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Abstract

Clinical effectiveness and cost-effectiveness of neonatal
screening for inborn errors of metabolism using tandem
mass spectrometry: a systematic review

A Pandor,'” ] Eastham,? C Beverley,' | Chilcott' and S Paisley’

' The School of Health and Related Research (ScHARR), The University of Sheffield, UK

2 Nuffield Institute for Health, University of Leeds, UK
* Corresponding author

Objectives: To evaluate the clinical and cost-
effectiveness of tandem mass spectrometry (MS)-based
neonatal screening for inborn errors of metabolism
(IEM).

Data sources: Fourteen electronic bibliographic
databases covering biomedical, science, economic and
grey literature, the reference lists of relevant articles
and abstracts of conference proceedings and |18 health
services research-related resources.

Review methods: This review is an update of two
previous HTA reports of neonatal screening for IEM.
These reports have been updated by a systematic
review of published research (between 1995 and
January 2002) on neonatal screening of inherited
metabolic disorders using tandem MS. This was
supplemented by a search for economic literature and
the application of a modelling exercise to investigate
the economics of using tandem MS within a neonatal
screening programme in the UK.

Results: Evidence from the reviews of IEM found that
the UK screening programme for phenylketonuria
(PKU) was well established and there was universal
agreement that neonatal screening for PKU was
justified. Of the many other disorders that can be
detected by tandem MS, the best candidate condition
for a new screening programme was medium-chain
acyl-coenzyme A dehydrogenase (MCAD) deficiency.
For many other IEM that can be detected by tandem
MS, robust clinical evidence was limited. Cost-
effectiveness analysis using economic modelling
indicated that substituting the use of tandem MS for

© Queen’s Printer and Controller of HMSO 2004. All rights reserved.

existing technologies for the screening of PKU alone
could not be justified. However, results from the
economic modelling indicate that the addition of
screening for MCAD deficiency as part of a neonatal
screening programme for PKU using tandem MS would
be economically attractive. Using an operational range
of 50,000-60,000 specimens per system per year, the
mean incremental cost for PKU and MCAD deficiency
screening combined using tandem MS from the model
was —£23,312 for each cohort of 100,000 neonates
screened. This cost saving is associated with a mean
incremental gain of 59 life-years. Additional economic
modelling using the available evidence does not support
including other inherited metabolic diseases within a
neonatal screening programme at present.
Conclusions: The evidence appears to support the
introduction of tandem MS into a UK neonatal
screening programme for PKU and MCAD deficiency
combined. Tandem MS has the potential for
simultaneous multi-disease screening using a single
analytical technique. Although the marginal cost of
extending the programme to include other conditions
may be relatively small, the application of this new
technology to PKU and MCAD deficiency screening
does not imply the wholesale inclusion of all disorders
detectable by tandem MS. It is suggested that the
primary focus of further research should be on the
long-term effectiveness of treatment strategies on
adverse outcomes (disabilities and impairments) under
conventional management and the potential impact of
early diagnosis using tandem MS.
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Executive summary

Background

Inborn errors of metabolism are a rare group of
genetic disorders that can have serious clinical
consequences for an affected neonate or young
infant. If undiagnosed and untreated, these
disorders can cause irreversible mental retardation
(ranging from mild to severe), physical disability,
neurological damage and even fatality. Early
detection (soon after birth) and an accurate
diagnosis are very important for achieving a rapid
and favourable patient outcome. Although the
incidence of each specific metabolic disorder is
rare, their collective importance is deemed to be
of considerable public health significance.

Tandem mass spectrometry (MS) is seen as an
important new technology for neonatal screening
of inborn errors of metabolism. It has been
demonstrated to be suitable for the reliable
detection of phenylketonuria (PKU) and some
other inborn errors of metabolism. This
technology has the potential to screen for a range
of metabolic disorders simultaneously.

The NHS R&D HTA programme commissioned
two reviews of neonatal screening for inherited
metabolic disorders (published in 1997). These
reviews recommended further studies on the
application of tandem MS to neonatal screening of
inborn errors of metabolism. Both reviews were
favourable to some introduction of screening for
selected disorders, but with varying caveats. It was
agreed that there should be no widespread
introduction of the technology pending further
evaluation, and the Child Health Subgroup of the
National Screening Committee supported this
position. Since the publication of these reports, no
primary research has been undertaken in the UK.
Recently, the HTA Diagnostic Technologies and
Screening Panel felt that the technology was
diffusing and that they needed answers more
rapidly than would be obtained from proposed
research. It was thought that a systematic review
(to build on the two previous HTA reports) with
economic modelling would be useful to bring the
evidence base up to date and to identify the most
urgent research needs.

© Queen’s Printer and Controller of HMSO 2004. All rights reserved.

Objectives

The aim of this review was to evaluate the clinical
and cost-effectiveness of tandem MS-based neonatal
screening for inborn errors of metabolism.

Methods

This review is an update of two previous HTA
reports of neonatal screening for inborn errors of
metabolism. These reports have been updated by
a systematic review of recently published research
(limited to studies published after 1995: the cut-
off date in previous reviews) on neonatal screening
of inherited metabolic diseases using tandem MS.
This was supplemented by a search for economic
literature and the application of a modelling
exercise (based on the available evidence) to
investigate the economics of using tandem MS
within a neonatal screening programme in the UK.

Search strategy

New search strategies were developed based on
scoping searches and strategies reported in the two
previous systematic reviews. Fourteen electronic
bibliographic databases covering biomedical,
science, economic and grey literature were
searched. The reference lists of relevant articles
and abstracts of conference proceedings were
checked. Eighteen health services research-related
resources were also consulted via the Internet.

Inclusion and exclusion criteria

The titles, and abstracts where available, of all the
articles identified by the literature searches were
downloaded into a database. Any duplicates were
removed. One reviewer assessed all citations and
abstracts for relevance. Final decisions regarding
the inclusion and exclusion criteria were based on
full paper copies of manuscripts. Any uncertainties
were resolved by discussion with another reviewer
and/or clinical advisers.

Data extraction and quality
assessment

All selected papers were read and critically
appraised by a single reviewer, who extracted
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relevant information from the included studies
directly into an evidence table. Any uncertainties
were resolved by discussion with another reviewer
and/or clinical advisers. The overall strength and
quality of evidence included in the review were
graded according to the levels of evidence as
defined in the previous systematic reviews of

neonatal screening for inborn errors of metabolism.

Data synthesis

For the assessment of the clinical and cost-
effectiveness evidence, formal meta-analysis
techniques were not used because of the concerns
over heterogeneity and poor study quality
expressed in the previous systematic reviews.
Instead, summary results were tabulated with
detailed descriptive qualitative analyses.

Evaluation of the relative cost-effectiveness of
adopting tandem MS for neonatal screening was
undertaken using a probabilistic economic model.
Data for the construction of the economic model
were derived from previous HTA reports, other
published sources and updated information on
costs. A probabilistic approach was used to
characterise the uncertainty within the model
parameters. The model adopted an incremental
net benefit approach. A value of information
analysis was also undertaken to establish which
elements of parameter uncertainty had the largest
impact on model results.

Results

Number and quality of clinical
effectiveness data

Fifteen studies were identified that evaluated the
clinical effectiveness of neonatal screening for
inborn errors of metabolism using tandem MS
(including two abstracts and one paper that
reported the same study but provided additional
information or results on tandem MS-based
newborn screening from different periods). Seven
studies evaluated neonatal screening of amino
acids and acylcarnitines using tandem MS. Four
used a prospective cohort design with study
durations from 2 to 3 years. Three studies did not
report the study design. Of these seven studies,
three were reported as abstracts and provided
limited information. Four studies assessed
newborn screening for medium-chain acyl-
coenzyme A dehydrogenase (MCAD) deficiency
using tandem MS. Three of these studies used a
prospective cohort design with study durations
from approximately 2 to 7 years, whereas a study
from the UK, of approximately 3 years, used a

retrospective cohort design. Two retrospective,
analytical studies were also identified.

Assessment of clinical effectiveness
Evidence for neonatal screening of amino acids
and acylcarnitines using tandem MS was primarily
from observational data of large-scale prospective
newborn screening programmes, from several
centres outside the UK, namely, Australia,
Germany and the USA. In general, newborn
screening of dried blood spots for the amino acid
and acylcarnitine group of disorders using tandem
MS was shown to be rapid, highly sensitive
(90-100%) and highly specific (99-100%).
However, there was a lack of evidence regarding
the false negatives and false positives for
individual diagnosable disorders. The variation in
the age of sampling and the heterogeneity in the
choice of metabolite, as well as in thresholds used
to define a positive result, limited direct
comparison of the discriminative power of tandem
MS between studies.

Evidence from several large-scale prospective
newborn screening programmes in Australia,
Germany and the USA, and retrospective data
from the UK have, in general, illustrated high
sensitivities and high specificities of neonatal
screening for MCAD deficiency using tandem MS.
However, direct comparison about diagnostic
performance and outcome of tandem MS between
studies was limited owing to use of various
analytes and thresholds for detecting disease status
and different criteria for the diagnosis of MCAD
deficiency.

In most of the large-scale prospective screening
studies conducted outside the UK, sampling for
selected amino acids and acylcarnitines is usually
performed within 72 hours after birth, whereas in
the UK, blood samples are usually taken at about
6-14 days of age. The age at which screening is
undertaken will affect the sensitivity and specificity
of the screening process as concentrations of
metabolites change over time, and this time-lapse
may be detrimental for conditions that present
acutely in infancy. Therefore, the evidence
obtained in this review suggests that the collection
of newborn blood-spots in the UK slightly earlier
than the current 6-14 days may facilitate earlier
detection and initiation of effective therapies.
However, the earlier collection and reporting of
results may influence test performance for other
conditions and would underline the need for a
good infrastructure for clinical follow-up,
management and high-quality clinical services for
identified cases and their families.
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Evidence from the reviews of inborn errors of
metabolism found that the UK screening
programme for PKU was well established and
there was universal agreement that neonatal
screening for PKU was justified. The average UK
incidence of PKU (classical and atypical combined)
is 11.0 cases per 100,000 live births. Early dietary
interventions, including dietary treatment before
or during pregnancy, are effective in reducing the
severity of developmental delay, and neonatal
screening using tandem MS is suitable for the
reliable detection of PKU.

Of the many other disorders that can be detected
by tandem MS, the best candidate condition for a
new screening programme was MCAD deficiency, a
disorder of fatty acid metabolism (expected UK
birth prevalence/incidence ranges from 4.0 to 9.9
cases per 100,000 live births). The disorder is
associated with increased morbidity and mortality.
Treatment for MCAD deficiency is relatively simple
with dietary management, thus preventing possible
early death and neurological disability. After (early)
diagnosis, current management makes death rare
and improves outcome. Neonatal screening data
from tandem MS-based studies show that this
method is robust, highly sensitive and specific for
MCAD deficiency. Without screening, an unknown
number may remain asymptomatic and may never
experience any ill effects.

For many other inborn errors of metabolism that
can be detected by tandem MS, robust clinical
evidence was limited (e.g. natural history of
disease, UK incidence, and uncertainties regarding
the effectiveness of treatments, and sensitivity and
specificity of detection using tandem MS).

Number and quality of cost-
effectiveness data

Since the two previous HTA reports, no published
studies on the cost-effectiveness of screening for
inborn errors of metabolism using tandem MS
were identified.

Cost-effectiveness analysis using
economic modelling

Cost-effectiveness analysis using economic
modelling indicated that substituting the use of
tandem MS for existing technologies for the
screening of PKU alone could not be justified.
Using tandem MS would incur additional costs with
no measurable increase in health benefits. However,
results from the economic modelling indicate that
the addition of screening for MCAD deficiency as
part of a neonatal screening programme for PKU
using tandem MS would be cost-effective. Using an
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operational range of 50,000-60,000 specimens per
system per year, the mean incremental cost for PKU
and MCAD deficiency screening combined using
tandem MS from the model was —£23,312 (median
—£14,810). This cost saving is associated with a
mean incremental gain of 59 life-years for each
cohort of 100,000 neonates screened.

Additional economic modelling for other
conditions using probabilistic methods was
undertaken, but the results are based on limited
data; in particular, robust evidence on long-term
outcomes, especially systematic differences in
outcomes that could be attributed to screening.
The evidence therefore does not support including
other inherited metabolic diseases within a
neonatal screening programme at present.

Conclusions

This systematic review evaluated the clinical and
cost-effectiveness of neonatal screening for inborn
errors of metabolism using tandem MS. The
evidence appears to support the introduction of
tandem MS into a UK neonatal screening
programme for PKU and MCAD deficiency
combined.

New technological approaches for automated
processing coupled with the use of computer-
assisted software would allow the analysis of
hundreds of samples on a daily basis and minimise
labour costs. Tandem MS has the potential for
simultaneous multidisease screening using a single
analytical technique. However, it is difficult to
draw firm conclusions on extending the UK
neonatal screening programme to all disorders
detectable by tandem MS. Although the marginal
cost of extending the programme to include other
conditions may be relatively small, the application
of this new technology to PKU and MCAD
deficiency screening does not imply the wholesale
inclusion of all disorders detectable by tandem
MS. Robust evidence on the underlying incidence
and outcomes for many of the disorders was
lacking, particularly differences in long-term
outcomes that could be attributed to therapies
initiated as a consequence of presymptomatic
detection using tandem MS.

Recommendations for research

e The economic evidence concerning the use of
tandem MS for PKU and MCAD deficiency

combined is very favourable. The key xiii
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Executive summary

assumptions underlying this analysis that may
constitute areas for further research are: the
future disability costs associated with
symptomatic cases, and the underlying
population incidence of the condition in
England and Wales. However, the value of
information analysis undertaken as part of the
economic modelling of cost-effectiveness
suggests that the overall value of obtaining this
additional data is not high.

More evidence is needed to establish the
sensitivity and specificity of neonatal screening
using tandem MS for other individual inborn

errors of metabolism in the UK and to
determine the underlying incidence of these
conditions.

Further research is needed to ascertain the
natural history of some conditions and the
potential economic impact of screening for
other metabolic disorders. It is suggested that
the primary focus of this research could be on
the long-term effectiveness of treatment
strategies on adverse outcomes (disabilities and
impairments) under conventional management
and the potential impact of early diagnosis
using tandem MS.
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Chapter |

Aims of the review

nborn errors of metabolism are a group of rare ¢ to update two existing systematic reviews of
Igenetic disorders. In general, an inborn error of neonatal screening within the scope of the
metabolism “is caused by a lack of a functional current review'?
enzyme, transmembrane transporter, or similar e to assess the viability, efficacy of test and
protein, which then results in blockage of the appropriateness of screening for individual
corresponding metabolic pathway”.! disorders detectable by tandem MS screening

¢ to evaluate the effectiveness and cost-

The overall aim of this review is to evaluate the effectiveness of a screening programme using
clinical and cost-effectiveness of tandem mass tandem MS
spectrometry (MS)-based neonatal screening for ¢ to identify specific research needs.

inborn errors of metabolism. More specifically the
review aims:
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Chapter 2

Background

Background to this report

Inborn errors of metabolism are a rare group of
genetic disorders that can produce serious clinical
consequences for an affected neonate or young
infant. If undiagnosed and untreated, these
disorders can cause irreversible mental retardation
(ranging from mild to severe), physical disability,
neurological damage and even fatality. Early
detection (soon after birth) and an accurate
diagnosis are very important for achieving a rapid
and favourable patient outcome. Although the
incidence of each specific metabolic disorder is
rare, their collective importance is deemed to be
of considerable public health significance.?

Tandem mass spectrometry (often abbreviated as
tandem MS or MS/MS) is seen as an important
new technology for neonatal screening for inborn
errors of metabolism. It has been demonstrated to
be suitable for the reliable detection of
phenylketonuria (PKU) and some other inborn
errors of metabolism. This technology has the
potential to screen for a range of metabolic
disorders simultaneously. However, the
introduction of new technologies for neonatal
screening must be determined by the evidence on
the need for screening each disorder (or group of
related disorders) and the need for the new
technology in existing screening programmes.

In the UK, the National Screening Committee (NSC)
criteria for appraising the viability, effectiveness
and appropriateness of a screening programme
are based on “the classic criteria first promulgated
in a WHO Report in 1966 but take into account
both the more rigorous standards of evidence
required to improve effectiveness and the greater
concern about the adverse effects of healthcare”.”
These appraisal criteria focus on four main areas:
the condition, the test, the treatment and the
screening programme, and are aimed at assisting
the NSC to make better evidence-based decisions.

The NHS R&D HTA programme commissioned
two reviews of neonatal screening for inherited
metabolic disorders (published in 1997).!? These
reports recommended further studies on the
application of tandem MS to neonatal screening of
inborn errors of metabolism. It was agreed that

© Queen’s Printer and Controller of HMSO 2004. All rights reserved.

there should be no widespread introduction of the
technology pending further evaluation, and the
Child Health Subgroup of the NSC supported this
position. Both previous reports were favourable to
some introduction of screening for selected
conditions, but with caveats.

Pollitt and colleagues:'

“There appears to be a strong case for introducing
tandem MS based screening. Screening should be
limited to clearly defined diseases ... Given the
technical complexity of the method, the large number
of diseases covered, and limited experience of
applying tandem MS based screening to UK
populations, a 3-year pilot study is proposed ...”

Seymour and colleagues:*

“Screening for MCAD deficiency should be seriously
considered for inclusion in newborn screening
programmes. Similarly a case can be made for the
introduction of screening for GAL ... Such screening
is dependent on the introduction of tandem MS
technology ... Tandem MS could simultaneously
detect other selected disorders.”

Various newborn-screening programmes in
Australia (New South Wales Newborn

Screening Program)*® and the USA
(Massachusetts Newborn Screening Program,® New
England Newborn Screening Program,’ North
Carolina Newborn Screening Program,® Wisconsin
Newborn Screening Program)? have introduced
tandem MS technology for the detection of
various amino acid and acylcarnitine disorders.

A recent report from the Centers for Disease
Control and Prevention, USA, “Using tandem
mass spectrometry for metabolic disease screening
among newborns”, has also been published.’
However, this focused largely on the logistical
matters involved in implementing the technology,
rather than on the policy questions of what it
should be used for. This report covers a range of
issues, including good laboratory practice and
quality assurance, but it did identify some key
areas of uncertainty:

e which conditions should be included in a
screening programme
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e uncertainties over the success of treatment for
some conditions

e difficulties in cut-offs on conditions with varying
degrees of severity, and lack of data on the
natural history of milder variants.

There was also an agreement within the report
that “long-term studies are needed to evaluate
whether outcomes are improved as a result of

MS/MS screening and early diagnosis”.6

Since the publication of the two previous HTA
reports and the introduction of tandem MS-based
technology in various newborn-screening
programmes internationally, no primary research
has been undertaken in the UK. Recently, the
HTA Diagnostic Technologies and Screening Panel
felt that the technology was diffusing and that they
needed answers more rapidly than would be
obtained from proposed research. In the short
term, it was suggested that the HTA commission a
systematic review (building on the two previous
HTA reviews and bringing them up to date) with
economic modelling. This report systematically
reviews the evidence of clinical effectiveness and
cost-effectiveness (with economic modelling) of
neonatal screening for inborn errors of
metabolism using tandem MS.

Description of new intervention:
tandem MS

Mass spectrometry is an analytical technique that
is used to identify unknown compounds, quantify
known materials, and elucidate the structural and
physical properties of ions. A mass spectrometer is
a device that separates and quantifies ions based
on their mass-to-charge ratios. Mass spectrometers
measure weight (i.e. mass) electronically and
display results in the form of a mass spectrum. A
mass spectrum is a graph that shows each specific
molecule by weight and how much of each
molecule is present.

Tandem MS is based on the use of two mass
spectrometers connected in series by a chamber
(known as a collision cell), which breaks down
molecules into their constituent pieces. A sample
is sorted and weighed in the first mass
spectrometer, and fragmented within the collision
cell, then the pieces are further sorted and
weighed in the second mass spectrometer. The
amount of sample required is minute (tandem MS
instruments are very sensitive in that compounds
in fractions of nanomoles can be separated and
identified) and the entire procedure, from

ionisation and sample injection to data acquisition
by computer, is very rapid.

Different types of mass spectrometer are available.
One distinguishing feature of a tandem MS system
is the way in which the compound is placed into
the tandem MS [e.g. fast atom bombardment,
liquid secondary ion or electrospray ionisation
(ESD)]. The preferred type of sample introduction
is by electrospray ionisation, as this allows a
continuous flow approach. Therefore, a single
tandem MS instrument can process a large volume
of specimens, through the use of an automated
sampler. Additional improvements to the
technology during the 1990s have facilitated the
ease with which tandem MS can be applied.
Tandem MS instruments now include the use of
automated interpretation systems.

One of the perceived advantages of tandem MS
for neonatal screening is that the technology
allows for the simultaneous detection of a much
wider range of metabolic disorders than
conventional methods. Analysis for these
additional conditions can be undertaken using the
same blood-spot sample provided for an existing
screened disorder (such as PKU); no additional
specimen collection or sample preparation is
required.

At present, other neonatal test methods are not
available for detection of acylcarnitine disorders,
such as medium-chain acyl-coenzyme A (CoA)
dehydrogenase (MCAD) deficiency, and so tandem
MS would be required to detect these disorders
routinely as part of a dedicated screening
programme. Table 1 shows the different types of
metabolic disorder that can be detected from
blood-spot analysis using a tandem MS instrument.

A series of recommendations about important
technical and laboratory practices in relation to
tandem MS (sample preparation, instrumentation
calibration, quality assurance, etc.) has recently
been published by the Centers for Disease Control
and Prevention in the USA.°

Neonatal screening for inborn
errors of metabolism in the UK

The neonatal screening programme in the UK
currently screens for two biochemical disorders,
PKU and congenital hypothyroidism (CHT). A
national screening programme for PKU has
existed since 1969 and in 1981 screening for CHT
was added.
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TABLE | Metabolic disorders detectable in newborns using tandem MS?

Primary disease/screen Diseases detected

Amino acid scan Phenylketonuria (PKU)

Maple syrup urine disease (MSUD)

Argininosuccinic aciduria
Tyrosinaemia type |

Homocystinuria (by hypermethioninaemia)

5-Oxoprolinuria
Urea cycle scan
Citrullinaemia

Hyperornithinaemias

Acylcarnitine scan

Ornithine carbamoyltransferase and other urea cycle defects by secondary increase in glutamine

Medium-chain acyl-CoA dehydrogenase (MCAD) deficiency

Defects of long-chain fatty acid catabolism
Defects of branched-chain fatty acid acyl-CoA catabolism

Glutaric acidaemia type | (GAI)

Glutaric acidaemia type Il and related disorders

Propionic acidaemia

Methylmalonic acidaemia (but possibly not mildest forms)

Isovaleric acidaemia

Source: Pollitt et al.'
@ The list is not all-inclusive but serves only as a guideline.

PKU is caused by an enzyme deficiency leading to
defective hydroxylation of phenylalanine to
tyrosine in the liver. The result is an accumulation
of phenylalanine in the blood and tissues. Classical
PKU is the severe form of the disease resulting
from complete deficiency of the relevant enzyme.
If untreated this will lead to severe mental
disability associated with other neurological
abnormalities. Patients usually appear normal in
the first few months of life, but signs of delayed
development will be apparent by 6-12 months.
Early intervention prevents neurological damage,
as the condition is treatable using dietary therapy.

CHT is caused by defective functioning of the
thyroid gland from birth. Babies with this
condition are likely to present clinically at birth,
although the degree of severity of the condition
will vary. A severely affected infant will have
characteristic features, feeding difficulties,
constipation and generally sluggish behaviour.
However, this severe form is relatively rare and the
majority of cases may not be recognised clinically
during the neonatal period. If left untreated
growth will be retarded and there will be mild to
severe mental retardation.

Screening for PKU developed following successful
attempts to control the condition by diet and the
recognition that the best results of dietetic
treatment were obtained if treatment was started
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in infancy. The earliest tests used urine samples;
blood-based screening was then instigated by
Robert Guthrie, who developed a bacterial
inhibition assay for phenylalanine in dried blood
spots collected on a filter-paper card (Guthrie
card). In some areas of the UK Guthrie’s assay was
first used on urine dried on filter paper, but by
1969 it had become clear that a blood-based
Guthrie approach was superior and this type of
screening was adopted nationally. The test for
CHT measures thyroid-stimulating hormone.

The screening programme is based on a single
sample of capillary blood collected by heel prick
from all infants between 6 and 14 days of age. The
samples are collected by a midwife or health
visitor as either blood spots on a filter-paper card
(the most common method) or in a small
heparinised capillary tube. A single blood sample
is common to screening for both conditions. Small
discs for testing are punched out of the dried
blood spots at the screening laboratory and these
are used for the assays.

In the UK PKU and CHT are the only disorders
screened for universally. Evidence indicates that
the screening programme is very effective, with
few cases having been missed.'” Early detection
and treatment of individuals at risk of these
disorders can reduce or prevent serious
neurological and developmental damage.
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During 1999, the Office for National Statistics
estimated the number of all live births as 700,192
annually in the UK [distribution of live births:
England, 589,468; Wales, 32,111; Scotland
(includes birth to women normally resident
outside Scotland), 55,147 and Northern Ireland

(excludes births to women normally resident
outside Northern Ireland), 22,957].!! Seymour
and Colleagues2 reported that in total about 250
babies are born each year with an inborn error of
metabolism (including PKU) and consider this to
be of considerable public health significance.
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Chapter 3

Methods for reviewing evidence

Method overview

This review is essentially divided into two parts:

e systematic reviews of the clinical evidence
e a systematic review of the economic evidence
and an economic modelling exercise.

Systematic reviews of the clinical
evidence

The following systematic reviews were undertaken
to evaluate the evidence on the clinical
effectiveness of neonatal screening for inborn
errors of metabolism using tandem MS.

e First, a review of the clinical evidence examined
recently published research that assessed the
efficacy of tandem MS as a neonatal screening
technology for inborn errors of metabolism.

e Second, for a number of individual inborn
errors of metabolism detectable by tandem MS
technology, several systematic reviews of the
recently published literature (11 separate
systematic reviews covering 23 individual inborn
errors of metabolism) were undertaken to
establish the burden of inborn errors of
metabolism (natural history, population
incidence, prevalence, morbidity and mortality)
and the effectiveness of interventions for these
conditions (treatment and outcome). Where
there was no additional epidemiological
information or evidence on treatments, data
from the two previous systematic reviews'? were
reported.

Systematic review of the economic
evidence and an economic modelling
exercise

The systematic review of the economic evidence
assessed any published research on the economics
of neonatal screening using tandem MS. This
section also provided an economic model that
examined the potential cost-effectiveness of
replacing the existing national programme
technologies (for PKU) with tandem MS and the
implications of then extending screening to
additional disorders. Where possible, published
and routine data sources were used, supplemented
where necessary with expert judgement. Using this
model, a sensitivity analysis was undertaken with
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the objective of identifying the key uncertainties
underlying the economics of screening. The aim
of this was to identify whether available
information and evidence was sufficient for the
purpose of commissioning or whether further
research would be of value.

Search strategies

Background context

This current review is an update (limited to studies
published after 1995, the cut-off date in the
previous reviews) of two existing systematic reviews
of neonatal screening for inborn errors of
metabolism."? In the Pollitt review, the authors
conducted an exhaustive literature review of
various electronic databases covering biomedical,
economic and psychological literature between
1966 and 1995. Seymour and colleagues? carried
out a comprehensive literature review of various
computerised databases covering biomedical
literature between 1966 and June 1996. Both
groups also conducted manual searches of
textbooks, conference proceedings and reference
lists of articles.

In the present review, new search strategies were
developed based on scoping searches and
strategies reported in the two existing systematic
reviews.!? The search aimed to identify all
references related to the clinical effectiveness of
neonatal screening for inborn errors of
metabolism using tandem MS. In addition,
updated searches were conducted on each of the
23 major inborn errors of metabolism detectable
by tandem MS in terms of epidemiology,
diagnosis, treatment and screening. This was
supplemented by a search for economic literature
and an economic modelling exercise to estimate
the relative cost-effectiveness using tandem MS
within a neonatal screening programme in the UK
(further methodological details are provided in
Chapter 7). All literature searches were conducted
between November 2001 and January 2002.

Review of tandem MS

Sources searched

Twelve electronic bibliographic databases were
searched, covering biomedical, science, and grey
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literature. A list of databases is provided in
Appendix 1. In addition, the reference lists of
relevant articles were checked (including
abstracts of conference proceedings) and various
health services research-related resources were
consulted via the Internet. These included

health technology assessment organisations,
guideline-producing bodies, and generic research
and trials registers. A list of these additional
sources is given in Appendix 2.

Search terms

A combination of free-text and thesaurus terms
was used. ‘Neonatal screening’ search terms were
combined with ‘inborn errors’ terms and ‘tandem
mass spectrometry’ terms. Copies of the search
strategies used in the major databases are
included in Appendix 3.

Search restrictions

No language, publication type or study design
restrictions were applied. In addition, no date
restrictions were used owing to the small number
of studies identified during the scoping process
(during the period from 1966 to November 2001)
for neonatal screening using tandem MS.

Review of individual inborn errors of
metabolism

Sources searched

Supplementary searches for each of the individual
inborn errors of metabolism were conducted in
the MEDLINE database. Manual searches of
textbooks and reference lists of relevant articles
were also examined to identify additional relevant
citations.

Search terms
A combination of free-text and thesaurus terms

was used for each of the 23 major inborn errors of
metabolism [e.g. phenylketonuria: phenylketonurias

(exploded MeSH term) or phenylketonuria$].
Copies of the search terms are provided in
Appendix 4.

Search restrictions

Searches were undertaken from 1995 (scoping
searches generated numerous citations over the
period from 1966 to January 2002, and studies
prior to 1995 would have already been identified
by the existing systematic reviews: the cut-off
date in the Pollitt' review was 1995; that in
Seymour? review was June 1996) to the present
(January 2002). Searches were further restricted
to epidemiology, diagnosis, treatment and
screening papers. Appendix 5 lists the search
filters used.

Inclusion and exclusion criteria

Inclusion criteria

Review of tandem MS

Papers that fulfilled the following criteria were
selected for the review and critically appraised:

study design: all study types

subjects: neonatal or newborn infants
intervention: tandem MS

outcome: data on (for the calculation of) the
sensitivity, specificity or positive predictive value
of screening.

Review of individual inborn errors of metabolism
For a defined list of inherited metabolic diseases
detectable by tandem MS (Table 2), papers that
fulfilled the following criteria were included in the
review and critically appraised.

Studies of epidemiology

e study design: cohort studies and cross-sectional
studies

e subjects: neonatal or newborn infants with an
inherited metabolic disorder

e outcome: data on (for the calculation of) the
incidence or prevalence of inborn errors of
metabolism in the UK.

TABLE 2 Included inherited metabolic diseases detectable by
tandem MS

Inherited metabolic disease

Phenylketonuria (PKU)

Tyrosinaemia type |

Homocystinuria

Maple syrup urine disease (MSUD)

Citrullinaemia (argininosuccinate synthase deficiency)
Ornithine carbamoyltransferase deficiency
Argininosuccinic aciduria (argininosuccinate lyase
deficiency)

Arginase deficiency (argininaemia)
Hyperornithinaemia

Methylmalonic acidaemia

Propionic acidaemia

Isovaleric acidaemia
3-Hydroxy-3-methylglutaryl-CoA lyase deficiency
3-Methylcrotonyl-CoA carboxylase deficiency
Medium-chain acyl-CoA dehydrogenase (MCAD)
deficiency

Carnitine palmitoyltransferase deficiency type |
Carnitine/acylcarnitine translocase deficiency
Carnitine palmitoyltransferase deficiency type Il
Very long-chain acyl-CoA dehydrogenase deficiency
Trifunctional protein deficiency (long-chain 3-
hydroxyacyl-CoA dehydrogenase deficiency)
Long-chain hydroxy-acyl-CoA dehydrogenase deficiency
Glutaryl-CoA dehydrogenase deficiency (GAl)
Multiple acyl-CoA dehydrogenase deficiency (GAll)
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Studies of treatment outcome

e study design: randomised controlled trials
(RCT5), cohort studies, case—control studies and
case reports with more than two patients

e subjects: any subjects with an inherited
metabolic disorder

e intervention: dietary, pharmacological, dialysis
or surgical treatments

® outcome: any outcome of treatment.

Given that the purpose of this review was to
establish that effective treatments exist and not to
establish the effectiveness of all available treatment
options, the review on the effectiveness of
treatment outcomes was based on a best available
evidence approach. In general, dietary and
pharmacological treatments for inherited
metabolic diseases require long-term
management. For example, from diagnosis, the
duration of treatment for PKU ranges from 6
years to lifetime;' therefore, studies of short
duration were regarded as poor evidence for the
review on the effectiveness of treatment

outcome.

Exclusion criteria
Papers that fulfilled the following criteria were
excluded from the review:

e subjects: non-human studies
¢ time: papers published before 1990 (this is an
update of two systematic reviews,? that covered

published literature before this date)

¢ language: any papers not available in the
English language

e individual inborn errors of metabolism:
non-UK data on the incidence or prevalence of
inherited metabolic disorders and other
methods of screening for individual inborn
errors of metabolism, as the aim of this review is
to evaluate the clinical effectiveness of neonatal
screening using tandem MS

e other individual inborn errors of metabolism:
the following inherited metabolic disorders,
which may be detected by tandem MS in the
neonatal period, were also excluded in this
review: peroxisomal disorders (multiorgan
diseases that are progressive and largely
incurable),'? biliary atresia (no accepted or
specific screening method),! biotinidase
deficiency (considered to be relatively rare in
the UK and no direct experience of detecting
the disorder using tandem MS),"2
5-oxoprolinase deficiency and short-chain acyl-
CoA dehydrogenase deficiency (uncertainty
surrounding this condition and lack of accepted
treatment).!
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Literature identified

The yield of literature from the systematic
searches by topic or disease is shown in Table 3. All
citations and abstracts were assessed by one
reviewer. Where there was insufficient information
in the abstract, or where no abstract was available,
a copy of the full paper was obtained and assessed
for inclusion.

Data extraction strategy

All selected papers were read and appraised by a
single reviewer, who extracted relevant
information from the included studies directly into
an evidence table. Any uncertainties were resolved
by discussion with another reviewer and/or clinical
advisers.

Quality assessment strategy

Checklists recommended by the NHS Centre for
Reviews and Dissemination (CRD)'? were used to
assess the quality of systematic reviews, RCTs and
non-randomised studies (e.g. cohort studies,
case—control studies and case series), whereas
diagnostic and screening studies were assessed
using guidelines recommended by Greenhalgh
and Donald'® and Jaeschke and colleagues.!*15
The overall strength of evidence included in the
review was graded according to the levels of
evidence as defined in the review by Pollitt and co-
workers.! This has been summarised below.

Expected incidence (cases per

IOO ,000) average within the UK
Data obtained from whole population
screening or comprehensive national surveys
of clinically detected cases.

Ia  As I but more limited in geographical
coverage or methodology.

II  Extrapolated from class I data for non-UK
(but broadly similar) populations.

III  Estimated from the number of cases clinically
diagnosed in UK (compared with similar
disorders of established incidence).

Effectiveness of treatment
The hierarchy of evidence follows standard
guidelines published by the NHS CRD:!?

I Well-designed RCTs.

II-1 Well-designed controlled trials with pseudo-
randomisation or no randomisation.

II-2 Well-designed cohort studies.
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TABLE 3 Summary of the literature identified by systematic searching

Disorder/technique

No. of
articles
identified
Tandem MS 145
PKU 363
Tyrosinaemia type | 84
Homocystinuria 194
MSUD 59
Urea cycle disorders: 147
ornithine carbamoyltransferase (transcarbamylase)
deficiency, citrullinaemia, argininosuccinic aciduria,
arginase deficiency, hyperornithinaemia
Methylmalonic, propionic and isovaleric acidaemia 99
Other defects of branched-chain acyl-CoA metabolism: 51
3-hydroxy-3-methylglutaryl-CoA lyase deficiency,
3-methylcrotonyl CoA carboxylase deficiency
MCAD deficiency 108
Defects of long-chain fatty acid catabolism: 245
carnitine palmitoyltransferase deficiency type |,
carnitine/acylcarnitine translocase deficiency, carnitine
palmitoyltransferase deficiency type Il, very long-chain
acyl-CoA dehydrogenase deficiency, trifunctional
protein deficiency (long-chain 3-hydroxyacyl-CoA
dehydrogenase deficiency), long-chain hydroxy
acyl-CoA dehydrogenase deficiency
GAI 97
GAll 69

9 Best available evidence approach.
NA, not applicable.

Not
relevant

91
249
67
161
37
125

62
42

58
215

76
65

Literature search: no. of articles identified

Selected UK incidence/
for further prevalence
evaluation
54 NA
114 |
17 |
33 0
22 0
22 0
37 0
9 0
50
30
21 0
4 0

Neonatal
screening

I5
NA
NA
NA
NA
NA

NA
NA

NA
NA

NA
NA

Treatment
Identified Included in
for review review?

NA NA
9 7
2 |
6 5
0 0
2 2
2 2
0 0
0 0
0 0
2 2
0 0

32UapIAS SUIMaIAI J0) SpPoYIdlN
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(a) prospective with concurrent controls
(b) prospective with historical control
(c) retrospective with concurrent controls.

II-3 Well-designed case—control (retrospective)
studies

III  Large differences from comparisons between
times and/or places with and without
intervention (in some circumstances these
may be equivalent to level I or II).

IV Opinions of respected authorities based on
clinical experience, descriptive studies and
reports of expert committees.

Sensitivity/specificity (%) of screening

process for severe or classical disease,

assuming 100% coverage

I Data obtained from screening programmes
in the UK population or similar.

II  Data from systematic studies other than from
whole population screening.

IIT  Estimated from known biochemistry of the
condition.

Data synthesis

Formal meta-analytical techniques were not used
for neonatal metabolic screening because of the
concerns over heterogeneity and poor study quality
expressed in the previous systematic reviews.!
Instead, summary results are tabulated with
detailed descriptive qualitative analyses.
Sensitivities and specificities were reported to the
nearest whole percentage in the review of neonatal
screening using tandem MS (Chapter 5) and in the
reviews of inborn errors of metabolism (Chapter 6),
whereas in the Appendices (7-9), the sensitivities
and specificities have been reported to three
decimal places. For the economic models, false-
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positive and false-negative rates were calculated to
the appropriate significant figure (Chapter 7,
Economic modelling and Appendices 39-42).

Limitations of review
methodology

Articles published after January 2002 were not
included in the present review. The previous HTA
publications sought up-to-date information
(activity, resources, and research and development)
by sending out a questionnaire to all newborn
screening laboratories in the UK and site visits
were made to laboratories in the USA and the UK
to assess new methodologies for newborn
screening (including tandem MS). However, this
approach was beyond the scope of the current
review. The authors were aware of various
unpublished literature, conference proceedings
and reports regarding the eftectiveness of neonatal
screening using tandem MS. Some of these have
been cited throughout the report.

Because of the nature and size of the present
review and the timetable for completion, it was not
possible to contact all authors of papers to clarify
ambiguities or fill in missing details from the
(un)published literature. To identify all of the
references related to the clinical and cost-
effectiveness of neonatal screening for inborn
errors of metabolism using tandem MS, searches
were carried out without any language restrictions.
At the data extraction stage, non-English language
publications were excluded as the timescale of the
review precluded time for translation. For each
section, a bibliographic list of all excluded studies,
including those excluded on language criteria, is
provided in the appendices.
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Chapter 4

Quantity and quality of evidence from existing
systematic reviews

Evidence from the Pollitt report

All study types were included in the report by
Pollitt and colleagues,l with no other inclusion
criteria specified. Supplemental information was
obtained from two laboratories in the UK and two
from the USA where neonatal screening, based on
tandem MS, was being developed for inborn
errors of metabolism. The authors selected 28
studies for the review on tandem MS. Of these,
eight were relevant for the evaluation of neonatal
screening using tandem MS.

The authors found that “for the most part the
quality of the literature uncovered had fallen far
short of what one would normally require as the
basis for a systematic review”. However, limited
information is provided regarding the
methodological quality of identified studies,
investigation of differences between studies and
information on primary studies (e.g. study design
and quality, patient characteristics, diagnostic
methodology, outcome measures and sensitivity
and/or specificity of the screening process). The
number of included studies used to produce the
summary of evidence is also unclear.

Based on the evidence of the literature and
supplementary information from the laboratories,
the authors concluded that “there appears to be a
strong case for introducing tandem MS based
screening. Screening should be limited to clearly
defined diseases where specificity is known to be
accurate and there are satisfactory confirmatory
tests. Given the technical complexity of the
method, and limited experience of applying
tandem MS based screening to UK populations, a
3 year pilot study is proposed. ..."!

Evidence from the Seymour
report

The methods for study selection and appraisal
were well described in the report by Seymour and
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colleagues.? The literature review was combined
with supplemental information obtained from four
laboratories (two from the USA and two from the
UK), where tandem MS was being developed or
applied to neonatal screening for metabolic
disorders.

The authors did not report the number of studies
that were included in the review of neonatal
screening using tandem MS. Despite the critical
appraisal of all selected papers using a standard
checklist, limited information is provided
regarding the methodological quality of identified
studies, investigation of differences between
studies and information on primary studies (e.g.
study design and quality, patient characteristics,
diagnostic methodology, outcome measures and
sensitivity and/or specificity of the screening
process). It is also unclear how many studies were
used to summarise the evidence for each disorder
or technology.

Based on findings from the comprehensive
literature review and supplementary information
from the laboratories, Seymour and colleagues®
concluded that “there is however insufficient
evidence at present for the widespread
introduction of tandem MS technology into
newborn screening programmes in the UK.
Tandem MS for newborn screening for
phenylketonuria, medium-chain acyl-CoA
dehydrogenase deficiency and glutaric aciduria
type I should be further evaluated by primary
research conducted over 5 years. During this
primary research, and until reports are presented
and decisions made, there should be an embargo
on the introduction of tandem MS technology into
newborn screening laboratories in the UK.”
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Chapter 5

Review of neonatal screening using tandem MS

Background

Tandem MS with two mass spectrometers on either
side of a collision cell offers a broad-spectrum
approach to screening relatively large number of
disorders with rapid throughput per sample
(approximately 2 minutes)'%!7 and simple sample
preparation. New technological advances such as
automated sample introduction make the tandem
MS technique a suitable method for population
screening.'®

The basis of the methodology generally involves a
punched sample from the dried (Guthrie) blood-
spot card, which is extracted with solvent
containing appropriate standards labelled with
stable isotopes. The extracted metabolites and
standards are then converted into butyl esters and
these are identified and quantified using tandem
MS.? Further technical details of tandem MS are
provided in the publication by Seymour and
colleagues.?

Quantity and quality of research
available

Quantity of research available

The yield of literature from the systematic
searches generated 145 publications on neonatal
screening using tandem MS between 1966 and
November 2001. Full copies of 54 papers
(inclusion of studies limited to 1995 onwards, as
earlier studies had already been identified by the
Pollitt! and Seymour? reviews) that appeared to be
relevant by screening citations and abstracts were
obtained. Of these 54 papers, 15 studies*%7-%16-25
(including two abstracts™® that reported the same
study as Wiley and co-workers,'® but provided
additional information or results on tandem MS-
based newborn screening from different periods)
were judged to be relevant to the update of the
two existing systematic reviews of neonatal
screening using tandem MS.!?

Thirty-nine studies were excluded from the
update review (details of references provided in

Appendix 6) for the following reasons:

e patients: not neonatal or newborn (n = 1)
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e screening method: not tandem MS (n = 2)

¢ publication type: foreign language publication
(n = 3), letters or comments (n = 3) and review
(n=1)

e inborn error: peroxisomal disorder (n = 1) and
biliary atresia (n = 2)

¢ study design: not screening or diagnosis (n = 1)

e outcome measures: no data for the calculation
of sensitivity or specificity (n = 25).

Quality of included studies

Studies of amino acids and acylcarnitines
(Appendix 7)

Seven studies evaluated neonatal screening of
amino acids and acylcarnitines using tandem
MS.7"*16-19 Of these seven studies, three were
reported as abstracts and provided limited
information %18

Newborn infants were screened in Australia (New
South Wales Newborn Screening Programme),®
Germany (Bavaria Newborn Screening Program),
Saudi Arabia,'” Taiwan'? and the USA (North
Carolina Newborn Screening Program,® Wisconsin
Newborn Screening Program® and the New
England Newborn Screening Program).” The total
number of infants screened in newborn screening
programmes ranged from approximately 50,000”
to 257,000,” whereas in non-newborn screening
programmes (patients recruited from a secondary
care setting) the samples ranged from 2100'? to
27,624.17 Only one of these studies reported that
specimens were collected consecutively'® and only
one reported loss to follow-up.!”

