Practical Laboratory Medicine 33 (2023) e00305

Contents lists available at ScienceDirect

Laboratory
Medicine

Practical Laboratory Medicine

-

=
ELSEVIER journal homepage: www.elsevier.com/locate/plabm

Age and gender-specific reference intervals for a panel of
lysophosphatidylcholines estimated by tandem mass spectrometry
in dried blood spots

Archana Natarajan ®, Rita Christopher "

@ Metabolic Laboratory, Department of Neurochemistry, National Institute of Mental Health and Neuro Sciences (NIMHANS), Bengaluru, India

ARTICLE INFO ABSTRACT
Keywords: Background and objectives: Very long-chain fatty acyl-lysophosphatidylcholines (VLCFA-LysoPCs)
Reference intervals are measured in dried blood spots (DBS) for identifying X-linked adrenoleukodystrophy (X-ALD)
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and other inherited peroxisomal disorders. Our study aimed to establish age- and gender-specific
reference intervals for a panel of LysoPCs measured by tandem mass spectrometry in DBS.
Methods: LysoPCs (26:0-, 24:0-, 22:0- and 20:0-LysoPCs) were estimated by flow injection
analysis-tandem mass spectrometry (FIA-MS/MS) and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) methods in 3.2 mm blood spots of 2689 anonymized, putative normal
subjects (1375 males, and 1314 females) aged between 2 days and 65 years. Samples were
divided into groups: Neonates (0-1month), Infants (>1m-lyear), Children and Adolescents
(>1-18years), and Adults (>18years). Reference intervals were determined using the percentile
approach and represented as the median with the 1% and g9th percentile lower and upper limits.
Results: The percentage coefficient of variation (CV) for repeatability assays of internal and
external quality control samples were within acceptable limits. Significant differences (P
<0.0001, P <0.01) were observed in the concentrations of 26:0-, 24:0-, 22:0- and 20:0-LysoPCs
and their ratios, 26:0/22:0-, 24:0/22:0-, 26:0/20:0-and 24:0/20:0-LysoPC in neonates and infants
when compared to children, adolescents, and adults. Levels of 26:0-, 24:0- and 22:0-LysoPCs
decreased, whereas 20:0-LysoPC increased with age. There were no significant gender-based
differences in the concentration of LysoPCs.

Conclusion: We established age- and gender-specific reference intervals for a panel of LysoPCs in
DBS. These reference values would be helpful when interpreting LysoPC values in DBS during
screening for X-ALD and other peroxisomal disorders.

1. Introduction

Lysolecithins or lysophosphatidylcholines (LysoPCs/LPCs) are the most commonly occurring bioactive lysophospholipids. They are
endogenously synthesised by the hydrolysis of phosphatidylcholines (PC) catalysed by enzymes like phospholipase (PLAj), lecithin-
cholesterol acyltransferase (LCAT), which cleaves PC present in lipoproteins (high density lipoprotein, HDL) at the C-2 or sn-2 po-
sition, thereby transferring a fatty acid to cholesterol and esterifying it. Endothelial or hepatic lipases also catalyse the formation of
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Abbreviations

X-ALD  X-linked adrenoleukodystrophy

DBS dried blood spot

PC phosphatidylcholine

LysoPC lysophosphatidylcholine

LCAT lecithin-cholesterol acyltransferase

LPCAT lysophosphatidylcholine acyl transferase

VLCFA-LysoPC very long-chain fatty acyl-lysophosphatidylcholine

ZSD Zellweger spectrum disorders

ACOX1 acyl CoA oxidase 1

AGS Aicardi Goutieres Syndrome

Rls reference intervals

FIA-MS/MS flow injection analysis-tandem mass spectrometry
ESI electrospray ionization

LC-MS/MS liquid chromatography-tandem mass spectrometry
CDC Centers for Disease Control and Prevention

NBS newborn screening

NSQAP Newborn Screening Quality Assurance Program

LysoPCs specifically by cleaving the PCs at the C-1 position as they have sn-1 phospholipase activity [1-4]. Very long-chain fatty
acyl-lysophosphatidylcholines (VLCFA-LysoPCs) are LysoPCs with VLCFAs of variable lengths in the C-1/sn-1 position or at times in
the C-2/sn-2 position. The R-group here varies in chain length (from C22:0) and saturation and this helps in distinguishing different
VLCFA-LysoPCs species from each other [1]. Studies have shown that VLCFA-LysoPCs, specifically C26:0-LysoPC, is elevated in pa-
tients with X-linked adrenoleukodystrophy (X-ALD) and other peroxisomal disorders like Zellweger spectrum disorders (ZSD), acyl
CoA oxidase 1 (ACOX1) deficiency, multifunctional protein (HSD17B4) defect and Aicardi Goutieres Syndrome (AGS) [5-10]. LysoPCs
are generally measured by tandem mass spectrometry using the flow injection analysis (FIA-MS/MS) or liquid
chromatography-tandem mass spectrometry (LC-MS/MS) techniques for identifying these disorders [6-21].

