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Abstract We report treatment outcome of eleven patients
with pyridoxine-dependent epilepsy caused by pathogenic
variants in ALDH7AI (PDE-ALDH7AI). We developed a
clinical severity score to compare phenotype with biochemical
features, genotype and delays in the initiation of pyridoxine.
Clinical severity score included 1) global developmental
delay/ intellectual disability; 2) age of seizure onset prior to
pyridoxine; 3) current seizures on treatment. Phenotype
scored 1-3 = mild; 4-6 = moderate; and 7-9 = severe. Five
patients had mild, four patients had moderate, and two patients
had severe phenotype. Phenotype ranged from mild to severe
in eight patients (no lysine-restricted diet in the infantile peri-
od) with more than 10-fold elevated urine or plasma x-AASA
levels. Phenotype ranged from mild to moderate in patients
with homozygous truncating variants and from moderate to
severe in patients with homozygous missense variants. There
was no correlation between severity of the phenotype and the
degree of x-AASA elevation in urine or genotype. All patients
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were on pyridoxine, nine patients were on arginine and five
patients were on the lysine-restricted diet. 73% of the patients
became seizure free on pyridoxine. 25% of the patients had a
mild phenotype on pyridoxine monotherapy. Whereas, 100%
of the patients, on the lysine-restricted diet initiated within
their first 7 months of life, had a mild phenotype. Early initi-
ation of lysine-restricted diet and/or arginine therapy likely
improved neurodevelopmental outcome in young patients
with PDE-ALDH7AI.

Keywords Pyridoxine-dependent epilepsy - ALDH7AI -
Pyridoxine - Lysine-restricted diet - Arginine

Introduction

Pyridoxine-dependent epilepsy (PDE) (OMIM#266,100)
caused by mutations in ALDH7Al (PDE-ALDH7AI).
ALDH7AI encodes a-aminoadipic-semialdehyde-
dehydrogenase («x -AASAD) (EC 1.2.1.31) in the lysine cat-
abolic pathway (Mills et al. 2006). x-AASAD deficiency
leads to the accumulation of a-aminoadipic acid semialde-
hyde (x-AASA) and piperidine 6-carboxylate (P6C), which
inactivates pyridoxal-5-phosphate (Mills et al. 2006).
Neonatal or infantile onset refractory seizures are the clas-
sical presentation with a dramatic response to pyridoxine
(Gospe 2014). In a recent brief communication, 11 patients
on pyridoxine monotherapy had normal neurocognitive func-
tions by neuropsychological assessments and 17 patients re-
ported to have normal neurodevelopmental or neurocognitive
outcome based on the physician’s subjective assessments
(Nasr et al. 2015). Improvements in developmental mile-
stones, cognitive functions and urine and cerebrospinal fluid
(CSF) a-AASA levels, sum of AASA and P6C concentrations
(AASA-P6C) and urine and plasma pipecolic acid (PA) levels
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on lysine-restricted diet and/or arginine therapy has been re-
ported in 13 PDE-ALDH7AI patients (Van Karnebeek et al.
2012; Coughlin et al. 2015; Mahajnah et al. 2016; Yuzyuk
et al. 2016). Improvements in cognitive functions and CSF
«-AASA levels on arginine was reported in a single PDE-
ALDHT7AI patient (Mercimek-Mahmutoglu et al. 2014).

We report treatment outcome of 11 patients with PDE-
ALDHT7AI in a retrospective cohort study. We developed a
clinical severity score to assess treatment outcome and to com-
pare phenotype and biochemical features and genotype.

Methods

All PDE-ALDH7A1 patients were included. Electronic patient
charts were reviewed for clinical features, investigations, neu-
roimaging and treatment. Institutional Research Ethics Board
approved the study (Approval#1000050808).

Clinical severity score

We developed a clinical severity score: A) global develop-
mental delay (GDD) (assessed by physician during their last
clinic visit) or intellectual disability (ID) (assessed by psycho-
logical assessments): 0 = normal; 1 = mild; 2 = moderate;
3 = severe; B) age of seizure onset prior to pyridoxine:
0 =no seizures; 1 = seizure onset >1 month of age; 2 = seizure
onset >7 days - < 1 month of age; 3 = seizure onset <7 days of
age; C) clinical or electrical seizures on pyridoxine: 0 = no
seizures with normal electroencephalography (EEG) on low
dose pyridoxine (200 mg/day independent of age and weight
of patients); 1 = no seizures with abnormal EEG on low dose
pyridoxine (200 mg/day independent of age and weight of
patients); 2 = no seizures on high dose pyridoxine (up to
1.5 g/day) and anti-seizure medications with or without nor-
mal EEG; 3 = seizures on high dose pyridoxine and anti-
seizure medications and/or arginine and/or lysine-restricted
diet with or without normal EEG. The sum of all clinical
features were given as phenotype, classified as 1-3 = mild,;
4-6 = moderate; and 7-9 = severe.

