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1 | INTRODUCTION

Pyridoxine-dependent epilepsy (PDE, OMIM 266100) is a
developmental and epileptic encephalopathy historically
defined by clinical or electroencephalogram (EEG)

Abstract

Pyridoxine-dependent epilepsy (PDE-ALDH7A1) is an autosomal recessive
condition due to a deficiency of a-aminoadipic semialdehyde dehydrogenase,
which is a key enzyme in lysine oxidation. PDE-ALDH7A1 is a developmental
and epileptic encephalopathy that was historically and empirically treated with
pharmacologic doses of pyridoxine. Despite adequate seizure control, most
patients with PDE-ALDH7A1 were reported to have developmental delay and
intellectual disability. To improve outcome, a lysine-restricted diet and compet-
itive inhibition of lysine transport through the use of pharmacologic doses of
arginine have been recommended as an adjunct therapy. These lysine-
reduction therapies have resulted in improved biochemical parameters and
cognitive development in many but not all patients. The goal of these consen-
sus guidelines is to re-evaluate and update the two previously published
recommendations for diagnosis, treatment, and follow-up of patients with
PDE-ALDH7A1. Members of the International PDE Consortium initiated
evidence and consensus-based process to review previous recommendations,
new research findings, and relevant clinical aspects of PDE-ALDH7A1. The
guideline development group included pediatric neurologists, biochemical
geneticists, clinical geneticists, laboratory scientists, and metabolic dieticians
representing 29 institutions from 16 countries. Consensus guidelines for the
diagnosis and management of patients with PDE-ALDH7A1 are provided.
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response to pyridoxine." Pharmacologic dose of pyridox-
ine remains central to the treatment of seizures, although
some patients may require additional antiseizure medica-
tions for optimal seizure control.> However, not all
patients respond immediately to a trial of pyridoxine.’?
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Furthermore, patients may present with concomitant
findings such as hypoglycemia and lactic acidosis,* and
other affected patients may present with seizures after
the neonatal period.”® These atypical presentations may
further confound and delay the diagnosis, as such
patients may not be considered for a therapeutic trial of
pyridoxine early in the course of the disease.

The term PDE was initially used to describe the clini-
cal symptoms of neonatal epilepsy in combination with
clinical response to pyridoxine.” The clinical description
itself has been referred to by numerous terms including
pyridoxine dependency, pyridoxine-dependent epilepsy
and pyridoxine-responsive seizure disorders. While pyri-
doxine responsiveness reflects the interruption or preven-
tion of seizures when on pyridoxine, a dependency is
defined by the recurrence of seizures following with-
drawal. Although pyridoxine withdrawal is not common
due to the availability of biochemical and genetic testing.
The clinical phenotype of pyridoxine dependent or
responsive seizures can be caused by many genetic disor-
ders with unique disease mechanisms and treatment
implications.'® This guideline is focused on PDE due to
deficiency of o-aminoadipic semialdehyde (a-AASA)
dehydrogenase (E.C. 1.2.1.3), which is encoded by the
gene ALDH7AI.'" To standardize the nomenclature in
this manuscript, we refer to this disorder as PDE-
ALDH7A1.

The enzyme a-AASA dehydrogenase oxidizes a-AASA
to a-aminoadipic acid; a deficiency of this enzyme results
in accumulation of pipecolic acid,"** a-AASA,'">Y7

1
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FIGURE 1
pyridoxine-dependent epilepsy.
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and its cyclic equilibrium partner A'-piperideine-
6-carboxylate (A'-P6C) (Figure 1)."®'° The accumulated
A'-P6C is postulated to bind the active vitamer of pyri-
doxine (pyridoxal 5'-phosphate) through a Knoevenagel
condensation, and pharmacologic doses of pyridoxine are
used to overcome the secondary pyridoxal 5'-phosphate
deficiency. a-AASA dehydrogenase is encoded by the
gene ALDH7A1 (NM_001182), which is also referred to
as antiquitin."! ALDH7A1 is located at chromosome
5q32.2, containing a transcript of 4964 base pairs and
539 amino acids divided among 18 exons. Thus far, over
165 pathogenic variants in ALDH7A1 have been publi-
shed® or are listed in public databases such as The
Human Gene Mutation Database (HGMD) and ClinVar.
The vast majority of patients have had biallelic patho-
genic variants identified in ALDH7A1 consistent with the
autosomal recessive inheritance of the disease.>'>*!
When interpreting genetic testing results, it is important
to note that a common synonymous variant p.Val278Val
(historical nomenclature: ¢.750G>A, 1.748_787del)
results in a cryptic splice site* and that intragenic dele-
tions are relatively common.****

Approximately 75% of all patients have intellectual or
developmental delay (IDD), and IDD was observed
despite early diagnosis and adequate seizure control.**
The accumulating a-AASA and related compounds were
suggested to be neurotoxic organic acids, which may con-
tribute to the poor cognitive outcome described in PDE-
ALDH7A1.> Shortly thereafter, an observational study
was completed in seven children who were treated with a
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lysine-restricted diet (substrate reduction therapy) and
pharmacologic doses of pyridoxine. The addition of a
lysine-restricted diet resulted in decreased accumulation
of pipecolic acid, a-AASA, and A-P6C as well as noting
improvement in both age-appropriate skills and seizure
management.”® Subsequently, several observational stud-
ies have reported improved clinical outcomes following
adjunct treatment with a lysine-restricted diet,>” pharma-
cologic doses of arginine, which acts as a competitive
inhibitor of lysine transport,®®>° and a combination of
pyridoxine, a lysine-restricted diet, and arginine referred
to as triple therapy.?®2°>* To standardize the nomencla-
ture in this manuscript, we refer to these additional die-
tary treatment strategies as lysine reduction therapies.

