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Abstract: Glutaric aciduria type 1, homocystinuria, isovaleric acidaemia, long-chain hydroxyacyl

CoA dehydrogenase deficiency and maple syrup urine disease are all inborn errors of metabolism that

can be detected through newborn bloodspot screening. This evaluation was undertaken in 2013 to

provide evidence to the UK National Screening Committee for the cost-effectiveness of including these

five conditions in the UK Newborn Bloodspot Screening Programme. A decision-tree model with

lifetable estimates of outcomes was built with the model structure and parameterisation informed by

a systematic review and expert clinical judgment. A National Health Service/Personal Social Services

perspective was used, and lifetime costs and quality-adjusted life years (QALYs) were discounted at

1.5%. Uncertainty in the results was explored using expected value of perfect information analysis

methods together with a sensitivity analysis using the screened incidence rate in the UK from 2014 to

2018. The model estimates that screening for all the conditions is more effective and cost saving when

compared to not screening for each of the conditions, and the results were robust to the updated

incidence rates. The key uncertainties included the sensitivity and specificity of the screening test

and the estimated costs and QALYs.

Keywords: glutaric aciduria type 1; homocystinuria; isovaleric acidaemia; long-chain hydroxyacyl

CoA dehydrogenase deficiency; maple syrup urine disease; inborn errors of metabolism;

cost-effectiveness; economic; newborn screening; neonatal screening

1. Introduction

Maple syrup urine disease (MSUD), homocystinuria (HCU), isovaleric acidaemia (IVA), glutaric

aciduria type 1 (GA1) and long-chain hydroxyacyl CoA dehydrogenase deficiency (LCHADD) are

all rare inborn errors of metabolism (IEMs). If undiagnosed and untreated, these disorders can cause

irreversible developmental delay, physical disability, neurological damage and death. Treatment

consists of restricted diets and emergency regimens to prevent crises that lead to long-term harmful

effects [1–6]. Screening for these conditions using tandem mass spectroscopy (TMS) to analyse heel

prick bloodspots collected from newborns provides the possibility of early diagnosis and the initiation

of preventive management with the potential to avoid or alleviate the associated adverse morbidity

and mortality [7,8].

Within the United Kingdom (UK), the National Screening Committee (NSC) advises the

government and the National Health Service (NHS) on which newborn screening tests should

be offered. This advice is based on independent assessments of the evidence of the potential benefits,

harms and cost-effectiveness of each screening test. From July 2012 to July 2013, the NHS National

Institute for Health Research (NIHR) programme funded a pilot to evaluate the inclusion of the
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five conditions. The conditions were added to the then-current TMS panel of five conditions that

were already screened for. This expanded newborn screening pilot involved six screening centres in

England and screened around 440,000 babies, with 12 confirmed cases, during the 12-month pilot [9].

The NHS Research Ethics Service designated the Expanded Newborn Bloodspot Screening pilot and

its evaluation as a Service Evaluation.

The economic analysis presented here was conducted in parallel with the pilot study and evaluated

the potential economic impact of adding each of the five conditions to the existing TMS newborn

screening programme compared to not including them. Jansen’s 2017 review [10] highlighted the

importance of ensuring that the evidence used in newborn screening policy making is in the public

domain. This economic evaluation was included as part of the evidence considered by the NSC and

informed their recommendation to include four (GA1, HCU, IVA and MSUD) of the five conditions in

routine screening. Since the recommendation by the NSC in 2014, over 2.5 million babies have now

been screened for the four conditions, which provides additional evidence for the specificity of the

screening test and the screened incidence of the four conditions [11,12]. This allows the robustness

of the original results to be evaluated against the new evidence and highlights some of the issues in

predicting the cost-effectiveness of screening for rare conditions given a limited evidence base and

weak country-specific data [11,12].

2. Materials and Methods

A cost-effectiveness decision tree model, shown in Figure 1, was built to estimate the impact

of including each of the five conditions in the existing TMS NHS Newborn Bloodspot Screening

Programme. The cost-effectiveness model provides the framework that enables evidence from a

number of sources to be used together to estimate the costs and benefits of the novel intervention,

in this case, over a lifetime horizon. Lifetables were used to estimate the lifetime cost and health

outcomes for patients for each end node of the decision tree. A decision tree structure with lifetables

captures the relevant outcomes without the complexity of a Markov Model. The lifetable approach is

equivalent to a partitioned survival model in that it differentiates between the different disability levels.

The outputs of the model include the expected incremental costs and health benefits of screening

versus not screening, where the health benefits are expressed as quality-adjusted life years (QALYs)

gained. The model takes an NHS/PSS (personal social services) perspective, whereby only costs that

accrue to the NHS or PSS are included. Costs and benefits were discounted at the public health rate of

1.5% [13], and the costs were estimated at 2012 rates.

Figure 1. Model diagram. The figure represents the model structure.
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Systematic searches were undertaken for health-related quality of life, cost or economic evaluations,

and disease natural history studies for each of the five conditions. Evidence from the systematic

searches together with expert clinical opinion was used to estimate the parameters of the decision

tree and the subsequent lifetables. The lifetables used to estimate the outcomes for each decision tree

end node combined survival estimates with morbidity outcomes to estimate the associated QALYs,

and the costs of managing both the conditions and the long-term complications arising from them.

The overall cost and QALY parameters, as well as the other parameters used in the model, are shown

in Table 1. More detail on the calculation of each parameter is given below. The description of the

patient pathways and experience during the pilot was used to define the treatment pathways within

the model.

The incidence for each of the five conditions was estimated based upon a systematic review of

international studies in populations with and without screening [8,14]. The incidence data from the

pilot were not directly included in the model due to the short duration of the pilot and the small

numbers of detected cases expected; in total, the pilot identified 12 patients across the five conditions.

