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a  b  s  t r  a  c  t

Newborn  screening  (NBS)  program  is  a complex  and  organized  system  consisting  of  family  and  personnel
education,  biochemical  tests,  confirmatory  biochemical  and  genetic  tests,  diagnosis,  therapy,  and  patient
follow up.  The  program  identifies  treatable  metabolic  disorders  possibly  when  asymptomatic  by  using
dried  blood  spot  (DBS).  During  the last  20  years  tandem  mass  spectrometry  (TMS)  has  become  the  leading
technology  in  NBS  programs  demonstrating  to be versatile,  sensitive  and  specific.  There  is consistent  evi-
dence of benefits  from  NBS for many  disorders  detected  by  TMS  as well  as  for congenital  hypothyroidism,
cystic  fibrosis,  congenital  adrenal  hyperplasia  by  immune-enzymatic  methods.

Real  time  PCR tests  have more  recently  been  proposed  for  the  detection  of some  severe  combined
nborn errors of metabolism
linical chemistry

immunodeficiences  (SCID)  along  with  the  use  of  TMS  for ADA  and  PNP  SCID;  a  first  evaluation  of  their
cost-benefit  ratio is still ongoing.  Avoiding  false  negative  results  by using  specific  biomarkers  and  reducing
the  false  positive  rate  by using  second  tier  tests,  is  fundamental  for a successful  NBS  program.  The  fully
integration  of NBS and diagnostic  laboratories  with  clinical  service  is crucial  to have  the  best  effectiveness
in  a  comprehensive  NBS  system.

©  2014  Elsevier  B.V.  All  rights  reserved.
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. Introduction

Newborn screening (NBS) is known to be a biochemical test
nabling the identification of many inborn errors of metabolism
IEM) few days after birth. If they are not diagnosed and early
reated, most of them can cause mental and/or growth retardation,
evere permanent sequelae and in some case death. Considering
hat NBS requires expert lab technicians, chemists, biologists, nutri-
ionists, medical specialists for metabolic disorders, it cannot be
onsidered only an useful biochemical test, but it should be con-
idered as a complex and integrated program. The objective of a
ewborn screening program is to detect some IEM before the clin-

cal manifestation of the associated symptoms. As a consequence,
edical doctors can start the best available treatment and have

he best prognosis by modifying the natural course of the dis-
ase. The history of NBS as population-based test dates back from
he beginning of 1960s when the microbiologist Robert Guthrie
eveloped a simple and inexpensive bacterial inhibition assay (DBS
ased) able to identify the most frequent aminoacidopathia: the
henylketonuria [1]. In the following decade, some other clinical

abs both in the United States and in Europe, added the congen-
tal hypothyroidism (CH) to their panel, again by using a single
rop of whole blood on paper. The following development of elec-
rospray tandem mass spectrometry in more recent years (1990s)
as permitted the introduction of this new technology in clinical
hemistry laboratories, in particular for newborn screening pur-
oses [2]. MS/MS  is a versatile, specific and sensitive technology
iving technicians the possibility to measure many biomarkers in a
ingle and fast analytical run. People working in newborn screening
eld understood the possibility to pass from one DBS for one test
nd one disorder to one DBS for one multiplex test for many dis-
rders. In fact, today MS/MS  can easily identify and quantify in

 2 or less minutes’ run – several metabolites such as acylcar-
itines, aminoacids, succinylacetone [3,4] and more recently some
urines [5–8]. Nowadays, including pilot projects regionally ruled
nd structured national NBS programs, many labs all around the
orld screen for more than 30 or more IEM with a single test.

he number of potential identifiable disorders is not a technolog-
cal hamper but it depends on regional or national public health
trategies.

