A (p.Val278=) / c.1279G>C (p.Glu427Gln)
Pregnancy and birth. Unremarkable pregnancy and vaginal birth.
Neonatal period. The patient presented severe feeding difficulties on day 3 after birth. On day four, recurrent
motor seizures developed into SE and were treated with i.v. PB, LEV and MDZ with transient seizure control.
With repetitive PB and MDZ administrations, the seizure-free periods shortened until no effect. PHT was
ineffective.
Concurrently, he developed acidosis and needed ventilatory support. Pneumonia was suspected. EEG
demonstrated a burst-suppression pattern interrupted by right-sided sharp waves. EEG changes resolved. On
day five, 100 mg P was injected. Limb movements and eye-openings were more frequent. Since P was given
when EEG was normal, and the patient remained seizure-free, benign familial neonatal seizures (BFNS) were
suspected.
Six days later the seizures recurred. Another dose of P was administered along with MDZ. The patient remained
seizure-free for four days; then MDZ was discontinued, and seizures recurred. Subsequently, he was treated
with both MDZ and P. CBZ was added. EEG now demonstrated EA from the left frontotemporal area but was
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normal on follow up. Consequently, at age 27 days all ASMs and P were discontinued due to suspected BFNS.
After one week the seizures relapsed, and he received PB, LEV and P. EEG demonstrated EA in the right frontal
lobe with occipital propagation and generalization. MRI was normal. When the genetic diagnosis was revealed
at one month, treatment with P 20mg/kg/d was resumed accompanied by lysine restriction and arginine
supplementation. ASMs were discontinued.
Childhood. Neurodevelopment was moderately delayed, particularly for language and hypotonia was present.
Further seizures did not occur with triple treatment and triple P dose for three days during intermittent disease.
Follow-up EEGs were normal.

Patient #6 Infantile spasms, hypsarrhythmia and ALDH7A1 mutation only affecting
the mitochondrial antiquitin.
Male, age 10 years, and 4 months.
Genetics. Homozygous ALDH7A1 mutation; c.2T>G. This presumably causes a p.M1R missense variation that
interrupts translation initiation of the mitochondrial transcript variant (mt-ATQ).
Pregnancy and birth. The birth was induced due to post-mature pregnancy (14 days after the due date). APGAR
scores were 9-9-9 after one, five, and 10 minutes.
Neonatal period. Normal.
Childhood. Episodes of eye-rolling and abnormal consciousness were seen from four months and three weeks
of age. Overt motor seizures were seen at five months and two weeks. Seizures consisted of a series of
predominantly extension spasms in the upper extremities and eye-rolling lasting approximately one minute
followed by crying. The duration became progressively longer. EEG showed multifocal hypersynchronous
activity with a tendency towards generalization consistent with hypsarrhythmia. He was diagnosed with infantile
spasms. Cerebral ultrasound and MRI showed external hydrocephalus. vigabatrin (VGB) was started and he
was seizure-free for nine days. Wake EEGs were normal, but during sleep, hypsarrhythmia was seen.
The patient had left-sided tonic/myoclonic seizures, predominantly in the arm, accompanied by synchronous
spike waves, lasting two to three seconds. Focal cortical dysplasia was suspected.
5 weeks later, during an episode of mild fever, the seizures recurred. EEG showed either paroxysmal spikewave bursts or hypsarrhythmia with corresponding myoclonic seizures or spasms. A week later he was started
on prednisolone with improvement. Although no hypsarrhythmia, EEG still showed some spike waves over the
right posterior hemisphere.
The patient still had sporadic myoclonic seizures accompanied by EEG showing paroxysmal spike waves lasting
one to two sec. One month and three weeks after presentation, 100 mg P iv was administered. Within two
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minutes, the patient responded with improved background EEG and the seizures stopped. EEG normalized the
following weeks with the last follow-up at one year and seven months. P 200 mg/d was continued. Prednisolone
and VGB were tapered off and discontinued by the age of one year. He has been seizure-free from seven months
of age. The diagnosis was suggested by a genetic test at the age of one year.
The patient had a mild developmental delay during the first year of life. Particularly language was delayed until
the age of three years. He has since had normal development. He went to a regular school and had an active
lifestyle.
Specific metabolic screens revealed normal 2-OPP and 6-oxoPIP in plasma at the age of 10 years and three
months. Neither αAASA nor P6C was found.

Patient #7 Multifocal epileptiform activity on EEG and dyskinetic quadriplegic
cerebral paresis.
Male, age 16 years, and 1 month.
Genetics. Compound heterozygous ALDH7A1 mutation; c.1195G>C (p.Glu399Gln), same as c.1279G>C
(p.Glu427Gln), and Arr[GRCh37] 5q23.2 (125910543_125910602) [deletion in intron 7] (preliminary). A
second cousin with PDE (patient 9).
Pregnancy and birth. The mother experienced foetal hiccup-like rhythmic movements during pregnancy.
Vaginal delivery was normal. Congenital hip dysplasia was present.
Neonatal period. At the age of six days, the patient presented episodes of respiratory arrest and cyanosis lasting
~30 sec. PB was ineffective, and he had clonic seizures starting in the left arm or right leg evolving to bilateral
jerks. Interictal EEG was normal but ictal EA was seen during mild seizures with blinking. Two days after
seizure onset he received 50 mg P i.v. but responded with more frequent focal seizures with a tendency towards
pedalling movements. PHT was added and he was seizure-free. The effect was attributed to PHT, and P and PB
were discontinued. The head circumference was increasing, and cerebral ultrasound showed ventricular
asymmetry. EEG showed EA over the left hemisphere. Icterus developed with hepatomegaly. Septic disease
was suspected, and he received antibiotics.
Seven days after the first P trial, PHT was stopped. He developed opisthotonos triggered by tactile stimuli. The
next day, overt seizures recurred. MDZ, PB and PHT had no effect, and he had intractable convulsions with
desaturations, once falling to 24%. Episodes with opisthotonos, smacking lips and myoclonic jerks were treated
with BZDs. He also had startle responses to sounds and touch.
On day 20, the patient was given 100 mg P i.v. during EEG recording without changes. Thus, valproic acid
(VPA) was started simultaneously, and he was seizure-free for seven days. He again presented bilateral and
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focal seizures. BZDs i.v. had no effect, and EEG showed continuous EA, which persisted with a total of seven
days of barbiturate infusion. Another P trial during this period had some clinical effect, and P 200mg/d was
continued along with TPM and PHT. The abnormal EEG activity subsided. MRI examination revealed a thin
corpus callosum.
Childhood. From age seven months, the patient received P and B12 only. Follow-ups revealed increasing
microcephaly from age 10 months. MRI showed white matter atrophy and poor myelinisation, especially in the
capsula interna and corpus callosum occipitally. EEGs showed frequent side-shifting EA. Seizures occurred
during treatment with 50mg/kg/d P, which was substituted by PLP with which alertness increased. He returned
to P treatment at the age of two years. He had breakthrough seizures with fever/ gastroenteritis, and two to three
spontaneous seizures a year regardless of the type of B6 vitamer treatment, also when combined with LEV from
the age of four years. Other relevant symptoms were hypersensitivity/startle response to various sensory stimuli
which improved with age. At the age of 10 years, he started on a lysine restricted diet. Some improvement with
alertness was reported. PDE was confirmed genetically at age 13 years.
Subsequent EEGs showed EA with variable foci, multifocal during sleep, predominantly right-sided on an
abnormal background. Photic stimulation triggered continuous EA. Follow-up MRIs showed distended
ventricles, sparse supra-tentorial white matter and thinned cortex and corpus callosum. A nerve conduction
study showed no signs of pathology at the age of one year.
Psychomotor development was severely delayed at 10 months. He had hypotonia, pronated arms with clenched
fists, abducted hips, and feet in valgus position. There was no eye contact, he could not hold objects, had ankle
spasticity and hyperreflexia in the lower extremities. Developmental age was estimated to be around two
months. He remained with severe intellectual disability and motor deficits in the form of dyskinetic quadriplegic
cerebral palsy and kyphoscoliosis. He has had surgical treatment for gastroesophageal reflux and a percutaneous
endoscopic gastrostomy.

