
Molecular Genetics and Metabolism Reports 26 (2021) 100720

2214-4269/© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Short Communication 

Utility of measuring very long-chain fatty-acyl carnitines in dried blood 
spots for newborn screening of X-linked Adrenoleukodystrophy 
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A B S T R A C T   

We measured C24:0 and C26:0-carnitines in dried blood spots by flow injection analysis-tandem mass spec-
trometry method to evaluate whether they can be used as markers for newborn screening of X-linked Adreno-
leukodystrophy (X-ALD). We found that C26:0-carnitine was 95.1% and 44.7% sensitive for identifying male X- 
ALD cases and heterozygous females, respectively. False negatives were found for C24:0-carnitine (11/82) and 
C26:0-carnitine (4/82). We conclude that C24:0 and C26:0-carnitines may not be reliable markers for X-ALD 
screening.   

1. Introduction 

X-linked Adrenoleukodystrophy (X-ALD), an inherited peroxisomal 
disorder, is characterized by elevation of very long-chain fatty acid 
(VLCFA, ≥C22) concentrations in blood and other tissues [1–3]. 
Currently, C26:0-lysophosphatidylcholine (C26:0-LPC), a derivative of 
C26:0 fatty acid, which is increased in X-ALD, is included in newborn 
screening (NBS) panels to screen for X-ALD [1–5]. Studies have also 
reported an elevation in very long-chain acylcarnitines (C24:0 and 
C26:0-carnitines) in X-ALD [1,4–6]. We aimed to evaluate if C24:0 and 
C26:0-carnitines could be used as reliable markers for screening of X- 
ALD. 

2. Material and methods 

2.1. Ethical approval 

The study was approved by the institutional ethics committee of the 
National Institute of Mental Health and Neuro Sciences (NIMHANS), 
Bengaluru, India. Informed consent and relevant assents were obtained 
from the participants before sample collection. 

2.2. Sample collection, extraction and C24:0 and C26:0-carnitines 
analysis 

We measured C24:0 and C26:0-carnitines in dried blood spot (DBS) 
samples collected from 82 genetically confirmed, symptomatic X-ALD 
patients (age range: 3–62 years), 38 heterozygous females/mothers of X- 
ALD patients (age range: 26–55 years) and 1257 putative normal con-
trols (males = 905,females = 352), by the flow-injection analysis tan-
dem mass spectrometry (FIA-MS/MS) method using NeoBase2 Non- 
derivatized MSMS kit (Perkin Elmer, Inc., Waltham, MA, U.S.A). In pa-
tients, DBS was obtained between 2 weeks to 44 months after the onset 
of symptoms, during diagnostic evaluation for X-ALD. Blood samples 
were collected by finger prick and stored at − 80 ◦C in zip-lock pouches 
containing desiccants, until analysis. 

For this analysis, 3.2 mm spots were punched from each DBS card 
into a 96-well plate, 125 μL of extraction solution containing isotope- 
labelled internal standards (IS) added into each well, sealed with an 
adhesive cover, and kept in a microplate shaker at 750 rpm for 30 min at 
45 ◦C. From this, 100 μL of the extract/well was transferred to another 
96-well plate and placed in the Acquity UPLC autosampler at 21 ◦C 
(Xevo TQD, Waters Corporation, Milford, MA, USA). Here, 10 μL/sample 
was injected with an isocratic flow of mobile phase (Neobase2 Non- 
derivatized MSMS solvents, Perkin Elmer, Inc., Waltham, MA, U.S.A) 
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and analysed in the electrospray ionization (ESI) positive and multiple 
reaction monitoring (MRM) modes, with 120 ◦C source temperature, 65 
V cone voltage, and 350 ◦C desolvation temperature, in 1.5 min. The 
internal standard of C26:0-carnitine (2H3–C26) and C26:0, C24:0- 
carnitine fragments were monitored at 543.5 > 85, 540.5 > 85, 512.5 
> 85, respectively. Neolynx of MassLynx4.1.1 software (Waters Corpo-
ration, Milford, MA, USA) was used to calculate the concentrations of 
C24:0, C26:0-carnitines in μmol/L. Cut-offs were defined by plotting the 
receiver operating characteristic (ROC) curve, and using these cut-offs, 
the sensitivity and specificity of the analytes for identifying X-ALD 
cases were calculated. C26:0 and C24:0-LPC concentrations were also 
measured in all DBS samples by the liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) method [7]. SPSS statistical software 
version 17.0 (IBM Corporation, NY, USA) and GraphPad Prism 5.1 
(California, USA) were used for performing statistical analyses. 

3. Results 

3.1. Quality control 

The % accuracy and % coefficient of variation (CV) for intra-day (N 
= 6) and inter-day (N = 20) precision of C26:0-carnitine was 102.9%, 
1.4% and 5.1%, for Neobase2 kit low control and 104.4%, 1.7% and 
3.8% for the high control, respectively. 

3.2. Concentration of C24:0 and C26:0-carnitines and LPCs in male X- 
ALD patients 

The median concentration (1st-99thpercentile) of C24:0 and C26:0- 
carnitines were 3.5 and 3.3-folds higher in X-ALD cases (n = 82, age 
range: 3–62 years) when compared to normal controls (males, n = 905, 
age range: 2–70 years), (cases - 0.07[0.02–0.22] μmol/L and 0.10 
[0.04–0.23] μmol/L vs. controls - 0.02[0.01–0.05] μmol/L and 0.03 
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Fig. 1. (A) Box and whisker plots representing the median concentration (1st -99th percentile) of C26:0-carnitine in male controls, X-ALD patients, female controls 
and heterozygous females 
(B) C26:0-LPC in male controls, X-ALD patients, female controls and heterozygous females. 
(C) Spearman’s correlation between C26:0-carnitine and C26:0-LPC in X-ALD patients. 
Conc. – concentration; dotted lines represent the respective cut-off points for C26:0-carnitine and C26:0-LPC. 
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[0.01–0.06] μmol/L, respectively, Mann-Whitney U, P < 0.0001), 
(Fig. 1A). There was no age-dependant difference in the concentration of 
C24:0 and C26:0-carnitines in the controls. 