Some expanded newborn screening programs are now
creening not only for PKU, CH, more recently for cystic fibro-
is (CF), congenital adrenal hyperplasia (CAH) and galactosemia,
ut also for others aminoacidopathias, beta oxidation fatty acid
efects, organic acidurias, urea cycle defects and since 2011 for
ome severe combined immunodeficiences (SCID). One the fun-
amental worldwide-approved criterion is that one IEM can be
creened only if a related treatment is available. For all disorders
ncluded in the newborn screening programs a therapy should be
ossible even if, in some cases, not completely curative. The term
not completely” is one relevant reason why newborn screening
anels are not all the same worldwide.

The opinion of this writer is that even if a therapy is not com-
letely curative, the early detection of the disorder and a following

mmediate correct treatment should give babies the possibility to
ave better quality of life, to extend life expectancy and when
equired, to allow a suitable genetic counseling (especially for
uture prenatal diagnoses). Moreover, an early diagnosis relieves
amilies with a severe ill child from difficult diagnostic iter. These
imple criteria represent the basal evaluation reported from Wilson
nd Jungner in 1963 to World Health Organization [9].

Therefore, the NBS cannot be considered only an efficient and
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

solated lab test of preventive medicine but it is a more integrated
ublic health system involving many different categories such as

ab technicians, chemists, biologists, biochemical geneticists (for
oth primary and confirmatory tests), administrative personnel,
 PRESS
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nurses, dieticians and/or pharmacologists, medical doctors expert
in metabolic disorders and pediatricians. As consequence, only if
laboratory NBS procedures, laboratory confirmatory procedures,
clinical service and continue education are fully integrated, a real
effectiveness of a NBS program will be reached.

2. Materials and methods

2.1. Sample collection

Blood samples were normally obtained by heel stick or hand-
prick, spotted on filter paper (903, Whatmann, Milan, Italy or 226
grade paper, Ahlstrom, Helsinki, Finland) often referred as “Guthrie
cards”, dried at room temperature and sent daily by courier or mail
to the newborn screening laboratory. In most part of European
countries as well as in the USA and Australia a formal guideline
for the sampling procedure is available. In about half the countries
these guidelines have been developed by health authorities and
in the other half by professional groups, either locally or nation-
ally.

The number of drops is variable (minimum 3–4, maximum 12)
and it is generally depending on the number of tests (both first and
second tier tests).

The expansion of blood on the paper depends on haematocrit
level and drying conditions.

Blood collection for newborn screening in Italy (as in most
part of countries) is recommended between 48 and 72 h of life. In
Europe, the collection ranges from the 36 h in Austria and Croatia
to 168 h of Greece, Netherlands and Luxembourg [10]. Timing of
the collection is a critical issue because marker levels could vary
physiologically in the neonatal period [11].

In some countries, such as Finland and Malta, cord blood samp-
ling is used for newborn screening testing according to early
maternal and newborn discharge [12,13], but it has been evalu-
ated that better results are obtained from samples collected by
heel/hand prick at a later stage [14,15].

Use of urine collected onto an absorbent paper placed in the
baby’s nappy could be a very useful tool as additional but not alter-
native NBS test. Even if not common, some NBS programs continued
the practice of urine screening [16] and in some cases the urine DBS
has significantly contributed to the IEM detection up to 44% of total
cases [17].

An important parameter for the quality of the program is the
completeness of sampling, preferably 100% but reaching this value
is practically impossible because in most countries it should be pos-
sible for parents to refuse participation of their children to NBS
programs. If informed consent is taken seriously, the option to stay
out will sometimes take place.

2.2. Blood collection in premature infants and in newborns on
parenteral nutrition or transfused

Prematurity, birth weight, parenteral nutrition, transfusions and
type of feeds can all potentially influence NBS results.

In order to decrease parental stress related to retesting and
to ensure that important information for interpreting screening
results is given, established protocols are useful. These protocols
should provide repeated tests during the early postnatal period for
infant requiring blood/plasma transfusion, for premature babies
or term/preterm babies on parenteral nutrition at the time of
screening sample collection.