The initial set of recommendations for diagnosis, treat-
ment and follow up of PDE-ALDH7A1 was published in
2011.% Treatment recommendations were updated in 2014 to
include the use of a lysinerestricted diet.’> Over the last
6 years, several observational studies have reported improved
clinical outcomes following treatment with various lysine-
reduction therapies. The members of the PDE Consortium
reviewed the current state and new developments and elected
to revise the recommendations due to the increased number
of treatment modalities and observational data focused on
improved clinical outcomes. This article summarizes the con-
sensus guidelines for the diagnosis and management of PDE
due to the deficiency of a-AASA dehydrogenase.

2 | METHODS

2.1 | Guideline development

Guidelines for PDE-ALDH7A1 were developed by mem-
bers of the Pyridoxine-Dependent Epilepsy Consortium
(www.pdeonline.org), which was established in 2010 to
facilitate international collaboration between clinicians
and scientists with expertise in PDE-ALDH7A1. The
guideline development group consisted of pediatricians
specialized in inborn errors of metabolism, adult and
pediatric neurologists, biochemical geneticists, clinical
geneticists, laboratory scientists, metabolic dieticians,
and patient advocates. The guideline development group
included representation from 29 institutions across
Africa, Asia, Australia, Europe, North America, and
South America. The guideline committee members
(CRC, LAT, CDMvK) selected a list of topics and trans-
formed them into statements based on previous guide-
lines, available literature, and expertise of the committee.
Two surveys based on these statements were distributed
to members of the PDE Consortium. An in-person meet-
ing was moderated on September 2nd, 2019 at the
Amsterdam University Medical Centers in Amsterdam,

the Netherlands, in conjunction with the fifth interna-
tional PDE workshop. Communication occurred through
e-mails and conference calls throughout the development
of the guidelines.

2.2 | Competing interests

All members of the guideline development group were
required to report potential conflicts of interest. Most
group members (84%) reported no conflict of interest
relating to this guideline. Two committee members
(5.3%) reported serving on scientific advisory boards,
receiving honoraria from pharmaceutical companies, and
receiving research support for studies unrelated to PDE-
ALDH7A1. Two committee members (5.3%) reported a
patent pending for a diagnostic method for PDE-
ALDH7A1 that was not discussed in this guideline. Two
committee members (5.3%) reported research funding for
clinical studies focused on PDE-ALDH7A1.

2.3 | Systematic literature review

A systematic literature search of MEDLINE and Cochrane
Library was performed for manuscripts published between
January 2005 and December 2019. Key search terms included
pyridoxine-dependent epilepsy, pyridoxine-dependent seizures,
pyridoxine-responsive epilepsy, pyridoxine-responsive seizures,
antiquitin deficiency, a-AASA dehydrogenase, and ALDH7AI.
All data was collected and analyzed using the revtools pack-
age®® written for the statistical software R. The initial search
identified 742 peer-reviewed publications. After a manual
review by the guideline committee, five articles were added for
a total of 747 abstracts. After duplicates were removed, a total
of 336 abstracts were reviewed. Only those abstracts published
in the English language and those that included clinical find-
ings in patients with PDE due to a deficiency of a-AASA
dehydrogenase were included. This was defined by the eleva-
tion of a-AASA/A'-P6C in plasma, urine, or cerebral spinal
fluid (CSF) or the presence of biallelic mutations in ALDH7AI.
A total of 174 abstracted were accepted as relevant and their
full-text articles were reviewed resulting in the final synthesis
of 109 full-text articles (Figure S1). The literature review was
initially performed by committee members (CRC, LAT,
CDMvK) and shared with the guideline development group.

2.4 | Grading and strength of
recommendations

The guideline committee members used the Grading of
Recommendation  Assessment, Development and
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TABLE 1 Evidence levels and strength of recommendations

Level of evidence Definitions

Randomized control studies,
high confidence in effect
estimates

A High-quality evidence

B  Moderate-quality
evidence

Cohort studies, moderately
confident in effect estimate

Observational studies,
confidence in effect estimate is
limited

C  Low-quality evidence

D Very-low quality Expert opinions, limited

evidence confidence in the effect
estimate
Strength of
recommendations Definitions

1 Strong recommendation = Recommendation applies to
most patients in most
circumstances and with high
expert agreement® (>90% of

respondents)

2 Conditional
recommendation

Alternative approaches are
reasonable depending on
circumstances and with
limited expert agreement
(<90% of respondents)

#Agreement was defined by the percentage of respondents who either
answered “completely agree” or “mostly agree”.