Comparison of phenotype and biochemical features
and genotype

Urine, plasma, and CSF x-AASA measurements and molec-
ular genetic investigations were performed in one of the clin-
ical biochemical or molecular genetic laboratories
(NM_001182.3) according to their methods. Urine, plasma
and CSF a-AASA levels were calculated as an X-fold elevat-
ed of normal x-AASA levels. We used the recommendations
for mutation nomenclature (www.hgvs.org/mutnomen) to
name gene variations.

@ Springer

Treatment outcome

Pyridoxine dose ranged 3—30 mg/kg/day. Pyridoxine dose was
increased in patients with ongoing clinical seizures. Lysine-
restricted diet was applied and medical formula (Glutarex I,
lysine and tryptophan free formula for glutaric aciduria type I
diet treatment) was supplemented to prevent protein malnutri-
tion. PDE Consortium Consensus Recommendations were tak-
en as guidelines for the lysine-restricted diet (Van Karnebeek
et al. 2014), but modified according to the patients’s tolerance
to the medical formula. All patients were supplemented with
tryptophan (15-25 mg/kg/day) on the lysine-restricted diet.
Arginine dose was 400 mg/kg/day (maximum 15 g/day for
patients >40 kg).

Results

Eleven patients (6 males; 5 females) from 9 unrelated fam-
ilies (two affected siblings in two families) were included.
Five patients were partially reported (Nasr et al. 2015; Jain-
Ghai et al. 2014; Mercimek-Mahmutoglu et al. 2015;
Gallagher et al. 2009). The current average age was
8.6 = 5.62 standard deviation (SD) years (range 7 months-
17 years). Demographics, clinical features, brain magnetic
resonance imaging (MRI) and EEG results are summarized
in Table 1. Biochemical and molecular genetic investigations
are summarized in Table 2. All biochemical results were
collected on pyridoxine either at the time of initial diagnosis
in young patients or at the time of their first clinic visit in
older patients seen in our clinic.

Clinical severity score

According to our clinical severity score five patients had mild
(in three of them lysine-restricted diet started within their first
7 months of life), four patients had moderate, and two patients
had severe phenotype. Seven patients had neonatal onset and
4 patients had infantile onset seizures. The most common
seizure type was generalized tonic-clonic seizures. Three pa-
tients had myoclonic seizures. Two patients presented with
absence seizures. Two patients had complex partial seizures.

Comparison of phenotype and biochemical features
and genotype

Phenotype compared to urine/plasma «-AASA levels, collect-
ed on pyridoxine prior to initiation of lysine-restricted diet or
arginine, are depicted in Fig. 1. The highest urine x-AASA
was present in a patient with a mild phenotype. Phenotype
ranged from mild to severe in all patients with urine or plasma
«-AASA levels more than 10-fold elevated of normal. In eight
patients with no lysine-restricted diet initiated within their first
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Table 2  Biochemical and molecular genetic study results of all patients with PDE-ALDH7A] are listed. All biochemical results were collected on
pyridoxine either at the time of initial diagnosis in young patients or at the time of their first clinic visit in older patients in our clinic

Patient ID/ phenotype (reference)

Urine a-AASAY plasma x-AASA®/

Plasma PAY/ CSF PA® Molecular genetic study (reference)

CSF x-AASA® (age of measurement) (age of measurement)

1/ moderate (5)
2/ moderate (4) (Nasr et al. 2015)

7.6 (5 yrs)/ NP/ NP
2 (14 yrs)/ NP/ NP
3/ severe (7) 10 (8 yrs)/ NP/ NP

4/ mild (1) (Nasr et al. 2015) 8.8 (11 yrs)/ NP/1.1 (12 yrs)

5/ mild (3) 20.41 (1mo)/ NP/ NP
6Y severe (8) NP/ 4.2 (5 yrs)/ NP
7% moderate (5) NP/ 1.8 (13 yrs)/ NA

8/ mild (2)(Mahajnah et al. 2016) 39.6 (1mo)/ NP/5.8 (Imo)

9/ mild (3) (Mercimek-Mahmutoglu
et al. 2015)
10%/ moderate (5) (Gallagher et al. 2009)  0.79 (9 yrs)/ NP/ NP

10.9 (4 yrs)/ NP/ 3.4 (5 yrs)