18

Of the seven included studies, four had a
prospective cohort design with study durations
from 2-3 years.”!5"!® One study did not provide
any details of study design;® however, the
assessment phase lasted for 11 months. Two studies

failed to report the study design and duration.”!?

Most newborn dried blood-spot specimens were
obtained between 1717 and 371¢ days after the
infant’s birth. One study did not report the sample
type, but the sampling was done at 3 days of
age.'® In contrast, Lin and colleagues'? analysed
dried blood spots but failed to report the age of
sampling. Two studies did not report the sample
type or age of sampling.®?
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Review of neonatal screening using tandem MS

All neonatal samples were analysed using tandem
MS. Three studies used ESI tandem MS, %1719 one
study used a Micromass LC triple quadropole
tandem MS’ and three studies did not report the
type of tandem MS used.®*!® Of these seven
studies, four used automated samplers and
computer-assisted software for automated
processing and recognition analysis.”!%-18

Various thresholds (cut-off limits) were used to
identify inherited metabolic disorders. Some used
the 99.5th percentile as the upper cut-off limit!617
and 0.5th percentile as the lower cut-off limit for
some key metabolites.!” Others used concentrations
of each compound or ratios as 4 standard deviations
(SD) above the mean®!'? or > 5 SD for some
metabolites.’ Zytkovicz and Colleagues7 also used
cut-off values for each marker, but these ranged
from 6 to 13 SD above the mean. No cut-off values
were reported by two studies.®!®

Diagnosis of inherited metabolic disorders was
generally established using repeat analysis and/or
repeat blood-spot specimens.”!®!7 Other
confirmation techniques included capillary
electrophoresis, thin-layer chromatography,'® gas
chromatography/mass spectrometry (GC/MS)
analysis of urine'”!¥ and mutation analysis using
DNA techniques.”!

Amino acid and acylcarnitine disorders that were
screened included: PKU,716:17%.19 tyrosinaemia,7’16’19
homocystinuria (relies on detection of
hypermethioninaemia),”*!* MSUD,"16:17:19
citrullinaemia,”!719 argininosuccinic lyase
deﬁciency,7’8 methylmalonic aciduria,7’8’17’19
propionic acidaemia,”!"1? isovaleric
acidaemia,!”!? 3-hydroxy-3-methylglutaryl-CoA
lyase deﬁciencyf’19 3-methylcrotonyl-CoA
carboxylase deﬁciency,7’18 short-chain acyl-CoA
dehydrogenase deficiency,” %' MCAD
deﬁCiel’lCY,7_9’16_19 carnitine uptake defect,'®
carnitine palmitoyltransferase deficiency type I,'®
carnitine acylcarnitine translocase deficiency,’
carnitine palmitoyltransferase deficiency Type 1,7
very long-chain acyl-CoA dehydrogenase
deficiency,”1®1? long-chain hydroxyacyl-CoA
dehydrogenase deficiency,”'®!? glutaryl-CoA
dehydrogenase deficiency,”*!%1719 glutaric
aciduria type II,7’19 2-methyl aceto-acetyl-CoA
thiolase (B-ketothiolase) deﬁciency,7’16
hyperphenylalaninaemia (HPA)7516:19 and
multiple carboxylase deficiency.”!?

The strength and quality of the evidence for the
screening process of amino acids and acylcarnitines
ranged from grade 11618 (o grade I1.17:1

Studies of MCAD deficiency only (Appendix 8)
Four studies assessed newborn screening for
MCAD deficiency using tandem MS. These
included studies provided data from newborn
screening programmes in Australia (New South
Wales Screening Programme)*’ and the USA (Neo
Gen Screening, Pennsylvania and North Carolina
Newborn Screening Program)®* and from
systematic screening studies from the UK
(Northern region of the NHS)?! and the USA
(Pennsylvania, Ohio, New Jersey, Illinois, Florida
and North Carolina).??

The total number of infants screened ranged from
100,600%! t0 930,078.23 Only one of these studies
reported that specimens were collected
consecutively?” and none of the studies reported
loss to follow-up or ethnic characteristics. Of the
four included studies, three used a prospective
cohort design with study durations from
approximately 22 to 7% years, whereas a study
from the UK, of approximately 3 years, used a
retrospective cohort design.?!

Most newborn dried blood-spot specimens from
Australia?’ and the USA?*** were obtained < 72
hours after birth. The UK?! study, which analysed
dried blood spots, failed to report the age at which
the samples were taken. All neonatal samples were
analysed using tandem MS. Two studies used ESI
tandem MS?*?! and two used isotope dilution
liquid secondary ion tandem MS with automated
samplers.?%%

Various thresholds were used to identify MCAD
deficiency. The UK study?! used concentrations of
octanoylcarnitine > 0.3 wmol/l with a high
octanoylcarnitine:hexanoylcarnitine ratio (> 4.0)
as the cut-off value. These values were based on
specimens taken from 18 neonates with MCAD
deficiency. The Australian study®” used a threshold
of octanoylcarnitine concentration = 1.0 wmol/l for
prospective screening, based on a retrospective
analysis of newborn screening samples from 13
patients (dried blood-spot samples were obtained
between 4 and 6 days for 12 patients and at day
10 for one patient), later diagnosed clinically with
MCAD deficiency, and prospective analysis of
newborn screening samples from 24,000
newborns. In contrast, a study from the USA22
used a cut-off value of octanoylcarnitine
concentration > 0.3 pmol/l. This cut-off limit was
based on 113 randomly collected blood spots from
healthy newborn babies and 16 blood spots from
newborns confirmed with MCAD deficiency. The
Andresen® study established a range of cut-off
values to detect mild and severe forms of MCAD
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deficiency. The cut-oft value for mild profiles was
characterised by octanoylcarnitine concentration
between 0.5 and 2.0 pwmol/l with an
octanoylcarnitine:decanoylcarnitine ratio between
2 and 4, whereas a severe profile was defined

by octanoylcarnitine concentrations > 2.0 pmol/l
and an octanoylcarnitine:decanoylcarnitine

ratio > 4.

Diagnosis of MCAD deficiency was generally
established using repeat analysis and/or repeat
dried blood-spot samples,go’23 together with
analysis of plasma or urine samples.?*?! Mutation
analysis was verified using DNA techniques®*?® or
the polymerase chain reaction (PCR) assay.?” It
should be noted that DNA analysis and PCR
assays are not alternatives. PCR is a way of
amplifying samples to allow DNA mutation
analysis to be performed. Also, repeat testing may
be done as a first pass before DNA analysis
(Grosse S: personal communication; 2002).

The strength and quality of the evidence for the
screening process of MCAD deficiency ranged
from grade 12022 o grade I1.21.23

Laboratory-based studies (Appendix 9)

Two retrospective, analytical studies were
identified. A study from the USA? compared the
results of previous analyses by fluorometry for
PKU with those by tandem MS. Neonatal dried
blood-spot samples from 208 newborns, < 24
hours of age, were retrieved from storage from the
California Newborn Screening Program (original
collection dates ranged from 1992 to 1994). All of
the retrieved samples were analysed in a blinded
fashion using isotope dilution secondary ion
tandem MS.

Specimens that were originally analysed for HPA
by fluorometry used a phenylalanine
concentration = 258 pmol/l as a positive cut-off
value. Metabolic specialists made the final
diagnoses of cases of classical PKU or variant
PKU. In contrast, screening for PKU using tandem
MS, a threshold limit of 180 wmol/l was used to
identify increased phenylalanine levels.
Furthermore, a phenylalanine:tyrosine ratio of
2.5 was used as an additional indicator of primary
HPA. These cut-off values were based on findings
from a previous study, which was conducted by
these authors.

A study from Saudi Arabia® developed and
assessed a computer-assisted metabolic profiling
algorithm (CAMPA) for automated flagging of
abnormal metabolic profiles of amino acids and
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acylcarnitines by automated ESI tandem MS.
Dried blood-spot samples were taken from
newborn babies from various hospitals throughout
Saudi Arabia and from sick children referred to
the metabolic unit at the King Faisal Specialist
Hospital. The authors did not report the age at
which samples were taken.

The reference range and cut-off values for the
diagnostic parameters were established by
measuring either metabolite concentrations or
peak ratios of certain metabolite pairs from known
cases of organic acidaemia and amino acid
disorders and from control samples. The criteria
for the control sample were based on 1100
newborn infants with a minimum birth weight of
2.01 kg and sample analysis in < 72 hours from
the time of collection. Accordingly, a cut-off value
using the 99.5th percentile was set as the upper
cut-off limit and the 0.5th percentile as the lower
cut-off limit for some key metabolites.

Two retrospective analyses, using 559 tandem MS
data files and a larger data set of 1151 files, were
carried out to verify the performance of CAMPA
and to quantify the sensitivity and specificity of the
algorithm method.

The strength and quality of the analytical evidence
for the screening process of amino acids and
acylcarnitines were grade I1.2425

Summary of results

A summary of the results, including evidence
grades, is provided in Table 4.

Amino acids and acylcarnitines

The total number of specimens identified as
abnormal ranged from 13 in 50,000 to 498 in
166,000.'% In newborn screening programmes from
Australia (New South Wales),'? Germany (Bavaria)'®
and the USA (Wisconsin’ and New England”),
abnormal amino acid and acylcarnitine samples
constituted less than 0.3% of the total samples
screened. In comparison, abnormal samples
ranged from 0.31%'7 to 1.38%'? in non-newborn
screening programmes. The slightly higher values
from these studies may be attributable to the
smaller number of newborns screened.

Very few studies reported false-negative results.?
Some of the authors who reported false-negative
results'%!® were reluctant to use their early
experience as a basis for accurate estimates of
false-negative rates.
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TABLE 4 Effectiveness of neonatal screening using tandem MS

Study Screening programme, Total True False False True Sensitivity Specificity Positive Quality of
country screened positive  negative  positive  negative predictive value evidence
() () () Q) Q) (%) (%)° (%)° (grade)
Studies of amino acids and acylcarnitines
Hoffman et al.’ Wisconsin Newborn Screening 50,000 5 NR 8 49,987 NA 100 38 |
Program, USA
Lin et al."” Taiwan 2,100 2 NR 27 2,071 NA 99 7 I
Muenzer et al.B Neo Gen Screening, 194,384 31 NR 228 194,125 NA 100 12 |
Pennsylvania, USA (Pilot study)
North Carolina Newborn 131,776 27 3 NR? NR 90 NA NA
Screening Program, USA
Rashed et al."” Saudi Arabia 27,624 20 0 67 27,537 100 100 23 Il
Roscher et al.'® Bavaria Newborn Screening 166,000 49 0 449 165,502 100 100 10 |
Program, Germany
Wiley et al.'® New South Wales Newborn 196,000 46 3 164 195,790 94 100 22 |
Screening Program, Australia
Zytkovicz et al.”¢  New England Newborn Amino acids 22 NR 238 (163,958- NA Cumulative  Cumulative |
(range) Screening Program, USA (164,000-257,000) (0-18) (2-74) 256,992) 100 8 (22 of 260)
Acylcarnitines 20 NR 213 (163,964— NA Cumulative ~ Cumulative
(164,000-184,000) (0-10) (1-42) 183,948) 100 9 (20 of 233)

Studies of MCAD deficiency only

Andresen et al.2 Pennsylvania, Ohio, 930,078 62 NR 0 930,016 NA 100 100 I
New Jersey, lllinois, Florida,
North Carolina, USA

Carpenter et al.?®  New South Wales Newborn 275,653 124 NR I 275,630 NA 100 52 I
Screening Programme, Australia
Chace et al.? Neo Gen Screening, 283,803 16 0 0 283,787 100 100 100 |

Pennsylvania, and North Carolina
Newborn Screening Program, USA

Pourfarzam et al.?' Northern region of the 100,600 8 0 0 100,592 100 100 100 Il
NHS, UK
Zytkovicz et al. New England Newborn 184,000 10 NR 42 183,948 NA 100 19 |

Screening Program, USA

continued
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TABLE 4 Effectiveness of neonatal screening using tandem MS (cont’d)

6l

Study Screening method Target
condition(s)

Laboratory-based studies
Chace et al.?* Fluorometry PKU
Tandem MS

Rashed et al.”®> CAMPA tandem MS
CAMPA tandem MS

9 Rounded to the nearest whole percentage.

® The authors reported the false-positive rate as < 0.85%.

Amino acids
Acylcarnitines

Total True
screened positive
() ()
203 19
203 19
559 119
151 147

False
negative

()
0€
Oe

0
0

False
positive

Q)

91
3

91
153

True
negative

()

93
181

349
851

(%)°

100
100

100
100

Sensitivity Specificity

(%)°

51
98

79
85

Positive

Quality of

predictive value evidence

(%)°

17
86

57
49

¢ Summary of results for this study reported in the amino acid and acylcarnitine section, however, this study also provided individual results for MCAD deficiency.

¢ Includes one probable mild case.
¢ Values not reported in original paper, assumed zero.
NR, not reported. NA, not applicable.

(grade)
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Review of neonatal screening using tandem MS

Data from only three newborn screening
programmes (New South Wales,'® Bavaria'® and
North Carolina, USA)8 found that the sensitivity of
neonatal screening for amino acids and
acylcarnitines, using tandem MS, ranged from
90%3 to 100%.'® In contrast, a non-newborn
screening programme study from Saudi Arabia,
which assessed 27,624 newborn babies, showed
that the sensitivity of neonatal screening using
tandem MS was 100%.'7

18

Newborns with false-positive results may be
adversely affected by the risks associated with
investigation of the screen-detected abnormality.
False-positive values from neonatal screening
programmes ranged from 8 in 50,0009 to 449 in
166,000'® specimens screened, with false-positive
rates less than 0.3% [New South Wales 0.08%,'°
Bavaria 0.27%,'8 Wisconsin 0.02%? and New
England aggregate false-positive rate for all
disorders (amino acids and acylcarnitines)
approximately 0.8%].7 False-positive values were
not reported for the North Carolina Newborn
Screening Program;8 however, these authors
reported the false-positive rate as less than 0.85%.
The range of false-positive values was smaller in
non-newborn screening programmes and these
ranged from 27 in 2100 to 67 in 27,6247
specimens screened. In these studies, the false-
positive rates were 1.29% and 0.24%, respectively.
In addition, data from a pilot study of 194,384
neonatal blood samples, conducted by Neo Gen
(Pennsylvania, USA) and reported by Muenzer and
Colleagues,8 found 228 false positives, with a false-
positive rate of 0.12%.

All seven studies provided information on
specificity and positive predictive value. Results
obtained from all the newborn screening
programmes (New South Wales,'® Bavaria,
Wisconsin? and New England7) showed that the
proportion of individuals without the disease who
were correctly identified by the screening process
was 100%.7%16:18 Similar findings were observed in
non-newborn screening programmes. Data from
Taiwan and Saudi Arabia suggest specificities
ranging from 99%'? to 100%,'” and results from a
pilot study, conducted by Neo Gen, showed that
the specificity of screening amino acids and
acylcarnitines using tandem MS was 100%.%

18

The positive predictive value, a further measure of
assay performance, for the New South Wales, '
Bavaria,'® and Wisconsin® newborn screening
programmes ranged from 10%'® to 38%.° Results
from the New England Newborn Screening
Program, reported by Zytkovicz and colleagues,”

found that the positive predictive value for all
amino acid disorders was 8%; however, this
predictive value was increased to 14% using a
combination of individual markers and ratios. The
positive predictive value for all of the acylcarnitine
disorders identified was 9%. Similar results were
observed from non-newborn screening programmes
from Saudi Arabia!” (23%) and Taiwan'? (7%).

The range and total number of amino acid and
acylcarnitine disorders that were detectable in
newborns by using tandem MS are shown in Table 5.

MCAD deficiency only

Four studies evaluated newborn screening for
MCAD deﬁciencg using tandem MS.2%2% One
additional study,” which was included in the amino
acid and acylcarnitine section, also provided
individual data for MCAD deficiency. These
findings have been incorporated into the table of
results for MCAD deficiency (Table 4).

The total number of specimens identified as
abnormal ranged from 8 in 100,600%! to 62 in
930,078.2% These abnormal samples, suggestive of
MCAD deficiency, accounted for less than 0.03%
of the total samples screened.

None of the prospective studies reported false-
negative results, except for one study, which used
combined quantitative data from prospective
newborn screening of 283,803 infants by Neo Gen
Screening, Pennsylvania, and the North Carolina
Newborn Screening Program, USA. The authors
of this study reported that no known false-negative
results had been found. Moreover, none of the
prospective studies included a rigorous method to
identify those who might have been missed by the
screening process. The UK retrospective study?!
did not identify any false-negative results after
examination of the regional registers for metabolic
diseases and deaths.

Only one prospective screening study, reported by
Chace and colleagues,22 found that the sensitivity
of neonatal screening at Neo Gen Screening and
North Carolina Newborn Screening Program, for
MCAD deficiency, using tandem MS was 100%. In
the UK retrospective study,Q1 the sensitivity of the
screening process was also found to be 100%;
however, the authors reported that the sensitivity
of the test was difficult to ascertain, because many
occurrences of MCAD deficiency were not
diagnosed on clinical grounds.

False-positive values from the prospective
screening studies ranged from 0 in 283,803%* to
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TABLE 5 Amino acid and acylcarnitine disorders detected by tandem MS

1T

Study:

Total number of cases detected:

Disorders of amino acid metabolism
PKU
HPA
Biopterin defects
Hypermethioninaemia
Tyrosinaemia type ||
Argininaemia
Argininosuccinase lyase deficiency
Citrullinaemia
GAl
MSUD

Disorders of organic acid metabolism
Methylmalonic aciduria
Propionic acidaemia
Isovaleric acidaemia
3-Methylcrotonyl-CoA carboxylase deficiency
2-Methylacetoacetyl-CoA thiolase (3-ketothiolase deficiency)

Disorders of fatty acid metabolism
Short-chain acyl-CoA dehydrogenase deficiency
Medium-chain acyl-CoA dehydrogenase deficiency
Very long-chain acyl-CoA dehydrogenase deficiency
Multiple acyl-CoA dehydrogenase deficiency
Carnitine uptake defect
Carnitine palmitoyltransferase type |
Carnitine palmitoyltransferase type Il
LCAD deficiency
LCHAD deficiency

Hoffman Lin Muenzer
etal’ etal.'? et al.®®
(n=5) (n=2) (n=31
| 6
|
|
3
5h
|
|
4 14

Muenzer
et al.’c

(n=27)

7h

Rashed
etal.'?

(n = 20)

NN —DN

Roscher
etal.'8?

(n = 49)°

Wiley
et al.'®

(n = 46)
28
3
2

Zytkovicz
etal’f

(n = 42)

Si
10
|i

continued
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TABLE 5 Amino acid and acylcarnitine disorders detected by tandem MS (cont’d)

Study:

Total number of cases detected:

Other disorders
Non-ketotic hyperglycinaemia
Vitamin B,-deficient babies of vegan mothers

@ Wisconsin Newborn Screening Program, USA.
¢ North Carolina Newborn Screening Program, USA.
¢ New South Wales Newborn Screening Programme, Australia.

Hoffman
etal’c

Lin Muenzer Muenzer Rashed Roscher Wiley Zytkovicz
etal.'” et al.8® et al.¢ etal.” etal.'®d etal.'* etal’f

(hn=2) (=31) (n=27) (=20) (n=49F (n=46) (n=42)

b Neo Gen Screening, Pennsylvania, USA (pilot study).
9 Bavaria Newborn Screening Program, Germany.
f New England Newborn Screening Program, USA.

£ Not all cases detected for each disorder are reported; however, the first cases of long-chain hydroxyacyl-CoA dehydrogenase deficiency and carnitine uptake defect and carnitine
palmitoyltransferase type | were detected in prospective newborn screening. 3-Methylcrotonyl-CoA carboxylase deficiency (three isolated cases and two asymptomatic mothers)
appeared to be the most frequent organic acid disorder. Other defects included severe variants of very long-chain acyl-CoA dehydrogenase deficiency and multiple acyl-CoA
dehydrogenase deficiency (two newborns were identified in newborn screening, but died, on day 3, before diagnosis).

’_’ Type of organic acid disorder not specified.
" Presumptive value.

LCAD: long-chain acyl-CoA dehydrogenase; LCHAD: long-chain hydroxyacyl-CoA dehydrogenase.
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42 in 184,0007 specimens screened, with false-
positive rates less than 0.02% (New South Wales
Screening Programme 0.004%,%° Neo Gen
Screening, Pennsylvania and North Carolina
Newborn Screening Program 0%,*? New England
Newborn Screening Program 0.023%,” and from a
systematic study from the USA — Pennsylvania,
Ohio, New Jersey, Illinois, Florida and North
Carolina — 0%).? It is noteworthy that in one
study from Australia,?? 11 infants were identified
as false positives; however, four of these patients
died from a variety of causes in the neonatal
period before a second sample could be collected.
MCAD deficiency was eliminated by enzyme
analysis in cultured skin fibroblasts in one patient,
whereas MCAD deficiency in the other three
infants was eliminated on the basis of information
obtained from clinicians and post-mortem
findings. No false-positive results were found in
the UK retrospective study.21

All five studies provided information on specificity
and positive predictive value. Results obtained
from the prospective newborn screening
programmes (New South Wales Screening
Programme,20 Neo Gen Screening, Pennsylvania
and North Carolina Newborn Screening
Program,22 and the New England Newborn
Screening Program7) showed that the specificity of
neonatal screening for MCAD deficiency, using
tandem MS, was 100%.72%22 Similar findings were
observed in systematic screening studies from the
UK (100% specificity)*' and the USA (100%
specificity).?” The positive predictive value in the
UK retrospective study was 100%,?! whereas the
positive predictive value for prospective newborn
screening ranged from 19%’ to 100%.?%2%

Laboratory-based studies

Chace and Colleagues24 observed a strong
correlation between the results obtained by
fluorometry and tandem MS (Pearson correlation
coefficient 0.817). In samples collected from
newborns < 24 hours of age, phenylalanine
measurements by tandem MS, with a cut-oft of
180 wmol/l, or by fluorometry, with a cut-oft of

> 258 wmol/l, detected all infants with confirmed
variants of hyperphenylalaninaemia and classical
PKU.

Tandem MS analysis greatly reduced the number
of false-positive results, from 91 to three.
Simultaneous quantification of phenylalanine and
tyrosine by tandem MS further reduced the
number of false positives to one, using a cut-off of
phenylalanine:tyrosine molar ratio > 2.5. The
proportion of individuals without PKU who were
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correctly identified by the tandem MS analytical
method was 98%. In contrast, the specificity was
51% using the fluorometric method of analysis.
The positive predictive values were 86% and 17%,
respectively.

Rashed and colleagues®® carried out two
retrospective experiments to determine the
performance of a CAMPA for automated flagging
of abnormal metabolic profiles of amino acids and
acylcarnitines in newborns using tandem MS.
These authors found that the sensitivity of the
algorithm was 100%, collectively, for flagging cases
with known metabolic disorders, and the average
cumulative specificity for the two tests was 83%,
with a positive predictive value ranging from 49 to

57%.

Discussion

The evidence for neonatal screening of amino
acids and acylcarnitines using tandem MS is
primarily from observational data of large-scale
prospective newborn screening programmes, from
several centres outside the UK, namely,
Australia,'6 Germany18 and the USA.™ RCTs of
screening for rare disorders are difficult because of
the enormous numbers that would be needed for
adequate power."*2

The evidence is limited regarding the sensitivity
(false negatives) and specificity (false positive) for
each of the diagnosable disorders detected by
tandem MS. Only one study provided data for
calculation of sensitivities and specificities for
individual amino acid and acylcarnitine disorders.
In general, neonatal screening for the amino acid
and acylcarnitine group of disorders using tandem
MS demonstrated high sensitivities>!%18 and high
specificities.”16-19

More up-to-date information regarding the
sensitivity and specificity for each of the
diagnosable disorders detected by tandem MS has
not been published yet. Major initiatives using
tandem MS in neonatal screening programmes
have started in several centres around the world.
Those with the most thorough evaluation
programmes are in New South Wales (Australia),
New England (USA) and Bavaria (Germany).
Other programmes are Neo Gen based in
Pittsburgh and in North Carolina (USA), but
additional programmes are being developed
rapidly and many more have just started or will
start very soon (Leonard J: personal
communication; 2002). Data from some of these
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ongoing programmes will become available when
the results are known and the sensitivities and
specificities of neonatal screening for individual
inborn errors of metabolism will begin to be much
more clearly defined.

Unpublished data from Heidelberg, Germany2°
[tandem MS-based neonatal screening of 250,000
neonates performed during an observation period
of 41 months: amino acidaemias: sensitivity
92.75%, specificity 99.90% and positive predictive
value 20.00%; fatty acid oxidation disorders:
sensitivity 100%, specificity 99.90% and positive
predictive value 9.29%; organic aciduria:
sensitivity 100%, specificity 99.88% and positive
predictive value 5.17%; resulting in a sensitivity of
95.54%, specificity 99.67% and positive predictive
value of 11.52% for the total extended (41
months) screening], and Bavaria, Germany (3-year
prospective tandem MS-based newborn screening
study of 307,676 neonates: false-positive rate
<0.45%; false-negative, only one case with
tyrosinaemia type I identified so far) suggest that
the results are very positive and in 2002, tandem
MS-based neonatal screening became ‘standard
medical care’ and is covered by the German state
health scheme (Pollitt R: personal communication;
2002). Unpublished data from the New South
Wales Newborn Screening Programme, Australia,
suggest that tandem MS-based neonatal screening
of 343,244 babies between April 1998 and
December 2001, for selected amino acids
(citrulline, glycine, leucine, methionine,
phenylalanine and tyrosine) and acylcarnitines
(C2, C3, C4, C5, C50H, C5D, C6, C8, C10,
C10:1, C14, C14:1, C16 and C160H) provided a
sensitivity of 93%, specificity of 99.8% and positive
predictive value of 12%.%’

Difficulties in the detection and differentiation of
certain disorders, such as transient tyrosinaernia,7’17
argininosuccinic lyase deficiency and”!? glutaryl-
CoA dehydrogenase deficiency,” or metabolites,
such as propionylcarnitine to acylcarnitine ratio,
3-hydroxy-isovalerylcarnitine,8 C5-carnitinel” and
tyrosine,8 aided false-positive results. In contrast,
the true number of false negatives will only be
learned after newborn screening is implemented,
and children who are not detected as newborns
are diagnosed later in life. Wilcken and
colleagues® who provided additional data from the
New South Wales Screening Programme,
concluded that newborn screening using tandem
MS can reliably detect some inborn errors of
metabolism such as phenylketonuria, many
organic acidaemias and classic MSUD with
confidence, whereas almost all patients with

8,17

MCAD deficiency (who would later have
developed with symptoms) and glutaryl-CoA
dehydrogenase deficiency are detected with
certainty. Disorders that could not be reliably
detected included mild MSUD, homocystinuria,
tyrosinaemia type I and probably some but not all
fatty acid oxidation disorders. However, there is
no justification in not seeking these mild or late-
onset variants of metabolic disorders simply
because they cannot be detected reliably on every
occasion.’

Various thresholds were used to identify inborn
errors of metabolism. Some studies used cut-off
limits based on pelrcentiles,lﬁ’17 whereas others
used various concentrations of each compound or
ratio as standard deviations above mean.”%!?
Furthermore, infants and young children who are
ill for any reason may have abnormal patterns of
amino acids and acylcarnitines. Zytkovicz and
colleagues7 found that babies in neonatal intensive
care units and very low birth weight infants

(< 1500 g) had different marker profiles,
indicative of inherited metabolic disorders, to
those of normal birth weight infants. The diversity
in the preference of metabolite, together with the
cut-off limits used to define a positive outcome,
facilitate the yield of false-positive and false-
negative results and therefore restrict direct
comparison of the performance of tandem MS
between studies.

Worldwide, there is an increasing trend towards
discharging mother and baby within the first day
or two of life;'% therefore in countries such as
Australia,'® Saudi Arabia'” and the USA,” the age
of sampling for selected amino acids and
acylcarnitines is usually performed within 72 hours
after birth, whereas in the UK, blood samples are
usually taken at about 6-14 days of age.!”* The age
at which screening is undertaken will affect the
sensitivity and specificity of the screening process
as concentrations of metabolites change over time.
For example, in the UK, specimen collection is
delayed until the sixth day of life or later to
maximise sensitivity for the PKU screen; however,
this time-lapse may be detrimental for disorders
that present acutely in infancy, such as MSUD.!

Despite the high sensitivities?1?2 and high
specificities”??* of neonatal screening for MCAD
deficiency using tandem MS, the quality of the
evidence restricts direct comparison about
diagnostic performance and the outcome of
tandem MS between studies. Prospective studies of
MCAD deﬁciency7’20’22’23 have used various
analytes and thresholds for detecting disease



Health Technology Assessment 2004; Vol. 8: No. 12

status. More importantly, in two studies from the
USA,2223 infants were considered to have MCAD
deficiency solely on the basis of diagnostic
acylcarnitine profiles, whereas Carpenter and
colleagues®” and Zytkovicz and co-workers’
applied explicit criteria for the diagnosis of MCAD
deficiency. In the UK retrospective study,21 which
used explicit criteria for the diagnosis of MCAD
deficiency, the authors reported that in most cases
of MCAD deficiency, diagnosis was not based on
clinical grounds.

Most dried blood-spot samples obtained in
prospective newborn screening studies of MCAD
deficiency were collected less than 72 hours after
birth,”2%2223 which is considerably earlier than in
the UK, where neonatal screening samples are
normally collected between 6 and 14 days of
life.!* To evaluate the influence of patient age on
the concentrations of acylcarnitines in MCAD
deficiency, Chace and colleagues22 found that the
diagnostic acylcarnitines (hexanoyl-, octanoyl-,
decenoyl- and decanoylcarnitine) were higher in
the newborn period (< 72 hours after birth) than
observed in older patients (ages 8 days to 7 years)
with MCAD deficiency. These authors concluded
that the higher metabolite concentration in the
newborn period facilitated the detection of MCAD
deficiency. Clayton and co-workers,2® who reported
their experience in diagnosing MCAD deficiency
in the UK population using the technique of ESI
tandem MS analysis of butylated carnitine species
from dried blood spots, concluded that if neonatal
screening were undertaken at 7-10 days of age,
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the number of false-positive and false-negative
results should be negligible.

New technological approaches for automated
processing, coupled with computer-assisted
software to provide individually established cut-
offs and ratios of various analytes, have
demonstrated tandem MS methodology to be a
robust, highly sensitive and specific method?® for
the detection of inborn errors of metabolism. This
approach has been adopted by the New South
Wales Screening Programme, Australia,'% the
Bavaria Newborn Screening Program, Germany18
and the New England Newborn Screening
Program, USA.” This approach also allows the
analysis of hundreds of samples on a daily basis
and minimises labour costs.'®

In summary, tandem MS has the potential for the
simultaneous detection of a wide range of
metabolic disorders using a single analytical
technique. This method has been shown to be
rapid, highly sensitive and highly specific for
newborn screening of dried blood spots for the
amino acid and acylcarnitine group of disorders.
However, evidence is limited regarding the false
negatives and false positives for individual
diagnosable disorders. The variation in the age of
sampling and the heterogeneity in the choice of
metabolite, as well as in thresholds used to define
a positive result, limits direct comparison of the
discriminative power of tandem MS between
studies.
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Chapter 6

Reviews of inborn errors of metabolism

Phenylketonuria
Background

PKU is an inborn error of metabolism resulting
from a deficiency of phenylalanine hydroxylase,
which converts the amino acid phenylalanine to
tyrosine. Without this enzyme, abnormally high
concentrations of phenylalanine accumulate in
blood and tissues. As a consequence, there is
excessive production of phenylpyruvic,
phenylacetic and phenyllactic acids
(phenylketones) in tissues, resulting in high
levels in the urine.'

The disorder is characterised by HPA and if
untreated will usually lead to severe mental
retardation, seizures and other neurological
abnormalities. An individual with PKU usually
appears normal in the first few months of life but
signs of delayed development will be apparent by
6-12 months. Early dietary intervention, by
dietary restriction of phenylalanine, prevents
progressive, irreversible cognitive damage but
does not reverse pre-existing damage.?

A number of variant forms of PKU also exist,
including patients with mild to moderate HPA
who may or may not require dietary treatment and
biopterin cofactor variant forms that require
treatment with tetrahydrobiopterin.?” Classical
PKU is the severe form of the disease, resulting
from a complete deficiency of phenylalanine
hydroxylase.'

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 363 recent
publications on the incidence, prevalence and
effectiveness of treatment outcomes for PKU
between 1995 and January 2002 (limited to 1995
onwards, as earlier studies would have already
been identified by the existing systematic
reviews''?). Full copies of 114 papers were
retrieved for further evaluation.

Of these 114 papers, eight studies®*>’ were
judged to be relevant to the update review. Only
one publication provided data on the incidence of
PKU in the UK. Based on the best available
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evidence approach (studies of short duration were
regarded as poor-quality evidence for the review
on the effectiveness of treatment outcome), two
systematic reviews of RCTs and five additional
studies provided information on the effectiveness
of treatment outcomes for PKU.

One-hundred and six studies were excluded from
the update review (details of references are
provided in Appendix 10), for the following
reasons:

e patients: not PKU (n = 1), prenatal (n = 1)

¢ publication type: letters, comments or
statements (n = 8), review (n = 17)

e study design: screening (n = 18)

e outcome measures: mutation, genotype, etc.,
analysis (n = 18), no incidence or prevalence
data (n = 2), no treatment outcomes, details on
dietary treatment or fewer than two patients
(n = 13), incidence or prevalence data from
non-UK countries (n = 17)

e other reasons: same results reported elsewhere
(n = 3), included in existing or selected
systematic reviews (n = 6), poor-quality
evidence: treatment duration < 48 hours

(n = 2).

Quality of included studies

Incidence of PKU (Appendix 11)

Only one study reported data on the incidence of
PKU in the UK.*" This retrospective cohort study
evaluated all neonatal infants (n = 707,720) born
in the West Midlands NHS region (covering the
areas of the West Midlands, Hereford, Worcester,
Shropshire, Staffordshire and Warwickshire)
during the period 1981-91 for inborn errors of
metabolism in different ethnic groups (north-west
European, Pakistani, Indian, Afro-Caribbean,
other ethnic groups and mixed race). Neonatal
samples for PKU screening were obtained 6-10
days after birth.

Retrospective data for inherited metabolic
disorders were derived from the West Midlands
Neonatal Screening Programme regional register
for patients with inborn errors of metabolism, and
population frequencies from the national census.
All confirmations were obtained from laboratory
records.
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The Neonatal Screening Service programme for
Birmingham used heparinised plasma and
screened for PKU by amino acid chromatography,
as opposed to dried blood spots and the Guthrie
microbiological assay for phenylalanine, used by
the rest of the region. The authors failed to report
any details on gender characteristics and
thresholds used for disease identification.

The strength and quality of the evidence for the
expected incidence of phenylketonuria within the
UK were grade [a.30

Effectiveness of treatment for PKU

Two Cochrane systematic reviews of RCTs and five
additional studies were identified that evaluated
the effectiveness of treatments for PKU.

Dietary interventions for PKU (Appendix 12) One
systematic review evaluated dietary interventions
for PKU. In this review Poustie and Rutherford®!
performed a meta-analysis from published and
unpublished clinical trials to assess the eftect of a
phenylalanine-restricted diet started early in life
for patients with PKU and possible adverse effects
of relaxation or termination of diet on
intelligence, neuropsychological performance,
effect on growth, nutritional status, eating
behaviour, quality of life and death.

Original articles were assessed for inclusion in the
meta-analysis on the following predetermined
criteria: randomised or pseudo-randomised trials
comparing a phenylalanine-restricted diet to either
relaxation or termination of dietary restrictions in
patients of any age with PKU. Comprehensive
searches were conducted on various electronic
searches (MEDLINE, EMBASE) between 1966 and
January 2001, and handsearching journals and
abstracts of conferences, reference lists and the
Cystic Fibrosis and Genetic Disorders trials register.
Manufacturers of very low or phenylalanine-free
protein supplements were also contacted for
published and unpublished RCTs on file.

The results of four trials were pooled for further
analysis (n = 251) and weighted mean differences
calculated. The majority of included studies
involved only small numbers of subjects, ranging
from nine to 216. In two studies, the mean age of
the patients ranged from 12.6 to 14.4 years, but
was unreported in the other included studies;
however, treatment in these studies was initiated
within 121 days after diagnosis. Moreover, several
included studies failed to provide details on
allocation concealment and method of
randomisation sequence. Only two of the four

included studies used intention-to-treat analysis.
The length of follow-up was different in the
various studies and ranged from 10 weeks to 12
years. The authors did not report the number of
patients lost to follow-up for any of the studies.

More than 30 different assessments of
neuropsychological performance were evaluated in
the four included studies. Of these different
assessments, only three were used in more than
one study; however, final data from these
assessments were not available. In addition, the
following outcome measures were not measured in
any of the studies: blood tyrosine concentration,
eating behaviour, quality of life and mortality.

Two further non-randomised studies provided
additional information on dietary interventions
for PKU. The first study’® assessed the effect of a
phenylalanine-restricted diet in ten young PKU
children (median age 7.53 years, range 5.58-9.75
years) versus diet termination in ten older PKU
patients (median age 20.59 years, range
13.58-28.42 years) using a cross-sectional mixed
design with matched pairs (controls free from
major developmental disorders), independent
samples and non-repeated measures. All PKU
patients were diagnosed with classical PKU and
treated within 3 months of birth.

The second study®® evaluated the effect of
difterent degrees of dietary intervention on
vitamin B}y and folate status using a prospective
cohort design with historical controls. Diseased
patients included adolescents and adults with PKU
on a strict low-phenylalanine diet with amino acid,
mineral and vitamin supplements (n = 22, median
age 24 years), relaxed diet (total protein intake of
approximately 1 g/kg per day with roughly 50%
from natural protein and 50% from amino acid,
mineral and vitamin supplements, n = 30, median
age 21 years) or unrestricted diet (no formal
protein restriction and not taking amino acid
supplements, n = 31, median age 22 years).

Neither non-randomised study reported any
information on the period of study, inclusion and
exclusion criteria, ethnic characteristics or loss to
follow-up.

Tyrosine supplementation for PKU (Appendix 13) Only
one study was identified on tyrosine
supplementation for PKU. In this study, Poustie
and Rutherford®? performed a meta-analysis from
published and unpublished clinical trials to assess
the effects of tyrosine supplementation alongside
or instead of a phenylalanine-restricted diet for



Health Technology Assessment 2004; Vol. 8: No. 12

patients with PKU who started the diet on
diagnosis and either continued on the diet or
relaxed the diet later in life. The effects of tyrosine
supplementation alongside or instead of a
phenylalanine-restricted diet on intelligence,
neuropsychological performance, growth and
nutritional status, mortality rate and quality of life
were also evaluated.

Original articles were assessed for inclusion in the
meta-analysis on the following predetermined
criteria: randomised or pseudo-randomised trials
comparing the use of tyrosine supplementation
versus placebo in patients with PKU in addition to,
or instead of, a phenylalanine-restricted diet.
Patients treated for maternal PKU were excluded.
Comprehensive searches were conducted on
various electronic searches (MEDLINE, EMBASE)
between 1966 and June 2001, and handsearching
journals and abstracts of conferences, reference
lists and the Cystic Fibrosis and Genetic Disorders
trials register. Manufacturers of dietary products
used in the treatment of PKU were also contacted
for published and unpublished RCTs on file.

The results of three trials were pooled for further
analysis (n = 56) and weighted mean differences
were calculated. Three included studies were
double blind and placebo controlled with
adequate allocation concealment. In all three
studies, only small numbers of subjects were
involved (range 9-24, with a mean age range of
10.25-20.08 years) and the duration of both the
treatment and control arms were brief (range
12-24 weeks). Two studies failed to provide details
of the method of randomisation sequence and
only one of the three included studies used
intention-to-treat analysis.

The intelligence quotient (IQ) was not assessed
because the results of all the patients were
combined and compared with a non-PKU group.
In addition, the following outcome measures were
not measured in any of the studies: weight gain,
other measures of nutritional status, quality of life
and death.

Fatty acid supplementation for PKU (Appendix 14)
Two studies were identified that investigated the
effects of fatty acid supplementation in children
with either PKU or HPA.

In one study®® the authors used a single blind
randomised controlled design and recruited a
group of treated PKU children (monitored for
clinical symptoms and nutritional follow-up), of
both genders, between 5 and 10 years of age. Over
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a period of 6 months, subjects underwent dietary
supplementation with fish oil containing long-
chain polyunsaturated fatty acids (LCPUFA) of the
n-3 series (n = 10) or blackcurrant seed oil
containing compounds of both n-6 and n-3 series
immediately beyond the limiting step for LCPUFA
synthesis (n = 11). Subjects received 2.5—4 g oil
per day on the basis of individual body weight
(one 500 mg capsule/4 kg body weight per day for
6 months). Treatment was allocated using a time-
balanced randomisation table and no subjects were
lost to follow-up. No details were provided on
ethnic characteristics or power calculations for
detecting differences.

Agostoni and colleagues®® used a double-blind
randomised placebo-controlled trial. Children
included in this study were detected by newborn
screening and diagnosed as having type I HPA
according to predefined protocols. Twenty-four
children with HPA, of both genders, treated from
the first month of life, were randomly allocated to
receive gelatine capsules containing 500 mg oil
per capsule supplying either 26% fatty acid as
LCPUFA (including 4.6% vy-linolenic acid, 7.4%
arachidonic acid, 5.5% eicosapentaenoic acid and
8% docosahexaenoic acid) or placebo (olive oil)
supplements over a 12-month period. The daily
dosage of the supplement provided 0.3-0.5% of
the daily energy requirements as LCPUFA or an
equivalent dose as placebo (around 1 capsule/4 kg
body weight). No details were provided on the
method of randomisation sequence or ethnic
characteristics.

Based on power calculations, nine patients were
required per group for detecting differences at
90% power. Anticipating a 25% loss to follow-up
over the study period, 12 children were recruited
for each group. The mean age of the patients in
the treatment group was 10 * 7 years and 10 = 5
years in the placebo group. Two patients in each
group were lost to follow-up owing to parental
withdrawal.

Treatment during pregnancy (Appendix 15) One study
was identified that determined whether dietary
treatment during pregnancy of women with PKU
affected developmental outcomes of offsplring.?’7
This ongoing longitudinal, prospective cohort
study (Maternal PKU Collaborative Study), which
began in 1984, followed a total of 253 children of
women with PKU (n = 149 children, further
subdivided into four treatment groups related to
the timing of maternal metabolic control: control
before pregnancy, n = 17; more than 0 up to 10
weeks of gestation, n = 26; more than 10 up to 20
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weeks of gestation, 47; more than 20 weeks of
gestation or never in control, n = 59), with
untreated mild HPA (n = 33) or without known
metabolic problems (comparison group, n = 71),
up to 4 years of age.

Women with PKU were offered a low-phenylalanine
diet before or during pregnancy, with the aim of
maintaining metabolic control (plasma
phenylalanine < 605 wmol/l), whereas women with
mild HPA, who had plasma phenylalanine

< 605 wmol/l on a normal diet, were not treated.
No details were reported on baseline comparability,
ethnic characteristics or loss to follow-up.

Opverall, the strength and quality of the evidence
for the effectiveness of treatments for PKU
included four grade I studies,>!"** one grade 11-2a,%
one grade 11-2b*® and one grade T11%° study.

Summary of results

Incidence of PKU
Study details and results are summarised in Table 6.

The overall incidence of PKU (classical and
atypical combined) in the West Midlands NHS
region of the UK was 7.3 cases per 100,000 births
between 1981 and 1991.%° The incidence of PKU
was similar in Pakistani [1:14,452, 95% confidence
interval (CI) 1:4001 to 1:119,337] and Caucasian
children (1:12,611, 95% CI 1:9512 to 1:17,104);
however, the gene frequency was significantly
lower in Pakistanis (1:713, 95% CI 1:210 to
1:5750) than among north-west Europeans

(1:112, 95% CI 1:98 to 1:131, p < 0.01). Tiwo cases
of PKU were identified in mixed-race children.
One case was identified in a mixed-race
Jordanian—European and one of Afro-
Caribbean—Arabic descent. No cases of PKU were
observed among Indians.

The authors reported that the incidence of inborn
errors of metabolism in Afro-Caribbean populations
in the West Midlands was not compared with that
in north-west Europeans because the Afro-
Caribbean population was too small.