Evaluation (GRADE)*” approach to assessing evidence
for each statement. The quality of evidence was graded as
high, moderate, low, or very low as described in the
GRADE consensus documents (Table 1). The quality
assessment of the evidence was influenced by study
design (ie, randomized trial compared to observational study),
risk of bias, and size of effect reported in the literature.

The GRADE system offers two categories of recom-
mendations often referred to as “strong” and “weak.”
These categories are typically based on the quality of evi-
dence or the impact of a treatment.’” To date, there have
been no prospective randomized controlled trials to
assess diagnostic approaches or management of PDE-
ALDH7A1. This results in relatively low levels of
evidence as most published studies are based on observa-
tional study designs and expert opinion. As a result, this
guideline is highly dependent on expert opinion, which is
not unique for clinical guidelines for inborn errors of
metabolism.”® The strength of recommendation provided
herein is based on whether the recommendation can
apply to most patients in most circumstances and the
high degree of agreement (Table 1). A statement received
a strong recommendation when there was at least 90%
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agreement (completely agree or mostly agree) among the
PDE experts.

2.5 | Consensus procedure
The consensus procedure consisted of two online surveys
and one in-person meeting (Figure S2). The surveys were
created and distributed using Survey Monkey Inc. (San
Mateo, California). An initial survey was developed by
the guideline committee and included 29 statements
focused on definition and epidemiology, clinical findings,
diagnostic investigations, chronic treatment, chronic
treatment monitoring, and emergency management.
Each statement was evaluated using a 5-point Likert
scale as follows: completely agree, mostly agree, partially
agree, mostly disagree, completely disagree. The consen-
sus was defined as at least 66% agreement (completely
agree or mostly agree) or disagreement (mostly disagree
or completely disagree). The initial survey was sent to
49 members of the PDE Consortium, was available for
6 weeks, and 25 individual responses were received. Con-
sensus was reached for 27 of 29 statements (>85% agree-
ment N = 14; 67%-84% agreement N = 13; <67% N = 2).
The results of the survey were discussed at the in-
person meeting. A second survey was developed based
upon the initial survey results and discussion of the nom-
inal group at the in-person meeting. The Appraisal of
Guidelines for Research and Evaluation (AGREE II)
criteria was used as a guide.** One additional statement
was added regarding patient outcome collection and
future guideline updates. The revised statements were
sent to the 49 members of the PDE Consortium, was
available for 10 weeks, and 29 responses were received.
Consensus for the updated statements was reached for
29 of 30 statements (>85% agreement N = 22; 67%-84%
agreement N = 7; <67% agreement N = 1) (Table S1).
The proposed clinical guidelines were also reviewed by
two patient advocacy groups based in Europe and North
America, respectively.

3 | RECOMMENDATIONS

3.1 | Definition and epidemiology

Statement 1 PDE-ALDH7A]1 is caused by bi-allelic muta-
tions in the ALDH7AI gene. Mutations in this gene
are associated with decreased activity of a-aminoadipic
semialdehyde dehydrogenase (a-AASA) and result in
the accumulation of pipecolic acid, A'-piperideine-
6-carboxylate (A'-P6C), and a-AASA
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» Level of evidence: B

« Strength of recommendation: 1

« Expert opinion: completely agree (96.6%), mostly agree
(3.4%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)

The genetic etiology of PDE-ALDH7A1 was initially
identified in patients with the clinical phenotype of pyri-
doxine responsive and dependent epilepsy.'’ There have
been multiple larger case series that have consistent data
suggesting that the clinical phenotype of PDE-ALDH7A1
is associated with mutations in ALDH7A1.%'>2021:40
Increased a-AASA and A'-P6C were reported in patients
with PDE compared to a control group including those
with epilepsy and normal controls."®'® There are no
patients described in the literature with biallelic muta-
tions in ALDH7A1 and normal AASA/P6C. Increased
pipecolic acid has been described in patients with PDE-
ALDH7A1, however, normal pipecolic acid levels have
also been found when patients were tested while treated
with pyridoxine.'**!

Statement 2 PDE-ALDH7AL1 is [a] rare disease with an
estimated incidence of 1:65 000 to 1:250 000 live
births. PDE-ALDH7A1 is pan-ethnic and >98% of
all patients have bi-allelic mutations in ALDH7AI.

« Level of evidence: C

« Strength of recommendation: 1

« Expert opinion: completely agree (82.1%), mostly agree
(17.9%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)

A recent study estimated the incidence of PDE-
ALDH7A1 at 1:65 000 live births based on publicly avail-
able genomic data.’® This study has multiple limitations
including the assumption that all fetuses with PDE-
ALDH7AL1 are viable. Previous estimates of the incidence
of PDE have varied widely from 1:20 000 based on neo-
nates referred to a single center in Germany** to 1:783 000
in the United Kingdom.* These studies were performed
before the identification of genetic or biochemical diagnos-
tic markers. Applying strict clinical criteria, Been et al esti-
mated an incidence of 1:250 000 newborns.**

3.2 | Clinical presentation

Statement 3 PDE-ALDH7AL1 is characterized by an epi-
leptic encephalopathy with varying degree of intel-
lectual disability or developmental delay.