11% mild (3) 35.74 (1 week)/ NP/ NP

NP/ NP
2 (14 yrs)/ NP

Novel Hmz ¢.1094-1G > C

Known Hmz ¢.1399G > A; (p. Ala467Thr)
conserved

Known Hmz ¢.1208C > T (p. Pro403Leu)
(Kanno et al. 2007) conserved

3.3 (11 yrs)/ 0.311 (12 yrs) Known Htz ¢.500A > G (p. Asn167Ser);
known Htz ¢.1481 + 1IG>T

Known Htz ¢.1224 T > G (p. Tyr408X)
(Mills et al. 2006); Known partial
deletion including exon 17
(Kanno et al. 2007)

Novel Htz ¢.505C > T (p. Pro169Ser);
known Htz ¢.750G > A
(Salomons et al. 2007)

Novel Htz ¢.505C > T (p. Pro169Ser);
known Htz ¢.750G > A
(Salomons et al. 2007)

Known Htz ¢.446C > A (p. Alal49Glu);
known Htz ¢.919C > T (p. Arg307X)
(Plecko et al. 2007)

Known Hmz IVS-12 (+1)G > A

5.1 (9 yrs)/ NP

NP/ NP

12.4 (5 yrs)/ NP

5 (13 yrs)/ NP

6.2 (7Tmo)/ 8.39 (1mo)

7.3 (5 yrs)/ 1.762 (5 yrs)

3.1 (9 yrs)/ NP Known Htz ¢.107delA (p. Glu36Glyfs*14);
known Htz c.1274A > G (p. GIn425Arg)

Known Htz ¢.107delA (p. Glu36Glyfs*14);
known Htz ¢.1274A > G (p. GIn425Arg)
(Gallagher et al. 2009)

15.9 (2mo)/ NP

Abbreviations (listed alphabetically): a-AASA, alpha- amino adipic semialdehyde, CSF cerebrospinal fluid, mo month(s), NP not performed,

PA pipecolic acid, yrs year(s)

 Age related reference ranges for urine x-AASA: newborn = 0-2 mmol/mol creatinine; <1 years of age = <1 mmol/mol creatinine; >1 year of age = 0—

0.5 mmol/mol creatinine
® Age related reference range for plasma o-AASA <0.3 pmol/L
¢ Age related reference range for CSF-a-AASA: 0.0-0.1 umol/L

< Age related reference ranges for plasma pipecolic acid: 0—1 month = 0.1-5.3; 1-6 months = 0.1-3.9; 7 months-5 years = 0.1-4.2

¢ Age related reference range for CSF-PA: 0.009-0.120 pumol/L
fSiblings
€ Siblings

7 months of life (except patient ID# 5, 8 and 11) phenotype
also ranged from mild to severe with urine or plasma x-AASA
levels more than 10-fold elevated of normal (Supplemental
Fig. 1). Phenotype compared to CSF «-AASA levels (collect-
ed on pyridoxine prior to initiation of lysine-restricted diet) are
depicted in Fig. 2.

All patients had likely pathogenic variants (12 known and
two novel) identified by direct sequencing in ALDH7AI
(Table 2). None of the novel variants were found in either
ESP6500 Exome or dbSNP database as polymorphisms.
Missense variants were the most common variant type in
50%. All missense variants involved highly conserved amino
acid change across species. Parental testing confirmed carrier
status in the parents in all patients except in one father (patient
ID# 3). In all patients with novel likely pathogenic variants,

@ Springer

urine or plasma o-AASA levels were elevated confirming the
pathogenicity. A homozygous missense variant resulted in a
moderate phenotype in one and in a severe phenotype in anoth-
er patient. A mild phenotype in one and a moderate phenotype
in another patient caused by a homozygous truncating variant.

Treatment outcome

Treatment of patients are summarized in Table 3. Average
duration of follow-up was 6.5 + 5.3 SD years (range
7 months—17 years). All patients were on pyridoxine (average
treatment duration 8.3 £ 5.6 SD years; range 6 months —
16 years). Five patients were on the lysine-restricted diet
(average age of initiation 3.51 + 4.46 SD years; range
1 month—9 years). The average duration of the lysine-
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Fig. 1 Clinical severity score 9 Patient 6*
compared to the X-fold elevated g .
in the upper limit of normal urine Patient 3
and plasma x-AASA levels in 0 7 *
patients with PDE-ALDH7AI. =
*Values for these patients are A 6 Pati 10 Pati " Pati 1
from plasma x-AASA level g. atient atient 7 atient
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z Patient 2
)
- 4 ]
g Patient I1  patient 5
g 3+ *
',j 3 Patient 8 Patient 9
2 * :
Patient 4
1 *
0 i § .
0 5 10 15 20 25

X-fold increase in the upper limit of normal urine/plasma a -AASA

restricted diet was 14.2 + 14 SD months (range 3 months—
40 months). Nine patients were on arginine (Table 3), one of
those did not comply with treatment due to its unpleasant taste
(patient ID# 1).