Two potential biases are present within the published evidence on incidence. Firstly, the high rates of

early mortality combined with the non-specific symptoms and lack of awareness of the conditions

means that the pre-screening evidence may underestimate the true prevalence. Secondly, some of the

conditions have a spectrum of severity, which means that screening may have the potential to identify

individuals that may otherwise have remained asymptomatic. Studies were meta-analysed using a

fixed-effect logit model within a Bayesian meta-analysis. For conditions where there was a marked

difference in incidence between the screened and clinically detected populations, a lognormal bias

adjustment was included within the model. For MSUD, HCU and LCHADD, the model estimates the

birth incidence to be virtually equivalent in the screened and unscreened populations. For IVA and

GA1, the data synthesis suggests that the screened incidence is much higher than the clinical incidence,

which is in line with clinical expectations [15,16]. In the case of IVA, this is hypothesised to be due to

the existence of a common, low-risk, potentially asymptomatic-phenotype mutation, c.932C>T. The

sensitivity and specificity of the TMS device for each condition was estimated using a logit model

within a Bayesian synthesis using data extracted from a systematic review using WinBUGS1.4 [8,17].

The incidence and the sensitivity and specificity estimates for each condition are shown in Table 1 [8,14].
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Table 1. Model Parameters.

Parameter
MSUD Mean

(95% CI)
HCU Mean

(95% CI)
IVA Mean (95%

CI)
GA1 Mean

(95% CI)
LCHADD

Mean (95% CI)
Distribution References

Cost of long-term
health and social care

impact of inborn
errors

No Screening
£585,845 (£431k,

£778k)
£704,459 (£519k,

£936k)
£262,377 (£193k,

£349k)
£549,529 (£405k,

£730k)
£636,641

(£469k, £846k)
Lognormal

[2] (IVA) [3,18,19] (HCU)
[5] (MSUD) [15] (GA1)
[20,21] (All Conditions)Screening

£432,070 (£319k,
£576k)

£82,193 (£61k,
£109k)

£48,313
(£36k, £64k)

£170,644 (£126k,
£227k)

£113,268
(£84k, £151k)

Incremental −£153,775 −£622,267 −£214,064 −£378,885 −£523,373

Cost of managing the
IEM

No Screening
£445,933 (£327k,

£589k)
£172,197 (£127k,

£229k)
£171,859 (£127k,

£229k)
£65,383

(£48k, £87k)
£81,900

(£60k, £109k)
Lognormal

[20,22,23]
Screening

£531,328 (£393k,
£707k)

£235,730 (£174k,
£312k)

£69,704
(£52k, £92k)

£70,793
(£52k, £94k)

£56,578
(£42k, £75k)

Incremental £85,394 £63,533 −£102,155 £5410 −£25,322

Life-time QALYs

No Screening
14.17

(12.8, 15.6)
22.74

(20.6, 25.0)
29.90

(27.1, 32.9)
8.40

(7.6, 9.2)
17.80

(16.1, 19.6)
Lognormal

[2] (IVA) [3] (HCU), 5
(MSUD) [15] (GA1) [24]

(HCU/IVA) [25]
(GA1/LCHADD/MSUD)

Screening
24.73

(23.3, 26.2)
38.40

(35.3, 40.9)
39.29

(36.4, 41.6)
39.47

(36.7, 41.7)
41.20

(39.2, 43.0)

Incremental 10.56 15.66 9.40 31.07 23.40

Costs of confirmation testing in positive
screening

£582
(£524, £638)

£475
(£428, £521)

£896
(£807, £983)

£1052
(£948, £1154)

£555
(£500, £609)

Normal [21]

Screening test
characteristics

Sensitivity
88.47%

(16.6%, 100%)
93.26% (48.9%,

100%)
93.80%

(56.5%, 100%)
90.72% (35.5%,

100%)
89.35%

(38.3%, 100%)
Normal (logit) [8]

Specificity
99.99%

(100.0%, 100%)
99.95% (99.7%,

100%)
99.99%

(99.9%, 100%)
99.99% (99.9%,

100%)
100%

(100%, 100%)
Normal (logit) [8]

Incidence per
100,000 births

No Screening
0.73

(0.60, 0.87)
0.72

(0.52, 0.94)
0.30

(0.17, 0.47)
0.47

(0.26, 0.75)
0.55

(0.40, 0.68)
Normal (logit)

[8,15] (GA1), [16] (IVA)
[8,14] (All Conditions)

Screening
0.74

(0.60, 0.87)
0.74

(0.53, 0.95)
0.83

(0.69, 0.97)
1.02

(0.87, 1.17)
0.65

(0.52, 0.79)
Normal (logit)

Incremental 0.0003 0.02 0.52 0.56 0.10

Sensitivity analysis:
UK incidence per

100,000 births
(2014–2018)

Screening and
No Screening

0.5 0.347
0.154 (0.386

including mild)
0.309

N/A (not
screened for)

[11,12]

IEM—inborn error of metabolism; QALYs—quality-adjusted life years; GA1—glutaric aciduria type 1; LCHADD—long-chain hydroxyacyl CoA dehydrogenase deficiency; MSUD—maple
syrup urine disease; IVA—isovaleric acidaemia; HCU—homocystinuria; CI—credibility interval; k- thousand; -£ — incremental is below zero.
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Published case series were used to estimate survival with and without screening. Where evidence

on survival following screen detection was not available, survival in asymptomatically diagnosed

individuals, for instance, siblings, was used as a proxy. Expert judgment was used to supplement

published evidence, where a best/worst-case scaling approach was used to elicit values from clinical

experts. The survival rate projections in the screened and unscreened populations for each of the

five conditions are shown in Figure 2, and a description of the data used for each of the conditions

is given below. The marginal effects of treatment were taken directly from published case series or

expert opinion, with normal survival assumed beyond the duration of the studies. In the case of IVA,

LCHADD and MSUD, the survival impacts accrue in the first year of life. The impact on GA1 and

HCU is longer lasting.

Figure 2. Modelled survival estimates in the screened and non-screened cohorts. This figure shows the

modelled survival estimates for symptomatically and screen-detected cases against age for each of the

five conditions.

The mortality associated with symptomatically and screen-detected GA1 up to the age of

200 months was based on a published study [15], which compared outcomes in patients identified by

newborn screening in Germany with a historical symptomatically identified cohort. In line with this

study, the model assumes a normal life expectancy in the screen-detected cohort and for patients in the

symptomatically detected cohort surviving beyond 200 months [15].

The mortality rate for symptomatically detected cases of HCU up to the age of 50 years was

estimated from a published study [3]. While there is evidence that vascular events are reduced through

the early commencement of dietary management [26], no direct evidence concerning the impact on

mortality has been identified. Based on the literature [3,18] and expert judgment, a relative hazard of

0.20 (0.1–0.3) for screen-detected HCU mortality was used up to the age of 50 years. It was assumed that
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both cohorts would have a normal life expectancy after the age of 50 years. Based on these estimates,

screening would increase survival at age 50 from 73% to 91%.

