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Pyridoxine-dependent epilepsy (PDE) represents a group of rare developmental and epilep-
tic encephalopathies. The most common PDE is caused by biallelic pathogenic variants in
Switzerland. This article is an open ALDH7A1 (PDE-ALDH7A1; OMIM #266100), which encodes x-aminoadipate semialde-
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Given the significant benefit of early intervention, PDE-ALDH7AL1 is a strong candidate for
newborn screening (NBS). However, traditional biomarkers are biochemically unstable at
room temperature (x-AASA and piperideine-6-carboxylate) or lack sufficient specificity
(pipecolate), limiting their utility for biomarker-based NBS. The recent identification of
two novel and stable biomarkers, 25,65S-/25,6R-oxopropylpiperidine-2-carboxylate (2-OPP)
and 6-oxo-pipecolate (oxo-PIP), offers renewed potential for biochemical NBS. We evalu-
ated the feasibility of incorporating 2-OPP, oxo-PIP, and pipecolate into routine butylated
FIA-MS/MS workflows used for biochemical NBS. A total of 9402 dried blood spots (DBS),
including nine confirmed PDE-ALDH7A1 patients and 9393 anonymized controls were
analyzed using a single multiplex assay. 2-OPP emerged as the most sensitive biomarker,
identifying all PDE-ALDH7AI1 patients with 100% sensitivity and a positive predictive
value (PPV) of 18.4% using a threshold above the 99.5th percentile. Combining elevated
2-OPP (above the 99.5th percentile) with either pipecolate or oxo-PIP (above the 85.0th per-
centile) as secondary marker detected within the same multiplex FIA-MS/MS assay further
improved the PPVs to 60% and 45%, respectively, while maintaining compatibility with
butanol-derivatized method. Notably, increasing the 2-OPP threshold above the 99.89th
percentile, in combination with either pipecolate or oxo-PIP above the 85.0th percentile
resulted in both 100% sensitivity and 100% PPV. This study supports the strong potential
of 2-OPP-based neonatal screening for PDE-ALDH7A1 within existing NBS infrastructures.
The ability to multiplex 2-OPP, pipecolate and oxo-PIP within a single assay offers a robust,
practical, high-throughput and cost-effective approach. These results support the inclusion
of PDE-ALDH7ALI in existing biochemical NBS panels. Further prospective studies in
larger cohorts are needed to refine cutoffs and confirm clinical performance.

Keywords: pyridoxine-dependent epilepsy; ALDH7A1; 2-OPP; 6-oxo-pipecolate; pipeco-
late; FIA-MS/MS; newborn screening; dried blood spots; 25,65-/2S,6R-oxopropylpiperidine-
2-carboxylate

1. Introduction

Pyridoxine-dependent epilepsy related to ALDH7A1 deficiency (PDE-ALDH7A1;
OMIM #266100) is a rare developmental epileptic encephalopathy characterized by refrac-
tory seizures that respond to a high dose of pyridoxine (vitamin B6) [1]. ALDH7A1 is an
enzyme responsible for the oxidation of alpha-aminoadipate semialdehyde (x-AASA) to
a-aminoadipate in the lysine degradation pathway. A congenital deficiency of this enzyme
leads to the accumulation of «-AASA and piperideine-6-carboxylate (P6C) in body flu-
ids [2—4], the latter resulting from spontaneous cyclization of x-AASA [5,6]. Biochemically,
P6C reacts with pyridoxal-5'-phosphate cofactor (the active form of vitamin B6), leading
to its inactivation. Pipecolate (PIP), another intermediate in the lysine pathway is also
typically elevated in this metabolic disorder. However, it is a less specific biomarker for
PDE-ALDH7ALI, as elevated levels can also be observed in other metabolic conditions such
as peroxisomal diseases, hyperlysinemia or liver damage [7-11]. Despite effective seizure
control by pyridoxine supplementation, approximately 75% of patients experience global
developmental delay and/or intellectual disability [12,13]. Recent therapeutic approaches
aimed to reduce a-AASA and P6C accumulation by implementing lysine reduction strate-
gies, including a lysine-restricted diet combined with arginine supplementation [14-18].
Combined with pyridoxine supplementation, these approaches have been shown to im-
prove cognitive outcomes, especially if initiated within the first few months of life [13,19].
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However, diagnosis of PDE-ALDH7AL1 is often delayed [1,20] owing to the nonspecific
nature of the symptoms, the wide variability in the age of clinical onset [21-24], and the
lack of routine neonatal testing. Given the clear therapeutic benefit of early intervention,
PDE-ALDH7AL1 is considered a strong candidate for inclusion in newborn screening (NBS)
programs [25-27]. Nonetheless, x-AASA and P6C are not ideal screening biomarkers in
dried blood spots (DBS) because of their instability at room temperature [28,29].

