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Introduction
The goal of NBS is the pre-symptomatic detection of 
infants with congenital conditions so that treatment may be 
commenced as early as possible to prevent, or ameliorate, the 
long-term consequences of the condition. The foundations 
of NBS stem from the work of Robert Guthrie in the 1960s. 
Guthrie was a microbiologist with a disabled child, initially 
thought to have phenylketonuria (PKU). This spurred Guthrie 
to develop testing procedures for this disorder. Guthrie’s child 
was ultimately shown not to have PKU but an intellectually 
impaired niece did.1 The testing procedures developed by 
Guthrie allowed rapid and large-scale testing of many children 
suspected to have this condition. Previous work had shown 
that a low phenylalanine diet could be used to treat PKU2,3 and 
this was most effective in preventing mental retardation if the 
diet was commenced soon after birth and before any clinical 
symptoms became apparent. This raised the possibility of 
testing all infants soon after birth to detect PKU. Starting in 
the 1960s, many countries recognised the benefits of NBS 
for PKU and commenced programs, and today virtually all 
countries in which PKU is prevalent provide NBS for this 
disorder.

With the development of robust immunoassays for thyroxine 
and thyroid stimulating hormone (TSH) in the 1970s it 
became feasible to add congenital hypothyroidism (CH) 
to the NBS panel. Other disorders have subsequently been 

added to NBS panels and the composition of the NBS panel 
can vary between regions, depending on local prevalence, 
amongst other factors. While many conditions are potential 
candidates for NBS, this is not practical for all. Guidelines for 
deciding whether a particular condition is a suitable candidate 
for screening were formulated by Wilson and Jungner in 
19684 and are summarised in Table 1. Unfortunately, many 
aspects of these guidelines are subjective and there is not 
always agreement about which disorders should be part of the 
NBS panel.5-7 There is almost universal consensus that NBS 
for PKU and CH results in greatly improved outcomes. There 
is also increasing evidence of improved pulmonary function, 
nutrition and long-term survival resulting from NBS for CF8-10 
and similar evidence is emerging for the disorders detected by 
tandem mass spectrometry (MSMS).11,12 There is less evidence 
for other disorders. Comprehensive cost-benefit analyses are 
difficult to conduct for rare disorders and separate analyses 
often result in widely discrepant results. Furthermore, how 
does one place a monetary value on death if this is an outcome 
in unscreened babies? The introduction of multiplex testing, 
exemplified by MSMS testing for several inborn errors of 
metabolism (IEMs), has further confounded these issues 
because disorders which, on their own, would not be strong 
candidates for NBS, can be included with minimal extra effort 
or cost. This has led some to propose revised NBS guidelines. 
As a result, NBS panels vary, even for regions with a similar 
population. For example, within Australasia, testing for CH, 
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CF, PKU and other disorders detected by MSMS is universal, 
but only New Zealand currently tests for congenital adrenal 
hyperplasia (CAH) and biotinidase deficiency. Testing for 
galactosaemia is performed in all states except Victoria.

This review considers NBS using biochemical testing and 
the overall strategies and practicalities for population-wide 
NBS testing, with an emphasis on Australasian practices. 
The interested reader is referred to recent reviews of 
PKU,13-15 CF,16,17 CH18-20 and CAH21,22 for more detail on the 
biochemistry, genetics and pathophysiology of these disorders. 
Non-biochemical NBS tests, such as newborn hearing testing, 
are outside the scope of the current review.

Models of Service Provision
NBS programs are well-established as the standard of care 
in most developed countries. In many regions, including 
Australasia, programs are state funded and testing is provided 
without charge to parents. Testing is voluntary in Australasia 
and programs report >97% coverage of newborns.23,24 Other 
countries offer mandated NBS programs or fee-for-service 
NBS. A typical service model comprises a central laboratory 
performing all tests and screening a sufficient number of 
babies to allow economies of scale and also to make adequate 
numbers of diagnoses to maintain laboratory expertise. NBS 
cards are easily mailed and many NBS programs are heavily 
reliant on this mode of transport, however days on which 
there is no mail delivery may cause delayed turn around times 
and swings in laboratory workloads. Due to limitations in the 
way samples are collected and the inherent imprecision in 
dried blood spot (DBS) samples (below), it is important to 
emphasise that NBS is not diagnostic and any presumptive 
positive result therefore requires confirmation, preferably 
with an independent sample and test method. Referral and 
follow-up of abnormal results may be under the control of 
the NBS laboratory or through liaison with relevant clinical 
departments such as endocrinology, metabolic and respiratory 
medicine. It is important that close communication exists 
between these departments and the NBS laboratory.

False positive results are a concern for any NBS program 
because they cause parental anxiety and increased indirect 
costs associated with follow-up contact and testing. In some 
situations second-tier testing is used to improve the relatively 
poor positive predictive value (PPV) for some NBS tests. 
Samples with an abnormal result on the primary screen test 
are subjected to a second, more specific test. This approach 
has been successfully used for CF NBS and several MSMS 
second-tier tests have been developed. However, each of 
these second-tier tests adds to the complexity and expense 
of the NBS program and it remains to be seen how practical 
some of the more recently developed second-tier tests will 
be, particularly for disorders that require rapid confirmation. 
It is also recognised that some affected babies will be missed 
by NBS tests e.g. CF screening protocols will not detect ~5% 
of babies with CF.25-27 It is important that false negative cases 
are referred back to the NBS laboratory for assessment and 
inclusion in audits of overall performance metrics.

There are increasing regulatory, legal and ethical issues 
surrounding the collection, storage and use of NBS cards. 
Most NBS programs have established advisory committees 
with broad representation to assist with these issues. The 
introduction of new NBS tests is another complex area with 
various lobby groups proposing new screening tests that then 
require evaluation by funding bodies. In the past this has 
sometimes happened in an ad hoc fashion. In most countries 
there is a move to greater uniformity of NBS panels and 
protocols and clear guidelines for evaluating proposals for 
new tests. The US is probably the most advanced in this regard 
with comprehensive policies published by the American 
College of Medical Genetics.28 The Human Genetics Society 
of Australasia29 and the Australian Health Ministers Advisory 
Group on Human Gene Patents and Genetic Testing30 have 
also developed local guidelines for screening.

Sampling
Cord blood sampling is attractive in regions with early 
discharge after delivery. Maternal contamination is a problem 
and, while cord blood can be used for some NBS tests such as 
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Table 1. Major NBS criteria. Summarised from Wilson and Jungner criteria. ref.4

1. The condition is an important health problem and early diagnosis benefits the baby.
2. An accepted treatment is available as well as facilities for confirmation, counselling and treatment.
3. A suitable test is available.
4. The natural history of the condition is understood and there is a recognisable latent or early symptomatic stage.
5. The costs of screening, confirmation and treatment should be balanced against the overall costs of not screening.
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CH testing,31,32 it is recognised that better results are obtained 
from samples collected by heel prick at a later stage.33 In 
particular, cord blood has been shown to be of limited value 
in detecting disorders by MSMS.34 

Collection of blood onto an absorbent paper card, often 
referred to as a ‘Guthrie card’, is the commonest type of NBS 
sample. A few drops of blood from a heel prick are collected 
onto a high quality cotton fibre-based paper and allowed to 
dry in air for a few hours before being sent to the central NBS 
laboratory. WhatmanTM 903 paper is widely used due to its well 
characterised properties and a few drops of blood are usually 
sufficient to complete most NBS panels. Some separation of 
blood components occurs during the spreading and drying 
of blood on the paper resulting in small concentration 
gradients across the blood spots. These effects are influenced 
by haematocrit and drying conditions and limit the overall 
imprecision of any DBS test to approximately 10%. Timing 
of the collection is important because some metabolite and 
hormone levels vary markedly in the neonatal period both in 
normal and affected babies.35 Some markers decrease with 
age in affected babies while others increase. Consequently, 
sample timing is a compromise and most programs currently 
recommend sampling at 48 to 72 hours of age.