Recently, newborn screening (NBS) panels have included 26:0- and 24:0-LysoPC to screen for X-ALD along with the other inborn
errors of metabolism [20,22,23]. To differentiate X-ALD cases from the healthy population, age and gender-specific reference intervals
(RIs) and appropriate cut-offs specific to the population of that region are essential [24]. Although there are studies describing
reference intervals for LysoPCs extracted from dried blood spots (DBS), there is no systematic study that has established age and
gender-specific reference intervals in DBS for 26:0-, 24:0-, 22:0- and 20:0-LysoPCs and their ratios in the pediatric and adult population
[5-9,11-15,21]. We therefore sought to establish reference intervals for a panel of LysoPCs (26:0-, 24:0-, 22:0- and 20:0-LysoPC) and
their ratios (26:0/22:0-, 24:0/22:0-, 26:0/20:0- and 24:0/20:0-LysoPC) in DBS measured by FIA-MS/MS and LC-MS/MS methods in
male and female neonates, infants, children, adolescents and adults, in India.

2. Materials and methods
2.1. Ethical approval

This study was carried out according to the national regulations, institutional policies and as per the tenets of the Helsinki
Declaration (revised, 2013). The institutional ethics committee of the National Institute of Mental Health and Neuro Sciences
(NIMHANS), Bengaluru, India, reviewed and approved the study protocol.

2.2. DBS samples

De-identified, left-over DBS of 2689 presumed normal subjects (1375 males, and 1314 females) aged between 2 days and 65 years,
who were referred to the Metabolic Laboratory, Department of Neurochemistry, NIMHANS, Bengaluru, India, for routine testing, were
used to establish the RIs by the FIA-MS/MS (n = 1074) and LC-MS/MS (n = 1615) methods. Subjects diagnosed with neurological
disorders, inherited metabolic disease or with any abnormalities in brain or spine MRI were excluded from the study. Informed consent
was obtained from the parents of children under 13 years and adult patients, while child assent was taken from children between 13
and 18 years before sample collection.

The samples were divided into the following four groups based on their age and gender; Group 1 — Neonates (0-1 month), Group 2 —
Infants (above 1 month-1 year), Group 3 — Children (toddlers, pre-school and school-going children) and Adolescents (above 1 year -
18 years) and Group 4 — Adults (above 18 years). This age classification was done according to the National Institute of Child Health
and Human Development (NICHD) guidelines [25,26] and Center for Drug Evaluation and Research, FDA [27] guidelines referenced
by Job et al. in their study [28]. Neonates considered in the group were full-term with birth weight >2800g. All blood samples were
collected on S&S 903 (Schleicher & Schuell) filter paper cards by heel-prick in neonates and by finger prick in infants, children,
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adolescents, and adults.

2.3. Materials

Mass Spectrometry (MS)-grade solvents and additives like methanol, acetonitrile, isopropanol, formic acid, and ammonium acetate
were sourced from Merck, Sigma-Aldrich Corp. (St. Louis, MO, USA). 26:0-, 24:0-, 22:0- and 20:0-LysoPC standards and an isotopically
labelled internal standard (IS) of 26:0-LysoPC (26:0-d4-LysoPC) were procured from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Barnstead GenPure Pro water purification system (Thermo Fischer Scientific, Waltham, MA, USA) was used to generate deionized
water. Microtitre 96-well plates, PEEK tubing, and columns were purchased from Waters Corporation (Milford, MA, USA). Newborn
Screening Quality Assurance Program (NSQAP) for X-ALD conducted by Newborn Screening and Molecular Biology Branch, Centers
for Disease Control and Prevention (CDC), Atlanta, GA, USA, provided us enriched DBS cards for proficiency testing and external
quality control.

2.4. Methods

2.4.1. Preparation, storage, and processing of DBS samples

The DBS samples were stored at —80 °C in sealed pouches with desiccants where humidity was maintained less than 30% until
analysis. After the cards were thawed, 3.2 mm spots were punched from each card into a 96-well plate kept in an automated DBS
puncher (PerkinElmer, Waltham, MA, USA). 150 pl of extraction solution containing internal standard (26:0-d4-LysoPC) of concen-
tration 0.39 pmol/L reconstituted in absolute methanol was added to each well. The plate was covered with a polypropylene mat cap
and kept in a thermomixer for 1 h at 26 °C and a mixing speed of 450 rpm.