Recently, new studies have identified 6-oxo-pipecolate (oxo-PIP) and 2S,65-/2S,6R-
oxopropylpiperidine-2-carboxylate (2-OPP) as novel, more stable biomarkers for PDE-
ALDHY7A1 diagnosis [27,30-32]. A limited but promising preliminary study demonstrated
a significant increase in 2-OPP levels in neonatal DBS from two PDE-ALDH7A1 patients [30]
compared to ten controls, using a non-derivatized flow injection-tandem mass spectrometry
(FIA-MS/MS) assay, a method traditionally used in high-throughput NBS. During the
preparation of this manuscript, two independent studies confirmed the suitability of 2-OPP
and oxo-PIP measurements for PDE-ALDH7A1 screening in neonatal DBS, also using
non-derivatized FIA-MS/MS assays and including two-tiered approaches [31,32].

In this study, we incorporated MS/MS specific biochemical transitions for PDE-
ALDH7A1 biomarkers in our FIA-MS/MS newborn screening assay, utilizing butanol
for derivatization, a method commonly used for measuring amino acid and acylcarnitine in
routine NBS. We assessed butylated 2-OPP, oxo-PIP and PIP in 9393 fresh control neonatal
DBS samples and measured these three biomarkers in nine neonatal leftover DBS samples
from confirmed PDE-ALDH7AT1 patients.

2. Materials and Methods
2.1. Patient Cohort and Control Samples

This study included patients with genetically confirmed PDE-ALDH7A1, enrolled
through the multicenter academic BUSARD initiative (Blood spot and Urine metabolomics
Screening Applied to Rare Diseases, ClinicalTrials.gov ID NCT06360913). Eligibility re-
quired biallelic pathogenic variants in ALDH7A1 gene and the availability of a residual
newborn DBS collected at birth. Informed consent was obtained for all and the BUSARD
protocol was approved by the local ethics committee (study number: 2023 /09A0U/346).

A total of 9393 anonymized DBS samples from newborns served as controls. These
were selected from Belgian French-speaking NBS centers and had tested negative for
all disorders in our standard NBS panel: congenital hypothyroidism, congenital adrenal
hyperplasia, cystic fibrosis, spinal muscular atrophy, sickle cell disorders, biotinidase
deficiency, galactosemia, phenylketonuria, tyrosinemia, homocystinuria, maple syrup,
urine disease, methylmalonic acidemia, propionic acidemia, isovaleric acidemia, glutaric
acidemia type I, MCAD deficiency, VLCAD deficiency, multiple acyl-CoA dehydrogenase
deficiency, LCHAD deficiency, carnitine uptake deficiency, CPT1 deficiency, HMG-CoA
lyase deficiency and acetoacetyl-CoA thiolase deficiency. Control samples were collected
between 48 and 96 h of life, either from babies born after at least 36 weeks of gestational
age (n = 9349) or premature infants with a gestational age of 26 to 36 weeks (n = 44).

2.2. Sample Preparation, FIA-MS/MS Analysis and Validation

A 1/8-inch (3.2 mm) punch corresponding to ~3.2 uL of blood from each DBS was
transferred to a 96-well plate and extracted with 190 pL of the NBS extraction solution,
containing internal standards of amino acids and acylcarnitines in methanol (Cambridge
Isotope Laboratories, reference NSK-AB). The plate was covered with aluminum foil and
allowed to sit at room temperature for 30 min. The eluate was subsequently transferred
to a new 96-well plate and evaporated under nitrogen at 45 °C. The dry residue was then
subjected to butylation by adding 50 uL of butylation reagent to each well. This reagent was
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prepared by mixing nine volumes of 1-butanol (Merck, Rahway, NJ, USA, reference 1.01990)
with one volume of acetyl chloride (Merck, reference 00990). The plate was incubated at
60 °C for 15 min while covered with aluminum foil. Following complete evaporation under
nitrogen, the dry residue was resuspended in 200 uL of acetonitrile/water (50:50), and the
plate was shaken for 5 min at 600 rpm. Before injection, each sample was diluted 1:10 with
50% acetonitrile in a new plate.

