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ARTICLE INFO ABSTRACT
Keywords: Background: Pyridoxine-dependent epilepsy (PDE-ALDH7A1) is a developmental epileptic encephalopathy his-
ALDH7A1 torically characterized by seizures that are resistant to antiseizure medications. Treatment with pyridoxine and
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lysine reduction therapies are associated with seizure control and improved developmental outcomes. In rare
circumstances, patients have died prior to diagnosis and treatment with pyridoxine, and many patients are
diagnosed after six months of age when lysine reduction therapies have limited efficacy. Recently two new
metabolites were identified (2S,6S-/2S,6R-oxopropylpiperidine-2-carboxylic acid, 2-OPP and 6-oxo-pipecolate,
6-0x0-pip), and we evaluated these metabolites as potential newborn screening biomarkers.

Methods: We recruited participants with a confirmed diagnosis of PDE-ALDH7A1 and retrieved their residual
dried blood spots from state-sponsored newborn screening programs. We evaluated the dried blood spots for 2-
OPP using commercially available newborn screening kits and equipment, and developed a second-tier test for 6-
oxo-pip using LC-MS/MS.

Results: We received eight residual dried blood spots collected before the onset of seizures and the diagnosis of
PDE-ALDH7AL. In our newborn screening experiments, 2-OPP was elevated in 7 of 8 samples from affected
participants with a mean of 3.08 pmol/L (95 % CI 2.17-3.99) compared to a mean of 0.09 pmol/L (95 % CI
0.09-0.10) in controls (p < 0.001). Second tier testing demonstrated elevated 6-oxo-pip in all samples from
affected participants with a mean of 5.66 pmol/L (95 % CI 1.51-9.81) and was undetectable in controls (p <
0.001).

Conclusion: Patients with PDE-ALDH7A1 can be identified using neonatal dried blood spots prior to the onset of
symptoms. The use of commercially available newborn screening approaches demonstrates the feasibility of
newborn screening for this treatable condition.

1. Introduction epileptic encephalopathy historically characterized by seizures that are
resistant to antiseizure medications. Pharmacologic doses of pyridoxine
Pyridoxine-dependent epilepsy (PDE-ALDH7A1) is a developmental can have a dramatic clinical impact with many patients achieving
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complete resolution of seizures [1]. Unfortunately, many patients
experience a significant delay between the onset of seizures, diagnosis of
PDE-ALDH7A1, and treatment with pyridoxine [2-4]. This can result in
years of poorly controlled seizures [5,6] and, in rare cases, death [7-9].
Even when seizure control is achieved, most patients have intellectual or
developmental disability [10,11].

PDE-ALDH7AL1 is caused by the deficiency of a-aminoadipic semi-
aldehyde (a-AASA) dehydrogenase, an enzyme involved in the conver-
sion of a-AASA to a-aminoadipic acid within the lysine metabolism
pathway [12]. The deficiency of a-AASA dehydrogenase results in the
accumulation of a-AASA and Al-piperideine-6-carboxylate (Al-P6C)
[13,14]. Treatment with lysine reduction therapies reduces the accu-
mulation of these putatively neurotoxic metabolites and is associated
with improved clinical outcomes [15-17], although treatment must be
started in the first few months of life in order to have a significant impact
on cognitive development [11,18]. Many patients are diagnosed after six
months of age and when treatment has limited efficacy, contributing to
the morbidity and mortality in this otherwise readily treatable disorder.

We have suggested that PDE-ALDH7A1 meets the classic criteria for
population-based screening established by Wilson and Jungner over 50
years ago [19,20]. The incidence of PDE-ALDH7A1 has been estimated at
1:65,000 live births and was recently reported at 1:35,990 live births in
Norway [21,22]. This is similar to other conditions that currently undergo
screening. PDE-ALDH7A1 was selected as a top priority for newborn
screening of genetic epilepsies by members of the Child Neurology Society
[23], and has been included in several genomic-based newborn screening
studies [24-26]. Until recently, metabolite-based screening methods were
impractical because the pathognomonic metabolites, a-AASA and Al-
P6C, are not stable at room temperature [14,27,28].