Evidence suggests that the mortality associated with symptomatically detected IVA occurs in the

first two years of life, primarily in the neonatal period, with 25% of deaths occurring within the first

seven days and only in those not carrying the low-risk c.932C>T mutation [2]. The model assumes

that this same mortality rate occurs in the high-risk subgroup of the screen-detected population. It is

also assumed that mortality after the first seven days is avoided in the screen-detected group and

that survival is unaffected in the low-risk subgroup. It was estimated that 32% of patients were

classed in the high-risk subgroup [16]. The model estimated a survival of approximately 95% in the

screen-detected cohort of IVA patients and 80% in the symptomatically detected cohort.

Mortality in the screen- and symptomatically detected LCHADD over the first 8 years of life

was taken from the data on patient outcomes from a published study [4]. The onset of symptoms

associated with LCHADD can be early and sudden; there is, therefore, a continuing risk of mortality in

the period between screening and treatment initiation following screen detection. The model estimates

that survival in LCHADD patients would increase from approximately 60% at 8 years of age to 93%,

with a normal life expectancy thereafter.

There was a lack of relevant data on MSUD survival in the literature, and therefore, expert

judgement was used to estimate the mortality risk for the screen- and symptomatically detected

cohorts. MSUD was split into three different categories: Classical, Intermediate (detectable), and Other.

Expert elicitation was used to estimate the mortality rate in the first month of life for symptomatically

detected and screen-detected cases. For classical MSUD, the mortality rate in the first month of life was

estimated to be 26% (20%, 50% (min, max)) in the symptomatically detected cohort and 8% (5%, 10%

(min, max)) in the screen-detected cohort. Normal survival was assumed in Intermediate and Other

MSUD patients in both the screen- and symptomatically detected cohorts.

No studies directly assessing the quality-of-life impact of screening for any of the five conditions

were identified. In order to estimate QALYs for the five conditions, published evidence and expert

judgement concerning the short- and long-term health impacts and health and social care consequences

of the conditions were used. The outcomes of screen- and symptomatically detected patients were

split into normal, mild, moderate and severe developmental or neurological disability health states.

The proportion of each condition falling into each health state is shown in Table 2. For GA1, LCHADD

and MUSD, the QALY estimates for each of these health states were estimated using a visual analogue

scale valuation of the EQ-5D in adults. For HCU and IVA, the utilities for each of the health states

were estimated using the extended EQ-5D, which includes a cognition dimension (EQ-5D+C) in an

effort to fully capture the impact of the condition [24]. The QALY or QALY decrements associated with

each health state are shown in Table 2. It should be noted that the EQ-5D and also, by association,

the EQ-5D+C are only assessed in the adult population and are known to have difficulties in application

to a paediatric age group. However, whilst there are no value sets for a paediatric population,

especially in the early and infant years [27], excluding the consideration of morbidity impacts would

underestimate the potential impact of screening.

The morbidity in GA1 is caused by an encephalopathy crisis, which is most commonly associated

with severe neurological impairment, including dystonia, speech problems, epilepsy and subdural

bleeding. In a small proportion of cases, neurological disorders can arise without an encephalopathy

crisis; these are characterised as either late or insidious onset cases and tend to be of a less severe

form. The age distribution of the first encephalopathy crisis and the proportion of encephalopathy-free

symptomatic patients who remain asymptomatic were taken from a published study [15], as was the

proportion of screen-detected cases who experienced encephalopathy crises. The costs include the

immediate impact of the encephalopathy crises together with costs for preventive hospitalisations;

the lengths of hospitalisations for such episodes are estimated by clinical experts, with unit costs taken

from routine data details, which are described in Table S3.
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Table 2. Morbidity distribution for each condition and quality-of-life estimates.

Condition
Outcome Normal

Mild
Neurological
or Psychiatric

Disability

Moderate
Neurological or

Psychiatric Disability

Severe Neurological
or Psychiatric

Disability
References

QALY utility 1 0.721 0.503 0.075 [25]

GA1

Symptomatically
detected

10% 0% 20% 70% [15]

Screen-detected 89.5% 0% 0% 10.5% [15]

LCHADD

Symptomatically
detected

12% 50% 30% 8% Expert opinion

Screen-detected 90% 6% 3% 1% Expert opinion

MSUD
Classic

Symptomatically
detected

10% 50% 30% 10%
[5]

Expert opinion

Screen-detected 40% 40% 17.5% 2.5%
[5]

Expert opinion

MSUD
Intermediate

Symptomatic
ally detected

35% 55% 10% 0%
[5]

Expert opinion

Screen-detected 100% 0% 0% 0%
[5]

Expert opinion

Condition

Outcome Normal
Learning
disability

Mild developmental
delay

Severe
Developmental delay

QALY
decrement

0 0.145 0.302 0.712 [24]

IVA

Symptomatic
ally detected

33% 44% 11% 11% [2]

Screen-detected 82% 9% 9% 0% [2]

HCU

Symptomatic
ally detected

25% 0% 25% 50% [3,19]

Screen-detected 85% 0% 15% 0% [3,19]

QALYs—quality-adjusted life years; GA1—glutaric aciduria type 1; LCHADD—long-chain hydroxyacyl CoA
dehydrogenase deficiency; MSUD—maple syrup urine disease; IVA—isovaleric acidaemia; HCU—homocystinuria.

The evidence that was available from the literature on the morbidity associated with LCHADD

was insufficient for directly estimating the quality-of-life and cost impacts for the model [1]. Expert

elicitation was used to estimate the proportion of patients in each category of developmental delay for

the purposes of estimating the utility values and the costs associated with the morbidity of the disorder.

Based on the literature, it was assumed that screen-detected cases of MSUD would have

substantially fewer encephalopathy crises than those symptomatically detected. The decrease in

encephalopathy crises would improve not only the mortality but also the morbidity associated with

MSUD. There was a lack of data in the published studies on the impact on morbidity, and therefore,

expert judgement was used to estimate the proportion of patients in each of the classic and intermediate

categories of MSUD, together with the consequent impact on mild, moderate or severe disability due

to developmental delay. The model assumes that all MSUD classic symptomatic cases and 10% of

screen-detected cases involve an encephalopathy crisis [5].