+ Level of evidence: C

« Strength of recommendation: 1

+ Expert opinion: completely agree (65.5%), mostly agree
(31.0%), partially agree (3.4%), mostly disagree (0%),
completely disagree (0%)

PDE-ALDH7A1 was initially defined by refractory
neonatal seizures, although several case series have
reported patients with associated IDD. In a review of
pyridoxine-responsive and dependent seizures registry,
75% of all subjects were reported to have IDD by parental
or physician report,” and 70% of patients with genetically
confirmed PDE-ALDH7A1 had IDD with an intelligence
quotient (IQ) below 85.* In these studies, there was no
correlation between IDD and seizure control. At this
time, there are no known patients who have presented
with isolated IDD. Some patients who have remained
seizure-free due to prenatal and neonatal pyridoxine sup-
plementation have also been reported with significant
IDD.11’45

Statement 4 Patients with PDE-ALDH7A1 may present
with seizures outside of the newborn period

 Level of evidence: B

« Strength of recommendation: 1

« Expert opinion: completely agree (96.6%), mostly agree
(3.4%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)

There are over 20 descriptive studies that report the
onset of seizures outside of the newborn period. In a
review of the pyridoxine-responsive and dependent sei-
zures registry, 30% of subjects had onset of seizures out-
side of the newborn period,? and a retrospective study of
patients confirmed to have PDE-ALDH7A1 noted that
25% of patients presented outside of the newborn
period.*® Recently, some patients have been reported
with seizure onset after 1 year of life with the latest pre-
sentation of onset seizures at 17 years of age.”®*”*® Late
seizure onset has been postulated as beneficial for the
developmental outcome with several factors hypothesized
to contribute to this outcome including genetic and func-
tional variation, variation in the treatment regimen,
absence of neonatal seizures, and unknown protective
factors.””*

3.3 | Diagnostic investigations

Statement 5 All individuals with an unexplained sei-
zure disorder should be tested for PDE-ALDH7A1
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« Level of evidence: C

« Strength of recommendation: 2

« Expert opinion: completely agree (60.7%), mostly agree
(21.4%), partially agree (14.3%), mostly disagree (3.6%),
completely disagree (0%)

The initial guideline recommendations stated that
PDE-ALDH7A1 should be considered in some clinical
scenarios including seizures of unknown etiology, infants
and children with seizures which are partially responsive
to antiseizure medications, and children under 1 year of
age without an apparent causal brain malformation.*
Since those initial guidelines were published, some
patients have presented after 1 year of age and into late
adolescence. There is not a well-defined electrographic
signature that is pathognomonic for either neonatal-onset
or late-onset PDE-ALDH7A1,” which emphasizes the
importance of testing for this disease in the absence of an
established etiology. Prospective genetic evaluations of
patients with epilepsy have identified patients with PDE-
ALDH7A1 that were otherwise not diagnosed.”® Recent
recommendations have included testing all children with
seizures of unknown etiology.”!

Statement 6 Diagnostic biomarkers include o-AASA
and A'-P6C, which can be measured in urine,
blood, or cerebral spinal fluid. Pipecolic acid is ele-
vated in urine, plasma, and cerebral spinal fluid in
most patients with PDE-ALDH7Al1. The bio-
markers a-AASA/A'-P6C can be used alone or in
combination with other biomarkers to increase sen-
sitivity and specificity.

« Level of evidence: B

« Strength of recommendation: 1

« Expert opinion: completely agree (65.5%), mostly agree
(34.5%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)

Statement 7 Genetic testing of ALDH7A1 should be
performed as a-AASA/A'-P6C elevations have been
reported in disorders of sulfite oxidase

« Level of evidence: D

« Strength of recommendation: 1

« Expert opinion: completely agree (69%), mostly agree
(27.6%), partially agree (0%), mostly disagree (0%),
completely disagree (3.4%)

Statement 8 Biallelic pathogenic variants in the
ALDH7A1 gene is consistent with the diagnosis of
PDE-ALDH7AL. Genetic testing is the only reliable
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method for carrier screening of family members
and prenatal diagnosis. Biochemical testing should
be performed when a single pathogenic variant or a
variant of uncertain significance is identified.

+ Level of evidence: B

« Strength of recommendation: 1

+ Expert opinion: completely agree (82.8%), mostly agree
(13.8%), partially agree (0%), mostly disagree (3.4%),
completely disagree (0%)

Historically, the diagnosis of PDE-ALDH7A1 was
based upon the positive clinical response to pyridoxine.
Unfortunately, patients may not have an immediate clini-
cal or EEG response to a trial of pyridoxine and a positive
clinical response is not unique to PDE-ALDH7A1.>'% All
affected patients with PDE-ALDH7A1 have been
reported to have increased plasma or urine a-AASA/A'-
P6C emphasizing the sensitivity of these biomarkers.*®'®
Patients with molybdenum cofactor deficiency and iso-
lated sulfite oxidase deficiency have been reported with
mild elevations of a-AASA/A'-P6C due to secondary
inhibition of a-AASA dehydrogenase.’>>* The diagnosis
of PDE-ALDH7A1, molybdenum cofactor deficiency, or
isolated sulfite oxidase deficiency can be confirmed by
further biochemical testing or molecular genetic testing.
Timely confirmation of molybdenum cofactor deficiency
is paramount as disease-specific treatment is available.”*

Pipecolic acid was the first biomarker identified in
patients with PDE-ALDH7A1, although patients who are
tested after pyridoxine treatment may have normal levels
of pipecolic acid.'**' Other biomarkers have been
reported including peak X (an unidentified com-
pound)®>>® and 6-oxo-pipecolate®”*® although the role of
these biomarkers in diagnosis or treatment monitoring
has yet to be established. Many clinicians have adopted
the use of gene panels or genomic sequencing when
patients are suspected to have a genetic disorder. In these
cases, biochemical testing can confirm the diagnosis of
PDE-ALDH7A1 when genetic testing is uninformative.