Patient #8 Neonatal hypoxia, acidosis, and a remarkable neurodevelopmental
outcome.
Female, age 24 years.
Genetics. Homozygous ALDH7A1 mutation: c.1279G>C (p.Glu427Gln).
Pregnancy and birth. During the last months of pregnancy, the mother felt short, sudden foetal jerks. The birth
was induced due to impending post-mature pregnancy 12 days after the due date. Oligohydramnios and
meconium aspiration were noted.
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Neonatal period. She developed respiratory distress with hypoxia and acidosis. X-ray showed a right upper
pulmonary opacity and pneumomediastinum. She was treated with ventilatory support, antibiotics, and a gastric
tube.
Six hours post-partum, the patient presented with bilateral myoclonic jerks. Diazepam (DZP) and PB had only
a temporary effect. EEG showed paroxysmal activity on a diffuse slow-wave background. Nine days of age, she
had an increased frequency of serial myoclonic and clonic seizures lasting for hours. PHT and xylocaine were
ineffective. EEG showed alternating bilateral high-amplitude sharp waves. After i.v. administration of 100 mg
P, the seizures stopped within two minutes. She remained seizure-free for five days when focal seizures occurred
in the right arm and leg, which promptly stopped with another P administration. The convulsions recurred after
one week, and consequently, she was clinically diagnosed with PDE and has ever since used P.
Follow-up EEGs showed EA on day 21 but have since been normal. Brain MRI was reported as normal.
Childhood. The P dose was reduced from 10 to 5 mg/kg/d at the age of four years due to suspected side effects
such as fetid flatulence and lethargy. The patient had a single breakthrough febrile seizure at the age of one year
but has since been seizure-free. She exhibited hypersensitivity to sounds at the age of five years, which improved
with age. PDE was confirmed by a genetic test at age 14.5 years.
Motor development was considered mildly delayed during the first year of life, but she caught up, and further
milestones were reached within normal limits.
Adulthood. She has been seizure-free with 240 mg P/day. MRI at 19 years was normal apart from a somewhat
thin isthmus of corpus callosum. Nerve conduction study at the same time showed no signs of polyneuropathy.
Neuropsychological testing at the age of 21 years showed an overall normal cognitive level, apart from slight
problems with maintained attention and decreased processing speed. Her visuospatial abilities were above
normal. She exhibited normal executive functions as well as age-adequate learning abilities.
She dropped out of a bachelor curriculum in the second year and works currently as a full-time grocery employee
attending a part-time educational mercantile program.

Patient #9 Neonatal encephalopathy and altered gender identification.
Born female; identifies as male, age 24 years.
Genetics. Homozygous ALDH7A1 mutation: c.1513G>C (p.Gly505Arg) (preliminary). An older brother had
a similar phenotype and died at the age of 9 months.
Pregnancy and birth. Delivery was induced at 39 weeks gestational age due to prior maternal birth
complications (pre-eclampsia?). APGAR scores were 4 and 6 at one and five minutes.
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Neonatal period. Respiratory distress syndrome with hypoxia and acidosis occurred shortly after birth. Chest
x-ray showed hypoplastic lungs and pneumomediastinum. Ventilatory support and surfactants were provided.
The neonate soon developed motor seizures. EEG showed a generalized high amplitude dysrhythmia.
Midazolam/ASM had only a temporary effect. Simultaneous icterus was treated with phototherapy. On day
three a single dose of 50 mg P was injected i.v. during EEG monitoring. The seizures stopped after one minute.
EEG showed more organized activity with lower amplitudes and less EA and was normal after two days.
Bilateral seizures with tonic posturing of the arms recurred after 10 days and lasted for two hours until a new
injection of 50 mg P. He improved within five minutes both clinically and electrographically. Peroral P 2030mg/kg/d was maintained from day 12. ASMs were discontinued.
Childhood. The P dose was increased according to weight up to 500 mg/d at the age of 15 years. The patient
had two breakthrough seizures with febrile disease at age one and eight years: the last despite double P dose.
Brain MRI at the age of five years demonstrated a significant hypoplastic corpus callosum and diminished brain
volume.
Motor and intellectual functions were delayed, and he developed autistic features with self-harm. There was
left-sided esotropia and mild spasticity in the legs. Aged 13 years, altered gender identification was
acknowledged.
Adulthood. Moderate ID was diagnosed by cognitive testing. He continued treatment with P 500 mg/d. EEG at
the age of 21 years showed a slightly slowed background activity but no EA.
He completed high school with special education. At the age of 20 years, the process of change of gender was
started. He lives in a sheltered home assisted by caretakers and works part-time supported by disability benefits.

Patient #10 Intellectual disability, and mega cisterna magna.
Male, age 25 years.
Genetics. Heterozygous ALDH7A1 mutation: c.1279G>C (p.Glu427Gln). Compound homozygosity is likely.
Test in progress. A second cousin with PDE (Patient 7).
Pregnancy and birth. Normal pregnancy and spontaneous labour at week 39.
Neonatal period. The patient developed severe hypoxia and acidosis less than two hours after birth and needed
ventilatory support. An hour later, episodic periorbital twitching and oral suckling movements were observed,
which evolved to bilateral motor seizures, including myoclonus. Chest x-ray revealed bilateral pneumothorax.
The patient was treated with PB and DZP, of which the latter seemed to have a temporary effect. EEG showed
EA over the left occipital lobe.
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The next morning 100 mg P iv was administered, and the seizures promptly stopped. The patient fell asleep,
appeared hypotonic, but improved with more symmetrical limb movements and could be fed from a nursing
bottle. However, EEG showed increased spike frequency. CT imaging showed a mega cisterna magna. The
pneumothorax resolved spontaneously.
With ongoing PB treatment, the seizures recurred after one week. He had a series of motor seizures, including
spasms, one exceeding five minutes. Another 100 mg iv P again immediately terminated the seizures. Thus, the
patient was clinically diagnosed with PDE, and 10 mg/kg/d P treatment was maintained. PB was gradually
tapered off. EEG showed a normal background but still sporadic EA over both hemispheres.
Childhood At the age of one year, he had a single episode of prolonged breakthrough convulsions during fever.
Serial bilateral motor seizures persisted for two hours, one lasted approximately 30 minutes. They resolved with
i.v. P, DZP, PB, and declining body temperature.
Intracranial pressure monitoring at the age of four years ruled out any clinical significance of the persistent
mega cisterna magna.
Throughout childhood, he was hyperactive with a moderate developmental delay, particularly affecting motor
functions and language. A left-sided esotropia became evident. Fever was sometimes accompanied by fainting
during adolescence, but he was considered seizure-free.
Adulthood. A neuropsychological test was performed at the age of 20 years and revealed reduced visuomotor
velocity, sub-average bilateral fine-motor hand function and severe difficulties with long-term focused attention,
executive functions, and cognitive processing. IQ was estimated to be 68.
Follow-up EEGs up to the age of 20 showed a diffuse unspecific abnormality without epileptiform elements
with P 170mg/d.
The patient completed an individual training programme. He is now employed in a construction firm and lives
in his parents’ house.

Patient #11 Persistent foetal circulation and hypoxic-ischaemic encephalopathy.
Female, age 31 y and 8m.
Genetics. Compound heterozygous ALDH7A1 mutation; c.1279G>C (p.Glu427Gln) & c.1513G>C
(p.Gly505Arg).
Pregnancy and birth. Normal. APGAR scores 9-9 after one and five minutes.
Neonatal period. The patient developed hypoxia and acidosis within minutes after birth. Severe cyanosis was
seen in the lower part of the body, and invasive ventilatory support was provided. Persistent foetal circulation
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was suspected. The condition improved with continuous prostaglandin infusion. She also developed
pneumothorax which needed draining.
On day two, the patient presented with a series of motor seizures, which became progressively longer. Combined
PB and high doses of DZP and PHT appeared to be effective. Cerebral ultrasound on day 10 revealed increased
frontotemporal echogenicity bilaterally. CT confirmed ischaemic changes in corresponding areas, mainly in
white matter. On day 11 bilateral seizures reoccurred, of which one lasted approximately 30 minutes, diagnosed
as SE. DZP, PHT and PB had no effect. Cerebral function monitoring suggested seizure activity, upon which P
i.v. (unknown dose) was given. The EEG changed to a burst suppression pattern and P was not continued, but
the clinical seizures stopped within a minute. Seizures recurred six days later and were promptly stopped by
another dose of P i.v. Thus, she was diagnosed with PDE and treated with 40 mg/d P and PB.
Childhood. With continuous P treatment, hypotonia was present until the age of 6 m. Evaluations showed
delayed psychomotor development with symptoms suggesting CP. She still had sporadic seizures. Oral
automatisms, abnormal eye movements and clonic jerks in the upper extremities lasting 30 seconds to one
minute were seen. The aetiology was considered to be hypoxic-ischaemic encephalopathy. PB was substituted
by CBZ at the age of one year. Another SE lasting 1.5 hours occurred at the age of 10 months during otitis
media. She was treated with high DZP doses. She had another two breakthrough seizures with intercurrent
disease at the age of 1.5 and four years terminated with DZP. CBZ was discontinued from the age of 4 years.
The language was considered within normal limits at eight years, but a left-sided weakness and problems with
fine finger movements were present. She needed an Educational and Psychological Counselling Service.
At four months, follow-up brain CT showed atrophy corresponding to prior hypoxic changes with an expanded
ventricular system. Additional brain MRI investigations (the last one at the age of 24 years) have consistently
shown periventricular white matter lesions. Further EEGs during childhood were all normal.
Adulthood. During gastroenteritis, she had a breakthrough tonic-clonic seizure at the age of 22 years which
was treated with DZP. EEG at the age of 27 years was normal. A neuropsychological test showed major
problems in social understanding, assessing time, interaction, and planning. Her full-scale IQ was estimated to
be 53 (mild ID).
She completed primary and lower secondary school for people with special needs. She has residential care and
sheltered work.
PDE was genetically confirmed at the age of 31 years.
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Patient #12 Cerebral haemorrhage, meningoencephalitis, and adult status epilepticus
on P withdrawal.
Male, age 52 years.
Genetics. Homozygous ALDH7A1 mutation: c.1279G>C (p.Glu427Gln).
Pregnancy and birth. Normal pregnancy and spontaneous vaginal birth.
Neonatal period. Four hours after birth, he developed severe acidosis and hypoxia. Pneumonia with bilateral
upper pulmonary opacities was diagnosed. He received oxygen and sodium bicarbonate but presented a series
of motor seizures. He was treated with DZP and PB without effect. The next day, he received P 50 mg i.m.
injection, which stopped the seizure activity within one minute. Four days later seizures recurred, and P 100 mg
i.m. was readministered combined with PB. Initial EEG investigations showed generalized slow-wave activity.
Later the background activity normalized with sporadic multifocal slow-wave activity.
Concurrently, he developed sepsis arising from an infected umbilicus. He received broad-spectrum antibiotics,
but developed osteomyelitis with multiple foci, of which one caused a destructive lesion in the left hip needing
later surgical intervention.
Childhood. While seizure-free, withdrawal of P was tried on several occasions, but seizures recurred within two
to three days, except once, when he remained seizure-free for three weeks. Throughout childhood, he had several
breakthrough seizures with either fever or vomiting/diarrhoea. One episode progressed to status epilepticus with
a series of tonic-clonic seizures lasting 1.5 h at the age of eight years. He was treated with i.v. DZP and P.
Occasionally, he experienced episodes with reduced consciousness without fever. Except for a period between
eight and 13 years of age, he received combination therapy with ASM; PB during early childhood, later CBZ.
In pre-school, he presented behavioural problems and hyperactivity, which resolved with age. He suffered from
viral meningoencephalitis at the age of eight years and had a mild traumatic brain injury the year after. He had
a mild ID and went to a school for people with special needs.
Adulthood. A second SE occurred during a holiday abroad with peers at the age of 28 years. Due to intercurrent
illness with anorexia, vomiting and abdominal pain, P could not be ingested for several days. He was
hospitalized with serial GTCs. He was treated for refractory SE with anaesthetizing ASMs. Brain imaging
showed mild cerebral oedema. P was not reintroduced until family members arrived after three days and
provided information about the aetiology of his seizure disorder. Subsequently, he made a remarkable recovery
after an initial phase of inability to speak and walk. Later EEG recordings have consistently shown a mild
slowed background activity with intermittent EA over the frontotemporal areas.
He lives alone close to relatives with supervision and works in a sheltered workplace.
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4. Results
4.1 The prevalence of PDE was higher among children than adults
In this study, we identified 13 patients with a diagnosis of PDE. Consent to participate in the study was provided
for 12. Two of the patients were siblings and another two, second cousins. Four were born female, one of them
identified as male in adult age, and 7 were male. One boy died at age of 9 months. The median age of the alive
patients was 16 years (IQR 22y 5m), range 9 months – 52 years. Six of the patients were under 18, which gives
an estimated prevalence of 5.4/million among Norwegian children versus 1.4/million among adults.