Eight patients were seizure free on low dose pyridoxine
(200 mg/day). Three patients (patient ID# 1, 6,7) had occa-
sional seizures and required high dose pyridoxine and/or anti-
seizure medications.

In three out of five patients (patient ID# 5, 8, 11), lysine-
restricted diet was started within the first 7 months of life. All
these patients had normal cognitive functions and/or
neurodevelopment. In one out of five patients with severe
phenotype (patient ID# 3), lysine-restricted diet was started
at the age of 9 years, who gained vocalization, ability to roll
side-to-side and holding her head at one-year of therapy.

Phenotype compared to delays in the initiation of pyridox-
ine therapy is depicted in Fig. 3. Patient ID# 3 with severe
phenotype had a 14-month delay between seizure onset and
initiation of pyridoxine. Whereas patient ID# 6 with severe

3.5
Patient 9

2.5 |

) ‘Patient 8

4 Patient 4
v

Clinical Severity Score

0 5 10 15 20 25 30 35 40
X-fold increase in the upper limit of normal CSF a-AASA
Fig. 2 Clinical severeity score compared to CSF x-AASA levels (col-

lected on pyridoxine prior to initiation of lysine-restricted diet) are
depicted in Fig. 2

phenotype had her first seizure at the age of three days and on
the same day pyridoxine was started. In three patients with
moderate phenotype pyridoxine was started between 1 to
6 months after seizure onset.

Psychological assessment results of four patients on the
lysine-restricted diet and/or arginine are summarized
in Supplemental Table 1. Neurocognitive and/or
neurodevelopmental outcomes of three patients on the
lysine-restricted diet therapy, initiated within the first
7 months of life, were normal (two of them with age ap-
propriate developmental milestones at the age of 7 and
11 months). Two patients with mild phenotype (patient
ID#2 and 4) had normal neurocognitive functions with
specific borderline impairments in visual processing speed
or verbal memory (reported previously in details in Nasr
et al. 2015). Patient ID# 4 showed improvements in gen-
eral abilities index from 108 to 116 and improvements in
verbal and motor functioning at 12th months of arginine
therapy reported previously (reported previously in details
in Mercimek-Mahmutoglu et al. 2014). Whereas patient 9
demonstrated no improvements in neurocognitive functions
on one-year of arginine therapy.

EEG on pyridoxine was normal in seven patients and ab-
normal in one patient with severe phenotype with no clinical
seizures (Table 3). One patient had hemorrhagic changes in
the brain MRI (Table 3).

A follow-up urine x-AASA level was available in 4
patients on lysine-restricted diet or arginine therapy and
improved between 11 to 87% from the baseline
(Table 3). In two patients on arginine therapy, CSF «-
AASA decreased between 28 to 57% from baseline. One
patient on lysine-restricted diet did not show any improve-
ments in CSF «-AASA levels from the baseline at
7 months of age to 33 months of lysine-restricted diet
and arginine therapy (reported previously in details in
Mahajnah et al. 2016).

@ Springer
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Fig. 3 Clinical severity score 9
compared to months between
seizure onset and initiation of Patient 6
pyridoxine therapy 8¢
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7 . Patient
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3 Patient 1 Patient 7 Patient 10
z 5 * *
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3 * * atient
Patient 11 (0.1,3)
Patient 8
2
Patient 4
1
0
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Months between seizure onset and initiation of pyridoxine therapy
Discussion Thirteen patients on the lysine-restricted diet and/or argi-