The neurocognitive impairments associated with IVA were based on outcomes from a published

study [2], where early diagnosis was defined as being in the first five weeks of life. The quality of life

decrements associated with the differing levels of neurocognitive impairment were estimated from a

methodological study [24] and matched with the levels used in the Grunert et al. study [2]. The learning

disabilities category was assumed to be equivalent to the mid-level decrement (“some problems”) of

the cognition attribute in the expanded EQ-5D+C; mild neurocognitive impairments were assumed

to solely impact cognition, whilst severe impairments also impacted self-care and usual activities.

The average quality-of-life decrements associated with the neurocognitive outcomes from early and

late diagnoses were thus estimated as 0.04 and 0.18 QALYs, respectively. The costs associated with

developmental delay in childhood were based on the costs identified for children with autism living

in the family home; the adult costs were derived from a study reporting costs for a range of day
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services including living in the family home, staffed group homes or independent housing [28] and are

described in more detail in Table S3.

The model focuses on the improvements in quality of life through the avoidance of developmental

delay consequent to the improved early management of HCU made possible by screen detection. It is

assumed that the quality-of-life impacts associated with ocular problems [18] and vascular events are

subsumed within the developmental delay decrement. Based on the literature [3,19], the majority of

non-screen-detected cases have at least a mild developmental delay; the outcomes in the screened

cohort are assumed to be the same as those for non-affected sibling controls, with a normal age-specific

QALY for 85% of the cohort, with a decrement applied to 15% of the population due to poor dietary

compliance. The quality-of-life and cost impacts of developmental delay are estimated as for IVA.

The marginal cost and resource estimates for expanding the TMS screening system were taken

from the expanded newborn screening pilot. These included all elements of the process, including

the midwife taking the bloodspot sample and providing information to parents, the identification

of positive screen results and subsequent confirmatory testing and initial consultations, advice and

dietary management for the period of the pilot follow-up. The cost per baby screened was estimated to

be GBP 0.50 for the additional laboratory time, with an additional GBP 0.09 for the additional dietetic

input, giving a total of GBP 413,000 per year of screening 700,000 babies.

The costs of the longer-term management of the conditions including routine appointments, blood

tests and dietary management were estimated from the pilot study protocol, diet management advice

developed for the screening pilot [22] and expert dietician input. The healthcare costs associated

with managing the conditions, such as for appointments, routine tests and dietary supplements,

were estimated using unit costs from a routine data sources [20,21,23] and are described in more detail

in Tables S1 and S2. The health and social care costs arising from the complications of the conditions,

such as encephalopathy crises, preventative admissions and the longer-term outcomes were also

included, are described in more detail in Table S3 and are based on the outcomes described for each

condition above and in Table 2. The discounted lifetime cost parameters associated with the conditions

are shown in Table 1.

The cost and quality-of-life parameters were characterised by parametric distributions, described

in Table 2. The baseline uncertainty analysis assumed a 15% coefficient of variation for all the long-term

cost and quality-of-life estimates and 5% for all the short-term effects. A sensitivity analysis presented

in Table 3 aimed at exploring some of the structural uncertainties in the model included a doubling of

the uncertainty in all the long- and short-term parameters. The decision uncertainty was also examined

with an expected value of perfect information (EVPI) analysis, which calculates the value in eliminating

the uncertainty around the model parameter values and provides an estimate of the value for future

research. The population EVPI was calculated for births over a five-year period.

Since the initial analysis was conducted in 2013, the UK has screened for the four recommended

conditions (GA1, HCU, IVA and MSUD) in over 2.5 million babies. The screened incidence rate in

the UK has proved to be lower for each condition than that predicted in the model based upon prior

international published evidence. A deterministic sensitivity analysis was conducted that used the

screened incidence rate and is shown in Table 1 [11,12]. In all the conditions apart from IVA, it was

assumed that the screen- and symptomatically detected cases were the same. For IVA, it was assumed

that the symptomatically detected incidence was the incidence of high-risk IVA and that screening also

identified the mild cases.

The validation of the model included expert clinical input into the design and building of the

model. In addition, the report to the NSC describing the modelling methods and results was subjected

to a review via a formal stakeholder consultation as part of the NSC process and was reviewed by the

NSC, whose membership includes clinical experts and health economists.
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Table 3. Results per baby screened.

Condition

No Screening Screening Incremental
Cost-Effectiveness

(ICER)

Probability
Cost Saving/
Dominating

Probability Cost-Effective

Cost QALYs Cost QALYs Cost QALYs
£15,000

per QALY
£20,000

per QALY
£25,000

per QALY
£30,000

per QALY

Basecase
analysis

MSUD
£7.58
(£5.65,
£9.96)

41.79340
(40.13948,
43.44516)

£7.30
(£5.50,
£9.44)

41.79347
(40.13953,
43.44524)

−£0.28
(−£2.42,
£1.76)

0.000069
(0.000012,
0.000097)

Dominating 0.564 0.884 0.935 0.957 0.97

HCU
£6.31

(£4.25,
£9.01)

41.79146
(40.14842,
43.43173)

£2.98
(£1.89,
£5.18)

41.79156
(40.14852,
43.43182)

−£3.33
(−£5.76,
−£1.08)

0.000101
(0.000051,
0.000153)

Dominating 0.998 0.999 0.999 0.999 0.999

IVA
£1.31

(£0.69,
£2.12)

41.79356
(40.13962,
43.44532)

£1.20
(£0.90,
£1.69)

41.79358
(40.13964,
43.44534)

−£0.10
(−£0.97,
£0.63)

0.000014
(−0.000011,
0.000041)

Dominating 0.59 0.72 0.75 0.77 0.787

GA1
£2.87

(£1.48,
£4.89)

41.79344
(40.13949,
43.44511)

£2.72
(£2.05,
£3.67)

41.79356
(40.13962,
43.44534)

−£0.15
(−£2.14,
£1.37)

0.000120
(0.000034,
0.000218)

Dominating 0.542 0.933 0.967 0.981 0.99

LCHADD
£3.94
(£2.65,
£5.54)

41.79347
(40.13955,
43.44524)

£1.54
(£1.00,
£3.04)

41.79358
(40.13966,
43.44536)

−£2.40
(−£4.04,
−£0.76)