3.4 | General principles of treatment
Statement 9 All patients with PDE-ALDH7A1 should
be treated with pyridoxine supplementation.

+ Level of evidence: B

« Strength of recommendation: 1

+ Expert opinion: completely agree (93.1%), mostly agree
(6.9%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)
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Pharmacologic doses of pyridoxine for pyridoxine-
dependent seizures has been the mainstay of treatment
since the identification of these seizures by Hunt et al.
1954, hence the name.” Descriptive studies have reported
patients with PDE-ALDH7A1 who died before pyridoxine
was provided.****® Furthermore, the withdrawal of pyri-
doxine has been associated with recurrence of
seizures,®®> underscoring the necessity of pyridoxine in
the treatment of PDE-ALDH7A1.

Statement 10 Lysine reduction therapies have been
associated with improved long-term neurologic out-
comes. Therapies include pyridoxine supplementa-
tion in combination with a lysine-restricted diet or
arginine supplementation and a combination of all
three (ie, triple therapy)

« Level of evidence: C

« Strength of recommendation: 2

« Expert opinion: completely agree (65.5%), mostly agree
(20.7%), partially agree (10.3%), mostly disagree (3.4%),
completely disagree (0%)

The association between lysine reduction therapies
and neurologic outcomes has been reported in a total of
10 observational studies describing 27 individual patients
with PDE-ALDH7A1.262%346%67 These studies have
reported improvement in seizure control and develop-
ment in many but not all subjects. Unfortunately, several
outcome measures were used in these studies ranging
from subjective parental reports to formal neurocognitive
testing, which limits the use of a meta-analysis. Other
factors have been postulated to confound the impact of
lysine reduction therapies including the timing of diagno-
sis and treatment.?®

3.5 | Treatment of newborns and infants

Statement 11 All newborns with PDE-ALDH7A1
should be treated with 100 mg/day of pyridoxine
supplementation. Infants should be treated with
30 mg/kg/day of pyridoxine supplementation with
a maximum dose of 300 mg/day.

« Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (50%), mostly agree
(38.5%), partially agree (11.5%), mostly disagree (0%),
completely disagree (0%)

Although the use of pharmacologic doses of pyridox-
ine has been well supported, the dose of pyridoxine for

newborns, infants, children, and adults is based on obser-
vational data and expert opinions. In the initial guide-
lines, a diagnostic trial of pyridoxine was recommended
at 100 mg given intravenously and repeated up to four
times (maximal dose 500 mg). It is important to note that
intravenous pyridoxine is not without risk as apnea and
comatose state have been reported after the initial intra-
venous dose of pyridoxine.®®®® Although lower doses of
pyridoxine have been reported, the recommended dose of
pyridoxine for long term management was 15-30 mg/kg/
day in infants and up to 200 mg/day in neonates.*

Statement 12 All newborns and infants with PDE-
ALDH7A1 should be treated with lysine reduction
therapies

+ Level of evidence: D

« Strength of recommendation: 1

» Expert opinion: completely agree (65.5%), mostly agree
(27.6%), partially agree (6.9%), mostly disagree (0%),
completely disagree (0%)

As noted above, the benefit of lysine reduction thera-
pies has been limited to case reports and case series. Of
note, two studies focused on the benefit of lysine reduc-
tion therapies in patients under the age of 1 year. Even in
patients who were treated in the first months of life, pre-
treatment sequelae were noted on brain MRIL,* and in a
larger retrospective review, add-on treatment after
7 months of age was associated with poor neurologic
outcome.*®

Statement 13 In newborns and infants, a lysine-
restricted diet should include a lysine-free amino
acid formula in order to maintain adequate total
protein and micronutrient intake and low-normal
plasma lysine level.

» Level of evidence: D

« Strength of recommendation: 1

» Expert opinion: completely agree (69%), mostly agree
(27.6%), partially agree (3.4%), mostly disagree (0%),
completely disagree (0%)

The first revision to the guidelines was focused on the
use of a lysine-restricted diet, and encouraged
breastfeeding as the average protein content of breast
milk is considerably lower than that of formula milk.*
The use of a lysine-free formula with amino acid supple-
ments was also recommended to ensure both the limita-
tion of lysine and appropriate intake of nutritional
supplementation.®® It is important to note that the major-
ity of lysine-free formulas are designed for glutaric
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aciduria type I, which is a disorder of both lysine and
tryptophan metabolism and therefore is also low in
tryptophan.”®