Two new biomarkers were identified in affected patients: 2S,6S-/
2S,6R-oxopropylpiperidine-2-carboxylic acid (2-OPP) and 6-oxo-2-
piperidinecarboxylic acid (6-oxo-pipecolate, 6-oxo-pip) [29,30]. 6-
oxo-pip was reported previously as the cyclized §-lactam of a-amino-
adipic acid in Penicillium chrysogenum linking this metabolite to lysine
metabolism and may be derived from A [1]-P6C [29,31,32]. 2-OPP was
identified in patients with PDE and can from spontaneously from the
reaction between the accumulating AL-P6C and acetoacetic acid [30].
Using routine newborn screening approaches, we demonstrate the
presence of these biomarkers in residual dried blood spots from patients
with PDE-ALDH7A1 and suggest these findings could be translated to
current newborn screening programs.

2. Methods
2.1. Study population

We recruited participants from April 2017 - June 2024 based upon
the diagnosis of PDE-ALDH7A1 defined by the elevation of a-AASA or
biallelic pathogenic variants in ALDH7AI. Inclusion criteria included
the availability of a residual dried blood spot originally collected during
routine newborn screening. Exclusion criteria included other causes of
pyridoxine-responsive seizures or the lack of a residual dried blood spot.
The study was approved by the Colorado Multiple Institutional Review
Board (COMIRB, #16-0585). We obtained informed consent from each
participant; in some cases, state-specific consent forms were required as
well to obtain the residual dried blood spots. We collected control dried
blood spots from newborns without PDE-ALDH7A1 (COMIRB,
#16-1184) over a one-year period and recorded a limited data set
including age at the time of collection and sex assigned at birth.

2.2. Materials

The NeoBase™ 2 non-derivatized MSMS kit was purchased from
Revvity, Inc. (Waltham, Massachusetts). 2S,6S-/2S,6R-oxopropylpiper-
idine-2-carboxylic acid was purchased from Synvenio B.V. (Nijmegen,
The Netherlands). An InfinityLab Poroshell 120 Phenyl-Hexyl column
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(2.1 x 100 mm, 2.7 pm) and a Phenyl-Hexyl guard column (3.0 x 5.0
mm, 2.7 pm) were purchased from Agilent (Santa Clara, California).
High performance liquid chromatography (HPLC) grade methanol and
(S)-6-oxo-2-piperidinecarboxylic acid were purchased from Sigma-
Aldrich Chemical Company (St. Louis, Missouri). Honeywell Fluka™
Formic Acid Solution for HPLC (50 % in water), Costar Spin-X spinfilter
tubes, and 96 well plates were purchased from Fisher Scientific (Pitts-
burgh, Pennsylvania). Whatman 903™ filter paper was purchased from
Eastern Business Forms (Greenville, South Carolina). HPLC vials were
purchased from Waters (Milford, Massachusetts). Stock solutions were
made with water purified using the Millipore Direct-Q system. The in-
ternal standard d3-3,5,5,-6-oxo-pipecolate (d3-6-oxo-pip) was synthe-
sized as previously described [29].

2.3. Newborn screening

We performed the newborn screening experiments according to the
instructions provided with the NeoBase 2 Non-derivatized MSMS kit. A
single 1/8-in. punch from each dried blood spot was extracted in 125 pL
of NeoBase 2 Extraction Working Solution (which included the NeoBase
2 Internal Standards) in a 96 well plate which was covered and shaken at
700 rpm at 45 °C for 30 min in a TriNEST incubator shaker. Following
extraction, 100 pL from each well was transferred to a new 96 well plate,
covered with a silicone mat, and placed in a Waters 2777c sample
manager.

We then analyzed 30 pL of each sample by flow-injection analysis
tandem mass spectrometry (FIA-MS/MS) using a Waters 1525 p HPLC
pump and Waters TQ Detector (TQD MSMS Screening System). Data was
acquired in positive electrospray ionization mode using multiple reac-
tion monitoring (MRM) ion transitions for 13 amino acids, 31 acylcar-
nitines, 2-OPP, and 26 internal standards. Quantitation was performed
using Waters MassLynx Software v4.1 with the NeoLynx Application
Manager. The MRM for 2-OPP (186.1 > 128.1) was added to the tran-
sitions already monitored for newborn screening. The concentration of
2-OPP was calculated by comparing the signal intensity to that of the
internal standard for Arginine (*Hy, 13C-Arg).