In some countries [18,19] for premature infants (birth weight
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

<1800 g), the first DBS sample is collected on the 3rd–5th day of
life, then two  additional samples at 15 and 30 days. For babies on
parenteral nutrition, including premature babies, a second sample
at 48 h after the ending of parenteral nutrition is collected. In all

dx.doi.org/10.1016/j.jpba.2014.03.047
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ransfused newborns, a new sample is taken between 7 and 15 days
fter the end of transfusion.

.3. Transport of samples and workflow on lab

Some markers are relatively unstable and heat, humidity and
elays in transport can cause degradation and potential false neg-
tives results. Therefore, when mail service is not efficient, the
amples should be sent to the lab by courier.

For the same reason the best practical workflow is seven
ays/week and 24 h/day but it is quite rare. A typical laboratory
ctivity is 5/6 days per week and 12 h based shift works.

Test turnaround time within the laboratory should be kept
hort; a maximum of 48 h is recommended.

. NBS by MS/MS

.1. Standards and kits

Labeled internal standards of acylcarnitines and amino acids
re available from different manufactures like Cambridge Isotope
aboratories, Andover, MA,  USA; a typical stock solution is pre-
ared in methanol. The standard concentrations may  vary but
ormally it is in the range 500–2500 �mol/L for amino acids, and
.6–152 �mol/L for acylcarnitines. All chemicals and solvents must
e of the highest purity available from commercial sources and they
re normally used without any further purification. Some laborato-
ies use commercially IVD kits such as NeoGram®/NeoBase® from
erkin Elmer (Waltham, MA,  USA) and MassChrom® from Chrom-
ystems (Munich, Germany). It is important to highlight that “use of
ertified kit material” does not mean that a mass spectrometer can
e used without any knowledge or specific education, especially for
ewborn screening or diagnostic tests. A mass spectrometer is not a
ommon bench top machine normally used in a general laboratory
r a “black box”. Training and education in mass spectrometry for
ewborn screening lab people is a fundamental issue, it cannot be
elayed and it cannot be overruled by using certified kit material.

.2. Analysis by MS

Screening analyses is worldwide performed according to the
onventional method as previously reported [2,20] with some mod-
fications.

Originally, it was found that carnitine and acylcarnitines were
asily measured from plasma samples by fast atom bombardment
r thermospray [21,22] for the detection of fatty acid disorders.

Later on, advancements in MS/MS  and research demonstrated
hat the analysis of acylcarnitines could be used to identify fatty
cid oxidation defects in a neonatal population. Carnitine and its
sters were perfect candidates for a MS/MS  screening technique
ince they all presented a common product ion. Regardless of the
ttached fatty acid ester, a common fragment (85 Th) that con-
ains the quaternary ammonium function could be detected with
igh sensitivity and specificity (Fig. 1). These structural character-

stics enabled the detection of a panel of saturated, unsaturated and
ydroxylate acylcarnitines in an easy and cheap way.

The addition of aminoacids to newborn screening panel dates
ack to the beginning of nineties’ with the first endeavor to mea-
ure phenylalanine using fast atom bombardment (FAB) [20]. The
rocedure required esterification (as butyl esters) to enhance sur-
ace ionization in a glycerol matrix. The butylation “quenched” the
egative charge on the acid moiety of phenylalanine increasing
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

onization efficiency and sensitivity.
In a first stage, methyl esterification was used previously for

nalysis of acylcarnitines in plasma [23] but later on the most part
f laboratories switched off to butylation.
 PRESS
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During the first tests by using phenylalanine butyl ester for the
detection of PKU other aminoacids were identified, deducing that
a common neutral product, butylformate presenting with a mass
of 102 Da. Since then, the common neutral loss of 102 Da is the
basis for the MS/MS  assay of several key amino acids in newborn
screening (Fig. 1) [24].

While butyl esterification assays become routine, in the last ten
years new methods were developed able to detect AAs and ACs as
their native free acids (underivatized) to simplify analytical opera-
tions and to minimize the use of corrosive compounds.