Use of urine as a NBS sample stems from its early use for 
PKU testing using ferric chloride reagent for the detection of 
phenylketones. Urine was collected onto an absorbent paper 
placed in the baby’s nappy. Amino acid screening could also 
detect several other IEMs.36 However, it was soon realised 
that urine testing was relatively insensitive for PKU and that 
blood phenylalanine levels were more effective in detecting 
it. The additional need for a blood sample for CH testing 
resulted in most programs dropping urine testing in favour 
of DBS testing. However, some NBS programs continued the 
practice of urine screening37 and this has recently been given 
renewed impetus by the application of multiplex MSMS 
testing to detect some IEMs that would be difficult to detect 
with blood testing.

Prematurity, birth weight, neonatal jaundice, parenteral 
nutrition, transfusions and type of feeds can all potentially 
influence NBS results and need to be taken into account when 
establishing cut-off values and interpreting results. Ideally, 
this information should be recorded on the NBS card to aid 
in the interpretation of results. Transport of samples is also 
important because some markers are relatively unstable and 
heat, humidity and delays in transport can cause degradation 
and potential false negatives.

Individual Tests
PKU and Hyperphenylalaninaemia
PKU is caused by mutations in the phenylalanine hydroxylase 
(PAH) gene and results in excessive levels of phenylalanine 
which are detrimental to brain development. Birth prevalence 
is 1:14,000.35 Treatment with a phenylalanine-restricted diet 
is effective in preventing the long-term consequences of PKU 
but needs to be commenced early in life. The early NBS 
programs for PKU measured phenylalanine in DBS using 
a bacterial inhibition assay which monitored the growth of 
a mutant strain of Bacillus subtilis with a requirement for 
exogenous phenylalanine for growth.38 DBS samples were 
inoculated onto agar plates containing mutant bacteria and the 
size of the colonies assessed after incubation. The bacterial 
inhibition assay for phenylalanine has been largely replaced 
by other, more sensitive and specific assays such as enzymatic/
colourimetric assays and most recently MSMS. MSMS testing 
also incorporates testing for many other metabolites (below).

Babies with PKU typically have DBS phenylalanine levels 
>200 μmol/L (a typical NBS cut-off is ~150 μmol/L), 
and an increased phenylalanine/tyrosine ratio. Follow-
up testing involves formal measurement of plasma amino 
acid levels. Some cases of classical PKU are responsive 
to tetrahydrobiopterin,39,40 the co-factor for phenylalanine 
hydroxylase, and follow-up may also involve assessment of 
this response. NBS also detects babies with mildly elevated 
levels of phenylalanine, termed hyperphenylalaninaemia, 
which may be caused by rarer defects in the biosynthesis or 
recycling of tetrahydrobiopterin. Assessment of urine pterin 
levels and response to phenylalanine and tetrahydrobiopterin 
loads are useful in classifying these babies.

Congenital Hypothyroidism
Primary CH has a birth prevalence of 1:2750.35 Detection 
of CH by NBS relies on the immunoassay measurement of 
various combinations of TSH, thyroxine and thyroxine-
binding globulin.18,41,42 Many NBS programs, including those 
in Australasia, perform a single TSH test due to its simplicity 
and relatively low false positive rate compared to combined 
strategies. This strategy will not detect central hypothyroidism 
and low birth weight and premature babies are a potential 
source of false negative screens due to hypothalamic 
immaturity and thus require a second sample.43,44 Iodine-
containing disinfectants and contrast agents are a potential 
source of false positive results.45 Positive screen results 
require follow-up with formal thyroid functions tests and 
thyroid scans. Worldwide, iodine deficiency is an important 
cause of hypothyroidism.46 There is some evidence of mild 
iodine deficiency in Australasia, although the connection with 
hypothyroidism is uncertain.47
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Galactosaemia
Galactosaemia due to galactose-1-phosphate uridyl 
transferase (GALT) deficiency can result in on-going jaundice 
and E. coli sepsis in newborns. A galactose-restricted diet is 
effective in minimising these symptoms. Birth prevalence 
is about 1:50,000.35 Most programs detect galactosaemia 
by measuring ‘galactose metabolites’ i.e. galactose and 
galactose-1-phosphate using enzymatic assays.48-50 This 
protocol may also detect deficiencies of galactokinase, which 
can result in juvenile cataracts, and galactose epimerase, 
usually a benign condition. Milder GALT variants, such as the 
Duarte variant with some residual activity, are also detected 
but these do not generally require treatment.51 Measurement 
of GALT activity52 is usually used as a second-tier test to help 
distinguish between the different forms of galactosaemia. Its 
use as a first-tier test is sub-optimal because it can result in 
both false positives (due to instability of the enzyme activity 
in DBS or use of EDTA blood) and false negatives (due to 
exogenous addition of activity from transfusions).53

Early detection of galactosaemia due to GALT deficiency can 
prevent short-term morbidity and occasional infant deaths. 
However, many cases present with typical symptoms in the 
neonatal period and are clinically diagnosed54 regardless 
of NBS. There is also uncertainty about the overall benefit 
of NBS for galactosaemia because the long-term benefits 
of earlier diagnosis and the need for dietary treatment are 
unclear. Despite early NBS diagnosis, many patients have 
intellectual and developmental deficits and many adult 
females are infertile due to ovarian failure.55-57

Cystic Fibrosis
CF is caused by mutations in the CFTR gene and causes 
altered properties of secretions as a result of altered chloride 
transport. Lung and pancreatic function are affected and 
long term prognosis is significantly improved by early 
commencement of physiotherapy and antibiotic treatment. 
Several blood biomarkers are available but immunoreactive 
trypsin (IRT) measurement with immunoassay is most widely 
used in NBS.58-61 IRT is somewhat unstable so NBS testing 
is unreliable if there is a delay in analysis or DBS samples 
have been poorly stored. Elevated IRT has relatively poor 
PPV in the neonatal period and early programs relied on a 
second DBS sample to confirm the initial screening result. 
The identification of the CFTR gene and disease-causing 
mutations opened the way to second-tier mutation testing 
of the original blood spot, thus eliminating the need for the 
second sample62 and also providing superior performance.63 
Most NBS programs have now adopted this IRT/CFTR 
mutation protocol. A typical protocol is outlined in the Figure. 
Pancreatitis-associated protein is also increased in CF and an 
interesting alternative strategy is the measurement of both 

 
Figure. A typical screening protocol for CF. IRT, immuno-
reactive trypsin.

IRT and pancreatitis-associated protein.64 This strategy has 
similar performance to IRT followed by second-tier CFTR 
mutation analysis and avoids the problems of carrier detection 
and the need for a genetic test, viewed as controversial by 
some sections of the community.