4.2 The founder mutation c.1279G>C was most prevalent
Six patients (64%) had homozygous pathogenic mutations in the ALDH7A1 gene. The majority of the
homozygous mutations was c.1279G>C (4 of 11, 36%), while one (Patient 2) had homozygous c.1008+1G>A
mutations and another (Patient 9) had c.1513G>C. Two patients (Patients 5 and 11, 18%) had compound
heterozygous mutations with known pathogenic effects consisting of a monoallelic c.1279G>C mutation, and
c.834G>A and c.1513G>C in Patients 5 and 11, respectively. In Patient 10, a heterozygous c.1279G>C was
confirmed, and further genetic testing was in progress at the time of thesis submission. The second cousin
(Patient 7) also has a monoallelic c.1279G>C pathogenic mutation. The other genetic lesion found in Patient 7
was an intronic deletion of 59 base pairs (5q23.2 (125910543_125910602)) which was under further
investigation. These two patients were counted as probable cases.
Patient 6 had a homozygous c.2T>G mutation previously not reported in PDE patients. The mutation was
located in splice site 1, which encodes the translation initiation of the mitochondrial version of antiquitin. On P
treatment, this patient did not have elevated biochemical markers for PDE. Therefore, he was classified as a
possible PDE case. Patient 1 who died with SE was also considered a possible PDE case because of the affected
sibling and the parental information.

4.3 Signs and symptoms in the presenting period varied among the patients
Seizures. The median age at seizure onset was 1 d (IQR 2.6 d) and ranged from the age of 1h 20 min. to 167
days. Five patients (45%) presented with seizures within the first 24 hours of life, five presented with seizures
between one and seven days postpartum and one patient (Patient 7) presented with infantile spasms at the age
of 5 months and 2 weeks. All patients had motor seizures of various types according to the ILAE classification
of seizures in the neonate[37] (Fig. 3A). Clonic and myoclonic seizures, including focal, asymmetrical and
bilateral were most prevalent. Three had motor seizures described as epileptic spasms. Most episodes indicative
of non-motor seizures (behavioural arrests) had no reported electrographic correlates during EEG recordings
and were not regarded as seizures by the treatment providers. In seven of the patients, one or more episodes of
SE (continuous or serial seizures > 30 min) were reported without further criteria. Two patients exhibiting
epileptic spasms also had SE (Patients 2 and 10). The mothers of three patients (27%) reported rhythmic foetal
movements during the last trimester suggestive of seizures.
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Perinatal complications. We found that acidosis was by far the most common clinical finding (82%, 9 of 11
patients). Only one patient had a normal perinatal history (Patient 6), and impending post-term pregnancy was
present in three birth histories (27%); one was delivered by c-section and two births were induced. Neonatal
brain-imaging studies revealed parenchymal haemorrhages in two patients. Other clinical findings are
summarised in (Fig. 2A and 1B). Nine of 11 patients (82%) received ventilatory support, including both invasive
and non-invasive methods, during the initial presentation. Asphyxia was diagnosed in three patients (27%).
Patients 2 and 6 were the only ones not in need of ventilatory support. The patient characteristics, clinical
findings, and treatment approaches are summarized in Table 2.

4.4 Epileptiform interictal EEG abnormalities during the presenting period
The patients exhibited a multitude of EEG characteristics, where interictal multifocal EA was the most common
finding during the initial clinical presentation. Interictal burst suppression pattern was present in four patients
(36%), while one responded with burst suppression upon P injection during a seizure (9%). Eight patients (73%)
had focal EA. In one patient the foci were alternating between hemispheres (patient 3) during the same recording
while the others showed different foci during different recordings. Slowed background and other unspecified
background abnormalities were also seen in eight patients (73%). Hypsarrhythmia was seen in one with epileptic
spasms (Patient 6).
EEG reports are systematically summarized in table 3.

4.5 Varying brain imaging abnormalities were found during different ages
Abnormalities in brain imaging were found in eight patients. Only two patients had solitary findings, while the
rest had two or more abnormalities. Intracranial haemorrhages were present in two (Patient 2 and 3). The
haemorrhage was less extensive in Patient 2, who had micro haemorrhages in the left cerebellar foils. In Patient
3 both basal temporal lobes, as well as the cerebellum, were affected. Blood products were also seen on the
cerebral surface along with intraventricular haemorrhage. Cytotoxic oedema, perimedullary venous thrombosis
and a thin isthmus of the corpus callosum were also present. Patient 2 had remission of the haemorrhages on
follow-up imaging, while patient 3 still had haemorrhages in the cerebellum and blood products on the cerebral
surface at age three months. Corpus callosum was also hypoplastic together with substance loss corresponding
to prior haemorrhages. Corpus callosum anomalies, thinning and hypoplasia, were present in three other patients
as well (36%, 4 of 11). Enlarged ventricular spaces were seen in four patients (36%) and mega cisterna magna
in two (18%). White matter anomalies, including atrophy, focal lesions, and substance loss, were seen in four
patients (36%). Cortical thinning was present in one patient (Patient 7), and he also had delayed myelination.
One patient had mild cerebral oedema related to status epilepticus. Imaging findings are summarized in table 3.
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4.6 Initial treatment with anti-seizure medications were ineffective and pyridoxine had
either immediate or delayed electroclinical effect
The median delay to initial P administration was 6 d (IQR 7d) but varied from one day to 51 days. One patient
had a delay > 2 w, and one >1 m. The other patients had the first P trial within less than 10 days, mostly one or
two days after the presentation (55%, 6 of 11). The median delay to maintained P therapy was 17 d (IQR 16d),
ranging from four d to 58 d. Three patients were treated with ≤ 2 ASMs (27%), five patients tried 3-4 ASMs
(45%), and two tried 4-5 (18%). In one patient seven different ASMs were tried (9%). A combination of two or
more ASMs was used in eight patients (73%) before P. 10 of the 11 patients (91%) had an apparent temporary
effect of ASMs. In five patients (45%) PB appeared to have a transient complete or seizure reducing effect.
Other effective ASMs belonged to the BZDs. The effect duration of the ASMs seemed to be reduced with each
administration in at least one patient. Six patients had an effect within minutes, whereas five had a delayed
effect to the initial P administration. The delay ranged from various intervals to achieved seizure control varying
from the same day to EEG improvements seen up to a week later. But detailed information on the response was
lacking. Eight patients (73%) had either accidental or planned trial terminations of P. The median time to seizure
recurrence was 6 d (IQR 2), range1.5 to 10 d.
Five of the six children received dietary therapy. One had only lysine restriction while the remainder had
additional arginine supplementation. The median delay to dietary intervention among children was 2.5 m (IQR
32 m). Patient 7 started lysine restricted diet at the age of 10y and the parents had the impression of some
improvement, mainly regarding eye contact and alertness. Only one adult patient received dietary intervention
in the form of arginine supplementation. The median duration of dietary intervention among the patients
receiving either a lysine restricted and/or arginine supplemented diet was 22m (IQR 27m). Individual treatment
approaches are given in the case series and summarized in table 2.