2.4. Second tier testing

We extracted a 1/8-in. punch from each dried blood spot in 150 pL of
5.0 pmol/L d3-6-oxo-pipecolate in methanol for one hour at 42 °C in a
stationary microfuge tube. The extracts were filtered through Costar
Spin-X spinfilter tubes, transferred to new 1.5 mL microfuge tubes, and
dried in a Thermo Fischer Savant® ISS110 Speedvac® Concentrator
with the chamber at approximately 43 °C. We reconstituted each sample
in 50 pL of 0.2 % formic acid in water.

Using a Waters Alliance 2795 Separations Module coupled to a
Waters Quattro micro-API Mass Spectrometer, we injected 20 pL sample
onto a phenyl-hexyl column and 6-oxo-pip was recovered using a linear
gradient of mobile phase A (0.2 % of formic acid in water) and mobile
phase B (0.1 % of formic acid in a 5:95 solution of water:methanol) with
a flow rate of 0.2 mL per minute and a total run time of 15 min. We
acquired data in positive electrospray ionization mode at m/z 144.1 —
98 and m/z 147.1 — 101, for 6-oxo-pip and ds—6-oxo-pip respectively
(supplementary table 1) and calculated concentrations from the ratio of
the peak areas of 6-oxo-pip and ds—6-oxo-pip using Waters QuantLynx
version 4.0 software.

2.5. Data analysis and availability

Due to the scarcity of residual dried blood spots, we used only a
single 1/8" punch for each experiment (i.e. one punch for newborn
screening and one punch for second tier testing) and ran each sample in
duplicate. Data analysis and visualization was performed with R soft-
ware version 4.3.2 [33]. and the package ggplot2 [34]. Anonymized
data not published within this article will be made available by request.
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3. Results
3.1. Participants and samples

Inclusion criteria were met by eight participants (Table 1). Although
this is a small case series, the participant characteristics are represen-
tative of published patients with PDE-ALDH7A1. All subjects had bial-
lelic variants in ALDH7A1, and the common ¢.1279G > C (p.Glu427Gln)
pathogenic variant was present in 4 subjects and 31 % of alleles. This is
consistent with several retrospective studies in which the p.Glu427GIn
variant was present in 25-30 % of all alleles [7,22,35,36]. All partici-
pants except one (subject 5) presented with seizures in the neonatal
period. This is comparable to larger cohort study in which 10 % of
subjects had late-onset seizures defined as onset of seizures after two
months of age [11,37].

We obtained the residual dried blood spots from state newborn
screening programs, which were collected before the onset of seizures
and prior to the diagnosis or treatment for PDE-ALDH7A1. Previous
studies have demonstrated a negative correlation between the storage
temperature, age of samples, and the concentration of a-AASA/A'-P6C
[14,27]. Four of the participants were enrolled in a previous study that
measured a-AASA and A'-P6C in residual dried blood spots, which
confirmed that these biomarkers degrade in dried blood spots stored at
room temperature [28]. The residual dried blood spots were initially
stored based upon local (i.e. state health department) protocols which
ranged from ambient temperature to —20 °C. Samples had been stored
from 1 to 33 years prior to arriving at our laboratory (Table 2), after
which we stored them at —80 °C until analysis. The impact of storage
conditions and the age of the sample on 2-OPP and 6-oxo-pip concen-
trations are unclear.

3.2. Newborn screening and second tier testing

A commercially available newborn screening extraction solution and
internal standards were used to mimic current newborn screen practices.
Control blood was spiked with 2-OPP and spotted onto Whatman 903™
filter paper and the signal intensity of 2-OPP appeared to be linear over
the range of 0-10 pmol/L (data not shown). In the FIA-MS/MS experi-
ments, we found that the concentration of 2-OPP in participants with
PDE-ALDH7A1 was significantly elevated with a mean of 3.08 pmol/L
(95 % CI 2.17-3.99) compared to a mean of 0.09 pmol/L (95 % CI
0.09-0.10) in controls (p < 0.001). In seven participants, the 2-OPP was
above 1.0 pmol/L, but one participant had a 2-OPP level of 0.10 pmol/L
and could not be distinguished from controls (Table 2). We did not
identify 6-oxo-pip in the FIA-MS/MS experiments using spiked samples
(data not shown).
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Table 2
Residual dried blood spot testing from participants with PDE-ALDH7AL1.