2.4.2. LysoPC analysis

A panel of LysoPCs (26:0-, 24:0-, 22:0- and 20:0-LysoPC) were analysed by the FIA-MS/MS and the LC-MS/MS methods previously
standardized in our laboratory [18,19]. Sample extract of 10 pl each, was injected into the Xevo TQD MS/MS (Waters Corporation,
Milford, MA, USA) from an ACQUITY UPLC sample manager (Waters Corporation, Milford, MA, USA), directly for the FIA-MS/MS
analysis and via a UPLC BEH Phenyl 1.7 pm*2.1*50 mm column maintained at 40 °C (ACQUITY) for the LC-MS/MS analysis. An
isocratic flow of mobile phase mixture containing 80% (50% acetonitrile: 50% methanol) and 20% (2 mM ammonium acetate in water
with 0.1% formic acid) was used to analyse each sample in 1.5 min by the FIA-MS/MS analysis. LC-MS/MS analysis required 6
min/sample with 0.5 mL/min gradient flow using mobile phases, 2 mM ammonium acetate in water, and a (45:45:10) mixture of
acetonitrile: methanol: isopropyl alcohol (Supplementary Table 4). The MS/MS conditions for both the methods were set in the
Electrospray ionization positive (ESI +) ion and multiple reaction monitoring (MRM) mode with 150 °C as source temperature and
600 °C as desolvation temperature. The mass transitions (m/z) for 26:0-d4-LysoPC and 26:0-, 24:0-, 22:0- and 20:0-LysoPCs were
640.65 > 104.09, 636.65 > 103.96, 608 > 104, 580 > 104.06 and 552.41 > 104.06, respectively. NeoLynx and TargetLynx appli-
cations of the MassLynx 4.1.1 software (Waters Corporation, Milford, MA, USA) were used to quantify the LysoPCs in micromoles/litre
(pmol/L).

2.4.3. Quality control

Internal quality control (IQC) was monitored using spiked dried blood spots at concentrations 0.01,0.05,0.1,0.25 0.5 and 1 pg/mL
(range: 0.079-0.362 pmol/L) containing 26:0-, 24:0-, 22:0- and 20:0-LysoPC mixture prepared in-house. For external quality control
(EQC), enriched DBS specimens from CDC, Atlanta, containing 26:0- and 24:0-LysoPCs of an unknown concentration for proficiency
testing and quality control samples containing C26:0-, C24:0-, C22:0- and C20:0-LysoPCs in the following concentrations: 0 pmol/L
(un-enriched), 1 pmol/L and 5 pmol/L, were analysed. Accuracy and repeatability (inter-day intra-day) of both the MS/MS methods in
measuring the LysoPCs were determined.

2.5. Statistical analysis

Graph Pad Prism 5.1(California, USA) and SPSS 17.0 (IBM Corporation, NY, USA) software were used for the statistical analyses.
Since data distribution for the analytes was skewed and did not follow Gaussian distribution, a non-parametric percentile approach
was applied to establish the reference intervals. Extreme outliers were removed using the Kolmogorov-Smirnov (KS) test, and RIs were
represented as a box-whisker plot between the 1st and 99th percentile of the analytes measured in our population. RIs for LysoPCs and
their ratios were established according to previously published studies [13,15,21]. The values below and above the 1% and the 99!
percentile range that were flagged as outliers were removed, respectively. The median concentration of the LysoPCs and their ratios
were compared between the four age groups in males and females using the Kruskal-Wallis Independent sample test (non-parametric
one-way Analysis Of Variance- ANOVA) followed by post-hoc Dunn’s multiple comparison test. Mann Whitney-U test (Non-parametric
unpaired t-test) was used to compare the median concentration of the LysoPCs in males and females of each group. The significance
value was set to P < 0.05. Accuracy (recovery) and coefficient of variation (CV) of repeatability assays were expressed as percentages.
Bland-Altman analysis was performed to find out the agreement between the FIA-MS/MS and the LC-MS/MS methods.
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3. Results
3.1. Quality control and method comparison

The accuracy and precision of the FIA-MS/MS and LC-MS/MS methods monitored as a part of IQC and EQC were within acceptable
limits. The proficiency testing assessment for results reported by our method was 100% satisfactory. The details are represented in
Supplementary Tables 1, 2, and 3.

The agreement between the two methods was represented by Bland-Altman Plots. The concentrations of 20:0-LysoPC, 22:0-LysoPC,
24:0-LysoPC and 26:0-LysoPC were found to be higher by 0.09. 0.22, 0.17, 0.17 pmol/L when measured by the FIA-MS/MS method in
comparison to the LC-MS/MS method. This data has been represented in Supplementary Fig. 4.

3.2. Discussion RIs for LysoPCs measured by the FIA-MS/MS method

A total of 1074 putative normal samples (555 males, 519 females) were included in the study. The medians and reference intervals
(1% and 99" percentiles) of LysoPCs and their ratios in the various age groups are represented in Table 1 and Fig. 1, Supplementary
Fig. 1. Kruskal-Wallis Test with Dunn’s post-hoc test was used to check for differences in the concentration of LysoPCs and their ratios in
males and females according to age, and Mann Whitney-U test was used to check the gender-based variations in the LysoPCs and their
ratios in each age group.