A volume of 10 uL from each well was injected by FIA-MS/MS, using a Waters
Xevo-TQ-S micro mass spectrometer equipped with an electrospray ionization (ESI) source
operating in positive mode. The ESI parameters were set as follows: capillary voltage
3.0 kV, drying gas temperature at 300 °C and gas flow rate at 600 L/h. Analytical stan-
dards were purchased from Sigma/Merck (6-oxo-pipecolate: reference 36323, pipecolate:
reference 2519) and from Synvenio B.V. (Nijmegen, The Netherlands) for 2S,65-/2S,6R-
oxopropylpiperidine-2-carboxylate /2-OPP (mix of diastereoisomers in ~1:1 ratio). Biochem-
ical MS/MS transitions and collision energies used for butylated molecules were optimized
after infusion of concentrated standard solutions: 2-OPP (m/z 242 > 82, 26 V), oxo-PIP
(m/z 200 > 98, 18 eV) and PIP (m/z 186 > 84, 18 eV). Concentrations were estimated based
on the relative response to the internal standard '*C6-Phenylanine, which was added at a
known concentration during the sample preparation for FIA-MS/MS neonatal screening.
The measured values are therefore reported as relative concentrations. Linearity ranges,
precision and reproducibility for the three analytes were established by spiking known
concentrations into washed red blood cells and physiological saline solution as described
previously [33]. Calibration curves demonstrated good linearity within the following
ranges: 0.08-20 pmol/L for 2-OPP, 0.1-20 pmol/L for oxo-PIP and 2.2-450 pmol/L for PIP.
We analyzed six replicates of three control levels within the same batch to assess intra-day
precision and performed three separate runs to evaluate inter-day reproducibility (Table 1).
All coefficients of variation (CVs) for intra-day and inter-day measurements were below
15% and 18%, respectively, indicating good precision and reproducibility. Injection of three
blank samples following the highest control level showed no detectable carry-over.

Table 1. Precision and reproducibility of the assay for 2-OPP, oxo-PIP and PIP. CV: Coefficient of
variation, L: low level, M: medium level, H: high level.

Intra-Day Variation (Precision) Inter-Day Variation (Reproducibility)
[umol /L] Mean SD CV (%) Mean SD CV (%)

0.25 (L) 0.35 0.04 11.7 0.34 0.04 10.3
2-OPP 1 M) 1.13 0.10 8.4 1.13 0.13 11.9
5 (H) 5.76 0.34 5.9 5.6 0.51 9.1
0.5 (L) 0.35 0.01 3.8 0.37 0.04 9.2
Oxo-PIP 2 (M) 0.9 0.11 11.7 1.03 0.18 17.9
10 (H) 4.09 0.24 5.8 4.38 0.59 134
22.5(L) 51.3 1.73 3.4 46 6.65 14.5
PIP 112.5 (M) 143 17.1 119 156 9.93 6.4
225 (H) 284 229 8.1 507 52.0 10.2

We assessed the matrix effect by comparing the signal of standards in water or in an
eluate of DBS made from washed red blood cells. Surprisingly, in the DBS from control
washed red blood cells, a high basal signal of PIP was detected ranging from ~20 to
~60 umol/L, while 2-OPP and oxo-PIP were nearly undetectable. These findings suggest
that the relative concentrations of PIP in DBS are likely overestimated due to matrix effects,
potentially caused by isobaric interference. Since both 5-oxoproline (either endogenous or
formed from glutamine degradation during the butylation process [34]) and PIP share a
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similar molecular mass (mm/z 186 after butylation), we investigated this possibility further.
We spiked washed red blood cells with 200 umol/L of PIP, 5-oxoproline or glutamine
prior to preparing DBS samples, and assessed potential isobaric interference with PIP
measurement under our method conditions (m/z 186 > 84, 18 eV).