Babies with a single detected CFTR mutation require 
follow-up sweat testing because they may carry a rare CFTR 
mutation that is not part of the NBS panel.17,61 A sweat 
chloride measurement >60 mmol/L is considered diagnostic 
for CF and remains the ‘gold standard’ for diagnosis. It 
should be noted that sweat chloride reference intervals vary 
somewhat with age which should be taken into account if 
older individuals are tested.17 Babies with a single detected 
mutation and sweat chloride <40 mmol/L are assumed to be 
simple carriers with a consequent need for genetic counselling 
of the parents and possible carrier testing in relatives. A small 
number of babies will fall into the ‘grey zone’ i.e. a single 
detected mutation and a sweat chloride between 40 and 60 
mmol/L. CFTR sequencing may help in this situation to find 
a second, rare mutation.65 The p.F508del mutation accounts 
for approximately 70% of mutant CFTR alleles in populations 
with a European background66,67 and is the main target for 
mutation detection. More than 1500 other CFTR mutations 
are known16 and some of these may also be included in 
the NBS panel. Inclusion of additional, successively less 
prevalent mutations does not have a major impact on the 
overall performance of CF NBS and can result in somewhat 
fewer false negatives but more referrals for sweat testing and 
detection of more carriers.68 Because of the small, incremental 
nature of adding additional mutations, there is no widely 
agreed panel of mutations and the actual number of mutations 
provided by different programs varies.
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Multiplex Testing for IEMs Using MSMS
The early work of Millington et al.69 demonstrated the 
potential of MSMS to simultaneously measure amino acids 
and acyl carnitines in a DBS sample and diagnose many IEMs. 
Elimination of accumulating acyl-CoA esters in the form of 
acyl carnitines is a common detoxification mechanism and 
provides convenient markers for several IEMs involving fatty 
acid or organic acid metabolism. This early work relied on fast 
atom bombardment to produce ionisation but this process was 
difficult to automate in a robust fashion. This limitation was 
overcome with the development of electrospray ionisation in 
the late 1980s and high throughput testing suitable for NBS 
was later demonstrated.70 Metabolites are usually extracted 
from DBS samples using methanol and quantification is 
achieved by incorporating stable isotope internal standards. 
Formation of butyl derivatives is commonly employed to 
improve sensitivity but analysis of underivatised samples71 
using current generation MSMS instruments with increased 
sensitivity is gaining in popularity because it simplifies the 
assay procedure and eliminates the toxic and corrosive reagent 
used for butylation. Samples are directly introduced into the 
electrospray ionisation source without chromatography with 
typical run times of less than two minutes. The MSMS is 
usually operated in multiple reaction monitoring mode in 
which specifically programmed metabolites are measured, 
but it can also be operated in scanning mode to produce 
full amino acid and acyl carnitine profiles. In practice, not 
all metabolites detected in scanning mode are particularly 
useful NBS targets. For example, glycine has limited value in 
diagnosing non-ketotic hyperglycinaemia.72 Phenylalanine is 
easily measured using MSMS and the introduction of MSMS 
testing therefore replaces the need for a separate discrete 
test for PKU while at the same time introducing testing for 
many other disorders. The most important of these is medium 
chain acyl-CoA dehydrogenase deficiency, a disorder of fatty 
acid oxidation that can result in sudden, unexpected infant 
death if not diagnosed. Other IEMs detectable by MSMS 
are summarised in Table 2. Several other IEMs, such as 
deficiencies of ornithine transcarbamylase and carbamoyl 
phosphate synthetase, are not usually detectable by MSMS 
because the metabolic abnormalities are not reliably detected 
in DBS using current technology.

The ability of MSMS to simultaneously measure many 
metabolites changed the previous focus of NBS from ‘one 
test for one disorder’ to ‘one test for many disorders’ i.e. 
a multiplex test. Doing so has changed the previous views 
of the traditional Wilson and Jungner guidelines. Very rare 
disorders, or disorders without effective treatments, can be 
incorporated into MSMS testing with minimal extra effort 
for the laboratory, merely by including the MSMS parameters 
for the appropriate metabolite markers. It can be argued that 

while detection of such disorders may not be of great benefit 
to the baby, early diagnosis can be helpful to the family in 
avoiding a long search for a diagnosis and in planning future 
pregnancies.5 On the negative side, every additional metabolite 
is associated with a small false positive rate. Collectively, 
these can potentially result in an overall significant false 
positive rate but, with appropriate planning and selection of 
cut-offs, overall false positive rates of <0.5% are achievable. 
Several metabolite ratios can also be used to improve the PPV 
of MSMS NBS. For example, C3 carnitine has a relatively 
poor PPV for methylmalonic and propionic acidaemias, partly 
due to the fact that babies with increased free carnitine have 
secondary increases in C2 carnitine and C3 carnitine. A ratio 
of C3 carnitine to C2 carnitine and other combinations of 
metabolites can be used to improve the PPV.73

There is some confusion regarding the actual number of disorders 
detected by MSMS screening with laboratories typically listing 
between 20 and 30 disorders. This results from different 
metabolite panels used by different laboratories and varying 
performance metrics for metabolites. For example, tyrosine is a 
marker for tyrosinaemia types I and II. Levels of tyrosine are 
consistently quite high in tyrosinaemia type II and this disorder 
is readily detected. In contrast, NBS levels of tyrosine are quite 
modest in tyrosinaemia type I and may even be below the cut-offs 
used by many NBS laboratories.74 Consequently, a substantial 
number of cases of tyrosinaemia type I are missed, which has led 
some laboratories to omit this disorder from their listing. Several 
other disorders have relatively poor diagnostic sensitivity and 
thus the decision as to whether or not to include these disorders 
is somewhat subjective.

Some of the disorders detected by MSMS NBS can be 
relatively mild or benign. This can be due to a wide range of 
phenotypic expressions of the disorders e.g. citrullinaemia type 
I can present in the newborn period with hyperammonaemic 
encephalopathy, but some patients detected by NBS appear 
to have a milder form of the disorder and remain relatively 
free of symptoms.75 NBS levels of citrulline are not helpful 
in distinguishing these milder phenotypes. This phenomenon 
is not new and has been observed previously when new 
disorders were introduced to the NBS panel e.g. milder forms 
of CF are detected by NBS that would not have been detected 
clinically prior to the introduction of NBS. Short chain acyl-
CoA dehydrogenase deficiency was initially included in NBS 
MSMS panels on the basis of a small number of clinically 
diagnosed cases but prospective studies of diagnosed cases 
have shown that most are without symptoms76 which has 
led some programs to cease screening for this disorder. 
Some metabolites represent a diagnostic dilemma because 
they are markers for several disorders, some of them 
benign. For example, hydroxy-C5 carnitine is a marker 
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for several disorders including holocarboxylase synthase 
deficiency, which can cause profound metabolic acidosis, and 
3-methylcrotonyl-CoA carboxylase deficiency, which is now 
generally considered a benign condition.77,78 In general, the 
co-incidental detection of these mild or benign disorders is 
not a significant problem for NBS programs provided suitable 
follow-up testing and counselling is provided. 

Another complicating factor in MSMS NBS is the detection 
of maternal deficiencies from the transfer of metabolites to 

the baby (either in utero or through breast feeding). Such 
cases can readily be ascertained by follow-up testing of 
the mother. Maternal 3-methylcrotonyl-CoA carboxylase 
deficiency is one of the more common maternal deficiencies 
reported by NBS programs.79 Most maternal deficiencies 
appear to be without major symptoms as would be expected 
from the fact that they have reached adulthood and been 
through pregnancy without coming to medical attention. Of 
greater importance is the detection of maternal nutritional 
vitamin B12 deficiency.80 This may be recognised through the 
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Table 2. Disorders and enzyme deficiencies detected by NBS using MSMS.