4.7 Comorbidities were frequent and varying at different ages
Nine patients (82%) had at least one comorbidity. Three (27%) had severe feeding problems, usually in the
neonatal period and in childhood. Abnormal eye motility, such as converging strabismus, intermittent
alternating esotropia, exotropia, and esotropia affecting one eye were present in five patients (45%).
Gastroesophageal reflux and sleeplessness, as well as wrist twitches of unknown significance, were present in
one patient (Patient 4 and 5 respectively). One patient (Patient 7) developed quadriplegic cerebral palsy and
microcephaly. One patient (Patient 9) had autistic features with self-harm. One patient (Patient 11) had mild
cerebral palsy with left upper extremity hypoplasia (10 cm shortening in adult age) and hemiplegia. Patient 12
had viral meningoencephalitis and a mild traumatic brain injury (table3).
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4.8 Seizure control was present in the majority of the patients and developmental
outcomes ranged from normal to severe intellectual disability
The median follow-up time was 15y 7m (IQR 20y 5m). Patient 10 did not have neurological follow-up between
ages 8y and 16y. All patients were on P at the last follow-up. Median P dose at last follow-up was 276mg/d
(IQR 51mg/d), ranging from 200 mg/d to 420 mg/d among children. Among adult patients, median dose was
240mg/d (IQR 150mg/d), ranging from 40mg/d to 500mg/d. Two adults had a rather low P dose at last followup: 40 mg/d and 170mg/d (Patient 11 and 10 respectively). Two patients received ASMs in combination with P
at the last follow up (Patient 7 and 12, LEV and CBZ respectively, 28%). Two patients were supplemented with
calcium folic acid (18%), and three with vitamin D (27%).
Eight patients reported long-lasting seizure control at last follow up (73%), two patients (18%, patients 2 and
3) had seizures on high dose P (30mg/kg/d), and one (9%, Patient 7) had seizures despite treatment with high
dose P (420mg/d) combined with ASM (CBZ). Patient 2 was seizure-free at the last follow-up but had
spontaneous seizures while reducing ASM. The median of the longest seizure-free period among children was
15m (IQR 21m), ranging from 4-116 m. Among adults, the median was 264 months (IQR 57m), ranging from
173 m in Patient 9 to 276 m in Patient 12. Ten patients (91%) had breakthrough seizures during intercurrent
illness, five with febrile diseases alone, and the other five with both fever and gastroenteritis. The frequency of
breakthrough seizures decreased with age. Eight of 11 patients (73%) had breakthrough seizures in early
childhood (<2 y), three patients also had breakthrough seizures in childhood (2-18 y) and only two patients had
breakthrough seizures in adulthood. In Patient 12 a gastroenteritis and discontinued P caused severe SE at the
age of 28 y. Patient 11 also had a GTC with gastroenteritis at the age of 22 y.
Six patients (55%) had normal EEGs at the last available recording. Two patients (18%, patients 9 and 10) had
slowed background activity and one (9%, Patient 2) had multifocal EA, mainly involving frontal and parietal
regions. Patients 7 and 12 had the most severe findings showing multifocal EA on a slowed background. Nerve
conduction studies were done in two patients, Patients 7 and 8, both were normal.
Two patients (18%, Patient 6 and 8) had age-adequate general abilities or development. Four patients (36%,
Patients 2, 3, 10, 11, and 12) had either mild ID diagnosed by standardized test batteries or developmental delay
assessed by clinicians. The standardized tests showed difficulties with focused attention, executive functions,
cognitive processing in patient 10 and difficulties with social understanding, assessing time, interaction, and
planning in patient 11. Two children (18%, patients 4 and 5) had moderately delayed development and one adult
(Patient 9) had a moderate ID by neuropsychological testing (details not available). Patient 7 had severe ID with
dyskinetic quadriplegic cerebral palsy.
According to previously described clinical severity scores, four patients (27%, Patients 5, 6, 8 and 11) had mild,
five patients (45%) had moderate, and two patients (18%, Patient 2 and 7) had severe phenotype (Fig. 3B and
C). Based on the clinical history and the respective clinical outcomes described above and summarised as the
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total clinical severity scores, several factors might affect and perhaps predict the outcomes. Higher numbers of
perinatal complications showed a trend towards worse outcomes (higher total CSS and worse GDD/ IDoutcome measure) (Fig. 3D and 3G respectively). Higher number of ASMs ever used also showed a trend
towards worse outcomes (Fig. 3E and 3H respectively). Conversely, higher age at seizure onset shows a trend
towards lower CSS and GDD/ID (Fig. 3F and 3I respectively).
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5. Discussion
5.1 Difference in disease prevalence among children and adults might be affected by
several factors
We found the estimated prevalence of PDE among children to be 5.4 per million in line with previously reported
estimates for European countries (1:250000- 1:700000) [12, 13]. By contrast, the prevalence estimate among
adults, 1.4 per million, was much lower, which might be due to several reasons.
a) PDE patients might have reduced survival and therefore do not reach adulthood, as illustrated by Patient 1.
b) PDE as a diagnosis only dates back to 1954 and was considerably underdiagnosed for many years as
demonstrated by Patient 1. However, awareness of the condition has been increasing, particularly by the
development of specific diagnostic tools. We believe that undiagnosed patients might be concealed among the
large group of severely handicapped and institutionalized adult people with severe ID and uncontrolled epilepsy.
Many of these patients have conditions of unknown aetiologies, or disorders unduly thought to be related to
emergent perinatal complications, as first considered in Patient 7, who was diagnosed with delay. The low
number of adult patients underscores the importance of repeated re-evaluation of genetic/metabolic aetiologies
according to the constant progress of scientific knowledge and clinical experience in the field. Such reevaluations are advised both in children [38-40] and adults [41] with ID or developmental delay. Additionally,
PDE should be considered in cases of refractory seizures of unknown aetiology in early adulthood and
adolescence, as well as later in childhood [42-44]. Later seizure onset often appears to be associated with milder
symptoms and may lead to a diagnosis of unspecific epilepsy [45, 46].
c) Some PDE patients may not receive follow-up in the specialist health service in adult life, thus leaving them
unavailable for identification in this study.
In summary, it is important that awareness of the condition is increased at all departments treating seizure
patients, including emergency departments. Even the possibility of new onset PDE seizures in late childhood
and adolescence should be kept in mind.

5.2 The association between genotypes and outcome
To evaluate association between the genotype and outcome, we looked at the different mutations in patients
diagnosed with PDE. The founder mutation, c.1279G>C, was the most prevalent, appearing biallelic in two
children who exhibited a moderate developmental delay, especially affecting language (Patients 3 and 4). They
had uncontrolled seizures with P and occasional febrile seizures respectively (Table 2). The last interictal EEGs
were normal in both (Table 3). Moreover, two adults (Patients 8 and 12) with either a normal outcome or a mild
ID, both with full seizure control had homozygous founder mutation. Hence, the spectrum of neurodevelopment
and seizure control is variable with this mutation both among children and adults in line with previous reports
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[47], suggesting that there might be other, more important, factors affecting the outcome rather than genetics
alone.
Additional four patients had monoallelic c.1279G>C mutations. Two were children, where Patient 5 proved to
be compound heterozygous with a c.834G>A mutation on the other allele, while Patient 7 had a deletion of 59
base pairs in intron 7 of uncertain significance. Further investigations are needed to elucidate the effects of this
deletion, although prediction software “Mutation Taster” [48] did not predict any abolition of possible splice
sites, or frameshifts (prediction results are available from [49]). The development was moderately delayed in
Patient 5, but Patient 7 had severe ID in line with the observation that in some genetic diseases, compound
heterozygosity with deletions lead to a more severe phenotype [50]. Patient 5 had also been seizure-free for
many years at the most recent assessment, although Patient 7 had uncontrolled seizures. This difference in
developmental outcome and seizure control may be due to inherent effects of the monoallelic mutations or other
factors, such as perinatal complications. Likewise, among the adults, two patients were heterozygous for the
c.1279G>C mutation. Patient 10, second cousin to patient 7, was under further investigation at the time of thesis
submission. Since both share the c.1279G>C mutation, the other mutation is likely different between the
subjects. In Patient 11, compound heterozygosity was demonstrated with a c.1513 mutation on the other allele.
Both patients were classified with mild ID. However, Patient 10 had a full-scale IQ of 68 (near normal range)
and complete seizure control, whereas Patient 11 had a full-scale IQ of 53 (lower range for mild ID), as well as
a breakthrough seizure in adult age.
In Patients 2 and 9, homozygous mutations in c.1008+1G>A and c.1513G>C were seen respectively. Both
mutations are known deleterious and previously reported [47, 51]. In Patient 2, a mild developmental delay was
recognized, although it might be too early to see the full extent of the developmental outcome. In Patient 9, a
moderate delay was reported, both had abnormal EEG at the latest available investigation, but no strong
correlation between the outcome and these genotypes can be seen.
Patient 6 had both an atypical clinical history with epileptic spasms at the age of 5.5 months, as well as a novel
mutation detected by genomic sequencing: c.2T>G. This presumably causes a deleterious p.M1R variation that
delays the translation initiation of the protein, predicted by “Mutation Taster” [52]. We speculate whether the
mitochondrial antiquitin activity [53] may be lost due to the mutation. The patient experienced seizure control
with P and had a favourable neurodevelopmental outcome and no further seizures. Conceivably, the mutation
affects the enzyme subcellularly, and since catabolites of lysine can be transported between cell compartments
[24, 54], there is a minimal accumulation of α-AASA and P6C. Therefore, the build-up of metabolites causing
seizures takes longer and the low concentration does not inflict the same degree of neuronal damage as seen in
some of the other cases. On the other hand, there have been reports of infantile spasms where P had either a
complete or partial anti-seizure effect [55], and we did not detect elevated biomarkers for PDE in the patient.
Consequently, further biochemical and genetic analyses are in progress to explore the effects of the mutation
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and to consider alternative causes for the infantile spasms. At present, the variant remains to be of uncertain
significance.
Comparing the genotype and outcome, we were unable to recognize a clear trend to whether the same mutations
correspond to a distinct outcome in line with previous publications [5]. We did not have access to quantified
biochemical data regarding α-AASA/ P6C and other biochemical PDE markers and could not make a direct
comparison between genetic mutations and the levels of metabolites. In any case, it is important to do
biochemical investigations to confirm disease activity and to confirm that mutations are pathogenic, as well as
to follow the dietary treatment effect [56].