The collision induced dissociation of amino acids and acylcar-
nitines as butyl esters and free acids is reported in Fig. 1.

Nowadays classical routine MS/MS  analysis is performed on
one/two (depending on the number of the samples) instruments
normally triple quadrupoles and one additional for back-up. Quan-
titation is performed by using the “isotopic dilution” technique. The
analyte concentrations are calculated automatically using prop-
erty software. Tuscany regions as an example use ABI Sciex (API
4000, 3200 (AB Sciex, Foster City, CA, USA)) or Shimadzu (8040,
Kyoto, Japan) LC-MS/MS systems and Chemoview (AB Sciex, Fos-
ter City, CA, USA) or Neonatal Solution (Shimadzu, Kyoto, Japan).
Other similar and equally efficient systems are commercially
available.

4. Expanding the NBS panel by MS

New methods are now available and they supplement the cur-
rent screening panel. The classical underivatized and derivatized
sample preparation procedures were further modified to quantify
succinylacetone (specific marker for tyrosinaemia type I) by adding
a new component: hydrazine or its derivatives. The sample prepa-
ration can be performed including the extraction of succinylacetone
as hydrazone derivative, along with other metabolites in a single
step since 2008 [3]. Later on alternative methods requiring two  dif-
ferent extraction procedures [4] and cleaning steps [25] have been
developed.

In 2011 and 2014 two new cheap methods able to quantify
some purines along with other metabolites have been developed
[5,26]. The measurements of these new metabolites via underiva-
tized method, allow the detection of adenosine deaminase (ADA)
and purine nucleoside phosphorylase (PNP) deficiencies at birth.
Some widely used sample preparation procedures are described in
Fig. 2.

ADA and PNP are fatal autosomal recessive forms of SCID caused
by an inherited disorder of purine metabolism. Both ADA and
PNP-SCID comply with all the criteria for inclusion in a newborn
screening program. The Secretary’s Advisory Committee on Heri-
table Disorders in Newborns and Children in 2010 and the European
EU tender in 2011 recommend the inclusion of all SCIDs in the
newborn screening panels. Since 2008 a polymerase chain reac-
tion (PCR) based test is available for the detection of all T-SCID.
This method presents the indubitable advantage to screen for all
the T-SCID panel but it is quite expensive (RT-PCR machines, kits
and molecular biologists are needed) with respect to MS; more-
over it has been recently demonstrated that it is not sensitive for
late/delayed ADA-SCID forms and that it can detect some disor-
ders not responding to the futures to be included in a NS panel
[6,27,28].

Some methods were developed for the detection of lysoso-
mal  storage disorders (LSDs) and even if for some of them a
reliable and relatively simple test is available, a reasonable asso-
ciated therapy could be still not available [29–38]. It is not the
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

task of this writer to produce a statement that the LSDs should
be included in newborn screening panels, but some of these
disorders seem to meet the criteria for inclusion, including basal
availability of a simple test, a combination therapy that modifies

dx.doi.org/10.1016/j.jpba.2014.03.047
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Fig. 1. Schematic representation of fragmentation in MSMS  of butylate

he natural course of the disease, early diagnosis that allows genetic
ounseling and prenatal diagnosis in families with an affected baby.

. Diseases included in the neonatal screening program

The panel used for neonatal screening is different from region
o region and from country to country.

The American College for Medical Genetics in the 2012 decided
or a national and common NBS panel for the USA newborns. It con-
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

ains 55 disorders (including tests by immune-enzymatic systems):
0 IEM for the named core panel and 25 as secondary target.