The concentrations of LysoPCs were not significantly different between males and females except for 20:0-LysoPC, which measured
higher in males than females (0.38 pmol/L vs. 0.33 pmol/L, P = 0.0001) in the adult population. Similarly, no significant differences
were observed in the LysoPC ratios except 24:0/22:0-LysoPC ratio, which was higher in females in comparison to male (1.93 vs. 1.78;
P = 0.0003) children and adolescents considered in our study.

Median concentrations of 26:0-LysoPC and 26:0/22:0-LysoPC ratio was significantly higher in neonates (P < 0.0001) when
compared with infants, children and adolescents while in adults, concentrations of 26:0-LysoPC and 26:0/22:0-LysoPC ratio were
slightly higher (P<0.01) than that of neonates. 26:0/20:0-LysoPC was significantly higher in neonates (P < 0.0001) in comparison to
infants, children & adolescents and adults.

Median concentrations of 24:0-LysoPC, 24:0/22:0-LysoPC, and 24:0/20:0-LysoPC were significantly higher in neonates (P <

Table 1
Distribution of LysoPCs and their ratios measured by the FIA-MS/MS method in different groups based on age and gender.
LysoPCs measured “Median and reference interval ~ “Median and reference interval ~ “Median and reference interval “Median and reference interval
in DBS (umol/L) (umol/L) (umol/L) (umol/L)
"Neonates “Infants dChildren and Adolescents “Adults

M (n = 129) F (n =125) M (n = 126) F (n = 120) M (n = 158) F (n =151) M (n = 142) F (n =123)

26:0-LysoPC 0.21 0.21 0.16 0.18 0.14 0.15(0.10.- 0.25 0.24
(0.12-0.33) (0.13-0.38) (0.10-0.34) (0.10-0.34) (0.10-0.29) 0.21) (0.13-0.46) (0.12-0.41)

24:0-LysoPC 0.38 0.39 0.29 0.28 0.26 0.28 0.32 0.32
(0.20-0.69) (0.19-0.73) (0.16-0.57) (0.14-0.47) (0.15-0.46) (0.17-0.46) (0.21-0.48) (0.19-0.45)

22:0-LysoPC 0.15 0.16 0.15 0.15 0.14 0.14 0.19 0.17
(0.08-0.29) (0.10-0.45) (0.09-0.32) (0.08-0.26) (0.09-0.24) (0.09-0.30) (0.11-0.32) (0.12-0.26)

20:0-LysoPC 0.25 0.27 0.31 0.28 0.28 0.29 0.38 0.33
(0.10-0.52) (0.09-0.55) (0.16-0.61) (0.12-0.46) (0.14-0.55) (0.17-0.49) (0.19-0.61) (0.19-0.54)

)
LysoPC ratios “Median and reference interval “Median and reference interval “Median and reference interval “Median and reference interval
measured in
DBS

26:0/22:0-LysoPC 1.29 1.31 1.11 1.16 0.94 1.06 1.30 1.36
(0.73-2.00) (0.56-2.56) (0.58-1.82) (0.65-2.00) (0.50-1.45) (0.48-1.75) (0.79-1.85) (0.74-2.24)

24:0/22:0-LysoPC 2.48 2.42 1.88 2.00 1.78 1.93 1.81 1.81
(1.67-3.24) (1.05-3.53) (1.27-2.56) (1.31-2.43) (1.17-2.36) (1.40-2.40) (1.12-2.15) (1.27-2.13)

(**%)

26:0/20:0-LysoPC 0.83 0.80 0.52 0.59 0.50 0.50 0.63 0.67
(0.44-1.38) (0.43-2.19) (0.32-1.11) (0.30-1.31) (0.31-0.93) (0.29-0.95) (0.41-1.21) (0.42-1.24)

24:0/20:0-LysoPC 1.60 1.52 0.94 1.00 0.93 0.94 0.87 0.90

(0.96-2.58) (0.73-3.19) (0.64-1.50) (0.56-1.69) (0.62-1.56) (0.61-1.48) (0.65-1.29) (0.64-1.33)

M = Males; F= Females; n = No. of samples; FIA-MS/MS- Flow injection analysis tandem mass spectrometry; ***
LysoPCs-lysophosphatidylcholines.

@ Median (Reference intervals are expressed as the 1st and the 99th percentile).

> Neonates - 0-1month.

¢ Infants - >1 month-1 year.