Subject 2-OPP
Screening result*

6-0x0-pipecolate
Second tier testing*

Approximate age of sample
at time of testing

1 0.10 pmol/L 25.15 pmol/L 33 years
2 2.66 pmol/L 2.27 pmol/L 26 years
3 3.13 pmol/L 4.51 pmol/L 23 years
4 1.84 pmol/L 6.01 pmol/L 10 years
5 5.86 pmol/L 2.84 pmol/L 7 years
6 4.20 pmol/L 1.06 pmol/L 2 years
7 2.45 pmol/L 2.56 pmol/L 1 year
8 4.43 pmol/L 0.89 pmol/L 1 year

2-OPP, 2S,6S-/2S,6R-oxopropylpiperidine-2-carboxylic acid.
" Average concentration of two experiments performed on the same sample.

For the LC-MS/MS based second tier testing, we spiked control blood
with 6-oxo-pip and spotted it onto Whatman 903™ filter paper. The
filter paper was dried at room temperature for at least 24 h prior to
analysis. We constructed an eight-point calibration curve covering the
range 0-20 pmol/L; the limit of quantification was 0.03 pmol/L (data
not shown). We separately made quality control samples spiked at 1.0
pmol/L, 4.0 pmol/L, or 8.0 pmol/L. The calibration standards were not
adjusted for endogenous 6-oxo-pip as it was undetectable in the control
blood. We found that the concentration of 6-oxo-pip in participants with
PDE-ALDH7A1 was significantly elevated with a mean of 5.66 pmol/L
(95 % CI 1.51-9.81) and was not detected in controls (p < 0.001)
(Table 2).

4. Discussion

We have demonstrated the feasibility of newborn screening for pa-
tients with PDE-ALDH7A1. We were able to identify 7 of 8 affected
participants using commercially available newborn screening reagents
and equipment and the addition of a single multiple reaction monitoring
(MRM) transition for 2-OPP. Second tier testing demonstrated signifi-
cantly elevated 6-oxo-pip in all affected participants and can be used to
limit false-positive results. This study was designed to mimic testing
performed at public health laboratories with the aim to translate these
findings quickly to prospective study, and ultimately result in adding
PDE-ALDH7A1 to newborn screening programs.

The sample with normal levels of 2-OPP raises concerns for possible
false negative newborn screen results as second tier testing would only
be performed in those samples that had elevations of 2-OPP. In previous
studies, all affected patients with PDE-ALDH7A1 have had elevated 2-
OPP and 6-oxo-pip suggesting that these are sensitive biomarkers
[29,30,38-40]. The low level of 2-OPP in our one outlier may be due to
the degradation of the metabolite over decades. Larger studies are

Table 1
Participant characteristics.
Subject Age at 1st seizure Age at diagnosis Delay in Bg supplementation Genotype
1* 3 days of life 228 days of life 225 days ¢.1088G > A (p.Trp363Ter);
¢.1279G > C (p.Glu427Gln)
2% 6 days of life 401 days of life 395 days ¢.848G>A (p.Gly283Asp);
¢.1513G>C (p.Gly505Arg)
3* 3 days of life 13 days of life 10 days c.584 A > G (p.Asn195Ser);
¢.796C > T (p.Arg266Ter)
4 2 days of life 31 days of life 29 days ¢.328C > T (p.Argl10Ter);
¢.1112C > T (p.Pro371Leu)
5 7 days of life 7 days of life 0 days ¢.1279G > A (p.Glu427GlIn);
¢.1279G > A (p.Glu427Gln)
6 298 days of life 374 days of life 76 days ¢.607 T > G (p.Trp203Gly);
¢.1279G > C (p.Glu427Gln)
7 8 days of life 17 days of life 9 days ¢.807_808del (p.Leu270ValfsTer37);
¢.807_808del (p.Leu270ValfsTer37)
8 3 days of life 6 days of life 3 days ¢.871 + 2dup;

¢.1279G > C (p.Glu427Gln)

" Dried blood spot testing for a-aminoadipic semialdehyde and A!-piperideine-6-carboxylate [28].
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needed to evaluate the risk of false negative screening using these
biomarkers.

These results may suggest the importance of evaluating both me-
tabolites as part of the screening and confirmatory testing approach.
Although 6-oxo-pip was elevated in the LC-MS/MS-based experiments,
we were unable to identify 6-oxo-pip in spiked dried blood samples
using the commercial FIA-MS/MS newborn screening platform. It is
possible that 6-oxo-pip may associate with another compound in blood
forming a complex and that identification of this putative complex
would allow for FIA-MS/MS analysis. All the patient samples had
elevated 6-oxo-pip including the one sample with a normal 2-OPP.