Effectiveness of treatment for PKU

Dietary interventions for PKU

Data from a meta-analysis of four RCTs*! found
that blood phenylalanine concentrations were
significantly lower in subjects with PKU following a
phenylalanine-restricted diet than in those on a
less restricted or relaxed diet [weighted mean
difference at 3 months -672.203 (95% CI
-813.799 to -530.608, p = 0.00); weighted mean
difference after 12 months -751.540 (95% CI

-883.412 to —619.677, p = 0.00)], as would be
expected. IQ was significantly higher in subjects
who continued on the phenylalanine-restricted
diet than in those who terminated the diet
[weighted mean difference after 12 months —5.000
(95% CI -9.595 to —0.405, p = 0.03)]; however,
these findings were based on only one study.

Results from a cross-sectional study®® showed that
neuropsychological tests failed to provide
compelling evidence that prolonged exposure to
unrestricted phenylalanine during adolescence
and early adulthood is harmful to cognitive and
motor functioning in well-treated PKU patients,
and delaying dietary termination until 10 years of
age 1s sufficient to prevent a substantial reduction
in cognitive and motor ability. However, there
were indications that subtle intellectual
deficiencies may arise during and after treatment,
possibly in the realm of frontal-executive
functions. Inferences to wider PKU populations
should be made with caution owing to small
sample sizes and limited function tests.

In a prospective cohort study, Robinson and co-
workers®® showed that mean vitamin By, levels
were significantly lower in the PKU groups on
relaxed or unrestricted diets than in the normal
population (strict low-phenylalanine diet: 468.7 *
199.7 ng/l, p = 0.077 vs normal population;
relaxed diet: 332.8 + 128 ng/l, p = 0.0034 vs
normal population; unrestricted diet: 275.3 =+

95 ng/l, p = 0.0001 vs normal population; normal
population: 411.9 + 148.75 ng/l). The results
illustrate that adolescents and adult patients with
PKU who have discontinued or relaxed their diet
might be at risk from vitamin B, deficiency.

Tyrosine supplementation for PKU

Data from a meta-analysis of three RCTs*? showed
that the blood tyrosine concentrations in subjects
with PKU were significantly higher in subjects
receiving tyrosine supplements than those in the
placebo group [weighted mean difference at

3 months 22.996 (95% CI 12.895 to 33.097,

p = 0.00)]. No other significant differences

(p < 0.05) were found in any of the other
outcomes measured (blood phenylalanine and
neuropsychological performance).

Fatty acid supplementation for PKU

Two RCTs provided data on the effectiveness of
fatty acid supplementation in children with either
PKU or HPA.

Agostoni and colleagues® reported that in children
with PKU, aged 5-10 years, fish oil supplementation
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TABLE 6 Birth incidence of PKU in the UK

1€

Study Location Study Period of Patient Age at Confirmation Population Cases Cumulative  Cases®  Quality of
design study selection sampling of disease screened diagnosed incidence per evidence
100,000 (grade)

Hutchesson  Neonatal Screening Retrospective April 1981 to All newborns 6—10 days Yes, 707,720 52 (PKU)  52:707,720° 7.3 la
et al.®° Service Programme, cohort study  April 1991 within West laboratory
West Midlands, UK Midlands records
NHS region

9 PKU: classical and atypical combined.
® Incidence data for different ethnic groups [cases per 100,000 (95% CI)]: north-west European; 1:12,611 (1: 9512 to 1:17,104), Pakistani 1:14,452 (1:4001 to 1:119,337).
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for 6 months significantly decreased plasma
triglycerides and significantly increased n-3
LCPUFA. In contrast, the blackcurrant oil led to
no significant changes in the lipid profile from
baseline, except for n-6 linolenic acid. No adverse
reactions were reported during the study period.

In HPA children, treated from first month of life,
Agostoni and colleagues®® found that
supplementation with LCPUFA for 12 months
improved the docosahexaenoic acid status by
around 100% without adversely affecting the
arachidonic acid status. No significant changes
were observed in blood lipids [total cholesterol,
high-density lipoprotein (HDL) cholesterol and
low-density lipoprotein (LDL) cholesterol] at the
end of treatment.

Treatment during pregnancy

Data from a longitudinal, prospective cohort study
(Maternal PKU Collaborative Study) showed that
most women with PKU on a low-phenylalanine
diet attained metabolic control after 10 gestational
weeks (plasma phenylalanine < 605 mmol/l).
Scores for the maternal PKU offspring, using the
McCarthy General Cognitive Index, decreased as
weeks to metabolic control increased (r = —0.58,

p < 0.001). For example, offspring of women with
PKU who had metabolic control before pregnancy
had a mean =SD score of 99 = 13, in contrast to a
score of 71 = 19 for maternal metabolic control
achieved after more than 20 weeks. The
percentage of children attaining scores 1 (< 86)
and 2 SD (< 72) below the mean increased as
metabolic control decreased. For example, 47% of
offspring whose mothers did not have metabolic
control by 20 weeks of gestation had a General
Cognitive Index Score 2 SD below the norm, in
contrast to 6% for having metabolic control before
pregnancy. Overall, 30% of children born to
mothers with PKU had social and behavioural
problems.

Discussion

The evidence for the incidence of PKU in the UK
is limited to one geographical region of England.
Retrospective data suggested that the incidence of
PKU (classical and atypical combined) in the West
Midlands NHS region was 7.3 cases per 100,000
births between 1981 and 1991.%° The gene
frequency of PKU was much lower among
Pakistanis than among north-west Europeans, but
the disease incidence was similar in both groups.
The effect of consanguineous marriages among
Pakistanis may have increased the disease
frequency to that seen among Europeans.® There
are wide variations in the incidence of PKU in the

British Isles. Data in the Pollitt report! suggest
that the average incidence of PKU (classical and
atypical combined) in the UK is 11.0 cases per
100,000 live births (England, 10.2 cases per
100,000; Scotland, 12.7 cases per 100,000; and
Wales, 9.9 cases per 100,000), whereas in Ireland,
the incidence of PKU is much higher at 22.0 cases
per 100,000 births. Milder forms of the disease
(phenylalanine < 900 pwmol/l) accounted for 18%
of the total cases in the UK.

The evidence for the effectiveness of specific
dietary interventions on blood phenylalanine
concentrations,®! IQ, neuropsychological
performance, vitamin B and folate status for
patients with PKU is limited or mainly derived
from only one study. The majority of the studies
are of poor quality and include small sample sizes;
therefore, no firm conclusions can be drawn about
the effectiveness of certain dietary interventions
for patients with PKU. Moreover, there is a lack of
clear evidence about the exact level of
phenylalanine restriction, or when, if ever, the
restricted diet should be relaxed. Despite these
shortcomings, blood phenylalanine concentrations
were significantly reduced and vitamin B levels*
were higher in subjects with PKU following a
phenylalanine-restricted diet compared with those
on a less restricted or relaxed diet. The I1Q was
significantly higher in subjects who continued on
the phenylalanine-restricted diet than in those
who terminated the diet. Delaying dietary
termination until 10 years of age was sufficient to
prevent a substantial reduction in cognitive and
motor ability; however, there were indications that
termination of dietary control at the age of 10
appeared to be associated with deficits in frontal-
executive functioning.35 Other published studies®®
have also found that while dietary termination at
10 years of age or later does not lead to marked
deficits in 1Q), it does lead to neurological
abnormalities.

The subject of dietary management of PKU in
adolescence is controversial, and there are
diftferences of opinion among specialists. Rather
than just two options, indefinite maintenance of
strict dietary control and termination of the
special diet at 10 years of age, many specialists
suggest partial relaxation of dietary control after
the age of 10, with ongoing monitoring of
phenylalanine levels and psychological status
(Grosse S: personal communication; 2002).

Owing to the limited number of studies and small
sample sizes there was insufficient evidence to
evaluate the relative effectiveness of tyrosine or
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fatty acid supplementation to the diet of people
with PKU.

The evidence for the effectiveness of dietary
interventions before or during pregnancy is solely
based on one longitudinal, prospective cohort
study. The authors of this study reported that 30%
of children born to mothers with PKU had social
and behavioural problems. However, among
babies born to mothers with PKU who do not
maintain dietary control during pregnancy, at least
90% have one or more severe outcomes, including
microcephaly, mental retardation and congenital
heart defects (Grosse S: personal communication;
2002). Despite the limited study quality, this study
showed that delayed development in offspring of
women with PKU is associated with a lack of
maternal metabolic control before or early in
pregnancy. Treatment at any time during
pregnancy may reduce the severity of
developmental delay.37 Therefore, it is extremely
important that maternal PKU is managed
throughout pregnancy, including during the first
trimester.

Conclusion

The conclusions that have been reached by this
review for PKU are very similar to those reported
by Pollitt and colleagues' and Seymour and
colleagues.? Despite the limited evidence, the
average incidence of PKU (classical and atypical
combined) in the UK is 11.0 cases per 100,000
live births. Early dietary interventions, including
dietary treatment before or during pregnancy, are
effective in reducing the severity of developmental
delay. Neonatal screening using tandem MS has
been shown to be suitable for the reliable
detection of PKU.

The authors of the Pollitt 1reportl concluded that
the UK screening programme for PKU has largely
achieved the expected objectives and is cost-
effective. Early intervention prevents mental
disability, effective therapy is available and a
suitable screening test exists. Severe mental
retardation due to PKU has all but disappeared in
the screened population. Economic evaluations
support the view that the replacement of existing
screening methods for PKU with tandem MS
should only be considered if laboratories plan to
extend their neonatal screening programme.

Similar conclusions were reached by the Seymour
report.2 These authors concluded that universal
neonatal screening for PKU is worthwhile and
should be continued. The estimated incidence of
PKU (phenylalanine > 900 wmol/l) in the UK was
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reported as 1:12,000 live births and the review of
the available literature confirms that PKU causes
irreversible damage if not treated early, and one in
which early treatment, maintained through life at
least, results in almost all children developing
normally. Cost-benefit analyses show that
screening for PKU by itself justifies the collection
and testing of neonatal blood spots. Tandem MS
has been demonstrated to be robust (accurate,
sensitive, lack of false positives) and suitable for
the reliable detection of PKU. However, there is
insufficient economic evidence to support a
change from current methodology to tandem MS-
based screening solely for PKU.

Tyrosinaemia type |
Background

Tyrosinaemia type I results from a deficiency of
fumarylacetoacetase with resulting accumulation of
fumarylacetoacetate and its metabolic precursor
maleyl-acetoacetate and inhibition of a variety of
other enzyme systems. The characteristics of this
disorder are thought to relate to an accumulation
of these toxic metabolites."*¥ Fumarylacetoacetase
occurs mainly in the liver and kidneys; therefore,
patients with tyrosinaemia type I present with liver
failure in infancy (acute form) or show a more
protracted course resulting in hepatocellular
carcinoma (subacute and chronic forms).

The majority of children with tyrosinaemia type I
present with the acute form. Symptoms such as
vomiting, diarrhoea, lethargy and failure to thrive
may appear in the first months of life. There are
also signs of liver disease, with hypoproteinaemia,
hyperbilirubinaemia, defective coagulation
capacity and hypoglycaemia. Serum tyrosine is
elevated and large amounts of tyrosine metabolites
are excreted in the urine. Neurological crises
similar to those seen in acute porphyria can occur
and may be the presenting feature. The condition
is progressive and death from liver failure will
occur in the first year of life in untreated patients.

The chronic form is characterised by liver disease,
renal tubular dysfunction and hypophsophataemia
with vitamin D-resistant rickets. Children
characteristically present with rickets and/or
hepatomegaly during infancy or at school age.
Hepatic cirrhosis, hepatoma and renal failure may
develop chronically and patients usually die within
the first decade of life if left untreated.

Tyrosinaemia types II and III are rare and not
covered in this review.
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Quantity and quality of research
available

Quantity of research available

The yield of literature from the systematic
searches generated 84 additional publications on
the incidence, prevalence and effectiveness of
treatment outcomes for tyrosinaemia type I. Full
copies of 17 papers were retrieved for further
evaluation.

Of these 17 papers, two studies were judged to be
relevant to the update review. One of these
studies® provided data on the incidence of
tyrosinaemia type I within the UK, and the other
reported information on the effectiveness of
treatment outcomes for tyrosinaemia type 1.1

Fifteen studies were excluded from the update
review (details of references are provided in
Appendix 16), for the following reasons:

e publication type: review (n = 3)

e study design: screening (n = 3)

® outcome measures: no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 4), incidence or prevalence data from non-
UK countries (n = 3)

e other reasons: data included in existing
systematic reviews (n = 1), poor-quality
evidence: treatment duration less than 2 days
(n=1).

Quality of included studies

Incidence of tyrosinaemia type I (Appendix 11)
Only one study reported data on the incidence of
tyrosinaemia type I in the UK.?® This retrospective
cohort study evaluated all neonatal infants

(n = 707,720) born in the West Midlands NHS
region (covering the areas of the West Midlands,
Hereford, Worcester, Shropshire, Staffordshire and
Warwickshire) during the period 1981-91 for
inborn errors of metabolism within different
ethnic groups (north-west European, Pakistani,
Indian, Afro-Caribbean, other ethnic groups and
mixed race). Neonatal samples for screening were
obtained 6-10 days after birth (additional details
are reported in ‘Incidence of PKU’, p. 27).

The strength and quality of the evidence for the
expected incidence of tyrosinaemia type I in the
UK were grade Ta.*

Effectiveness of treatments for tyrosinaemia
type I

Orthotopic liver transplantation in tyrosinaemia type I
(Appendix 17) Only one study was identified that
evaluated the effectiveness of orthotopic liver

transplantation in patients with tyrosinaemia

type 1.%° In this study the authors conducted a
retrospective analysis of clinical and biochemical
data of patients presenting with tyrosinaemia type
I between 1989 and 1997.

During this period, eight children (five males and
three females) underwent orthotopic liver
transplantation (median age at orthotopic liver
transplantation was 64 months, range 5-127
months). Six of these patients developed
tyrosinaemia type I between 1989 and 1992,
before the availability of 2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3-cyclohexanedione
(NTBC). The indications for orthotopic liver
transplantation were risk of hepatocellular
carcinoma with evidence of hepatic dysplasia,
chronic liver failure and/or raised a-fetoprotein
levels. In contrast, two patients were diagnosed
with tyrosinaemia type I between 1992 and 1997,
who started NTBC treatment in addition to diet
therapy. The indications were non-response to
NTBC in one child and development of hepatic
dysplasia associated with poor quality of life in the
second patient. Of the eight children transplanted,
four received a whole liver graft, three received
reduction hepatectomy and one had a split liver.
During the follow-up period after transplantation
(median 6.7 years, range 1-7 years), two children
died. Causes of death were primary non-function
and chronic rejection.

The strength and quality of the evidence for the
effectiveness of orthotopic liver transplantation in
patients for tyrosinaemia type I were grade IT1.*°

Summary of results
Incidence of tyrosinaemia type | in the UK

Study details and results are summarised in
Table 7.

The overall incidence of tyrosinaemia type I in the
West Midlands NHS region was 1.8 cases per
100,000 births between 1981 and 1991.%° The
incidence of tyrosinaemia type I was significantly
higher in the Pakistani population (1:2628, 95%
CI 1:1468 to 1:5263) than in the north-west
European subjects (1:302,665, 95% CI 1:83,786 to
1:2.5 x 10°% p < 0.001). These authors also
observed that the gene frequency for tyrosinaemia
type I was significantly higher in the Pakistani
population (1:144, 95% CI 1:87 to 1:271) than in
north-west European children (1:550, 95% CI
1:289 to 1:1581, p < 0.05). These findings have
been attributed to the effect of consanguinity,
which increases both anticipated disease and

gene frequency rates; alternatively a common
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TABLE 7 Incidence of tyrosinaemia type | in the UK

S€

Study Location Study Period of Patient Age at Confirmation Population Cases Cumulative  Cases Quality of
design study selection sampling of disease screened diagnosed incidence per evidence
100,000 (grade)

Hutchesson  Neonatal Screening Retrospective April 1981 to All newborns NR Yes, 707,720 13 13:707,720° 1.8 la
et al.®° Service Programme, cohort study  April 1991 in West laboratory
West Midlands, UK Midlands NHS records
region

? Incidence data for different ethnic groups [cases per 100,000 (95%CI)]: north-west European, 1:302,665 (1:83,786 to 1:2.5 x 10°); Pakistani, 1:2628 (1:1468 to 1:5263)
(p < 0.001). NR, not reported.
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causative mutation may be present in the Pakistani
population.®”

Effectiveness of treatment for tyrosinaemia

type |

Orthotopic liver transplantation in tyrosinaemia
type I

Results from a retrospective analysis of clinical and
biochemical data* showed that plasma tyrosine
and raised a-fetoprotein levels returned to normal
in all patients who underwent orthotopic liver
transplantation; however, urinary succinylacetone
was reduced but persisted in small amounts
(median 7.7 pmol/mmol creatinine). Before
transplantation the glomerular filtration rate
(using height:creatinine ratio) was normal in five
out of six survivors. After transplantation three of
the six survivors developed renal dysfunction with
a fall in the glomerular filtration rate, which
stabilised following a reduction in ciclosporin A or
a change to mycophenolate mofetil, a powerful
immunosuppressive that has no nephrotoxicity.
This suggested that the main cause of renal
dysfunction was nephrotoxicity due to ciclosporin
A.4O

The clinical outcomes of hypertrophic
cardiomyopathy were resolved within 1 year in all
patients in whom it occurred (n = 3). Before
transplantation, one patient did not respond to
dietary therapy or NTBC for hypoglycaemia;
however, this was resolved following
transplantation.

Following orthotopic liver transplantation, two
patients died, one from primary non-function and
one from chronic rejection. The 1-year actuarial
survival rate was 88% and the 5-year actuarial rate
was 73%. The quality of life after orthotopic liver
transplantation in survivors was reportedly good.
All survivors were in mainstream schools and had
a reduction in hospital visits (median two per
year), venepuncture (median five blood samples
per year), medication (median two per day) and
dietary freedom, in contrast to patients receiving
NTBC therapy who had more hospital visits
(median four per year), frequent venepuncture
(median 35 blood samples per year), extra
medication (median five per day) and a restricted
diet.

Discussion

The evidence for tyrosinaemia type I is limited to
one geographical region in England. Retrospective
data suggest that the incidence of tyrosinaemia
type I was 1.8 cases per 100,000 births in the West
Midlands NHS region, during the period

1981-91.3% Moreover, the incidence of
tyrosinaemia type I was significantly higher in the
Pakistani population (1:2628, 95% CI 1:1468 to
1:5263) than in the north-west European children
(1:302,665, 95% CI 1:83,786 to 1:2.5 x 105,

p < 0.001). Overall, these figures may be an
underestimate because the authors reported that
they were unable to identify those who died before
collection of neonatal sample and children with
inborn errors may have died without recognition
of the underlying diagnosis, particularly with
tyrosinaemia, which can present with neonatal
death. However, the authors were confident that
many cases of tyrosinaemia type I had not been
overlooked.?"

The evidence for the effectiveness of orthotopic
liver transplantation in patients with tyrosinaemia
type I was limited to one study. Despite the poor
study quality and small sample size, the results
showed that orthotopic liver transplantation
appeared to be an effective treatment for
tyrosinaemia type I, resulting in clinical and
biochemical improvements. The quality of life was
also enhanced and gave rise to an unrestricted
diet, fewer hospital visits and fewer blood samples
per annum, in contrast to patients receiving
NTBC therapy who had frequent venepuncture
and hospital visits and a restricted diet.

Before the introduction of NTBC, the only
treatment was orthotopic liver transplantation, but
this has an appreciable mortality and morbidity.
According to one expert the introduction of NTBC
has completely changed this. If NTBC is started
early all metabolic changes are reversed and the
long-term outlook is excellent. However, if it is
started late then liver transplantation may still be
necessary because of liver damage and the risk of
malignancy (Leonard J: personal communication;
2002).

Most programmes for tyrosinaemia type I are
based on the detection of raised tyrosine levels
using chromatographic methods or the bacterial
inhibition assay method. Tyrosine measurement in
dried blood-spot specimens lacks speciﬁcity“%?’
because various pathological conditions, including
other disorders in tyrosine catabolism*!** and
benign transient hypertyrosinaemia of the
newborn, 43 can lead to increased tyrosine. In
Quebec, Canada, where the prevalence of
tyrosinaemia type I is high, detection of
succinylacetone is used, as its measurement is
reliable for the early diagnosis of tyrosinaemia
type I; however, it is too laborious for general
neonatal screening.*!
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Several newborn screening programmes outside
the UK screen for tyrosinaemia type I using
tandem MS. Difficulties in the detection and
differentiation of this disorder have been reported
by Rashed,!” Zytkovicz” and Muenzer and co-
workers.® In addition, two false-negative results
have been identified so far for tyrosinaemia type I.
One case has been identified in New South Wales,
Australia,’ and one case in Bavaria, Germany
(Pollitt R: personal communication; 2002). These
observations suggest that this disorder is not
reliably detected using tandem MS. For optimal
sensitivity, Schulze and ColleaguesA’1 recommended
a two-tier strategy in neonatal screening of
tyrosinaemia type I. Tandem MS was suggested as
a first line screening strategy for detecting
increased tyrosine concentrations in dried blood
spots with cut-off points for tyrosine set between
the 90th and 95th percentiles because neonates
with hypertyrosinaemia may present with only
mildly increased tyrosine concentrations. The
second test, an enzyme assay for succinylacetone,
was recommended as a confirmatory test for
increased tyrosine levels.*!

Conclusion

The conclusions that have been reached by this
review for tyrosinaemia type I are similar to those
reported by Pollitt and colleagues' and Seymour
and colleagues.2 The expected incidence of
tyrosinaemia type I is 1.8 cases per 100,000 births
and may be appreciably higher in ethnic groups
such as the Pakistani population than in north-
west European populations. Effective treatments
for tyrosinaemia type I included orthotopic liver
transplantations, which improved clinical, and
biochemical outcomes and enhanced the quality of
life in contrast to NTBC therapy. Evidence
regarding the sensitivity and specificity of neonatal
screening for tyrosinaemia type I using tandem
MS is limited.

The authors of the Pollitt report' concluded that
the expected incidence of tyrosinaemia type I in
the UK ranged from one to five (in some places)
cases per 100,000 births. Various types of
treatment are available, such as dietary restriction
of tyrosine, phenylalanine and methionine, liver
transplantation and NTBC treatment. Whichever
treatment route is taken, early diagnosis through
neonatal screening followed by treatment with
NTBC will preserve hepatic and renal function
and prevent porphyria-like attacks. However, it is
unclear whether NTBC treatment prevents or
merely delays the onset of malignancy and
whether there are any long-term adverse effects of
the drug. Data on the sensitivity and specificity of
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neonatal screening for tyrosinaemia type I using
tandem MS are limited; however, these authors
reported that tyrosine can be accurately measured
using tandem MS and is suitable as a primary
screen.

Seymour and co-workers? found that the UK
incidence of tyrosinaemia type I was 1:105,000.
The incidence of this disorder appeared to be
higher in certain parts of the UK owing to the
practice of consanguineous marriages or an
association with a specific genetic pool. These
authors reported that tyrosinaemia is associated
with significant morbidity and mortality; however,
there are uncertainties regarding the effectiveness
of treatments (dietary therapy, liver
transplantation and NTBC therapy) and the
period before onset during which the intervention
improves outcome. Evidence is limited regarding
the sensitivity and specificity of neonatal screening
for tyrosinaemia type I using tandem MS;
however, these authors reported that this method
can distinguish between hypertyrosinaemia and
benign neonatal tyrosinaemia, which is often
associated with hyperphenylalaninaemia. These
authors concluded that there is no clear indication
for neonatal screening for tyrosinaemia type I in
the UK.

Homocystinuria (cystathionine
B-synthase deficiency)

Background

Homocystinuria, or cystathionine S-synthase (CSS)
deficiency, leads to the accumulation and
excretion of homocysteine, homocystine,
cysteine—-homocysteine mixed disulfide and a
number of other sulfur-containing amino acids.
Patients appear normal at birth, but a range of
clinical and pathological abnormalities involving
the eye, skeletal, vascular and central nervous
systems develops progressively.!*"

A frequent, severe and characteristic feature of this
condition is ectopia lentis: the dislocation of the
ocular lens, myopia and glaucoma. This is
detected in most untreated patients in the first
decade of life and in nearly all by the end of the
fourth decade. Abnormality of the central nervous
system can lead to mental retardation that
presents as developmental delay in the first and
second years of life. This may be associated with
behavioural difficulties and/or convulsions.
Osteoporosis is common and this often leads to
scoliosis, as well as a tendency towards
pathological fractures and vertebral collapse.
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Excessive lengthening of the arms, legs and
fingers may occur in later childhood, giving a
physical appearance similar to that of Marfan
syndrome. There is a marked tendency to arterial
and venous thrombosis and serious complications
can develop in relation to this; for example, optic
atrophy secondary to occlusion of the optic artery,
hemiparesis, cor pulmonale secondary to
pulmonary artery occlusion and seizures or other
neurological problems due to cerebral thrombosis.
Thrombosis is a major cause of death.

Clinical signs of this serious disease do not
become evident until childhood, by which time the
complications are largely irreversible. Patients are
classified according to whether their biochemical
abnormalities are responsive to treatment with
pyridoxine (vitamin Bg). Approximately half of all
cases respond to this treatment and consequently
they have a milder or more slowly developing
disease than the unresponsive types.

Several other rare metabolic disorders can also
cause homocystinuria,ggAD but these are not
considered in this review.

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 194 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for
homocystinuria (CBS deficiency). Full copies of 33
papers were retrieved for further evaluation.

Of these 33 papers, five studies were judged to be
relevant to the update review. None of these
studies provided data on the incidence of
homocystinuria (CBS deficiency) in the UK. Based
on the best available evidence approach, five
studies reported information on the effectiveness
of treatment outcomes for homocystinuria.**-5

Twenty-eight studies were excluded from the
update review (details of references are provided
in Appendix 18), for the following reasons:

e publication type: review (n = 3), non-systematic
review (n = 1)

e study design: screening (n = 8)

® outcome measures: no incidence or prevalence
data (n = 3), no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 4), incidence or prevalence data from non-
UK countries (n = 3)

e other reasons: data included in existing
systematic reviews (n = 1), data reported

elsewhere (n = 1), not CBS deficiency (n = 3),
poor quality evidence: non-availability of
synthetic methionine-free, cystine-
supplemented mixtures (n = 1).

Quality of included studies

Incidence of CSS deficiency

No additional evidence was available on the
incidence of homocystinuria within the UK.

Effectiveness of treatments for CBS deficiency
Dietary interventions for CBS deficiency (Appendix 19)
Five studies were identified that evaluated the
effectiveness of dietary interventions for
homocystinuria due to CBS deficiency.**-°

In the study by Yap and Naughten,*® the authors
conducted a retrospective analysis of clinical and
biochemical data of 25 diagnosed cases of
homocystinuria due to CBS deficiency. Diagnosis
was based on clinical presentation and elevated
levels of blood methionine and free homocysteine
with low cystine. Patients with homocystinuria
consisted of 12 males and 13 females aged
between 2.5 and 23.4 years, and all were detected
in Ireland between 1971 and 1996 either by the
newborn screening programme (n = 21, with
blood methionine concentrations > 100 wmol/l
and pyridoxine non-responsive) or by clinical
presentation (n = 4; three of these were breast-fed
and one was pyridoxine responsive). All
pyridoxine-non-responsive patients (n = 24)
commenced a low-methionine, cystine-enhanced
diet (two-thirds of total protein intake was derived
from synthetic methionine-free, cystine-
supplemented mixture and the remaining third
from natural methionine-containing food)
supplemented with pyridoxine, vitamin By and
folate within 6 weeks of birth (detected by
newborn screening between 8 and 42 days),
whereas late-detected cases were started on
treatment upon presentation and diagnosis.
During follow-up one patient died at 8 years of
age in a drowning accident.

In a more recent study, Yap and colleagues*?
evaluated the intellectual abilities of 23
pyridoxine-non-responsive individuals with 339
patient-years of treatment using age-appropriate
psychometric tests (full-scale 1Q, verbal IQ and
performance IQ) and compared the results with
those of ten unaffected siblings (control).

All patients diagnosed with homocystinuria due to
CPS deficiency were detected in Ireland from 1971
either by the national newborn screening
programme or by clinical presentation.*® All
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patients were started on oral pyridoxine while on
a normal diet to ascertain their clinical
responsiveness to pyridoxine. After confirmation
of pyridoxine non-responsiveness (indicated by a
persistently high or rising plasma methionine and
free homocystine), subjects started on dietary
management of methionine restriction and a
methionine-free cystine supplemented synthetic
amino acid mixture. Patients deficient in plasma
vitamin B}, and folate were given supplements.
Betaine was used as an adjunct to treatment only
in those patients (late adolescent/young adults)
who became poorly compliant to treatment. In the
late-detected pyridoxine-non-responsive patients,
betaine was started with cofactor (pyridoxine,
vitamin B}, and folate) supplementation.

In this study, patients were divided into three
groups depending on the time of starting
treatment. Newborn-screened patients were
further divided into two groups depending on
their compliance, as defined by their biochemical
control (criterion for good compliance was defined
as a treatment lifetime plasma-free homocystine
median < 11 wmol/l). Nineteen patients were
detected through newborn screening. Of these, 13
were compliant with treatment (mean age 14.4
years, range 4.4-24.9 years) and the remaining
six, who were poorly compliant, developed
complications (mean age 19.9 years, range
13.8-25.5 years). All newborn-screened patients
had begun a methionine-restricted, cystine-
supplemented diet within 6 weeks of birth. Two
patients who were detected late (aged 18.9 and
18.8 years) were started on treatment at the ages
2.4 and 2.9 years, respectively, and two were
untreated at the time of assessment (aged 22.4
and 11.7 years at diagnosis). The control group
(mean age 19.5 years, range 7.8-32.9 years)
consisted of ten unaffected siblings. Two patients,
who were detected through newborn screening,
were excluded from this study: one died from
drowning, and psychometric data from one
patient (a postgraduate psychology student) may
not have been valid owing to her knowledge,
training and refusal to be assessed.

In one study,’® using a before and after intervention
design, the authors evaluated the effect of thiamin
(vitamin B;) supplementation in nine homozygote
patients with homocystinuria due to C8S
deficiency. All nine patients had good compliance
to their homocysteine-lowering treatment, had
prolonged elevated fasting homocysteine levels in
the blood despite homocysteine-lowering
treatment for at least 2 years and were at least

14 years of age. Homozygosity for homocystinuria
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was confirmed by hypermethioninaemia, severe
hyperhomocysteinaemia and almost absent
cystathionine activity in cultured skin fibroblasts.
Only one of the patients was on a regimen of
methionine restriction. In addition to conventional
homocysteine-lowering therapy (pyridoxine,
vitamin B, folic acid and/or betaine), six patients
received 25 mg of thiamin hydrochloride for

6 weeks three times daily, and three patients twice
daily. These three patents received only in total

50 mg thiamin hydrochloride conforming with
their conventional homocysteine-lowering
treatment, which was also twice daily. All patients
were aged between 14 and 34 years (mean age
24.4 * 6.2 years) with a mean duration of
homocysteine-lowering treatment of 9.0 + 2.4 years
(range 5-17 years). The mean thiamin dosage for
the patients was 0.90 = 0.25 mg thiamin
supplementation/kg body weight (range

0.48-1.43 mg/kg).

Wilcken and Wilcken*” presented the vascular
disease findings in homocystinuria due to CSS
deficiency seen while managing all patients
identified with this disorder in the state of New
South Wales, Australia. In this retrospective study
of clinical and biochemical data, 40 patients were
diagnosed on the basis of characteristic clinical
teatures and elevated levels of plasma methionine
and free homocyst(e)ine with low free cyst(e)ine.
During the follow-up period, ten patients died at
the age of 2-30 years. Only two of these ten
patients were receiving effective treatment at the
time of death. One patient died in an accident
unrelated to homocystinuria and one died of a
pulmonary embolus; however, it was unclear
whether this patient complied with treatment.

All patients had increased urinary homocysteine
and were categorised as being either pyridoxine
responsive [plasma homocyst(e)ine < 20 pmol/1]
or pyridoxine non-responsive. All treated patients
received pyridoxine 100-200 mg/day and folic
acid 5 mg/day and most had intermittent
hydroxocobalamin by injection according to serum
vitamin B, status, measured twice yearly.
Pyridoxine-non-responsive patients all received, in
addition, 6-9 g/day oral betaine given in two
divided doses. Diet was not closely monitored, but
general advice was given to reduce the intake of
foods with a high methionine content. Data from
32 patients in this study, who were followed up
with treatment, were included in the study by Yap
and colleagues.?’

Yap and colleagues®® performed a multicentre
observational study to assess the effectiveness of
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long-term homocysteine-lowering treatment in
reducing vascular risk in 158 patients. Vascular
outcomes were analysed and the effectiveness of
treatment in reducing vascular risk was evaluated
by comparison of actual to predicted number of
vascular events, with the use of historical controls
from a landmark study of 629 untreated patients
with CBS deficiency.

From the five centres in Ireland (Dublin, n = 27),
Australia (Sydney, n = 32), The Netherlands
(Nijmegen, n = 28) and the UK (Manchester,

n = 30; London, n = 41), 158 patients with C8S
deficiency (pyridoxine responsive, n = 70;
pyridoxine non-responsive, n = 88) were treated
and followed up for a mean of 17.9 years (pooled
data). The mean age was 29.4 years (range 4.5-70
years). Only 3% were younger than 10 years of
age, 36% were older than 30 years and 6.3% were
older than 50 years.

Pretreatment plasma free homocysteine levels were
between 11 and 187 wmol/l (Dublin, Manchester
and London) and plasma total free homocysteine
levels were between 42 and 266 pmol/l (Sydney
and Nijmegen). Three main treatment regimens
were used by all centres, with minor modifications
(Appendix 19). Initially, therapeutic doses of
pyridoxine (vitamin Bg) were given in combination
with folate. If the response to vitamin Bg was
inadequate (pyridoxine-responsive patients were
those whose total free plasma homocysteine was
reduced to < 20 pmol/l with pyridoxine
treatment), dietary methionine restriction was
attempted. However, vitamin Bg-non-responsive
pyridoxine continued to be given to many of the
patients owing to reports of its beneficial effects.
The third therapeutic option was the use of
betaine, mainly in patients who were non-
responsive to pyridoxine. Despite the slightly
different combinations of treatment regimens used
by the five centres, the authors reported that there
was no evidence of non-homogeneity in the
vascular outcomes of each centre (p = 0.156).

The biochemical markers used for monitoring
homocysteine and the criteria for assessing the
response to pyridoxine differed among centres.
The frequencies of biochemical monitoring in
Sydney, Nijmegen, Manchester and London were
similar (between one and four times per year),
whereas in Dublin it was monitored more often (at
least eight to ten times per year). The authors
reported that some patients included in the study
were taking other treatment than that specifically
designed to lower homocysteine. Some older
patients (n = 23) were taking aspirin and one was

undergoing lipid therapy. No details regarding
compliance with treatment were provided.

The strength and quality of the evidence for the
effectiveness of dietary interventions for
homocystinuria (CBS deficiency) were grade II-
2a,* grade 11-2b°" and grade I11.*0-*®

Summary of results

Incidence of CBS deficiency

No additional evidence was available on the
incidence of homocystinuria (C8S deficiency) in
the UK. Owing to the lack of additional evidence,
incidence data reported in the existing systematic
reviews!? are summarised in Tuble 8.
Effectiveness of treatments for C3S deficiency
Dietary interventions for CSS deficiency

Data over a 25-year period from Ireland*® found
25 diagnosed cases of CBS deficiency. Of these 25
patients, 24 were non-responsive to pyridoxine.
Clinical and biochemical data suggest that no
homocystinuria-related complications were found
in 18 dietary-treated cases. In these 18 subjects,
three developed increasing myopia and all had
higher lifetime median free homocysteine levels
(range 18-48 pwmol/l) compared with the
remaining 15 patients, who had lifetime median
free homocysteine levels below 11 pmol/l.

Among the three screened non-dietary-compliant
cases, two presented with ectopia lentis, one had
osteoporosis and two had mental disability. In this
group, poor dietary compliance (reflected by diet
history and higher plasma free homocysteine
levels) for between 2 and 8 years significantly
increased the risk of developing complications. In
the four patients who were missed by screening,
three presented with ectopia lentis after the age of
2 years.

All 25 patients had lifetime median methionine
levels ranging from 47 to 134 pmol/l and no
patients developed any thromboembolic events
(age range 2.5-23.4 years). Four patients, who
were non-compliant to dietary regimens (n = 2) or
were missed by screening and presented with
complications after 2 years of age (n = 2) had
mental disability, whereas the remaining 21
patients achieved age-appropriate education
standards.

Yap and Colleagues49 evaluated the intellectual
abilities of 23 pyridoxine-non-responsive
individuals and found that there were no
statistically significant differences between the
newborn-screened compliant group and
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TABLE 8 Cf3S deficiency detected by screening in the British Isles?

Region/country No. screened
NW Health Region, England 1,257,179
Scotland 1,012,500
Northern Ireland 549,219
Republic of Ireland 1,341,272

? Original data collected by Mudd et al.*'
® Homocystinuria due to CSS deficiency.
¢ Seymour et al.? reported the incidence as 1:78,000.

unaffected control group in the psychometric
parameters assessed, except for a higher full-scale
IQ in the patient group (p = 0.0397).

The newborn screened, good compliance group
(n = 13), with a total of 187.7 patient-years of
treatment, had a mean full-scale I1Q of 105.8
(range 84-120), verbal IQ of 110.3 (range 88-117)
and performance IQ of 98.6 (range 78-118).
These patients did not have any other recognised
homocystinuria-related complications and had
lifetime free homocystine medians less than

11 pmol/l. In contrast, the control group (n = 10)
had a mean full-scale IQ of 102 (range 76-116),
verbal IQ of 107 (range 81-123) and performance
IQ of 96.6 (range 76-115).

Patients in the newborn screened, poorly
compliant group (n = 6) had a mean full-scale 1Q
of 80.8 (range 40-103), verbal IQ of 87.3 (range
46-113) and performance I1Q of 75.2 (range
46-87). Correspondingly, the lifetime free
homocystine medians were inversely related to
full-scale IQ. The patients in this group received a
total of 118.9 patient-years of treatment.

The two late-detected patients had a full-scale 1Q)
of 80 and 102, verbal IQ of 75 and 107,
performance IQ) of 92 and 94, and lifetime free
homocystine medians of 4.5 and 8.5 pwmol/l,
respectively. The two untreated patients had full-
scale IQ of 52 and 53, verbal IQ of 58 and 61, and
performance IQ of 52 and 52, respectively, before
starting treatment.

A study that evaluated the effect of thiamin
(vitamin B,) supplementation in nine
homozygotes patients with homocystinuria due to
CpS deficiency® found that the thiamin plasma
concentration increased from 123 + 30 nmol

(n = 7) before thiamin treatment to 207 + 38

(n = 7) after 6 weeks of treatment. The fasting
blood methionine concentration significantly
decreased from 194 + 127 to 128 * 94 pmol/l
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No. detected Incidence Cases’ per 100,000
births
10 1:126,000 0.8
| 1:1,000,000 0.1
7 1:78,500¢ 1.3
23 1:58,000 1.7

after thiamin treatment (n = 9; p < 0.06). The
mean fasting plasma homocysteine concentrations
did not differ significantly before and after
thiamin treatment (91 * 25 wmol/l to 83 + 22
pmol/l, respectively), however, of the nine patients,
only one showed a substantial reduction in the
homocysteine concentration simultaneously with a
major decrease in the methionine level. In all
patients, the level of the serum transamination
metabolites remained unchanged..

Results from a long-term follow-up of patients with
homocystinuria due to CBS deficiency®” found that
of the 32 patients (mean age 30 years, range 9-66
years) receiving effective treatment (pyridoxine,
folic acid and hydroxocobalamin), 17 were
pyridoxine responsive and all maintained plasma
total free homocyst(e)ine levels < 20 wmol/l over
an average treatment period of 16.6 years. In this
group, there were two vascular deaths, one fatal
pulmonary embolus and one myocardial infarction,
whereas without treatment 21 deaths would have
been expected (/\/2 = 14.22, p = 0.0001, relative
risk 0.09, 95% CI 0.02 to 0.38). In contrast, 15
patients who were non-responsive to pyridoxine
also received 6-9 g of betamine of betaine daily,
which resulted in a substantial decline (mean 74 +
14%) in plasma total free homocyst(e)ine levels,
persisting during an average (postbetaine)
treatment period of 11 years (mean * SD levels:
33 = 17 wmol/l). In this group, there were no
vascular events during 258 patient years of
treatment (p < 0.005 versus expected untreated).
Nineteen subjects had a total of 19 major and 15
minor operations requiring anaesthetic, and there
were three successful pregnancies, one in a patient
receiving betaine. There were no thromboembolic
complications.

A multicentre observational study®” that
investigated the effect of long-term homocysteine-
lowering treatment on cardiovascular risk in 158
patients had a total of 2821.6 patient-years of
treatment. There were 1243.8 patient-years of
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treatment in the vitamin Bg responders, and a
further 1577.8 patient-years of treatment in the
vitamin Bg non-responders.

Without treatment, 112 vascular events would have
been expected (one vascular event per 25 years
was expected in 2821.6 patient-years of treatment).
Instead, only 17 vascular events (pulmonary
embolism, n = 3; myocardial infarction, n = 2;
abdominal aortic aneurysm, n = 2; transient
ischaemic attack, n = 1; sagittal sinus thrombosis,
n = 1; deep vein thrombosis, n = 5; and
cerebrovascular accident, n = 3) occurred in 12
patients who were undergoing treatment [relative
risk (RR) 0.09, 95% CI 0.036 to 0.228, p < 0.0001].
Of the seventeen vascular events, 12 occurred in
eight vitamin Bg responders at a mean age of 51.6
years (range 25-67 years) and five vascular events
in four vitamin Bg-non-responders at a younger
mean age of 20.6 years (range 18-24 years). There
were five vascular deaths during the treatment
period, two in the vitamin Bg responders
(pulmonary embolism, myocardial infarction) and
three among vitamin B non-responders
(pulmonary embolism, sagittal sinus thrombosis).
In the total of 825 patient-years of betaine
treatment (the longest period of betaine treatment
was 17 years) there were no reports of significant
side-effects. Plasma homocysteine levels were
markedly reduced from pretreatment levels, but
were several times higher than the mean for the
respective normal population of each centre,
despite the aim of achieving normal levels.

Discussion

Despite the lack of additional evidence on the
incidence of homocystinuria (C8S deficiency) in
the UK, data reported in the two existing
systematic reviews' suggest that the incidence of
CBS deficiency was 0.8 cases per 100,000 births
(1:126,000) in England, 0.1 cases per 100,000
births (1:1,000,000) in Scotland and 1.3 cases per
100,000 births (1:78,500) in Northern Ireland.
These authors believed that these estimates of
expected incidence hide much regional variation?
within the UK and there may be underestimates of
cases of homocystinuria since the pyridoxine-
responsive disease is not often detected using
current methods of neonatal screening.l’2

The evidence for the effectiveness of dietary
interventions in patients with CBS deficiency was
limited to a few studies. Despite the limited study
quality, small sample sizes (in some studies) and
varying length and types of treatment, the result
showed that homocystinuria due to CBS deficiency
was a potentially treatable disorder over a long

period. Newborn screening, early treatment, good
dietary compliance and the maintenance of a
lifetime median plasma free homocysteine less than
11 pmol/l appeared to protect against the overt
recognised complications of untreated
homocystinuria*® and prevent mental retardation in
pyridoxine-non-responsive CSS deficient patients.49
The treatment regimens designed to lower plasma
homocysteine significantly reduced cardiovascular
risk in CBS-deficient patients, despite imperfect
biochemical control;*° however, the authors of this
study also acknowledged that it was not clear
whether this results entirely from lowering the
extremely high pretreatment levels of homocysteine
or from some other aspect of the treatment.
Furthermore, the additional effect of betaine
therapy in pyridoxine-non-responsive patients is
substantial and produces sustained reduction of
elevated plasma homocyst(e)ine, thereby
contributing to reducing cardiovascular risk.47

Newborn screening for homocystinuria is conducted
in the USA, Japan and many European countries.’?
Most programmes for homocystinuria are based on
the detection of high methionine levels
(hypermethioninaemia) using the Guthrie bacterial
inhibition assay. This method mostly appears to
detect those patients not responding to pyridoxine,
and it is increasingly becoming apparent that many
pyridoxine-responsive cases, who may account for
50% of affected infants, are being missed by the
screening programmes.l’5 1,53 Reducing the cut-oft
level for methionine from 134 to 67 pwmol/l has
substantially increased the frequency of identified
infants in New England, USA; however, this was
associated with a higher false-positive rate, which
increased from 0.006 to 0.03%.%* Tandem MS,
which has a greater sensitivity for methionine than
the bacterial inhibition assalyﬁ5 is unlikely to
eliminate false-negative results, because the blood
methionine concentration may not be elevated
during the first few days of life.! Since 1998,
newborn screening using tandem MS has been used
routinely in the New South Wales, Australia. Based
on prospective and retrospective results, Wilcken
and colleagues® concluded that homocystinuria (as
well as mild MSUD, tyrosinaemia type I and
probably some but not all fatty acid oxidation
disorders) could not be reliably detected using
tandem MS; however, there was no justification in
not seeking a disorder simply because it cannot be
detected reliably on every occasion.