Amino Acid Disorders
Argininaemia
Argininosuccinic aciduria
Citrin deficiencya

Citrullinaemia type I
Homocystinuriab

Maple syrup urine diseaseb

Phenylketonuria and pterin defects
Tyrosinaemia type Ia

Tyrosinaemia type II

Organic Acid Disorders
2-methylbutyryl-CoA dehydrogenase deficiency
3-hydroxy-3-methylglutaryl-CoA lyase deficiency
3-methylcrotonyl-CoA carboxylasec deficiency
3-methylglutaconic aciduria type I deficiency
beta-ketothiolase deficiency
Biotinidaseb

Cobalamin C disease
Glutaric aciduria type I deficiency
Holocarboxylase deficiency
Isobutyryl-CoA dehydrogenasec

Isovaleric acidaemia
Methylmalonic acidaemias
Propionic acidaemia

Fatty Acid Oxidation Disorders
Carnitine:acyl carnitine translocase deficiency
Carnitine palmitoyl transferase I deficiency
Carnitine palmitoyl transferase II deficiency
Carnitine uptake defect
Long chain hydroxy acyl-CoA dehydrogenase/trifunctional protein deficiency
Medium chain acyl-CoA dehydrogenase deficiency
Multiple acyl-CoA dehydrogenase deficiency
Short chain acyl-CoA dehydrogenase deficiency
Short chain hydroxy acyl-CoA dehydrogenasec deficiency
Very long chain acyl-CoA dehydrogenase deficiency

aMissed cases are likely; bmilder forms may be missed; cuncertain clinical significance, not included in some programs.
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detection of a profile similar to some of the genetic cobalamin 
defects (i.e. increased C3 carnitine). Although only the more 
extreme B12 deficiencies are recognised using this approach, 
early treatment can prevent long-term neurological damage 
to the baby.

The relatively poor PPV of some MSMS metabolites has 
led to the development of a number of second-tier tests. 
For example, succinyl acetone is a more specific marker 
than tyrosine for tyrosinaemia type I and second-tier liquid 
chromatography (LC)-MSMS tests suitable for DBS have 
been developed.74,81 Other second-tier DBS tests include 
allo-isoleucine for maple syrup urine disease82 and total 
homocysteine and methylmalonic acid for the differential 
diagnosis of homocystinuria, methylmalonic acidurias and 
cobalamin defects.83 However, each of these second-tier tests 
currently requires a separate testing protocol and rapid turn 
around of results is usually required. It remains to be seen 
how effectively these second-tier tests can be incorporated 
into most NBS programs.

Congenital Adrenal Hyperplasia
CAH is caused by defects in steroid metabolism and has a 
birth prevalence of ~1:18,000.22,84 It results in deficient cortisol 
and mineralocorticoid production with concomitant increases 
in androgen production. Undiagnosed infants can present 
with potentially lethal salt-wasting crises and masculinisation 
of females, while growth failure and masculinisation are 
longer-term consequences of untreated cases. NBS testing 
for classical CAH relies on detection of increased levels of 
17-hydroxyprogesterone (17-OHP) using immunoassay. 
Milder, non-classical forms of CAH usually have normal 
17-OHP levels in the newborn period and are consequently 
not detected by NBS.22 NBS for classical CAH can prevent 
deaths from salt-wasting crises in neonates and older children. 
However, the value of NBS is diminished somewhat by the fact 
that most females with classical CAH are clinically obvious at 
birth due to masculinisation of their genitalia. Most CAH cases 
are due to steroid 21-hydroxylase deficiency, but CAH can also 
be due to steroid 11b-hydroxylase deficiency which also causes 
an increased 17-OHP level. Confirming and distinguishing 
between these two disorders is readily achieved by profiling 
17-OHP and other steroids in serum or with second-tier steroid 
profiling of the original DBS.85 Cases with equivocal results 
may require stimulation of the adrenal cortex with cosyntropin 
or synacthen to confirm the diagnosis.86

Existing immunoassays for 17-OHP are somewhat non-
specific and antibodies cross-react with a number of steroids 
of foetal origin. As a consequence of these interfering steroids, 
premature and low birth weight babies have apparently 
high values for 17-OHP by immunoassay, confounding the 

interpretation of results in these babies and resulting in a poor 
PPV for some NBS programs. Use of age- and weight-related 
reference intervals can improve this situation. Removal of the 
interfering steroids by solvent extraction has also been used 
to improve testing.87 More specific testing for 17-OHP using 
LC-MSMS has also been developed and has been shown to 
significantly improve PPV when used as a second-tier test for 
samples with an increased 17-OHP immunoassay level.88-90

Other NBS Tests
NBS programs for sickle cell anaemia and other 
haemoglobinopathies have been established using HPLC 
or isoelectric focusing.91-93 NBS for glucose-6-phosphate 
dehydrogenase deficiency94,95 is carried out in several Asian 
countries. There is currently insufficient justification to 
screen for these disorders in Australasia but this situation 
could change in the future with changes to the ethnic mix 
of the population. Biotinidase deficiency can cause seizures 
and developmental delay and NBS is carried out in several 
countries96-98 including New Zealand. Testing for severe 
combined immunodeficiency has been developed99 and was 
recently added to the mandatory NBS panel in the US.100 Many 
NBS tests for other disorders have been developed over the 
years, but large numbers of these have been disbanded as they 
were impractical or the long term benefits of incorporating 
them into NBS were not established. Several new NBS tests 
have recently been developed but are currently regarded as 
developmental (see below).

Secondary Uses for NBS Samples
DBS cards are usually stored for quality assurance purposes 
e.g. follow-up of NBS false negative cases. Protocols vary 
between laboratories and storage periods typically range 
from two years (i.e. until any NBS false negatives should 
be clinically diagnosed) to indefinitely. Stored cards are a 
valuable resource as they represent a complete population 
and also may allow historical comparisons to be made when 
samples have been stored for long periods. Stored DBS cards 
have also been used for diagnostic purposes other than those 
for which they were originally collected e.g. retrospective 
genetic diagnosis when the proband has died and there is 
no other DNA-containing material available. Detection of 
cytomegalovirus DNA in NBS DBS samples is also useful 
in retrospectively establishing congenital cytomegalovirus 
infection as a cause of deafness in older children101,102 because 
the infection has typically cleared at the time of diagnosis. 
Stored DBS cards have been used for the forensic identification 
of human remains in accidents103 or natural disasters such as 
the Victorian bushfires of February 2009.

Researchers have also realised the potential of DBS cards e.g. 
establishing reference intervals or carrier frequencies in the 
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general population. Such research requires ethics approval 
and parental consent for projects which require identified 
DBS samples. De-identified DBS samples can be used for 
research without consent. Some sections of the community 
have concerns regarding the long-term storage of DBS 
cards and the potential privacy issues and use of genetic 
information. These concerns have led to the destruction of 
stored DBS samples in some programs.104 However, it is 
important to emphasise that the vast majority of stored DBS 
samples are never accessed once the initial NBS testing has 
been completed and NBS programs hold minimal genetic 
information on any individuals, which is usually limited to 
specific genes e.g. CFTR. NBS programs have protocols in 
place to ensure privacy is maintained and that any requests 
for access to samples are carefully evaluated. It is to be hoped 
that these protocols and on-going education will maintain the 
public’s confidence in the NBS process and prevent a vocal 
minority dictating NBS policies.