The sample with the normal 2-OPP concentration was collected over
thirty years ago, and had the lowest 2-OPP concentration, but the
highest 6-oxo-pip concentration of all the patient samples (Fig. 1). It is
difficult to know whether this is normal variation of these metabolites or
if the age of the sample impacted the values. The relationship between 2-
OPP and 6-oxo-pip is unknown, although both metabolites are thought
to be derived from the accumulation of A-P6C [29,30].

We also recognize possible limitations of each individual metabolite
for newborn screening. In patients with PDE-ALDH7A1, 2-OPP appears
to be formed in a reaction between A'-P6C and acetoacetate [30].
Further studies are needed to determine if ketone metabolism disorders
or catabolism can impact 2-OPP concentrations. Although in our case
series all affected participants had elevated 6-oxo-pip in dried blood
spots, 6-0x0-pip is not always elevated in the urine of patients below six
months of age [39]. Prospective studies are needed to determine the
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Fig. 1. Newborn screening of dried blood spots for PDE-ALDH7A1.

The concentrations of 2S,6S-/2S,6R-oxopropylpiperidine-2-carboxylic acid (2-
OPP) (A.) and 6-oxo-pipecolate (B.) in residual dried blood spots from partic-
ipants with PDE-ALDH7A1 and in dried blood spots from newborn controls.
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specificity and sensitivity of both biomarkers in neonatal dried blood
spots.

Although this was a retrospective study of diagnosed patients, the
potential impact of newborn screening is immense. All the participants
in this study experienced some delay in diagnosis, with an average of 93
days between the initial onset of seizures and treatment with pyridoxine.
The delay in diagnosis can result in multiple hospitalizations due to
poorly controlled seizures [5,41], and may have a significant psycho-
social impact on parents and care givers [42,43]. A few case reports have
demonstrated fatal status epilepticus in undiagnosed patients who were
on treatment with antiseizure medications as opposed to pyridoxine
[7-9,44]. In such cases, newborn screening may be lifesaving.

Treatment with both pyridoxine and lysine reduction therapies can
improve developmental outcomes and is recommended for most patients
[15-17]. A recent study suggested that this treatment can significantly
improve developmental test scores (i.e. full scale intelligence quotient
scores), but only if treatment is initiated in the first six months of life
[11]. Unfortunately, many patients are diagnosed after six months of age
when lysine reduction therapies has a limited impact on developmental
outcomes. The delay in diagnosis is a major contributor to the intellec-
tual and developmental disability in this disorder. Newborn screening
has the potential to ensure all patients are treated at birth and signifi-
cantly improve clinical outcomes.

It is worth noting that genetic testing of ALDH7A1 is a reliable and
robust method for diagnosis [17] and many studies have investigated
the use of genomic-based newborn screening [25,45-48]. Previous
studies have demonstrated a large number of private or novel missense
variants in patients with PDE-ALDH7A1 [22]. Variants of uncertain
significance (VOUS) in ALDH7A1 remain a challenge to interpret, and
this difficulty would be compounded if a VOUS was identified in a
healthy newborn. If genomic sequencing becomes a primary method of
newborn screening, 2-OPP and 6-oxo-pip may play an important role in
either second tier testing or as part of a confirmatory testing process.

5. Conclusion

PDE-ALDH7AL is a readily treatable disorder, but it is critical to start
treatment with pyridoxine and lysine reduction therapies in early in-
fancy. We demonstrate that both 2-OPP and 6-oxo-pip are elevated in
dried blood spots of patients with PDE-ALDH7A1 and are potential
biomarkers for early detection through newborn screening. A neonatal
diagnosis provides an opportunity to initiate treatment before the onset
of symptoms and to dramatically improve the clinical outcomes in this
disease. Future studies, including prospective population-based
screening, are needed to evaluate the sensitivity and specificity of
newborn screening for PDE-ALDHA7A1.

Funding

Research reported in this publication was supported by the Eunice
Kennedy Shriver National Institute of Child Health & Human Develop-
ment of the National Institutes of Health under Award Number
R21HD104952. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National
Institutes of Health.

