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Abstract: Measurement of the absolute concentration of the biomarker psychosine in dried blood
spots (DBS) is useful for diagnosis and prognosis of Krabbe disease and to support newborn screening
of this leukodystrophy. As for assays for more common diseases, it is important to achieve congruence
when multiple clinical laboratories provide testing. Four clinical laboratories, one research laboratory,
and a commercial vendor collaborated with the goal to achieve congruence in quantitative psychosine
measurement in DBS. A set of DBS calibrators was prepared by a single vendor and used in each
reference laboratory to make a standard curve of measured psychosine in DBS versus the stated
calibrator psychosine level. Congruence between the participating five laboratories was achieved
using the psychosine DBS calibrators. This allowed application of disease-specific reference ranges
obtained by the reference laboratory with the most extensive data by the other reference laboratories.
Congruence between multiple reference laboratories in the measurement of the absolute concentration
of biomarkers in DBS (and by extension other samples) is possible by the use of a common set of
DBS calibrators.
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1. Introduction

The glycosylsphingolipid psychosine has emerged as a biomarker for diagnosis and prognosis
of Krabbe disease, a rare lysosomal storage disorder caused by deficiency of galactocerebrosidase
(GALC) [1–3]. GALC removes galactose from galactosylceramide as part of the lysosomal re-cycling of
glycosphingolipids that are rich in myelin (Figure 1). The next step in the breakdown pathway is release
of the fatty acyl group from ceramide by acid ceramidase (Figure 1). Recent studies have suggested
that when GALC is deficient, acid ceramidase removes the fatty acyl chain from galactosylceramide to
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generate psychosine (Figure 1) [4]. Psychosine is thought to be a key cytotoxic agent that is responsible
for loss of oligodendrocytes and Schwann cells that is the hallmark of Krabbe disease [4].
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Figure 1. Galactocerebrosidase (GALC)-catalyzed reaction and direct conversion of galactosylceramide
to psychosine when GALC is deficient as proposed [4].

Newborn screening for Krabbe disease is done by first-tier measurement of GALC enzymatic
activity in dried blood spots (DBS). Because the majority of cases with low enzymatic activity samples
have pseudodeficient GALC activity due to common pseudodeficiency GALC gene variants [5], reliance
on low GALC activity alone is not sufficient for newborn screening. Psychosine has been shown to be
a valuable biomarker when measured in DBS to detect newborns with infantile Krabbe disease [1–3],
and measuring psychosine as a second-tier test in newborn screening can clarify the vast majority of
these low-GALC activity cases as false positives [6]. A few newborn screening laboratories include
psychosine analysis as a second-tier method [6], but most programs refer patients to diagnostic centers
either when GALC activity is found to be reduced or when molecular genetic analysis of the GALC gene
is used as a second tier test and reveals a genotype with known pathogenic mutations or variants of
uncertain significance. Psychosine may then be measured during follow-up of the abnormal newborn
screening result.

Psychosine has also been evaluated as a biomarker to predict the severity of Krabbe disease [1,3,7–9].
For patients tested at the Mayo Clinic, those with psychosine of greater than ~10 nM in DBS are
considered at high risk to develop early-onset Krabbe disease (symptoms during the first year of life),
whereas patients who develop later-onset Krabbe disease typically have psychosine values in the
2–10 nM range. Patients with psychosine < 2 nM are at very low risk to develop Krabbe disease during
their lifetime [8].

Psychosine measurement cannot yet replace GALC activity as a primary newborn screening test
because it requires a mass spectrometer with a limit of detection lower than those typically used in
newborn screening laboratories. It also requires liquid chromatography coupled to mass spectrometry
(LC-MS/MS) with a run time of several minutes per sample, which is not conducive to the necessary
high-throughput requirement of newborn screening.
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Given the reference ranges for psychosine that have been established using DBS from confirmed
patients with Krabbe disease with early and late onset symptoms [8], it is critical for reference
laboratories to achieve precise measurement of absolute levels of psychosine in DBS. This is especially
the case for Krabbe disease, because of the limited availability of DBS from actual patients with
Krabbe disease. Thus, it would be very time consuming for each laboratory to develop its own
disease-specific ranges.