Future Trends
Advances in computerisation, automation and sensitivity 
of analytical instruments have resulted in the proliferation 
of potential new NBS tests in recent years. Furthermore, 
improvements in treatments such as bone marrow trans- 
plantation and enzyme replacement and newer 
pharmacological approaches such as chaperone therapy105 
and read-through of premature stop codons,106,107 have 
raised the status of some disorders as candidates for NBS. 
NBS tests have been proposed for lysosomal storage 
disorders,108-110 Duchenne muscular dystrophy111 and 
Wilson’s disease112,113 to name a few. While pilot projects 
have demonstrated the potential of these tests, it remains to 
be seen how effectively they can be applied in most NBS 
centres and how effective the newer treatments are. Each 
new test adds an additional layer of complexity to the NBS 
program and some of the treatments are both expensive and 
long-term.

Multiplexed protein assays may be one way to simplify 
some laboratory aspects of NBS. This approach has been 
demonstrated for lysosomal storage disorders using coded 
microbead immunoassay technology,110 but it can be applied 
to a wide range of proteins114 and could be used to combine 
existing tests such as IRT, TSH and 17-OHP. Increased use 
of molecular testing in NBS is attractive because it has the 
potential to increase the performance metrics of testing and 
target disorders that may not be amenable to biochemical 
testing. An NBS chip with a large array of targeted mutations 
could detect a far greater range of disorders than is currently 
tested.115 Pilot studies have shown the feasibility of genome-
wide scans of DBS116,117 and it has even been suggested that 
complete genome sequencing of newborns will occur in the 
near future.118 These ideas are clearly controversial. Apart 

from the issues of accuracy, the detection of carriers and 
sequence changes of unknown significance, it is unclear if 
such large-scale genetic testing will be acceptable to parents 
and the general public. However, well-targeted molecular 
testing has obvious technical benefits for many disorders and 
will become increasingly attractive as the cost of molecular 
testing falls in comparison to biochemical testing.

Competing Interests: None declared.

References
1.	 Koch JH. Robert Guthrie - The PKU Story: A Crusade 

Against Mental Retardation. Pasadena, CA, USA: Hope 
Publishing House; 1997.

2.	 Bickel H, Gerrard J, Hickmans EM. Influence of 
phenylalanine intake on phenylketonuria. Lancet 
1953;265:812-3.

3.	 Woolf LI, Griffiths R, Moncrieff A. Treatment of 
phenylketonuria with a diet low in phenylalanine. Br 
Med J 1955;1:57-64.

4.	 Andermann A, Blancquaert I, Beauchamp S, Déry V. 
Revisiting Wilson and Jungner in the genomic age: a 
review of screening criteria over the past 40 years. Bull 
World Health Organ 2008;86:317-9.

5.	 Dhondt J-L. Neonatal screening: from the ‘Guthrie 
age’ to the ‘genetic age’. J Inherit Metab Dis 2007;30: 
418-22.

6.	 Pollitt RJ. Newborn blood spot screening: new 
opportunities, old problems. J Inherit Metab Dis 2009; 
32:395-9.

7.	 Pollitt RJ. Introducing new screens: why are we all doing 
different things? J Inherit Metab Dis 2007;30:423-9.

8.	 Collins MS, Abbott M-A, Wakefield DB, Lapin CD, 
Drapeau G, Hopfer SM, et al. Improved pulmonary 
and growth outcomes in cystic fibrosis by newborn 
screening. Pediatr Pulmonol 2008;43:648-55.

9.	 McKay K, Wilcken B. Newborn screening for cystic 
fibrosis offers an advantage over symptomatic diagnosis 
for the long term benefit of patients: the motion for. 
Paediatr Respir Rev 2008;9:290-4.

10.	 Southern KW, Merelle MM, Dankert-Roelse JE, 
Nagelkerke AD. Newborn screening for cystic fibrosis. 
Cochrane Database Syst Rev 2009;21:CD001402.

11.	 Wilcken B, Haas M, Joy P, Wiley V, Chaplin M, Black 
C, et al. Outcome of neonatal screening for medium-
chain acyl-CoA dehydrogenase deficiency in Australia: 
a cohort study. Lancet 2007;369:37-42.

12.	 Wilcken B, Haas M, Joy P, Wiley V, Bowling F, 
Carpenter K, et al. Expanded newborn screening: 
outcome in screened and unscreened patients at age 6 
years. Pediatrics 2009;124:e241-8.

13.	 Williams RA, Mamotte CD, Burnett JR. Phenylketonuria: 
an inborn error of phenylalanine metabolism. Clin 
Biochem Rev 2008;29:31-41.

14.	 Scriver CR. The PAH gene, phenylketonuria, and a 

Pitt JJ



Clin Biochem Rev Vol 31 May 2010  I  65

paradigm shift. Hum Mutat 2007;28:831-45.
15.	 Cederbaum S. Phenylketonuria: an update. Curr Opin 

Pediatr 2002;14:702-6.
16.	 O‘Sullivan BP, Freedman SD. Cystic fibrosis. Lancet 

2009;373:1891-904.
17.	 Mishra A, Greaves R, Massie J. The relevance of sweat 

testing for the diagnosis of cystic fibrosis in the genomic 
era. Clin Biochem Rev 2005;26:135-53.

18.	 Buyukgebiz A. Newborn screening for congenital 
hypothyroidism. J Pediatr Endocrinol Metab 2006;19: 
1291-8.

19.	 Djemli A, Van Vliet G, Delvin EE. Congenital 
hypothyroidism: from paracelsus to molecular 
diagnosis. Clin Biochem 2006;39:511-8.

20.	 Buyukgebiz A. Congenital hypothyroidism clinical 
aspects and late consequences. Pediatr Endocrinol Rev 
2003;1 (Suppl 2):185-90; discussion 190.

21.	 Huynh T, McGown I, Cowley D, Nyunt O, Leong 
GM, Harris M, et al. The Clinical and biochemical 
spectrum of congenital adrenal hyperplasia secondary 
to 21-hydroxylase deficiency. Clin Biochem Rev 
2009;30:75-86.

22.	 White PC. Neonatal screening for congenital adrenal 
hyperplasia. Nat Rev Endocrinol 2009;5:490-8.

23.	 Jaques AM, Collins VR, Pitt J, Halliday JL. Coverage of 
the Victorian newborn screening programme in 2003: a 
retrospective population study. J Paediatr Child Health 
2008;44:498-503.

24.	 Metz MP, Ranieri E, Gerace RL, Priest KR, Luke CG, 
Chan A. Newborn screening in South Australia: is it 
universal? Med J Aust 2003;179:412-5.

25.	 Sontag MK, Hammond KB, Zielenski J, Wagener JS, 
Accurso FJ. Two-tiered immunoreactive trypsinogen-
based newborn screening for cystic fibrosis in Colorado: 
screening efficacy and diagnostic outcomes. J Pediatr 
2005;147 (Suppl):S83-8.

26.	 Wilcken B, Wiley V. Newborn screening methods for 
cystic fibrosis. Paediatr Respir Rev 2003;4:272-7.

27.	 Massie RJ, Olsen M, Glazner J, Robertson CF, Francis 
I. Newborn screening for cystic fibrosis in Victoria: 
10 years‘ experience (1989-1998). Med J Aust 
2000;172:584-7.

28.	 Watson MS, Mann MY, Lloyd-Puryear MA, Rinaldo 
P, Howell RR. Newborn screening: toward a uniform 
screening panel and system. Genetics in Medicine 
2006;8:1S-11S.

29.	 Human Genetics Society of Australasia. Newborn 
Blood Spot Screening. Document 2004P01. 2004.http://
www.hgsa.com.au/images/UserFiles/Attachments/
N E W B O R N B L O O D S P O T S C R E E N I N G . p d f 
(Accessed 3 March 2010).

30.	 Australian Health Ministers‘ Advisory Council. 
Population Based Screening Framework. Common-
wealth of Australia; 2008.