5.3 The influence of perinatal complications on outcome
Considering that perinatal complications are often reported in PDE patients, we then investigated whether
perinatal symptoms and findings have an impact on development and intellectual ability. Besides Patient 6, all
alive patients had seizure onset within the neonatal period. Using the clinical severity score (CSS) as an outcome
measure, we saw a clear trend towards lower scores with later onsets. An even more apparent trend towards
lower CSS scores was seen, as visually suggested in Figure 3F, when Patient 7 was excluded because of
complicated perinatal history. The number of patients was too low to model the outcome based on age at seizure
onset. When not considering seizure control and the most recent EEG as in CSS, we also saw a trend towards a
better intellectual outcome with older age at seizure onset, although the trend was not as clear as seen with CSS
(Fig. 3I). These findings suggest that later seizure onset might favour a better outcome through unknown
mechanisms as previously suggested in the literature [44].
Acidosis, the need for ventilatory support and different neurological symptoms, such as irritability and
hypotonia, were common in the neonatal period in line with previous reports. These potential predictors
appeared to be less useful for determining the outcome. Acidosis was transient and detailed information on the
degree, duration and medical intervention was unavailable for several of the patients. However, these parameters
probably influence the developmental outcome to some extent. It has previously been reported that acidosis
(lower pH) and base deficit within an hour of delivery are associated with negative neurodevelopmental
outcomes [57].
Similarly, detailed information on hypoxia was lacking and most patients needed ventilatory support making
the parameter less useful for determining the outcome. In the cases where asphyxia was explicitly diagnosed,
the range of outcomes varied from mild ID in Patient 11 to quadriplegic CP with uncontrolled seizures in patient
7. Patient 3 had a moderate developmental delay with seizures on P. Hypoxic-ischaemic encephalopathy (HIE)
has the potential to further brain damage, epilepsy and ID [58]. Many of the pathological mechanisms behind
HIE is associated with increased excitability and oxidative stress [58, 59]. In a recent study, ALDH7A1 has
been proposed to have a protective role against oxidative stress [60]. The lack of this protective function might
contribute to both the initial clinical and pathological findings. Additionally, haem synthesis is dependent on
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PLP, and a deficiency may cause normocytic anaemia [61]. Although it was not reported in any of the cases, it
might contribute to overall reduced oxygen delivery to the brain, and thereby affect the clinical presentation.
The history of Patient 7 included abnormal prenatal, perinatal, as well as postnatal features. In addition to the
mother reporting symptoms suggestive of intrauterine seizures, the patient had severe hypoxia (especially during
convulsions), and prolonged electroclinical SE. Conceivably, asphyxia combined with prolonged SE lasting
seven days with barbiturate infusion contributed to the severe developmental outcome. There is also evidence
that prolonged high-dose barbiturates infusions can negatively impact neurodevelopment in some cases [62].
Other patients with likely intrauterine seizures had developmental outcomes ranging from normal in Patient 8
to moderate delay in Patient 3 with uncontrolled seizures, displaying that intrauterine seizures hardly are useful
predictors of outcome.
Furthermore, preterm birth and prematurity are often reported in patients with PDE-ALDH7A1, however, in
our patient population, we observed a trend towards post-term pregnancy and no prematurity or early delivery.
The impending post-term pregnancy, as observed in three patients, did not seem to be associated with poorer
outcomes. On the contrary, Patients 6 and 8 both had normal intellectual outcomes, while Patient 3 had a
moderate developmental delay. Although it is common knowledge that post-maturity is associated with higher
risk of perinatal complications compared to term babies, the observation of better average outcome among these
three patients might imply a protective role of longer intra-uterine dwell.
In conclusion, the triad of hypoxia, acidosis and seizures in the neonatal period suggests an important additive
role of thesefactorsin causing unfavourable outcomes. Further prospective multicenter observational studies
with detailed quantitative measures of perinatal complicationsc are needed to assess their influence on outcome
in a larger number of patients. Understanding the consequences of perinatal complications in PDE might be
improved by measurements of the degree and duration of acidosis and hypoxia, along with concentrations of
lysine catabolites, as well as haemoglobin levels. The present study corroborates that perinatal complications
should never lead to negligence of considering PDE in new-borns with seizures.

5.4 Delayed pyridoxine response can impede diagnosis and maintained P treatment
One of the hallmarks of PDE was thought to be an immediate response to P injections. Therefore, we
investigated the relationship between the response to the first P administration and the corresponding
developmental outcome. Six patients had an effect within minutes, whereas five had a delayed effect. The delay
intervals ranged from achieved seizure-control varying from the same day to EEG improvements seen up to a
week later. Upon administration of P, initial EEG responses revealed emergence of burst suppression and more
frequent EA in two patients, leading to doubt about the effect. In these cases, it led to delayed diagnosis and
thus a deferred P treatment. Patient 7 exhibited no EEG improvement during the P trial. In his case, the delay
to maintaining P treatment was much longer, where the clinical situation prompted repeated barbiturate
infusions. Additionally, the patient had the most severe neurodevelopmental outcome, which could either be
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attributed to ongoing seizures causing more damage, perinatal complications as discussed above or an inherent
disease effect. Nevertheless, it is important to know that some patients with PDE have a delayed either clinical,
electrographic or electroclinical response to P, which prompts re-evaluations in the diagnostic course of an
infant with refractory seizures. Even in some adults with new-onset refractory seizures, P trails might be
attempted since there are reports of seizure control in rare cases at an age above childhood [63]. At present, it
should be noted that the ALDH7A1 gene is included in the metabolic and intellectual disability gene panels, but
not specifically for epilepsy.