A national screening program does not exist in Canada. Health
are and screening programs fall under provincial and territorial
 unbutylated acylcarnitine (panel A) and amino acid residues (panel B).

jurisdiction. There is a wide spectrum in the number of disorders
for which screening is offered, ranging from 5 disorders to 38,
depending on the jurisdiction. The Australian Newborn Screening
Policy and Guidelines Document in 2011 reported on 25 disorders
detected by means of NS (even if “other disorders could be detected
during the test, including maternal disorders”). In Japan, where a
national pilot project is finished in 2012, the beginning of a national
NS program by MS  will start the next April 2014. The European
situation is the more complicated and even if common recommen-
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

dations are available, many relevant differences are still present.
The most relevant differences are the time of the drawing of the
blood period (between 36 and 168 h after birth), the number of
newborn screening centers per country ranging from 1 to more than

dx.doi.org/10.1016/j.jpba.2014.03.047
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Fig. 2. Schematic representations of sample preparation procedures. Panel A shows derivatized procedure for the assay of acylcarnitines, aminoacids and succinylacetone
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nd  underivatized procedure for the assay of acylcarnitines, aminoacids, succinyla
minoacids as butyl esters and succinylacetone and purines in naïve forms

0. Moreover and probably mostly important a common NS panel
oes not exist due to public health systems falling under regional

urisdictions.
In Italy the expanded NBS by MS  is regionally ruled even if a

ational law has been promulgated at the end of December 2013.
 national expert commission is now evaluating the disease panel
nd the minimal number of newborn screening centers.

Table 1 lists the suspected disease included in Tuscany region
BS panel in the presence of one or more changes, the cut-
ff values and the ratios for each analyte. Twenty-four disorders
onsist of primary panel, 22 secondary panel. Some diseases iden-
ifiable by expanded newborn screening have been included in
he panel as conditions that are part of the differential diag-
osis of a primary panel condition, such as IBD defect versus
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

CAD deficiency. Formiminoglutamic aciduria, which may  appear
s a false butyrrylcarnitine (C4) alteration [39] by using deriva-
ized sample preparation procedures, is no longer subject to recall
ecause it is considered a benign condition. Some authors have
 and purines. Panel B shows the 2 step procedures for the assay of acylcarnitines,

considered retaining 3-methyl-crotonylglycinuria in the screening
panel, despite it being considered a biochemical condition rather
than a disease [40,41]. Recently some authors reported data con-
firming that MCC  deficiency, despite low penetrance, may lead to
a severe clinical phenotype resembling classical organic acidurias
[42].

Some authors believe it may  be relevant to maintain glycine
in the screening panel because it is a secondary marker in some
organic acidaemias [43]. Moreover, even if only in some cases
[44], glycine could permit the diagnosis of nonketotic hyperglyci-
naemia [45] which, although the disease is currently not treatable,
allows appropriate genetic counseling and possible prenatal
diagnosis.

Tyrosine is an analyte frequently responsible for large number of
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

recalls. Tyrosine can be elevated in tyrosinaemia types I, II and III,
but it also can be transiently increased in many newborns, espe-
cially those born prematurely. In the case of tyrosinaemia type
I, false-negatives may  occur if the cut-off is too high or if the

dx.doi.org/10.1016/j.jpba.2014.03.047
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Table 1
Conditions tested in the Tuscany/Umbria newborn screening program, primary and secondary related biomarkers, and used ratios.

Disorders Primary markers
(cutoff �mol/L)

Secondary markers
(cutoff �mol/L)

Ratios Diagnoses

Core panel
Classic PKU Phe↑ (n.v. < 100) Tyr n/↓ (n.v. 10–250) Phe/Tyr 18
HPA  type II and III Phe↑ (n.v. < 100) Tyr n/↓ (n.v. 10–250) Phe/Tyr 47
Tyrosinemia type I SA↑ (n.v. < 2) Tyr n/↑ (n.v. 10–250) 3
Citrullinemia type I Cit↑ (n.v. 3–30) 7
Argininosuccinic aciduria Asa↑ (n.v. < 1) Cit↑ (n.v. 3–30) 2
Homocystinuria (cystathionine � synthase deficiency) Met↑ (n.v. 6–36)
Maple syrup urine disease Val↑ (n.v. < 170);