The results confirmed partial isobaric interference from both 5-oxoproline and glu-
tamine, corresponding to approximately 20% and 10% of the PIP signal, respectively,
relative to the 100% signal observed after PIP spiking alone.

Damiano et al. [31] previously demonstrated that both 2-OPP and oxo-PIP exhibit
good stability on DBS at room temperature, with CVs below 10% for up to 28 days. In
our study, we evaluated the long-term stability of these three analytes in DBS samples
from three patients after six months of storage at room temperature. All CVs were below
21%, indicating acceptable stability and no clear degradation for extended storage in
DBS format.

2.3. Statistics

Performance indicators and percentile calculations were performed in Excel. Sensi-
tivity and specificity were calculated along with 95% confidence intervals (Cls) using the
Wilson/Brown method in GraphPad Prism version 9.5.1.

3. Results
3.1. Nine Genetically Confirmed PDE-ALDH7A1 Patients Were Recruited for This Study

Nine patients with genetically confirmed PDE-ALDH7A1 diagnosis were included
in this study. Seven presented with neonatal seizures, while two were diagnosed at birth
based on a positive family history. All patients received pyridoxine supplementation prior
to genetic confirmation (Table 2). Neonatal DBS samples were collected within the first
days of life and stored at room temperature for 9 months to 5 years prior to biochemical
analysis for the study (Table 2).

3.2. 2-OPP Is a Highly Sensitive and Reasonably Specific Biomarker for PDE-ALDH7A1 Newborn
Screening via Butanol-Derivatization FIA-MS/MS

The 2-OPP, 6-oxo-pipecolate (oxo-PIP) and pipecolate (PIP) were butylated prior to
analysis by FIA-MS/MS using a multiplex method that simultaneously measured amino
acids and acylcarnitines. The inclusion of specific MS/MS transitions for these three
compounds within the existing FIA-MS/MS screening protocol represents an interesting
approach for NBS extension, introducing minimal additional cost or complexity. Levels of
2-OPP in 8/9 PDE-ALDH7AT1 patients were above the 99.9th percentile and all were above
the 99.5th percentile (Figure 1), underscoring a high sensitivity (Figure 2). Among the
9393 control samples, 40 exceeded the 99.5th percentile, indicating reasonably good speci-
ficity as well, though there remains room for improvement. The positive predictive value
(PPV) for 2-OPP at the 99.5th percentile was calculated at 18.4% (Table 3).
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Table 2. Genotype, clinical and biochemical findings of the PDE-ALDH7A1 patients. The corresponding calculated 99.9th percentiles of relative concentrations for
2-OPP, oxo-PIP and PIP in DBS are 0.48, 1.13 and 266.3 umol/L, respectively. P: Pathogenic, LP: likely pathogenic. * PLP instead of B6.

2-OPP Oxo-PIP PIP (umol/L)  Age of DBS at
. Age at 1st Age at (umol/L) (umol/L) .
Patient Genotype Sex . . P99.5th: 201 Time of
Seizure Pyridoxine P99.5th: 0.31 P99.5th: 0.84 P99.9th: 266 Testi
P99.9th: 0.48  P99.9th: 1.13 = esting
c.834G>A (p.Val278 =) (P/LP);
1 ¢1279G>C (p.Glud27Gln) (P/LP) F 5 days 28 days 1.90 0.90 126 2.5 years
c.902A>T (p.Asn301Ile) (P/LP),
2 ¢.1279G>C (p.Glu427Gln) (P/LP) M 5 days 16 days 0.45 0.63 125 4 years
3 ¢:902A>T (p.Asn301Ile) (P/LP); F No seizure 0 day 0.82 1.35 147 3 years

¢.1279G>C (p.Glu427Gln) (P/LP)

€.690A-1095_716 delinsG;
4 r.690_787del (exon 9) (LP); c.612-502 M No seizure 0 day 0.71 0.85 148 3 years
G>C; r.612-541_506ins LP)

c.1061A >G (p.Tyr 354 Lys) (P);