Conclusion

The conclusions that have been reached by this
review for homocystinuria due to CBS deficiency are
similar to those reported by Pollitt and colleagues.’
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Data reported in the two existing systematic
reviews'? suggest that the incidence of C8S
deficiency is 0.8 cases per 100,000 births
(1:126,000) in England, 0.1 cases per 100,000
births (1:1,000,000) in Scotland and 1.3 cases per
100,000 births (1:78,500) in Northern Ireland.
These estimates of expected incidence hide many
regional variations within the UK. Despite the
limited quality, small sample sizes (in some studies)
and varying lengths of treatment, homocystinuria
due to CBS deficiency is a potentially treatable
disorder (dietary, pyridoxine and betaine therapy)
over a long period. Newborn screening, early
treatment and good compliance are highly
effective in preventing long-term complications;
however, the response to treatment varies
depending on whether patients are pyridoxine
responsive or pyridoxine non-responsive. Evidence
for the detection (sensitivity and specificity) of
homocystinuria (by hypermethioninaemia) using
tandem MS is limited.

The authors of the Pollitt report! reported that
CBS deficiency is a serious disease and is clinically
silent until childhood, by which time the
complications are largely irreversible. Treatment
(dietary restriction of methionine with cystine
supplementation, pyridoxine and betaine
supplementation) will either prevent or greatly
delay the progression of the disease; however, the
response to treatment varies with both the severity
of the biochemical lesion (particularly whether
pyridoxine responsive or non-responsive) and the
age at which treatment is started. Data on the
sensitivity and specificity of neonatal screening for
homocystinuria due to CBS deficiency using
tandem MS are limited; however, these authors
concluded that persistent hypermethioninaemia in
the absence of homocystinuria or severe liver
diseases is very rare; thus, the false-positive rate
with tandem MS is likely to be low.

Seymour and colleagues? reported that
homocystinuria due to CBS deficiency causes
significant morbidity and mortality (impaired
vision, osteoporosis, neurological dysfunction and
thromboembolism) and there are uncertainties
regarding the effectiveness of treatments (dietary
restriction and pyridoxine supplementation) for
homocystinuria. Evidence is limited regarding the
sensitivity and specificity of neonatal screening for
homocystinuria using tandem MS; however, these
authors reported that this method offers a
sensitivity of 4 wmol/l for methionine, as well as a
demonstrated ability to reduce the rate of false
positives compared with the bacterial inhibition
assay method and to reduce significantly false
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negatives. These authors concluded that there is
no justification for including neonatal screening
specifically for homocystinuria in the UK
screening programme.

MSUD

Background

MSUD is caused by an inherited deficient activity
of branched-chain 2-keto acid dehydrogenase
affecting the metabolism of all three branched-
chain oxo and amino acids. Four major variants of
MSUD have been identified: severe (classical),
intermediate, intermittent and thiamin responsive.

In the classical presentation of this disease there is
little residual enzyme activity, and branched-chain
amino acids and keto acids accumulate in the body
fluids, resulting in the sweet, caramel-like or
‘maple syrup’ smell apparent in the urine of some
patients. Patients are apparently normal at birth,
with symptoms associated with ketoacidosis such as
poor feeding, vomiting and lethargy occurring in
the first week of life. The very low levels of
enzyme activity associated with this severe form of
the condition lead to rapid progression of the
disease, with neurological symptoms and weight
loss at 7-10 days followed by increasing lethargy,
convulsions and irregular respiration. Severe
ketoacidosis may lead to coma and death, or
survival with neurological damage including
mental retardation, blindness and cerebral palsy.

The higher residual enzyme activity in the
intermediate and intermittent forms of the disease
generally delays the onset of symptoms, which are
less severe and may only present (in the
intermittent form) at times of catabolic stress such
as infection. A thiamin-responsive form has been
described that is clinically less severe than the
other forms, but this is extremely rare.

Quantity and quality of research
available

Quantity of research available

The yield of literature from the systematic
searches generated 59 additional publications on
the incidence, prevalence and effectiveness of
treatment outcomes for MSUD. Full copies of 22
papers were retrieved for further evaluation.

Of these 22 papers, none was judged to be
relevant to the update review. These 22 studies
were excluded from the update review (details of
references are provided in Appendix 20), for the
following reasons:
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e publication type: review (n = 4)

e study design: screening (n = 10)

® outcome measures: no incidence or prevalence
data (n = 1), treatment outcomes in fewer than
two patients (n = 1), incidence or prevalence
data from non-UK countries (n = 5)

e other reasons: data included in existing
systematic reviews (n = 1).

Quality of included studies
Incidence of MSUD

No additional evidence was available on the
incidence of MSUD in the UK.

Effectiveness of treatments for MSUD
No additional evidence was available on the
effectiveness of treatments for MSUD.

Summary of results

Incidence of MSUD

No additional evidence was available on the
incidence of MSUD in the UK. Owing to the lack
of additional evidence, incidence data from the
existing systematic reviews'? have been reported.

Pollitt and colleagues' found that the expected
incidence of MSUD in the UK was 0.5 cases per
100,000 births. These data were extrapolated from
whole population screening or comprehensive
national surveys of clinically detected cases for
non-UK (but broadly similar) populations.
Seymour and colleagues? reported that in
Scotland, no cases were detected in 467,448
newborn infants screened.

Effectiveness of treatments for MSUD

No additional evidence was available on the
effectiveness of treatments for MSUD. Despite this,
data reported in the two existing systematic reviews
suggest that various treatments are available for this
disorder. Dietary therapy is for life? and requires a
reduction in branched-chain amino acid intake;'
however, it is highly restrictive, is difficult to
maintain and does not completely prevent
recurrent metabolic crises, which remain potentially
fatal .? Management of the severe forms of MSUD
involves peritoneal dialysis, haemodialysis or
haemofiltration to reduce metabolite levels.!
Additional metabolic irregularities due to infections
in later infancy and childhood necessitate
emergency support with intravenous fluids (glucose
with concomitant insulin or lipids).!

Discussion

Despite the lack of additional evidence on the
incidence of MSUD in the UK, data reported in
the two existing systematic reviews'*? suggest that

the incidence of the disease was relatively low in
the UK compared with elsewhere. Pollitt and
colleagues' reported that the expected incidence
of MSUD in the UK was 0.5 cases per 100,000
births; however, these authors believed that in
certain areas these estimates of expected incidence
would be higher in immigrant populations with a
high rate of consanguineous marriage.

Conclusion

No additional evidence was available on the UK
incidence and effectiveness of treatments for
MSUD. Information for this disorder was solely
derived from the two existing systematic reviews.
Evidence regarding the sensitivity and specificity
of neonatal screening for MSUD using tandem MS
is limited.

1,2

Pollitt and colleagues' reported that the expected
incidence of MSUD in the UK was 0.5 cases per
100,000 births; however, this estimate was
expected to be substantially higher in immigrant
populations with a high rate of consanguineous
marriage. These authors found that patients with
the severe form of the disease need to be
diagnosed and treated (peritoneal dialysis,
haemodialysis or haemofiltration and dietary
restriction) in the first week of life to ensure a
good outcome. These authors concluded that the
timing of sample collection in the UK is not ideal
for MSUD screening.

Seymour and colleagues2 found no cases of MSUD
(0:467,448) in a newborn screening programme
conducted in Scotland. These authors reported
that MSUD is associated with significant morbidity
and mortality; however, there are uncertainties
regarding the effectiveness of treatments (dietary
therapy is for life, is difficult to maintain and does
not completely prevent recurrent metabolic crises,
which remain potentially fatal) and the period
before onset during which the intervention
improves outcome. Tandem MS offers a sensitivity
of 2 wmol/l for leucine plus isoleucine, reduced
false positives and potentially fewer false
negatives. These authors concluded that there is
no justification for including neonatal screening
specifically for MSUD in the UK screening
programme, as it does not meet all of the criteria
required for the neonatal screening programme.

Urea cycle disorders
Background

The urea cycle is a metabolic pathway, confined to
the liver, that leads to the detoxification of
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ammonia by the synthesis of arginine and urea.
There are five urea cycle disorders, each relating to
a defect in one of the enzymes of the urea cycle:
carbamoyl phosphate synthase deficiency, ornithine
carbamoyltransferase (transcarbamylase) deficiency,
argininosuccinate synthase deficiency/
citrullinaemia, argininosuccinate lyase
deficiency/argininosuccinic aciduria, and

arginase deficiency/argininaemia. 1.2

Any disruption in the synthesis of urea leads to
accumulation of the ammonium ion, which is
highly toxic; therefore, most of the urea cycle
disorders share a similar spectrum of clinical
presentation. Hyperammonaemia is thought to be
the main damaging factor in the first four
disorders and they share many common features.
These will be discussed as a group distinct from
arginase deficiency, which has a somewhat
different presentation.

The disorders carbamoyl phosphate synthase
deficiency, ornithine carbamoyltransferase
(transcarbamylase) deficiency, argininosuccinate
synthase deficiency/citrullinaemia and
argininosuccinate lyase deficiency/argininosuccinic
aciduria have variable severity with a neonatal
acute form that is rapid and usually fatal. They all
have a range of milder variants that present as
chronic conditions later in infancy and childhood.
The acute neonatal presentation of these disorders
is seen in full-term infants who present with the
effects of hyperammonaemia in the first days of
life. Acute presentation involves respiratory
distress, poor feeding, lethargy, vomiting,
hypotonia, spasticity, convulsions and coma.
Pulmonary and gastric haemorrhages can also
occur and in untreated cases most patients will die
in the neonatal period. Those who survive the first
tew days of life probably have some residual
enzyme activity.

The chronic forms of these urea cycle disorders
often present with a history of episodic vomiting,
lethargy and irritability, and there can be seizures
or even periods of coma. These episodes are often
associated with high-protein meals or minor
infections. Some of these late-onset or chronic
presentations of the disorders remain healthy until
later childhood, when they suffer acute illness
often associated with an infection. Undiagnosed
and untreated chronic cases may prove fatal.

Arginase deficiency is a distinct condition insofar
as there are usually only minor symptoms of
irritability and mild developmental delay in
infancy. However, over the next few years
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progressive spasticity, tremor, ataxia,
choreoathetosis, seizures and severe mental
retardation will develop. These symptoms are
thought to be related to the toxic effects of
arginine rather than hyperammonaemia.

Another rare disorder, hyperornithinaemia,
homocitrullinuria, hyperammonaemia (HHH)
syndrome, also impedes the urea cycle. The
clinical presentation of this disorder appears to be
related to hyperammonaemia, and intolerance to
protein feeding, vomiting, seizures and
developmental delay are common. Severe neonatal
cases present with lethargy, hypotonia and seizures
that can progress to coma and eventual death.

This review focuses on the following disorders:
ornithine carbamoyltransferase (transcarbamylase)
deficiency, citrullinaemia, argininosuccinic
aciduria, arginase deficiency and
hyperornithinaemia, as these have been reported
to be detectable by tandem MS.!

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 147 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for urea cycle
disorders. Full copies of 22 papers were retrieved
for further evaluation.

Of these 22 papers, two studies were judged to be

relevant to the update review. Both publications®®®7

reported information on the effectiveness of
treatment outcomes for urea cycle disorders,
namely ornithine transcarbamylase deficiency and
citrullinaemia. No studies were identified that
provided data on the incidence of urea cycle
disorders in the UK.

Twenty studies were excluded from the update
review (details of references are provided in
Appendix 21), for the following reasons:

e patients: not urea cycle disorder (n = 2)

e study design: screening (n = 5)

® outcome measures: mutation, genotype, etc.,
analysis (n = 5), no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 5), incidence or prevalence data from non-
UK countries (n = 3).

Quality of included studies

Incidence of urea cycle disorders

No additional evidence was available on the
incidence of urea cycle disorders in the UK.
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Effectiveness of treatments for urea cycle
disorders (Appendices 22 and 23)

Two studies were identified that evaluated the
effectiveness of dietary interventions for urea cycle
disorders, namely ornithine transcarbamylase
deficiency and citrullinaemia.

In one study,56 the authors evaluated the safety
and efficacy of sodium phenylbutyrate in long-
term therapy of nine patients with ornithine
transcarbamylase deficiency using retrospective
analysis of clinical and biochemical data from
three different European paediatric centres.

Patients with ornithine transcarbamylase
deficiency consisted of four males and three
females who were aged between 6 days and

14 years at diagnosis and started sodium
phenylbutyrate therapy at 2-16 years of age. All
patients were diagnosed with ornithine
transcarbamylase deficiency by liver enzyme assay
and/or DNA mutation analysis. These nine
patients had previously been treated with oral
sodium benzoate (median dose 248 mg/kg per
day, range 106-275 mg/kg per day) and a low-
protein diet (median 0.84 g/kg per day), arginine
(n = 5) or citrulline (» = 4) supplementation for
at least 8 months (median 17 months, range 8-28
months). Sodium benzoate was replaced when
phenylbutyrate became available in European
countries. Sodium phenylbutyrate was given in
three or four divided doses (median 352 mg/kg
per day, range 125-484) at 8.9 and 4.9 years of
age (median) to males and females, respectively.
The median duration and follow-up was 26
months, ranging from 17 to 42 months.

The authors reported that in this retrospective
study, it was not possible to obtain accurate data
because patients were referred from different
centres having distinct nutritional protocols and
that the treatment regimen was not sufficient for
the increase in protein intake allowed.
Furthermore, the authors did not report whether
any patients were lost to follow-up or whether
patients were compliant with treatment.

Maestri and colleagues®” monitored the long-term
survival and outcomes of 24 patients with
neonatal-onset argininosuccinate synthase
deficiency (citrullinaemia) using clinical and
biochemical data from 18 medical institutions
throughout the USA and Canada. Patients in this
study were born before 1990 and diagnosed with
citrullinaemia within the first month of life. Each
neonate was the healthy product of a term
pregnancy with normal anthropometric

measurements. Fifteen infants were white, two
were Hispanic, one was black, five were of
unknown or mixed racial background and no
details were provided for one patient. Diagnosis of
argininosuccinate synthase deficiency was based on
elevated plasma ammonium levels (ranging from
266 to 2000 pmol/l), increased plasma citrulline
levels (> 1000 wmol/l) and no detectable plasma
argininosuccinate.

Specific therapeutic protocols were designed to
activate alternative pathways of waste nitrogen
excretion. During the 15-year study period,
dietary treatment protocols were maintained by
protein restriction (range 0.5-2.0 g natural
protein/kg body weight per day), whereas
pharmacological interventions were modified
owing to the availability of new drugs. Protocol I
included administration of sodium benzoate

(250 mg/kg per day) and arginine (500-700 mg/kg
per day) freebase (subjects born before 1984 were
maintained on this protocol). Protocol II also
included sodium phenylacetate (protocol IIa), first
used in 1984, or sodium phenylbutyrate (protocol
IIb), first used in 1985 (250 mg/kg per day).
Protocol IIT included high doses (450-600 mg/kg
per day) of sodium phenylacetate (protocol I11a)
or phenylbutyrate (protocol IIIb), but excluded
sodium benzoate; patients were transferred to this
protocol as it became available in 1987. The
number of patients treated in each protocol
regimen is not explicitly clear.

Participation in this study was voluntary and
transfer to a newer protocol was neither strictly
enforced nor strongly recommended until evidence
accumulated that a newer therapy was effective.
The different treatment histories for each patient
make it difficult to compare the effectiveness of
each protocol. The authors provided no
information on age or gender, and nine patients
were lost to follow-up (three died during treatment
protocol IIa, four died on protocol III regimen
and two withdrew from therapy).

The strength and quality of the evidence for the
effectiveness of dietary and pharmacological
interventions for ornithine transcarbamylase
deficiency and citrullinaemia were grade I111.°%-57

Summary of results

Incidence of urea cycle disorders

No additional evidence was available on the
incidence of urea cycle disorders in the UK. Owing
to the lack of additional evidence, incidence data
from the existing systematic reviews"? have been
reported.
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Pollitt and colleagues1 reported that there were no
reliable data available on the expected incidence
of urea cycle disorders within the UK. Therefore,
the expected incidence of urea cycle disorders was
estimated from the number of cases clinically
diagnosed in the UK (compared with similar
disorders of established incidence). This was found
to be 2.5 cases per 100,000 births. Seymour and
Colleagues2 found that in a neonatal screening
programme, based on screening of urine using
chromatography, no cases of arginosuccinate lyase,
arginase or argininosuccinate synthase deficiency
were detected in 135,295 infants screened in
Wales. These authors reported that the true
incidence of urea cycle defects, particularly
ornithine carbamoyltransferase deficiency, was
unknown.?

Effectiveness of treatments for urea cycle
disorders

In the long-term management of nine patients
with ornithine transcarbamylase with a low-protein
diet and sodium phenylbutyrate, Burlina and
colleagues®® found that sodium phenylbutyrate
was well tolerated, no adverse effects were
detected during the treatment period and there
were no hyperammonaemic episodes requiring
hospitalisation. The total protein intake increased
from 0.84 g/kg per day (range 0.43-1.63 g/kg per
day) before starting treatment with phenylbutyrate
to 0.95 g/kg per day (range 0.66-1.46 g/kg per
day) after 18 months of treatment. Total protein
intake correlated significantly with increases in the
dose of phenylbutyrate (p < 0.001), suggesting
that an increase in the phenylbutyrate dose
allowed an increase of 1 g in protein intake. In
contrast to the decline in plasma ammonia levels,
plasma glutamine levels did not show any
significant variation during the treatment period.
Plasma concentrations of essential amino acids
including alanine, asparagines, leucine and
isoleucine remained normal. In addition, other
routine haematological and biochemical
measurements (liver and renal function tests)
remained normal during the treatment period,
suggesting a lack of toxicity effect. No cognitive
evaluations were performed during the treatment,
but the authors presumed that the metabolic
stability might have prevented neurological
deterioration over the period of treatment.

In 24 patients born before 1990 with neonatal
citrullinaemia and treated since birth with various
therapeutic protocols designed to limit dietary
nitrogen, the cumulative survival rate was 87.5% at
5 years and approximately 72% at 10 years of
age.’” Overall, 15 patients survived (three died
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during treatment protocol IIa, four died on
protocol III and two withdrew from therapy)
during treatment with high doses of sodium
phenylbutyrate. Among these 15 surviving
patients, 11 were classified as severely to
profoundly mentally retarded (IQ < 55). The
remaining four patients had IQQ measurements in
the low borderline to mentally retarded range (IQ
between 50 and 70). All patients had intercurrent
hyperammonaemic episodes, the frequency of
which decreased with the implementation of
protocol IIIb. However, there was wide variability
in the number and frequency of episodes in
individual patients. On average, the 15 surviving
patients had one episode per year (range 2-30
episodes during 5.4-15.5 years of treatment).
Opverall, patients were growth retarded and had
height for weight Z-scores within 2 SD of the
mean. Laboratory studies of plasma amino acids
and of haematopoietic, renal and hepatic function
were within normal limits, with the exception of
slightly elevated serum aminotransferase values.

Discussion

Despite the lack of additional evidence on the
incidence of urea cycle disorders within the UK,
information reported in the two existing
systematic reviews'? suggests that there are no
reliable data available on the expected incidence
of urea cycle disorders in the UK and that there
are unexplained marked geographical variations
in the incidence between populations of
potentially similar ethnic origin namely, Australia,
Canada and the USA.? Within the urea cycle
group of diseases, Pollitt and colleagues' reported
that ornithine carbamoyltransferase deficiency was
the most frequently diagnosed disorder, followed
by argininosuccinate synthase (citrullinaemia) and
argininosuccinate lyase deficiency.

The evidence for the effectiveness of dietary and
pharmacological interventions in patients with
ornithine transcarbamylase deficiency and
citrullinaemia was limited to a few studies. Despite
the poor study quality, small sample sizes and
different nutritional protocols, the results showed
that dietary protein restriction and sodium
phenylbutyrate facilitated the clinical management
of patients with ornithine transcarbamylase
deficiency and enhanced their quality of life.5%
The survival rates for patients with citrullinaemia
also improved;57 however, in this study seven out
of 24 patients with citrullinaemia died, a further
two were lost to follow-up, and survival for patients
with citrullinaemia was accompanied by mental
retardation, growth retardation, risk of
hyperammonaemic episodes and the need for
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lifetime adherence to strict medication and dietary
management.®’

Conclusion

The conclusions that have been reached by this
review for urea cycle disorders are similar to those
reported by Pollitt and colleagues' and Seymour
and colleagues.2 The two existing systematic
reviews!? suggest that there are no reliable data
available on the expected incidence of urea cycle
disorders within the UK. However, the expected
incidence of urea cycle disorders, based on
estimates from the number of cases clinically
diagnosed in the UK (compared with similar
disorders of established incidence), is 2.5 cases per
100,000 births. There are uncertainties regarding
the effectiveness of treatments for patients with
urea cycle defects; however, therapeutic
interventions for urea cycle disorders, namely
ornithine transcarbamylase deficiency and
citrullinaemia, included long-term dietary protein
restriction with oral administration of sodium
phenylbutyrate. This treatment regimen improved
the clinical management of patients with ornithine
transcarbamylase deficiency and improved survival
rates for patients with citrullinaemia. However,
mental retardation, growth retardation, risk of
hyperammonaemic episodes and the need for
lifetime adherence to strict medication and dietary
management accompanied survival for patients
with citrullinaemia. No additional evidence was
available for the effectiveness of treatments for
other urea cycle disorders, such as argininosuccinic
aciduria, arginase deficiency and
hyperornithinaemia. Evidence regarding the
sensitivity and specificity of neonatal screening for
urea cycle disorders using tandem MS is limited.

The authors of the Pollitt reportl reported that the
neonatal and later onset forms of urea cycle
disorders are life threatening and unless
hyperammonaemia can be prevented, mental
disability can result. Methods that are available for
the rapid removal of ammonia include
haemodialysis and haemofiltration. Other
methods include the restriction of dietary protein
intake with continued oral administration of
sodium benzoate, phenylacetate or phenylbutyrate
(particularly for citrullinaemia and argininosuccinic
aciduria, supplementary arginine). In general, this
is the mainstay of long-term treatment for the
milder or late-onset forms of urea cycle defects.
Infants with the neonatal form of the disease need
to be identified and treated within the first week
of life; therefore, neonatal screening in the UK
between 6 and 10 days of age may be too late.
However, patients with the chronic or later onset

forms would benefit from the identification and
prospective treatment to prevent
hyperammonaemia. Data on the sensitivity and
specificity of neonatal screening for urea cycle
disorders using tandem MS were limited; however,
these authors concluded that if methods of
sufficient specificity were available, neonatal
screening as an add-on test would be justified for
patients with chronic or later onset forms of urea
cycle defects.

Seymour and colleagues® reported that urea cycle
defects are associated with significant morbidity
and mortality. Therapeutic interventions for urea
cycle disorders include the provision of alternative
pathways of nitrogen disposal, protein restriction
and haemodialysis; however, there were
uncertainties regarding the effectiveness of
treatments and the period of onset during which
intervention improves outcome. For example, the
prognosis for urea cycle defects remains generally
poor and uncertain even with the best available
evidence; however, the prognosis appeared to be
excellent for late-onset or partial argininosuccinate
lyase deficiency. Neonatal screening in the UK,
which is generally performed between 6 and 10
days of age, was unlikely to be of benefit to infants
with neonatal onset of urea cycle defects, who will
sustain hyperammonaemic brain damage before
screening is performed, and the relative
proportion of neonatal-onset to late-onset disease
was unknown for any of the urea cycle defects.
Based on the available evidence, these authors
concluded that neonatal screening for urea cycle
defects was not justified.

Methylmalonic, propionic and
isovaleric acidaemias

Background

Methylmalonic, propionic and isovaleric
acidaemias are disorders of organic acid
metabolism. Methylmalonic and propionic
acidaemias result from inherited defects in the
catabolism of propionyl-CoA (a product of the
catabolism of certain amino acids and odd-carbon
fatty acids). Isovaleric acidaemia is caused by
deficient activity of the enzyme isovaleryl-CoA
dehydrogenase.

Propionic acidaemia is related to a deficiency of
propionyl-CoA carboxylase, resulting in an
accumulation of propionic acid and the
production of a broad range of abnormal
metabolites. Secondary inhibition of other enzyme
systems can lead to ketosis, hyperammonaemia
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and inhibition of glycine catabolism. Patients with
this condition present in early infancy with severe
ketoacidosis, hypotonia, arreflexia, vomiting,
breathing irregularities, lethargy and coma. There
are acute and more chronic forms of the disorder.
The acute form may present in the newborn
period soon after initial protein feeding. The
more chronic form of the disorder may present
with recurrent episodes of ketosis,
hyperammonaemia and hyperglycinaemia, often
precipitated by infection.

There are many types of methylmalonic
acidaemia, but most reported cases are caused by a
defect in the methylmalonyl-CoA mutase
apoenzyme or in the processing of
hydroxocobalamin to deoxyadenosyl cobalamin.
Again, the inhibition of other enzyme systems can
lead to secondary effects such as ketosis,
hyperammonaemia and the inhibition of glycine
metabolism. Patients with this disorder usually
present within the first month of life; they are
acutely ill with failure to thrive, hypotonia and
ketoacidosis. There may be associated vomiting,
dehydration and lethargy, leading to coma and
death if left untreated.

Isovaleric acidaemia is caused by deficient activity
of the enzyme isovaleryl-CoA dehydrogenase. This
leads to a build-up of isovaleryl-CoA in the cells,
with the accumulation of the metabolite
isovalerylglycine in the body fluids. This produces
the characteristic unpleasant odour of patients
with this condition. The clinical presentation of
this disorder involves episodes of acidosis,
vomiting, ataxia and tremors that can progress to
coma. Many reported cases are characterised by
acute presentation in the first few weeks of life,
with severe ketosis and neurological symptoms
(convulsions and coma). Further deterioration,
with the onset of overwhelming sepsis and
leucopenia, can lead to death in approximately
half of all such cases.

In addition, two other disorders of organic acid
metabolism (3-hydroxy-3-methylglutaryl-CoA lyase
deficiency and 3-methylcrotonyl-CoA carboxylase
deficiency), which are fairly rare, can be detected
using tandem MS. These disorders are reviewed in
the next section.

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 99 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for
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methylmalonic, propionic and isovaleric
acidaemias. Full copies of 37 papers were retrieved
for further evaluation.

Of these 37 papers, two studies were judged to be
relevant to the update review. Both publications®®%"
reported information on the effectiveness of
treatment outcomes for rnethylmalonic58 or
propionic59 acidaemia. No studies were identified
that provided data on the incidence of
methylmalonic, propionic and isovaleric acidaemias
in the UK.

Thirty-five studies were excluded from the update
review (details of references are provided in
Appendix 24), for the following reasons:

e patients: not isolated methylmalonic defect, i.e.
patients with combined methylmalonic
acidaemia and homocystinuria (n = 4)
publication type: review (n = 1)
study design: screening (n = 13)

e outcome measures: no incidence or prevalence
data (» = 1), mutation, genotype, etc., analysis
(n = 3), no treatment outcomes or treatment
outcomes in fewer than two patients (n = 8),
incidence or prevalence data from non-UK
countries (n = 4)

e other reasons: included in existing systematic
reviews (n = 1).

Quality of included studies

Incidence of methylmalonic, propionic and
isovaleric acidaemias

No additional evidence was available on the
incidence of methylmalonic, propionic and
isovaleric acidaemias in the UK.

Effectiveness of treatments for methylmalonic,
propionic and isovaleric acidaemias
(Appendices 25 and 26)

Two studies provided information on the
effectiveness of dietary interventions for patients
with methylmalonic acidaemia or propionic
acidaemia.

In one study®® the authors evaluated the long-
term outcomes of 35 patients with methylmalonic
acidaemia using a cross-sectional study design.
Patients in this study were seen and treated at the
Great Ormond Street Hospital for Children,
London, UK, between 1970 and 1996. All patients
were diagnosed with methylmalonic acidaemia on
the basis of increased urinary methylmalonate and
methylcitrate, raised methylmalonate in blood
with normal plasma vitamin B,y levels and no
detectable plasma homocystine. In most patients
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diagnosis was confirmed by enzyme studies on
cultured skin fibroblasts. After diagnosis all
patients were treated with a low-protein diet and
subsequently given a trial of intramuscular
injections of cyanocobalamin or hydroxycobalamin
(1 mg daily for 5 days). The response to this was
assessed by urinary methylmalonate measurements
and in the responsive patients cobalamin
injections were continued. Consequently, patients
were divided into cobalamin-responsive (n = 6)
and non-responsive (n = 29) and early-onset
(presented in the first month of life) and late-
onset (presented after the first month) groups.

It is not explicitly clear how many patients were
lost to follow-up; however, 14 patients in the early-
onset cobalamin-non-responsive group died. The
authors did not report the duration of the study,
inclusion/exclusion criteria, mean age of patients
(however, all patients were under 16 years of age),
compliance to treatment or gender characteristics.

Van der Meer and Colleagues59 conducted a
retrospective analysis of clinical data to evaluate
the clinical outcome and long-term treatment of
17 patients with propionic acidaemia. Patients in
this study were diagnosed with propionic
acidaemia in the early 1970s, with early-onset

(n = 12) or late-onset type (n = 5). In most
patients, diagnosis was confirmed with an enzymic
assay of propionyl CoA carboxylase. The biotin
response was also assessed in all patients, but none
responded either clinically or biochemically.
Twelve patients presented within 3 weeks after
birth (mean 9.3 days, range 3-19 days; early-onset
group), whereas five patients were diagnosed later
in life (mean 16.3 months, range 3.5 months to

3 years of age; late-onset group). At the time of
the study, the median age of the living early-onset
patients was 5.2 years (range 1-9.3 years), whereas
the late onset patients were 4, 7 and 23 years of
age.

The basic principles for the dietary treatment of
patients with propionic acidaemia involved dietary
management with low protein intake (natural) with
or without supplemental protein mixtures. In the
1970s dietary treatments for propionic acidaemia
were based on restriction of natural protein. After
1980, the treatment principles changed. Home
tube-feeding became a routine daily treatment,
with the addition of carnitine (100 mg/kg per day)
and later metronidazole (20 mg/kg per day). All
parents were informed and trained in how to
manage the patient under circumstances such as
fever, vomiting and food refusal, and in how to
place a nasogastric tube in case of urgent or

semiurgent treatment at home. The changes in
regimen were noted and kept under strict
surveillance.

It is not explicitly clear how many subjects were
lost to follow-up; however, seven patients died (five
in the early-onset group and two in the late-onset
group) during the study period. The authors did
not report the duration of the study,
inclusion/exclusion criteria, compliance with
treatment or gender characteristics.

The strength and quality of the evidence for the
effectiveness of dietary and/or pharmacological

interventions for methylmalonic acidaemia and

propionic acidaemia were grade I11.58:59

Summary of results

Incidence of methylmalonic, propionic and
isovaleric acidaemias

No additional evidence was available on the
incidence of methylmalonic, propionic and
isovaleric acidaemias in the UK. Owing to the lack
of additional evidence, incidence data from the
existing systematic reviews''? have been reported.

Pollitt and colleagues' reported that the collective
incidence of methylmalonic, propionic and
isovaleric acidaemias was three cases per 100,000
births in the UK. Seymour and colleagues?
reported that the individual incidence for
disorders of organic acid metabolism may be low;
however, collectively (methylmalonic aciduria,
propionic acidaemia, isovaleric acidaemia,
3-hydroxy-3-methylglutaric aciduria and glutaric
aciduria type I) the incidence may be estimated at
around 1:15,000 live births.

Effectiveness of treatments for methylmalonic,
propionic and isovaleric acidaemias

A cross-sectional study58 that assessed the long-
term outcomes of 35 patients with methylmalonic
acidaemia found significant differences between
cobalamin responsive and non-responsive groups
in the severity, survival and incidence of
neurological sequelae.

All six cobalamin-responsive patients had mild
disease and its severity was not dependent on age
at presentation, their neurological complications
were less severe and they were all alive. In
contrast, the cobalamin-non-responsive group
consisted of 19 early-onset and nine late-onset
patients. The early-onset group had more severe
disease presentation with episodes of severe
acidosis and hyperammonaemia (up to 1800 wM),
and six collapsed, requiring intensive care and
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ventilatory support. Fourteen patients in the early-
onset cobalamin-non-responsive group had died
(median survival 6.4 years, 95% CI 3.6 to 9.1
years), whereas all the patients in the late-onset
group were alive. Six patients in the early-onset
cobalamin-non-responsive group died in the first
year of life and eight died between 15 months and
7 years of age. Most late-onset patients presented
in the first year with either an episode of
metabolic decompensation and subsequent
development delay, or feeding difficulties with
failure to thrive. Anorexia and feeding difficulties
were also seen in 25 of the 27 of cobalamin-non-
responsive patients.

There were no significant differences between the
groups with respect to protein intake, which varied
between 1.0 and 1.8 g/kg per day. One-third of
cobalamin-non-responsive patients had poor
growth with height and weight below the third
centile. No significant differences were seen
between the early- and late-onset groups in
abnormal neurological signs (seven of 18 and six
of nine, respectively, p = 0.13), although early-
onset patients had significantly reduced full-scale
IQ (median difference 26, p = 0.03) and poor
neurological and cognitive outcome. In both
groups abnormal neurological signs continued to
increase with age. In all patients, new neurological
symptoms and signs developed following episodes
of acute metabolic decompensation.

In the long-term treatment of 17 patients with
propionic acidaemia,” five (42%) of the early-
onset and two (40%) of the late-onset patients
died. The deceased early-onset patients had a
median survival time of 0.4 years, whereas the
late-onset patients died at the ages of 2.8 and 4
years. At the time of study, the median age of the
living early-onset patients was 5.2 years (range
1-9.3 years), while the late-onset patients were 4, 7
and 23 years of age.

All patients were treated with natural protein
restriction with addition of carnitine (100 mg/kg
per day) and later with metronidazole (20 mg/kg
per day). The early-onset patients were almost all
treated with daily home tube-feeding. The natural
protein intake per day remained fairly stable
during the first 3—4 years of life in the early-onset
patients. After the sixth year of life, total protein
intake remained fairly constant and seldom
reached values greater than 13 g/day. The
supplemental protein intake was higher in early-
onset patients and showed a steady but strong
increase and levelled oft from the age of 6 years.
In contrast, the natural protein intake of late-onset
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patients was higher and rose more rapidly to an
almost normal protein intake after 3-4 years of
life. The differences between the mean natural
protein intake of early-onset and late-onset
patients were significant in all age groups

(p < 0.0001, t-test).

Late-onset patients suffered more frequently from
minor to intermediate neurometor, mental and
psychological disabilities than the early-onset
patients; this may be due to the delay in diagnosis.
The authors also observed less frequent metabolic
decompensations and hospitalisations with the
introduction of nasogastric tube feeding. Overall,
many patients showed a failure to thrive,
particularly for height. This was attributed to
beginning strong protein restriction during the
first years of life.

Discussion

Despite the lack of additional evidence on the
incidence of methylmalonic, propionic and
isovaleric acidaemias in the UK, information
reported in the Pollitt review! suggests a collective
incidence of three cases per 100,000 births in the
UK. However, these findings are primarily based
on extrapolated data from non-UK populations
and from the number of cases clinically diagnosed
in the UK (compared with similar disorders of
established incidence). In contrast, Seymour and
colleagues? reported that the collective incidence
for the disorders of organic acid metabolism was
estimated to be around 1:15,000 live births. This
figure also included other defects of organic acid
metabolism (methylmalonic aciduria, propionic
acidaemia, isovaleric acidaemia, 3-hydroxy-3-
methylglutaric aciduria and glutaric aciduria type
I), which have been covered elsewhere in the
review. Overall, there appears to be a lack of
individual data for the incidence of methylmalonic,
propionic and isovaleric acidaemias in the UK.

The evidence for the effectiveness of dietary and
or pharmacological interventions in patients with
methylmalonic or propionic acidaemia was limited
to a few studies. Despite the poor study quality,
the results showed that the overall outcome of
patients with methylmalonic acidaemia,’®
particularly the early-onset group, was
disappointing and unsatisfactory. In this group,
patients had more severe disease at presentation
and 14 patients died during the study period. All
cobalamin-non-responsive patients were at risk of
developing a progressive neurological disease,
particularly the early-onset group. In general,
cobalamin-responsive patients had a better long-
term outcome than non-cobalamin, responsive
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patients. The therapeutic outcomes for patients
with propionic acidaemia® appeared to be
satisfactory in terms of survival, neurological and
mental development; however, in this study five
(42%) of the early-onset and two (40%) of the late-
onset patients died during the study period. The
mean natural protein intake of early-onset patients
was significantly lower than that of late-onset
patients. Supplemental protein intake was also
higher in early-onset patients. The general
neurological outcomes were generally better for
early-onset patients and most patients
encountered growth retardation. Overall, the
burden on the patient, the parents and the
medical profession is amplified for the adequate
management of this defect.

Conclusion

The conclusions that have been reached by this
review for methylmalonic or propionic acidaemia
are similar to those reported by Pollitt and
colleagues' and Seymour and colleagues.” The two
existing systematic reviews!? suggest that there is a
lack of individual data for the incidence of
methylmalonic, propionic and isovaleric acidaemia
in the UK. However, the collective incidence was
estimated to be three cases per 100,000 births in
the UK. Methylmalonic and propionic acidaemia
were associated with increased morbidity and
mortality and there were uncertainties regarding
the effectiveness of treatments for patients with
methylmalonic and propionic acidaemia,
especially with the neonatal-onset form. The
mainstay of long-term therapy for these disorders
appeared to be dietary protein restriction with or
without cobalamin therapy or supplemental
protein mixtures. No additional evidence was
available for the effectiveness of treatments for
isovaleric acidaemia. Evidence regarding the
sensitivity and specificity of neonatal screening for
methylmalonic, propionic and isovaleric acidaemia
using tandem MS is limited.

The authors of the Pollitt review! reported that
neonatal screening was unlikely to be of benetfit to
patients with the neonatal-onset forms of
methylmalonic, propionic or isovaleric acidaemia;
however, the later onset variants were more
amenable to treatment. These disorders were
associated with significant mortality and morbidity.
Long-term management involved dietary protein
restriction, with or without a combination of
artificial amino acid supplements, particularly for
the severe forms of methylmalonic and propionic
acidaemia. Other therapeutic regimens included
cobalamin therapy (not all methylmalonic patients
are responsive), substrate removal (glycine is used

in isovaleric acidaemia, carnitine is used for
organic acidaemias, but its effectiveness on
outcome 1s controversial) and liver transplantation
(only a few successful treatments have been
reported). Overall, the effectiveness of treatment
was low to high. Data on the sensitivity and
specificity of neonatal screening for methylmalonic,
propionic or isovaleric acidaemia using tandem
MS were limited; however, these authors reported
that propionylcarnitine and isovalerylcarnitine
could be readily quantified with tandem MS,
giving diagnoses of propionic and isovaleric
acidaemia. The diagnosis of methylmalonic
acidaemia relies on detecting the secondary
accumulation of propionylcarnitine, because
methylmalonylcarnitine is not readily detected
using tandem MS. Furthermore, mild cases of
methylmalonic acidaemia are unlikely to be
detected by neonatal screening.

Seymour and colleagues2 reported that
methylmalonic, propionic and isovaleric acidaemias
were associated with significant morbidity and
mortality. Therapeutic interventions for patients
with disorders of organic acid metabolism include
long-term management involving substrate
restriction though dietary manipulation, the use of
cofactors at the pharmacological level, removal of
substrate by conjugation or inhibition of
endogenous synthesis, and the use of L-carnitine.
These authors found that effective treatments were
available for isovaleric acidaemia, further research
was needed for methylmalonic acidaemia and
there were uncertainties regarding the effectiveness
of treatments for propionic acidaemia.
Furthermore, findings were ambiguous regarding
the period before onset during which intervention
improved outcome. The use of tandem MS for
neonatal screening for acylcarnitines in blood
spots appeared to be a viable procedure for the
identification of patients with methylmalonic,
propionic or isovaleric acidaemia; however, taken
individually there was no justification for screening
for them at the present time. Nevertheless,
collectively, these disorders can be detected at no
additional screening cost, there would be clinical
benefits for some of these patients and early
identification would assist genetic counselling and
prevent further cases in the same families.

Other defects of branched-chain
acyl-CoA metabolism
Background

This section deals briefly with two disorders, which
are fairly rare but can be detected in newborns by
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acylcarnitine analysis in dried blood spots using
tandem MS.° Both 3-hydroxy-3-methylglutaryl-
CoA lyase deficiency and 3-methylcrotonyl-CoA
carboxylase deficiency affect the pathway of leucine
metabolism. 3-Hydroxy-3-methylglutaryl-CoA
lyase deficiency presents acutely in the neonate or
more frequently from 3-11 months. In both cases
the disorder is characterised by lethargy, hypotonia,
vomiting, metabolic acidosis, hypoglycaemia and
hepatomegaly with hyperammonaemia. In addition
to affecting the pathway of leucine metabolism,
the enzyme is involved in ketone body production
and utilisation and is therefore important in the
physiological response to prolonged fasting.! 3-
Methylcrotonyl-CoA carboxylase deficiency is a
less severe condition usually presenting in the
second or third year of life. It is characterised by a
Reye-like illness following infection, with persistent
hypotonia as a presenting symptom.

Quantity and quality of research
available

Quantity of research available

The yield of literature from the systematic
searches generated 51 additional publications on
the incidence, prevalence and effectiveness of
treatment outcomes for 3-hydroxy-3-methylglutaryl-
CoA lyase deficiency and 3-methylcrotonyl-CoA
carboxylase deficiency. Full copies of nine papers
were retrieved for further evaluation.

Of these nine papers, none was judged to be
relevant to the update review. These nine studies
were excluded from the update review (details of
references are provided in Appendix 27), for the
following reasons:

e study design: screening (n = 2)

® outcome measures: mutation, genotype, etc.,
analysis (n = 5), treatment outcomes in fewer
than two patients (n = 1), incidence or
prevalence data from non-UK country (n = 1).

Quality of included studies

Incidence of other defects of branched-chain
acyl-CoA metabolism

No additional evidence was available on the
incidence of 3-hydroxy-3-methylglutaryl-CoA lyase
deficiency and 3-methylcrotonyl-CoA carboxylase
deficiency in the UK.

Effectiveness of treatments for other defects of
branched-chain acyl-CoA metabolism

No additional evidence was available on the
effectiveness of treatments for 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency and
3-methylcrotonyl-CoA carboxylase deficiency.

© Queen’s Printer and Controller of HMSO 2004. All rights reserved.

Summary of results

Incidence of other defects of branched-chain
acyl-CoA metabolism

No additional evidence was available on the
incidence of 3-hydroxy-3-methylglutaryl-CoA lyase
deficiency and 3-methylcrotonyl-CoA carboxylase
deficiency in the UK. Pollitt and colleagues'
reported that there were no data on the
prevalence of these disorders in the UK.
Collectively, these disorders were relatively rare
and the expected incidence, based on estimates
from the number of cases clinically diagnosed in
the UK (compared with similar disorders of
established incidence), was one case per 100,000
births. In contrast, Seymour and colleagues®
reported that the UK incidence of 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency was unknown.

Effectiveness of treatments for other defects of
branched-chain acyl-CoA metabolism

No additional evidence was available on the
effectiveness of treatments for 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency and 3-
methylcrotonyl-CoA carboxylase deficiency. Despite
the lack of additional evidence on the effectiveness
of treatments, data reported in the Pollitt review!
suggest the availability of various treatments. For
these disorders, long-term therapy consists of
dietary protein restriction, avoidance of prolonged
fasting and sometimes oral supplementation of
L-carnitine. A fat-restricted diet is also recommended
for patients with 3-hydroxy-3-methylglutaryl-CoA
lyase deficiency. Acute attacks are treated by
intravenous glucose and correction of acidosis.

