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Multiplexed tandem mass spectrometry-based screening for 
five lysosomal storage disorders: A pilot study

Lysosomal storage diseases (LSDs) are rare individually, with 
an overall reported incidence of 1 in 1500-7000 live births 

[1]. Despite the relative rarity of LSDs, recent technological 
advances and therapeutic possibilities have expanded the 
scope of newborn screening programs to include treatable 
LSDs. Classic LSDs are a group of inherited disorders gen-
erally caused by the lack of a functional lysosomal enzyme, 
which results in the progressive accumulation of metabolites 
in the lysosomes [2]. LSDs are usually asymptomatic at birth 
and are characterized by clinical manifestations affecting mul-
tiple organs and systems in the body [3]. Clinical treatment 
is available for specific LSDs, and includes enzyme replace-
ment therapy [4, 5], hematopoietic stem cell transplantation 

[6], chemical chaperone therapy, and substrate reduction 
therapy [7]. The efficacy of many proposed therapies relies 
heavily upon the initiation of treatment before the onset of 
irreversible pathologies; therefore, early detection of these 
diseases before symptom onset is crucial to improving clinical 
outcomes following specific therapy.
Li et al. [8] first described a novel approach for simultaneous 
estimation of several lysosomal enzyme activities related to 
LSDs (Fabry, Gaucher, Krabbe, Niemann-Pick A/B, and Pompe 
diseases) in dried blood spots (DBSs) using tandem mass 
spectrometry (MS/MS). Gelb et al. [9] optimized the assay 
method using electrospray ionization–MS/MS to measure the 
activity of lysosomal enzymes. Subsequently, several studies 
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focused on adapting liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) technology with new substrates 
and internal standards to modify and develop methods for 
mass screening of LSDs using DBS samples [10, 11]. LC-MS/
MS-based assays are not only suitable for high-throughput 
population screening, but also allow the assessment of mul-
tiple LSDs simultaneously in a single process using a DBS 
specimen. Quite recently, pilot newborn screening projects 
have been implemented in many developed countries using 
MS/MS technology to detect specific LSDs [12-17]. In India 
however, population or newborn screening for LSDs has not 
been introduced and the use of LC-MS/MS for LSD screening 
has not been evaluated.

In this pilot program, a triple-quadrupole LC-MS-MS was used 
to simultaneously measure 5 lysosomal enzymes: galacto-
cerebrosidase (GALC), acid sphingomyelinase (ASM), α-galac-
tosidase (GLA), β-glucocerebrosidase (GBA), and α-glucosi-
dase (GAA) in DBS samples from putatively normal subjects. A 
total of 12,559 blood samples were screened using this assay 
method to evaluate the feasibility of introducing LC-MS/MS-
based mass screening in India.

Materials and Methods
This study was approved by the Institutional Ethics Committee 
of the National Institute of Mental Health and Neuro-Sciences, 
Bengaluru, India, and complied with the World Medical Asso-
ciation Declaration of Helsinki regarding the ethical conduct 
of research involving human subjects.

Screening for LSDs in DBS samples
Informed consent was obtained from all of the participants 
and the parents of children enrolled in the study. Leftover 
DBS samples of putatively normal individuals received in 
the Metabolic Laboratory of the National Institute of Mental 
Health and Neuro-Sciences, Bengaluru, India for routine test-
ing during the 3 years (2011-2014) of the pilot study were 
analyzed. All of the samples were completely dried at room 
temperature for 4 hours, stored with desiccant at -80°C in 
re-sealable plastic zipper storage bags, and analyzed within 
a week of sampling. In all, 12,559 samples were tested. The 
subjects were divided into 4 groups based on age: 3507 
newborns [mean age: 14.33 days, females=1320 (mean age: 
14.02 days) and males=2187 (mean age: 14.52 days)], 2940 
infants [mean age: 7.28 months, females=1097 (mean age: 
7.39 months) and males=1843 (mean age: 7.21 months)], 
5654 children [mean age: 5.58 years, females=2127 (mean 
age: 5.42 years) and males 3527 (mean age:5.68 years)] and 
458 adults [mean age: 30.57 years, females=183 (mean age: 
29.32 years) and males=275 (mean age:31.40 years)]. The 
0.5th and 99.5th percentiles were used as the cut-off values 
to identify positive cases. Samples with values below the de-
fined cut-off were reanalyzed 3 times in subsequent analysis. 
The screening results were confirmed by measuring the en-

zyme activity in peripheral blood leukocytes using a fluoro-
metric assay [18].