5 c.1061A>G (p.Tyr 354 Lys) (P) M 1 day 2 days 1.43 0.49 124 3 years
6 CIomae ﬁgiﬁgg‘gﬁﬁi% ((E?) M 2 days 2 days 2.85 119 122 9 months
7 Zﬁ;ﬁgig ((E(c;;llﬁﬁ?%?) gﬁl;)) M H1 1 day * 1.13 1.46 147 5 years
8 C,13§91(63T>>CA(1§1,9¢I$Z§3(631113 EII;I/))LP) M 5 days 6 days 357 0.97 125 3.5 years
9 ¢:650 + 260695 + 950del (P); F 3 days 6 days 7.90 181 158 23 months

€.774-1095_801del (LP)
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Figure 1. Distribution of PDE-ALDH7A1 biomarker levels in neonatal DBS using a butanol-
derivatized FIA-MS/MS assay. PDE-ALDH7A1 Patients (black triangles, n = 9) and controls (empty
grey disks, n = 9349; black disks corresponding to premature infants with a gestational age of 26
to 36 weeks, n = 44) are represented. Dashed lines represent the 99.5th and 99.9th percentiles for

each molecule.
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Figure 2. Combination of 2-OPP and additional PDE-ALDH7A1 biomarkers. PDE-ALDH7A1
patients (black triangles, n = 9) and controls (empty grey disks, n = 9349; black disks corresponding
to premature infants with a gestational age of 26 to 36 weeks, n = 44) are represented. Vertical dashed

lines represent the 99.5th and 99.89th percentiles for 2-OPP. Horizontal dashed lines represent the
85.0th percentiles for PIP and oxo-PIP.



Int. J. Neonatal Screen. 2025, 11, 59

9of 14

Table 3. Performances of PDE-ALDH7A1 biomarkers measured alone or combined together. Data
from 9 positive cases and 9393 negative controls. CI: 95% confidence intervals.

Biomarker 1 and

Biomarker 2 and

Positive Predictive

Threshold Used in Threshold Used in Sensitivity Specificity Value
Percentiles Percentiles

2-OPP (P99.9th) N/A (CI:gg..ng/;%L) (CI:999§.99E;:)/1()00) 80.0%
Oxo-PIP (P99.5th) N/A (CI:4§§§E/;6.05) (CI:999.9426j/;9.69) 14.9%
2-OPP (P99.5th) N/A (Clz;gg‘ﬁoo) L 9999.-56j/;9'7) 18.4%
2-OPP (P99.89th)  Oxo-PIP (P85.0th) ( CI:71(())20—/01 %) ( c1:919(_)860/i 100) 100%
2-OPP (P99.89th) PIP (P85.0th) ( c1:7(1).010—0/1000. 0 - 919036/_ 100) 100%
2-OPP (P99.5th) Oxo-PIP (P85.0th) (c1:71820—/01 00 (c1:9999.'§j/;9.9) 45.0%
2-OPP (P99.5th) PIP (P85.0th) ( c1;71(()).20f1 00) ( c1;999.9569j/;9.97) 60.0%

In contrast, oxo-PIP showed suboptimal performance as a primary biomarker for PDE-
ALDH7A1 NBS. Among the nine confirmed cases, only four patients had oxo-PIP levels
above the 99.9th percentile, and 7/9 exceeded the 99.5th percentile (Figure 1), indicating
lower sensitivity compared to 2-OPP. Specificity was similar to 2-OPP, with 40 false positives
above the 99.5th percentile and six above the 99.9th percentile (compared to only two
for 2-OPP).

As expected, PIP was neither a sensitive nor a specific biomarker for primary screening
of PDE-ALDH7A1. Even considering that the reported relative concentrations in DBS are
likely overestimated (see Methods and Discussion), none of the nine confirmed patients
exhibited PIP levels exceeding the 99.5th percentile (Figure 1).

Finally, we assessed the levels of our three biomarkers in 44 residual DBS samples
from premature infants (gestational age 26 to 36 weeks, black disks in Figure 1) to eval-
uate whether prematurity could potentially lead to false-positive results. Although the
sample size was limited, all tested DBS values were below the 99.5th percentile for each
of the three biomarkers. The mean + 25D values for this population were as follows:
0.05 4+ 0.09 umol/L for 2-OPP, 0.34 + 0.23 umol/L for oxo-PIP, and 42.8 + 29.3 umol/L
for PIP.