Discussion

No additional evidence was available on the UK
incidence and effectiveness of treatments for 3-
hydroxy-3-methylglutaryl-CoA lyase deficiency and
3-methylcrotonyl-CoA carboxylase deficiency.
Information for these disorders was derived solely
from the two existing systematic reviews. 2

Conclusion

Despite the lack of additional evidence on the
incidence of 3-hydroxy-3-methylglutaryl-CoA lyase
deficiency and 3-methylcrotonyl-CoA carboxylase
deficiency in the UK, data reported in the Pollitt
and Seymour reviews suggest that the collective
incidence of these disorders is relatively low."?
Pollitt and colleagues' estimated the collective
incidence as one case per 100,000 births. Evidence
is very limited regarding the sensitivity and
specificity of neonatal screening for 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency and 3-
methylcrotonyl-CoA carboxylase deficiency using
tandem MS.
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Pollitt and colleagues' concluded that the presence
of asymptomatic cases raises similar problems to
patients with MCAD deficiency. The potentially
serious effect of these conditions makes them
suitable for neonatal screening; however, there are
insufficient data for these disorders to predict the
long-term outlook in any detail.

Seymour and colleagues® found that 3-hydroxy-3-
methylglutaryl-CoA lyase deficiency was associated
with significant morbidity and mortality and that
effective treatments were available for this
disorder. However, there were uncertainties
regarding the period before onset during which
the intervention improved outcome. These
authors concluded that other disorders of
organic acid metabolism should not be
considered for newborn screening at the

present time.

MCAD
Background

MCAD deficiency is one of the most common fatty
acid oxidation disorders. Patients may present
acutely with hyperammonaemia, hypoglycaemia,
encephalopathy and hepatomegaly, or mildly with
an isolated hypoglycaemic episode. The age of
first presentation varies widely from early infancy
to later childhood, or may even occur in an adult
with hypoglycaemic episodes or muscle weakness.
This range of severity and first presentation is
related to the deficiency of medium-chain acyl-
CoA dehydrogenase causing only partial blockage
of fatty acid oxidation. This occurs because there
is some degree of overlap between some of the
chain-length specific enzymes. Therefore, the
disorder may only become manifest when
demands on fatty acid oxidation are particularly
high, for example, during a period of fasting that
is often related to an infectious illness where there
has been reduced food intake.

Although the severity of metabolic crises related to
this disorder is very variable, it is more usual for
attacks to be progressive and severe rather than
isolated and mild. Untreated metabolic crises can
lead to seizures, apnoea and cardiac arrest. In some
cases death has occurred overnight and has been
ascribed to sudden infant death syndrome (SIDS).
In general, studies have established that there is
significant mortality (20-25%) and morbidity from
the initial metabolic crisis in previously
undiagnosed cases of MCAD deficiency.
However, some MCAD-deficient individuals may
remain asymptomatic throughout life.%*
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Quantity and quality of research
available

Quantity of research available

The systematic searches identified 108 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for MCAD
deficiency. Full copies of 50 papers were retrieved
for further evaluation.

Of these 50 papers, three studies were judged to
be relevant to the update review. All three
publications®!3%% provided data on the incidence
of MCAD deficiency in the UK. No studies were
identified that reported information on the
effectiveness of treatment outcomes for MCAD
deficiency.

Forty-seven studies were excluded from the update
review (details of references are provided in
Appendix 28), for the following reasons:

e publication type: letters, comments or
statements (n = 3), review (n = 4)

e study design: screening (n = 12)

e outcome measures: no data on incidence or
prevalence (n = 1), no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 4), incidence or prevalence data from non-
UK countries (n = 19)

e other reasons: same results reported elsewhere
(n = 1), included in existing systematic reviews
(n = 3).

Quality of included studies

Incidence of MCAD deficiency (Appendix 29)
Three studies provided data on the incidence of
MCAD deficiency in the UK.?!"3%% Tyo studies
used a retrospective cohort design and evaluated
all newborn infants in the West Midlands NHS
region during the period 1981-91%" and in the
Northern NHS region during the period
1991-3.2! In contrast, Pollitt and Leonard®® used a
prospective surveillance study through the British
Paediatric Surveillance Unit to investigate the
diagnosis and outcome of MCAD deficiency in the
UK between 1994 and 1996.

Retrospective data for the inherited metabolic
disorders in the Hutchesson®® study were derived
from the West Midlands Neonatal Screening
Programme, the regional register for patients with
inborn errors of metabolism and population
frequencies from the national census. The number
of patients with confirmed inherited metabolic
disorders born in the region was derived from
laboratory records and their ethnicity from
personal knowledge through involvement with
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clinical management (further details of quality
assessment were discussed in Incidence of PKU,
towards the beginning of this chapter).

Pourfarzam and colleagues?! analysed the
concentrations of acylcarnitines in stored neonatal
blood spots (up to 5 years) and reviewed patients
with high octanoylcarnitine concentrations at the
age 7-9 years. In this study, many cases of MCAD
deficiency were not diagnosed on clinical grounds.

In the Pollitt and Leonard® prospective study, the
British Paediatric Surveillance Unit sent out
orange cards on a monthly basis to all consultant
paediatricians in the UK and the Republic of
Ireland, accompanied by short case definitions of
the disorders under surveillance. All notifications
were followed up by a brief questionnaire
requesting patient details, presentation, family
history and diagnostic criteria. This information
was supplemented by data from UK laboratories
that were likely to have diagnosed and confirmed
MCAD deficiency.

The authors of these UK studies failed to report
any details on the age of sampling,*!"%
gender?!3%% or ethnic?!%° characteristics.

The strength and quality of the evidence for the
expected incidence of MCAD deficiency within the
UK were grade 1% and grade [a.21:30

Effectiveness of treatments for MCAD deficiency
No additional evidence was available on the
effectiveness of treatments for MCAD deficiency.

Summary of results

Incidence of MCAD deficiency in the UK
Study details and results are summarised in
Table 9.

The prevalence of diagnosed MCAD deficiency
among births in the West Midlands NHS region
during 1981-91 was 1.3 per 100,000 births.** In
the Northern NHS region during 1991-3, the
prevalence of diagnosed cases was somewhat
higher, 3.0 per 100,000 births,?! which could
reflect either geographical differences in
prevalence or improved clinical recognition. The
true birth prevalence or incidence of MCAD
deficiency in the Northern region was 8.0 per
100,000 births, since the majority of cases typically
go undiagnosed.

Between 1994 and 1996, the prospective
surveillance study found 62 affected individuals
with MCAD deficiency from 54 families in the
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UK.% Of these 62 diagnosed cases, 57 were from
England (prevalence of diagnosed MCAD
deficiency, 4.5 cases per 100,000 births) and five
from Scotland (prevalence of diagnosed MCAD
deficiency, 4.0 cases per 100,000 births). No
reports were received from Wales, Northern
Ireland or the Republic of Ireland. The authors®
reported that there were no firm data on the
proportion of cases that remained undiagnosed or
asymptomatic; nevertheless, based on these data,
the minimum true birth prevalence or incidence
of MCAD deficiency in the UK was 4.0 per
100,000 births.

Hutchesson and Colleagues?’0 found that the
prevalence of diagnosed MCAD deficiency was
appreciably higher in north-west Europeans
(1:67,259, 95% CI 1:35,430 to 1:147,089) than in
the Pakistani group (0, 95% CI < 1:9350). These
authors also observed that the gene frequency for
MCAD deficiency was significantly lower in the
Pakistani population (0, 95% CI < 1:395) than in
north-west European children (1:259, 95% CI
1:188 to 1:384, p < 0.05), indicating that the
diagnosis for MCAD deficiency was rare outside
those of north-west European ethnicity.

In the Pourfarzam study,21 seven of the eight
MCAD-deficient patients were homozygous and
one was heterozygous for the 985A — G mutation.
This mutation accounted for 94% of mutant
alleles. These retrospective findings were
consistent with those reported by Pollitt and
Leonard.®® In this UK prospective study of
clinically detected MCAD-deficient patients, DNA
analysis for the common 985A — G mutation in
45 families revealed that 36 affected children were
homozygous for the mutation, whereas nine were
heterozygous. The 985A — G mutation in this
study accounted for 90% of mutant alleles.

Effectiveness of treatment for MCAD deficiency
No additional evidence was available on the
effectiveness of treatments for MCAD deficiency
(see following ‘Discussion’ section).

Discussion

The evidence for MCAD deficiency is limited, but
suggests a relatively high true birth prevalence/
incidence and wide geographical variation in the
frequency of MCAD deficiency in the UK. The
prevalence figures in the Hutchesson®” study may
be an underestimate because the authors reported
that they were unable to identify those who died
before collection of the neonatal sample and
children with inborn errors may have died without
recognition of the underlying diagnosis, particularly

55



(%
o

TABLE 9 Frequency of MCAD deficiency in the UK

Study

Hutchesson
et al.>®

Pourfarzam
et al.?!

Pollitt and
Leonard®®

Location

Neonatal Screening
Service Programme,
West Midlands, UK

Northern region of
the NHS, UK

British Paediatric

Surveillance Unit,
UK

Study
design

Retrospective
cohort study

Retrospective,

cohort study

Prospective,
cohort study

Period of
study

April 1981 to
April 1991

January 1991
to July 1993

March 1994
to March
1996

Patient
selection

All newborns
in West
Midlands
NHS region

All newborns
in Northern
NHS region

All patients
diagnosed
with MCAD
deficiency
in the UK

Age at
sampling

NR

NR

NR

Confirmation
of disease

Population
screened

Yes, laboratory 707,720
records

Yes, used 100,600
urinary markers

and DNA (tandem
analysis for MS-based
mutations screening)
(985A - G)

Yes, laboratory NR
and clinical
presentation

Cases
diagnosed

90

8b

62°

Cumulative
frequency

9:707,720

8:100,600

NR

Cases Quality of
per evidence
100,000 (grade)
1.3 la

8.0 la

England |

4.5

Scotland

4.0

9 Disease frequency data for different ethnic groups [cases per 100,000 (95% CI)]: north-west European, 1:67,259 (1:35,430 to 1:147,089); Pakistani, 0 (< 1:9350).
b One patient died before diagnosis, four had life-threatening illnesses, one had mild symptoms and two had no symptoms.
¢ Fifteen patients were asymptomatic, 30 recovered from an attack, six showed signs of neurological impairment or developmental delay, ten died from the initial attack and no

information was available on one patient.
NR, not reported.
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those with MCAD deficiency, which can present
with neonatal death. Moreover, some may have
failed as yet to present clinically, particularly those
with MCAD deficiency, which is frequently
underdiagnosed.?’o

Almost universally, the number of cases diagnosed
is substantially lower than the calculated
incidence. Asymptomatic individuals and/or low
rates of diagnosis of symptomatic cases account for
this shortfall, but the relative magnitude of these
effects is unknown.®” In the absence of population-
based screening data in the UK, studies of gene
frequencies can be used to calculate the expected
incidence of MCAD deficiency. At least 90% of
clinical cases of MCAD deficiency in the UK are
homozygotes for the 985A — G mutation,?!:05-60
but there is substantial geographical variation in
the frequency of this mutation. No national-level
representative data are available; however,
estimates from two English health regions for the
common 985A — G mutation (data included in
the Pollitt report') found that in the Trent and
West Midlands Health Region combined, one in
64 of the newborn population is heterozygous for
the 985A — G mutation. The calculated incidence
of MCAD deficiency in the population studied (all
mutations, assuming that 90% of MCAD mutations
are 985A — G) was 7.4 cases per 100,000 births
(95% CI, 5.3 to 9.9 per 100,000).°° Those data,
together with retrospective and prospective data
presented in this review, suggest that the true
expected birth prevalence or incidence of MCAD
deficiency in the UK ranges between 4.0 and 9.9
cases per 100,000 births. In some studies detailed
follow-up has shown that the proportion of the
common MCAD mutation is less than expected
and patients are being detected with a mutation
that has never been found to present clinically.?

Despite the lack of additional evidence on the
effectiveness of treatments for MCAD deficiency,
various studies of screened cohorts (tandem MS-
based newborn screening) have consistently
reported no deaths®**? in infants found to have
MCAD deficiency, with the exception of the first
two infants detected by tandem MS in
Pennsylvania, USA.23:67 However, this was before
the institution of adequate clinical follow-up®*%7
and since then there have been no further deaths
among patients diagnosed with MCAD deficiency
in Pennsylvania.?® In a before and after study that
investigated the outcome of MCAD deficiency after
established diagnosis, Wilson and colleagues®
found that from the time of diagnosis and
initiation of an effective yet relatively inexpensive
treatment (avoidance of fasting and the use of
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regular high carbohydrate drinks during periods
of infection and anorexia) there were no deaths or
appreciable additional cognitive impairment.

In a prospective surveillance study, which reported
the rate of diagnosed MCAD cases and their
associated outcomes in an unscreened population,
Pollitt and Leonard® found 62 diagnosed cases of
MCAD-deficiency. Of these 62 diagnosed cases, 46
MCAD-deficient patients presented with an acute
illness; 13 were identified because of family history
and three for other reasons. The outcomes for the
MCAD-deficient patients at the time of study were
death from acute illness (16%), neurological
impairment or developmental delay (10%), full
recovery from attack (48%) and no symptoms
(24%), and no outcome information was available
for one patient (2%). A longer follow-up period
would be necessary to reveal the milder
neurodevelopmental deficits and since follow-up
has not been conducted past childhood or past the
immediate postillness period, it is unknown
whether this number for neurological impairment
or developmental delay would increase if follow-up
were performed through adulthood. All but two of
the clinically affected cases presented with typical
symptoms of MCAD deficiency. Although a few
were diagnosed in the neonatal period, most
patients had their first detected attack after the
age of 3 months. The age at first episode ranged
from 2 days to 4.39 years, with a median at 1.1
years. Neonatal episodes may have been
significantly underreported because there was no
methodical review of the neonatal records.®

In patients whose disorder was diagnosed by
retrospective screening of stored neonatal blood
spots, Pourfarzam and colleagues®' detected eight
cases of MCAD deficiency by tandem MS. Of the
eight detected cases of MCAD deficiency one
patient died of gastroenteritis at age 17 months,
before diagnosis; four others had life-threatening
illnesses (one had neonatal apnoea related to
MCAD deficiency and three had severe or
recurrent episodes of encephalopathy), one had
mild symptoms of MCAD deficiency and two had
no symptoms (25%). Most patients in this study
with MCAD deficiency were not diagnosed on
clinical grounds but developed symptoms in early
childhood. Only one patient was severely
symptomatic in the neonatal period.

Conclusion

The conclusions that have been reached by this
review for MCAD deficiency are very similar to
those reported by Pollitt and colleagues' and
Seymour and colleagues.? Despite the limitations
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of the UK studies, the true expected birth
prevalence or incidence of MCAD deficiency in
the UK ranges between 4.0 and 9.9 cases per
100,000 births and is more common among
north-west Europeans than other ethnic groups.
Discrepancies between the incidence predicted
from the gene frequency data and the number of
patients diagnosed arise because MCAD deficiency
can present with neonatal death, and an unknown
number of patients may remain asymptomatic or
have mild symptoms and may never experience
any ill effects and difficulties arising in clinical
diagnoses. The disorder has been shown to be
associated with high morbidity and mortality;
however, after (early) diagnosis, current
management makes death rare and improves
outcome.?® Neonatal screening data from tandem
MS-based studies have shown that this method is
robust, highly sensitive (100%) and specific (100%)
for MCAD deficiency.

The authors of the Pollitt reportl found that the
expected incidence of MCAD deficiency in the UK
is 5—10 cases per 100,000 births, treatment is
relatively simple with dietary management
directed primarily towards preventing fasting
stress and the overall sensitivity of tandem MS
screening is >95% for MCAD deficiency. These
authors concluded that MCAD deficiency fulfils all
of the classical requirements for a screening
programme; however, the main concern is that a
proportion of biochemically aftected individuals
will be asymptomatic and will never experience
any ill effects, and there is no way of predicting
who these will be. Therefore, all neonates with
MCAD deficiency detected by newborn screening
must be treated as being at risk and the need to
monitor intercurrent illnesses for the first few
years of life will cause parental anxiety. There is
also the possibility that “a good counselling and
support service with experienced clinicians can
reduce this” (Leonard J: personal communication;
2002).

Seymour and colleagues? found that MCAD
deficiency showed a high frequency in the general
population (estimated incidence 1:8000 to
1:15,000), especially in Caucasians of north
European descent, and is associated with increased
morbidity and mortality. MCAD deficiency is
simply and easily treated with simple dietary
manipulation and L-carnitine supplementation,
thus preventing possible early death and
neurological disability. These authors concluded
that screening for MCAD deficiency should be
seriously considered for inclusion in neonatal
screening programmes, but such screening is

dependent on the introduction of tandem MS.
Individuals with MCAD deficiency who may
(always) remain asymptomatic and the possibility
of (even minor) clinically unwarranted treatment
present important considerations and challenges
for neonatal screening programmes for MCAD
deficiency.

Defects of long-chain fatty acid
catabolism

Background

Several disorders caused by defect in the transport
and degradation of long-chain fatty acids have
been identified in relation to deficiency of
individual enzymes: carnitine palmitoyltransferase
type I, carnitine-acylcarnitine translocase,
carnitine palmitoyltransferase type II, very long-
chain acyl-CoA dehydrogenase, long-chain enoyl-
CoA hydratase, long-chain 3-hydroxyacyl-CoA
dehydrogenase and long-chain thiolase.

The clinical presentation and severity of all these
conditions vary, but they share a general pattern.
Apart from carnitine palmitoyltransferase type II
deficiency, which can cause congenital defects and
prove rapidly fatal, these disorders produce a
range of presenting symptoms similar to those of
MCAD deficiency but with greater severity, earlier
onset and additional features. In the neonate
there is a tendency towards cardiac symptoms and
cardiac arrest, with hypoglycaemic attacks a less
consistent feature. Whereas chronic presentations
are rare in MCAD deficiency, they are more likely
to be a feature of long-chain defects, producing
failure to thrive, recurrent vomiting, diarrhoea,
hypotonia or cardiomyopathy.

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 245 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for the defects
of long-chain fatty acid catabolism. Full copies of
30 papers were retrieved for further evaluation.

Of these 30 papers, none was judged to be
relevant to the update review. These studies were
excluded from the update review (details of
references are provided in Appendix 30), for the
following reasons:

e publication type: review (n = 2)
e study design: screening (n = 11), case report
and survey of physicians (n = 1)
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® outcome measures: mutation, genotype, etc.,
analysis (n = 7), no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 5), incidence or prevalence data from non-
UK countries (n = 3)

e other reasons: same results reported elsewhere
(n=1).

Quality of included studies

Incidence for defects of long-chain fatty acid
catabolism

No additional incidence data were available for
defects of long-chain fatty acid catabolism in the
UK.

Effectiveness of treatments for defects of long-
chain fatty acid catabolism

No additional evidence was available on the
effectiveness of treatments for defects of long-
chain fatty acid catabolism.

Summary of results

Incidence for defects of long-chain fatty acid
catabolism

No additional incidence data were available for
defects of long-chain fatty acid catabolism within
the UK. Owing to the lack of additional evidence,
incidence data from the existing systematic
reviews'? have been reported.

Pollitt and colleagues' and Seymour and
colleagues? reported that the true incidence for
these disorders was unknown and there was no
secure data available on the prevalence. This is
because these disorders have been identified
relatively recently, clinical presentations are varied
and non-specific, laboratory diagnosis is often
difficult even in specialised centres, and there is
limited information on the precise biochemical
basis, natural history and prognosis of the
disorders and the availability of effective
treatments. Based on estimates from the number
of cases clinically diagnosed in the UK (compared
with similar disorders of established incidence),
Pollitt and colleagues' estimated the expected
incidence as three cases per 100,000 births.

Effectiveness of treatments for defects of long-
chain fatty acid catabolism

No additional evidence was available on the
effectiveness of treatments for defects of long-
chain fatty acid catabolism. Pollitt and colleagues'
reported that normally a carbohydrate-rich diet is
prescribed, with restriction of long-chain fats and
their replacement by medium-chain triglycerides
for patients with defects of long-chain fatty acid
catabolism. Similar findings were reported by
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Seymour and colleagues.? This strict dietary
regimen has been shown to be highly effective in a
number of patients; however, based on limited
experience it appears that carnitine-acylcarnitine
translocase deficiency is essentially untreatable, at
least in its more severe form, and there was no
long-term experience of outcome for disorders of
long-chain fatty acid oxidation.!

Discussion

No additional evidence was available on the UK
incidence and effectiveness of treatments for
defects of long-chain fatty acid catabolism.
Information for these disorders was derived solely
from the two existing systematic reviews. 2

Conclusion

Despite the lack of additional evidence on the
incidence for defects of long-chain fatty acid
catabolism within the UK, data reported in the
Pollitt review! suggest that the collective incidence
for defects of long-chain fatty acid catabolism was
three cases per 100,000 births. Evidence is very
limited regarding the sensitivity and specificity of
neonatal screening for defects of long-chain fatty
acid catabolism using tandem MS.

Pollitt and Colleagues1 concluded that collectively,
these diseases were relatively common and were life
threatening or produced severe chronic disability.
Therapeutic interventions were reasonably
effective and case finding by neonatal screening
would seem to be justified even though sensitivity
has yet to be established; however, for screening to
be practicable, specificity would need to be high.

Seymour and colleagues® concluded that specific
directed newborn screening for defects of long-
chain fatty acid catabolism cannot be advocated
owing to limited knowledge on the incidence,
natural history, treatment and outcome of the
disorders. Tandem MS-based screening is unlikely
to detect all affected individuals owing to the
difficulties in the comprehensive detection (long-
chain acylcarnitines may not accumulate in the
early neonatal period in all of these conditions and
therefore low-level accumulation may be difficult
to detect) and interpretation of the results.

Glutaryl-CoA dehydrogenase
deficiency

Background

Glutaryl-CoA dehydrogenase deficiency, often
referred to as glutaric acidaemia type I or glutaric
aciduria type I (GAI), produces inhibition of the
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catabolic pathways of lysine and tryptophan. This
leads to an accumulation of glutaric acids in the
tissues and body fluids. Typically, the disorder
presents acutely in a child who has appeared well
or shown only mild neurological symptoms. A
frequent presenting sign of the disorder is
excessive increase in the circumference of the head
with associated frontotemporal atrophy. Acute
attacks tend to be triggered by infections and the
susceptibility to attacks tends to decrease with
maturity. Irreversible loss of motor function
involving severe dystonia and dyskinesis may
result from an acute attack.

Diagnosis may be difficult in symptomatic cases
and may be confused with cerebral palsy or
poliomyelitis. Untreated patients experience
severe progressive neurological deterioration with
recurrent attacks leading eventually to death.
Evidence suggests that individuals with
symptomatic presentation of GAI have high rates
of mortality and significant levels of neurological
disability, although there remains some
uncertainty about the value of particular elements
of current therapeutic regimens.*5-7°

Quantity and quality of research
available

Quantity of research available

The systematic searches identified 97 additional
publications on the incidence, prevalence and
effectiveness of treatment outcomes for GAI. Full
copies of 21 papers were retrieved for further
evaluation.

Of these 21 papers, two studies were judged to be
relevant to the update review. Both studies®®7!
provided information on the effectiveness of
treatment outcomes for patients with GAIL. No
studies were identified that reported data on the
incidence of GAI in the UK

Nineteen studies were excluded from the update
review (details of references are provided in
Appendix 31), for the following reasons:

e publication type: review (n = 4)
study design: screening (n = 4)
outcome measures: mutation, genotype, etc.,
analysis (n = 1), no incidence or prevalence
data (n = 1), no treatment outcomes or
treatment outcomes in fewer than two patients
(n = 5), incidence or prevalence data from non-
UK countries (n = 2)

e other reasons: same data reported elsewhere
(n = 1), data included in existing systematic
review (n = 1).

Quality of included studies

Incidence of GAI

No additional evidence was available on the
incidence of GAI in the UK.

Effectiveness of treatments for GAI (Appendix 32)
Two studies provided information on the
effectiveness of dietary interventions for GAIL.

Bjugstad and colleagues’! performed a forward,
stepwise, multiple regression analysis to find
predictors for outcome in 115 previously described
patients with GAI using archival data from 42
published research articles. Non-biochemical
variables included age at symptom onset, motor
deficits, cortical atrophy, basal ganglia atrophy,
enlargement of cerebrospinal fluid spaces, changes
in white matter, treatment and clinical outcome
(changes in motor behaviour). For this analysis,
the authors combined data when one patient was a
subject in two articles; therefore, no patients were
double counted.

Most patients included in this study were started
on a protein (lysine/tryptophan)-restricted diet
supplemented with carnitine and/or riboflavin after
the onset of symptoms. Of the 103 patients for
whom treatment data were available, 15.5% had
no treatment and 84.5% were treated. Treatment
consisted of diet only (5.8%), carnitine or riboflavin
supplement (32.0%) and carnitine and riboflavin
supplement (46.6%). The authors reported that no
statistical evaluations were performed to evaluate
the benefits of presymptomatic treatment because
only six patients were found to have been treated
for GAI before the onset of symptoms with
adequate biographical information.

The authors did not provide any information on
age, gender characteristics, inclusion or exclusion
criteria, quality of included studies, details of
dietary compliance, duration of treatments or
number of patients lost to follow-up.

Monavari and Naughten®® evaluated the effects of
treatment and clinical outcome in 12 patients with
GAI by analysing retrospective clinical data.
Patients in this study were diagnosed with GAI at
the National Centre for Inherited Metabolic
Disorders, The Children’s Hospital, Ireland. Six
patients were diagnosed as a result of family
screening and six were diagnosed late after
symptomatic presentation. Diagnoses were based
on abnormal organic acids in urine by capillary
GC/MS and clinical suspicion. The disorder was
confirmed by enzyme assay of glutaryl-CoA
dehydrogenase activity in cultured skin fibroblasts.
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Management of the disorder was based on dietary
regulation. The basic diet consisted of a synthetic
protein drink (deficient in the amino acids lysine,
hydroxylysine and tryptophan), natural (ordinary
food) protein restriction but sufficient energy for
growth, oral or intravenous supplementation with
L-carnitine (100-200 mg/kg per day) and
avoidance of catabolic state. The total protein
intake ranged from 1.5 to 3 g/kg body weight per
day (range of natural protein, 0.5-2 g/kg per day;
synthetic protein, 0.5-2 g/kg per day; tryptophan,
5-21 mg/kg per day). Patients also received
riboflavin; however, all were non-responsive.

During periods of acute illness or subtle metabolic
decompensation, patients reduced natural protein
intake (even stopping it for a short period of
24-48 hours, before reintroducing it gradually as
tolerated clinically and biochemically), continued
synthetic protein, increased energy intake by
20-50% by using oral and intravenous glucose,
and doubled lipids and L-carnitine intake to

200 mg/kg per day.

The authors did not provide any information on
age, gender characteristics, inclusion or exclusion
criteria, details of dietary compliance or duration
of treatments. Six patients were lost to follow-up
(five patients died in the symptomatic group and
one patient who was detected as result of family
screening died).

The strength and quality of the evidence for the
effectiveness of dietary interventions for GAI were
grade 1116971

Summary of results

Incidence of GAI

No additional evidence was available on the
incidence of GAI in the UK. Owing to the lack of
additional evidence, incidence data from the
existing systematic reviews'? have been reported.

Pollitt and colleagues1 reported that there were no
definitive data available on the incidence of GAI.
Based on estimates from the number of cases
clinically diagnosed in the UK (compared with
similar disorders of established incidence), Pollitt
and colleagues1 estimated the expected incidence
as two cases per 100,000 births. No incidence data
were reported by Seymour and colleagues?® for GAI.

Effectiveness of treatments for GAI

In the retrospective analysis of archival data from
42 published articles describing 115 patients with
GALI Bjugstad and colleagues’' found that more
than 50% of patients had an onset of symptoms
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before 8 months of age, and nearly all children in
whom symptoms developed had the symptoms
within the first 3 years of life. Only 8.7% of
patients were reported as being asymptomatic,
approximately 20% eventually improved to lead a
normal life with normal or no residual
consequence of GAI, and 21.6% of patients died.

A forward stepwise, multiple linear regression
analysis showed that in patients who did not have
a precipitating illness before the first appearance
of motor symptoms, the age at onset was
significantly associated with the severity of motor
impairments and overall clinical outcome. Patients
with symptom onset between 6 and 9 months had
a much higher probability of a poor outcome,
disease progression and death. In patients with
gradually progressive symptoms (no precipitating
illness), later onset of symptoms predicted better
clinical outcome (r = 51, p > 0.0004). For patients
who had a precipitating illness such as respiratory
infection, vomiting or diarrhoea, no correlation
was seen between the age at symptom onset and
clinical outcome (r = 0.003, p = 0.98). Treatment
given after the appearance of symptoms was not
associated with a better clinical outcome or fewer
motor deficits.

The authors reported that there was a lack of data
to analyse the statistical benefit of treatment when
it was given before symptoms occurred. Only six
patients started treatment before any motor
symptoms were present, all of whom have had a
relatively normal development.

Monavari and Naughten69 found that four of the
six patients detected as result of family screening
were developing normally, one patient had died
and one had mild mental disability. The five
remaining patients were aged between 3 and 9
years and were diagnosed with the disorder
between 1 and 6 weeks. In these presymptomatic
patients, supplementation with L-carnitine and
intensive dietary treatment with aggressive
emergency management resulted in a favourable
outcome. Overall, the data showed that early
diagnosis and aggressive treatment led to
favourable outcomes with prevention of major
neurological sequelae. In contrast, all of the six
late-diagnosed symptomatic patients suffered
from dyskinetic cerebral palsy and five patients
died. The age of presentation in these six
symptomatic patients ranged from 3 to 9 months;
however, the diagnosis was deferred by 6-24
months owing to a delay in organic acid results
(1-16 months) or a lack of awareness of the
condition.
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Discussion

No additional evidence was available on the
incidence of GAI in the UK. Data reported in the
Pollitt review! suggest that the incidence of GAI
was two cases per 100,000 births in the UK. This
estimate is based on the number of cases clinically
diagnosed within the UK. The authors reported
that this figure was a conservative estimate as the
disease was widespread among a variety of racial
groups and was probably underdiagnosed.

The evidence for the effectiveness of dietary
treatments for GAI was limited to a few studies.
Despite the poor study quality, the results showed
that the age of onset of the disease could
significantly predict the severity of motor deficits
and overall clinical outcome. Dietary interventions
given after the onset of GAI symptoms were not
effective in reversing neurological damage® and
were not associated with a better prognosis’! in
symptomatic patients. In contrast, dietary
interventions offer some hope to presymptomatic
patients in that early intensive management can
alter the natural history of GAI; however, the
threat of disability or death remains, and
emergency management needs to be initiated with
illness at all ages.®”

Conclusion

Despite the lack of additional evidence on the
incidence of GAI within the UK, the disorder is
associated with increased morbidity and mortality
and patients with GAI need to be identified as
early as possible. Management of this disorder is
less clearly defined; however, therapeutic
strategies involving dietary restriction appeared to
be effective in presymptomatic patients.
Administration of L-carnitine to asymptomatic
individuals with GAI appeared to offer
considerable benefit by preventing the occurrence
of neurological damage and allowing normal
development. In symptomatic patients, the efficacy
of the treatment had been extremely modest, with
either no response or limited recovery of some
functions. Data on the sensitivity and specificity of
neonatal screening for glutaryl-CoA dehydrogenase
deficiency using tandem MS are limited.

Pollitt and colleagues' concluded that GAI was
relatively common and extremely serious, and
there were indications that presymptomatic
treatment could possibly prevent disease
progression. Data on the sensitivity and specificity
of neonatal screening using tandem MS were
limited; however, several cases of GAI have been
identified from neonatal dried blood-spot samples
using tandem MS.

Seymour and colleagues?® reported that GAI was
associated with increased morbidity and mortality
and that all patients with GAI have had a period
before onset during which it is believed that
intervention could have significantly improved
outcome. These authors concluded that GAI
comes close to fulfilling the necessary criteria for
newborn screening, although there is a lack of
information on the absolute incidence and natural
history of the disorder. Prevention of the clinical
manifestations of GAI (and of MCAD deficiency)
alone could make newborn screening for these
disorders cost-beneficial using tandem MS.

Multiple acyl-CoA dehydrogenase
deficiency

Background

Multiple acyl-CoA dehydrogenase deficiencies
(glutaric aciduria type II or GAII) cover a group of
conditions resulting from the impairment of the
process of dehydrogenation of many different acyl-
CoA esters. This relatively rare condition has a
wide range of clinical severity, with the most severe
effects being multiple congenital abnormalities
that lead to death in the neonatal period. Less
severe presentations are identified in the first week
of life and involve profound metabolic
decompensation and acidosis.

Untreated cases surviving the neonatal period
frequently die in the course of recurrent attacks.
Milder cases may present later with acute Reye-like
symptoms similar to MCAD deficiency or follow a
more chronic pattern with poor feeding, failure to
thrive and hypotonia.

Quantity and quality of research
available

Quantity of research available

The yield of literature from the systematic
searches generated 69 additional publications on
the incidence, prevalence and effectiveness of
treatment outcomes for GAII. Full copies of four
papers were retrieved for further evaluation.

Of these four papers, none was judged to be
relevant to the update review. These studies were
excluded from the update review (details of
references are provided in Appendix 33), for the
following reasons:

study design: screening (n = 1)

e outcome measures: no incidence or prevalence
data (n = 1), incidence or prevalence data from
non-UK country (n = 1)
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e other reasons: same results reported elsewhere
(n=1).

Quality of included studies

Incidence of GAII

No additional evidence was available on the
incidence of GAII in the UK.

Effectiveness of treatments for GAII
No additional evidence was available on the
effectiveness of treatments for GAII.

Summary of results

Incidence of GAIl

No current evidence was available on the
incidence of GAII in the UK. Owing to the lack of
additional evidence, incidence data from the
existing systematic reviews'? have been reported.

Pollitt and colleagues' and Seymour and
Colleagues2 reported that this disorder was
relatively rare and there were no reliable data
available. Based on estimates from the number of
cases clinically diagnosed in the UK (compared
with similar disorders of established incidence),
Pollitt and colleagues' estimated the expected
incidence as two cases per 100,000 births.

Effectiveness of treatments for GAIl

No additional evidence was available on the
effectiveness of treatments for GAII. Pollitt and
colleagues' and Seymour and colleagues® reported
that there were no effective therapeutic
interventions for the severe forms of GAII.
Treatments for the milder variants included a
moderate reduction in dietary protein and fat
intake, and increased carbohydrate intake. Some
patients with mild variants respond favourably to
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high-dosage riboflavin and L-carnitine
supplementation; however, action must be taken to
reduce catabolism during periods of illness.!

Discussion

No additional evidence was available on the UK
incidence and effectiveness of treatments for GAII.
Information for these disorders was solely derived
from the two existing systematic reviews. 2

Conclusion

Despite the lack of additional evidence on the
incidence of GAII in the UK, data reported in the
Pollitt and Seymour reviews!? suggest that the
incidence of GAII was relatively low. Pollitt and
colleaguesl estimated the expected incidence as
two cases per 100,000 births. Evidence is very
limited regarding the sensitivity and specificity of
neonatal screening for GAII using tandem MS.

Pollitt and Colleagues1 concluded that there is little
benefit in diagnosing early presenting cases,
except for the provision of genetic information. In
contrast, moderately severe and milder cases may
benefit considerably from early diagnosis. Severe
and moderate forms of GAII are detectable by
tandem MS; however, there is no information as to
the sensitivity for very mild variants.

Seymour and colleagues® concluded that specific
screening for GAII should not be considered
owing to the wide range of presentations,
unknown incidence (relatively rare) and relatively
poor outcome of treatment. However, it is
probable that affected individuals would be
detected during newborn screening using tandem
MS.
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Chapter 7

Economics of neonatal metabolic screening

Introduction

Economic issues in health technology
assessment

Although screening represents a distinctive form
of health technology, the fundamental economic
need to evaluate the efficiency of the intervention
remains. The distinctiveness of screening relates to
the specific identification of appropriate benefits
and costs that should be included. In this context,
three main considerations should be explicitly
addressed: clarity about the viewpoint or
perspective taken, how efficiency is defined and
measured, and the role of equity.

Viewpoint refers to the breadth of perspective
taken on the evaluation of a screening programme.
Although different viewpoints may be valid,
economists tend to prefer where possible to assess
health technologies from a broad ‘societal’
perspective. This is justified on the grounds that it
is appropriate to be concerned about how
investments in health technologies maximise
overall levels of welfare available from society’s
scarce resources.

The viewpoint adopted has significant
implications for the range and types of costs and
benefits that should be included within an
evaluation. For a screening intervention, for
example, costs should not only comprise those
resources directly consumed by the provision of a
screening programme, but also include any
subsequent health and social care costs that arise
from presymptomatic or symptomatic detection.
This may comprise future treatment costs incurred
or avoided as a consequence of screening. Other
healthcare and social care costs related to any
disabilities or impairments that arise from those
affected or treated, with and without the presence
of screening, should also be considered.

Other significant resource consequences affected
by screening are (net) future changes to
productivity and other indirect costs. These may
arise either from the impact or avoidance of future
mortality and morbidity on aftected individuals, or
from changes to the burden of support on
informal carers. However, ethical concerns over
the relevance of identifying the future productive
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capacity of affected individuals, as well as
significant methodological differences over the
quantification of indirect costs, frequently render
their inclusion problematic. Good practice dictates
that indirect costs, if included, should be
identified and reported separately; and this should
include explicit reference to the basis on which
future productivity costs have been calculated.

Inappropriate perspective can lead to a narrow or
unsuitable definition of costs and benefits to be
included within an evaluation. In the context of
screening, one consequence of this has been “the
choice of overly simplistic, inappropriate
maximands”, such as “cost per case detected”.”
Yet false-positive and false-negative results within a
screening programme are also important. Both are
likely to impose significant costs and may
substantially affect the net benefits attributable to a
screening intervention. These issues are relevant to
the overall measurement of programme efficiency.

Fundamentally, efficiency is about comparing
benefits obtained against the resources consumed.
However, economists frequently distinguish
between two types of efficiency: technical and
allocative. “Technical efficiency’ is conventionally
defined in terms of maximising the benefits
(outputs) obtained from a given programme from
the resources used; or, alternatively, minimising
the resources depleted for a given level of benefits
(outputs). Technical efficiency is primarily about
how services are provided and aims to optimise
the use of resource inputs (capital, materials and
labour) for a given intervention or health
technology. Thus, technical efficiency would seek
to identify the best combination of inputs (given
the relative price of those inputs) for delivering,
for example, a neonatal screening programme for
phenylketonuria.

Allocative efficiency recognises that healthcare
inputs can be used for many different purposes
and seeks to maximise total health benefits
available from the use of those resources. This is a
wider notion of efficiency: instead of looking at
how best to provide a particular service or health
technology, it examines what combination and
level of health technologies should be provided

from the available healthcare budget. 65
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MAICER, maximum acceptable incremental cost-effectiveness ratio

The results of an economic evaluation of new
technologies can be represented on a cost-
effectiveness plane.73’74 Overall, the results of an
evaluation may produce four different outcomes
based on the calculated incremental cost-
effectiveness ratio (ICER). This is illustrated in
Figure 1. Note that the axes in the diagram are
presented in terms of incremental costs and
effects. It should be clear that only two of the four
situations produce dominant strategies (quadrants
IT and IV); the other possible outcomes involve
results that are not unequivocal and will require
decision-makers to trade off the relative
magnitude of cost—effect differences produced.

Figure 1 also illustrates how cost-effectiveness
analysis may be of limited value to decision-
makers where the choice of strategy suggested by
the incremental cost-effectiveness ratio does not
clearly dominate. For example, a new technology
may produce a lower cost-effectiveness ratio for a
given set of objectives, but in total actually
consumes more resources (quadrant I, in Figure 1).
Selection of a new technology that costs more in
total will require the diversion of resources from
alternative healthcare interventions. This will
impose opportunity costs in the form of foregone
benefits owing to the reallocation of resources.
Although a new intervention may be technically
more efficient, there may be issues of allocative
efficiency that need to be considered before a final
decision can be made.”

Ideally, the evaluation of a new technology should
be expressed in costs and benefits that also
facilitate the consideration of allocative efficiency.
The question, therefore, is not just about which
technology provides the most cost-effective way of
delivering a particular screening programme, but
also about whether the screening programme per
se represents a good investment of healthcare
resources relative to the alternative uses to which
these resources could be put. In this context,
judgements about the relative value of pursuing
new healthcare technologies or forms of service
delivery may be made in terms of an acceptable
‘threshold’ of incremental cost-benefit. This
threshold is usually set in terms of a maximum
acceptable incremental cost-effectiveness ratio
(MAICER) and, increasingly, this is being defined
in terms of an acceptable cost per quality-adjusted
life-year (QALY) ratio (e.g. a MAICER of £20,000,
£30,000 or £40,000). This simplifies the decision
rule: any cost-effectiveness ratio that is less than
the MAICER is worth pursuing (i.e. any ratio that
falls to the right of the diagonal line in Figure I).

It is important to understand that this threshold
will not be fixed but may vary according to
society’s willingness to pay for different health
benefits that accrue in different circumstances. For
example, society may have different cost-
effectiveness thresholds for health benefits that
affect particular groups, such as those that aftect
children, those already disadvantaged by chronic
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disabilities or interventions targeted at correcting
health inequalities.

Although economic evaluations have traditionally
been designed to provide decision-makers with
information on the relative efficiency of different
options for achieving certain objectives, the role of
equity should not be overlooked. Equity concerns
the ‘fair’ distribution of available costs and
benefits from health technologies to different
groups within society. The complexities of
definition and measurement are not relevant here;
our concern is to indicate that equity provides an
important additional dimension to that of
efficiency, which decision-makers need to
acknowledge.

Equity considerations are especially important
where the distribution of benefits aftects various
social groups differently. In circumstances where
particular disadvantaged or ethnic sections of the
population are more susceptible to conditions for
which screening offers the opportunity for early
treatment, equity may override a strict adherence
to relative efficiency expressed in terms of cost per
unit of benefit calculated on average measures of
effectiveness.

Methods for economic analysis
Evaluation methods

Different techniques are available with which to
evaluate the efficiency of a health technology. The
choice of method depends on the objectives of the
study, the viewpoint taken and the types of costs
and benefits that need to be quantified. A useful
summary description of the various types of
economic evaluation that can be used to assess
neonatal screening was provided in a previous
HTA report.1

Cost minimisation analysis would be unsuitable for
the evaluation of whether screening should or
should not be performed because the outcomes
(health benefits) of the two strategies will not be
equal. Cost minimisation may be appropriate,
however, as an assessment of whether an existing
screening technology can be replaced by a newer
technology, if there is good evidence that the
outcomes achieved by the two alternative
technologies are identical. Thus, if the outcomes
obtained using tandem MS for the screening of
PKU are the same as those achieved by existing
technologies (Guthrie, fluorometry and
chromatography), then the evaluation can be
reduced to a consideration of which produces the
least-cost method of screening. Although there are
very few circumstances where the outcomes from
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applying different technologies are identical, the
use of cost-minimisation analysis might be a
reasonable conservative approach where there is
evidence that the new technology is likely to
perform better (e.g. has a higher sensitivity and
specificity as a screening tool).

Cost-benefit analysis would be particularly
appropriate for the evaluation of screening
technologies because of its ability to capture all
costs and benefits in terms that permit direct
comparison. This could include the measurement
of a number of important non-resource and
externality effects that are recognised as important
consequences of screening (including the
reassurance or anxiety caused by screening) as well
as the valuation of any (net) health gain.

Cost-effectiveness analysis (CEA) is the technique
most commonly applied because of the relative
ease with which the benefits can be measured.
This is a technique that expresses benefits of
healthcare interventions in terms of ‘natural units’;
units that are often readily defined by the type of
intervention provided. Examples include
symptom-free days, sight-years saved, true cases
detected or life-years saved. These units often
have intuitive appeal or understanding to those
involved in a particular technology or service
provided. However, conventional CEA fails to
measure the complete health benefits or gain
available from an intervention because it does not
explicitly capture the trade-offs between additional
years of life and the quality of life provided. It is
also a technique that restricts comparisons
between technologies that can only be defined in
terms of the same natural units of benefit.
Although CEA may address issues of technical
efficiency, decisions about allocative efficiency are
constrained by the absence of a common
denominator that allows health gains from
difterent types of technology to be compared.

Cost-utility analysis (CUA) does permit
comparisons across different technologies through
the measurement of benefits using an index that
combines both the quantity and quality of life
effects of an intervention (a QALY). Future life-
years obtained from a health intervention are
weighted using an index that adjusts a year of life
according to the assessed quality of that life. These
(QALY) weights are normally obtained using a
number of generic health-related quality of life
(HRQoL) instruments designed to elicit preferences
for different health states. QALY weights can be
obtained in different ways. There are examples
where those providing an intervention estimate
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the health state values attached to a particular
outcome obtained, with or without treatment. The
inherent weakness in this approach is that those
who provide an intervention may have a biased
understanding of the health impact of a particular
condition and of the benefits of treatment. The
more conventional approach used as part of a
study trial is to obtain health state valuation from
those individuals directly affected.