5.5 Status epilepticus and long-lasting electrographic findings in the neonatal period can
lead to worse outcome
To further investigate predictors of outcome, we examined the relationship between severe electrographic
findings and the corresponding intellectual outcomes. In line with previous reports, EEG findings in the
presenting period were variable, ranging from focal EA to burst suppression and hypsarrhythmia. Among
patients who exhibited burst suppression, the developmental outcomes ranged from mild (one patient) to
moderate developmental delay in three children and mild ID in one adult (Patient 11). The greater delay in
development seen in three of the patients may be attributed to confounding factors, which in the presenting
period cause severe electrographic findings and a later less favourable intellectual outcome. On the other hand,
the EEG findings may also indicate seizure susceptibility and ongoing neuronal excitation, which may cause
more neuronal damage and adverse outcomes through excitotoxicity [27]. The overall effect of these
electrographic findings was challenging to evaluate since information about the duration was not provided for
several of the patients. Nevertheless, it is known that neonatal interictal spikes and seizures regardless of
aetiology impact development [64]. Thus, the prognosis may be worse for patients with more severe or longlasting electrographic findings during the neonatal or presenting period (although we could not show this in our
limited patient material).
Comparable with the electrographic picture, several seizure types were observed during the presenting period,
including SE. The same patient often exhibited various motor seizure types. Among the seven patients who had
a single or several SE, the neurodevelopment varied widely from IQ just below the lower normal range in Patient
10 to severe ID with quadriplegic CP in patient 7. Some important clinical differences between these two
patients were that Patient 7, as discussed above, had a longer delay in maintained P treatment, and a very long
duration of SE with barbiturate infusion. Both patients 10, with an IQ of 68, and 11, with an IQ of 53, were
diagnosed with SE. An important difference between these two was the age at which the first SE occurred.
Patient 10 was 1 y old with fever and achieved a better developmental outcome, while patient 11 had a neonatal
SE unrelated to fever. Patients 3, 4, and 5 had SE within the first week of life, and all had a moderate delay in
development. These observations are in line with previous publications associating SE and recurrent seizures in
the neonatal period with poor neurological outcomes and developmental delay [65, 66].
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5.6 Brain imaging findings and outcome
In this patient population, the brain imaging findings varied greatly from patient to patient, which in many cases
could raise suspicion of alternative causes for epilepsy. The two patients diagnosed with CP had severe
neuroimaging findings with ischemic white matter changes followed by corresponding white matter atrophy
and an expanded ventricular system in Patient 11. Patient 7 on the other hand had voluminous fluid spaces,
thinned corpus callosum, sparse white matter with a lack of myelinization and a thin cortex. In line with the
imaging findings, the outcomes were of different severity; Patient 11 had a mild ID with hemiplegic CP
(GMFCS 1) while Patient 7 had a severe ID with dyskinetic quadriplegic CP and uncontrolled seizures. The
imaging findings in this patient might be due to the combination of asphyxia and the prolonged periods of
electroclinical status along with the effect of the disease itself.
One other patient, Patient 3, had extensive imaging findings, with intraventricular haemorrhages, venous
thrombosis affecting multiple venous sinuses, cytotoxic oedema, and intraparenchymal and subarachnoid
haemorrhage as well as later substance loss and corpus callosum atrophy. Her development was moderately
delayed, and seizures unrelated to intercurrent disease were reported. All the neuroimaging findings in this
patient are associated with adverse neurological outcomes [67, 68]. Patient 2 was the only other patient with
intracranial haemorrhage. The extent and the duration of subarachnoid blood on the surface of the cerebellum
were less severe. She had a mild developmental delay and did not have other structural abnormalities on followup. Both patients are rather young, and it is likely too early to assess the full extent of the adverse intellectual
outcome.
In line with previous case reports and PDE literature, several patients had corpus callosum abnormalities. In
Patients 3 and 7, this accompanied other neuroimaging findings, while in Patient 8 a thinning of the corpus
callosum was seen in adult age, whereas it had previously been reported as normal. This finding might be a
reporting bias since the disease was genetically confirmed, or it might have been influenced by an ongoing
neurotoxic or pathological effect of the disease. However, the development ranged from normal outcome to
severe ID for this finding, making it a poor predictor of outcomes. Conceivably the outcome is an additive sum
of perinatal complications, including structural abnormalities and biochemical disturbances.

5.7 Lifelong pyridoxine treatment is important for preventing breakthrough of severe
seizures
In the case of Patient 12, a severe episode of SE was diagnosed at the age of 28 years. The patient, travelling
abroad with peers, developed gastroenteritis and recurrent seizures, and could not ingest P for three days. Unable
to convey the aetiology of his convulsions to the local health personnel, he did not receive P upon admission.
He developed a prolonged SE with brain oedema that necessitated the use of anaesthetising ASMs, which did
not alleviate the convulsions. The clinical situation only improved with the administration of P after parental
information on the aetiology, allowing extubation and a clinical improvement. First, this episode illustrates the
importance of lifelong P treatment; secondly, that more awareness about PDE is needed in the hospital
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departments treating SE and prolonged seizures. Likewise, a prolonged SE during pregnancy due to probable
non-adherence has been reported [69].
To avoid similar episodes and to provide more efficient treatment of patients with PDE, we propose “Emergency
cards” such as the ones used for patients treated with steroids[70, 71] (Fig. 4). This might reduce the delay of P
treatment preventing dangerous situations.

5.8 PDE and Pregnancy
As one of our patients is of fertile age, with appropriate intellectual abilities, pregnancy in PDE patients is of
current interest. There is little relevant literature on the subject [6, 9, 14, 44, 72-74]. Genetic counselling is
recommended for couples with an affected child, since there is a 25% chance for another affected offspring [8,
73]. Women with pregnancies at risk for PDE has been recommended P 50-100 mg/d to prevent intrauterine
convulsions and to improve neurodevelopmental outcome [8, 75]. Human studies associate high dose P
supplementation with neuropathy [76]. Some of the toxic effects might be due to high concentrations of P
competitively inhibiting PLP dependent enzymatic reactions, as well as cell death in neuronal cell types [77].
However, recommended doses were considered safe and non-teratogenic and have been used in the treatment
of hyperemesis gravidarum without any apparent adverse effects [78-80].
Better neurodevelopmental outcomes have been reported in two children with prophylactic P treatment of the
mother during pregnancy [14]. The antenatally treated children had higher IQ than the postnatally treated
sibling, but the findings are still not conclusive as Rankin et al, as well as Marguet et al., did not find improved
outcomes in treated patients, although some of them never exhibited seizures with continuous P [6, 81]. Further
detailed studies on antenatal P treatment are needed.
There is only one reported case with adverse foetal effects from prophylactic P treatment [74]. In this case, the
mother had been counselled prophylactic treatment with P 200 mg/ d, and later in the pregnancy 100 mg/ day
because of an affected offspring. The P supplementation was continued postnatally. On day 14 the patient
developed tonic SE with no response to P 100 mg i.v., but a prompt response to a single dose of PB, and a
similar sequence of events five days later. No obvious cause for the SE (infection, intracerebral haemorrhage
etc.) could be found, leading to the hypothesis of increased neuro-excitability as an effect of P in healthy
neonates. The baby did not carry any mutations in ALDH7A1.
Women with PDE wishing to conceive should be offered genetic counselling, with, detailed information about
the inheritance pattern, as well as the possibility of seizure recurrence during pregnancy [69]. The daily need
for P increases during pregnancy [61, 82], and consequently P dosage might have to be increased as well to
ensure seizure control. However, the increase of P dose might lead to an excessive concentration of PLP in the
foetus. Human studies have shown that the concentration of PLP in foetal blood might be up to nine times higher
than the maternal blood [82], and this could cause increased neurotoxicity and seizures in healthy neonates. It
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is important to provide frequent follow-ups throughout the pregnancy to ensure both foetal and maternal
wellbeing.

5.9 Methodological issues/ limitations
This study was conducted retrospectively with a review of the medical records of available patients. Some
limitations were:
1. We did not have the opportunity to examine the patients in person.
2. Not all patients had a standardized evaluation of developmental outcomes.
3. Some patients did not have follow-ups for longer periods.
4. Association of different parameters to the neurodevelopmental outcome was assessed visually in plot
diagrams, as the number of patients was low and precluded meaningful statistical analysis.

6. Concluding remarks
According to this nationwide study, the prevalence of PDE among children in Norway appeared to be similar
to that reported from other European countries, whereas the prevalence of adult patients was low. This
discrepancy may be due to increased mortality in childhood, a previous lower detection rate of the disease, and
incomplete follow-up in the specialist health services in adult life, leaving older patients unavailable for this
study. The disorder might be more prevalent than hitherto believed. Due to more accurate diagnostic procedures
with genetic as well as metabolic testing, more children with PDE will probably be identified.
The cognitive outcomes were variable, ranging from normal to severe deficits. Perinatal complications in the
form of acidosis, ventilatory problems, asphyxia and intracranial haemorrhages of variable degrees were
common and may have influenced neurodevelopment. Two patients were left with CP. Status epilepticus and
long-lasting electrographic findings in the neonatal period might have led to a worse outcome. No other clear
predictors for emergent ID were found in this small number of patients, neither genetic nor clinical. Unknown
factors seem to be at play and should be further explored.
The knowledge about the course of the disorder in adult age has hitherto been scarce. P doses varied
considerably in adult patients and were partly lower than recommended. Neurophysiological screening for
peripheral nerve toxicity, as advised, was rare. All children, but only one adult, had been offered dietary
treatment. Seizure breakthroughs in adults were uncommon and related to non-adherence to P treatment. Severe
status epilepticus associated with discontinuation of P when acutely admitted to hospital for non-febrile
gastroenteritis occurred in one patient. It is extremely important that life-long P treatment is maintained despite
seizure freedom for decades.
Patients with PDE at all ages should be followed in the specialist health services according to recent consensus
guidelines for the treatment of PDE. Comprehensive management in the form of continuous information and
education about the disorder and the development of new treatment procedures and recommendations is
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imperative for optimal quality of life in people with PDE. Currently, the literature on this rare but important
autosomal recessive disorder with sporadic occurrence is immensely expanding. Updated knowledge on the
various aspects of the precision treatment of PDE should be disseminated to all departments treating people
with seizure disorders.
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Figure 1

Figure 1. Lysine degradation pathways and pyridoxine dependent epilepsy. Lysine degradation
follows two different pathways: either the mitochondrial saccharopine pathway or the pipecolic acid
pathway. The pipecolic acid pathway is not fully understood and has enzymes in different cell
compartments[54]. Unknown gene/enzyme (marked as “?”) regulates the initial α-deamination in the
pipecolic acid pathway. 2-oxo-6-amino-caproate is in equilibrium with ∆1-piperideine-2-carboxylate
(P2C), which is reduced by CRYM/KR, ketamine reductase, to L-pipecolic acid. Pipecolic acid is
further oxidized to P6C by the peroxisomal enzyme pipecolate oxidase (PIPOX). Metabolites are
transported between cell compartments with unidentified mechanisms. P6C is in equilibrium with L2-aminoadipic acid 6-semialdehyde (AASA). The saccharopine pathway is almost exclusively
mitochondrial, except for ALDH7A1/ antiquitin which also can be found in the cytosol, the other
enzymes are mitochondrial. L-lysine is combined with 2-oxoglutaric acid by 2-aminoadipic acid
semialdehyde synthase (AASS) to saccharaopine, and further to αAASA when L-glutamate is released.
At this stage, the two pathways converge, and αAASA is converted to L-2-aminoadipic acid by
antiquitin. PDE-ALDH7A1 causes defective antiquitin and accumulation of AASA, which is in
equilibrium with P6C. P6C then condensates with the active form of pyridoxine, PLP, and causes a
functional PLP deficit.