0.000114
(0.000046,
0.000158)

Dominating 0.997 1 1 1 1

Increased
uncertainty
sensitivity
analysis

MSUD
£7.60
(£4.69,
£11.73)

41.79340
(40.13947,
43.44516)

£7.30
(£4.64,
£10.94)

41.79347
(40.13953,
43.44524)

−£0.30
(−£4.53,
£3.83)

0.000069
(0.000012,
0.000105)

Dominating 0.512 0.726 0.778 0.832 0.87

HCU
£6.31

(£3.51,
£10.62)

41.79146
(40.14843,
43.43173)

£2.99
(£1.65,
£5.38)

41.79156
(40.14852,
43.43181)

−£3.32
(−£7.47,
−£0.44)

0.000101
(0.000031,
0.000164)

Dominating 0.991 0.999 0.999 0.999 0.999

IVA
£1.31

(£0.62,
£2.35)

41.79156
(40.14853,
43.43183)

£1.20
(£0.78,
£1.87)

41.79157
(40.14841,
43.43183)

−£0.11
(−£1.21,
£0.79)

0.000010
(−0.000049,
0.000048)

Dominating 0.568 0.649 0.665 0.676 0.686

GA1
£2.86
(£1.25,
£5.58)

41.79144
(40.14842,
43.43162)

£2.72
(£1.73,
£4.23)

41.79155
(40.14838,
43.43182)

−£0.13
(−£2.81,
£1.92)

0.000114
(0.000018,
0.000218)

Dominating 0.518 0.899 0.932 0.956 0.977

LCHADD
£3.94
(£2.14,
£6.70)

41.79146
(40.14844,
43.43172)

£1.53
(£0.87,
£3.10)

41.79158
(40.14847,
43.43185)

−£2.40
(−£5.13,
−£0.46)

0.000111
(0.000041,
0.000161)

Dominating 0.996 1 1 1 1

UK
incidence

rates:
2014–2018

MSUD £5.18 41.79346 £5.03 41.79351 −£0.15 0.000047 Dominating N/A N/A N/A N/A N/A

HCU £3.05 41.79153 £1.61 41.79158 −£1.44 0.000051 Dominating N/A N/A N/A N/A N/A

IVA £0.67 41.79358 £0.68 41.79359 £0.01 0.000008 £776 N/A N/A N/A N/A N/A

GA1 £1.90 41.79350 £1.07 41.79358 −£0.83 0.000087 Dominating N/A N/A N/A N/A N/A

GA1—glutaric aciduria type 1; LCHADD—long-chain hydroxyacyl CoA dehydrogenase deficiency; MSUD—maple syrup urine disease; IVA—isovaleric acidaemia; HCU—homocystinuria;
ICER—incremental cost-effectiveness ratio; -£ — incremental is below zero; N/A—not applicable, the analysis was run as a deterministic sensitivity analysis, and therefore, the probability
of cost-effectiveness was not calculated.
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3. Results

Table 3 presents the estimated costs and quality-of-life effects of screening for each of the conditions

compared to not screening for these conditions. The model estimates that screening for all the conditions

is more effective and cost saving when compared to not screening for each of the conditions; therefore,

screening is said to dominate not screening. The results also indicate that screening is very likely to be

cost-effective at the commonly used UK thresholds for all the conditions apart from IVA, having a

greater than 90% probability of being cost-effective at GBP 20,000 per QALY, and screening for all the

conditions having a greater than 50% probability of being cost saving (see Figure S1). These economic

results are driven by the projected improvements in survival and quality of life in screened patients,

as shown in Figure 2 (and Figure S2), that also lead to substantial reductions in lifetime health and

social care costs due to the avoidance of developmental problems in the early years of life. The overall

costs, QALYs and life years for a screened and non-screened case for each condition are shown in

Table 1.

Table 4 presents an analysis of the uncertainty by means of an EVPI analysis for the five conditions.

The parameters giving rise to the greatest decision uncertainty are those associated with IVA, including

the quality of life obtained in screen-detected children, the specificity of the test and the incidence

in an unscreened population. The key uncertainties for MSUD are the sensitivity of the test and

the costs of management in the screen-detected children; for HCU, the key uncertainty is the test

specificity, whilst for GA1, the key uncertainties are the test specificity and incidence. For LCHADD,

the uncertainties captured in the model do not impact the decision uncertainty. The value of further

information for the other parameters is GBP 0 or close to GBP 0. As expected, doubling the uncertainty

for each parameter increases the decision uncertainty and the value from collecting additional data.

This is especially the case for IVA and, to a lesser extent, MSUD and GA1. Given the inherent

uncertainty in the analysis, these results may better represent the value of collecting further evidence.

Table 4. Expected value of perfect information results.

Basecase ANALYSIS

Parameter GA1 HCU IVA LCHADD MSUD

Cost IEM No screening £0 £0 £0 £0 £0

Screening £0 £0 £0 £0 £206

Cost Management No screening £0 £0 £0 £0 £0

Screening £0 £0 £13 £0 £1229

QALYs No screening £0 £0 £0 £0 £0

Screening £0 £0 £17,483 £0 £0

Screening Test Sensitivity £202 £336 £1421 £21 £3469

Specificity £77,769 £1753 £48,069 £0 £0

Cost £0 £0 £0 £0 £0

Incidence Screening £0 £0 £0 £0 £0

No screening £3078 £0 £162,786 £0 £0

Increased uncertainty sensitivity analysis

Parameter GA1 HCU IVA LCHADD MSUD

Cost IEM No screening £0 £0 £3218 £0 £5985

Screening £255 £0 £3936 £0 £64,737
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Table 4. Cont.

Basecase ANALYSIS

Parameter GA1 HCU IVA LCHADD MSUD

Cost Management No screening £0 £0 £6 £0 £19

Screening £0 £0 £16,837 £0 £122,995

QALYs No screening £0 £0 £19,594 £0 £0

Screening £5793 £0 £319,310 £0 £0

Screening Test Sensitivity £349 £59 £2756 £54 £6262

Specificity £8628 £1716 £56,129 £0 £0

Cost £0 £0 £0 £0 £0

Incidence Screening £0 £0 £894 £0 £0

No screening £9569 £0 £260,748 £0 £0

GA1—glutaric aciduria type 1; LCHADD—long-chain hydroxyacyl CoA dehydrogenase deficiency; MSUD—maple
syrup urine disease; IVA—isovaleric acidaemia; HCU—homocystinuria; IEM—inborn error of metabolism;
QALYs—quality-adjusted life years.