Ile/Leu↑  (n.v. < 237)
Propionic acidaemia C3↑ (n.v. < 3.3) Gly↑ (n.v. < 260) C3/C0; C3/C4; C3/C16 3
Metylmalonic aciduria mut  C3↑ (n.v. < 3.3) Gly↑ (n.v. < 260) C3/C0; C3/C4; C3/C16 8
Metylmalonic aciduria Cbl A and B C3↑ (n.v. < 3.3) Gly↑ (n.v. < 260) C3/C0; C3/C4; C3/C16
Isovaleric acidemia C5 ↑ (n.v. < 0.56) C5/C3; C5/C4; C5/C8 3
Multiple carboxylase deficiency C5OH↑  (n.v. < 0.7) C3 n/↑ (n.v. < 3.3)
3-Methylcrotonylglycinuria C5OH↑  (n.v. < 0.57) 6

4 maternal
Glutaric acidemia type I C5DC↑ (n.v. < 0.18) C5DC/C4; C5DC/C8;

C5DC/C12;C5DC/C3DC
2

3-OH-3 methylglutaryl-CoA lyase deficiency C5OH↑  (n.v. < 0.57) C6DC n/↑  (n.v. < 0.7)
�  Ketothiolase deficiency C5:1↑ (n.v. < 0.06) C5OH n/↑  (n.v. < 0.57) 1
Primary carnitine deficiency C0↓ (n.v. 5.5–45) Ctot↓ (v.n. 21–73) 2

2 maternal
Medium chain acyl-CoA dehydrogenase deficiency C6↑ (n.v. < 0.25); C8↑

(n.v. < 0.40); C10:1↑
(n.v. < 0.5)

C10↑ (n.v. < 0.36) C6/C8↑; C8/C10↑ 16

Very  long-chain acyl-CoA dehydrogenase deficiency C14:1↑ (n.v. < 0.44) C14 n/↑ (n.v. < 0.57;
C16 n/↑ (n.v. 0.48–5.6);
C18:1 n/↑  (0.39–2.43)

C14:1/C4; C14:1/C5;
C14:1/C8

6

Long-chain hydroxyacyl-CoA dehydrogenase deficiency C16-OH↑ (n.v. < 0.1);
C18:1OH ↑ (n.v. < 0.05)

1

Trifunctional protein deficiency C16-OH↑ (n.v. < 0.1);
C18:1OH↑ (n.v. < 0.05)

1

Adenosine deaminase deficiency Ado↑ (n.v. < 2)
Deoxyado↑  (n.v. < 0.1)

1

Secondary targets
Tyrosinemia type II and III Tyr↑ (n.v. < 250)
Citrullinemia type II Cit↑ (n.v. 3–30) 2
Argininemia Arg↑ (n.v. < 34)
BH4  defects Phe↑ (n.v. < 100) Tyr n/↓ (n.v. 10–250) Phe/Tyr 1
MTHFR deficiency Met↓ (n.v. 6–36)
Methionine adenosyl transferase deficiency Met↑ (n.v. 6–36) 2
Metylmalonic aciduria Cbl C and D C3↑ (n.v. < 3.3) Met↑ (n.v. < 6)

C16:1OH↑ (n.v. < 0.09)
C3/C0; C3/C4; C3/C16 14

19 maternal
Malonic Aciduria C3DC↑ (n.v. < 0.7)
2-Methyl 3-OH-butyryl-CoA dehydrogenase deficiency C5OH↑  (n.v. < 0.57)
Short chain acyl-CoA dehydrogenase deficiency C4↑ (n.v. < 0.92) 10
Glutaric acidemia type II (MAD) C4–C18 ↑
Short hydroxyl acyl-CoA dehydrogenase deficiency C4OH↑  (n.v. < 0.50)
3-Methylglutaconyl-CoA hydratase deficiency C5OH↑  (n.v. < 0.57) 1
Isobutyryl-CoA dehydrogenase deficiency C4↑ (n.v. < 0.92) 14
Carnitine acylcarnityne translocase deficiency C16↑ (n.v. 0.48–5.6)
Carnitine palmitoyl transferase II deficiency C16↑ (n.v. 0.48–5.6)