31.	 Wu LL, Sazali BS, Adeeb N, Khalid BA. Congenital 
hypothyroid screening using cord blood TSH. Singapore 

Med J 1999;40:23-6.
32.	 Abduljabbar M, Al Shahri A, Afifi A. Is umbilical 

cord blood total thyroxin measurement effective in 
newborn screening for hypothyroidism? J Med Screen 
2009;16:119-23.

33.	 Hardy JD, Zayed R, Doss I, Dhatt GS. Cord blood 
thyroxine and thyroid stimulating hormone screening 
for congenital hypothyroidism: how useful are they? J 
Pediatr Endocrinol Metab 2008;21:245-9.

34.	 Walter JH, Patterson A, Till J, Besley GT, Fleming G, 
Henderson MJ. Bloodspot acylcarnitine and amino acid 
analysis in cord blood samples: efficacy and reference 
data from a large cohort study. J Inherit Metab Dis 
2009;32:95-101.

35.	 Wilcken B, Wiley V. Newborn screening. Pathology 
2008;40:104-15.

36.	 Wilcken B, Smith A, Brown DA. Urine screening for 
aminoacidopathies: is it beneficial? Results of a long-
term follow-up of cases detected by screening one 
million babies. J Pediatr 1980;97:492-7.

37.	 Auray-Blais C, Cyr D, Drouin R. Quebec neonatal mass 
urinary screening programme: from micromolecules to 
macromolecules. J Inherit Metab Dis 2007;30:515-21.

38.	 Guthrie R, Susi A. A simple phenylalanine method 
for detecting phenylketonuria in large populations of 
newborn infants. Pediatrics 1963;32:338-43.

39.	 Kure S, Hou DC, Ohura T, Iwamoto H, Suzuki S, 
Sugiyama N, et al. Tetrahydrobiopterin-responsive 
phenylalanine hydroxylase deficiency. J Pediatr 
1999;135:375-8.

40.	 Blau N, Erlandsen H. The metabolic and molecular 
bases of tetrahydrobiopterin-responsive phenylalanine 
hydroxylase deficiency. Mol Genet Metab 2004;82: 
101-11.

41.	 Kempers MJ, Lanting CI, van Heijst AF, van 
Trotsenburg AS, Wiedijk BM, de Vijlder JJ, et al. 
Neonatal screening for congenital hypothyroidism 
based on thyroxine, thyrotropin, and thyroxine-binding 
globulin measurement: potentials and pitfalls. J Clin 
Endocr Metab 2006;91:3370-6.

42.	 American Academy of Pediatrics, Rose SR; Section 
on Endocrinology and Committee on Genetics 
American Thyroid Association, Brown RS; Public 
Health Committee Lawson Wilkins Pediatric Endocrine 
Society, Foley T, et al. Update of newborn screening 
and therapy for congenital hypothyroidism. Pediatrics 
2006;117:2290-303.

43.	 Kugelman A, Riskin A, Bader D, Koren I. Pitfalls in 
screening programs for congenital hypothyroidism in 
premature newborns. Am J Perinatol 2009;26:383-5.

44.	 Gruñeiro-Papendieck L, Chiesa A, Mendez V, Santilli 
A, Prieto L. Efficacy of congenital hypothyroidism 
neonatal screening in preterms less than 32 weeks of 
gestational age: more evidence. J Pediatr Endocrinol 
Metab 2005;18:373-7.

45.	 l’Allemand D, Gruters A, Beyer P, Weber B. Iodine 

Newborn Screening



66  I  Clin Biochem Rev Vol 31 May 2010

in contrast agents and skin disinfectants is the major 
cause for hypothyroidism in premature infants during 
intensive care. Horm Res 1987;28:42-9.

46.	 Delange F. Screening for congenital hypothyroidism 
used as an indicator of the degree of iodine deficiency 
and of its control. Thyroid 1998;8:1185-92.

47.	 Travers CA, Guttikonda K, Norton CA, Lewis PR, 
Mollart LJ, Wiley V, et al. Iodine status in pregnant 
women and their newborns: are our babies at risk of 
iodine deficiency? Med J Aust 2006;184:617-20.

48.	 Diepenbrock F, Heckler R, Schickling H, Engelhard 
T, Bock D, Sander J. Colorimetric determination of 
galactose and galactose-1-phosphate from dried blood. 
Clin Biochem 1992;25:37-9.

49.	 Misuma H, Wada H, Kawakami M, Ninomiya H, 
Shohmori T. Galactose and galactose-1-phosphate 
spot test for galactosemia screening. Clin Chim Acta 
1981;111:27-32.

50.	 Bowling FG, Brown AR. Development of a protocol 
for newborn screening for disorders of the galactose 
metabolic pathway. J Inherit Metab Dis 1986;9:99-104.

51.	 Ficicioglu C, Thomas N, Yager C, Gallagher PR, 
Hussa C, Mattie A, et al. Duarte (DG) galactosemia: 
a pilot study of biochemical and neurodevelopmental 
assessment in children detected by newborn screening. 
Mol Genet Metab 2008;95:206-12.

52.	 Fujimoto A, Okano Y, Miyagi T, Isshiki G, Oura T. 
Quantitative Beutler test for newborn mass screening 
of galactosemia using a fluorometric microplate reader. 
Clin Chem 2000;46:806-10.

53.	 Sokol RJ, McCabe ER, Kotzer AM, Langendoerfer 
SI. Pitfalls in diagnosing galactosemia: false negative 
newborn screening following red blood cell transfusion. 
J Pediatr Gastroenterol Nutr 1989;8:266-8.

54.	 Shah V, Friedman S, Moore AM, Platt BA, Feigenbaum 
AS. Selective screening for neonatal galactosemia: an 
alternative approach. Acta Paediatr 2001;90:948-9.

55.	 Schweitzer-Krantz S. Early diagnosis of inherited 
metabolic disorders towards improving outcome: the 
controversial issue of galactosaemia. Eur J Pediatr 
2003;162 (Suppl 1):S50-3.

56.	 Badawi N, Cahalane SF, McDonald M, Mulhair P, Begi 
B, O‘Donohue A, et al. Galactosaemia--a controversial 
disorder. Screening & outcome. Ireland 1972-1992. Ir 
Med J 1996;89:16-7.

57.	 Waggoner DD, Buist NR, Donnell GN. Long-term 
prognosis in galactosaemia: results of a survey of 350 
cases. J Inherit Metab Dis 1990;13:802-18.

58.	 Hammond KB, Abman SH, Sokol RJ, Accurso FJ. 
Efficacy of statewide neonatal screening for cystic 
fibrosis by assay of trypsinogen concentrations. N Engl 
J Med 1991;325:769-74.

59.	 Massie J, Clements B, Australian Paediatric Respiratory 
Group. Diagnosis of cystic fibrosis after newborn 
screening: the Australasian experience--twenty years 
and five million babies later: a consensus statement 
from the Australasian Paediatric Respiratory Group. 

Pediatr Pulmonol 2005;39:440-6.
60.	 Wilcken B, Wiley V, Sherry G, Bayliss U. Neonatal 

screening for cystic fibrosis: a comparison of two 
strategies for case detection in 1.2 million babies. J 
Pediatr 1995;127:965-70.

61.	 Castellani C, Southern KW, Brownlee K, Dankert 
Roelse J, Duff A, Farrell M, et al. European best practice 
guidelines for cystic fibrosis neonatal screening. J Cyst 
Fibros 2009;8:153-73.