We report treatment outcome of 11 PDE-ALDH7A1 patients
in a retrospective cohort study from a single Epilepsy Genetics
Clinic. All patients had elevated urine x-AASA levels on
pyridoxine, which is a good biomarker to identify patients
even on long-term pyridoxine. We applied a clinical severity
score to compare phenotype with biochemical features and
genotype for the first time. In eight patients, who were not
treated with lysine-restricted diet in the infantile period, phe-
notype ranged from mild to severe with moderate to marked
elevations of urine or plasma x-AASA levels and the highest
urine x-AASA level was present in a patient with a mild
phenotype. There seems to be no correlation between the se-
verity of phenotype and degree of urine x-AASA elevation;
genotype based on the variant type; and delays in the initiation
of pyridoxine. All patients with CSF a-AASA measurements
had a mild phenotype. We do not know if higher CSF o-
AASA levels would have caused a severe phenotype. It is
interesting that only two out of eight patients (25%) had a mild
phenotype on pyridoxine monotherapy. Whereas, three pa-
tients (100%) on the lysine-restricted diet initiated within their
first 7 months of life had a mild phenotype. Therefore, lysine-
restricted diet had likely a major impact on their mild pheno-
type and normal neurodevelopmental outcome. We think that
early initiation of lysine-restricted diet and/or arginine therapy
improved neurodevelopmental outcome in our small number
of patient cohort on different treatment regimens.

nine showed improvements in developmental milestones or
neurodevelopmental outcome, seizures, urine and CSF «-
AASA levels, sum of AASA and P6C concentrations
(AASA-P6C) and urine and plasma pipecolic acid (PA) levels
in limited studies (Van Karnebeek et al. 2012; Coughlin et al.
2015; Mahajnah et al. 2016; Yuzyuk et al. 2016).
Asymptomatic mild central nervous system serotonin defi-
ciency was reported in one patient on the strict lysine-
restricted diet, which was improved by tryptophan supple-
mentation (Mahajnah et al. 2016). Short-term arginine therapy
(one of our current study patients) resulted in improvements in
general abilities index and 57% decrease in CSF x-AASA
(Mercimek-Mahmutoglu et al. 2014). In our current study,
three additional patients on arginine showed no improvements
in cognitive functions or general abilities index, but mild im-
provement in CSF x-AASA level (28% decrease from base-
line). It is not clear if the outcome of arginine therapy was
compromised by unpleasant taste and compliance problems.
More patients, who do not want lysine-restricted diet, should
be treated with long-term arginine to assess its effectiveness.
An older sibling had moderate GDD within the first 6—
12 months of age (6-month delay in the initiation of pyridox-
ine), whereas his younger sibling, treated with lysine-
restricted diet and arginine from the age of 2 months, had
normal development at the age of 7 months. In our current
study, two of 8 patients (25%) on long-term pyridoxine
achieved normal neurocognitive functions with specific
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borderline impairments in visual processing speed. Whereas,
three patients (100%), received lysine-restricted diet within
7 months of their life, had normal neurodevelopmental or
neurocognitive functions. Long-term neurodevelopmental
outcome of patients treated with lysine-restricted diet and ar-
ginine within the first year of life would be necessary to arrive
at a decision, if PDE-ALDH7A 1 should be included into new-
born screening programs in the near future.

Seizure freedom was reported in 71% of PDE-ALDH7AI
patients on pyridoxine (Bok et al. 2012). In our retrospec-
tive cohort study, 8 patients (73%) became seizure free on
pyridoxine, which is similar to previous report. Three patients
with clinical seizures were neither on the lysine-restricted
diet despite it was recommended. Only one of those three
patients was on arginine with compliance problems.
Lysine-restricted diet and/or arginine therapies are likely
necessary to achieve better seizure control as well as improve
neurodevelopmental outcome in addition to pyridoxine
therapy.

Normal EEG with clinical seizures have been rarely
reported in patients with PDE-ALDH7A1 prior to pyridox-
ine therapy (Mikati et al. 1991; Mills et al. 2010; Stockler
et al. 2011). In our retrospective cohort study, two patients
had a normal initial EEG with clinical seizures. One pa-
tient was diagnosed early with PDE-ALDH7AI due to the
positive family history. It is important to note that a nor-
mal EEG or no correlation of clinical seizures on EEG do
not exclude PDE-ALDH7AI.

Intracerebral or subdural hemorrhages have been reported
in few patients with PDE-ALDH7AI (Bok et al. 2012; Mills
et al. 2010; Mercimek-Mahmutoglu et al. 2012). In our retro-
spective cohort study, we also identified subdural or posterior
fossa hemorrhage in two patients (18%) in neuroimaging. In
patients with intracerebral or subdural hemorrhage and drug
resistant seizures, PDE-ALDH7A1 should be included in the
differential diagnosis.

In summary, we report eleven patients with PDE-
ALDH7AI. Based on our clinical severity score, there is no
correlation between phenotype and the degree of a-AASA
elevation in urine, genotype and delays in the initiation of
pyridoxine therapy. Early initiation of lysine-restricted diet
resulted in mild phenotype and normal neurodevelopmental
outcome. Our clinical severity score might aid comparison of
phenotype with degree of x-AASA elevation in urine and
genotype in larger patient population studies.
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