LSD MS/MS multiplex assay cocktail
The substrate (S) and internal standards (IS) for the 5 lysoso-
mal enzymes were as follows: GALC, GALC-S, and GALC-IS for 
Krabbe disease; ASM, ASM-S, and ASM-IS for Niemann-Pick 
A/B disease; GLA, GLA-S, and GLA-IS for Fabry dis¬ease; GBA, 
GBA-S, and GBA-IS for Gaucher disease; and GAA, GAA-S, and 
GAA-IS for Pompe disease. These materials were received 
from the Centers for Disease Control and Prevention Foun-
dation of Atlanta, Georgia, USA. The details of assay cocktail 
components and preparation have been described previously 
[19]. All of the chemicals and reagents used for analysis were 
of high-purity grade and were purchased from Sigma-Aldrich 
Corp. (St. Louis, MO, USA).

DBS specimens for quality control
DBS samples with base, low, medium, and high enzyme activ-
ity for GALC, ASM, GLA, GBA, and GAA were provided by the 
Newborn Screening Translation Research Initiative of the CDC 
Foundation (Atlanta, GA, USA). For every run or assay reaction, 
samples were run in duplicates along with the appropriate 
blanks, 2 control samples from healthy individuals, as well as 
positive control samples from affected patients, for method 
validation.

Determination of enzyme activity
The method of determination of the enzyme activity for the 
5 LSDs has been described previously [19]. Briefly, the en-
zymes were extracted from a DBS punch in a sodium phos-
phate buffer (70uL) for 1 hour at 37°C. Enzyme extracts were 
incubated with specific substrates in a 96-well plate for 20-
24 hours at 37°C and then terminated with 100uL of ethyl 
acetate:methanol solution. The assay reaction mixture was 
pooled, followed by the addition of 400uL of ethyl acetate 
and 400uL of high performance liquid chromatography-grade 
water (liquid extraction). The top organic layer was later dried 
under a stream of nitrogen. After reconstitution with ethyl ac-
etate-methanol, the samples were subjected to a solid phase 
extraction, dried under nitrogen, sealed and stored at −20°C 
until analysis. Prior to MS/MS analysis, the plates were thawed 
and reconstituted with 200uL of acetonitrile:water containing 
formic acid.

Chromatographic conditions
The chromatographic system used in the study was a Waters 
Alliance 2795 UPLC (Waters Corp., Milford, MA, USA). Separa-
tion of the reaction products of multiplex LSD enzyme assays 
was determined using a Waters C18 analytical column (3.5μM, 
2.1×50 mm; Waters Corp., Milford, MA, USA) maintained at 35°C 
via a flow rate of 0.2 mL/minute. The mobile phase consisted of 
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acetonitrile:water (80:20, v/v) with 0.2% formic acid. The total 
run time was 2 minutes with an injection volume of 20uL.

Tandem mass spectrometry conditions
Detection of enzyme reaction products was achieved using 
a triple quadrupole tandem mass spectrometer (MS/MS Qu-
attro Micro Research System; Waters Corp., Milford, MA, USA) 
with electrospray ionization (ESI) operated in positive mode. 
The 5 products and their respective internal standards (IS) 
were monitored using selected-reaction monitoring transi-
tions with a source temperature of 100°C and a desolvation 
temperature of 250°C. Details of the MS/MS parameters are 
described in Table 1. Data acquisition, peak integration, and 
analysis were performed using MassLynx version 4.1 software 
(Waters Corp., Milford, MA, USA). The enzyme activity of each 
sample was calculated from the ion abundance ratio of prod-
uct to IS measured by MS. The enzyme activity was expressed 
in μmol/h/L and calculated from the amount of product by 
assuming that a 3.2-mm DBS disk contained 3.2 μL of blood.

Validation (linearity, precision and accuracy)
The linearity of the method was evaluated to determine the 
linear reportable range of each test analyte. Evaluation of this 
analysis was achieved through the use of slopes, intercept, 
and the correlation coefficient obtained from constructing 
calibration curves using a series of liquid calibrators with the 
substrate and IS for each enzyme in predefined ratios (P/IS: 0, 
0.10, 0.50, 1.0, 2.0, and 5.0). To evaluate intra-assay precision, 
the enzyme activity of the CDC QC samples were measured 
5 times at low, medium, and high concentrations within the 
same assay run. The same CDC samples were run in triplicate 
15 consecutive times to determine the inter-assay coefficient 

of variation. The accuracy was evaluated by comparing the en-
zymatic activity obtained in quality control (QC) DBSs with the 
results predetermined by the CDC.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 
v.5.0.1 (GraphPad Software Inc., La Jolla, CA, USA). Intra-assay 
and inter-assay CV results were expressed as mean±SD.