Measurement of the amount of a substance by tandem mass spectrometry (MS/MS), either by
itself or interfaced with liquid chromatography (LC-MS/MS), is typically done by addition of a known
quantity of internal standard to the sample and measurement of the MS/MS signal of the analyte
of interest and that of the internal standard. Multiple reaction monitoring (MRM) is usually used
to measure the MS/MS signals. The best internal standards are those that are chemically identical
to the analyte but differentiated by use of heavy isotopes. These internal standards elute from the
chromatography column together with the analyte and thus suffer the same degree of ionization
suppression from the additional components in the sample (matrix effect). The use of these internal
standards also accounts for losses of analyte during sample processing.

A laboratory can establish reference ranges for an analyte by using a single stock of internal
standard. Patient samples analyzed following the same protocol and using the same reagents and
equipment can be reliably compared to the reference range. This is valid even if the amount of
internal standard added to each sample is inaccurate (i.e., equal to the true amount times some
constant). This can be seen in the following way. The true amount of analyte in the sample is given by
Equations (1) and (2).

Atrue =

(
MRMA
MRMIS

) ( 1
RRF

)(
ISapp

)( IStrue

ISapp

)
(1)

RRF =

( MRMA
MRMIS

)
(

Atrue
IStrue

) (2)

here, Atrue and IStrue are the true moles of analyte and internal standard, respectively, in the sample,
and MRMA and MRMIS are the measured MS/MS signals in the analyte and internal standard MRM
channels, respectively. ISapp is the apparent moles of internal standard added to the sample, i.e.,
the moles stated by the investigator and not necessarily equal to IStrue (see below). RRF, often called the
MS/MS relative response factor, accounts for the fact that the ratio of measured MRM signals for analyte
and internal standard may not be equal to the ratio of true moles of analyte and internal standard in
the sample because of many possible factors, including instrument tuning parameter variations [10].
The apparent moles of analyte in the sample are given by Equation (3).

Aapp =

(
MRMA
MRMIS

)
ISapp (3)

Aapp is proportional to Atrue. The reference laboratory does not need to measure RRF and IStrue
ISapp

, and can
thus obtain values of Aapp from patient samples and compare them to the reference range as long as the
same batch of internal standard is used.

If a new batch of internal standard is used, its relationship to the original batch needs to be
measured. All of this assumes that RRF does not change over time, and the degree of RRF drift is
typically not well known for most MS/MS instruments. MS/MS manufacturers recommend that RRF
values be measured on a regular basis.

Laboratories could determine their own reference ranges and test sample values based on their
Aapp values. This would be valid even if values of RRF and IStrue

ISapp
differ among the laboratories (which

is likely to be the case). However, this has not been practical in the case of rare diseases such as
Krabbe disease where the numbers of samples such as DBS from affected patients are very limited.
The problem is compounded by the need to examine DBS from newborns (only available from a small
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subset of newborn screening laboratory that store them), which is what is needed to support newborn
screening. For example, one of the reference laboratories in our group has obtained DBS from more
than 10 patients with early-onset Krabbe disease and more than 10 DBS from patients with late-onset
disease, a second laboratory has obtained less than 6 DBS from patients, all with early-onset disease,
and the other laboratories have even fewer samples. The latter laboratories are not in a position to
report out possible late-onset Krabbe disease.

The factor by which IStrue
ISapp

differs from unity could be minimized if all reference laboratories
obtained deuterated psychosine IS from the same source in which the true moles of psychosine in the
supplied vial is known. As discussed in detail previously, manufacturers often state that a compound
is pure, based on analyses that do not guarantee purity by weight [10]. For example, chromatography
with UV detection may show that psychosine is the major lipid species in the vial but does not report
on impurities that are invisible using this approach (i.e., solvents such as water, trace amounts of solid
supports used for chromatographic purification including silica gel, etc.). This is particularly true
for internal standards such as deuterated psychosine, where the number of interested laboratories is
relatively small and there is little incentive for manufacturers to provide certified reference standards.
As described previously, quantitative proton nuclear magnetic resonance (qNMR) is a way to determine
the true moles of material in a vial since it allows the protons in a molecule to be counted, relative
to those in an available certified internal standard in which the internal standard is well established
to be pure by weight [10]. qNMR-certified deuterated psychosine is now available (see Section 2).
However, even if all laboratories used qNMR-certified deuterated psychosine as internal standard,
there is still the need to establish RRF values on each MS/MS instrument, which requires the additional
reagent of certified non-deuterated psychosine so that Atrue