CUA would provide a more appropriate basis for
the evaluation of the benefits of neonatal
screening for particular metabolic disorders than
CEA, which failed to capture the main quality of
life effects related to the provision or absence of
screening. Again, however, the literature surveyed
showed no recent examples of cost-utility studies
in respect of neonatal screening for inborn errors of
metabolism. The authors were aware that a number
of economic evaluations on the use of tandem MS
for screening of inborn errors of metabolism were
underway, but these studies were not published in
time to be included within this review.

Uncertainty and the interpretation of results
No matter what type of economic evaluation
technique is used, the overall robustness of the
results obtained should be tested to establish the
probability that the right option has been
identified. This is necessary because of the
inherent uncertainty in any estimates of the costs
and effects derived from an economic evaluation.
The standard way of dealing with uncertainty in
the main quantifiable elements of a study (the
parameters) has been the application of sensitivity
analysis. Parameter uncertainty will arise because
some of the study elements cannot be observed
directly. Moreover, in the absence of an infinite
sample, actual study parameters will always
contain some degree of statistical variability.

One-way (univariate) sensitivity analysis examines
the impact of each parameter on the overall study
results by changing their values one at a time. In a
univariate approach a specific parameter’s values
are varied by some plausible amount and the cost-
effectiveness ratio is then recalculated. From this it
is possible to identify which variables, and their
associated uncertainty, have the greatest individual
effect on relative cost-effectiveness. However, ‘cost’
and ‘effect’ estimates in a study are not normally
calculated using single parameters, but are based
on a series of variables, each of which have
uncertainty, connected both to their values and to
their interrelationships.76 Therefore, although
useful by itself, univariate sensitivity analysis is
recognised as inadequate; examining the effects of

changing one parameter at a time provides an
incomplete assessment of the overall uncertainty
within study results.

As an alternative, multiway analysis allows for
more than one parameter at a time to be varied.
The choice of which variables to include within a
multiway analysis may be made by an initial
univariate procedure which identified those
parameters that are likely to have the most
significant impact on the study results. As a
relatively straightforward special case of multiway
analysis, all of the most favourable or most
unfavourable parameter values can be combined
simultaneously to produce a ‘best” and ‘worst’ case
scenario, respectively.

One frequently observed weakness of sensitivity
analysis in general, however, has been the often
arbitrary way in which parameters have been
varied; for example, a doubling or halving of
parameter values as a way of estimating best and
worst case scenarios. More appropriate methods for
capturing a plausible range have been suggested.”
These methods include systematic reviews of the
literature, reference to expert opinion, and use of
statistical procedures to calculate confidence
intervals around parameter values.

Partly as a response to these concerns, procedures
have been developed to estimate uncertainty using
statistical analysis of the sampling variation of the
parameter used within a study. Different
approaches are possible. Of particular interest
methodologically has been the refinement of
methods for calculating confidence intervals
around the ICER. These methods can be complex
technically and most are grounded within the
classical (or frequentist) tradition of statistical
theory, which calculates confidence limits based
only on the observed data obtained within a study.
To capture the inherent stochastic uncertainty of
the results, calculation is often based on methods
that require repeated sampling from within the
plausible range of parameter values. For trial-
based evaluations these can be generated using
bootstrapping techniques. The results are usually
presented diagrammatically, depending on the
procedures used, in terms of a box or an ellipsoid
showing a confidence region around the ICER. In
appearance, this is similar to a distribution of
values within a quadrant of the cost-effectiveness
plane (Figure 2).

More recently, attention has shifted to the use of
an alternative Bayesian framework. One distinctive
feature of Bayesian approach is that inference is
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based not only on the observed data, but also on a
probability distribution that will characterise what
is also known about specific parameters. This may
include prior information not captured as part of
any study data collection.”® Information and
assumptions about the prior distribution of
parameter values are critically important to
Bayesian methods. The Bayesian approach, which
allows the synthesis of information from various
sources, may be particularly suited to the
evaluation of health technologies (such as neonatal
screening for rare inborn metabolic disorders) that
are not susceptible to conventional RCTs.”® The
Bayesian equivalent of the confidence region is the
credible region.

Nevertheless, calculation of confidence (or
credible) regions can be problematic. In addition
to differences that may emerge according to which
method of calculation is used, more fundamental
problems may arise when the cost and effect
differences are not confined to a single quadrant
of the cost-effectiveness plane and so produce
indeterminate results.

Particular difficulties arise when the calculated
ICERs are negative. Briggs and Gray provide a
simple example to illustrate the point:

“If an intervention is associated with an increase in
life-years of 0.25 years and a cost saving of £1000 it
will have an ICER of —£4000 per life-year gained. It is
clear that an alternative intervention which generates
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the same cost savings but generates a health benefit of
2 years will be preferred, but it will have an ICER of
—£500 per life-year, which is greater than —£4000.”7*

One resolution of this problem is based on the
notion of a threshold value as the appropriate
decision rule, discussed earlier. Any calculated
ICER less than the accepted ceiling ratio (the
diagonal MAICER line in Figure 1) should be
accepted. As stochastic analysis may produce ICER
values across the cost-effectiveness plane, the
overall uncertainty can be summarised using the
proportion of ICER values that fall to the right of
the threshold value. Since the threshold value may
not actually be known or defined, the actual
ceiling ratio (MAICER) can be varied to indicate
how the relative cost-effectiveness of the new
technology might compare with different
threshold values. The resulting set of calculations
can then be used to describe a cost-effectiveness
acceptability curve (CEAcc).”

The CEAcc plots the proportion of cost-effect
pairs generated by the stochastic process that
indicates when the new technology is optimal
relative to the threshold (Figure 3). A further
advantage of the CEAcc approach is that the
combination of cost and effect pairs with
established threshold values (MAICERs) allows the
net benefit of any new technology to be estimated.

Net benefit refers to the difference in the expected
pay-off from a new intervention (expressed in
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monetary terms) and the threshold value (A) set by
decision-makers about what constitutes an
appropriate return on healthcare technology. This
threshold (A) is usually set according to some
agreed notion of what represents society’s
willingness to pay for an additional unit of health
benefit (i.e. its maximum acceptable cost-
effectiveness ratio).

Net benefit can easily be operationalised by
expressing health benefits in monetary terms
using the implicit valuation provided by the
threshold value. A simple example should serve to
illustrate the concept. First, imagine that society
has set its threshold value (A) at £30,000 per
QALY and the evaluation compares two treatment
options for a specific condition. Further, assume
that the QALYs gained from our new intervention
(T1) are five and the QALYs obtained from the
existing intervention (T0) are three, and
programme costs are estimated at £100,000 and
£55,000, respectively. Incremental net benefit
(INB) can then be expressed as:

INB

A # (E1p — Epg) = (G =Cro)
£30,000 * (2) — (£45,000)
= £15,000

This approach has the advantage of providing a
simplified decision rule: in general, a new
technology should be accepted when the INB is
greater than zero (i.e. if INB > 0, then fund).
Furthermore, higher net benefit values are always

better; the potential indeterminacy of some ICER
values is avoided.

Moreover, as indicated above, different thresholds
(A) can then be set and stochastic analysis of cost
and effect pairs generated to calculate the
probability that a new intervention will produce an
INB greater than zero at each threshold value.
The results can then be presented as a CEAcc.

Economic modelling

So far, this summary of the techniques used by
health economists has been presented in terms of
standard trial-based evaluations. The same
stochastic properties and analytical considerations
can be applied to economic models. In this case,
however, repeat sampling using bootstrap methods
is replaced by repeated iterations using Monte
Carlo simulation.

Economic modelling is now recognised to be a
valuable technique in the evaluation of new
healthcare technologies. The advantages of a
model are that they can be formulated using a
range of evidence sources and do not require a
relatively expensive piece of primary research (e.g.
through prospective studies such as RCTs).
Modelling can rely on the synthesis of evidence
from a variety of secondary sources. These may
include published studies in peer-reviewed
journals, reports and technical documents, as well
as extracts from administrative datasets and
information derived from expert panels.
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Modelling techniques also allow the process of
evaluation to be extended beyond what has been
directly observed.

Although all modelling, by definition, provides a
simplification of reality, its effective use does
presuppose that there is sufficient information
already available that is capable of providing a
reasonable heuristic representation of that reality.
This means that information is available which
allows estimation of the values associated with the
main parameters required for construction of the
model. There is a manifest compatibility between
modelling and a Bayesian methodology that allows
a broader integration of parameter and
probability data from different sources.

Whatever evaluation techniques are used, the
extent of uncertainty surrounding the parameter
estimates directly affects the overall robustness of
the results obtained. Another advantage of the
modelling process is that the effects of uncertainty
on the relative cost-effectiveness of any new
technology can be explored in more detail. This is
the essence of sensitivity analysis described earlier;
but the methods available allow for greater
sophistication.

Two main types of modelling approach can be
distinguished. Deterministic modelling is
primarily a method that relies on using a
combination of fixed or mean values within the
modelling scenario. In contrast, probabilistic
modelling uses the whole distribution of
parameter values that are obtained, or can be
realistically defined, and combines them in
random ways using iterative techniques such as
Monte Carlo simulation. The use of such
techniques within a Bayesian framework means
that economic modelling is particularly
appropriate to a probabilistic estimation of
uncertainty surrounding a new technology.
Increasingly, this aspect of economic modelling is
undertaken using probabilistic methods within a
formal value of information (VOI) framework.

The value of information

A formal VOI analysis seeks to estimate the
expected costs associated with imperfect
information when selecting between alternative
courses of action. This can be characterised as
uncertainty. Uncertainty affects the extent to
which we can be confident that our current
information allows us to identify what is the
underlying best option and that the estimated
benefits would be obtained in practice should the
new strategy be adopted. Uncertainty means that
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there may be circumstances when the net benefit
of the alternative strategy would have been better.

The value of additional information on a specific
question, therefore, depends on the extent to
which this additional information will reduce the
uncertainty about the selection of alternative
strategies. Information has value because it reduces
uncertainty and thereby the potential costs (the
opportunity loss or benefits forgone) of selecting a
particular option as optimal when it is not.

The expected costs of uncertainty can also be seen
as equivalent to the expected value of perfect
information (EVPI). Decision-makers with perfect
information could always be entirely sure that the
right (optimal) choice had been made.

Estimation of the EVPI can then be used to
determine whether the costs of any additional
research designed to reduce uncertainty are
worthwhile.?? If the EVPI is greater than the
expected costs of acquiring the extra information,
then it is cost-effective to carry out additional
research. This is based on a simple premise: if the
benefits obtained from additional research, in
terms of reduced uncertainty, exceed the costs,
then the research should be conducted.

A distinct advantage of an EVPI analysis is that
not only is it possible to estimate the expected
costs of uncertainty across all parameters, but the
expected costs associated with individual
parameters can also be estimated separately.®!
This means that future research, if required, can
then be focused on those inputs that are likely to
have the greatest impact on the decision question.

Although CEA and VOI methods are
complementary, and so frequently used together,
they are nevertheless distinct. Conventional CEA is
designed to establish the relative value of adopting
different health technologies by assessing the
incremental costs and benefits associated with
alternative strategies or interventions. Given
uncertainty around the CEA results obtained, VOI
analysis then estimates what would be the value of
additional research in order to reduce this
uncertainty.

Conclusion

This brief survey of the main conceptual tools and
methods now used by health economists in the
evaluation of healthcare technologies is of direct
relevance to the use of economic modelling and
the interpretation of the model results presented
later in this report.
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Identifying and quantifying the costs
and benefits of neonatal screening for
inborn errors of metabolism

Economic efficiency requires a consideration of
both the costs and benefits of a healthcare
programme. The following two sections briefly set
out the main categories of each that can be
considered within an economic evaluation.
Precisely what type of costs and benefits will be
included depends on the viewpoint taken.

Costs

Specimen collection costs

For newborn screening of inborn metabolic
conditions, the specimens collected are blood
spots taken from the neonate and impregnated on
to special Guthrie cards. These cards are then sent
immediately to laboratories for analysis. In the
UK, midwives (in some areas health visitors)
collect initial blood samples as part of their
statutory visits to follow-up infants carried out
within 6-14 days after birth.

As the blood specimens are collected as part of a
routine visit designed for assessment as part of a
child health surveillance programme, only a
proportion of the cost of the midwives’ contact
should be attributed to specimen collection. Only
when repeat samples of blood are required would
a health visitor make a further special visit to
collect a specimen.

One of the technical advantages of tandem MS
technology is that additional metabolic disorders
can be screened for using the same blood
specimen collected and analysed for the presence
of PKU. Extending neonatal screening to include
the other metabolic disorders reviewed here,
therefore, would require no additional sample
collections. However, extension of neonatal
screening would incur some small additional cost
for initial sample collection because extra time
would be required by midwives to explain what
additional conditions are being screened for and
to obtain consent; this should also include
provision of some additional informative materials
to parents. Many parents, however, are already
informed about the issue of neonatal screening in
advance through attendance at parentcraft classes
run by midwives.

Laboratory costs

Once the specimens have been collected they are
dispatched for analysis at designated neonatal
screening laboratories. The costs of screening in
the laboratory setting involve three distinct
elements: labour, capital, and consumables.

Staft inputs are required to organise and
document the receipt of specimens to be
examined. Specimens also need to be prepared
(blood spots punched into microtitre plates with
appropriate solvents) and loaded for analysis,
according to the screening method used.
Increasingly, these elements have become
mechanised to facilitate the handling of large
volumes. Staff are also required to interpret the
results of the laboratory analysis and initiate any
subsequent actions (e.g. reporting, repeat
specimen requests, confirmation protocols).

Newer technologies such as tandem MS allow for
the automation of results profiling and
interpretation based on computer algorithms.

The equipment required to analyse the blood
specimens depends on the technology used. In the
UK, PKU screening may be performed using a
Gauthrie, fluorometric or chromatographic
technique. Each of these involves different forms
of equipment with different degrees of capital
outlay. Tandem MS is a relatively capital-intensive
technique, with a large initial outlay for purchase
of the necessary equipment. Capital costs are
usually fixed over a large range of processing
outputs and provide benefits over future years
(depending on the life expectancy of the
equipment).

Consumables required for laboratory screening
will also vary somewhat according to the method
used. Items here include the use of solvents and
suitable analytical containers (e.g. microtitre
plates). These are variable costs that largely
increase in direct proportion to the volumes of
specimens processed. Maintenance costs for each
of these technologies also need to be included as
an annual cost. To this can be added an annual
charge for facility overheads (usually apportioned
on the basis of area of accommodation used).

For the purposes of this review, and particularly
the economic modelling presented later, the
combination of Guthrie, fluorometric and
chromatographic methods is regarded as the
existing technology. In practice, it is recognised
that a number of laboratories in the UK already
use tandem MS to screen for PKU.5?

Confirmation costs

After an initial test has indicated a positive result,
it is necessary that this is confirmed before a
definitive diagnosis is given and treatment
initiated. Uncertainty surrounding the initial test
result may occur for a number of reasons. Test
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results may be within an equivocal region of the
defined cut-off values used to establish the
presence of a disease. In these circumstances
additional tests will be undertaken to facilitate the
correct diagnosis of the underlying condition.
Moreover, for every true-positive case detected
there will also be a number of false-positive results,
depending on the specificity of the screening test.
It is extremely important to eliminate these false
positives as quickly as possible so that an incorrect
diagnosis is not made and to reduce any possible
anxiety caused to those affected.

Confirmation protocols will vary according to the
types of metabolic conditions found. For PKU,
confirmation may require additional biochemical
assays (of biopterins and dihydropteridine
reductase activity). For MCAD deficiency there
may be a repeat blood-spot acylcarnitine profile
and urinary organic acid studies; supplemented in
a small proportion of cases by genetic mutation
analysis and cultured skin fibroblasts, depending
on how equivocal the other results are. There will
be a broadly similar procedure for other organic
acid disorders; for many of the non-fatty acid
disorders a urine sample would normally be
sufficient to confirm diagnosis. In addition to the
affected individuals, siblings are often routinely
tested when a positive diagnosis is confirmed.

Once a positive test has been confirmed,
additional input from senior laboratory staff will
be required to organise an appropriate referral.
This often requires time on the telephone
providing advice, arranging referrals and writing
letters. This may be described as referral and
advice.

Note that confirmation costs will vary depending
on whether a particular condition is screened for
or not. With screening there will be a proportion
of false-positive cases that will need to be
eliminated. False positives involve additional
laboratory tests and specimen collection (e.g.
urine for analysis). Moreover, for some disorders
(e.g. MCAD deficiency) screening will detect a
proportion of cases that would previously have
remained asymptomatic. The cost implications of
any systematic differences of this type should be
included within the evaluation of any extension of
neonatal screening to other disorders.

Acute episode costs related to symptomatic
diagnosis

In the absence of a neonatal screening programme
a high proportion of most of the inherited
metabolic disorders will eventually present as
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symptomatic cases. Symptomatic detection is
normally precipitated by an acute period of
hospital care. Some of these acute hospitalisations
will be serious and may require periods of
intensive care (e.g. admission to paediatric critical
care units).

There may be some limited circumstances when
this difference in acute hospitalisations might not
occur. This could include occasional presentation
before screening results are available, or
alternatively, some cases may also be detected
presymptomatically without screening through the
testing of siblings.

However, in the majority of cases it is reasonable
to assume that there will be at least one acute
episode that precipitates symptomatic diagnosis.
As a corollary, it can also be assumed that most of
these specific diagnostic episodes would be
avoided by presymptomatic detection through
screening. For MCAD deficiency there is evidence
in the literature to indicate that many
symptomatic patients have undergone a number
of acute episodes before a correct diagnosis is
obtained. How this issue is dealt with will be
considered later as part of the description of the
economic modelling assumptions.

Treatment costs

Once a definitive diagnosis has been given many
of the metabolic disorders require some form of
treatment intervention. For most of the conditions
reviewed here this consists of some form of dietary
intervention with advice on how to manage the
condition to prevent subsequent episodes of
decompensation.

Details of the treatment strategies applied to
specific conditions, and the estimated costs of
each, used in the economic model are set out in
Appendices 34-36. They are the same as those
used within the economic model produced as part
of the Pollitt report,1 updated to reflect current
(2001) prices.

Treatment for each condition is normally initiated
as soon as a diagnosis is made. For presymptomatic
diagnosis (through neonatal screening), treatment
and management will begin within the first few
weeks after birth. In the absence of screening,
treatment and active management will not begin
until diagnosis occurs through acute presentation.
As treatment strategies are effectively the same
whether diagnosis is obtained as a neonate or
through later presentation, the incremental costs
of treatment relate mainly to the average period
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that intervenes between presymptomatic and
symptomatic detection.

It is recognised that the treatment profiles
described in Appendices 34-36 may not now
completely reflect current practice for certain
disorders. In the USA L-carnitine supplementation
is often routinely prescribed for the treatment of
MCAD deficiency cases; and this therapeutic
regimen is now being applied in the UK (although
it is not standard practice). For some of the more
severe conditions (e.g. methylmalonic and
proprionic acidaemia, MSUD and some of the
urea cycle disorders), there has been an increasing
trend towards the use of liver transplantation
(currently standard treatment for tyrosinaemia
type I). Outcomes from liver transplantation have
improved in recent years and these procedures will
incur major additional early treatment costs.
Clearly, this trend would be attended by a notable
increase in costs for the treatment of inborn errors
of metabolism and this would be an economic
issue of real interest to the NHS as a whole.
However, it seems likely the use of liver
transplantation would not depend on the
existence of a screening programme per se, and
transplantation will only be used if judged
appropriate, irrespective of whether the individual
is diagnosed presymptomatically or
symptomatically. As the question of relative cost-
effectiveness of extended screening depends more
upon incremental treatment costs, the increasing
use of relatively expensive procedures such as liver
transplantation will only be relevant where there
would be significant systematic differences in the
use of these newer techniques between screened
and unscreened cohorts. (It is possible, for
example, that some systematic differences for liver
transplantation would arise from a reduction in
the number of early deaths and because
presymptomatic diagnosis would permit earlier
intervention, before significant neurological
damage has occurred. This represents an
additional uncertainty in the current evaluation of
these conditions.)

Similar arguments also apply to any significant
changes in treatments applied to the emergency
management of any acute episodes of recurrent
illness, provided that there is no systematic
difference in the number of acute episodes after
diagnosis with and without the existence of a
dedicated neonatal screening programme.

The validity of using specific treatment strategies,
and the cost estimates for each, set out in
Appendices 34-36, will be considered in more

detail in those sections explaining the assumptions
and prior distributions used within elements of the
economic model.

Note that, as a proportion of cases for some
conditions may always remain asymptomatic (e.g.
MCAD deficiency), it should not be assumed that
the numbers treated without a screening
programme will be the same as those treated with
a screening programme. An economic evaluation
should reflect these difterences by excluding the
estimated number of asymptomatic cases from the
future treatment costs incurred by the non-
screened cohort.

Future healthcare and social care costs related to
disabilities and impairments caused by acute
presentation

Future episodes of decompensation will tend to
occur in cases detected by neonatal screening and
those detected symptomatically (depending on
severity of the condition, compliance with
treatment, events precipitated by general illness,
etc.).

As indicated above, a significant difterence
between presymptomatic and symptomatic
diagnosis, however, is that the latter may be
attended by a series of serious acute episodes of
illness before a definitive diagnosis is made and
treatment is initiated. For some of the metabolic
disorders considered here these episodes may not
only be life threatening but also lead to major
residual disabilities and impairments in a
significant proportion of cases. These disabilities
and impairments, although relatively small in
number, will incur future healthcare and other
social care costs that could have been avoided
through presymptomatic detection and early
treatment; for example, additional consultations
with occupational therapist, physiotherapists and
speech therapist; orthotic and orthopaedic
procedures; primary care and community support;
home adaptations; residential care; and special
educational needs and support.

As with treatment costs, however, it is important
to identify the additional costs related to any
physical disabilities or cognitive impairments
caused by metabolic disorders. For example, the
estimated costs of any special educational support
during childhood and adolescence should subtract
the normal educational costs that would have
arisen in the absence of disability. This focus on
incremental cost should also be applied to all
future healthcare and social care costs that may be
incurred.
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Indirect costs

Future indirect costs associated with those severely
disabled or impaired by metabolic disorders are
likely to be significant. Although the number of
families involved will be small, the volume of
productivity losses and informal care costs
imposed by the extra care needs of affected
children can be substantial.®

As indicated earlier, however, the inclusion of
indirect costs — especially future productivity gains
or losses — may be problematic given some of the
methodological uncertainties around their
inclusion and valuation. There may also be the
more practical difficulty of reliably estimating
these future costs in the absence of more extensive
study evidence.

Benefits

Various health benefits can be considered as
appropriate to the evaluation of a neonatal
screening programme.

True cases detected

An ability to detect those actually with a specific
disorder (the number of true positives) is probably
the first and most transparent requirement of any
screening technology. But, although this is a fairly
obvious and important consideration, measuring
the benefits of a screening programme entirely on
the basis of the number of true cases detected is
inadequate. First, detecting the presence of a
disorder may be of limited value without the
opportunity to treat the condition successfully. In
other words, it is important that the screening
process leads to demonstrable health gains from
the earlier detection afforded by screening.
Second, in addition to detecting true positive
cases, a screening technology may erroneously
identify some individuals as positive who do not
have the underlying condition or fail to identify
people who genuinely have the disease. All of
these false positives and false negatives may incur
additional costs and impose significant negative
health effects.

Life-years gained

In circumstances where screening may prevent
premature mortality, another useful measure of
benefit can be expressed in terms of the number
of additional life-years gained from the
application of screening. The focus should be on
the incremental life-years gained; that is, the
difference between the future life-years expected
for those detected presymptomatically minus the
future life-years expected for those detected
symptomatically who survive.
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For screening programmes, these calculations
should net out any mortality effects that may result
from a significant volume of false-negative cases,
and take account of any generally lower life
expectancy for those affected by serious disabilities.

A major limitation of using incremental life-years
gained as a measure of benefit is that no account
is taken of the quality of the future life-years
gained. In many cases there may be systematic
differences between the quality of life of
presymptomatic and symptomatic cohorts. The
latter may be susceptible to poorer health
generally, and a proportion may have already
suffered physical and neurological insults with
permanent consequences for HRQoL.

The assessment of health benefits using life-years
gained requires that sufficient information is
available about the natural course of the
condition, which will allow the identification of
how many additional life-years may be gained
through early detection and treatment. For some
of the more recently identified metabolic
disorders, evidence on future life expectancy with
individual conditions remains limited.

QALY gained

Given the potential impact of inherited metabolic
disorders on the future HRQoL of affected
individuals, and the evidence that there would be
systematic differences between screened and
unscreened cohorts, the use of a QALY framework
would provide the most robust basis on which to
quantify the health benefits of neonatal screening.
Unfortunately, there is currently no published
evidence on what might be appropriate health-
status weights to use within a QALY framework for
the various metabolic disorders considered here.

There is evidence that for some of the conditions
considered here (MCAD deficiency, in particular),
overall quality of life is near normal for the vast
majority of cases if treatment is initiated early
enough.® There may be future acute problems
related to episodes of decompensation after
diagnosis is made, but these postdiagnosis
episodes would not vary systematically according
to presymptomatic or symptomatic detection.?
This suggests that the observed incremental
difference in calculated QALYs for MCAD
deficiency would depend to a large extent on the
proportion of symptomatic patients who develop
permanent disabilities and impairments.

For other conditions, however, the difference
between early detection/treatment and subsequent
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morbidity is less clearly defined. In some cases, for
example, developmental problems may be present
regardless of the age of diagnosis or treatment
onset.** Morbidity may also remain high despite
treatment. A recent review of 50 cases of long-
chain 3-hydroxyacyl-CoA dehydrogenase
deficiency concluded that “morbidity remains
alarmingly high despite current therapeutic
regimes”.?® The absence of HRQoL data for some
of the conditions, for both treated and untreated
cases, represents a significant limitation on the
overall evaluation of screening benefits.

Other non-resource benefits

Other non-resource benefits attributable to neonatal
screening would be effects on future quality of life
for parents and families caring for children and
young adults affected by serious disabilities or other
cognitive impairments. Note that no assumption is
made about whether these effects overall would be
positive or negative. Many parents of children with
disabilities identify major benefits from the care
relationship they develop with their children and
consider that, on balance, the quality of their life
has been enhanced, not diminished.

A further non-resource effect may be the
avoidance of anxiety and distress caused to
families with children who have acute episodes of
illness before symptomatic diagnosis is made; this
may be accompanied by additional anxiety and
distress caused by the implicit misdiagnosis
involved in repeated symptomatic episodes of
acute illness. Loss of a child as a result of a
preventable metabolic crisis will also have
profound effect on the quality of life and welfare
of aftected parents and families.

Some of the non-resource effects also specifically
relate to the processes and outcomes of the actual
screening programme. These arise in a number of
ways.

As a consequence of testing

These effects derive from both the initial screening
intervention and any subsequent confirmation
tests performed.

As a consequence of diagnosis

Effects here are related to the receipts of a correct
diagnosis and also occur as a repercussion of
diagnostic errors produced by the screening
technology. The anxiety and distress caused by a
correct diagnosis will occur either at the
presymptomatic stage (through screening) or when
the infant is diagnosed symptomatically at a later
time.

Diagnostic errors occur as a result of either false-
positive or false-negative diagnoses that arise as
part of the screening process. The overall size of
these negative effects due to misdiagnosis tends to
be directly related to the sensitivities and
specificities of the screening technology used.

Given the difficulties and complexities of
diagnosis in the absence of a robust screening
technology, diagnostic errors also occur (in some
cases repeatedly) during symptomatic presentation
of affected individuals.

It should not be assumed that all of the above
effects are negative. For example, parents often
derive positive benefits from the receipt of a
definitive diagnosis, particularly in circumstances
where they feel that they have had difficulties in
having their concerns taken seriously or have not
been able to explain adequately their child’s
recurrent illness. Related to this there is also
evidence that a proportion of infants’ deaths
previously classified as SIDS may now be explained
definitively by an inborn metabolic disorder.%%-87

All of the above non-resource effects are likely to
be significant. To date, however, no published
studies have attempted to quantify these non-
resource consequences and externalities, using a
health utilities framework, which would allow
direct comparison of positive and negative eftects,
in respect of neonatal screening for inborn errors
of metabolism.

However, several studies have examined the
psychological impact of both neonatal and other
screening programmes, which is of relevance to an
assessment of some of these non-resource effects
identified. A systematic review of the available
literature was performed as part of one of the
previous HTA reviews.! This review examined the
evidence on two related aspects of relevance to
neonatal screening: first, the direct psychological
impact of screening on both infants and their
parents; and second, how any impact of diagnosis
provided through screening could be managed to
reduce possible anxiety and distress.

The main conclusions of this review of the
psychological impact of screening are worth
repeating here:

“The systematic review of the research surrounding
the psychological impact of neonatal screening
indicates that the psychological benefits of neonatal
screening outweigh the costs. This can be seen to be
the case for the psychological effects of the medical
procedures involved in screening, as well as for those
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involved in the early diagnosis of genetic disease
through screening in comparison to traditional
clinical diagnosis.”!

But the review also concluded:

“There is evidence to suggest that parental anxiety
and distress following diagnosis through screening
relates to the type and amount of information
provided to parents as well as to the actual methods
by which information is conveyed to them.”!

The latter clearly has some implications for the
organisation and management of both the current
neonatal screening programme and any future
extension of neonatal screening to include other
metabolic disorders.

Note, however, that it was not an objective of the
present review to update or re-examine recent
evidence on the psychological impact of neonatal
screening on infants and their families.

Review of literature: methods

Search strategies

Sources searched

In addition to the 12 electronic bibliographic
databases covering biomedical, science, economic
and grey literature for tandem MS and individual
inborn errors of metabolism, separate searches in
NHS Economic Evaluation Database (EED) and
the Office of Health Economics (OHE) Health
Economic Evaluation Database (HEED) were
conducted to identify other published studies that
would have economic relevance to tandem MS or
the neonatal screening of inborn errors of
metabolism (Appendix 37). The reference lists of
relevant articles and abstracts of conference
proceedings were checked and various health
services research-related resources were also
consulted via the Internet. The main focus was on
identifying papers that included reference to
economics, costs, outcomes and quality of life.

Search terms

Combinations of free text terms were used.
Further details are provided in Appendix 37. In
addition, methodological search filters designed to
retrieve economic evaluations and quality of life
studies were applied to the searches on tandem
MS and the major inborn errors of metabolism in
MEDLINE (Appendix 38).

Search restrictions
Searches were restricted to publications after 1995
to the present (January 2002), as previous
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economic evaluations would have been covered in
the existing HTA reviews.!

Inclusion and exclusion criteria

The titles, and abstracts where available, of all the
articles identified by the literature searches were
downloaded into a database. Any duplicates were
removed. Papers were subsequently excluded for
the following reasons:

e foreign language paper
e case reports based on fewer than two patients.

Although there is general guidance on the
methodological quality of published studies of
relevance to the review of the economic literature,
more specific guidance on assessing the quality of
economic evidence is available. In addition to
specific recommendations, some provide checklists
to assist with the methodological review of
economic papers.*#%

Review of the literature: results

Economic evaluations of neonatal
screening for inborn errors of
metabolism

Systematic reviews of published studies before
1995 on economic evidence appropriate to an
assessment of neonatal screening for inborn
metabolic disorders were contained in two
previous reports commissioned as HTA reviews.?
Pollit and colleagues1 undertook cost-effectiveness
modelling of a possible extension of neonatal
screening to other inborn errors of metabolism
using tandem MS. The implicit viewpoint of the
modelling exercise was that of the NHS, although
costs (at 1996 prices) were restricted to those
incurred as part of a laboratory screening process
and the (net) impact on treatment costs related to
the screening or no screening options considered.
Benefits were measured in terms of number of
cases detected and estimated additional life-years
gained as a consequence of earlier detection and
treatment of inborn errors of metabolism. The
results were expressed in terms of incremental cost
per true case detected and incremental cost per
life-year gained. Single parameter sensitivity
analysis was performed on key variables such as
tandem MS costs, treatment period and avoided
mortality.

The report concluded that the decision analysis
tentatively supported the introduction of tandem
MS, provided that additional disorders were
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included as part of the neonatal screening
programme (in accordance with the priority
ordering suggested by the economic modelling).
However, it recommended that a pilot
introduction of tandem MS should be undertaken,
supported by a prospective gathering of evidence,
sufficient to enable a full economic evaluation of
neonatal screening using tandem MS.

The Seymour report?® also provided a systematic
review of the published literature. No formal
economic modelling or primary research was
undertaken as part of this review. The report
concluded that evidence on the use of tandem MS
was limited, and at best a case could only be made
for the use of tandem MS for screening for MCAD
deficiency and GAI. It recommended that a
prospective evaluation be undertaken including
the estimation of screening costs and cost-
effectiveness, before tandem MS technology and
an extension of neonatal screening could be
adopted as national policy. Since the two previous
HTA reviews, no studies have been identified
which seek to provide an economic evaluation of
the costs and benefits of screening for inborn
metabolic disorders using tandem MS. (The
authors were aware that a number of economic
evaluations on the use of tandem MS for screening
of inborn errors of metabolism were underway, but
these studies were not published in time to be
included within this review.)

Only one formal economic evaluation of neonatal
screening in the UK has been published since the
HTA reports of 1997. This evaluation? was based
on an assessment of the cost-effectiveness of
screening for PKU using a compilation of
secondary economic data in a decision model.
Costs included were sample collection, laboratory
testing and repeat tests, the costs per case of
dietary therapy and other follow-up care costs.
Inclusion of estimated lifetime treatment costs was
important, and explicitly addressed a comment in
one of the previous HTA reviews that this omission
was a significant deficiency within existing
knowledge about the cost-effectiveness of PKU
screening.” Benefits were expressed in terms of
future resource effects rather than any direct
health effects that might be obtained (e.g. life-
years and HRQoL). Benefits, therefore, comprised
avoided future health and social care costs related
to disability caused by the condition and “avoided
loss of productivity for PKU patients and their
parents”.”” In accordance with recommended
good practice, the calculated indirect costs were
quantified separately. Although the quality of the
secondary data sources used was variable (and

explicitly recognised by the authors), extensive
sensitivity analysis was performed. This comprised
the use of median, best and worst case scenarios.
In addition, a best estimate based on probabilistic
sensitivity analysis using a Monte Carlo simulation
technique was calculated. Assumptions used within
the probabilistic model were stated and prior
distributions defined and presented. The study
concluded that:

“Screening for PKU is cost saving in the UK, and on
its own justifies the cost of collecting neonatal blood
samples, which are also used for other screening tests.
This result is robust to changes in assumptions about
treatment and outcomes”.%
Although of value to the current review, this study
was confined to estimating whether the existing
screening programme for PKU alone could be
justified. No attempt was made to assess the relative
cost-effectiveness of using tandem MS for PKU
screening or additional inborn errors of metabolism.

This is the only recent publication to date (prior
to January 2002) that has specifically sought to
provide an explicit economic evaluation of a
neonatal screening programme for inborn errors
of metabolism. Therefore, systematic reviews of
the economic evidence on the use of MS/MS for
the UK neonatal screening programme have
provided no tangible additional evidence on the
potential use of tandem MS.

Several papers have been published that refer to
cost, treatment and outcomes. Many of these,
however, simply reference previous research or
reiterate conventional understanding on these
issues. Some provide new data, but do not give
explanations of the basis on which this type of
data was derived that allow appropriate assessment.
The quality and potential generalisability of the
results obtained are too uncertain to be of value.
As an example, one study of very long-chain acyl-
dehydrogenase deficiency indicated that
presymptomatic diagnosis would have prevented
“at least part of a lengthy and intensive
prediagnosis hospitalisation that had an estimated
cost of $400,000”.°! However, in addition to basing
the study on a case report of only one individual
(itself a reason for exclusion), no information on
how the costs were estimated is given.

Many of these secondary papers, therefore, do not
attempt a systematic economic consideration of
the costs or benefits associated with either
presymptomatic or symptomatic detection of
inborn metabolic disorders and are therefore
excluded from the review.
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In conclusion, no economic evaluations have yet
been published which provide detailed
information on the economic benefits and costs of
replacing existing technologies for PKU screening
with tandem MS, or of extending neonatal
screening programmes using tandem MS to
include additional conditions such as other amino
acid, acylcarnitine and urea cycle disorders.

Additional published evidence of
relevance to the economics of neonatal
screening

Although no formal economic studies have been
published in recent years, several other recent
studies supply information and results that are of
relevance to an overall assessment of the economic
consequences of screening for inborn errors of
metabolism using tandem MS. Although these
studies are not systematic economic analyses, they
indicate the potential health eftects and resource
consequences of either presymptomatic or
symptomatic detection of additional neonatal
metabolic disorders. In the context of the present
review, these publications provide information that
assists with the construction of the parameter
values used in the economic model described later
in this report.

A good deal of this research has focused on MCAD
deficiency as a condition with “relatively high
incidence, significant levels of mortality and
morbidity if undetected early and effective and

uncomplicated treatment strategies”.?!

Two specific aspects of this literature are identified
which provide significant data of relevance to an
economic modelling of screening for inborn errors
of metabolism: first, the extent to which
symptomatic presentation of the disorders incurs
additional acute healthcare costs which may be
avoided through presymptomatic detection, and
second, the extent to which, for some of the
conditions considered here, symptomatic
presentation may be attended by physical and
neurological insults, which may lead to significant
disability and impairment in affected individuals.
Again, presymptomatic diagnosis and early
treatment may avoid the additional future
healthcare and social care costs associated with
these disabilities.

Evidence on MCAD deficiency indicates that
symptomatic diagnosis may be attended by a
number of acute hospitalisation episodes before
correct diagnosis is made. In one study of 36
patients, 17 had been admitted to hospital with
symptoms characteristic of MCAD deficiency
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before correct diagnosis. Of these patients, eight
had previous admissions with coma (three more
than once) and a further nine had previous
admissions for lethargy and/or hypoglycaemia (six
of these more than once).

Some information on the possible disabilities
associated with symptomatic presentation of
MCAD deficiency has also been published. In
addition to an earlier US study on outcomes in a
cohort of 120 cases,? a more recent UK study
indicates the extent to which impairments may
arise through symptomatic presentation.®® In the
latter study, of 30 remaining symptomatic patients
(3 months after discharge from hospital), one
patient had mild cognitive impairment, two
patients had moderate impairment and another
two had severe impairment. One group of
paediatricians in the UK has indicated that
between 10 and 15% of patients with MCAD
deficiency are left “severely handicapped”.92

Other studies have indicated the extent to which
symptomatic presentation of GAI may result in
significant future impairments.68’69 In addition,
there have been several publications of relevance
to the economic assessment of screening for
homocystinuria (due to CBS deficiency). However,
published evidence on the natural course and
long-term outcomes for some of the rarer
metabolic conditions remains limited or absent.

Economic modelling

Introduction

It is clear from the review presented above that
there has been very little additional research
published since the previous HTA reviews that
provides any robust economic evidence on the
relative cost-effectiveness of neonatal screening for
inborn errors of metabolism, and no studies
specifically relate to the use of tandem MS. A
number of cost-effectiveness studies (outside the
UK) are currently underway, but the results are not
yet available. In this context, therefore, it was
decided to undertake an economic modelling
exercise that would provide some update of the
work previously undertaken in one of the earlier
HTA 1reports.1

The primary purpose of this modelling was to
indicate the likely effects of introducing tandem
MS in the current UK screening programme for
PKU and how the ability of this new technology
simultaneously to screen for other conditions
might affect the decision.
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This was felt appropriate for two reasons: the costs
of using tandem MS technology may have
changed significantly in the intervening period;
and some additional research information is now
available on the application of tandem MS for
detecting inborn errors of metabolism (e.g.
sensitivity and specificity for particular disorders).
Further research has also been published on the
diagnosis, treatment and consequences of various
inborn metabolic disorders, which may be of
relevance to the economic modelling.

The economic modelling undertaken here,
however, was not simply designed to replicate the
work presented previously,l adapted to reflect
updated costs. An important aspect of the work
described here is an attempt to capture where
uncertainty around information exists and then to
seek to quantify the consequences of this
uncertainty on the decision about the use of
tandem MS. This has the benefit of indicating
where any future research, if required, should
concentrate to reduce the uncertainty around
those parameters that would have the most
significant effect on the relative cost-effectiveness
of using the newer technology.

The approach presented here adopts a Bayesian
probabilistic framework applying Monte Carlo
simulation procedures within an EVPI modelling
tool developed by the Operational Research
Department, School of Health and Related
Research, University of Sheffield. Probabilistic
analysis was undertaken by assigning prior
distributions to represent the uncertainty that
surrounds model inputs.

All parameters applied, and the distributional
assumptions used to characterise the uncertainty
around each parameter, are set out in Appendices
34-36 and 39-44. Where appropriate, additional
justification for parameter values and distributions
used is provided in the following sections.

In addition, Appendix 45 provides a summary of
the parameter inputs used for both the PKU and
MCAD deficiency models described later. These
not only identify all the models inputs used, but
also show formulae to indicate the relationship
between elements of the model and how the cost
and benefit outputs for each simulation were
calculated. The actual parameter values shown are
illustrative only; these values change during
simulations according to the prior distribution used.

Appendix 45 (Table 18) provides information
about the phase i comparison between existing

and tandem MS technologies for PKU screening.
Appendix 45 (Table 19) shows model inputs and
relationships for the (PKU+) MCAD deficiency
model.

Methods

The economic viewpoint adopted was explicitly
that of the health and other public sector
providers within the UK. Costs comprised
screening and treatment costs associated with a
particular condition. Estimates were also included
of acute care costs related to symptomatic
presentation and future healthcare, social care and
education sector costs of moderate to severe
disabilities caused by some of the disorders.
Patient-related and informal carer costs were
omitted, as were estimates of any (net) future
changes in productivity. In the absence of any
estimates of quality of life weights for the
metabolic disorders considered, benefits were
expressed in terms of life-years gained. The
economic modelling performed was undertaken in
three distinct phases.

The first phase (i) evaluated the consequences of
replacing the existing PKU programme with the
newer technology, tandem MS. This involved
comparing the estimated costs of screening for a
hypothetical cohort of 100,000 neonates using a
combination of the existing technologies (Guthrie,
fluorometry and chromatography) used in the
current screening programme, with the estimated
cost of undertaking the same work using tandem
MS. Existing studies already indicate the cost-
effectiveness of screening for PKU in the UK;"

therefore, the study comparators for phase i are
valid.

Essentially, as the health benefits of detecting PKU
through neonatal screening were assumed to be
identical irrespective of the technology used, this
element of the economic modelling largely
identified what would be the incremental costs
incurred or saved from the change to tandem MS
for PKU. More information about the model
assumptions used is given below.

The second phase (ii) of the modelling was
designed to indicate a priority ordering in the
possible extension of neonatal screening for
additional conditions. By sequentially testing the
impact of adding a screen for a particular disorder
to the use of tandem MS for the PKU programme,
it was possible to derive a value for the cost per
additional life-year gained for each condition.
This is based on combining both the estimated
incremental cost/saving of using tandem MS for
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PKU with any incremental costs for
presymptomatic identification of the individual
disorder, and dividing this overall additional cost
by the estimated additional life-years gained.

The final third phase (iii) in the modelling is
based on the overall effects of adding extra
disorders screened to a PKU programme based
on tandem MS. For example, if the application of
tandem MS to PKU screening alone were not
cost-effective, what effect would the addition of
the next priority disorder (estimated in phase ii)
have on the cost-effectiveness of neonatal
screening using tandem MS? This is done by
combining any incremental costs/savings
attributable to using tandem MS for PKU with the
additional costs (net) and benefits (life-years
gained) of adding the new disorder to the
screening programme.

Economic modelling was undertaken using Monte
Carlo simulation methods with parameter
distributions defined according to the evidence
presented in this and previous systematic reviews
of inborn metabolic disorders. In addition to
providing conventional data on the ICER obtained
from a probabilistic analysis of model inputs, this
framework is used to estimate the expected costs
(opportunity losses) associated with parameter
uncertainty.

Modelling assumptions

PKU screening: existing technologies and
tandem MS

Information on the estimated incidence of PKU
for the UK was based on information obtained
from the previous and current literature review.
The base-case estimated incidence for all PKU
cases in the UK was 9 per 100,000 neonates. This
was introduced into the model as a Poisson
distribution (a statistical distribution relevant to
the modelling of relatively rare events).