Statement 14 In newborns and infants, arginine supple-
mentation should be started at a dose of 200 mg/
kg/day whether arginine is provided alone or in
combination with a lysine-restricted diet

« Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (50%), mostly agree
(25%), partially agree (14.3%), mostly disagree (3.6%),
completely disagree (7.1%)

Pharmacologic doses of arginine have been used to
compete with lysine for intestinal absorption as well as the
transport over the blood-brain barrier and entry into the
mitochondria. Arginine has been used with both pyridox-
ine alone® and in combination with a lysine-restricted diet
and pyridoxine.**>* The dose of arginine for newborn, chil-
dren and adults are based on observational data and expert
opinions. Previous recommendations for arginine dosing
recommended 150 mg/kg/day if administered in addition
to a lysine-restricted diet and 400 mg/kg/day if adminis-
tered with pyridoxine alone.”" A recent study using stable
isotopes to measure lysine oxidation in healthy adult vol-
unteers suggested a higher dose of arginine may be
required to impact lysine transport.”* Pharmacologic doses
of arginine are also used in other disorders. In randomized
controlled trials evaluating the use of arginine in preterm
infants at risk for necrotizing enterocolitis, the mean dose
of arginine was 261 mg/kg/day with no adverse events
reported.”*”> Arginine is recommended for the long-term
treatment of most urea cycle disorders other than arginase
deficiency. The dose of arginine in neonates and infants
with urea cycle disorders ranges from 100 to 300 mg/kg/
day and a dose of 2.5-6 g/m*/day is recommended in
patients who weigh more than 20 kg.”®

3.6 | Treatment of children and
adolescents

Statement 15 Children and adolescents with PDE-
ALDH7A1 should be treated with an average of
20 mg/kg/day (range 5-30 mg/kg/day) of pyridoxine
with a maximum dose of 500 mg/day.

« Level of evidence: D

« Strength of recommendation: 1

« Expert opinion: completely agree (59.3%), mostly agree
(33.3%), partially agree (3.7%), mostly disagree (3.7%),
completely disagree (0%)
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Statement 16 All children and adolescents with PDE-
ALDH7A1 should be offered treatment with lysine
reduction therapies. Children and adolescents with cog-
nitive delay, behavioral difficulties, or poor seizure con-
trol should be treated with lysine reduction therapies.

+ Level of evidence: D

« Strength of recommendation: 2

+ Expert opinion: completely agree (58.6%), mostly agree
(27.6%), partially agree (10.3%), mostly disagree (3.4%),
completely disagree (0%)

Statement 17 In children and adolescents, a lysine-
restricted diet may include a lysine-free amino acid for-
mula. If a lysine-free formula is not well tolerated, lysine
reduction may be achieved by reducing total natural
protein to the low end of age-appropriate needs

+ Level of evidence: D

« Strength of recommendation: 2

+ Expert opinion: completely agree (44.8%), mostly agree
(37.9%), partially agree (10.3%), mostly disagree (6.9%),
completely disagree (0%)

In the previous update to the PDE guidelines, a protein-
restricted diet was recommended when a lysine-free formula
was unavailable or if a patient did not tolerate the formula.*®
Patients treated with protein-restricted diets, as well as phar-
macologic doses of arginine and pyridoxine, had similar
reductions in biochemical parameters and improved clinical
outcomes. It is important to balance natural protein levels to
both meet age-appropriate protein needs and reduce lysine
oxidation. This emphasizes the importance of ametabolic
dietitian as part of the clinical team.

Statement 18 focused on the dose of arginine in chil-
dren and adolescents with a suggested dose of 200 mg/kg/
day and a maximum dose of 600 mg/kg/day. Despite being
included in both surveys and discussion at the in-person
meeting, a consensus was not reached. Therefore, the state-
ment is not provided in this manuscript although the pro-
posed statement, expert opinion, and comments from
guidelines members are available in Table S1.

3.7 | Treatment of adults
Statement 19 All adults with PDE-ALDH7A1 should be
treated with 200-500 mg/day of pyridoxine.

+ Level of evidence: D

« Strength of recommendation: 2

+ Expert opinion: completely agree (66.7%), mostly agree
(18.5%), partially agree (11.1%), mostly disagree (3.7%),
completely disagree (0%)
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As noted above, the dose of pyridoxine for adults is
based on observational data and expert opinions. In the
initial guidelines, the maximum recommended dose of
pyridoxine was 500 mg/day in adults.*®

Statement 20 All adults with PDE-ALDH7A1 should be
offered treatment with lysine reduction therapy.
Adults with cognitive delay, behavioral difficulties,
or poor seizure control should be treated with
lysine reduction therapies

« Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (55.2%), mostly agree
(13.8%), partially agree (27.6%), mostly disagree (3.4%),
completely disagree (0%)

Statement 21 In adults, lysine reduction may be
achieved by reducing total natural protein to the
low end of age-appropriate needs

« Level of evidence: D

« Strength of recommendation: 1

« Expert opinion: completely agree (51.9%), mostly agree
(40.7%), partially agree (7.4%), mostly disagree (0%),
completely disagree (0%)

Statement 22 In adults, arginine supplementation
should be started at 4 g/m*/day with a maximum
dose of 5.5 g/m*/day

« Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (29.2%), mostly agree
(45.8%), partially agree (12.5%), mostly disagree
(12.5%), completely disagree (0%)

As noted above, the benefit of lysine reduction thera-
pies has been limited to case reports and case series and
the impact of treatment in adults is still unclear. Thus,
these recommendations are dependent on expert opinion.
As noted above, arginine is recommended for long-term
treatment of most urea cycle disorders, and the dose of
2.5-6 g/m?*/day is recommended in patients who weigh
more than 20 kg.”® And in adults with mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS) a dose of 150-500 mg/kg/day is
recommended.”””®

3.8 | Treatment monitoring

Statement 23 All patients treated with pyridoxine sup-
plementation should have clinical screening for

peripheral neuropathy including assessment of
deep tendon reflexes. Patients who are treated with-
> 500 mg/day of pyridoxine may be at higher risk
of peripheral neuropathy and further evaluation
with electrodiagnostic testing may be warranted

+ Level of evidence: C

« Strength of recommendation: 2

+ Expert opinion: completely agree (82.8%), mostly agree
(6.9%), partially agree (6.9%), mostly disagree (0%),
completely disagree (3.4%)

In the initial guidelines, patients treated with
>500 mg/day of pyridoxine were recommended to have
screening for peripheral neuropathy.?® Case reports of
patients with PDE who had documented neuropathy
were treated with relatively high doses of pyridoxine,
although one of these patients did not have genetic or
biochemical confirmation of PDE-ALDH7A1.*>7® Adult
patients with homocystinuria have also been reported
with a sensory neuropathy at doses > 1000 mg/day.** In
a systematic review of peripheral neuropathy associated
with pyridoxine, authors suggested that even doses as
low as 50 mg/day of pyridoxine used for greater than
6 months may increase the risk of neuropathy.®' A clini-
cian skilled in the performance of electrodiagnostic test-
ing (specifically, measurements of sensory and motor
nerve conduction velocities) in young patients may not
practice in all centers caring for patients with PDE-
ALDH7AL. If this resource is available, screening elec-
trodiagnostic testing every 1-2 years should be considered
in cases of a higher dose of pyridoxine or based upon
clinical suspicion of neuropathy. In patients with symp-
tomatic peripheral neuropathy or in whom there is neu-
rophysiological evidence of progressive neuropathy, a
reduction in pyridoxine dose may need to be considered
and weighed against a possible deterioration of seizure
control.

Statement 24 All patients treated with a lysine-
restricted diet should have plasma amino acids
measured at least every 3 (<3 years of age) to
6 months (>3 years of age)

 Level of evidence: D

« Strength of recommendation: 1

 Expert opinion: completely agree (72.4%), mostly agree
(20.7%), partially agree (6.9%), mostly disagree (0%),
completely disagree (0%)

Amino acid concentrations are used to individually
tailor the lysine-restricted diet, and the previous guide-
lines recommended plasma lysine should remain in the
lower quartile of the reference range.*> Lysine is an essential
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amino acid and over restriction of lysine has the potential risk
of malnutrition.** In patients with glutaric aciduria type I, an
appropriately administered low lysine diet prevented malnutri-
tion and was able to promote normal weight gain,** although
patients should be closely monitored especially during periods
of rapid growth. As a result, dietary treatment should be
supervised by a metabolic dietitian.

Statement 25 All patients on lysine-reduction therapies
should have plasma and urine biomarkers A'-P6C
and/or a-AASA measured every 6-12 months to
assess treatment efficacy

« Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (41.4%), mostly agree
(41.4%), partially agree (17.2%), mostly disagree (0%),
completely disagree (0%)

Statement 26 If a lumbar puncture is performed, CSF
A'-P6C, a-AASA, pyridoxal 5'-phosphate, pipecolic
acid, neurotransmitters, and amino acids should be
measured to assess treatment efficacy

 Level of evidence: D

« Strength of recommendation: 2

« Expert opinion: completely agree (58.6%), mostly agree
(20.7%), partially agree (13.8%), mostly disagree (6.9%),
completely disagree (0%)

A small number of observational studies have
reported the impact of treatment on CSF metabolites.
Compared to pre-treatment levels, patients treated with
lysine reduction therapy have shown an increase in CSF
arginine and a decrease in CSF lysine and a-AASA.*!
Further studies are required to determine if there is an
association between these metabolites and clinical out-
comes. Minor elevations of other CSF amino acids and
decrease in 5-methyltetrahydrofolate have been noted in
patients with PDE-ALDH7A1, although these findings
may be due to a deficiency of pyridoxal 5'-phosphate.*>%*
Historically abnormal gamma-aminobutyric acid (GABA)
metabolism was suggested to be the underlying cause of
PDE, although CSF glutamate and GABA are typically in
the normal range.®*>®” As noted previously, most lysine-
free formulas are low in tryptophan. One PDE patient
treated with a lysine-free and low tryptophan formula
was noted to have a mild serotonin deficiency (low
5-hydroxyindoleacetic acid).**®’

Statement 27 All patients with PDE-ALDH7A1 should
have developmental evaluations to assess treatment
efficacy. Developmental assessments should be age-
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appropriate, started at the time of diagnosis, and
repeated at the start of school or when there is clini-
cal concern of developmental delay