Side 36 av 46

Figure 2

Figure 2. Perinatal medical findings. A) Number of patients with the given medical finding. The most
common finding was acidosis. B) Percentage of total perinatal findings. HL: hypoplastic lungs; IVH:
intraventricular haemorrhage; MSAF: meconium-stained amniotic fluid; PFC: persistent foetal
circulation; PH: pulmonary hypertension; PTP: impending post-term pregnancy, CTG:
cardiotocography; RDS: respiratory distress syndrome; SROM: sepsis-related osteomyelitis.
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Figure 3

Figure 3. Seizures and outcome measures. A) Seizure types. The most common were clonic and myoclonic
seizures, as well as Status epilepticus. GTC presented in 2 adult patients. B) Total clinical severity score (CSS)
scored according to 1) most recent clinical assessment of development or diagnosis of intellectual disability. 2)
Clinical seizures during maintained P treatment. 3) Interictal electroencephalography on maintained P
treatment. 3) portion of phenotypes based on CSS. Patients 2 and 7 had the most severe phenotype. Patients 5,
6. 8 and 11 had a mild phenotype. C) Proportion of phenotype category. D)CSS plotted against the number of
perinatal complications/ findings. E) CSS plotted against the number of ASMs ever used. F) CSS plotted against
age at seizure onset. Parenthesis marks the displaced representation for Patient 6 with age at onset of five
months and two weeks. G) Intellectual disability or global developmental delay (GDD/ID); 0 = normal, 1=
mild, 2= moderate, 3= severe. GDD/ID plotted against the number of perinatal complications/ findings. H)
GDD/ID plotted against the number of ASMs ever used. I) GDD/ID plotted against age at seizure onset.
Parenthesis marks the displaced representation for Patient 6 with age at onset of five months and two weeks.
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Figure 4

Figure 4. Proposed emergency card for patients with pyridoxine dependent epilepsy. The information
card is inspired by the Norwegian version of the Steroid Emergency Card and conveys important
information about disease aetiology and treatment in case of seizures associated with an intercurrent
disease or stopped treatment
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Table 1 – Genes related to pyridoxine dependent- and pyridoxal-5’-phosphate responsive seizures and their
assumed pathological effects. Some of the mutations are related to the metabolism and transport of pyridoxine,
while others cause inactivation of the biochemically active form, pyridoxal-5’-phosphate (PLP).

Genes related
to
PLP
metabolism

Genes
that
cause
PLP
inactivation

MIM#

Gene

Protein

610090

PNPO
17q21.32

241510

ALPL[83]
Chr 1,2,4

239300
280000
614749

PIGV,
PIGL,
PIGO
1,17, 9

‘Pyridoxine
phosphate
oxidase
Tissue
nonspecific alkaline
phosphatase
GPI – anchors

617290

PROSC
8p11
ALDH7A1
5q

252160

239510

266100

Protein
function
PLP synthesis
from PNP

Effect of mutation

Category

Lack of PLP

PL formation
from PLP

Lack of PL formed at
the blood-brain barrier

Pyridoxal5’phosphate
responsive
epilepsy

Anchoring
TNSALP at
capillaries

Lack of PL formed at
the blood-brain barrier

Proline synthase
co-transcribed
α- Aminoadipic
semialdehyde
dehydrogenase
(antiquitin)

Cellular PLP
homeostasis?
αAminoadipate

MOCS2
5q

Molybdenum
cofactor
synthesis 2

Oxidation of
sulphite
to
sulphite

ALDH4A1
Chr 1

P5C
dehydrogenase

Metabolism
of proline

Increased cellular PLP
consumption?
Accumulation of αAminoadipic
semialdehyde and P6C,
causing inactivation of
PLP
Accumulation of
sulphite, causing
inactivation of
antiquitin, and thereby
accumulation of αAminoadipic
semialdehyde and P6C,
causing inactivation of
PLP
Accumulation of γglutamic semialdehyde
and P5C, which
inactivates PLP

PLP/PN

Pyridoxine
responsive

MIM – mendelian inheritance in man; PNP - pyridoxamine-5’-phosphate; PL – pyridoxal; GPIglycophosphatidylinositol; TNSALP – tissue non-specific alkaline phosphatase; PN – pyridoxine; P6C
- L-∆1-piperidine-6-carboxylate; P5C - pyroline-5-carboxylic acid. Adapted from Hassel et al,
“Intellectual Disability Associated with Pyridoxine-Responsive Epilepsies: The Need to Protect
Cognitive
Development”,
Front.
Psychiatry,
08
March
2019
https://doi.org/10.3389/fpsyt.2019.00116.
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Table 2 – Overview of patient characteristics and clinical findings.
ID/Sex/ Current
age

Age
at
seizure
onset

Perinatal history

Seizure types

Delay
maintained
therapy/
diagnosis

2/F/9m

1h

3/F/1y10m

22 h

Acidosis
Brain haemorrhage
Asphyxia
Acidosis
Intraventricular haemorrhage
Perimedullary
venous
thrombosis
Haemorrhages
in
the
cerebellum
and
cerebral
surface
Cytotoxic oedema
Poor feeding. iPTP
Pre-eclampsia
Pathologic CTG
Meconium-stained amniotic
fluid
Respiratory failure
Acidosis
Pulmonary hypertension
Pulmonary
opacity.
Atelectasis
Acidosis
Poor feeding

Myoclonic
Clonic
Focal &
Bilat. clonic
Spasms

4/M/2y8m

5/M/3y

12 h

4d

in
P

Dietary
therapy

Average
recurrence
interval

ASMs
ever
used
(response)

Age at last
follow-up

P dose at
last followup (mg/d)

Breakthrough
seizures
with
intercurrent disease

Neurodevelopment/
control

6d

L/A

NA

8m

300

(-)

Mild delay (5m)

17 d

L/A

NA

LEV
PB
LEV
MDZ
PB (+)
TPM
VPA

1y5m

264

(+), febrile

Moderate delay (1y6m) /
uncontrolled seizures

4d

L/A

2d

LEV
MDZ (+)
PB (+)
PHT

2y7m

240

(+), febrile
(+), vomiting/
diarrhoea

Moderate delay, severe
delay in language (1y
11m)

29 d

L/A

6d

2y8m

288

(-)

Moderate delay, severe
delay in language (2y8m)

Spasms
Myoclonic
Focal & bilat. clonic
Automatisms
Myoclonic
Tonic
SE

51 d

None

NA

CBZ, LEV
MDZ (+)
PB (+)
PHT
VGB (+)

10y3m

200

(+), febrile

Normal (3y)

51 d

L

8d

15y7m

420

(+), febrile
(+), gastroenteritis

Severe intellectual
disability (14) /
uncontrolled seizures

Bilateral clonic &
Myoclonic

12 d

None

10 d

PHT (+)
PB, VPA
LEV
MDZ
TPM
DZP
DZP
PB (+)
PHT

23y

500

(+), febrile

Normal (20)

Bilateral clonic
Tonic

21 d

None

6d

MDZ
PB
PHT (+)

22y11m

320

(+), febrile

Moderate intellectual
disability (7y10m)

Automatisms
Myoclonic
Bilat. Clonic
Spasms

10 d

None

7d

DZP (+)
PB
PHT

23y1m

170

(+), febrile

Mild intellectual disability
(20)

SE

Tonic
Clonic
Myoclonic
SE

Motor gen.
SE

6/M/10y4m

5m 2w

iPTP

7/M/16y1m

6d

8/F/24y

6h

9/F/24y6m

1d

10/M/25y7m

2h

Hip dysplasia
Icterus
Hepatomegaly
Severe
hypoxia
during
seizures/ asphyxia
Increasing head circumference
iPTP
Oligo hydramnios
Meconium aspiration
Acidosis
Pneumomediastinum
RDS. Acidosis.
Hypoplastic lungs.
Pneumomediastinum
Hepatomegaly and icterus
Acidosis
Pneumothorax

seizure
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11/F/31y8m

2d

12/M/52y

1d

Acidosis and asphyxia
Persistent foetal circulation
Pneumothorax
Atelectasis
Pneumonia
Acidosis
Sepsis
Sepsis-related osteomyelitis

Automatisms
Clonic
GTC
SE
Motor gen.
GTC
SE

15 d

None

6d

DZP
PB
PHT (+)

28y2m

40

(+), febrile
(+), vomiting/
diarrhoea

Mild intellectual disability
(22y)

NA

A

5d

CBZ
DZP (+)
PB (+)
PHT

51y

240

(+), febrile
(+), vomiting/
diarrhoea

Mild intellectual disability
(~)

P: pyridoxine; ASMs: anti-seizure medications; F: female; M: male; h: hour; d: day; m: month; y: year; L: lysine restriction; A: arginine supplementation; NA:
not available; SE: status epilepticus; gen.: general; Bilat.: bilateral; Epi.: epileptic; GTC: generalized tonic-clonic; LEV: levetiracetam; PB: phenobarbital; MDZ:
midazolam; TPM: topiramate; PHT: phenytoin; CBZ: carbamazepine; VGB: vigabatrin; DZP: diazepam; VPA: valproic acid. iPTP: impending post-term
pregnancy.
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Table 3 – Overview of EEG-, brain imaging-, genetic findings and comorbidities.
ID

Interictal EEG (age)

2

1.
2.
3.