4 Children and Adolescents - >1 year-18 years.

¢ Adults - >18 years.
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Fig. 1. Box and whisker plot for reference intervals of (A) 26:0-LysoPC, (B) 24:0-LysoPC, (C) 22:0-LysoPC and (D) 20:0-LysoPC measured in DBS by
the FIA-MS/MS method in males and females divided across different age groups.

conc. — concentration; DBS- dried blood spots; FIA-MS/MS- Flow injection analysis tandem mass spectrometry; **- P < 0.01, ***- P < 0.0001 The
lower and the upper end of the whiskers represent the 1st and the 99th percentile with the central median value (50th percentile) bound by 25th and
75th percentile values.

0.0001) in comparison to infants, children & adolescents, and adults.
The concentration of 22:0-LysoPC was significantly higher in neonates and infants (P<0.01) in comparison to children & ado-
lescents but lower (P < 0.01) when compared with the adult group.

On the contrary, 20:0-LysoPC concentration was low in neonates (P < 0.0001) in comparison to infants, children & adolescents, and
adults.

3.3. RIs for LysoPCs measured by the LC-MS/MS method

A total of 1615 putative normal samples (820 males, 795 females) were included for analysis. The medians and reference intervals
(1% and 99 percentiles) of LysoPCs and their ratios in the various age groups are represented in Table 2 and Fig. 2, Supplementary
Fig. 2. Kruskal-Wallis Test with Dunn’s post-hoc test was used to check for differences in the concentration of LysoPCs and their ratios in
males and females with respect to age, and Mann Whitney-U test was used to check the gender-based variations in the LysoPCs and
their ratios in each age group.

The concentrations of LysoPCs and their ratios were not significantly different between males and females when measured by this
method also. But, 26:0/22:0-LysoPC was significantly higher in males in comparison to females (1.00 vs. 0.80, P < 0.0001) in the infant
group, while among children and adolescents, the same ratio was higher in females in comparison to males (1.0 vs. 0.80, P < 0.0001).
24:0/22:0-LysoPC was higher in males compared to females (2.00 vs. 1.67, P = 0.0014) in our population’s infant group.

Median concentration of 26:0-LysoPC, 26:0/22:0-LysoPC, and 26:0/20:0-LysoPC were higher in neonates (P < 0.01) than infants,
children & adolescents and adults.

A significantly higher concentration of 24:0-LysoPC was observed in neonates (P < 0.01) in comparison to infants, children &
adolescents but almost the same in adults. 24:0/20:0-LysoPC median concentration was higher in neonates (P < 0.01) when compared
with infants, children& adolescents and adults. 24:0/22:0-LysoPC concentration was significantly lower (P < 0.0001) in neonates and
adults compared to infants, children & adolescents.

A significantly higher concentration of 22:0-LysoPC was observed in neonates (P < 0.01) in comparison to infants, children, and
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Table 2
Distribution of LysoPCs and their ratios measured by the LC-MS/MS method in different groups based on age and gender.
LysoPCs “Median and reference interval “Median and reference interval “Median and reference interval “Median and reference interval
measured in DBS (umol/L) (umol/L) (umol/L) (umol/L)
°Neonates “Infants dChildren and Adolescents “Adults
M (n = 125) F(n=128) M (n = 207) F (n=201) M (N = 299) F (n = 296) M (n = 189) F(n=170)
26:0-LysoPC 0.05 0.05 0.03 0.04 0.03(0 0.03(0.02.- 0.03 0.04
(0.03-0.09) (0.03-0.10) (0.02-0.09) (0.02-0.11) 01-0.05) 0.07) (0.01-0.07) (0.02-0.06)
24:0-LysoPC 0.09 0.10 0.07 0.07 0.07 0.07 0.10 0.09
(0.05-0.15) (0.04-0.15) (0.03-0.14) (0.04-0.14) (0.04-0.15) (0.04-0.16) (0.05-0.17) (0.05-0.17)
22:0-LysoPC 0.05 0.05(0.03-0. 0.04 0.05 0.03 0.03 0.05 0.06
(0.02-0.08) 09) (0.02-0.12) (0.02-0.10) (0.02-0.08) (0.02-0.10) (0.02-0.11) (0.02-0.11)
20:0-LysoPC 0.13 0.16 0.16 0.18 0.14 0.13 0.18 0.17
(0.05-0.26) (0.05-0.33) (0.04-0.31) (0.06-0.42) (0.05-0.27) (0.05-0.32) (0.09-0.35) (0.08-0.33)
LysoPC ratios “Median and reference interval ~ “Median and reference interval ~ “Median and reference interval ~ “Median and reference interval

measured in DBS

26:0/22:0-LysoPC 1.00 1.00 1.00 0.80 0.80 1.00 0.67 0.67
(0.67-2.00) (0.62-1.78 (0.40-2.00) (0.33-1.71) (0.33-2.00) (0.33-3.00) (0.25-1.50 (0.32-1.60)
(%) (%)
24:0/22:0-LysoPC 1.82 1.86 2.00 1.67 2.25 2.44 1.78 1.67
(1.33-3.20) (1.00-3.20) (1.00-4.00) (0.86-4.00) (1.33-4.00) (1.43-4.50) (1.00-4.00) (1.07-3.30)
(*%)
26:0/20:0-LysoPC 0.42 0.35 0.24 0.22 0.21 0.21 0.20 0.20
(0.2-1.05) (0.14-0.78) (0.09-0.75) (0.08-0.50) (0.09-0.50) (0.06-0.50) (0.08-0.42) (0.09-0.47)
24:0/20:0-LysoPC 0.72 0.62 0.47 0.44 0.56 0.57 0.56 0.55