The use of the screening incidence rates in the UK since 2014 has resulted in lower incremental

QALYs and cost benefits for all the conditions. However, screening is still estimated to be cost

saving for all the conditions apart from IVA. The new incidence rates for IVA result in an incremental

cost-effectiveness ratio (ICER) of GBP 776 per QALY, still well below the thresholds used in the UK.

4. Discussion

Expanding the existing TMS newborn screening programme to including screening for each of the

five conditions considered here is estimated to both increase QALYs and reduce overall costs. The key

economic uncertainties for all five conditions as outlined in the value of information analysis include the

sensitivity and specificity of the screening test, the incidence of GA1 and IVA and the estimated QALYs

for IVA. Based on the evidence regarding screening feasibility from the UK pilot of expanded newborn

screening and the economic evidence provided by this analysis in 2014, the UK NSC recommended the

inclusion of screening for GA1, HCY, IVA and MSUD in the bloodspot screening programme.

For MSUD, HCY and GA1, the economic value of resolving remaining uncertainties was low and,

in most cases, centred on the screening test characteristics. There were much greater uncertainties for

IVA, which revolved around the true clinical birth prevalence of IVA and the specificity of the test.

The high over-detection estimated for IVA is most probably related to the prevalence of the 932C->T

mutation, individuals with which are likely to remain asymptomatic and undetected without screening.

The management costs for this subgroup in the form of regular clinical appointments were included in

this analysis. However, no adverse quality-of-life impact was applied to these individuals to account

for any disbenefits from the marginal impact of diagnosis and management. The pilot detected a

number of low-risk IVA cases, and due to this, the NSC only recommended IVA screening with a lower

test threshold than that initially used in the pilot in order to reduce potential over-detection [9].

Very little decision uncertainty was found in the economic modelling of LCHADD. However,

there was concern that the modelling did not adequately capture the uncertainties surrounding the

definitions, treatments and outcomes between LCHADD and the spectrum of conditions associated

with mitochondrial trifunctional protein disorders. These problems with definitions make the

parameterisation of the economic model difficult and subject to greater epistemic uncertainty than is

captured within the probabilistic analysis. Prior to the pilot, the evidence suggested that very few cases

would present in the neonatal period. However, during the pilot, LCHADD cases presented earlier

than expected (<31 days), with a number presenting prior to the screening results being available.
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This limits the potential benefit from screening for pre-symptomatic diagnosis. Due to this, LCHADD

was not recommended to be included in the expansion of the Newborn Screening Programme [9].

The sensitivity analysis suggests that the incidence rates experienced in the UK since 2014 would

reduce the economic benefits of expanded screening but would not of themselves alter the decision to

recommend screening, as the four conditions were still either cost saving or had ICERs well below

the standard thresholds used in the UK. As with many of the parameters in the model, the original

incidence rates were based on international rather than UK-specific data. International data are

commonly used with rare conditions, given the small number of cases per country, and in cases where

screening has already been implemented in other countries. This analysis demonstrates that incidence

rates can vary markedly between countries, and estimates based upon unscreened and screened

populations are both subject to bias [8,29,30]. This highlights the need for meta-analytical methods

that capture the true uncertainty in predicted incidence rates when trying to generate early economic

estimates of proposed screening interventions for rare conditions.

Furthermore, the screened incidence rates in the UK used here were based only on the number

of screen-confirmed cases, as there was still no readily available evidence on the number of

symptomatically detected cases available for the screening period. This issue highlights the importance

of collecting ongoing evidence on the performance of screening programmes to allow re-evaluation

and support screening system development and improvement.

The results from this study are in line with cost-effectiveness studies from other countries. Some

studies found that screening dominated no screening for GA1 [31], HCU [32] and HCU and MSUD [33],

while others found that screening for all conditions was found to be cost-effective compared to no

screening [32,34–38]. There were key differences between the studies, which account for the differences

in results. A major economic factor is whether the conditions were being added to an existing TMS

screening panel with only the marginal cost of the test included in the analysis, as in this UK study,

or a new TMS screening system was being established. Additionally, the incidence used and whether

special education and social services costs were included impacted whether the programme was found

to be cost saving or cost-effective. It is unsurprising that the cost of the test is a key factor in the

cost-effectiveness of a screening programme, as a high cost per test, for all babies, can easily outweigh

the benefits of reduced treatment costs and improved outcomes for the small number of children

identified through screening.

Another key difference between the cost-effectiveness studies was whether they included QALYs or

used life years as the main measure of effectiveness. Out of the ten studies, six used QALYs and one used

disability-adjusted life years (DALYs), which were based either on expert opinion [34,38,39] or the use

of proxy conditions from the literature [31–33,36]. This highlights the difficulty in identifying suitable

evidence for the potential quality-of-life impact of screening for rare conditions [27]. Methodological

research is therefore urgently required to develop approaches for measuring and valuing health effects

in the paediatric population, especially in the early and infant years. Furthermore, condition-specific

research is required to understand the ability of existing generic quality-of-life instruments to adequately

capture the specific impact of the rare condition.

Estimating long-term outcomes can also be difficult for these rare disorders. Many studies focus on

a single centre or a single country and therefore only contain small numbers of patients. This, combined

with a lack of consistency in how outcomes are often reported, makes synthesis difficult. Larger registry

studies can overcome some of these difficulties by promoting consistent outcome reporting. Further

problems with estimating long-term outcomes arise from the need to rely on data from patients who

have been diagnosed a number of years ago, reflecting historical management and diagnosis patterns.

There is some evidence that relying on such data in models may slightly overestimate the benefit of

screening [40–43]. One approach for addressing some of these uncertainties is the development of

natural history models for conditions that allow for some of these potential biases in the data to be

taken into account.
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The generalisability of this study to other countries is limited by the use of an NHS/PSS perspective,

UK-specific costs, UK pathways and management, and the perspective of an expansion of an existing

TMS screening programme. While the disease incidence, outcomes and test characteristics in the

basecase were derived from the international literature and would therefore be more applicable

to other countries, caution must be shown, as incidence rates and potentially outcomes may vary

between countries.