Results
Development of high throughput multiplex assay for 
screening of LSDs
Chromatographic separation of the reaction products and 
mass spectrometric conditions (capillary voltage, cone volt-
age, collision energy, etc.) for electrospray ionization and the 
multiple reaction monitoring (MRM) of the product (P) and IS 
for multiplex LSD assay were optimized. MRM transitions of 
the P and IS are listed in Table 2.

Linearity
Calibration curves for GALC, ASM, GLA, GBA, and GAA at differ-
ent P/IS ratios (0, 0.05, 0.10, 0.50, 1.0, 2.0) showed reproducible 
signals, good linear responses, and correlation coefficient R2 
(GAA: R2=0.999; GLA: R2=0.998; GBA: R2=0.999; ASM: R2=0.998; 
GALC: R2=0.999). Data for calibration standards and linearity 
are listed in Table 3. The calibration curves for 5 LSD analytes 
are shown in Figure 1.

Quality control and validation
The precision of enzyme activity was determined according 
to the Clinical and Laboratory Standards Institute guidelines 

Table 1. Mass spectrometer parameters during the analysis of 
lysosomal enzymes

Parameters	 Value

Source temperature (°C)	 100
Desolvation temperature (°C)	 250
Capillary voltage (kV)	 3
Cone gas flow (L/h)	 50
Desolvation gas flow (L/h)	 800
Low mass resolution 1	 15
High mass resolution 1	 15
Ion energy 1	 0.5
Collision cell entrance potential (V)	 2
Collision cell exit potential (V)	 2
Low mass resolution 2	 14
High mass resolution 2	 14
Ion energy 2	 2
Polarity	 ES+
Collision gas	 Ar
Desolvation gas	 N2

Table 2. Conditions for tandem mass spectrometry and 
multiple reaction monitoring transitions of the products and 
internal standards

Analytes	 MRM	 Cone	 Collision
	 transition, m/z	 voltage, V	 energy, eV

GAA-IS	 503.25-403.28	 15	 20
GAA-P	 510.45-264.28	 15	 20
GLA-IS	 489.25-389.25	 25	 20
GLA-P	 498.25-398.25	 15	 20
GBA-IS	 484.15-384.25	 25	 20
GBA-P	 482.40-264.28	 15	 20
ASM-IS	 370.25-264.25	 15	 20
ASM-P	 398.25-264.25	 15	 20
GALC-IS	 454.30-264.25	 15	 20
GALC-P	 426.30-264.25	 15	 20

ASM: Acid sphingomyelinase; GAA: α-glucosidase; GALC: Galactocerebrosidase; 
GBA: β-glucocerebrosidase; GLA: α-galactosidase; IS: Internal standards; 
MRM: Multiple reaction monitoring; P: Product.
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[20]. Accuracy and precision of the technique were evalu-
ated by assaying the QC samples provided by the CDC (high, 
medium, low, and baseline) containing 100, 50, 5, and 0% con-
trol enzyme activity. As shown in Table 4, the measured mean 
enzyme activity assayed 15 consecutive times was compara-
ble to the enzyme activity reported by the CDC.
The intra-assay precision and inter-assay precision of GAA, 
GLA, GBA, ASM, and GALC activity for each CDC QC sample at 

each level is provided in Table 5. The intra- and inter-run CV 
was between 1.26 and 8.88% and between 5.32 and 18.31%, 
respectively, for the activity of the 5 enzymes studied.

Determination of enzyme activity in the DBS

A total of 12,559 putatively normal subjects were screened 
for 5 LSDs. The enzyme activity of these participants (new-

Table 3. Calibration results and linearity parameters

Ratio P/IS	 GAA, Observed	 GLA, Observed	 GBA, Observed	 ASM, Observed	 GALC, Observed
	 ratio	 ratio	 ratio	 ratio	 ratio

0	 0	 0	 0.002	 0.001	 0.002
0.05	 0.046	 0.052	 0.057	 0.053	 0.049
0.1	 0.093	 0.095	 0.109	 0.107	 0.099
0.5	 0.48	 0.483	 0.544	 0.507	 0.506
1	 0.92	 0.934	 1.095	 1.014	 0.979
2	 1.844	 1.816	 2.161	 1.941	 1.942
5	 4.471	 4.517	 5.286	 4.776	 4.906
R2	 0.999	 0.998	 0.999	 0.998	 0.999
Slope	 0.924	 0.935	 1.076	 0.999	 0.979

ASM: Acid sphingomyelinase; GAA: α-glucosidase; GALC: Galactocerebrosidase; GBA: β-glucocerebrosidase; GLA: α-galactosidase; IS: Internal standards; P: Product.