IStrue
is known and RRF can be measured

(Equation (2)). There could be additional factors such as pipetting precision, adherence of analytes
such as hydrophobic psychosine to container walls, etc.

In this study we report a collaborative effort of four clinical laboratories and one research laboratory
to develop a psychosine measurement protocol that ensures congruence between the participating
laboratories. As we illustrate this for Krabbe disease, it may serve as an example for other rare diseases
where absolute abundances of diagnostic and prognostic biomarkers are measured and samples from
patients are very limited.

2. Materials and Methods

Preparation of Psychosine/DBS Calibrators

Venous blood (~100 mL) was collected from a single healthy adult into heparanized tubes, and
the hematocrit was determined in the usual way by centrifugation of a 5 mL aliquot. The hematocrit
was found to be 50% and was not adjusted. Certified stock solutions (qNMR) of d0- and d5-psychosine
were obtained from Avanti Polar Lipids (Alabaster, AL, ce, Alabaster, AL, USA). Stock solutions of
d0-psychosine were serially diluted into reagent grade methanol using glass syringes (Hamilton, Reno,
NV, USA), such that each syringe was filled by more than 30% of its capacity to minimize errors. Final
stock solutions of 0.1, 0.2, 0.5, 1.0, 2.5, 5.0 and 10.0 µM analyte were prepared fresh before use.

Aliquots of heparinized whole blood (11.88 mL delivered with a 1000 µL pipette, were placed
into glass vials, each equipped with a magnetic stir bar. With vigorous and continuous stirring,
0.12 mL of methanol stock solution of d0-psychosine was added to give the desired target psychosine
concentration (0, 1, 2, 5, 10, 25, 50, and 100 nM). The methanol was added over ~30 sec with a Hamilton
glass syringe, with the needle tip inserted into the blood. Using a 0.5 mL repeater pipet, 0.5 mL of blood
was taken up, and 0.05 mL aliquots were delivered to each filter paper card (Whatmann 10534612 903
Protein Saver Cards from Millipore Sigma (St. Louis, MO, USA) to make 8 blood spots (the first and
last 0.05 mL aliquot was delivered to the vial of blood rather than to the filter paper). The process was
repeated until most of the blood was spotted. The cards were allowed to dry at room temperature
for 2 h and then stored at −20 ◦C in glass jars with calcium sulfate desiccant. d0-Psychosine was
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measured in 3 mm punches from the DBS calibrators by LC-MS/MS, as described using qNMR-certified
d5-psychosine as internal standard [2], to provide the standard curve in Figure 2 from the vendor.
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3. Results and Discussion