The issues with estimating the incidence and outcomes together with the case of LCHADD

highlights some of the problems associated with estimating both the effectiveness and cost-effectiveness

of screening programmes for rare disorders. Whilst modelling can assist in bringing evidence from a

number of sources together and allow the examination of uncertainties, it still relies on the quality of

the data and assumptions included within the model. Therefore, it is highly recommended that routine

reporting and data collection infrastructure be put in place to enable ongoing data collection with the

possibility of a further economic evaluation when sufficient data are collected to more accurately assess

the effectiveness and cost-effectiveness of the programme.

Supplementary Materials: The following are available online at http://www.mdpi.com/2409-515X/6/4/93/s1,
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management; Table S3b: Frequency and annual costs of episodes of intercurrent illness requiring preventative
management; Table S3c: Health and social care costs associated with neurological impairment/developmental
delay; Figure S1: Cost-effectiveness planes; Figure S2: QALYs in symptomatically and screen-detected cases.

Author Contributions: Conceptualization, A.B., J.C., A.P. and S.P.; methodology, A.B., J.C., A.P. and S.P.; validation,
A.B. and J.C.; formal analysis, A.B. and J.C.; investigation, A.B., J.C., A.P. and S.P.; data curation, A.B., J.C., A.P. and
S.P.; writing—original draft preparation, A.B.; writing—review and editing, A.B., J.C., A.P. and S.P.; supervision,
J.C.; project administration, J.C.; funding acquisition, J.C., A.P. and S.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Institute for Health Research Collaboration for Leadership in
Applied Health Research and Care for South Yorkshire (NIHR CLAHRC SY), and the APC was funded by the
University of Sheffield.

Acknowledgments: We would like to thank Jim Bonham of the Sheffield Children’s NHS Foundation Trust;
Maureen Cleary, Anupam Chakrapani and Marjorie Dixon (metabolic dietitian) of the Great Ormond Street
Hospital for Children NHS Foundation Trust; Germaine Pierre of the Bristol Royal Hospital for Children;
and James Leonard for their input and expertise.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

Abbreviations

DALYs Disability-adjusted life years
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HCU Homocystinuria

ICER Incremental cost-effectiveness ratio

IEM Inborn error of metabolism

IVA Isovaleric acidaemia

LCHADD Long-chain hydroxyacyl CoA dehydrogenase deficiency
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Lund, A.M.; Merinero, B.; Wajner, M.; et al. Natural History, Outcome, and Treatment Efficacy in Children

and Adults with Glutaryl-CoA Dehydrogenase Deficiency. Pediatr. Res. 2006, 59, 840–847. [CrossRef]

[PubMed]

7. Wilcken, B.; Wiley, V.; Hammond, J.; Carpenter, K. Screening Newborns for Inborn Errors of Metabolism by

Tandem Mass Spectrometry. N. Engl. J. Med. 2003, 348, 2304–2312. [CrossRef] [PubMed]

8. Burton, H.; Moorthie, S. Expanded Newborn Screening: A Review of the Evidence; The PHG Foundation

(Foundation for Genomics and Population Health): Cambridge, UK, 2010.

9. Hawkes, N. Newborn babies will be tested for four more disorders, committee decides. BMJ 2014, 348, g3267.

[CrossRef]

10. Jansen, M.E.; Metternick-Jones, S.C.; Lister, K.J. International differences in the evaluation of conditions for

newborn bloodspot screening: A review of scientific literature and policy documents. Eur. J. Hum. Genet.

2016, 25, 10–16. [CrossRef]

11. Public Health England. Newborn Blood Spot Screening Programme in the UK: Data Collection and

Performance Analysis Report 2016 to 2017. PHE 2018. Available online: https://www.gov.uk/government/

publications/newborn-blood-spot-screening-data-collection-and-performance-analysis-report (accessed on

1 October 2020).

12. Public Health England. Newborn Blood Spot Screening Programme in the UK: Data Collection

and Performance Analysis Report 2017 to 2018. PHE 2020. Available online: https://www.gov.uk/

government/publications/newborn-blood-spot-screening-data-collection-report-2017-to-2018 (accessed on 1

October 2020).

13. National Institute for Health and Care Excellence. Methods for the Development of NICE Public Health Guidance,

3th ed.; National Institute for Health and Care Excellence: London, UK, 2012.

14. Moorthie, S.; Cameron, L.; Sagoo, G.S.; Bonham, J.R.; Burton, H. Systematic review and meta-analysis to

estimate the birth prevalence of five inherited metabolic diseases. J. Inherit. Metab. Dis. 2014, 37, 889–898.

[CrossRef]

15. Kölker, S.; Garbade, S.F.; Boy, N.; Maier, E.M.; Meissner, T.; Mühlhausen, C.; Hennermann, J.B.; Lücke, T.;

Häberle, J.; Baumkötter, J.; et al. Decline of Acute Encephalopathic Crises in Children with Glutaryl-CoA

Dehydrogenase Deficiency Identified by Newborn Screening in Germany. Pediatr. Res. 2007, 62, 357–363.

[CrossRef] [PubMed]

16. Ensenauer, R.; Vockley, J.; Willard, J.-M.; Huey, J.C.; Sass, J.O.; Edland, S.D.; Burton, B.K.; Berry, S.A.; Santer, R.;

Grünert, S.; et al. A Common Mutation Is Associated with a Mild, Potentially Asymptomatic Phenotype in

Patients with Isovaleric Acidemia Diagnosed by Newborn Screening. Am. J. Hum. Genet. 2004, 75, 1136–1142.

[CrossRef] [PubMed]



Int. J. Neonatal Screen. 2020, 6, 93 15 of 16

17. Lunn, D.; Thomas, A.; Best, N.; Spiegelhalter, D. WinBUGS—A Bayesian modelling framework: Concepts,

structure, and extensibility. Stat. Comput. 2000, 10, 325–337. [CrossRef]

18. Taylor, R.H.; Burke, J.; O’Keefe, M.; Beighi, B.; Naughton, E.; Walsh, T.J. Ophthalmic abnormalities in

homocystinuria: The value of screening. Eye 1998, 12, 427–430. [CrossRef]

19. Yap, S.; Rushe, H.; Howard, P.M.; Naughten, E.R. The intellectual abilities of early-treated individuals with

pyridoxine-nonresponsive homocystinuria due to cystathionine β-synthase deficiency. J. Inherit. Metab. Dis.