C18:1↑ (n.v. 0.39–2.43)
C2↓ (n.v. 6.3–48) (C16 + C18:1)/C2

within 10 days of life
Carnitine palmitoyl transferase I deficiency C16↓ (n.v. 0.48–5.6)

C18↓ (n.v. 0.23–1.77)
C0 n/↑  (8–45) C0/(C16 + C18) within

10 days of life
HHH  syndrome Orn↑ (n.v. 25–150)
Gyrate atrophy of the choroids and retina Orn↑ (n.v. 25–150)
Purine nucleoside phosphorylase deficiency Deoxyguanosine ↑

(n.v. < 0.09)
Deoxyinosine ↑

Guanosine↑ (n.v. < 1.7)
Inosine ↑ (n.v. < 33)

s
u
y
p
n

c
m

(n.v. < 2.85)

creening is performed in the first 2–5 days of life. However, the
se of a low cut-off level increases the false-positive rate. In recent
ears, the use of succinylacetone as new biomarker has allowed
eople working in NS field to avoid false-negative results for tyrosi-
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

aemia type I.
Attention should be paid to the higher cut-off of citrulline,

apable of diagnosing citrullinaemia types I and II, and, as second
arker, argininosuccinic aciduria. We  should also to evaluate the
citrulline lower cut-off as a possible sign of defects in the first and
second steps of the urea cycle as well as mitochondrial diseases
such as NARP.
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

5.1. Second tier tests

Some important metabolites in expanded newborn screening
programs, markers of diseases, have proven to have poor

dx.doi.org/10.1016/j.jpba.2014.03.047
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Fig. 3. Recall rate of expanded new

pecificity, causing a critical impact on the population due to the
igh number of recalls. The best way to decrease the recall rate,
ue to false positive results in the primary screening test, is rep-
esented by the introduction of the second tier test, performed
n the same NBS specimen with no necessity to additionally con-
act patient’ family. Second tier test result overrules the primary
esult.

Since for some metabolites there is an overlap between con-
rols and patients ranges, second tier test proved its superiority
n discriminating the two populations thanks to the high speci-
city.

The choice of reference values for NBS test should be a good
ompromise between sensitivity and specificity; a good sensitivity
ould result in a high false positive rate while having high specificity
ould cause false negative results. Adjusting cutoff values for each
etabolite should consider the availability of a second tier test; if

t is available, primary test cut-off should be reduced to capture
resumptive positive cases [46].

Second tier tests are usually performed by HPLC–MS/MS but
n recent years a second tier genetic testing could be used to
etect cystic fibrosis [47]. For CAH screening, the primary test is
erformed by immunoassay and positive results are retested by
PLC–MS/MS to obtain a more specific and detailed steroid profile

48].
Some authors reported about the use of succinylacetone only

s second tier test to improve the relatively poor specificity of the
rimary screening using tyrosine [49,50].

In 2011 in Tuscany region, ADA SCID biomarkers were included
n the panel of expanded NBS; also in this case a second tier test can
e performed when elevated concentration of purines metabolites
re detected [51].

However second tier test usually identify additional analytes,
ot detectable at the primary NBS test, for better interpretation of
bnormal findings.