Receiver Operating Characteristic (ROC) cut-offs determined for 
C24:0, C26:0-carnitines were 0.04 and 0.05 μmol/L, respectively. 
Sensitivity, specificity and area under the curve (95% confidence in-
terval, CI) was 86.6%, 97.3% and 0.97(0.96–0.99) respectively, for 
C24:0-carnitine and 95.1%, 98.7%, and 0.99(0.99–1.00) respectively, 
for C26:0-carnitine. False negatives were reported for C24:0-carnitine 
(11/82) and C26:0-carnitine (4/82). We did not find any association 
between the false negatives and the severity of the disease. 

The above results were confirmed by the estimation of C24:0, C26:0- 
LPCs by the LC-MS/MS method [7], which was 100% sensitive and 
specific. The median concentration (1st-99thpercentile) of C24:0, C26:0- 
LPCs were 7, 18-folds higher in X-ALD cases (n = 82, age range: 3–62 
years) when compared to normal controls (Males, n = 375, age range: 
2–70 years), (cases - 0.56[0.20–1.48] μmol/L and 0.55[0.14–1.34] 
μmol/L vs. controls - 0.08[0.03–0.16] μmol/L and 0.03[0.01–0.05] 
μmol/L, respectively, Mann-Whitney U, P < 0.0001) (Fig. 1B). 

A positive correlation (Spearman’s r = 0.472, P < 0.0001) was 
observed between C26:0-LPC (LC-MS/MS) and C26:0-carnitine in X-ALD 
patients (Fig. 1C). 

3.3. Concentration of C24:0 and C26:0-carnitines and C26:0-LPC in 
heterozygous females 

Since C26:0-carnitine had a higher sensitivity among the two very 
long-chain acylcarnitine markers, we compared its median concentra-
tion in heterozygous females (n = 38, age range: 26–55 years) with fe-
male controls (n = 352, age range: 22–60 years), and found that C26:0- 
carnitine was 2.5 folds higher in cases in comparison to controls (0.05 
[0.02–0.11] μmol/L vs. 0.02 [0.01–0.06] μmol/L, Mann-Whitney U, P <
0.0001) (Fig. 1A). 

The sensitivity (95% CI) and specificity (95% CI) of C26:0-carnitine 
in identifying heterozygous females was 44.7% (28.6%–61.7%) and 
98.3% (96.3%–99.3%). False positives (6/352) and false negatives (21/ 
38) were reported for C26:0-carnitine measured by the FIA-MS/MS 
method. 

The sensitivity (95% CI) and specificity (95% CI) of C26:0-LPC 
measured by the LC-MS/MS method was 65.7% (48.6%–80.3%) and 
100% (99.1%–100%), respectively [7]. Blood C26:0-LPC was 4.3 folds 
higher in cases when compared to controls [0.13 (0.02–0.52) μmol/L vs. 
0.03 (0.02–0.06) μmol/L, Mann-Whitney U, P < 0.0001] (Fig. 1B). 

4. Discussion 

With the addition of very long-chain acylcarnitines and VLCFA-LPCs 
to the newborn screening panels offered by commercially available kits, 
early diagnosis of X-ALD is feasible [3,6]. Newborns with X-ALD are 
asymptomatic. Due to the lack of newborn screening for X-ALD in India, 
cases are identified only during diagnostic evaluation for symptoms. The 
onset of symptoms varies from 3 years to over 60 years of age in males 
and typically over 60 years in females [2,3]. Our cohort represented 
individuals belonging to various regions and ethnic groups of the Indian 
population, with most of our patients belonging to South India (n = 36, 
43.9%). The most predominant clinical phenotype in our cohort was the 
childhood cerebral form of X-ALD (n = 54, 65.85%) followed by the 
adolescent cerebral (n = 11, 13.4%) and adult cerebral forms (n = 9, 
10.9%), Addison-only (n = 5, 6.09%) and adrenomyeloneuropathy (n =
3, 3.65%). Only one female carrier was symptomatic. 

Tian and co-workers [6] have reported that C26:0, C24:0-carnitines 
and C26:0-LPC are important biomarkers for screening for X-ALD among 
children. In contrast, Huffnagel et al. [4] and Klouwer et al. [5] 
demonstrated that C26:0-LPC is a superior and sensitive marker for 
identifying VLCFA accumulation in newborns, adult males, and females 
with ALD in comparison to C26:0-carnitine. In our study on a relatively 

larger cohort conducted for the first time in the ethnically and culturally 
diverse Indian population, we found that C26:0-carnitine, measured by 
the FIA-MS/MS method, had a sensitivity of only 95.1% for identifying 
male X-ALD cases and 44.7% for identifying heterozygous females, 
compared to C26:0-LPC measured by LC-MS/MS, which was 100% and 
65.7% sensitive in identifying males X-ALD cases and heterozygous fe-
males, respectively. False negative screening tests will eventually result 
in missing out the identification of X-ALD cases and can present an 
immense challenge to biomedical professionals involved in public health 
programmes, and the use of specific markers with a high degree of 
sensitivity that can reliably identify all affected subjects is vital for the 
success of such screening programmes. 

5. Conclusion 

We conclude that C24:0 and C26:0-carnitines are less reliable than 
C24:0, C26:0-LPCs for the biochemical screening of X-ALD. 
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