CRediT authorship contribution statement

Kristine Pauly: Writing - review & editing, Validation, Methodol-
ogy, Formal analysis. Michael Woontner: Writing — review & editing,
Supervision, Formal analysis, Conceptualization. Jose E. Abdenur:
Writing — review & editing, Resources. Bimal P. Chaudhari: Writing —
review & editing, Resources. Rachel Gosselin: Writing — review &
editing, Resources. Kimberly A. Kripps: Writing — review & editing,
Resources. Janet A. Thomas: Writing — review & editing, Resources.
Michael F. Wempe: Writing — review & editing, Resources. Sidney M.



K. Pauly et al.

Gospe: Writing — review & editing, Resources. Curtis R. Coughlin:
Writing — review & editing, Writing — original draft, Visualization,
Validation, Supervision, Project administration, Methodology, Investi-
gation, Funding acquisition, Conceptualization.

Declaration of competing interest
None.
Acknowledgements

The authors wish to acknowledge and thank all patients and families
that participated in this study and the Children’s Hospital Colorado for
in-kind donations that facilitated this research study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgme.2024.109002.

Data availability
Data will be made available on request.

References

[1] A.D. Hunt, J. Stokes, W.W. McCRORY, H.H. Stroud, Pyridoxine dependency: report
of a case of intractable convulsions in an infant controlled by pyridoxine, Pediatrics
13 (1954) 140-145.

[2] G.J. Basura, S.P. Hagland, A.M. Wiltse, S.M. Gospe, Clinical features and the

management of pyridoxine-dependent and pyridoxine-responsive seizures: review

of 63 north American cases submitted to a patient registry, Eur. J. Pediatr. 168

(2009) 697-704.

R. Falsaperla, et al., Pyridoxine-dependent epilepsies: an observational study on

clinical, diagnostic, therapeutic and prognostic features in a pediatric cohort,

Metab. Brain Dis. 33 (2018) 261-269.

R. Falsaperla, et al., PYRIDOXINE-dependent epilepsy (PDE): an observational

study of neonatal cases on the role of pyridoxine in patients treated with standard

anti-seizure medications, Seizure 118 (2024) 156-163.

[5] C.D.M. van Karnebeek, et al., Pyridoxine-dependent epilepsy: an expanding clinical
spectrum, Pediatr. Neurol. 59 (2016) 6-12.

[6] Z. Haidar, et al., Atypical pyridoxine dependent epilepsy resulting from a new
homozygous missense mutation, in ALDH7A1, Seizure 57 (2018) 32-33.

[7] P.B. Mills, et al., Genotypic and phenotypic spectrum of pyridoxine-dependent
epilepsy (ALDH7A1 deficiency), Brain 133 (2010) 2148-2159.

[8] F. Marguet, et al., Pyridoxine-dependent epilepsy: report on three families with
neuropathology, Metab. Brain Dis. 31 (2016) 1435-1443.

[9] I Toldo, et al., Brain malformations associated to Aldh7al gene mutations: report
of a novel homozygous mutation and literature review, Eur. J. Paediatr. Neurol. 22
(2018) 1042-1053.

[10] L.A. Bok, et al., Long-term outcome in pyridoxine-dependent epilepsy, Dev. Med.
Child Neurol. 54 (2012) 849-854.

[11] C.R. Coughlin, et al., Association between lysine reduction therapies and cognitive
outcomes in patients with pyridoxine-dependent epilepsy, Neurology 99 (2022)
€2627-e2636.

[12] P.B. Mills, et al., Mutations in antiquitin in individuals with pyridoxine-dependent
seizures, Nat. Med. 12 (2006) 307-309.

[13] E.A. Struys, C. Jakobs, a-Aminoadipic semialdehyde is the biomarker for
pyridoxine dependent epilepsy caused by a-aminoadipic semialdehyde
dehydrogenase deficiency, Mol. Genet. Metab. 91 (2007) 405.

[14] E.A. Struys, et al., The measurement of urinary A'-piperideine-6-carboxylate, the
alter ego of a-aminoadipic semialdehyde, in Antiquitin deficiency, J. Inherit.
Metab. Dis. 35 (2012) 909-916.

[15] C.D.M. van Karnebeek, et al., Lysine restricted diet for pyridoxine-dependent
epilepsy: first evidence and future trials, Mol. Genet. Metab. 107 (2012) 335-344.

[16] C.R. Coughlin, et al., Triple therapy with pyridoxine, arginine supplementation and
dietary lysine restriction in pyridoxine-dependent epilepsy: neurodevelopmental
outcome, Mol. Genet. Metab. 116 (2015) 35-43.