62.	 Seltzer WK, Accurso F, Fall MZ, VanRiper AJ, Descartes 
M, Huang Y, et al. Screening for cystic fibrosis: 
feasibility of molecular genetic analysis of dried blood 
specimens. Biochem Med Metab Biol 1991;46:105-9.

63.	 Kloosterboer M, Hoffman G, Rock M, Gershan W, 
Laxova A, Li Z, et al. Clarification of laboratory and 
clinical variables that influence cystic fibrosis newborn 
screening with initial analysis of immunoreactive 
trypsinogen. Pediatrics 2009;123:e338-46.

64.	 Sarles J, Berthezene P, Le Louarn C, Somma C, Perini 
J-M, Catheline M, et al. Combining immunoreactive 
trypsinogen and pancreatitis-associated protein assays, 
a method of newborn screening for cystic fibrosis that 
avoids DNA analysis. J Pediatr 2005;147:302-5.

65.	 Parad RB, Comeau AM. Diagnostic dilemmas 
resulting from the immunoreactive trypsinogen/DNA 
cystic fibrosis newborn screening algorithm. J Pediatr 
2005;147 (Suppl):S78-82.

66.	 Kerem E, Corey M, Kerem BS, Rommens J, 
Markiewicz D, Levison H, et al. The relation between 
genotype and phenotype in cystic fibrosis--analysis of 
the most common mutation (delta F508). N Engl J Med 
1990;323:1517-22.

67.	 Scheffer H, Bruinvels DJ, te Meerman GJ, Verlind E, 
Penninga D, Dankert J, et al. Frequency of the delta 
F508 mutation and XV2c,KM19 haplotypes in cystic 
fibrosis families from The Netherlands: haplotypes 
without delta F508 still in disequilibrium. Hum Genet 
1990;85:425-7.

68.	 Comeau AM, Parad RB, Dorkin HL, Dovey M, Gerstle 
R, Haver K, et al. Population-based newborn screening 
for genetic disorders when multiple mutation DNA 
testing is incorporated: a cystic fibrosis newborn 
screening model demonstrating increased sensitivity but 
more carrier detections. Pediatrics 2004;113:1573-81.

69.	 Millington DS, Norwood DL, Kodo N, Roe CR, Inoue 
F. Application of fast atom bombardment with tandem 
mass spectrometry and liquid chromatography/mass 
spectrometry to the analysis of acylcarnitines in human 
urine, blood, and tissue. Anal Biochem 1989;180:331-9.

70.	 Rashed MS, Bucknall MP, Little D, Awad A, Jacob M, 
Alamoudi M, et al. Screening blood spots for inborn 
errors of metabolism by electrospray tandem mass 
spectrometry with a microplate batch process and a 
computer algorithm for automated flagging of abnormal 
profiles. Clin Chem 1997;43:1129-41.

71.	 Khalid JM, Oerton J, Cortina-Borja M, Andresen 
BS, Besley G, Dalton RN, et al. Ethnicity of children 

Pitt JJ



Clin Biochem Rev Vol 31 May 2010  I  67

with homozygous c.985A>G medium-chain acyl-CoA 
dehydrogenase deficiency: findings from screening 
approximately 1.1 million newborn infants. J Med 
Screen 2008;15:112-7.

72.	 Tan ES, Wiley V, Carpenter K, Wilcken B. Non-ketotic 
hyperglycinemia is usually not detectable by tandem 
mass spectrometry newborn screening. Mol Genet 
Metab 2007;90:446-8.

73.	 Lindner M, Ho S, Kolker S, Abdoh G, Hoffmann GF, 
Burgard P. Newborn screening for methylmalonic 
acidurias--optimization by statistical parameter 
combination. J Inherit Metab Dis 2008;31:379-85.

74.	 Magera MJ, Gunawardena ND, Hahn SH, Tortorelli 
S, Mitchell GA, Goodman SI, et al. Quantitative 
determination of succinylacetone in dried blood spots 
for newborn screening of tyrosinemia type I. Mol Genet 
Metab 2006;88:16-21.

75.	 Haberle J, Pauli S, Schmidt E, Schulze-Eilfing B, 
Berning C, Koch HG. Mild citrullinemia in Caucasians 
is an allelic variant of argininosuccinate synthetase 
deficiency (citrullinemia type 1). Mol Genet Metab 
2003;80:302-6.

76.	 Waisbren SE, Levy HL, Noble M, Matern D, Gregersen 
N, Pasley K, et al. Short-chain acyl-CoA dehydrogenase 
(SCAD) deficiency: an examination of the medical 
and neurodevelopmental characteristics of 14 cases 
identified through newborn screening or clinical 
symptoms. Mol Gen Metab 2008;95:39-45.

77.	 Dantas MF, Suormala T, Randolph A, Coelho D, Fowler 
B, Valle D, et al. 3-Methylcrotonyl-CoA carboxylase 
deficiency: mutation analysis in 28 probands, 9 
symptomatic and 19 detected by newborn screening. 
Hum Mutat 2005;26:164.

78.	 Stadler SC, Polanetz R, Maier EM, Heidenreich SC, 
Niederer B, Mayerhofer PU, et al. Newborn screening 
for 3-methylcrotonyl-CoA carboxylase deficiency: 
population heterogeneity of MCCA and MCCB 
mutations and impact on risk assessment. Hum Mutat 
2006;27:748-59.

79.	 Koeberl DD, Millington DS, Smith WE, Weavil 
SD, Muenzer J, McCandless SE, et al. Evaluation of 
3-methylcrotonyl-CoA carboxylase deficiency detected 
by tandem mass spectrometry newborn screening. J 
Inherit Metab Dis 2003;26:25-35.

80.	 Campbell CD, Ganesh J, Ficicioglu C. Two newborns 
with nutritional vitamin B12 deficiency: challenges 
in newborn screening for vitamin B12 deficiency. 
Haematologica 2005;90 (Suppl):ECR45.

81.	 Sander J, Janzen N, Peter M, Sander S, Steuerwald U, 
Holtkamp U, et al. Newborn screening for hepatorenal 
tyrosinemia: Tandem mass spectrometric quantification 
of succinylacetone. Clin Chem 2006;52:482-7.

82.	 Oglesbee D, Sanders KA, Lacey JM, Magera MJ, 
Casetta B, Strauss KA, et al. Second-tier test for 
quantification of alloisoleucine and branched-chain 
amino acids in dried blood spots to improve newborn 
screening for maple syrup urine disease (MSUD). Clin 

Chem 2008;54:542-9.
83.	 Matern D, Tortorelli S, Oglesbee D, Gavrilov D, Rinaldo 

P. Reduction of the false-positive rate in newborn 
screening by implementation of MS/MS-based second-
tier tests: the Mayo Clinic experience (2004-2007). J 
Inherit Metab Dis 2007;30:585-92.

84.	 Gleeson HK, Wiley V, Wilcken B, Elliott E, Cowell 
C, Thonsett M, et al. Two-year pilot study of newborn 
screening for congenital adrenal hyperplasia in New 
South Wales compared with nationwide case surveillance 
in Australia. J Paediatr Child Health 2008;44:554-9.

85.	 Peter M, Janzen N, Sander S, Korsch E, Riepe FG, 
Sander J. A case of 11beta-hydroxylase deficiency 
detected in a newborn screening program by second-tier 
LC-MS/MS. Horm Res 2008;69:253-6.

86.	 New MI, Lorenzen F, Lerner AJ, Kohn B, Oberfield SE, 
Pollack MS, et al. Genotyping steroid 21-hydroxylase 
deficiency: hormonal reference data. J Clin Endocrinol 
Metab 1983;57:320-6.