3.3. Combining 2-OPP with Pipecolate or 6-Oxo-Pipecolate Enhances Specificity and Positive
Predictive Value in Multiplex FIA-MS/MS Screening for PDE-ALDH7A1

Given that all three butylated biomarkers (2-OPP, oxo-PIP, and PIP) were included
in our multiplex FIA-MS/MS method, we evaluated whether the false-positive results
observed with 2-OPP screening alone could be further refined using the additional mea-
sured markers. To explore this hypothesis, individual values for 2-OPP and either PIP or
oxo-PIP were plotted in two-dimensional distribution graphs for both patients and controls
(Figure 2). The application of this two-factor algorithm, the combination of 2-OPP with
either PIP or oxo-PIP at cutoff-percentiles of 99.89% for 2-OPP and 85.0% for PIP or oxo-PIP,
was found to be superior to the 2-OPP-alone screening strategy. This combination increased
the PPV to 60.0% (with PIP) or 45.0% (with oxo-PIP) (Table 3). The combination of 2-OPP
with PIP performed slightly better than the 2-OPP with oxo-PIP strategy, yielding 6 or
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11 false positives, respectively, among the 9393 negative controls, while both approaches
maintained 100% sensitivity (Figure 2 and Table 3). Additionally, we calculated the PPVs
using combinations of 2-OPP at the 99.89th percentile with either PIP or oxo-PIP at the 85th
percentile. Both combinations achieved maximal performances with 100% sensitivity and
100% PPV (Figure 2 and Table 3).

4. Discussion

This study of nine PDE-ALDH7A1 patients and 9393 negative controls supports 2-
OPP as a reliable and high-performing primary biomarker for the biochemical screening of
pyridoxine-dependent epilepsy due to ALDH7A1 deficiency.

Our findings demonstrate that 2-OPP can be effectively incorporated into a butylated
FIA-MS/MS workflow, allowing for a high-throughput, cost-effective, and efficient neona-
tal screening of PDE-ALDH7A1. This method is readily adaptable within existing NBS
programs [28,30], requiring only the purchase of MS-grade standards for the biomarkers.
This addition represents minimal extra cost within an established workflow. However, costs
associated with method validation and, ideally, compliance with ISO 15189 accreditation
requirements also need to be considered and estimated. The fees and requirements related
to accreditation and audits may vary between countries.

In all nine confirmed patients recruited in this study (and tested within 5 years of
collection), 2-OPP levels exceeded the 99.5th percentile when compared to a control co-
hort of 9393 samples. This demonstrates excellent sensitivity while the calculated PPV
of 18.4% remains within a reasonable range. Our data strongly suggest that 2-OPP is a
leading biomarker for PDE-ALDH7A1 NBS. Additionally, when combined with secondary
biomarkers such as PIP or oxo-PIP, it offers even higher positive predictive value without
requiring second-tier testing, particularly in workflows using butanol-derivatized FIA-
MS/MS. Importantly, when applying the screening strategy that uses elevated 2-OPP as
the primary biomarker and PIP as a secondary marker, isolated increases in PIP without
a corresponding elevation in 2-OPP should not be reported. This is due to the high risk
of false-positive results. Isolated PIP elevations may occur in other metabolic conditions,
particularly peroxisomal disorders (see Section 1), or result from isobaric interferences
such as 5-oxoprolinemia or hyperglutaminemia (see Section 2.2). These conditions can
be associated with inborn errors of metabolism, including 5-oxoprolinase deficiency, glu-
tathione synthetase deficiency [35], or metabolic causes of hyperglutaminemia, as well as
secondary causes.

Moreover, elevated PIP concentrations were observed in Figure 1 among several
newborns with no available clinical information other than gestational age over 36 weeks
and a negative screen for all 23 conditions currently included in the French-speaking
Belgian NBS program. This finding suggests that unexplained isolated PIP elevations may
also occur in other, as-yet unidentified conditions.