A significant element in the total costs of
providing a neonatal screening service relates to
the costs of obtaining and transporting samples to
the laboratories. The 1997 HTA report1 estimated
the cost of collecting a first sample at £5.04 (1996
prices), while another review obtained a broadly
similar estimate of £4.82 based on 1995 prices.”
The current cost of an initial sample was estimated
using the same staft and consumables cost
estimated within the 1997 HTA report and
revalorised to 2001 prices using the NHS Health
Services Cost Index. Thus, the cost of collecting an
initial blood sample for screening was calculated
to be £5.65 per specimen.
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In addition to the cost of collecting and dispatching
the first samples it was expected that about 1% of
all initial specimens would be found to be
inadequate, for a variety of technical reasons
unrelated to the screening technology used in the
laboratories.! These extra specimens would require
dedicated visits by midwives or health visitors. The
cost of obtaining a repeat sample was estimated as
equivalent to the cost of a dedicated home visit by
a midwife or health visitor, plus an allowance for
consumables. The current cost of a single visit by a
midwife (£16) and a health visitor (£25) was
obtained from ‘Unit costs of health and social care:
2001,% published by the Personal Social Services
Research Unit at the University of Kent. This is an
annual publication that provides up-to-date
information on nationally applicable costs and is
used extensively in the costing of healthcare packages
and labour inputs from health professionals in the
NHS. From this, the estimated cost for an additional
collection of a specimen was £20.15 (assuming
that midwives collect two-thirds of all repeat
specimens and that consumables cost £1.15).

However, as these costs are identical whether the
PKU screening programme uses existing methods
or tandem MS, they can be excluded from the
evaluation of the cost-eftectiveness of adopting the
newer technology for PKU screening alone. Note
that this situation will not necessarily occur if
neonatal screening is extended beyond the
existing programme.

Nevertheless, the basic specimen collection
process (i.e. not related to confirmation protocols)
incurs significant real resource costs that should
not be overlooked. Specimen collection costs are
therefore estimated to be about £565,000 for each
cohort of 100,000 neonates screened. This
estimate excludes the cost of collecting additional
samples due to the technical insufficiency of the
initial specimen; these costs are included within
the evaluation of screening technologies because
there will be systematic variations related to
differences in the unit costs of laboratory
screening per specimen.

It was not the intention of this review to
commission any new primary research. Although
contact was made with appropriate suppliers of
tandem MS technology and with the Sheftield
Neonatal Screening Laboratory, information
necessary for the economic modelling relied
mainly on secondary data. A systematic approach
to all existing screening laboratories to establish
their current costs of neonatal screening for PKU
was not undertaken.
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TABLE 10 Estimated cost of existing screening technologies for PKU

Method Original data“
No. of laboratories

Guthrie 6

Fluorometry 4

Chromatography 5

? Based on Pollitt et al. (1997).'
® Median derived from probabalistic estimate: 0.92.

Estimated costs for the use of existing technologies
for PKU screening were based on the summary
information presented in the previous HTA
review.! The summary was compiled from a
detailed cost questionnaire sent out to all
laboratories at that time. As the current neonatal
screening programme is based on the application
of three different methods (Guthrie, fluorometry
and chromatography), it was decided to derive a
probabilistic estimate of the cost per sample
screened for all three screening technologies
combined. This was based on the sample costs
derived in 1996 and the number of laboratories
using each technology identified in the cost
questionnaire returns.

The range of cost elements identified and
measured is consistent with the resource elements
used to cost the tandem MS screening technology
in this report. However, it was not possible to
assess in detail how data obtained from individual
questionnaires from 1996 were costed. It is clear
that there were wide variations in reported costs
obtained from these schedules, even for similar
screening methods. These variations will partly
comprise genuine operational differences in
efficiency between laboratories (different
combinations of inputs, scale, etc.), and some may
partly reflect differences in the reporting of costs.

A smaller simulation exercise was carried out to
capture the full range of costs reported for
existing technologies in the previous HTA report.
This involved describing a triangular distribution
of cost for each method based on the median (as
‘most probable’) cost per specimen reported. All
cost per specimen values reported in the HTA
document were revalorised to current prices using
the Health Services Cost Index. An estimated
mean value was then calculated based on a

Revalorised data

Cost per neonate (£.p) Cost per neonate (£.p)

Median Range Median Range
0.64 0.55-1.45 0.74 0.63-1.67
1.08 0.51-1.36 1.24 0.59-1.56
0.42 0.31-0.93 0.48 0.36-1.07

Probabalistic estimate: mean = 0.92

Cost per neonate for all technologies combined:® N(0.92, 0.12)

weighted average of the results from each
distribution (i.e. weighted by the number of
laboratories using a particular technology). The
simulation results obtained (using 10,000
iterations) are presented in Table 10.

The resulting mean (and standard deviation)
values from this exercise, presented in Table 10,
were then included in the phase i model using a
normal distribution as a best estimate of the cost
per sample using all existing technologies.

Note that using estimates based on the
distribution of costs from the previous HTA report
implicitly assumes that the costs associated with
the existing technologies option have the same
relative combination of screening modalities and
operating efficiencies as obtained in 1996.

Information on tandem MS systems and ancillary
equipment and consumable costs were obtained
from two major suppliers of laboratory equipment
in the UK.

Estimates of annual equipment maintenance costs
were also obtained from suppliers. Overhead
facility charges for the accommodation of a
tandem MS screening method were estimated
from the data originally obtained as part of the
cost questionnaire returns obtained for the
previous HTA report.! These comprised a range
of estimates of the laboratory maintenance costs-
based floor area devoted to neonatal screening.
There were several reasons for using these data.
First, as tandem MS does not require any special
environmental conditions it was assumed that a
tandem MS method in total (including storage
and preparations areas, etc.) would occupy a
similar amount of accommodation in a laboratory
as existing technologies. For consistency with
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existing technology costs, it was felt appropriate to
obtain estimates based on the full area related to
neonatal screening, not just the limited space
occupied by a tandem MS machine. Second, using
information on accommodation used at a single
site may be significantly unrepresentative. An
annual allowance for facility costs was therefore
obtained using the distribution of estimates
previously attributed to neonatal screening for
existing technologies, again revalorised to current
prices using the Health Services Costs Index.

Labour inputs required for a neonatal screening
laboratory that uses a tandem MS system were
estimated in consultation with the Neonatal
Screening Laboratory at Sheffield Children’s
Hospital (which currently uses tandem MS).
Labour inputs for a single system were estimated
to be 1.0 whole-time equivalent (WTE) of a
Medical Laboratory Scientific Officer (grade 1) for
management of the specimens collected and
analysed (e.g. preparation and loading of
microtitre plates). An estimated additional 0.2
WTEs of a Clinical Scientist grade would be
required for reading and analysis of screening
results. Both labour inputs were costed using the
midpoint of appropriate NHS salary scales with an
additional allowance of 15% for employers’ on-
costs (e.g. National Insurance contributions).
These costs are set out in Appendix 46.

Recognising that a number of important
parameters can affect the cost of a tandem MS
system per sample screened, it was decided to
conduct another simple probabilistic exercise to
estimate unit costs. Three parameters in particular
have a significant impact on cost per specimen. First,
there is the magnitude of the initial capital outlay
itself. The current capital cost for a single tandem
MS system suitable for screening inborn errors of
metabolism ranged from about £165,000 to about
£180,000. Including all ancillary equipment (e.g.
nitrogen concentrator) the economic model assumed
a most probable capital outlay of £175,000 for a
complete tandem MS system, but varying between
the limits indicated above (see Appendix 47).

This initial capital outlay for tandem MS was
converted to an annual equivalent cost, based on
the expected life of the asset and using a discount
rate of 6%, in accordance with accepted practice
for the treatment of major capital purchases in
economic evaluations.”” The discount rate was not
varied.

A second important consideration is the expected
life of the asset. The current NHS Capital
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Accounts Manual advises that capital equipment
should be depreciated over its “useful economic
life”. This is a concept that now allows some
discretion over what constitutes the useful
economic life of an asset. However, the manual
suggests that costing procedures should still
adhere to the standard lives of equipment assets as
laid down in earlier guidance unless significant
adjustments are warranted. The standard life for
medium-term medical equipment is set at 10
years. The manufacturers of tandem MS, however,
telt that a much shorter period (5 years) was more
realistic. For the purposes of the economic model,
an asset life of 7 years was assumed as a most
probable intermediate position.

Third, and most significantly, unit costs depend on
the volume of samples processed in the course of a
single year on one machine. With capital-intensive
technologies, the higher the volume of output
processed using the equipment, the lower the
average unit costs obtained because the fixed
(capital) costs are distributed over more units of
output. Although many tandem MS systems in use
are capable of handling between 500 and 800
samples per day, allowance needs to be made for
inevitable redundancy (e.g. downtime for
maintenance, preparation and cleaning). In
addition, individual laboratories participating in a
neonatal screening programme are unlikely to
achieve throughput rates anywhere near the
maximum capacity.

As the number of specimens processed on a single
system not only affects the cost per sample
obtained but also has important service delivery
implications for the number of laboratories
participating in a neonatal screening programme,
it was decided to estimate a cost per specimen for
a range of different processing volumes. The
volume levels chosen were 20,000, 40,000, 50,000,
60,000, 70,000 and 80,000. In addition, a
probabilistic estimate based on an operational
range between 50,000 and 60,000 samples per
year on a single instrument was calculated.

Although a single tandem MS system has the
technical capacity to process more than 80,000
samples in a year there are operational reasons
why volumes above this level are not considered in
the modelling exercise. It is likely that a neonatal
screening programme that expected average
processing volumes per system above 80,000
would involve a significant step increase in costs.
In part, this would be due to the extra stafting
needed to manage such a large volume of samples
per year in a single laboratory. In addition, at
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TABLE Il Cost per sample for different processing volumes of tandem MS (probabilistic estimate of cost per sample using tandem MS

technology)

Volume of specimens per tandem MS system

20,000
40,000
50,000
60,000
70,000
80,000

Range estimate: 50,000-60,000 samples

volumes above 80,000 per annum on a single
system, it would be necessary to consider having a
second instrument for back-up; without this it may
be extremely difficult for a laboratory to catch up
after stoppages.

Data in Tables 11 and 12 show the costs associated
with using a much lower volume level (20,000
samples per system). However, it would be
inefficient to use such a capital-intensive method
at operating volumes so far below capacity. The
implications for service delivery and the
organisation of laboratory screening services are
considered as part of the discussion of the model
results. Therefore, 40,000 samples per year was
regarded as a realistic lower limit, particularly
when the previous HTA report concluded that,
because “laboratories undertaking tandem MS
screening should have adequate workload to
justify the capital investment and staffing
required”, a minimum of 50,000 samples per year
was suggested.!

For the purposes of assessing changes in unit costs
per specimen analysed over the range of volumes
considered here, labour and some of the other
annual expenses (overheads, maintenance and
internals standards) are treated as fixed costs (and
characterised using simple normal distributions).
Reagents are input as a direct variable cost and
estimated to vary between £0.03 and £0.05 per
sample.

All capital, consumable and labour cost values
used and the distributions applied for the
derivation of the probabilistic estimates for each of
the operating volumes identified are presented in
Appendix 47. The estimated cost per specimen
results obtained using a tandem MS system for
different workload levels are presented in Table 11.

Cost (£.p) per specimen

Mean Distribution
3.96 N(3.96, 0.225)
2.00 N(2.00, 0.113)
1.61 N(l.61, 0.089)
1.35 N(1.35, 0.076)
1.17 N(1.17, 0.064)
1.03 N(1.05, 0.056)
1.45 N(1.45, 0.10)

These values, and the associated distributions
shown, were then used in the economic model to
evaluate the impact of using tandem MS for PKU
screening compared with the combination of
existing technologies.

Confirmation costs for all positive PKU cases
identified by screening (including false positives)
were based on estimating the laboratory costs
related to the confirmation protocol followed for
PKU. This combined information on the
additional laboratory tests required as part of the
protocol and information on charges for these
tests made by other laboratories supplying services
to a neonatal screening laboratory. This was based
on information derived from the Trent Neonatal
Metabolic Screening Laboratory Service (Pollitt R:
personal communication; 2002).

It was assumed that any repeat sampling needed
as part of the confirmation protocol would require
an additional contact with the neonate. The cost
of this additional contact (£19) is based on a
combination of dedicated midwife and health
visitor visits (two-thirds and one-third,
respectively). These costs were valued using the
annual publication ‘Unit costs of health and social
care: 20017, plus a small allowance for
consumables (£1.15).

All laboratory tests, and the cost of repeat
specimens, were combined into a single
confirmation protocol cost (£60) applied within
the model (Appendix 39). The distribution of
these costs was characterised using a log-normal
distribution.

The cost of referral and advice, identified
separately in the previous HTA report but included
in the overall cost per sample values for existing
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technologies, was included as a fixed additional
staft cost within the estimated cost per sample
using tandem MS (see Appendices 45 and 46).

Repeat sampling due to technical problems with
the samples provided was assumed to be
independent of the screening technology used.
Therefore, the estimate of 1% repeat sampling for
technical reasons' was applied to both existing and
tandem MS technologies.

The sensitivity and specificity (and therefore the
false-negative and false-positive rates) of both
existing and tandem MS technologies were
estimated from the literature and the original
HTA model.! Information on the number of false
negatives produced by both technologies was
limited. The model adopted a conservative
assumption that the false-negative rates were the
same for existing and tandem MS screening
modalities (0.02% of screened cohort).

As the overall false-negative rate was assumed to
be the same for both options, all future treatment
costs and morbidity outcomes were assumed to be
the same for both the existing and new
technology. Therefore, all further costs were
excluded from the phase i model. All parameters
and distribution assumptions used in this phase i
PKU model are set out in Appendix 39.

Priority ordering for additional conditions

To obtain a priority ordering of which conditions
should be considered first for addition to the
neonatal screening programme, the economic
modelling undertaken within the previous HTA
report was reworked. However, two important
factors have made this work different. First,
treatment and confirmation costs relevant to each
disorder were updated to 2001 prices. Second, and
more importantly, the incremental costs associated
with using tandem MS for PKU (identified in
phase i) were included in the assessment of each
condition separately to establish which would have
the largest initial impact on (net) changes to costs
and health benefits.

In addition to the incremental cost of using
tandem MS for PKU, an important driver of cost
associated with screening for each disorder is
related to differences in treatment as a
consequence of presymptomatic detection. As
indicated previously, information on the treatment
strategies and costs for each condition was taken
from the 1997 HTA report;1 with prices
revalorised to 2001 using the Health Services Cost
Index. Details of the specific treatment profiles
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adopted for each condition were also the same as
those originally defined in the 1997 HTA report.!
This information is reproduced in Appendices
34-36. Treatment regimens for particular
disorders are categorised according to five broad
groupings and used to estimate the future costs
related to each condition. The revalorised costs for
each category are presented in Appendix 35.

It is acknowledged that these treatment strategies
may not now capture completely what represents
current practice for some conditions. Given the
uncertainty surrounding the validity of these
treatment regimens and the costs associated with
each, the model included a variable that allowed
future treatment costs to vary from base-case
estimate (as set out in Appendices 34-36) and
twice base-case estimate. The exception was
tyrosinaemia, where only the dietary cost elements
were varied, not the cost of a liver transplantation.

For those conditions not expected to receive
lifetime therapy (MCAD deficiency, branched-
chain and long-chain defects), costs were entered
into the model using a uniform distribution
varying from the base-case estimate to four times
the base-case estimate. This was designed to
characterise variations in practice over the number
of years that treatment should be prescribed for
these specific disorders and uncertainty about the
actual resource cost of the profiles used. A three-
fold magnitude of variation was employed in the
previous HTA report for these specific conditions
as part of the sensitivity analysis for these
conditions,! but not introduced in a probabilistic
fashion as here.

These models also assumed at least one acute
hospitalisation for each symptomatic presentation
as an avoidable cost of screening. In addition,
future healthcare and social care costs related to
disability were included where there was evidence
to indicate what proportion of symptomatic cases
could be affected. It was felt appropriate to
include these estimates if available so that the
priority ranking would correctly identify which
condition should have the greatest immediate
impact on the use of tandem MS for PKU
screening.

For the purposes of obtaining a priority ordering
of the additional conditions, most of the data on
incidence, proportions of cases affected, the
diagnostic accuracy of tandem MS and the
assumptions on mortality effects of presymptomatic
detection were taken from the 1997 HTA report.!
Where new information was available from the
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literature review undertaken as part of this project
(e.g. data on outcomes following treatment,
sensitivity and specificity of tandem MS and
effectiveness of screening), this information was
used. In addition to MCAD deficiency, specific
new information of relevance to the economic
modelling was available for GAI and
homocystinuria due to CBS deficiency and this was
included in models for these conditions (see
Appendices 41 and 42). The treatment category,
incidence and health-effect assumptions used for
all other inborn metabolic conditions in phase ii
of the modelling are presented in Appendices 36,
43 and 44.

Extending PKU screening to additional
conditions using tandem MS

The results of the previous analysis indicated that
the highest priority should be accorded to an
extension of screening for MCAD deficiency.

MCAD deficiency

To evaluate the effects of adding MCAD deficiency
screening to a PKU programme run using tandem
MS technology, additional modelling was
undertaken using Monte Carlo simulation. The
following base values and distributions were
defined and included within the model.

The true birth prevalence/incidence of MCAD
deficiency in the UK varied significantly within the
literature reviewed: from approximately 4 to 10
per 100,000. It was therefore decided to retain the
estimate used in the previous HTA model. Thus,
an overall expected incidence for the UK for
MCAD deficiency of about 8 per 100,000 was
used. It is recognised that this estimate of cases
detected through screening will include a
proportion that would remain asymptomatic in the
absence of screening. As cases detected are
relatively rare events, incidence per cohort of
100,000 neonates was characterised in the model
using a Poisson distribution.

Information on the sensitivity and specificity of
screening was obtained from the literature
reviewed. The false-positive rate was estimated to
be 0.0230% (95% CI 0.0159 to 0.0297%). The
evidence suggests that neonatal screening using
tandem MS has produced no false negatives so far.
However, this was regarded as potentially
overoptimistic and therefore it is assumed that
tandem MS will generate one false negative for
every one million samples screened.

Treatment profiles and costs, for those detected
presymptomatically and those detected

symptomatically, were based on those prescribed
for MCAD deficiency as part of the previous HTA
economic model.! As indicated earlier, however,
because of uncertainties around estimated MCAD
deficiency treatment costs based on the previous
HTA report strategies, the costs applied to
screened and unscreened cohorts were
characterised as a continuous uniform distribution
between the estimated base-case value and four
times the base-case value.

It is assumed that all cases of MCAD deficiency
detected by screening would receive treatment,
whereas only the proportion that would become
symptomatic?’ would receive treatment in the
absence of screening.

Three aspects of the current modelling provide
useful extensions to that previously undertaken as
part of the HTA 1997 review.! First, although
screening for additional disorders using tandem
MS can be undertaken using the same initial blood
specimen obtained as part of the PKU
programme, it was not assumed that the marginal
cost of screening for an additional disorder was
thereby zero. The following costs were added and
included.

e An estimate of the extra time taken by a midwife
or health visitor in explaining the implications
of screening for additional disorders and
obtaining consent was added. This also includes
the costs of providing amended/further
explanatory materials for parents. This cost was
estimated (in consultation with a midwife) to
add about £0.30 per specimen collected.

e For a relatively frequent condition such as
MCAD deficiency, approximately 0.1 WTE of a
clinical scientist grade is required to deal with
additional reporting, referral and advice. This
was estimated at about £3500 as an extra fixed
cost for a single neonatal screening laboratory.

e A further £0.10 per sample was added to
account for additional reagent costs, internal
standards and other consumables.

Second, the model developed here includes some
estimate of the acute healthcare costs associated
with symptomatic detection of MCAD deficiency.
The previous HTA report only included the
incremental treatment costs related to earlier
detection through screening, but did not assess the
healthcare costs imposed by those episodes that
led to symptomatic diagnosis.

The base-case assumption made within the current
modelling exercise was that symptomatic
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presentation would incur, on average, at least one
acute hospitalisation episode that precipitates
diagnosis in the absence of a screening technology
although, as previously acknowledged, there may
be some occasions when there are no symptomatic
acute episodes. For MCAD deficiency, there is
evidence that many patients have also experienced
previous acute hospitalisations before diagnosis.®’
Therefore, a base case of one acute symptomatic
episode was included in the model, but with the
distribution characterised using a Poisson
distribution. For MCAD deficiency this is taken to
be a conservative assumption, because with a base
value of 1 this process will produce a distribution
which has a relatively high probability of zero
cases (i.e. no symptomatic acute episodes).

The cost of an episode for these acute
hospitalisations is based on the NHS Reference
Costs that identify inborn errors of metabolism as
a separate Healthcare Resource Group (HRG)
entry.94 The National Schedule of Reference Costs
is produced annually by the NHS and provides a
summary of average episode costs for a range of
individual treatments and procedures. Cost
estimates are submitted by all NHS Trusts based
on the HRG case-mix classification system.

It is recognised that some of the calculated costs
submitted by individual Trusts may still be of
relatively poor quality and accuracy. However, the
summary tables provided give information on the
mean, range and 25th and 75th percentiles of the
overall distribution of costs submitted. The
Reference Costs tables for 2001 indicate a mean
cost of £1043 for non-elective episodes of inborn
errors of metabolism. For the purposes of the
model, it is assumed these acute hospitalisation
costs follow a skewed (log-normal) distribution,
with upper and lower limits set according to the
range of values reported in the Reference Cost
tables. It is considered that the episode costs
provided in the NHS Reference Costs provide a
conservative estimate of the types of symptomatic
acute hospitalisation incurred by MCAD deficiency
cases. This is because there are likely to be
significant case-mix differences, even within the
HRG category for inborn errors of metabolism,
related to those cases who present symptomatically
(e.g. a significant proportion of presenting
patients require intensive care). Thereafter, it was
assumed that there would be no systematic
difference in the number of healthcare episodes or
hospitalisations after diagnosis.60

It is also recognised that confirmation of a positive
diagnosis would then require appropriate
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paediatric referral. The NHS cost of this
paediatric referral is based on the estimated value
of 1 hour of a (medical) consultant’s time,
published in ‘Unit costs of health and social care:
2001.% The base cost is therefore £64. It is
assumed in the model that a paediatric referral
would occur for all cases detected
presymptomatically through screening, and only
for cases detected symptomatically in the absence
of screening.

The third extension was to include some estimate
of the future (extra) healthcare and social care
costs that may be imposed by some of the more
significant disabilities and impairments that may
arise from symptomatic presentation. In addition
to a range of relatively minor impairments, more
debilitating effects can include cerebral palsy.
Significant impairments may affect between 10
and 15% of symptomatic cases.0092

Estimates of the future healthcare and social care
costs (in a UK context) for these types of
impairment are difficult to assess. The economic
evaluation of the costs and benefits of the existing
UK screening programme for PKU referred to
earlier” included estimates of future social care
costs related to the types of severe disability
caused by a failure to detect and treat the
condition early. In this evaluation of the UK PKU
programme, estimates for future special education,
healthcare and social care costs for those with
severe disabilities and impairments varied from
£168,800 to £278,000 (probabilistic estimate:
£252,900), based on 1995 prices.” It was therefore
decided to accept the probabilistic best estimate
derived in this study as indicative of the future
healthcare and social care costs associated with the
most severe cases of disability caused by MCAD
deficiency. The 1995 figure was adjusted to
current prices (£290,000) using the Health
Services Cost Index.

Nevertheless, it is recognised that there will be a
spectrum of disabilities and impairments caused
by MCAD deficiency, even across those considered
to be significant and likely to impose future costs.
It was therefore necessary to obtain an estimate of
the future healthcare and social care costs imposed
by less severe disabilities than those implied in the
PKU study.”

With this in mind, a more recent economic
assessment of the incremental costs associated with
the presence of simple and complex hemiplegic
cerebral palsy (HCP)” was consulted. This study
was designed to identify the extra healthcare and
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social care costs imposed by these conditions on
young adults (aged 16-24 years) over the course of
a year. Although the cost distributions obtained
were heavily skewed, the mean incremental costs
imposed by HCP were £5600 per person per year,
41% of which were related to ‘education and day
activities’. This figure was therefore used as an
estimate of the future (incremental) costs
associated with simple and complex hemiplegic
disabilities caused in a proportion of MCAD
deficiency cases.

The base-case estimate was derived as follows:
annual costs up to 16 years of age were assumed
to be the same as those that obtained throughout
the young adult years estimated within the
study.”” As service provision appears to decline
after childhood (e.g. reductions in physiotherapy,
orthotics and orthopaedic support),” the
incremental costs imposed on young adults may
be thought of as a conservative estimate of the
extra costs imposed through childhood. The
annual estimated cost after 24 years of age was
reduced by 41% to remove the ‘education and
day activities’ component. To calculate the future
costs associated with this group, the mean future
life expectancy of those with HCP was estimated
to be around 60-65 years. (With discounting at
6%, a more precise estimate has a negligible
effect on the total cost estimate derived.) This is
based on research into the life expectancy of
cerebral palsy cases in both the UK and the
US.?%% This procedure produced an estimated
lifetime cost associated with hemiplegic
disabilities of about £88,000 (2001 prices;
discounted at 6%). This is assumed to be relatively
conservative.

These two values (£88,000 and £290,000) are
taken as minimum and maximum estimates for
the range of costs incurred by the occurrence of
moderate to severe disability caused by MCAD
deficiency. These values are entered into the
model as a continuous uniform distribution, to
characterise the wide degree of uncertainty on the
future costs associated with disabilities caused by
MCAD deficiency.

It is recognised that these estimates are relatively
crude, and that the future healthcare and social
care costs associated with the disability and
impairment caused by symptomatic emergence of
the condition could have a significant impact on
the overall model results. The effects of the
uncertainty around these estimates will be
examined in more detail as part of the VOI
analysis.

In addition to costs, the presence of moderate to
severe disability affects available health benefits
(expressed in life-years) through a generally lower
life expectancy for affected cases. Note, however,
that these life expectancy estimates are based on
research into cases classified as cerebral palsy in
which no reference is made to the presence of
additional complications such as an inborn
metabolic disorder. Therefore, this estimate of the
life expectancy of cases with disabilities due to
inborn metabolic disorders based on the experience
of cerebral palsy cases alone is an assumption.
Furthermore, although the conditions between the
USA and UK may not be comparable, this
information has only been used to approximate
life expectancy for individuals aftected by
moderate to severe disabilities and impairments.
Study data obtained from both the UK and the
USA have been used to estimate the wide variation
in life expectancy according to different types of
impairment and severity.97_100 For the most severe
forms of disability a life expectancy of 35 years is
assumed, for more moderate cases a life
expectancy of 55 years is assumed, whereas for
cases with mild impairments a near normal life
expectancy, of 65 years, is assumed. The
uncertainty around these estimates of life
expectancy and the relative proportions affected
by moderate to severe forms is characterised by
adopting an asymmetric triangular distribution
(35, 55, 65), where 55 represents the most
probable value. Asymptomatic cases and those
without significant impairments are assumed to
have normal life expectancy based on current
(2001) UK life-table calculations (approximately
75 years for males, 80 years for females).

As reported in the clinical review (Chapter 6; MCAD
deficiency, ‘Discussion’, p. 55), various studies of
infants with MCAD deficiency have found that,
following early diagnosis and initiation of effective
treatment, no deaths have occurred?*232%63 and
there have been no cases of appreciable cognitive
impairment or neurological damage.28’63 Therefore,
the economic model assumes a value of zero for the
proportion of screened cases who die or develop
significant disabilities or impairments.

All parameters and distribution assumptions used
in the model for PKU and MCAD deficiency
combined are summarised in Appendix 40.

GAI and homocystinuria (due to CBS deficiency)
As indicated previously, additional information of
relevance to the economic modelling was available
in the literature for both GAI and homocystinuria
(due to GBS deficiency). Therefore, modelling the
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impact of neonatal screening using tandem MS
was extended to include each of these conditions
in more detail.

GAI The incidence of GAI in the UK was taken
from the estimate of 2 per 100,000 used in the
previous HTA report, which the authors suggest is
an underestimate.! The incidence per cohort of
100,000 neonates was characterised in the model
using a Poisson distribution. Similarly to MCAD
deficiency, it is recognised that a proportion of
those detected through screening will include
some cases that would have remained
asymptomatic in the absence of screening (base-
case estimate: 20%').

Information on the sensitivity and specificity of
screening was obtained from the literature reviewed
on the accuracy of tandem MS for acylcarnitine
disorders. Thus, sensitivity appeared to be 100%,
while the false-positive rate was estimated to be
0.023 (95% CI 0.0159 to 0.0297%). A false-
negative rate of zero is assumed for a relatively
rare condition such as this, and it is recognised
that this may be an optimistic assumption.

Treatment profiles and costs, for those detected
presymptomatically and those detected
symptomatically, were based on those prescribed
for GAI in the previous HTA economic model!
and described in Appendices 34-36. The costs
applied to screened and unscreened cohorts were
characterised as a continuous uniform distribution
between the estimated base-case value and twice
the base-case value.

The following assumptions used in the MCAD
deficiency model are common to the GAI model.

e A further £0.10 per sample was added to
account for additional reagent costs, internal
standards and other consumables for the
extension of screening to an additional disorder.

e Symptomatic presentation will impose the cost
of at least one acute hospitalisation episode at a
mean cost of £1403 (with a log-normal
distribution).

e Confirmation protocols are required for both
presymptomatic (£130) and symptomatic cases
(£150), but there will be systematic differences
based on the number of false positives
generated through screening and the
proportion of cases that remain asymptomatic
in the absence of screening.

e Confirmation of a positive diagnosis is attended
by an appropriate paediatric referral (with an
estimated base cost of £64).
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e The same cost limits used within the MCAD
deficiency model (£88,000 and £290,000) are
taken as minimum and maximum estimates for
the range of costs incurred by the presence of
moderate to severe disability caused by GAI
deficiency.

e Estimates of life expectancy for the spectrum of
disabilities and impairments that aftect GAI
cases are assumed to be the same as for MCAD
deficiency. Life expectancy for asymptomatic
cases and those who do not develop significant
disabilities is assumed to be near normal (65
years).

One key difference from the MCAD deficiency
model is that the incremental cost of using tandem
MS added in this model is based on including the
extra costs (positive or negative) obtained. MCAD
deficiency has been added to the PKU programme.

Parameter values and the distribution assumptions
used in the model for GAI are summarised in
Appendix 41.

Homocystinuria (due to CBS deficiency) The incidence
of homocystinuria (due to CBS deficiency) in the
UK was taken from the estimate of 1.5 per
100,000 used in the previous HTA report.l The
incidence per cohort of 100,000 neonates was
characterised in the model using a Poisson
distribution.

Information on the sensitivity and specificity of
screening for homocystinuria (CBS) using tandem
MS was limited. Data from the New England
Newborn Screening program, USA, found a false-
positive rate of 0.0272% (95% CI 0.0209% to
0.0336%).7 However, this study did not report the
sensitivity of neonatal screening for
homocystinuria (based on the detection of high
methionine levels); therefore, a false-negative rate
of zero was assumed.

Treatment profiles and costs, for those detected
through screening and those detected
symptomatically, were based on those prescribed
for homocystinuria as set out in the previous HTA
economic model! and described in Appendices
34-36. The costs applied to screened and
unscreened cohorts were characterised as a
continuous uniform distribution between the
estimated base-case value and twice the base-case
value.

The following assumptions used for the evaluation
of MCAD deficiency were applied within the
model for homocystinuria.
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e A further £0.10 per sample was added to
account for additional reagent costs, internal
standards and other consumables for the
extension of screening to an additional disorder.

e Symptomatic presentation will impose the cost
of at least one acute hospitalisation episode at a
mean cost of £1403 (with a log-normal
distribution).

e Confirmation protocols are required for both
presymptomatic and symptomatic cases identified
(at a cost of £160). Overall confirmation costs for
the screening option will be higher because false
positives will be generated through screening.

e Confirmation of a positive diagnosis is attended
by an appropriate paediatric referral (with an
estimated base cost of £64).

e The same cost limits used within the MCAD
deficiency model (£88,000 and £290,000) are
taken as minimum and maximum estimates for
the range of costs incurred by the presence of
moderate to severe disability caused by
homocystinuria.

e Estimates of life expectancy for the spectrum of
disabilities and impairments, which affect
homocystinuria cases, are assumed to be the
same as for MCAD deficiency. Life expectancy
for cases detected and compliant with treatment
is assumed to be near normal (65 years).

A number of additional specific assumptions used
within this model are worth highlighting.

e All cases will become symptomatic at some stage
if not detected early through a screening
programme.

e Not all cases of homocystinuria (CBS) detected
through a screening programme will be
compliant with treatment and therefore avoid
the complications associated with this condition.
In one study of a screening programme for
homocystinuria, four individuals developed
mental disability (two detected through
screening but non-compliant with treatment).*
In a further study, 32% of those detected by
screening were non-compliant and subsequently
developed complications.A‘9 The model,
therefore, assumes that between 10 and 15% of
cases detected through screening will develop
significant disabilities as a consequence of poor
treatment compliance. However, in the absence
of screening 60% of all homocystinuria cases
will develop significant disabilities.®!

e In the absence of screening, 22.5% of cases will
die (with a mean age at death of 12.9 years).*”

8

As with the GAI model, any incremental cost of
using tandem MS is added into the homocystinuria

model using the calculated extra costs (positive or
negative) obtained after MCAD deficiency has
been added to the PKU programme.

Parameter values and the distribution assumptions
used in the model for homocystinuria (CBS) are
summarised in Appendix 42.

Results

PKU screening: existing technologies and
tandem MS

Results for phase i were derived from a number of
Monte Carlo simulations (using 10,000 iterations)
using model parameters and associated
distributions as set out in Appendix 39 and
explained in detail above. Given the potential
scale economies possible from a highly capital-
intensive technology such as tandem MS, it is clear
that the distribution of incremental costs
associated with the adoption of tandem MS for the
national screening programme for PKU depends
on the volume of specimens processed on a single
system. This is illustrated in Table 12, which shows
the mean incremental costs obtained for different
hypothetical volumes for a given tandem MS
system.

Table 12 shows that based on the available
evidence used in the economic model, at volumes
below 50,000 specimens per year the use of
tandem MS for the current PKU programme
would incur significant additional costs. As
expected, at much higher processing volumes
(around 80,000) the incremental cost of using
tandem MS for neonatal screening of PKU is far
less, but still not negative.

To test the model results based on what might be
considered a realistic scale of operations for
participating laboratories, the analysis was also
performed based on the cost per specimen
obtained when processing volumes varied (as a
continuous uniform distribution) between 50,000
and 60,000 samples per year. The results from the
simulation exercise for the range between 50,000
and 60,000 specimens is also given in Table 12 and
the distribution is illustrated in Figure 4.

The mean and standard deviation derived from
this sampling distribution were £54,900 and
£15,899, respectively. The size of the standard
deviation on this distribution of incremental costs
indicates the degree of variation present. A
comparison of the results for tandem MS against
the existing technologies (based on the range of
50,000-60,000 samples per annum for tandem
MS) is presented in Table 13. Note that the
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TABLE 12 Cost comparison: PKU screening using existing technologies or tandem MS for different volumes of tandem MS use (for a
cohort of 100,000 neonates)

Volume of specimens per tandem MS system Incremental cost p(Incremental cost < 0)
Mean SD
20,000 £308,929 £26,056 0.0000
40,000 £110,967 £16,790 0.0000
50,000 £71,295 £15,176 0.0000
60,000 £45,127 £14,501 0.0009
70,000 £26,622 £13,723 0.0255
80,000 £12,731 £13,385 0.1729
Varies from 50,000 to 60,000 per system £54,900 £15,899 0.0004
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Incremental cost of using tandem MS for PKU

FIGURE 4 Incremental cost of adopting tandem MS for PKU screening (per 100,000) based on a range of volumes between 50,000
and 60,000 specimens per system

TABLE 13 Cost comparison: PKU screening using existing technologies or tandem MS

(1) Existing (2) Tandem MS Incremental cost (2)-(1)
Total cost of screening® Mean £114,528 £169,428 £54,900
(for 100,000 neonates) SD £12,468 £10,597 £15,899
Cost per neonate screened £1.15 £1.69 £0.55
Cost per case detected £12,725.34 £18,825.34 £6,100

9 Comprises all laboratory costs (including advice and referral), all repeat sampling and confirmation costs. Excludes the cost
of the initial specimens collected.
Note: Estimates of total and incremental costs are for a cohort of 100,000 neonates screened.
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estimates of total and incremental costs are for a
cohort of 100,000 neonates screened.

Tables 12 and 13, and the distribution of
incremental costs illustrated in Figure 4, indicate
that the use of tandem MS for the current PKU
screening programme in the UK would not be
cost-effective.

Priority ordering for additional conditions

Phase ii included a straightforward addition of the
mean incremental cost of using tandem MS for
PKU screening (Zable 13) into each decision model
for additional conditions detectable by tandem
MS. The priority ordering derived in this way,
therefore, differed from that obtained in the
earlier HTA modelling exercise.! The latter was
based only on a comparison of the incremental
costs of treatment with the incremental life-years
gained, without including an allowance for any
additional burden of cost associated with the
adoption of the more expensive technology
(tandem MS) for the existing PKU screening.

The results obtained using this simple sequential
analysis are presented in Table 14. This shows that
— based on the frequency of the condition, the
costs of treatment incurred or future costs avoided,
the potential health effects and additional life-
years gained — the first priority would be to extend
any neonatal screening to include MCAD
deficiency.

Too much should not be read into the priority list
presented in Table 14. This table represents an
ordinal ranking only; a number of the conditions
produced similar results (although MCAD
deficiency clearly produced the most significant
gains when added to the PKU programme using
tandem MS).

TABLE 14 Priority ordering of inborn metabolic conditions for
extended screening using tandem MS

Condition Rank

MCAD deficiency

I
GAl 2
Long-chain fatty acid defects 3
Homocystinuria 4
Urea cycle disorders 5
GAll 6
Methymalmonic acidaemia 7
Branched-chain acyl-CoA metabolism defects 8
Propionic acidaemia 9
Isovaleric acidaemia 10
Tyrosinaemia (type |) I
MSUD 12

It should be emphasised that this initial ranking is
based on estimating the cost per life-year gained
when the full additional cost of using tandem MS
for PKU is included with the other costs and
compared with the life-years gained for each
condition separately. The same ordinal ranking
would not be obtained when the extra cost of using
tandem MS had been offset by extension to the
first condition to be included with PKU screening.
Then, the incremental costs of screening for
additional disorders would be far smaller and the
ranking would change to reflect mainly differences
in treatment costs and life-years gained.

One further issue, however, that affects this initial
ranking of conditions is the inclusion of an
estimate of cost savings associated with the
avoidance of moderate to severe disabilities. It has
been possible to estimate this for MCAD deficiency,
GAI and homocystinuria (C8S) using published
sources that indicate the proportion of symptomatic
cases who are likely to avoid disability/impairment
through screening and early initiation of effective
treatment. Unfortunately, there is far less certainty,
at least from the available published sources to
date, about what fraction of symptomatic cases
would be affected by moderate to severe
disability/impairment for other conditions.
Consequently, estimates of future costs related to
avoidable disability and impairment for these other
inborn metabolic conditions were not included.

It should be emphasised, however, that the
purpose of this ranking exercise was to establish
which condition would provide the most impact
when added to a PKU screening programme based
on tandem MS technology.

Extending PKU screening with tandem MS
MCAD deficiency

In many conventional cost-effectiveness studies, a
simple deterministic worst and best case scenario
is constructed using the least and most favourable
input values to indicate the limits or extreme
results that are possible. This is difficult in the
current context for two reasons. First, it is
important to see how the CEA results vary
according to the different processing volumes
(operating scales) evaluated, so that the
implications for service delivery and organisation
can be assessed appropriately. Second, some
important model parameters have wide margins of
variation because of the uncertainty surrounding
available knowledge or information.

In such circumstances, modelling a best and a
worst case scenario would produce such disparate
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TABLE 15 Cost of using tandem MS for PKU plus MCAD deficiency screening compared with existing PKU only

(1) Existing  (2) MS-MS Incremental cost
(PKU only)  (PKU+MCAD deficiency) (2)—(l)

Total cost of screening for 100,000 neonates (mean) £114,528 £91,216 —£23,312

Cost per neonate screened £1.15 £0.91 —£0.24

Cost per case of inborn error of metabolism detected  £12,725 £5,366 —£7,359

and asymmetrical results that they would have
limited practical value in the interpretation of the
cost-effectiveness results. The advantage of the
probabilistic modelling using the Monte Carlo
simulation approach used here is that iterations
sample across the range of possible parameter
distributions. This is more appropriate because
the underlying uncertainty, characterised by the
input values and distributions used, affects the
overall outcome more realistically than an artificial
best and worst case analysis.

Results from the Monte Carlo simulation
modelling indicate that the addition of screening
for MCAD deficiency as part of a neonatal
screening programme for PKU using tandem MS
would be cost-effective.

Using an operational range of 50,000-60,000
specimens per system per year, the mean
incremental cost for PKU plus MCAD deficiency
screening using tandem MS from the model was
—£23,312 (median: —£14,810); this is after allowing
for the incremental cost incurred when using
tandem MS for PKU only. The implications of this
are presented in 7able 15. This cost saving is also
associated with a mean incremental gain of 59 life-
years for each cohort of 100,000 neonates
screened.

Note that the tandem MS estimates represent the
impact of additional costs associated with the use
of the new technology for the PKU programme
and costs related to MCAD deficiency screening,
net of any savings attributable to avoidable future
disability costs and other avoidable costs (such as
unnecessary symptomatic episodes) that would
occur in the absence of screening.

Although Table 15 provides information based on
the mean value derived from the simulation
exercise, it is important to recognise the nature of
the distribution obtained. Figure 5 illustrates that
the distribution of incremental costs is negatively
skewed (the 5th and 95th percentiles range from
—£142,489 to £62,350). Intuitively, this distribution
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of costs obtained (based on 10,000 iterations of
the model) makes sense, reflecting the impact of
the potential future healthcare and social care
costs related to disabilities avoided by screening.
On some cohorts of 100,000 samples screening
may not detect any cases or only those in the
relatively mild or asymptomatic spectrum of the
disease and this will incur additional (net) costs.
On other occasions screening will allow early
identification and treatment of cases who would
have developed severe disabilities. The future
healthcare and social care costs of a relatively few
cases with severe disabilities caused by MCAD
deficiency would be large, and these can be
avoided by screening.

The mean incremental gain in life-years (which is
independent of the operating scale of tandem MS)
is 59. Both the incremental costs and life-year
gains reported above are for a cohort of 100,000
neonates screened.

The simulation results are illustrated in Figure 6
using a diagram that shows the distribution of the
incremental cost per-life year gained derived and
presented on a conventional cost-effectiveness
plane. Again, this is based on input values related
to an operational range of 50,000-60,000
specimens per year. Note that preference is given
to the presentation of results using CEAcc rather
than a simple cost per life-year gained because of
the potential ambiguities of interpretation with a
negative ICER. A range of CEAcc is plotted in
Figure 7, each representing the results obtained for
different operating volumes of a tandem MS
system.

The CEAcc diagram suggests that, on the basis of
the available evidence applied in this model, even
at relatively low threshold values (i.e. willingness to
pay for an additional life-year gained) there is a
high probability that using tandem MS for PKU
and MCAD deficiency screening combined would
be cost-effective. As might be expected, the
probability of cost-effectiveness increases at higher
operating volumes of a tandem MS system. At a
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FIGURE 5 Incremental cost of extension of the PKU programme to include screening for MCAD deficiency using tandem MS
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FIGURE 6 Cost-effectiveness plane: PKU plus MCAD deficiency screening with tandem MS

very low volume (20,000 samples per year) the
probability that the use of tandem MS would be
cost saving is zero. At volumes of between 50,000
and 60,000 samples the economic model indicates
that the use of tandem MS would produce modest

cost savings for each cohort of 100,000 screened.
Moreover, for 50,000-60,000 samples per year, at
a threshold value of £1000 the probability that
using tandem MS is cost-effective is 0.86, and at a
value of £5000 per life-year gained the probability
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FIGURE 7 CEAcc for PKU plus MCAD deficiency screening using tandem MS.

Note: the horizontal axis is not in a uniform interval scale

is 0.99. As indicated previously, this represents a
realistic operating range for a single tandem MS
system in a screening programme.

GAI and homocystinuria (due to Cg8S deficiency)
An important issue for any further development of
this economic model for PKU and MCAD
deficiency using tandem MS is whether any
extension of the analysis should be evaluated in
the context of a neonatal screening package. In
other words, should any estimated net savings
obtained through extending neonatal screening
for one metabolic disorder then be carried over
into the model for the next priority condition
identified as part of the stage ii analysis? The
economic implications of this are examined using
probabilistic modelling of extending neonatal
screening to include GAI and homocystinuria (CgS).