87.	 Fingerhut R. False positive rate in newborn screening 
for congenital adrenal hyperplasia (CAH)-ether 
extraction reveals two distinct reasons for elevated 
17alpha-hydroxyprogesterone (17-OHP) values. 
Steroids 2009;74:662-5.

88.	 Janzen N, Peter M, Sander S, Steuerwald U, Terhardt M, 
Holtkamp U, et al. Newborn screening for congenital 
adrenal hyperplasia: additional steroid profile using 
liquid chromatography-tandem mass spectrometry. J 
Clin Endocrinol Metab 2007;92:2581-9.

89.	 Schwarz E, Liu A, Randall H, Haslip C, Keune F, Murray 
M, et al. Use of steroid profiling by UPLC-MS/MS as 
a second tier test in newborn screening for congenital 
adrenal hyperplasia: the Utah experience. Pediatr Res 
2009;66:230-5.

90.	 Lacey JM, Minutti CZ, Magera MJ, Tauscher AL, 
Casetta B, McCann M, et al. Improved specificity of 
newborn screening for congenital adrenal hyperplasia 
by second-tier steroid profiling using tandem mass 
spectrometry. Clin Chem 2004;50:621-5.

91.	 Giordano PC. Starting neonatal screening for 
haemoglobinopathies in The Netherlands. J Clin Pathol 
2009;62:18-21.

92.	 Michlitsch J, Azimi M, Hoppe C, Walters MC, 
Lubin B, Lorey F, et al. Newborn screening for 
hemoglobinopathies in California. Pediatr Blood Cancer 
2009;52:486-90.

93.	 Streetly A, Clarke M, Downing M, Farrar L, Foo Y, 
Hall K, et al. Implementation of the newborn screening 
programme for sickle cell disease in England: results for 
2003-2005. J Med Screen 2008;15:9-13.

94.	 Fok TF, Lau SP, Fung KP. Cord blood G-6-PD activity 
by quantitative enzyme assay and fluorescent spot test 
in Chinese neonates. Aust Paediatr J 1985;21:23-5.

95.	 Kaplan M, Hammerman C. The need for neonatal 
glucose-6-phosphate dehydrogenase screening: a global 
perspective. J Perinat 2009;29 (Suppl 1):S46-52.

96.	 Gonzalez EC, Marrero N, Frometa A, Herrera D, Castells 

Newborn Screening



68  I  Clin Biochem Rev Vol 31 May 2010

E, Perez PL. Qualitative colorimetric ultramicroassay 
for the detection of biotinidase deficiency in newborns. 
Clin Chim Acta 2006;369:35-9.

97.	 Moslinger D, Stockler-Ipsiroglu S, Scheibenreiter 
S, Tiefenthaler M, Muhl A, Seidl R, et al. Clinical 
and neuropsychological outcome in 33 patients with 
biotinidase deficiency ascertained by nationwide 
newborn screening and family studies in Austria. Eur J 
Pediatr 2001;160:277-82.

98.	 Weber P, Scholl S, Baumgartner ER. Outcome 
in patients with profound biotinidase deficiency: 
relevance of newborn screening. Dev Med Child Neurol 
2004;46:481-4.

99.	 Puck JM. Neonatal screening for severe combined 
immune deficiency. Curr Opin Allergy Clin Immunol 
2007;7:522-7.

100.	 Barclay L. Severe combined immunodeficiency added to 
newborn screening panel. Medscape Today 2010. http:/
www.medscape.com/viewarticle/716046 (Accessed 26 
March 2010).

101.	 Barbi M, Binda S, Caroppo S, Primache V. Neonatal 
screening for congenital cytomegalovirus infection and 
hearing loss. J Clin Virol 2006;35:206-9.

102.	 de Vries JJ, Claas EC, Kroes AC, Vossen AC. Evaluation 
of DNA extraction methods for dried blood spots in the 
diagnosis of congenital cytomegalovirus infection. J 
Clin Virol 2009;46 (Suppl 4):S37-42.

103.	 Couzin-Frankel J. Newborn blood collections. Science 
gold mine, ethical minefield. Science 2009;324:166-8.

104.	 Grody WW, Howell RR. The fate of newborn screening 
spots. Pediatr Res 2010;67:237.

105.	 Loo TW, Clarke DM. Chemical and pharmacological 
chaperones as new therapeutic agents. Expert Rev Mol 
Med 2007;9:1-18.

106.	 Rowe SM, Clancy JP. Pharmaceuticals targeting 
nonsense mutations in genetic diseases: progress in 
development. Biodrugs 2009;23:165-74.

107.	 Welch EM, Barton ER, Zhuo J, Tomizawa Y, Friesen 
WJ, Trifillis P, et al. PTC124 targets genetic disorders 
caused by nonsense mutations. Nature 2007;447:87-91.

108.	 Gelb MH, Turecek F, Scott CR, Chamoles NA. Direct 
multiplex assay of enzymes in dried blood spots by 
tandem mass spectrometry for the newborn screening 

of lysosomal storage disorders. J Inherit Metab Dis 
2006;29:397-404.

109.	 Matern D. Newborn screening for lysosomal storage 
disorders. Acta Paediatr Suppl 2008;97:33-7.

110.	 Meikle PJ, Grasby DJ, Dean CJ, Lang DL, Bockmann 
M, Whittle AM, et al. Newborn screening for lysosomal 
storage disorders. Mol Genet Metab 2006;88:307-14.

111.	 Drousiotou A, Ioannou P, Georgiou T, Mavrikiou 
E, Christopoulos G, Kyriakides T, et al. Neonatal 
screening for Duchenne muscular dystrophy: a novel 
semiquantitative application of the bioluminescence 
test for creatine kinase in a pilot national program in 
Cyprus. Genet Test 1998;2:55-60.

112.	 deWilde A, Sadilkova K, Sadilek M, Vasta V, Hahn 
SH. Tryptic peptide analysis of ceruloplasmin in dried 
blood spots using liquid chromatography-tandem mass 
spectrometry: application to newborn screening. Clin 
Chem 2008;54:1961-8.

113.	 Kroll CA, Ferber MJ, Dawson BD, Jacobson RM, 
Mensink KA, Lorey F, et al. Retrospective determination 
of ceruloplasmin in newborn screening blood spots 
of patients with Wilson disease. Mol Genet Metab 
2006;89:134-8.

114.	 Skogstrand K, Thorsen P, Norgaard-Pedersen 
B, Schendel DE, Sorensen LC, Hougaard DM. 
Simultaneous measurement of 25 inflammatory markers 
and neurotrophins in neonatal dried blood spots by 
immunoassay with xMAP technology. Clin Chem 
2005;51:1854-66.

115.	 Green NS, Pass KA. Neonatal screening by DNA 
microarray: spots and chips. Nat Rev Genet 2005;6: 
147-51.

116.	 Hollegaard MV, Grove J, Thorsen P, Norgaard-Pedersen 
B, Hougaard DM. High-throughput genotyping on 
archived dried blood spot samples. Genet Test Mol 
Biomarkers 2009;13:173-9.

117.	 Hardin J, Finnell RH, Wong D, Hogan ME, Horovitz J, 
Shu J, et al. Whole genome microarray analysis, from 
neonatal blood cards. BMC Genet 2009;10:38.

118.	 Henderson M. Genetic mapping of babies by 2019 will 
transform preventive medicine. The Times, 9 February 
2009. http://www.timesonline.co.uk/tol/news/science/
article5689052.ece (Accessed 6 April 2010).

Pitt JJ