After much deliberation, it was decided to take the following approach to best ensure congruence
between psychosine values across all participating laboratories. Human blood from a single donor
was spiked with known amounts of non-deuterated psychosine from a stock solution made from
qNMR-certified material. Spiked psychosine values of 0, 1, 2, 5, 10, 25, 50, and 100 nM were used in
order to cover the range of psychosine values measured in control and patient DBS. DBS calibrators
were created by spotting spiked blood onto standard 903-grade filter paper. These DBS calibrators
were made by a single vendor (see Section 2) and supplied to the participating laboratories for use
as calibrators. Each laboratory measured the amount of psychosine in each calibrator DBS using the
LC-MS/MS method and stock solution of deuterated psychosine (as internal standard) of their choice.
Each laboratory then made a standard curve with measured psychosine on the y-axis and quality
control psychosine (as stated by the manufacturer) on the x-axis. The set of these standard curves from
the four clinical laboratories, the research laboratory as well as from the vendor are shown together in
Figure 2. It can be seen that the slopes of these standard curves are different in each laboratory, which
underscores the lack of congruence noted above. However, this is presumably of no concern since
each laboratory pledges to use its own standard curve to determine the psychosine concentrations
in patient samples. In this way, even though each of the four laboratories will obtain different assay
responses on an identical test sample, they will all report the same psychosine values based on their
own standard curve made from the same calibrators. Furthermore, each laboratory includes at least a
subset of these DBS calibrators each time they measure psychosine in a set of new patient samples.
In this way, any drifts in the analysis, for example a change in RRF, will be accounted for.
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This approach requires that the true amount of psychosine in the calibrators does not change
during storage of the calibrators. In a previous study, it was found that psychosine was stable in
freezer-stored DBS for up to 6 months [3], and thus it was decided that an expiration date of 3 months
be placed on the calibrators until the extended stability has been determined. It was also decided that
when the manufacturer makes a new lot of calibrators, that they be checked side-by-side with the
previous lot. Any differences will be assumed to be due to different absolute amounts of psychosine
added to the new lot versus the old lot (this makes the reasonable assumption that RRF does not change
between samples run on the same day). The new lot will be calibrated to the old lot. For example,
if the newly made putative 1 nM psychosine DBS standard reads 10% higher by LC-MS/MS than the
1 nM standard in the original lot tested at the same time, the new lot will be specified as a 1.1 nM
calibrator. The manufacturer also agreed that when making a new lot of calibrators, both deuterated
and non-deuterated psychosine standards that have been certified by qNMR will be used. This will
presumably lead to a minimal change in the measured calibrator level of the new lot compared to that
of the original lot, and thus, the updated calibrator levels will be very close to those of the original lot.
This approach does not guarantee against a slow and systematic drift in calibrator levels over a long
period of time, and going forward, it will be important to monitor the lot-to-lot variation over several
lots. Hopefully, any changes will be slight and not systematically in one direction.

By using this common set of psychosine DBS calibrators, it is possible for the laboratories with
limited access to patient specimens to adopt the reference ranges from the laboratory with the most
extensively studied reference ranges [8]. As noted above, this is essential in the case of Krabbe disease
where the number of specimens from affected patients is very limited, especially when considering
different degrees of disease severity.

Author Contributions: Data curation, M.H.G.; Formal analysis, Z.H., C.T.T., C.B., H.K., N.B.S., P.D.D., S.S., J.O.,
D.M. and M.H.G.; Funding acquisition, M.H.G.; Methodology, M.H.G.; Supervision, M.H.G.; Writing—original
draft, M.H.G. All authors have read and agreed to the published version of the manuscript.

Funding: The work in the M.H.G. laboratory was funded by a grant from the National Institutes of Health
(R01 DK067859).

Conflicts of Interest: M.H.G. is a consultant for PerkinElmer, Corp. and a co-founder of GelbChem LLC, the other
authors declare no conflicts of interest.

References

1. Chuang, W.-L.; Pacheco, J.; Zhang, X.K.; Martin, M.M.; Biski, C.K.; Keutzer, J.M.; Wenger, D.A.; Caggana, M.;
Orsini, J.J., Jr. Determination of psychosine concentration in dried blood spots from newborns that were
identified via newborn screening to be at risk for Krabbe disease. Clin. Chim. Acta Int. J. Clin. Chem. 2013,
419, 73–76. [CrossRef] [PubMed]

2. Liao, H.-C.; Spacil, Z.; Ghomashchi, F.; Escolar, M.L.; Kurtzberg, J.; Orsini, J.J.; Turecek, F.; Scott, C.R.;
Gelb, M.H. Lymphocyte Galactocerebrosidase Activity by LC-MS/MS for Post-Newborn Screening Evaluation
of Krabbe Disease. Clin. Chem. 2017, 63, 1363–1369. [CrossRef] [PubMed]

3. Turgeon, C.T.; Orsini, J.J.; Sanders, K.A.; Magera, M.J.; Langan, T.J.; Escolar, M.L.; Duffner, P.; Oglesbee, D.;
Tortorelli, S.; Rinaldo, P.; et al. Measurement of psychosine in dried blood spots—a possible improvement
to newborn screening programs for Krabbe disease. J. Inherit. Metab. Dis. 2015, 38, 923–929. [CrossRef]
[PubMed]