Table 4. Comparison of enzyme activity (µmol/L/h) in quality control dried blood spots determined by the study lab and the US 
Centers for Disease Control and Prevention

	 GAA	 GBA	 GLA	 ASM	 GALC

Enzyme activity measured from 20 consecutive assays (Mean±SD)
Base pool	 0.57±0.07	 0.55±0.10	 1.11±0.14	 0.21±0.02	 0.11±0.01
Low	 1.12±0.18	 1.17±0.17	 1.93±0.12	 0.22±0.03	 0.49±0.03
Medium	 5.50±0.65	 5.83±0.71	 7.83±0.38	 1.42±0.16	 4.33±0.34
High	 13.38±1.58	 12.45±0.98	 14.69±1.74	 3.00±0.20	 6.71±0.35
Reference values determined by CDC for each QC (95% CI)
Base pool	 (0.00-0.60)	 (0.00-0.45)	 (0.00-0.90)	 (0.00-0.33)	 (0.03-0.12)
Low	 (0.47-1.02)	 (0.19-0.90)	 (0.19-1.23)	 (0.10-0.40)	 (0.26-0.43)
Medium	 (5.42-7.83)	 (3.93-6.29)	 (4.60-6.88)	 (1.25-1.96)	 (2.36-3.48)
High	 (10.14-15.63)	 (7.03-12.35)	 (8.01-14.09)	 (2.33-3.70)	 (4.95-6.83)

ASM: Acid sphingomyelinase; CDC: US Center for Disease Control and Prevention; CI: Confidence interval; GAA: α-glucosidase; GALC: Galactocerebrosidase; 
GBA: β-glucocerebrosidase; GLA: α-galactosidase; QC: Quality control.

Table 5. Intra- and inter-assay coefficients of variation of the US Center for Disease Control and Prevention quality control 
samples for 5 lysosomal enzymes

CDC QC 	                      Intra-assay precision (CV%), n=5		                    Inter-assay precision (CV%), n=15

	 GAA	 GBA	 GLA	 ASM	 GALC	 GAA	 GBA	 GLA	 ASM	 GALC

Base pool	 7.09	 5.85	 8.88	 2.54	 4.40	 12.61	 18.31	 12.78	 6.78	 8.88
Low	 4.01	 6.33	 3.97	 4.54	 2.27	 16.67	 14.65	 6.66	 11.39	 6.25
Medium	 2.15	 3.04	 1.26	 4.22	 6.04	 11.92	 12.4	 4.92	 15.00	 8.09
High	 5.66	 3.94	 5.95	 5.98	 2.83	 11.85	 7.87	 11.86	 12.59	 5.32

ASM: Acid sphingomyelinase; CDC: US Center for Disease Control and Prevention; CV: Coefficient of variation; GAA: α-glucosidase; GALC: Galactocerebrosidase; 
GBA: β-glucocerebrosidase; GLA: α-galactosidase; QC: Quality control.
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borns, infants, children, and adults) is represented in Fig-
ure 2. Low enzyme activity (samples with less than 0.5 per-
centile activity) for GAA were found in 31 (0.25%), for GBA 
in 21 (0.17%), for ASM in 19 (0.15%), for GLA in 49 (0.39%), 
and GALC in 36 (0.29%) samples. These 156 samples were 
subjected to retesting in triplicate. The white blood cell en-
zyme results are presented in Supplementary Table 1. After 
second-tier testing of the lysosomal enzymes in peripheral 
blood leukocytes with fluorometric assays, no positive case 
with an LSD was detected.