(0.38-1.40) (0.31-1.29) (0.21-1.00) (0.19-0.89) (0.27-1.00) (0.24-1.00) (0.32-0.93) (0.31-1.00)

M = Males; F= Females; n = No. of samples; LC-MS/MS- Liquid chromatography tandem mass spectrometry; **- P < 0.01, ***- P < 0.0001.
LysoPCs-lysophosphatidylcholines.

@ Median (Reference intervals are expressed as the 1st and the 99th percentile).

b Neonates - 0-1month.

¢ Infants - >1 month-1 year.

4 Children and Adolescents - >1 year-18 years.

¢ Adults - >18 years.

adolescents but almost the same in adults.
The analyte, 20:0-LysoPC showed a slow increase (P < 0.01) in the concentration from neonates < infants < and adults.

4. Discussion

In X-ALD, very long-chain fatty acids (VLCFAs), > C22, accumulate in the blood because of a deficiency of a peroxisomal ABC
transport protein required for the transport of VLCFA, due to mutations in the ABCDI gene [22,29]. Affected persons may be
asymptomatic or have varied clinical presentations across different ages (2.5 years to over 60 years) in males with the adrenocortical
insufficiency presenting as early as 5 weeks after birth [22,29-33]. Affected females can also be symptomatic, typically above 30 years
of age, the earliest reported symptomatic case being a 7-year old girl. It has been reported that over 80% of females with X-ALD will
develop signs of neurological dysfunction like having a progressive spinal cord problem by the age of 60 years. Women with ALD have
less than 1% chances of being affected by adrenal dysfunction or cerebral ALD [22,29-32].

Measurement of 26:0-LysoPC and 24:0-LysoPC in DBS by tandem mass spectrometry has been included [20,23] or is being
considered for inclusion in newborn screening panels of many countries [16,17,21]. Consequently, appropriate age and
gender-specific reference intervals need to be established. In our study, we estimated a panel of LysoPCs by the FIA-MS/MS and the
LC-MS/MS methods, which are widely used as a part of the two-tier screening strategy for biochemically identifying X-ALD. The
FIA-MS/MS method with an analysis time of 1.5 min/sample is a simple, fast and high-throughput method suitable for mass screening
of X-ALD but less sensitive and specific in comparison to the LC-MS/MS method which takes 6 min/sample and utilizes a column to
separate the analytes based on their retention time. False positives are reported by the FIA-MS/MS method, while the LC-MS/MS is
100% sensitive and specific in the identification of X-ALD.

We have established the reference intervals of LysoPCs and their ratios across all age groups: neonates, infants, children (toddlers,
pre-school and school-going children) & adolescents and adults in males and females of our population. Since significant metabolic
changes occur from the neonatal period to adulthood, which involves dynamic changes in their growth and feeding patterns, we
divided our study population into different age groups [25-28,34]. Previous reports on the concentration of some of the LysoPCs in
various populations are detailed in Table 3.

In our study we did not see any significant difference in the concentration of LysoPCs between males and females, except for 20:0-
LysoPC and 26:0/22:0-LysoPC, 24:0/22:0-LysoPC ratios, which were higher in males. Although statistically significant, the magnitude
of variation was minimal. So the data generated for males and females were taken together for representation in Figs. 1 and 2 and
Supplementary Figs. 1 and 2.
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Fig. 2. Box and whisker plot for reference intervals of (A) 26:0-LysoPC, (B) 24:0-LysoPC, (C) 22:0-LysoPC and (D) 20:0-LysoPC measured in DBS by
the LC-MS/MS method in males and females divided across different age groups.

conc. — concentration; DBS- dried blood spots; LC-MS/MS- Liquid chromatography tandem mass spectrometry; **- P < 0.01 The lower and the upper
end of the whiskers represent the 1st and the 99th percentile with the central median value (50th percentile) bound by 25th and 75th percen-
tile values.