[17] C.R. Coughlin, et al., Consensus guidelines for the diagnosis and management of
pyridoxine-dependent epilepsy due to a-aminoadipic semialdehyde dehydrogenase
deficiency, J. Inherit. Metab. Dis. 44 (2021) 178-192.

[18] A. Al Teneiji, et al., Phenotype, biochemical features, genotype and treatment
outcome of pyridoxine-dependent epilepsy, Metab. Brain Dis. 32 (2017) 443-451.

[3

=

[4

=

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Molecular Genetics and Metabolism 144 (2025) 109002

C.R. Coughlin, L.A. Tseng, C.D. van Karnebeek, A case for newborn screening for
pyridoxine-dependent epilepsy, Cold Spring Harb Mol. Case Stud. mcs.a006197
(2022), https://doi.org/10.1101/mcs.a006197.

Wilson, J. M. G. & Jungner, G. Principles and Practice of Screening for Disease.
168.

A. Jamali, et al., The spectrum of pyridoxine dependent epilepsy across the age
span: a nationwide retrospective observational study, Epilepsy Res. 190 (2023)
107099.

C.R. Coughlin, et al., The genotypic spectrum of ALDH7A1 mutations resulting in
pyridoxine dependent epilepsy: a common epileptic encephalopathy, J. Inherit.
Metab. Dis. 42 (2019) 353-361.

D.L. Hess-Homeier, C. Cunniff, Z.M. Grinspan, Priorities for newborn screening of
genetic epilepsy, Pediatr. Neurol. 101 (2019) 83-85.

E.L. Baple, et al., Exploring the benefits, harms and costs of genomic newborn
screening for rare diseases, Nat. Med. 30 (2024) 1823-1825.

S.F. Kingsmore, et al., A genome sequencing system for universal newborn
screening, diagnosis, and precision medicine for severe genetic diseases, Am. J.
Hum. Genet. 109 (2022) 1605-1619.

N.B. Gold, et al., Perspectives of rare disease experts on newborn genome
sequencing, JAMA Netw. Open 6 (2023) e2312231.

K. Sadilkova, S.M. Gospe, S.H. Hahn, Simultaneous determination of alpha-
aminoadipic semialdehyde, piperideine-6-carboxylate and pipecolic acid by LC-
MS/MS for pyridoxine-dependent seizures and folinic acid-responsive seizures,

J. Neurosci. Methods 184 (2009) 136-141.

S. Jung, N.-T.B. Tran, S.M. Gospe, S.H. Hahn, Preliminary investigation of the use
of newborn dried blood spots for screening pyridoxine-dependent epilepsy by LC-
MS/MS, Mol. Genet. Metab. 110 (2013) 237-240.

M.F. Wempe, et al., Identification of a novel biomarker for pyridoxine-dependent
epilepsy: implications for newborn screening, J. Inherit. Metab. Dis. 42 (2019)
565-574.

U.F. Engelke, et al., Untargeted metabolomics and infrared ion spectroscopy
identify biomarkers for pyridoxine-dependent epilepsy, J. Clin. Invest. 131 (2021)
148272.

S.P. Brundidge, et al., Association of 6-oxo-piperidine-2-carboxylic acid with
penicillin V. Production on Penicillium chrysogenum fermentations, J. Antibiot. 33
(1980) 1348-1351.

C.M. Henriksen, J. Nielsen, J. Villadsen, Cyclization of alpha-aminoadipic acid into
the the delta-lactam 6-oxo-piperidine-2-carboxylic acid by Penicillium
chrysogenum, J. Antibiot. 51 (1998) 99-106.

R Core Team, A language and environment for statistical computing, 2013.

H. Wickham, Ggplot2: Elegant Graphics for Data Analysis, Springer, New York, NY,
2009, https://doi.org/10.1007/978-0-387-98141-3.

B. Plecko, et al., Biochemical and molecular characterization of 18 patients with
pyridoxine-dependent epilepsy and mutations of the antiquitin (ALDH7A1) gene,
Hum. Mutat. 28 (2007) 19-26.