This kind of approach is well represented by propionylcarnitine
C3), primary marker for methylmalonic acidurias (MMA) and pro-
ionic acidurias (PA). In a retrospective study our group showed
hat on 564 total recalls, 124 (22%) were for C3 of whom only 5
4%) were truly affected: 3 methylmalonic acidurias and 2 PAs. The
evelopment of a second tier test to detect free diagnostic acids
llowed to distinguishing true positives from false positives rising
he positive predictive value for C3 to 100% [51].
Please cite this article in press as: G. la Marca, Mass spectrometry in cli
Anal. (2014), http://dx.doi.org/10.1016/j.jpba.2014.03.047

The introduction of second-tier tests proved to be an excellent
trategy to cope with false positive problem. For this reason, to date,
n increasing number of publications relate to the development of
econd-tier test is reported [52–56].
screening in Tuscany, 2002–2013.

Fig. 3 illustrates the recall rate trend from 2002 to February 2014
in Tuscany. At the beginning, during the pilot project, cut-offs of
mean ± 2SD for all analytes were established. Recall rate increased
in 2004 with the increase in the number of analytes considered.
Cut-off values were modified for specific analytes, up to 4.5 SD to
minimize the frequency of false-positive results. Adjustment of cut-
offs, the introduction of specific ratios, the use of the “post analytical
tools” of R4S collaborative project and the development of some
second-tier test allowed a reduction in the recall rate in recent years
from 1.47% to 0.3%). The positive predictive value increased from
3.5% in 2004 up to 19.4% in 2013.

5.2. Maternal diseases

In some newborns, screening results can be falsely positive for
maternal defects, resulting in transplacental passage of metabo-
lites. In our experience, out of 400 000 babies, we observed low
values of C0, C2 and total carnitines associated with a maternal pri-
mary carnitine defect; two twins with high values of C5OH with an
asymptomatic mother affected by 3-methylcrotonylglycinuria; an
infant with high C3 and methylmalonic acid detected by second-
tier testing with a mother with a defect of gastrin; and two infants
with elevated levels of phenylalanine with a mother affected by
undiagnosed mild hyperphenylalaninaemia.

5.3. Outcome management procedures

When a positive screening (first screening and second tier test,
if available) result occurs, two  different subsequent procedures are
followed:

(a) In the case of disorders that are at risk of acute metabolic
decompensation during the neonatal period, a metabolic spe-
cialist immediately recalls the baby; clinical examinations,
confirmatory tests, including plasma amino acid, plasma acyl-
carnitine and urine organic acid profiles are performed;

(b) In the case of all other disorders, the nursery is contacted to
provide for a second dried blood spot. If the repeated test shows
a positive result, clinical examinations and confirmatory tests
are performed (see Fig. 4).
nical chemistry: the case of newborn screening, J. Pharm. Biomed.

In both cases, if results from the confirmatory tests are posi-
tive, the metabolic clinicians provide management, counseling and
follow-up.

dx.doi.org/10.1016/j.jpba.2014.03.047
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Fig. 4. Tuscany Newborn Screening algorithm for metabolic disorders. After an abnormal concentrations of C3 is detected a second tier test for MMA/PA is performed
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o  identify true positive newborns affected by methylmalonic or propionic acidur
nitial  screening shows MET  level below or above normal cut off to identify MTHFR
onfirmation before requiring new specimen.

. Conclusions

MS  has been used in expanded NBS programs for over 20 years
nd it has been shown beneficial impacts on public health care
ompared to traditional programs. Current trends in NBS aimed
t expanding testing panels covering a wide range of conditions.
esearch to include more tests in NBS have made huge steps for-
ard in improving survival and in preventing long-term permanent
amage in affected patients. However, the expansion of NBS raises
ome ethical implications relating to variability among states in
onditions included, informed consent for storage and use of resid-
al DBS, whether or not may  be appropriate to identify carrier
tatus or adult onset conditions.

Data collected from pilot studies can be used to create guide-
ines that can significantly help develop NBS programs and create
pportunities.

NBS program is a complex process depending on a multidisci-
linary team including pediatricians, IEM specialists, geneticists,
ieticians as well as biologists and chemists with expertise in mass
pectrometry. The collaboration of all these professionals has con-
ributed to this success.
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