Our results align with two feasibility studies published during the preparation of this
manuscript [31,32], which instead proposed a two-tiered strategy. These studies utilized
an underivatized FIA-MS/MS assay for initial biochemical screening, followed by LC-
MS/MS quantification of oxo-PIP as a second-tier test. The numbers of PDE-ALDH7A1
residual neonatal DBS analyzed were as follows: Pauly et al. (n = 8; among these, five
samples tested 7-33 years post-collection), Damiano et al. (n = 2; one sample tested
six years post-collection). Pauly et al. identified increased oxo-PIP in eight samples,
seven of which also showed elevated 2-OPP. The single discordant sample (normal for
2-OPP), was collected three decades earlier, suggesting a possible biomarker degradation.
Similarly, Damiano et al. analyzed two residual neonatal DBS samples and found 2-OPP
to be more sensitive than oxo-PIP, consistent with our findings testing nine independent
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residual neonatal DBS samples, all collected a maximum of five years before analysis.
Notably, these two studies did not use direct multiplexing of oxo-PIP in underivatized
FIA-MS/MS because the detection of this compound is hindered by isobaric interferences in
control DBS samples [30]. In contrast, our derivatized butanol-based FIA-MS/MS method
successfully resolved the challenge of detecting oxo-PIP, potentially eliminating the need
for a second-tier LC-MS/MS assay. Additionally, we observed that elevated PIP, when
combined with 2-OPP in primary screening, enhances specificity as well. Therefore, we
propose evaluating whether pipecolate could be multiplexed as a secondary biomarker
in underivatized FIA-MS/MS screening workflows. This approach may prevent the need
for second-tier LC-MS/MS testing of oxo-PIP in biochemical newborn screening protocols
using underivatized FIA-MS/MS.

As described in the Section 2, the concentrations reported in our screening assay are
based on signal intensity relative to an internal standard and are therefore expressed as
relative concentrations, a strategy previously adopted by others [32]. We acknowledge
that using stable isotope-labeled standards for each biomarker would improve accuracy.
Additionally, PIP-relative concentrations are likely overestimated in our assay, as evidenced
by a consistently and variable basal signal detected in control washed red blood cells,
possibly due to interference from isobaric compounds. Previously published plasma PIP
concentrations in affected PDE-ALDH7A1 individuals and neonatal controls were up to
~50 pmol/L and ~3 umol/L, respectively [3]. Although DBS concentrations may differ
slightly due to intracellular accumulation in red blood cells, the values we obtained remain
substantially higher.

Nevertheless, our interpretation relies on percentile-based thresholds, ensuring robust
classification despite the absence of absolute quantification. We recommend that any
positive screening result should be confirmed using complementary biochemical assays
and ALDH7A1 gene sequencing.

In this study, the duration of sample storage ranged from 9 months to 5 years. Al-
though we demonstrated acceptable stability for the three biomarkers (CV < 21%) over a
6-month period at room temperature in three patients with PDE-ALDH7A1, we cannot
rule out the possibility of biomarker degradation between the neonatal period and several
months or years later. Prospective studies that assess these biomarkers both in the first days
of life and at later time points will be essential to more accurately evaluate their long-term
stability on DBS.

Further data from larger sample sizes, prospective DBS samples and unusual late-
onset patients will be essential to refine cutoff thresholds and to confirm the good sensitivity
and positive predictive value of this approach in NBS programs. It is also important to
consider potential false positives arising from unknown or reported ultra-rare conditions
such as molybdenum cofactor deficiency, isolated sulfite oxidase deficiency and DHTKD1
deficiency, in which x-AASA and oxo-PIP can also be found elevated [32,36].

Also of note is that 2-OPP measured in DBS may also serve as a useful and minimally
invasive tool for biochemical diagnosis to confirm the pathogenicity of genetic variants,
or as a valuable indicator for clinical outcome and therapy compliance monitoring of
PDE-ALDH7AT1 patients undergoing “triple therapy” (i.e., B6, low lysin and high arginine).
Furthermore, 2-OPP in DBS or other biological matrix could potentially replace the current
use of the less stable biomarkers P6C and o- AASA measured in blood plasma or urine.

We conclude that 2-OPP-based screening preferably combined with PIP or oxo-PIP
should be considered for integration into NBS programs using FIA-MS/MS assays, with
ongoing validation studies needed to confirm and optimize the approach.
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