G. Scharer, et al., The genotypic and phenotypic spectrum of pyridoxine-dependent
epilepsy due to mutations in ALDH7A1, J. Inherit. Metab. Dis. 33 (2010) 571-581.
R.L.P. de Rooy, et al., Pyridoxine dependent epilepsy: is late onset a predictor for
favorable outcome? Eur. J. Paediatr. Neurol. 22 (2018) 662-666.

T. Kuhara, et al., Identification of new biomarkers of pyridoxine-dependent
epilepsy by GC/MS-based urine metabolomics, Anal. Biochem. 113739 (2020),
https://doi.org/10.1016/j.ab.2020.113739.

Y. Khalil, et al., Assessment of urinary 6-oxo-pipecolic acid as a biomarker for
ALDH7AL1 deficiency, J. Inherit. Metab. Dis. (2024), https://doi.org/10.1002/
jimd.12783.

H.-O. Bohm, et al., Global metabolomics discovers two novel biomarkers in
pyridoxine-dependent epilepsy caused by ALDH7A1 deficiency, Int. J. Mol. Sci. 23
(2022) 16061.

P.M. Rankin, S. Harrison, W.K. Chong, S. Boyd, S.E. Aylett, Pyridoxine-dependent
seizures: a family phenotype that leads to severe cognitive deficits, regardless of
treatment regime, Dev. Med. Child Neurol. 49 (2007) 300-305.

A. McConkie-Rosell, et al., Psychosocial profiles of parents of children with
undiagnosed diseases: managing well or just managing? J. Genet. Couns. 27 (2018)
935-946.

R.C. Spillmann, et al., A window into living with an undiagnosed disease: illness
narratives from the undiagnosed diseases network, Orphanet J. Rare Dis. 12 (2017)
71.

L.A. Tseng, et al., Timing of therapy and neurodevelopmental outcomes in 18
families with pyridoxine-dependent epilepsy, Mol. Genet. Metab. 135 (2022)
350-356.

T. Chen, et al., Genomic sequencing as a first-tier screening test and outcomes of
newborn screening, JAMA Netw. Open 6 (2023) €2331162.

N. Garnier, et al., Genetic newborn screening and digital technologies: a project
protocol based on a dual approach to shorten the rare diseases diagnostic path in
Europe, PLoS One 18 (2023) €0293503.

I.A. Holm, et al., The BabySeq project: implementing genomic sequencing in
newborns, BMC Pediatr. 18 (2018) 225.

R.C. Green, et al., Actionability of unanticipated monogenic disease risks in
newborn genomic screening: findings from the BabySeq project, Am. J. Hum.
Genet. 110 (2023) 1034-1045.


https://doi.org/10.1016/j.ymgme.2024.109002
https://doi.org/10.1016/j.ymgme.2024.109002
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0005
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0005
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0005
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0010
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0010
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0010
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0010
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0015
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0015
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0015
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0020
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0020
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0020
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0025
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0025
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0030
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0030
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0035
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0035
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0040
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0040
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0045
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0045
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0045
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0050
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0050
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0055
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0055
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0055
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0060
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0060
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0065
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0065
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0065
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0070
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0070
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0070
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0075
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0075
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0080
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0080
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0080
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0085
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0085
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0085
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0090
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0090
https://doi.org/10.1101/mcs.a006197
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0100
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0100
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0100
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0105
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0105
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0105
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0110
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0110
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0115
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0115
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0120
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0120
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0120
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0125
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0125
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0130
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0130
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0130
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0130
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0135
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0135
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0135
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0140
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0140
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0140
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0145
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0145
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0145
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0150
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0150
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0150
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0155
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0155
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0155
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0160
https://doi.org/10.1007/978-0-387-98141-3
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0170
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0170
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0170
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0175
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0175
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0180
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0180
https://doi.org/10.1016/j.ab.2020.113739
https://doi.org/10.1002/jimd.12783
https://doi.org/10.1002/jimd.12783
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0195
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0195
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0195
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0200
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0200
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0200
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0205
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0205
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0205
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0210
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0210
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0210
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0215
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0215
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0215
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0220
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0220
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0225
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0225
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0225
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0230
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0230
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0235
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0235
http://refhub.elsevier.com/S1096-7192(24)00886-2/rf0235

	Feasibility of newborn screening for pyridoxine-dependent epilepsy
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Materials
	2.3 Newborn screening
	2.4 Second tier testing
	2.5 Data analysis and availability

	3 Results
	3.1 Participants and samples
	3.2 Newborn screening and second tier testing

	4 Discussion
	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