+ Level of evidence: D

« Strength of recommendation: 1

+ Expert opinion: completely agree (82.8%), mostly agree
(13.8%), partially agree (3.4%), mostly disagree (0%),
completely disagree (0%)

3.9 | Emergency treatment

Statement 28 In times of seizure relapse during febrile
illness, the dose of pyridoxine may be doubled up
to a maximum of 60 mg/kg/day (in children) or
500 mg/day (adolescents and adults) for up to
3 days

+ Level of evidence: D

« Strength of recommendation: 1

« Expert opinion: completely agree (62.1%), mostly agree
(31%), partially agree (3.4%), mostly disagree (3.4%),
completely disagree (0%)

Statement 29 In times of illness, ensure adequate calo-
ric intake to prevent catabolism of endogenous pro-
tein and reduce protein intake

+ Level of evidence: D

« Strength of recommendation: 1

+ Expert opinion: completely agree (67.9%), mostly agree
(25%), partially agree (3.6%), mostly disagree (3.6%),
completely disagree (0%)

In the previous versions of the guidelines, higher dos-
ages of pyridoxine during the first 3 days of febrile ill-
ness> and maintenance of caloric intake to prevent
catabolism® were recommended. These recommenda-
tions are based on expert opinion as there is no data on
efficacy or safety of the increased dose of pyridoxine in
this setting. Further studies are needed to elucidate
whether and which emergency treatments are warranted
during times of illness or other catabolic stress.

3.10 | Guideline update

Statement 30 In order to assess the efficacy of these rec-
ommendations, patient outcomes should be system-
atically collected in the PDE patient registry. New
evidence on treatment efficacy or impact of treat-
ment on patients will be reviewed by the



COUGHLIN II ET AL.

PDE Consortium for immediate

International
response or more detailed consideration of an
update to the existing guideline.

« Strength of recommendation: 1

« Expert opinion: completely agree (96.4%), mostly agree
(3.6%), partially agree (0%), mostly disagree (0%),
completely disagree (0%)

Using the AGREE II instrument as a guide,*® we pro-
pose a procedure for updating the guideline for diagnosis
and management of patients with PDE-ALDH7A1. Spe-
cifically, we recommend using the existing PDE patient
registry to collect patient outcomes which will be evalu-
ated by the International PDE Consortium. Patient regis-
tries can provide a helpful structure for the collection of
uniform data to evaluate specified outcomes for a specific
population. Patient registries can be used for several pur-
poses including elucidation of the natural history of the
disease course or treatment outcomes. Patient registries
can be used for clinical trial designs in many ways and if
well designed and well-performed, studies from patient
registries can provide a real-world view of these out-
comes.*®® Due to low prevalence and often scarcity of
data, (international) collaboration and optimal use of
limited resources by data sharing is recommended.

4 | CONCLUSIONS

These guidelines address the diagnosis and management
of PDE-ALDH7A1 and are based on the best available
evidence. With these guidelines, we aim to facilitate clini-
cal decision making and improve the care for patients
with PDE-ALDH7AL1 in a standardized manner.

The ability to diagnose PDE-ALDH7A1 has dramati-
cally improved with the identification of multiple bio-
markers and the increased availability of genetic testing.
One limitation may be that not every clinician is aware of
the significant phenotypic heterogeneity in this disease.*
This may explain why the diagnosis of PDE-ALDH7AL1 is
delayed even when patients present with classical symp-
toms such as neonatal epileptic encephalopathy.*® The
clinical semiology of this rare disease may be improved
through the collaboration of the International PDE Con-
sortium and the PDE patient registry. Although there is
limited evidence, the present guidelines support that
lysine-reduction therapies should be started early in life
for optimal neurologic outcomes.”® Next-generation
sequencing epilepsy panels and genomic sequencing aid
in the diagnosis of new patients all around the world,
especially in countries with difficult access to biochemical
analysis. In the future, newborn screening may provide an

opportunity to identify all patients with PDE-ALDH7A1
regardless of presentation®”® and ensure treatment is initi-
ated before further damage occurs.

Although the phenotype of PDE was described over
65 years ago,” the most frequent underlying genetic defect,
namely a deficiency of a-AASA dehydrogenase, was
described less than 15 years ago."" Evidence for the benefit of
lysine reduction therapies has been limited given that only
observational studies have been performed. Questions
remain about whether lysine reduction therapies are benefi-
cial in all patients. Even so, there is optimism that the combi-
nation of pyridoxine and lysine reduction therapies can
improve the poor cognitive outcome pervasive in this disease.
We did not reach consensus on the statement regarding the
dosage of arginine for both children and adolescents.

The evidence for many of the recommendations are
limited and, as a result, these guidelines are highly
dependent on expert opinion. It is imperative to continu-
ally evaluate the evidence that supports these recommen-
dations and establish meaningful clinical outcomes to
evaluate current and future therapies for PDE-ALDH7AL1.
Since prospective randomized controlled trials in rare dis-
eases are difficult, the International PDE registry (www.
pdeonline.org) provides a great opportunity to systemati-
cally collect the impact of these recommendations for the
diagnosis and management of these patients.
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