4. Li, Y.; Xu, Y.; Benitez, B.A.; Nagree, M.S.; Dearborn, J.T.; Jiang, X.; Babcock, M.C.; Lo, M.; Fowler, S.C.;
Wozniak, D.F.; et al. Genetic ablation of acid ceramidase in Krabbe disease confirms the psychosine hypothesis
and identifies a new therapeutic target. Proc. Natl. Acad. Sci. USA 2019, 116, 20097–20103. [CrossRef]
[PubMed]

5. Orsini, J.J.; Kay, D.M.; Saavedra-Matiz, C.A.; Wenger, D.A.; Duffner, P.K.; Erbe, R.W.; Biski, C.; Martin, M.;
Krein, L.M.; Nichols, M.; et al. Newborn screening for Krabbe disease in New York State: The first eight
years’ experience. Genet. Med. Off. J. Am. Coll. Med Genet. 2016, 18, 239–248. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cca.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23419961
http://dx.doi.org/10.1373/clinchem.2016.264952
http://www.ncbi.nlm.nih.gov/pubmed/28592445
http://dx.doi.org/10.1007/s10545-015-9822-z
http://www.ncbi.nlm.nih.gov/pubmed/25762404
http://dx.doi.org/10.1073/pnas.1912108116
http://www.ncbi.nlm.nih.gov/pubmed/31527255
http://dx.doi.org/10.1038/gim.2015.211
http://www.ncbi.nlm.nih.gov/pubmed/26795590


Int. J. Neonatal Screen. 2020, 6, 29 7 of 7

6. Baerg, M.M.M.; Stoway, S.D.; Hart, J.; Mott, L.; Peck, D.S.; Nett, S.L.; Eckerman, J.S.; Lacey, J.M.; Turgeon, C.T.;
Gavrilov, D.; et al. Precision newborn screening for lysosomal disorders. Genet. Med. Off. J. Am. Coll.
Med. Genet. 2017, 317, 576. [CrossRef]

7. Escolar, M.L.; Kiely, B.T.; Shawgo, E.; Hong, X.; Gelb, M.H.; Orsini, J.J.; Matern, D.; Poe, M.D. Psychosine,
a marker of Krabbe phenotype and treatment effect. Mol. Genet. Metab. 2017, 121, 271–278. [CrossRef]
[PubMed]

8. Guenzel, A.J.; Turgeon, C.T.; Nickander, K.K.; White, A.L.; Peck, D.S.; Pino, G.B.; Studinski, A.L.; Prasad, V.K.;
Kurtzberg, J.; Escolar, M.L.; et al. The critical role of psychosine in screening, diagnosis, and monitoring of
Krabbe disease. Genet. Med. Off. J. Am. Coll. Med Genet. 2020, 13. [CrossRef] [PubMed]

9. Langan, T.J.; Orsini, J.J.; Jalal, K.; Barczykowski, A.L.; Escolar, M.L.; Poe, M.D.; Biski, C.K.; Carter, R.L.
Development of a newborn screening tool based on bivariate normal limits: Using psychosine and
galactocerebrosidase determination on dried blood spots to predict Krabbe disease. Genet. Med. Off. J. Am.
Coll. Med Genet. 2019, 21, 1644–1651. [CrossRef] [PubMed]

10. Gelb, M.H. Absolute Amounts of Analytes: When Gravimetric Methods Are Insufficient. Clin. Chem. 2018,
64, 1430–1432. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/gim.2017.194
http://dx.doi.org/10.1016/j.ymgme.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28579020
http://dx.doi.org/10.1038/s41436-020-0764-y
http://www.ncbi.nlm.nih.gov/pubmed/32089546
http://dx.doi.org/10.1038/s41436-018-0371-3
http://www.ncbi.nlm.nih.gov/pubmed/30546085
http://dx.doi.org/10.1373/clinchem.2018.290486
http://www.ncbi.nlm.nih.gov/pubmed/30054339
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	References