2001, 24, 437–447. [CrossRef]

20. Curtis, L. Unit Costs of Health and Social Care 2012; University of Kent: Canterbury, UK, 2012.

21. Department of Health. NHS Reference Costs 2011 to 2012. Available online: https://www.gov.uk/government/

publications/nhs-reference-costs-financial-year-2011-to-2012 (accessed on 4 July 2012).

22. Sheffield Children’s Hospitals NHS Foundation Trust. Expanded Newborn Screening. Available online:

http://www.expandedscreening.org/site/home/start.asp (accessed on 13 February 2012).

23. Vetterly, C.G. BNF for Children 2009 by Paediatric Formulary Committee. Pediatr. Crit. Care Med. 2010, 11,

318. [CrossRef]

24. Krabbe, P.F.; Stouthard, M.E.; Essink-Bot, M.-L.; Bonsel, G.J. The Effect of Adding a Cognitive Dimension

to the EuroQol Multiattribute Health-Status Classification System. J. Clin. Epidemiol. 1999, 52, 293–301.

[CrossRef]

25. Kind, P.; Hardman, G.; Macran, S. UK Population Norms for EQ-5D; Centre for Health Economics, University

of York: Heslington, UK, 1999.

26. Yap, S.; Boers, G.H.; Wilcken, B.; Wilcken, D.E.; Brenton, D.P.; Lee, P.; Walter, J.H.; Howard, P.M.; Naughten, E.R.

Vascular Outcome in Patients with Homocystinuria due to Cystathionine β-Synthase Deficiency Treated

Chronically. Arter. Thromb. Vasc. Biol. 2001, 21, 2080–2085. [CrossRef]

27. Kreimeier, S.; Greiner, W. EQ-5D-Y as a Health-Related Quality of Life Instrument for Children and

Adolescents: The Instrument’s Characteristics, Development, Current Use, and Challenges of Developing Its

Value Set. Value Health 2019, 22, 31–37. [CrossRef]

28. Willner, P.; Rose, J.; Jahoda, A.; Kroese, B.S.; Felce, D.; MacMahon, P.; Stimpson, A.; Rose, N.; Gillespie, D.;

Shead, J.; et al. A cluster randomised controlled trial of a manualised cognitive behavioural anger management

intervention delivered by supervised lay therapists to people with intellectual disabilities. Health Technol.

Assess. 2013, 17, 1. [CrossRef]

29. Chapman, K.A.; Gramer, G.; Viall, S.; Summar, M.L. Incidence of maple syrup urine disease, propionic

acidemia, and methylmalonic aciduria from newborn screening data. Mol. Genet. Metab. Rep. 2018, 15,

106–109. [CrossRef] [PubMed]

30. Stroek, K.; Boelen, A.; Bouva, M.J.; Velden, M.D.S.D.; Schielen, P.C.J.I.; Maase, R.; Engel, H.; Jakobs, B.;

Kluijtmans, L.A.J.; Mulder, M.F.; et al. Evaluation of 11 years of newborn screening for maple syrup urine

disease in the Netherlands and a systematic review of the literature: Strategies for optimization. JIMD Rep.

2020, 54, 68–78. [CrossRef] [PubMed]

31. Pfeil, J.; Listl, S.; Hoffmann, G.F.; Kölker, S.; Lindner, M.; Burgard, P. Newborn screening by tandem mass

spectrometry for glutaric aciduria type 1: A cost-effectiveness analysis. Orphanet J. Rare Dis. 2013, 8, 167.

[CrossRef] [PubMed]

32. Tiwana, S.K.; Rascati, K.L.; Park, H. Cost-Effectiveness of Expanded Newborn Screening in Texas. Value Health

2012, 15, 613–621. [CrossRef]

33. Carroll, A.E.; Downs, S.M. Comprehensive Cost-Utility Analysis of Newborn Screening Strategies. Pediatrics

2006, 117, S287–S295. [CrossRef]

34. Autti-Rämö, I.; Måkelå, M.; Sintonen, H.; Koskinen, H.; Laajalahti, L.; Halila, R.; Kååriåinen, H.; Lapatto, R.;

Nåntö-Salonen, K.; Pulkki, K.; et al. Expanding screening for rare metabolic disease in the newborn:

An analysis of costs, effect and ethical consequences for decision-making in Finland. Acta Paediatr. 2005, 94,

1126–1136. [CrossRef]

35. Cipriano, L.E.; Rupar, C.A.; Zaric, G.S. The Cost-Effectiveness of Expanding Newborn Screening for up to 21

Inherited Metabolic Disorders Using Tandem Mass Spectrometry: Results from a Decision-Analytic Model.

Value Health 2007, 10, 83–97. [CrossRef]

36. Insinga, R.P.; Laessig, R.H.; Hoffman, G.L. Newborn screening with tandem mass spectrometry: Examining

its cost-effectiveness in the Wisconsin Newborn Screening Panel. J. Pediatr. 2002, 141, 524–531. [CrossRef]

[PubMed]



Int. J. Neonatal Screen. 2020, 6, 93 16 of 16

37. Norman, R.; Haas, M.; Chaplin, M.; Joy, P.; Wilcken, B. Economic Evaluation of Tandem Mass Spectrometry

Newborn Screening in Australia. Pediatrics 2009, 123, 451–457. [CrossRef]

38. Schoen, E.J.; Baker, J.C.; Colby, C.J.; To, T.T. Cost-Benefit Analysis of Universal Tandem Mass Spectrometry

for Newborn Screening. Pediatrics 2002, 110, 781–786. [CrossRef]

39. Thiboonboon, K.; Leelahavarong, P.; Wattanasirichaigoon, D.; Vatanavicharn, N.; Wasant, P.; Shotelersuk, V.;

Pangkanon, S.; Kuptanon, C.; Chaisomchit, S.; Teerawattananon, Y. An Economic Evaluation of Neonatal

Screening for Inborn Errors of Metabolism Using Tandem Mass Spectrometry in Thailand. PLoS ONE 2015,

10, e0134782. [CrossRef]

40. Heringer, J.; Valayannopoulos, V.; Lund, A.M.; Wijburg, F.A.; Freisinger, P.; Barić, I.; Baumgartner, M.R.;
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