3

4

5

6

Multifocal EA (2d)
Burst suppression (6d)
EA over the left temporo-occipital region and polymorphic
slow-delta wave activity with sleep (13d)
4. Normal (2m 2w)
5. EA in TCP-reg during sleep (3m)
1. Burst suppression concluded as status epilepticus (1d-2d)
2. Multifocal EA(9d)
3. EA, bilateral alternating and generalized (13d)
4. Multifocal EA (21d- 1m)
5. Sparse EA (1m9d)
6. Bilateral EA (3w3d)
7. Unspecific pathology over the left hemisphere, no EA
(3m3w)
8. Normal (5m2w- 10m)
9. Multifocal EA, abnormal background (1y 5m 2w)
10. Normal (1y 9m 3w)

1.
2.
3.
4.
1.
2.
3.
4.
5.
6.
1.
2.
3.
4.
5.
6.
7.
8.

Burst suppression (1d- 3d)
Slow background activity, no EA (7d- 4m)
Slow asynchronous activity in occipital quadrants in sleep
(9m 1w)
Normal (11m 4d-1y11m)
Burst suppression (4d)
Normal after P administration (5d-8d)
EA in the left hemisphere (18d-20d)
Normal (23d- 26d)
EA in the right frontal region (generalizes by occipital spread
and then to the other hemisphere)
Normal (5m4w- 1y7m)
Hypsarrhythmia (2d)
Hypsarrhythmia during sleep (6d)
EA; right posterior hemisphere (9d-14d)
EA and slow background; right posterior hemisphere (4w)
Hypsarrhythmia and slow background (1m 1w)
Multifocal EA, pathologic betas (low amplitude fast activity),
and slow background in the right hemisphere (1m 12d)
Improved background and less EA with P (1m 21d)
Normal (1m26d -1y2m)

Time
to
normal EEG
after initial P
use
2m 1w

Last EEG

Brain CT/MRI findings (age)

ALDH7A1
(NM_001182.4)
mutation site

Relevant
comorbidities

Abnormal

1.

MRI: Micro haemorrhages in the left cerebellar hemisphere
(5d)
MRI: Normal (3m)

c.1008+1G>A

MRI: Intraventricular haemorrhage, perimedullary venous
thrombosis, small haemorrhages in the cerebellum and
cerebral surface, and small cysts in the side ventricle's frontal
horns, as well as cytotoxic oedema in the cortex and thin
isthmus corpus callosum (2d).
Small haemorrhages in basal temporal lobes, thrombus in
sinus rectus, expanded ventricles and prepontine and
infratemporal arachnoid cysts (15d)
MRI: Expanded ventricles. Matter loss colocalized with prior
haemorrhages, blood products on the surface supratentorial
and haemorrhages in cerebellum bilaterally and in temporal
lobes intraparenchymal. Atrophied corpus callosum. Better
flow in venous sinuses. Prepontine cyst withdrawn. Large
cisterna magna (5m)

c.1279G>C
(p.Glu427Gln)

Converging
strabismus
(5m)
Severe
obstipation
(6m)
Alternating
intermittent
esotropia (1y)
Poor feeding
(10m)

2.

4.5 m

Normal

1.

2.

3.

11 m

Normal

NA

c.1279G>C
(p.Glu427Gln)

18 d

Normal

1.
2.

MRI: Normal (5d)
MRI: Normal (23d)

c.834G>A
(p.Val 278=) &
c.1279G>C
(p.Glu427Gln)

5d

Normal

1.

MRI: Benign enlargement of subarachnoid spaces; external
hydrocephalus, otherwise normal (2d)

c.2T>G
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Feeding
problems (2m)
Sleeplessness
(4m-2y)
GERD (2y)
Twitches in the
right
wrist/hand (1y
7m)

7

1.
2.
3.
4.
5.

6.
7.
8.
9.
10.

8

9

10

1.
2.
3.
4.
1.
2.
3.
1.
2.
3.
4.

11

12

1.
2.
3.
4.
5.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Normal (7d)
EA in the left occipital lobe (Xd)
Continuous epileptic activity - status (4w)
Normal (1m 4w)
Multifocal EA, dominantly over right hemisphere,
continuous EA with photostimulation and abnormal
background (1y 3w)
Low voltage, abnormal background, and EA in the temporooccipital regions (1y 1m 3w)
Multifocal EA, dominantly over the right occipitotemporal
region (2y6m)
EA with almost continuous spike-wave complexes grouped
over the right occipitotemporal regions. (2y10m)
Slow background, EA; right occipital region (5y 3m)
Pathologic; slow non-organized background activity.
Multiple rhythmic sharp theta wave activity, especially over
the left frontal region (14y1m)
Bilateral hyperactive intermittent SWA (4d)
Focal EA and slow background activity (9d)
Unspecific pathologic (1m)
Normal (8m 4w-19y)
General dysrhythmia (1d)
Normal (5d)
Slow background activity (21y 4m)
“Trace-alternant”, EA; left occipital region (3h)
Multifocal EA (1d-16d)
Intermittent high-amplitude generalized slow-wave activity
(9m 4w)
Episodic diffuse spread of slow-wave activity, sometimes
bilateral (20y 8m 1w)
“Tracé-alternant” (7d)
Generalized seizure, given P, upon which a burst-suppression
pattern was seen, no clinical seizure (11d)
Normal (1m - 4y)
Unspecific slow-wave background activity (17y5m- 24y 2m)
Normal (26y 9m)
Unspecific slow background activity (25d)
Normal (2m 27d)
Slow-wave activity in the left temporo-occipital region (8m)
EA in the right temporoparietal region (6y 5m)
Normal (8y 3m)
EA; right temporal region, slow background activity (8y 4m)
Normal (8y 5m)
Multifocal EA (13y 2m)
General disfunction, no EA (28y 9m)
Multifocal EA and slow-wave activity in the frontotemporal
region (32y)
Multifocal EA and slow background activity (36y)
EA; left front-temporoparietal region (47y)

7d

Abnormal

1.
2.

3.

MRI: thin corpus callosum, voluminous fluid spaces in the
posterior cranial fossa. (1m 2w)
MRI: Atrophied and little white matter. Insufficient
myelinisation, especially in capsula interna, and corpus
callosum dorso-occipitally (10m 2w)
MRI: Ectatic ventricular spaces, sparse white matter supratentorial, thin cortex, and corpus callosum, and no sign of
supratentorial myelinization (1y 1m)

c.1279G>C
(p.Glu427Gln)
&
Arr[GRCh37]
5q23.2
(125910543_
125910602)
[deletion
in
intron 7]

8m 2w

Normal

1.
2.
3.

MRI: Normal (13d)
CT: Normal 19y
MRI: Thin isthmus corpus callosum (22y)

c.1279G>C
(p.Glu427Gln)

NA

Abnormal

1.

MRI: Hypoplastic corpus callosum and lower brain volume
(5y 3m)

c.1513G>C
(p.Gly505Arg)

Immediate
clinical
response to P,
but
more
spikes
on
EEG.
20 d

Abnormal

1.

CT: Mega cisterna magna and some hypodensity in the
parenchyma (within normal range) (1d)
MRI: Large cisterna magna (4y 6m)

Het. c.1279G>C
(p.Glu427Gln)
Test in progress

Exotropia OS
(1m), Autism
w/self-harm (~)
Poor feeding
(1m-)
Esotropia OS
(3y)

c.1279G>C
(p.Glu427Gln)
& c.1513G>C
(p.Gly505Arg)

CP (~)
Cavernous
haemangioma
(30y)

3.

CT: ischemic changes frontally and parietally bilaterally.
Predominantly in white matter (10d, 1m)
CT: atrophy frontally and parietally bilaterally. Expanded
ventricular system (4m, 4y)
MRI: Enlarged ventricular system (17y5m, 24y)

1.
2.
3.

CT: Mild cerebral oedema (28y 9m)
CT: Normal (33y 11m)
MRI: Normal (47y 3m)

c.1279G>C
(p.Glu427Gln)

Meningoencephalitis
(8y)
Commotio
cerebri (9y)

2.

Normal

1.
2.

2m
(NA)

Abnormal

Alternating
esotropia (1y
1m)
Microcephaly
(10m)
Dyskinetic,
spastic
quadriplegic
CP
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EEG: electroencephalography; P: pyridoxine; CT: computer tomography; MRI: magnetic resonance imaging; ALDH7A1: Aldehyde dehydrogenase 7 family,
member A1; EA: epileptiform activity; d: day; m: month; y: year; GERD: gastroesophageal reflux disorder; CP: cerebral paresis; OS: oculus sinister; OD: oculus
dexter; HIE: hypoxic-ischemic encephalopathy; TCP: temporo-Centro-parietal; Het.: heterozygous.
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