Using the incremental cost results and life-year
gains obtained when using tandem MS screening
for PKU and MCAD as input parameters, further
Monte Carlo simulation models were constructed
to evaluate the effects of using tandem MS to
include screening for GAI and homocystinuria
(CBS). Each was assessed independently (that is,
the results obtained from the PKU plus MCAD
deficiency model were used as inputs into the
models for GAI and homocystinuria separately).
However, because the results obtained for PKU
plus MCAD deficiency were highly skewed it would
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be inappropriate to enter the cost results obtained
from this model as a normally distributed variable.
The incremental costs effects of screening for PKU
plus MCAD deficiency using tandem MS were
therefore entered into both models using a
triangular distribution based on 5th, mean (as
most probable) and 95th percentile values
reported earlier. This will tend to understate the
incremental savings obtained from MCAD
deficiency screening by excluding a proportion of
very large negative values from the overall
distribution illustrated in Figure 5. All input
parameters and distributions for GAI are set out
in Appendix 41, while all input parameters and
distributions for homocystinuria (CS8S) are set out
in Appendix 42. Both economic models are based
on an assumed operating range of 50,000-60,000
specimens per year for a tandem MS system.

GAI The mean incremental cost for PKU plus
MCAD plus GAI screening using tandem MS from
the Monte Carlo simulations was £23,614 (median:
£22,268). This is for a cohort of 100,000 neonates
screened. An interesting feature of these results
obtained for GAI is that overall costs may actually
increase, offsetting the mean cost savings obtained
from the use of tandem MS for PKU and MCAD
deficiency combined. This is largely due to a small
net increase in future costs associated with
disabilities and impairments as a consequence of
screening. This occurs because some individuals
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identified through screening will still suffer
disabilities. Although screening will significantly
reduce early mortality from GAI, this means that
an additional number of cases will survive and
become susceptible to subsequent complications
that cause disabilities.5

The mean incremental life-years gained for both
MCAD deficiency and GAI screening combined
using tandem MS technology was 90 for each
cohort of 100,000 neonates, equivalent to a cost
per life-year saved of £261. On the basis of the
available evidence used in this model, the
simulation results indicate a high probability that
the use of tandem MS for the current PKU
programme, with extension to include screening
for MCAD deficiency and GAI, would be cost-
effective at relatively low threshold values. At a
threshold value of zero the likelihood that this
option is cost-effective is only 0.34; however, at a
modest threshold value of £1000 the probability is
0.91. This can be seen clearly in Figure 8, which
shows the cost-effectiveness acceptability curve for
different threshold values for GAI. The
distribution of cost per life-year values obtained
from the probabilistic model is illustrated in the
cost-effectiveness plane in Figure 9.

Homocystinuria (due to CBS deficiency) The mean
incremental cost for PKU plus MCAD plus CfS)
screening using tandem MS from the Monte Carlo

simulations was —£26,833 (median: —£19,669) for a
cohort of 100,000 neonates screened. Extension of
neonatal screening using tandem MS for PKU,
MCAD deficiency and homocystinuria combined
produces a similar overall cost saving to that
obtained by PKU and MCAD deficiency alone. In
other words, any extra variable costs incurred
through the addition of homocystinuria, including
treatment costs, are offset by savings that arise
from reduced disabilities and impairments.

The mean incremental life-years gained for both
MCAD deficiency and homocystinuria (CfS)
screening combined using tandem MS technology
was 74 for each cohort of 100,000 neonates,
equivalent to a cost per life-year saved of —£360.
The simulation results indicate a high probability
that the use of tandem MS for the current PKU
programme, with extension to include screening
for MCAD deficiency and homocystinuria (CfS),
would be cost-effective at low threshold values.
Based on the available evidence used in the
economic model, at a threshold value of zero the
likelihood that this option is cost-effective is 0.62,
and at a threshold value of £1000 the probability
is 0.93. This can be seen in Figure 8, which shows
the CEAcc for difterent threshold values for
homocystinuria. The distribution of cost per life-
year values obtained from the probabilistic model
is illustrated in the cost-effectiveness plane in
Figure 10.
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Other inborn errors of metabolism

Having established that the use of tandem MS for
PKU and MCAD deficiency screening would, at
the very least, offset any additional costs related to
use of the newer technology, simulations were also
run to produce simple cost per life-years gained
and INB estimates for each of the other main
conditions. These models were constructed using
the assumptions adopted in phase ii, but now
including the incremental cost saving associated
with adopting tandem MS for PKU and MCAD
deficiency screening combined. Note, however,
that these models did assume some additional
costs in neonatal laboratories for extended
screening and included all other related variable
costs (confirmation protocols, paediatric referral,
etc.). The assumptions used were set out earlier.

To provide a consistent basis on which to compare
the results obtained for GAI and homocystinuria,
each of the other inborn metabolic disorders was
modelled separately. As very little additional
material of relevance to the economic assessment
of these conditions has been published since the
two earlier systematic reviews, "> most of the
parameter assumptions used are based on the
information set out within the previous economic
modelling.!

The results for each condition in terms of the mean
cost per life-year gained are shown in Table 16.
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Of the remaining inborn metabolic disorders
considered, screening for long-chain fatty acid
defects produces the lowest cost per life-year
gained. All but MSUD and tyrosinaemia type I
incur an additional cost per life-year saved of less
than £6000.

The CEAcc for each of these conditions, for
difterent threshold values, are shown in Figure 11.
Many of the conditions achieve a high probability
of cost-effectiveness (0.8 or above) at a threshold
value of £20,000. This is based on the available
evidence used in the models as described.
However, these results could significantly
underestimate the cost-effectiveness of neonatal
screening for these disorders using tandem MS. A
major limitation of these results is that no
information was available in the literature to allow
estimates of potential cost savings attributable to
avoidable disabilities. Many of these conditions are
also responsible for severe disabilities and
impairments, and the inclusion of such estimates
could significantly affect the relative cost-
effectiveness results obtained.

The lack of detailed research information and
therefore the levels of uncertainty around long-
term outcomes and economic cost of many of
these conditions is the primary reason why more
detailed consideration was not given assessing the
potential cost-effectiveness of extending screening
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TABLE 16 Cost per life-year gained for other inborn metabolic
disorders detectable by tandem MS

Condition Cost per life-year
gained
Long-chain fatty acid defects £992
GAll £2,245
Urea cycle disorders £2,965
Branched-chain acyl-CoA £3,694
metabolism defects
Methymalmonic acidaemia £4,638
Isovaleric acidaemia £5,422
Propionic acidaemia £5,778
MSUD £12,388
Tyrosinaemia £13,168

to these disorders at this stage. This should be the
subject of future research.

The value of additional research

The robustness of the results presented above
depends on an acceptance of the parameter
estimates and distributions used in the model.
All model parameters are attended by uncertainty.
One advantage of the Monte Carlo simulation
modelling undertaken as part of this review

is that the work was performed within an
EVPI framework. This approach enables
decision-makers to estimate the value of
additional information about inputs used
within the cost-effectiveness model to establish

whether the degree of uncertainty within the
results warrants further research, and to indicate
where this research should be focused.

As most of the uncertainty about the possible
application of tandem MS relates to whether any
extension of screening to include MCAD
deficiency could justify the additional cost, the
results presented here are based on the value of
additional information about neonatal screening
for MCAD deficiency using tandem MS.

The first and most striking result of the EVPI
analysis is the extent to which the overall value of
additional information appears limited. This is not
entirely unexpected, perhaps, given the high
probability of cost-effectiveness even at relatively
low threshold values. The population expected
value of perfect information (PEVPI) for all model
parameters at different thresholds is shown in
Table 17. This is based on the results obtained
from the modelling of data for a cohort of
100,000 neonates, adjusted to reflect the value to
the total UK neonatal screening population
(700,000 neonates per annum). In addition, it is
assumed that any additional research information
would be of value for a period of 5 years (future
costs discounted at 6%). These results are
calculated using an assumed operational capacity
of between 50,000 and 60,000 specimens per
tandem MS system.
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TABLE 17 PEVPI for all parameters at different threshold values

individual parameters within the decision model.
This approach enables the identification of those

Threshold EVPI parameters for which further data collection would
0 £343 144 result in the greatest pay-off in terms of expected
500 £9|: 416 net benefit. Partial EVPI for parameters essentially
1000 £46,832 represents an upper bound on the value of
2000 £3,656 conducting further research on a given parameter
5000 £0 of interest (). Partial EVPI analysis for individual

Certainly, at threshold values of £2000 per life-
year gained and above, there would be little
additional value from further research into
whether using tandem MS for PKU and MCAD
deficiency screening would be cost-effective. At
such threshold values it is effectively certain that
using tandem MS for PKU and MCAD deficiency
screening is cost-effective (based on the available
evidence used in the model).

Only at a threshold value of £500 or less would
there be any really substantial gains from further
research. Figure 12 shows the EVPI for specific
model parameters at a threshold value of zero.

The results shown in Figure 12 show the expected
value of obtaining perfect information for all and
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or subsets of parameters requires a two-level
algorithm, which uses two nested levels of Monte
Carlo sampling over the plausible ranges for both
parameters of interest, and the remaining
uncertain parameters. This process involves
sampling the parameter of interest once from its
prior uncertain range and holding it at its
sampled value, while allowing all parameters not
of interest to vary according to their prior
uncertainty over 1000 samples. The next stage
involves calculating the optimal decision strategy,
that is the strategy that achieves the greatest
expected net benefit, given the new knowledge on
the parameter of interest. This process is then
repeated over a large number of iterations to
sample over the full range of 6}, and the mean net
benefits are then calculated. The expected value of
gaining perfect information on the parameter of
interest is thus calculated as the average expected
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FIGURE 12 EVPI for MCAD deficiency model parameters (threshold = 0)

net benefit given perfect information on the
parameter of interest minus the average net
benefit given existing information.

The EVPI results indicate that the most significant
model parameters to affect the expected net
benefit in the decision model for MCAD
deficiency are the frequency (incidence) of the
condition and the future costs related to
disabilities. Within the total UK context,
establishing the true underlying incidence of
MCAD deficiency detectable through screening
could only really be determined accurately
through a prospective evaluation of screening
practice. This would have to include a wide range
of participating centres because of the known
regional variations in incidence. The EVPI analysis
also shows that another major area of uncertainty
to impact on model results is the extent to which
specific disorders lead to significant (avoidable)
disabilities and the future resource costs that these
impose on the healthcare, social care and
educational sectors. It is important to note that
uncertainty around model estimates of the
proportion of symptomatic cases that develop
disabilities is not significant for the EVPI analysis.
This should not be interpreted to mean that the
proportion of symptomatic cases who develop

disabilities is not a major driver of cost-
effectiveness of screening, only that the level of
uncertainty around the estimates of this
proportion used in the model (10-15%) is not
sufficiently wide enough to have a significant
impact on the results of the decision model (i.e.
on the decision whether to accept the screening or
no-screening options evaluated). Similar issues
arise in respect of the proportion of cases who
remain asymptomatic and mortality rates in
symptomatic cases for MCAD deficiency. If levels
of uncertainty on these parameters were
significantly greater than has been represented
within the models, then this would require revised
estimates to be included. However, as most of the
information has been based on published
research, it is felt that the economic models
characterise the current levels of uncertainty
around these issues sufficiently well.

The implicit assumption of adopting a threshold
value of zero, however, should be clearly
understood before any decision to fund additional
research on the basis of this analysis is made. A
zero threshold value implies that society is not
willing to pay more for any extra health benefits
that may accrue from a new technology (in effect,
the value of an additional life-year saved through
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MCAD deficiency screening is set at zero). This
does not seem a realistic assumption.

Discussion

The results of the economic modelling presented
here provide useful evidence on the potential cost-
effectiveness of using tandem MS for screening of
neonatal disorders of metabolism. The following
discussion is organised into four main sections:
costs, benefits, service delivery issues, and the
implication of the results presented here for future
research.

Costs

Substituting tandem MS for existing technologies
used in the UK neonatal screening programme for
PKU is not cost-effective. Compared with the
existing profile of modalities used for PKU
screening, tandem MS is more expensive for no
additional gain in health benefits.

Nevertheless, the distinctive feature of tandem MS
as a screening technology is that the marginal
costs of screening for a number of additional
disorders in the laboratory are relatively small,
certainly when compared with some of the
potential health gains available. There are,
however, other costs associated with a decision to
screen for additional disorders. The incremental
costs related to a specific inborn metabolic
condition need to be carefully evaluated in terms
of potential resource saving attributable to
presymptomatic detection of aftected children and
any associated health gains obtained.

This economic evaluation has specifically sought
to examine whether the adoption of tandem MS
could be cost-effective for an extension of the
current neonatal screening programme. With this
in mind, it is appropriate that the full costs of a
tandem MS system are included as a cost.
Nevertheless, this overlooks the fact that many
tandem MS instruments used in a neonatal
screening programme will also be used for other
purposes besides the initial screening process. The
uses include continued diagnostic work and post-
mortem examinations for other metabolic
conditions not screened for. Tandem MS is also
used for monitoring and controlling the diets of
patients with PKU.

It is also worth repeating that using estimates
based on the distribution of costs from the
previous HTA report implicitly assumes that the
costs associated with the ‘existing technologies’
option have the same relative combination of
screening modalities and operating efficiencies as
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obtained in 1996. To the extent that practice has
shifted to more expensive capital-intensive
methods, then the probabilistic estimates used
within the model may understate the cost of the
existing technologies option. With more capital-
intensive methods, however, services may be able
to take advantage of economies of scale and
therefore the estimates included in the model may
overstate the cost of current technologies
combined.

Current practice is unlikely to be precisely the
same as it was when the earlier HTA review
approached laboratories for details of operating
costs. At that time significant variations in
operating costs were obtained, even within the
same screening technology used. This variation
has been incorporated within the economic model
using a probabilistic estimate that sampled across
this range of cost estimates. How substantially
different current practice across all laboratories is
today — in terms of methods used, as well as scale,
operational efficiency and costs — could only be
ascertained with certainty through a detailed
updated review of all existing participating
centres.

However, given the very high probability of the
cost-effectiveness of extending screening to
include MCAD deficiency there would need to be
quite a significant difference in the cost of
providing existing technologies compared with the
estimates obtained in the model to alter the
overall results dramatically.

The model was constructed so that (future)
disability costs were applied only to those who
would become symptomatic and survive early
death (i.e. the expected number of early deaths
was subtracted from the symptomatic caseload
before estimates of disability were applied).
However, in some disorders, patients who die in
early infancy will have already incurred some
significant additional costs before the event; partly
as a direct result of acute hospitalisation, but also
because many of those who die may have been
affected by severe neurological damage disabilities.
To the extent that this may occur, the model will
underestimate the cost savings attributable to
screening.

Indirect costs have not been considered in the
present model. Nevertheless, future indirect costs
to patients affected by disabilities caused by
metabolic disorders not recognised early, and
indirect costs to their families and informal carers,
would be significant.

101



102

Economics of neonatal metabolic screening

Benefits

Health benefits within the economic model
described here were expressed in terms of gains in
life-years only. No account was taken of the quality
of those additional life-years. This could be seen
as a significant limitation if the additional years
gained from screening were of relatively poor
quality. However, there is evidence to suggest that
for the highest priority condition examined here,
MCAD deficiency, the quality of life of individuals
who are diagnosed and treated is high. The
absence of QALY weights for MCAD deficiency
almost certainly underestimates the health benefits
of screening because no account is taken of
reduced quality of life for those affected by
moderate to severe disabilities, most of which
should be avoided through the early detection and
treatment afforded by screening.

The model construction assumes that mortality in
MCAD deficiency cases is due entirely to
symptomatic presentation. However, there is
evidence of occasional deaths in cases already
diagnosed. Nevertheless, as reported in the
clinical review (Chapter 6; MCAD deficiency,
‘Discussion’, p. 55), various studies of infants with
MCAD deficiency have found that, following early
diagnosis and initiation of effective treatment, no
deaths have occurred??*28:6% and there have been
no cases of appreciable cognitive impairment or
neurological damage.?®% Therefore, this
assumption appears valid.

It is acknowledged that being symptomatic is not
necessarily synonymous with being diagnosed and
that a proportion of cases who show signs of
inborn metabolic disorders (including MCAD
deficiency) may go unrecognised. A proportion of
these cases may subsequently develop disabilities
and complications. The evidence on the extent to
which this may occur in practice is limited.
However, for MCAD deficiency, this problem will
only occur to any significant extent in the absence
of screening. As such cases would incur avoidable
future costs, the current economic model will
further tend to underestimate the relative cost-
effectiveness of using tandem MS for neonatal
screening of PKU and MCAD deficiency
combined.

It is also recognised that restricting the
measurement of benefits in terms of life-years
gained omits important psychological impacts
associated with screening. However, a review of the
available evidence in a previous HTA review'
suggests that, on balance, the psychological
benefits outweigh the costs.

Service delivery and organisation

Laboratory services

Adopting tandem MS technology would have
some major implications for the organisation of
neonatal screening laboratories in the UK. The
evidence presented here clearly demonstrates that
there are significant scale economies using tandem
MS technology. However, what constitutes an
appropriate volume of specimens to be processed
at an individual screening laboratory is not only
constrained by issues of operational feasibility.
Given that the total number of samples that
require analysis in a given year is limited, the
number of participating laboratories would affect
the volume of specimens processed at each
laboratory. In these circumstances there would be
a real trade-off between technical efficiency
(economies of scale and scope) and the
organisation of existing and future neonatal
screening services. This trade-off was recognised
in the previous HTA review that examined the
potential use of tandem MS. That report
concluded that:

“Laboratories undertaking tandem MS screening
should have adequate workload to justify the capital
investment and staffing required. A minimum of
50,000 samples per year is suggested.”!

With approximately 700,000 live births in the UK
at present, this would only require some 12 or 13
neonatal screening providers operating at around
50,000-60,000 samples per year.

In setting out the future direction of its Pathology
Modernisation programme, the Department of
Health drew attention to recent reviews of
pathology services that “identified considerable
scope for strengthening and streamlining the
pathology service, subject to the availability of
capital for investment”.!°! As part of the
modernisation fund, specific resources have been
provided to “modernise pathology services and
encourage larger systems of clinical pathology that
will have the capacity to deal with rising demand
and technological developments”.!”! Therefore,
the process of reconfiguring UK pathology
services is already underway.

Screening for additional disorders, which require
early collection of samples for best results (e.g.
MCAD deficiency), may require additional changes
in the way laboratories are organised in order to
facilitate a rapid response. Any further extension
of screening would also require neonatal

screening laboratories to work closely with clinical
teams.
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Paediatric services

There would also be significant implications for
the resourcing and organisation of paediatric
services, particularly the availability of specialists
in the management of relatively rare metabolic
disorders. There would need to be a well-
structured clinical network to assess, diagnose and
treat all babies identified in the screening
programme. Families of affected babies would
need to receive appropriate counselling follow-up.

Screening for additional disorders would change
the workload patterns for the small number of
specialists in paediatric metabolic medicine.
Currently there is a shortage of these in training
and there are few clinical nurse specialists.

Overall, however, screening could provide some
compensating resource effects on paediatric
services more generally through the avoidance of
expensive hospitalisations that can occur with
symptomatic cases presenting in acute metabolic
crisis.

Community services

There would also be important service delivery
issues for community services if neonatal screening
were extended to other conditions. Midwives and
health visitors would require some extra training
to be able to provide appropriate advice and
explanations to parents.

Additional information about screening for other
disorders would also need to be provided at
antenatal contact to prepare parents for screening
interventions in the neonatal period.

Again, the working practices of midwives and
health visitors might need to be examined to
ensure that the collection of samples is undertaken
at the most appropriate time and that possible
delays are minimised.

Research

Particular issues to emerge from the EVPI analysis
are that the major drivers of the cost-effectiveness
of using tandem MS for MCAD deficiency are
incidence and future health and welfare costs
related to disabilities and complications. However,
the results of the economic modelling of neonatal
screening using tandem MS for both PKU and
MCAD deficiency combined appear to be robust.
This explains why the overall value of additional
research information, suggested by the EVPI
analysis, is low. Adoption of tandem MS
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technology for both PKU and MCAD deficiency
screening has a very high probability of cost-
effectiveness, even at low threshold values for
additional life-years gained.

Although the economic modelling of GAI and
homocystinuria (CBS) indicates a high probability
of cost-effectiveness at relatively low threshold
values, there is less confidence in the results
obtained. For GAI there remain some significant
uncertainties. Although GAI is a rare condition,
there is still a lack of published data on the
underlying incidence in the UK, and limited
published data on the efficacy of the treatment
regimens to prevent disabilities and complications
after diagnosis; further additional data are needed
on the sensitivity and specificity of detection using
tandem MS. For homocystinuria (CSS), although
there is more recent data on the efficacy of
treatment, it is also a rare disease and published
evidence suggests that it may not be reliably
detected using tandem MS. For both conditions,
additional economic modelling work should be
undertaken, potentially drawing on the clinical
knowledge and expertise of those currently
working in the field in the UK, to resolve these
uncertainties.

For many of the other conditions potentially
detectable by tandem MS, there remains an
absence of good economic data on the potential
future treatment, acute care and disability costs
associated with presymptomatic and symptomatic
detection. Additional research on these conditions
should focus on providing these data.

Information on the HRQoL of affected patients,
particularly when stable and during occasional
episodes of decompensation, would allow for a
more sensitive measurement of the potential
future health outcomes for individuals treated.
Similar information on quality-of-life impacts on
families is also lacking.

Research using a health utilities framework
could also provide information for the
quantification of many of the other significant
positive and negative non-resource effects caused,
or avoided, by screening. However, the priority
would be to undertake this work in respect of all
the other conditions where additional evaluation
work is required around the relative cost-
effectiveness of including them in a neonatal
screening programme (i.e. excluding MCAD
deficiency).
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Chapter 8

Implications for other parties

ollitt and colleagues' comprehensively

discussed the psychological implications of
diagnosis through neonatal screening. These
authors concluded that, on balance, the
psychological benefits of screening outweigh the
costs. Some of these issues, affecting parents, are
discussed below.

Early detection of a genetic disorder in a newborn
infant, through neonatal screening, is likely to be a
great shock and an emotionally traumatic
experience for parents, for whom there may have
been no warning signs. Conversely, early diagnosis
of a problem may be helpful for parents, allowing
them to prepare emotionally and practically for
the development of the disease in the child.!

False diagnoses involved in neonatal screening can
also create anxiety and psychological problems for
parents. In addition to the emotionally traumatic
experience of receiving a false diagnosis of a
genetic disorder, some parents may have lingering
concerns that the initial diagnosis may have been
correct, even after the diagnosis has been
overturned by repeat testing.! Although neonatal
screening tests are designed to detect infants with
metabolic illnesses, certain tests may also identify
carriers or individuals with variants who may be
clinically asymptomatic.'? For example, an
unknown proportion of biochemically affected
individuals with MCAD deficiency will never
experience any ill effects and there is no way of
predicting which individuals these will be.!
Potential consequences of diagnosis for this
asymptomatic group include anxiety about the risk
of hypoglycaemia during early childhood and
adverse effects of clinically unwarranted
treatment.'” In a potential newborn screening
programme, there may be a tendency to regard
asymptomatic cases as false positives; however,
such individuals are at as much risk as the
symptomatic cases but lucky not to have
encountered a sufficient metabolic stress to
precipitate a crisis. Therefore, all babies with
MCAD deficiency detected by newborn screening
are at risk and treatment is warranted in all.!**
Pollitt reported that reasonable parental anxiety
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about the possibility of hypoglycaemia during
early childhood is an appropriate, indeed
desirable, consequence of a screening diagnosis.
In general, parents are supportive of screening
despite any stress it may cause.!*!
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Other consequences of diagnosis for the
asymptomatic group include genetic information
for parents. Such information is important for the
family because of the identification of carrier
couples. This may have an impact on future
pregnancies and other family members.
Paediatricians need to be aware of this aspect of
newborn screening and provide appropriate
counselling or referral of such families.'??

Pollitt and colleagues' reported that very few
parents understand the concept of neonatal
screening in terms of diseases tested for and the
screening process involved for disease detection.
Parental anxiety and dissatisfaction with the
screening process have been found to be greater in
those who feel they have not received adequate
information. The provision of good, clear
information about the processes involved in
neonatal screening is vital and may ease the
unnecessary anxiety that some parents feel.
Therefore, information regarding why a blood
sample is being taken, what disorders are being
tested for and what the results will mean for the
child should be provided to parents and the delay
in reporting a correct diagnosis, both positive and
negative, should be kept to a minimum.
Information about false-positive (potentially the
cause of much distress) and false-negative test
results should also be provided to reduce the fears
and anxiety that these can create for parents.!

In the UK, informed consent may not always be
obtained in relation to neonatal screening and
parents may not receive enough information to
make a truly informed choice about whether to
have their child screened for a genetic disorder.
Obtaining informed consent from parents through
the provision of comprehensive information about
screening may reduce parental anxiety.!
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Chapter 9

Factors relevant to the NHS

ollitt and colleagues' and Seymour and
I)colleagues2 comprehensively discussed many
of the issues and organisational arrangements for
the (expansion of the) current neonatal screening
programme in the UK. Some of these are
discussed below.

Specimen collection

In the UK, the neonatal screening programme
collects heel-prick blood samples from babies at
6-14 days of age,'” to maximise the sensitivity for
the PKU screen. The specimen is collected either
as dried blood spots or as liquid blood depending
on the local practice. This time-lapse may be
detrimental for disorders that present acutely in
infancy and there may be a case eventually to
move to an earlier collection. In addition, non-UK
newborn screening programmes using tandem MS
generally collect the blood sample much earlier
than current practice in the UK and return the
result within 2 days. This would mean 7-day
working in laboratories, which would need to work
much more closely with clinical teams (Leonard J:
personal communication; 2002).

Ades and co-workers'*® found that in the North
Thames region, the timeliness of neonatal
screening showed unacceptable variation between
districts and delays in dispatch of specimens to the
laboratory. These authors concluded that same
day, first-class posting should be introduced and
samples collected between 4 and 8 days. Cost was
not a major consideration as most Guthrie cards
were already sent first class. A move to sample
collection between 4 and 8 days would fit well into
the routine midwife health checks, which take
place every day for the first week of life.!%

The evidence obtained in this review suggests that
the collection of newborn blood spots in the UK at
slightly earlier times than the current 6-14 days
might facilitate earlier and clinically more effective
therapy. However, owing to changes in
concentrations of various metabolites over time, the
earlier collection and reporting of results may
influence the sensitivity and specificity of the
screening process for other conditions. Any changes
would underline the need for a better infrastructure
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for clinical follow-up, management and high-quality
clinical services for identified cases and their
families.>!?7 As a separate measure, Pollitt and
colleagues' reported that selective screening for all
sick neonates should also be performed with
minimal delay as this approach may lead to a cost-
saving in intensive care bed occupancy.

Coverage and record-keeping

There is a lack of accurate data on the coverage of
neonatal screening in the UK. Ades and
colleagues'” found that the coverage of neonatal
screening in the UK was higher than recent
reports suggest, but it was difficult to distinguish
failure to screen from failure to record screening.
The new system for issuing NHS numbers at birth
(printed on Guthrie cards), which was
implemented in October 2002, provides a basis for
a reliable information system of neonatal
screening on a national scale. This will require
that maternity, neonatal laboratory and child
health computers are all linked into a national
network to ensure that testing is carried out and
results are recorded regardless of where parents
are living, where the sample is taken and where
the tests are carried out.'”

Provision of information and ethics

Issues relating to the provision of information to
parents and informed consent were raised in
Chapter 8. In brief, the provision of good, clear
information about the processes involved in
neonatal screening is vital and may ease the
unnecessary anxiety that some parents feel. For a
screening test to be fully effective its sensitivity
should ideally approach 100%; however, owing to
the element of human error and the potential for
biological variability, no screening test sensitivity
can truly achieve 100% over long periods.'"
Therefore, screening programmes are always likely
to fall short of detecting all cases of a screened
condition and will have a limited sensitivity for a
number of diseases to be screened. To avoid
litigation over missed cases, recipients of screening
or their carers need to be made clearly aware that
screening has the potential to save lives or
improve quality of life through early diagnosis;
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however, it cannot guarantee to detect all cases of
a screened condition. Detailed information should
also be made available to professionals regarding
the sensitivity and specificity of screening for some
disorders.

The principle of informed consent presents
particular difficulties for neonatal screening.
Screening in the UK has always been voluntary;
however, few places in the UK provide adequate
information to parents to make a truly informed
choice and few require informed parental consent
for newborn screening. However, parents are
entitled to be informed and to give consent before
samples are taken.?

Clinical referral and treatment

Many of the conditions detectable by tandem MS
are severe and would require a streamlined
approach to referral and treatment. There would
need to be a well-structured clinical network to
assess all babies identified in the screening
programme so that correct diagnosis and
treatment could be established. The family would
need to be counselled satisfactorily with
appropriate follow-up. This would change the
pattern of the workload for the small number of
paediatricians in paediatric metabolic medicine,
who are currently thinly spread across the UK.
There is a shortage of those in training and there
are few clinical nurse specialists (Leonard J:
personal communication; 2002).

Pollitt and colleagues' reported that “as many of
the patients will be asymptomatic, emergency
referral to a distant specialist hospital may be
inappropriate, but the local paediatrician must be
provided with clear advice about warning signs
and management before specialist assessments.
For some of the ‘new’ acutely presenting disorders,
the mainstay of treatment is the avoidance of
catabolic stress and in more remote areas, it will be
necessary to educate both the family practitioner
and parents in emergency measures.”

Laboratory services

Laboratories undertaking tandem MS screening
would need to have an adequate workload to

justify the capital investment and staffing required.
The economic analysis suggests that an
appropriate (average) operating volume for each
tandem MS system would be in the range of
50,000-60,000 samples per year. This would have
significant implications on the number of
laboratories providing a neonatal screening service
in the UK. In addition, these laboratories would
need staft and scientists capable of running and
maintaining the instrument, interpreting the
results and undertaking or organising the
necessary confirmatory investigations.1

False diagnoses involved in neonatal screening can
create anxiety and psychological problems for
parents. There is a need to establish approaches
and cut-off decisions for identifying a reasonably
firm presumptive positive test result without the
need for repeat testing or referral of the patients,
and the delay in reporting a correct diagnosis,
either positive or negative, should be kept to a
minimum. Automated flagging and processing in
tandem MS would speed up the neonatal
screening process and reduce labour costs.

In many areas of the UK, there is relatively poor
liaison between the screening laboratories,
midwives and healthcare personnel. Seymour
and Colleagues2 reported that there was a clear
need for a better infrastructure (clinical
consultants, scientists in paediatric metabolism,
metabolic investigation laboratories, paediatric
dieticians and clinical genetic services) for

the confirmation of abnormal results, other
specific diagnostic tests, notification and
continued care (including parental counselling)
and management of patients with inborn errors of
metabolism. The expansion of newborn screening
programmes in the UK would depend on this
infrastructure.

Other factors

Hutchesson and colleagues® reported that
documentation of both ethnicity and the family
tree in the records of all patients with inborn
errors of metabolism should be encouraged. This
information is also important for those involved in
the care of patients and in the genetic counselling
of their relatives and valuable in monitoring
patterns of diseases in the community.
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General discussion

Clinical and cost-effectiveness
review

This HTA report included a systematic review of
the literature and an analysis of the available
economic evidence for neonatal screening of
inborn errors of metabolism using tandem MS.
The results of the clinical effectiveness and cost-
effectiveness analyses support the introduction of
tandem MS into a UK neonatal screening
programme for PKU and MCAD deficiency
combined. However, at present the evidence does
not support the extension of the UK neonatal
screening programme to include all disorders
detectable by tandem MS.

Clinical evidence

The evidence on the clinical effectiveness of
neonatal screening for inborn errors of
metabolism using tandem MS comes primarily
from observational data of large-scale prospective
newborn screening programmes, from several
centres outside the UK, namely, Australia,
Germany and the USA. RCTs of screening for rare
disorders are difficult because of the need for a
prolonged follow-up period'’® and the enormous
numbers that would be needed for adequate
power.!+20

In general, newborn screening of dried blood
spots for the amino acid and acylcarnitine group
of disorders using tandem MS has been shown to
be rapid, highly sensitive (90-100%) and highly
specific (99-100%). However, direct comparison of
the performance of tandem MS between studies is
limited owing to the variation in the age of
sampling between studies and the use of various
thresholds (based on percentiles, concentrations of
compounds and ratios) to identify inborn errors of
metabolism. The diversity in the preference of
metabolite together with the cut-off limits used to
define a positive result also affects the yield of
false-positive and false-negative results. These
major differences between studies make it difficult
to draw firm conclusions from this evidence.

The sensitivity and specificity of neonatal
screening for individual inborn errors of
metabolism using tandem MS are limited, except
for MCAD deficiency. Several large-scale
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prospective newborn screening programmes from
Australia, Germany and the USA and retrospective
data from the UK (because of the moratorium on
extending screening programmes in the UK, only
retrospective studies are available) have, in
general, illustrated high sensitivities (100%) and
high specificities (100%) of neonatal screening for
MCAD using tandem MS. However, direct
comparison of the diagnostic performance and
outcome of tandem MS between studies is limited
by the use of various analytes and thresholds for
detecting disease status and different criteria for
the diagnosis of MCAD deficiency.

The UK newborn screening programme for PKU
is well established and there is universal agreement
that neonatal screening for PKU is justified. The
average UK incidence of PKU (classical and
atypical combined) is 11.0 cases per 100,000 live
births. Early dietary interventions, including
dietary treatment before or during pregnancy, are
effective in reducing the severity of developmental
delay. Severe retardation due to PKU has all but
disappeared in the screened population.’

Of the many other amino acid and acylcarnitine
disorders detectable by tandem MS, the evidence
supports the introduction of MCAD deficiency in a
tandem MS-based neonatal screening programme.

MCAD deficiency, a disorder of fatty acid
metabolism (the expected UK birth
prevalence/incidence ranges from 4.0 to 9.9 cases
per 100,000 live births) is associated with
increased morbidity and mortality. Treatment for
MCAD deficiency is relatively simple with dietary
management, thus preventing possible early death
and neurological disability. After (early) diagnosis,
current management makes death rare and
improves outcome.?**% However, the
presentation of MCAD deficiency varies widely
(the vast majority of patients present with
metabolic crisis during the first years of life when
metabolically challenged by fasting and/or viral
illness.?® Although a few children are clinically
diagnosed with MCAD deficiency in the neonatal
period, episodes usually occur between 3 months
and 3 years of age, with an average age of 12
months),"!% with some individuals not presenting
until they are adults and an unknown number
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remaining undiagnosed or asymptomatic.'?”

Potential consequences of diagnosis for this
asymptomatic group include anxiety about the risk
of hypoglycaemia during early childhood and
adverse effects of clinically unwarranted
treatment.'% Pollitt and Colleagues1 reported that
all infants with MCAD deficiency detected by
newborn screening must be treated as being at risk
and treatment is warranted in all. The need to
monitor carefully intercurrent illnesses for the first
few years of life will cause parental anxiety;
however, there is also the possibility that “a good
counselling and support service with experienced
clinicians can reduce this” (Leonard J: personal
communication; 2002). Sensitivity and specificity
of neonatal screening for MCAD deficiency using
tandem MS have been shown to be high for babies
less than 72 hours of age,”?*?%% but Clayton and
co-workers?® conclude that if screening is
undertaken at 7-10 days of age the number of
false-positive and false-negative results should be
negligible. For other inborn errors of metabolism
that can be detected by tandem MS, robust clinical
evidence is limited.

In most of the large-scale prospective newborn
screening programmes using tandem MS,
internationally, sampling for selected amino acids
and acylcarnitines was usually performed within
72 hours after birth, whereas in the UK, collection
of blood samples is usually done at about 6-14
days of age. The age at which screening is
undertaken will affect the sensitivity and specificity
of the screening process as concentrations of
metabolites change over time and this time-lapse
may be detrimental for disorders that present
acutely in infancy. The evidence obtained in this
review suggests that the collection of newborn
blood spots in the UK at slightly earlier times than
the current 6-14 days might facilitate earlier and
clinically more effective therapy. However, the
earlier collection and reporting of results may
influence test performance for other conditions
and would underline the need for a better
infrastructure for clinical follow-up, management
and high-quality clinical services for identified
individuals and their families.>!'” More research
would be needed in this area if tandem MS-based
neonatal screening were introduced for the
identification of further disorders.

The clinical evidence found that there have been
no controlled trials of treatment for the vast
majority of inherited metabolic diseases, but some
type III studies demonstrated efficacy of
treatment. The general standard of reporting in
these studies was poor, with inadequate details

about research methods and relevant clinical
details. This makes it difficult to assess the validity
and relevance of findings. In addition, it must be
recognised that the some of the information in
this report, even for the more common conditions,
may not reflect current practice in the UK, and
there is a paucity of robust data on long-term
outcomes. The clinical evidence for many of the
inherited metabolic disorders suggests that there
are uncertainties regarding the effectiveness of
treatments, the symptom-free interval for some of
these disorders is very short, the disorders are
more heterogeneous than MCAD deficiency and
the natural history is less well established. For
many of the individual inborn errors of
metabolism, although these are relatively rare,
there is a lack of data regarding the underlying
incidence in the UK and more work is needed on
the sensitivity and specificity of detection using
tandem MS.

Although newborn screening has the potential to
save lives or improve quality of life through early
diagnosis, it cannot guarantee to detect all cases of
a screened condition. The delay in reporting a
correct diagnosis, either positive or negative,
should be kept to a minimum and the provision of
good, clear information about the processes
involved in neonatal screening, explanation of
results (including information about false-positive
and false-negative test results), genetic counselling,
recessive diseases and Consanguinity,?’0 is vital and
may ease the unnecessary fear and anxiety that
some parents feel.!

Any expansion of newborn screening programmes
in the UK would depend on a better infrastructure
(clinical consultants, scientists in paediatric
metabolism, metabolic investigation laboratories,
paediatric dieticians and clinical genetic services)
for the confirmation of abnormal results, other
specific diagnostic tests, notification and continued
care (including parental counselling) and
management of patients with inborn errors of
metabolism identified through newborn screening.?

Economic analysis

The results of the economic modelling presented
in this report provide evidence that the use of
tandem MS for the combined screening of PKU
and MCAD deficiency would be cost-effective. This
conclusion is based on probabilistic modelling of
data derived from a number of sources. It is
acknowledged that there remains uncertainty
around some of the parameter values used in the
model. However, one of the major advantages of
the current approach is that the impact of this
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uncertainty on the results can be included and
quantified.

One important consideration for any new screening
programme is the extent to which the screening
technology generates false-positive results. Such
false positives incur additional resource costs and
may impose significant psychological disbenefits
on those affected (especially families). In relation
to the use of tandem MS screening of PKU and
MCAD deficiency, the overall evidence suggests
that the technology is highly sensitive and specific.
Nevertheless, there is still some uncertainty
around this parameter and so the economic model
incorporated estimates based on including a range
of values of the number of false positives generated
within any cohort of 100,000 neonates screened.
The additional resource consequences of these
false-positive results are included in the model. In
terms of resource costs, the VOI analysis indicates
that the potential number of false positives
generated by tandem MS in a combined PKU and
MCAD screening programme does not have a
significant impact on overall cost-effectiveness.

No evidence (i.e. data) was included to measure
the potential psychological disbenefits associated
with false-positive results. However, any negative
quality of life effects due to false positives must be
set against the significant (long-term) quality of
life effects of adverse outcomes preventable
through presymptomatic detection provided by
screening. Given the conclusions of the review of
psychological evidence in the Pollit report!, the
balance of quality of life effects would favour
screening for PKU and MCAD deficiency.

It is recognised that specific aspects of a number
of the treatment strategies used within the
economic model may not reflect current practice
in some respects. For example, there may be some
differences in current practice regarding the
number of years for which treatment may be given
and over the use of L-carnitine supplementation
for MCAD deficiency. Once again, however, these
uncertainties were characterised in the model
using range estimates of treatment costs. For
MCAD deficiency, the range was based on an
update of the base-case cost used by Pollit and
Colleaguesl and four times this figure. The VOI
analysis suggests that this wide variation in the
potential costs incurred for treatment does not
have a major impact on the overall results
obtained.

The most important model parameter to affect the
results is the magnitude of future healthcosts and
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social care costs that arise from disabilities and
complications, even though these may only affect
a small number of individuals.

Most of this uncertainty reflects assumptions about
the volume and valuation of the future costs
incurred, and some of this is due to the
underlying variation in severity of disabilities that
may arise from symptomatic presentation. The
degree of uncertainty around these variables is
reflected in the wide variation in future costs
potentially avoided through screening (for each
cohort of 100,000 neonates). The VOI analysis
clearly indicates that this has the largest single
impact on the economic case for using tandem MS
in a combined PKU and MCAD deficiency
screening programme. Despite this uncertainty,
the model produces a high probability of cost-
effectiveness for PKU and MCAD deficiency
screening combined at relatively low threshold
values.

It is important to reiterate that this result is based
on an assumed utilisation rate of between 50,000
and 60,000 samples per tandem MS system. At
volumes of 20,000 samples per system the
probability that using tandem MS would be cost
saving is zero. However, it would be inefficient to
use such capital-intensive methods at volumes
significantly below capacity. At operating volumes
of between 50,000 and 60,000 samples per year
the model suggests a modest incremental cost
saving from the use of tandem MS for both PKU
and MCAD deficiency. This represents a realistic
operating range for a single tandem MS system.
Adoption of tandem MS technology for the UK
screening programme, therefore, would have
significant implications for the future
configuration of neonatal screening laboratories.

Need for further research

e The economic evidence concerning the use of
tandem MS for PKU and MCAD deficiency
combined is very favourable. The key
assumptions underlying this analysis that may
constitute areas for further research are the
future disability costs associated with symptomatic
cases, and the underlying population incidence
of the condition in England and Wales.
However, the VOI analysis undertaken as part of
the economic modelling of cost-effectiveness
suggests that the overall value of obtaining
these additional data is not high.

e Tandem MS has the potential for simultaneous
multidisease screening using a single analytical



112

General discussion

technique. However, it is difficult to draw firm
conclusions on extending the UK neonatal
screening programme to all disorders detectable
by tandem MS. More research is needed to
establish the sensitivity and specificity of
neonatal screening using tandem MS for other
individual inborn errors of metabolism in the
UK.

Although the economic modelling of GAI and
homocystinuria (CBS) indicates a high
probability of cost-effectiveness, some
significant uncertainties remain. For both
conditions, additional economic modelling work
should be undertaken, potentially drawing on
the clinical knowledge and expertise of those
currently working in the field in the UK, to
resolve these uncertainties.

Long-term studies are needed to evaluate
whether outcomes are improved as a result of
tandem MS screening and early diagnosis. To
conduct adequate long-term follow-up,
programmes need to be established or patient
tracking systems improved. Ideally, data
management for such a system would include
registries to which treatment centres continually
provide updated information, treatment

compliance and outcomes.® An extension of
the existing register for PKU should be
established, to gather further data about the
underlying incidence and natural history of
other inborn errors of metabolism, which may
in the future be the subject of a screening
programme.

Further research is needed to ascertain the
natural history of the conditions, and the
economic impact, for the other metabolic
disorders. The primary focus of this research
should be on the long-term eftectiveness of
treatment strategies on adverse outcomes
(disabilities and impairments) under
conventional management and the potential
impact of early diagnosis using tandem MS.
Research into the measurement of a range of
intangible (psychological) benefits and
disbenefits associated with screening, using
either a health utilities or a willingness to pay
framework, should be considered. This would
provide a more appropriate basis on which to
compare and quantify the net impact of the
non-resource consequences of neonatal
screening for other inherited metabolic
disorders.



Health Technology Assessment 2004; Vol. 8: No. 12

Chapter 11

Conclusion

his systematic review evaluated the clinical

effectiveness and cost-effectiveness of
neonatal screening for inborn errors of
metabolism using tandem MS. The evidence
supports the introduction of tandem MS into a
UK neonatal screening programme for PKU and
MCAD deficiency combined.

New technological approaches for automated
processing, coupled with computer-assisted
software, would allow the analysis of hundreds of
samples on a daily basis and minimise labour
costs. Tandem MS has the potential for
simultaneous multidisease screening using a
single analytical technique. However, it is
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difficult to draw firm conclusions on extending
the UK neonatal screening programme to all
disorders detectable by tandem MS. Although
the marginal cost of extending the programme
to include other conditions may be relatively
small, the application of this new technology to
PKU and MCAD deficiency screening does not
imply the wholesale inclusion of all disorders
detectable by tandem MS. Robust evidence on
the underlying incidence and outcomes for
many of the disorders was lacking, particularly
differences in long-term outcomes that could
be attributed to therapies initiated as a
consequence of presymptomatic detection using
tandem MS.
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