The variations seen in the concentration of LysoPCs and their ratios measured by both the methods have been represented in
Supplementary Fig. 3 by plotting trend lines. In our study we found that 26:0-LysoPC, 24:0-LysoPC, 22:0-LysoPC and 26:0/22:0-
LysoPC, 26:0/20:0-LysoPC, 24:0/22:0-LysoPC and 24:0/20:0-LysoPC ratios (FIA-MS/MS and LC-MS/MS) were significantly higher
in neonates in comparison to infants, children & adolescents and adults, while the concentration of 20:0-LysoPC increased after birth.
Even though, the median concentration of 22:0-LysoPC (FIA-MS/MS and LC-MS/MS) was higher in neonates in comparison to infants,
children &adolescents, its upper 99th percentile limit was almost the same in adults. These observations are in line with the study
results published by various study groups whose observations are described further.

Tian and co-workers reported that the concentration of 26:0-LysoPC and 26:0/22:0-LysoPC, 24:0/22:0-LysoPC ratios (FIA-MS/MS)
were significantly higher in Chinese newborns in comparison to children. The Newborn Screening Program conducted by the
Washington State Department of Health, USA, has shown that 26:0-LysoPC concentration was significantly high in newborns aged
0-7days than newborns >7 days old (mean [+SD], 0.088 pmol/L [+0.024] vs. 0.051 pmol/L [+0.018]) [35]. We observed a similar
pattern in the newborns included in our study, with a minor statistical difference in the median concentration of 26:0-LysoPC
(LC-MS/MS) in neonates aged between 2 and 7 days when compared with >7-30 days old neonates (0.06 pmol/L vs. 0.05
pmol/L). However, the upper cut-off limit of the two sub-groups and the medians were not significantly different so we clubbed the
data into one group (from birth to 1 month). Studies by Barendsen et al. [20] and Huffnagel et al. [8] in the Dutch population estimated
higher levels of 26:0-LysoPC (LC-MS/MS) in the DBS of adults than newborns. Additionally, Huffnagel et al. [8] also concluded that
even though the median concentration of 26:0-LysoPC in newborns was higher than that of the adults (62 nmol/L vs. 43 nmol/L), there
wasn’t any clear separation seen in its level between both the groups. Further, Wu et al. [17] also found the concentrations of
26:0-LysoPC and 24:0-LysoPC (LC-MS/MS) to be significantly high in Japanese newborns in comparison to adults. Here, the re-
searchers indicated that either the low sample size or difference in the dietary pattern between the newborns of western Japan and the
adults of eastern Japan to be possible reasons for this variation in the concentration of the 26:0-LysoPC and 24:0-LysoPC in the two
groups.

The increased concentration of 26:0-LysoPC, 24:0-LysoPC, and 22:0-LysoPC in neonates in comparison to infants, children &



Table 3

Comparison of reference values determined for the LysoPCs and their ratios measured by tandem mass spectrometry methods in various study population.

Authors Population Methodology, 2Sample Analytes measured in DBS
(Unit), Size
(Min-Max) range
26:0-LysoPC 24:0-LysoPC 22:0- 20:0-LysoPC 26:0/22:0- 24:0/22:0- 26:0/20:0- 24:0/20:0-
LysoPC LysoPC LysoPC LysoPC LysoPC
FIA-MS/MS method
Tian et al. Chinese FIA-MS/MS n = 3078 NB 0.10-0.34 0.20-0.67 0.06-0.35 0.08-0.40 0.49-3.00 1.24-5.15 NA NA
[21] (Noebase2 kit, (24hrs-7
Perkin Elmer) days)
(pmol/L) n = 396 Children 0.05-0.30 0.13-0.70 0.07-0.42 0.09-0.54 0.32-2.12 0.93-4.04 NA NA
(1-99)percentile (2-11
years)
Turgeon American FIA-MS/MS (Lab n =130 NB 0.18-0.36 0.23-0.42 0.10-0.23 0.10-0.60 NA NA NA NA
etal. developed) n=20 Adults 0.20-0.67 0.14-0.27 0.12-0.23 0.13-0.42 NA NA NA NA
[13] (“pmol/L)
(1-99)percentile
Armangue Multicenter FIA-MS/MS n = 670524 NB 0.21-0.21 NA NA NA NA NA NA NA
et al. study (pmol/L)
[9] (95% CI)
Present Indian FIA-MS/MS (Lab n = 254 NB (M+F) 0.12-0.36 0.20-0.70 0.08-0.43 0.10-0.53 0.58-2.50 1.11-3.50 0.43-2.08 0.74-3.06
study developed) n = 309 Children (M+F) 0.10-0.28 0.15-0.46 0.09-0.29 0.14-0.51 0.48-1.67 1.17-2.38 0.30-0.94 0.61-1.55
(pmol/L) n =275 Adults (M+F) 0.12-0.45 0.19-0.47 0.11-0.31 0.19-0.60 0.74-2.22 1.12-2.15 0.41-1.23 0.64-1.33
(1-99)percentile
LC-MS/MS method
Hubbard American HPLC-MS/MS n =663 NB 0.07-0.28 NA NA NA NA NA NA NA
etal. [5, ("umol/L)
6] Range
Sandlers American HPLC-MS/MS n =89 NB 0.016-0.21 NA NA NA NA NA NA NA
et al. ("umol/L)
[11] Range
Theda et al. American HPLC-MS/MS n = 4689 NB 0.02-0.39 NA NA NA NA NA 0.03-0.71 NA
[12] ("pmol/L)
Wu et al. Japanese HPLC-MS/MS n = 604 NB 0.01-0.57 0.003-0.432 NA 0.009-2.406 NA NA NA NA
[17] (“‘pmol/L) n =50 Adults 0.003-0.168 0.003-0.198 NA 0.234-1.296 NA NA NA NA
Barendsen Dutch HPLC-MS/MS n = 250 NB 0.029-0.165 NA NA NA NA NA NA NA
et al. (pmol/L) n=126 Adults 0.019-0.078 NA NA NA NA NA NA NA
[20]
Armangue Multicenter HPLC-MS/MS n = 11353 NB 0.08-0.08 NA NA NA NA NA NA NA
et al. study (pmol/L)
[9] (95% CI)
Huffnagel Dutch UPLC-MS/MS n = 200 NB 0.036-0.138 NA NA NA NA NA NA NA
et al. (“umol/L) n=126 Adults 0.019-0.078
[8] (Range) n=20 Females 0.021-0.077
Klouwer Dutch UPLC-MS/MS n = 209 Males (0-81 0.028-0.060 NA NA NA NA NA NA NA
et al. (“umol/L) years) Later Upper cut-
[10] off was increased
to 0.100
Present Indian UPLC-MS/MS (Lab  n = 253 NB (M+F) 0.03-0.10 0.04-0.15 0.02-0.09 0.05-0.31 0.62-2.0 1.00-3.20 0.14-1.00 0.32-1.33
study developed) n = 595 Children&Adol 0.02-0.06 0.04-0.15 0.02-0.08 0.05-0.30 0.33-2.70 1.35-4.00 0.07-0.50 0.24-1.00
(pmol/L) (M+F)
(1-99)percentile n = 359 Adults (M+F) 0.02-0.07 0.05-0.17 0.02-0.11 0.08-0.34 0.26-1.50 1.07-3.85 0.08-0.44 0.32-0.98