Discussion
The availability of disease-specific therapies and the possibil-
ity that early intervention may lead to improved patient out-
come is paving way for routine screening of several LSDs. The 
diagnosis of an LSD requires the demonstration of a deficiency 
of the relevant enzyme in peripheral blood leukocytes or fi-
broblasts [21]. The recent development of electrospray MS/MS 
[9] has made it possible to use a single test of DBS to screen for 
multiple disorders with high sensitivity and specificity. Con-
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Figure 1. The linearity of the internal standards of all 5 enzyme assays analyzed. The enzyme activity is expressed in μmol/h/L and calculated 
from the amount of product by assuming that a 3.2-mm dried blood spot disk contained 3.2 μL of blood.
ASM: Acid sphingomyelinase; GAA: α-glucosidase; GALC: Galactocerebrosidase; GBA: β-glucocerebrosidase; GLA: α-galactosidase; P: Product.
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sequently, several pilot studies have focused on multiplexed 
LC-MS/MS enzyme assay for high-throughput screening for 
various LSDs in newborn DBS [8-10]. Such studies have not yet 
been conducted in India, although the prevalence of LSDs is 
expected to be high due to a high occurrence of consanguin-
ity among certain communities [22]. Screening of selected, 

clinically suspected high-risk cases in various referral labora-
tories with fluorometric or spectrophotometric assays have 
found a spectrum of LSDs in India [23-26]. Thus, in this study, 
we used the multiplex LC-MS/MS methodology for the screen-
ing and identification of 5 LSDs (Krabbe, Niemann-Pick types 
A/B, Fabry, Gaucher, and Pompe diseases) using DBS samples 

Figure 2. Histogram representation and statistical data of the distribution of lysosomal enzyme activity in the study participants.
ASM: Acid sphingomyelinase; GAA: α-glucosidase; GALC: Galactocerebrosidase; GBA: β-glucocerebrosidase; GLA: α-galactosidase.
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collected from putatively normal subjects. The data obtained 
from the slope of the linearity curve of the P/IS ratio for the 
calibrators for each analyte during method validation showed 
detectable and reproducible signals and linear response 
(Table 3). The enzyme activity in quality control DBS samples 
was within the acceptable range as reported by the CDC, and 
the panel of QC samples was clearly able to differentiate be-
tween them with good accuracy for all analytes. Additionally, 
the repeatability of the LC-MS/MS method on QC DBS samples 
was reliable, as the intra-assay and inter-assay CV was less than 
9% and 18%, respectively. We did not detect any positive case 
of Krabbe, Niemann-Pick types A/B, Fabry, Gaucher, or Pompe 
disease in the 12,559 subjects tested. 
As part of a routine national Austrian newborn screening pro-
gram, Mechtler et al. [27] analyzed DBSs of 34,736 newborns 
for ASM, GLA, GAA, and GBA activity using electrospray ion-
ization MS/MS and reported a prevalence of Gaucher disease 
at 1:17368, Pompe disease at 1:8684 and Fabry disease at 
1:3859 births. In a Hungarian newborn screening program, 
Wittmann et al. [28] identified 3 cases of Gaucher disease, 3 
cases of Fabry disease, 9 cases of Pompe, and 2 cases with Nie-
mann-Pick A/B on screening 40,024 samples using MS/MS. A 
study from Northeast Italy reported an incidence of Pompe 
and Gaucher diseases as I:22.205, with Fabry disease being 
the most common (1:8882) and Mucopolysaccharidosis I, the 
rarest (1:44.411) in 44,411 newborns screened for 4 LSDs using 
NeoLSD assay system (PE Sciex; Perkin Elmer, Waltham, MA, 
USA) [29]. In contrast, Cho et al. [30] found no positive cases of 
Pompe, Gaucher, or Fabry disease in 1606 anonymous Korean 
newborn DBSs. Similarly, in our study, we did not detect any 
case of LSD in 12,559 DBS samples of asymptomatic subjects. 
Previous screening studies for LSDs using the MS/MS-based 
method are summarized in Table 6 [14, 27-33]. The cut-off 
values for enzyme activity vary considerably in other studies, 
the procedure employed for the analysis and LC-MS/MS con-
ditions are different, as well as the method used to define the 
cut-offs.
The primary limitation of our study is that we could not report 
the incidence of LSDs in our national population since the 
number of subjects tested was small. The current method of 
analysis has to be used for screening a much larger number 
of samples to determine the exact prevalence of LSDs in India 
before implementing mass screening.

Conclusion
In conclusion, for the first time in India, we screened 12,559 
putatively normal subjects for selected LSDs using an LC-MS/
MS-based method to simultaneously measure 5 lysosomal en-
zymes in DBS samples. With the availability of various treatment 
options for an increasing number of LSDs, newborn screening 
for LSDs could become a reality in India. The LC-MS/MS method 
for LSD screening is robust and may be readily integrated into 
existing facilities for the screening of symptomatic or sick chil-
dren as well as for newborn screening programs.
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