M = Males; F= Females; n = No. of samples; NB= Newborn/Neonates; CI- Confidence Interval; UPLC/HPLC/LC-MS/MS- Ultra/High performance-liquid chromatography tandem mass spectrometry;

LysoPCs-lysophosphatidylcholines; Adol- Adolescents; NA- Not available.
# Converted the unit pg/mL to pmol/L.
b Converted the unit pmol/1/8” mm blood spot to pmol/L (1/8” mm blood spot = 3 mm = 3 pL of blood).
¢ Converted the unit pmol/punch of blood spot to pmol/L (3 mm blood spot = 3.3 pL of blood).
4 Converted the unit nmol/L of blood spot to pmol/L.
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adolescents and adults could be associated with the amount of feeding, the feeding method (breastfeeding/formula feeding), stage of
lactation (early/late) for the newborn and the mother’s long term diet and genetic characteristics or lifestyle-related differences in the
population [1,2,21]. LysoPC is present in human breast milk, and it could add to the initially high concentration seen in newborns
during early lactation [2]. Another potential reason could be the presence of an increased number of red blood cells in newborns,
which decline with age, thus decreasing LysoPC concentration in children or adults. This could be because LysoPCs in the blood are
predominantly present in the cell membrane of the RBCs, and LysoPCs which we extracted from DBS are mainly derived from these
RBCs [20,36,37].

In our study, the increased concentration of 26:0-LysoPC measured by FIA-MS/MS in the adult group in comparison to neonates
could be due to the interfering artefact. This observation is similar to the findings reported by Turgeon et al. [13]where, 26:0-LysoPC
was measured by the FIA-MS/MS method in the American population.

An increase in the concentration of 20:0-LysoPC with age could be due to changes in the metabolism from birth. In a couple of
studies on LysoPCs, Takatera, and co-workers [1,38] reported that the concentration of LysoPCs increased with age. They proposed
that it could be due to the difference in immunity between neonates and adults.

5. Conclusion

We established age, and gender-specific reference intervals for a panel of lysophosphatidylcholines and their ratios in dried blood
spot extracts estimated by the two tandem mass spectrometry techniques (FIA-MS/MS and LC-MS/MS) which are used for screening
and identification of X-ALD. We infer that the age-related variations in 26:0-, 24:0-, 22:0- and 20:0-LysoPCs and the ratios are small and
unlikely to have any significant impact on identifying X-ALD, but such studies could be useful to understand the age-related variations

where other biochemical abnormalities are subtle. Our data may help in the accurate identification of X-ALD and other peroxisomal
disorders in the Indian population.
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