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Congenital heart defects (CHD) are the commonest congenital malformations and remain a major
cause of neonatal mortality and morbidity in the developed world [1,2]. Critical congenital heart
defects (CCHD) are the most serious form of CHD, with an incidence of between two and three per
1000 live births [3]. Babies with CCHD are at risk of cardiovascular collapse, acidosis, and death in
the first few days of life, usually following closure of the ductus arteriosus; therefore, early diagnosis
is essential to reduce the possibility of these complications and also to improve outcomes following
cardiac surgery [1,2].

In high-income countries, most babies are routinely screened for CCHD using antenatal
ultrasound scanning and postnatal physical examination. However, both of these procedures have a
relatively low detection rate, and up to a third of babies with CCHD may be discharged from hospital
before a diagnosis is made [4,5].

Pulse oximetry (PO) measures blood oxygen saturations and is a well-established, accurate,
non-invasive method of detecting low oxygen levels (hypoxaemia) [1,2]. The rationale for using PO
to screen for CCHD is that hypoxaemia is present in the majority of cases of CCHD, but the degree
of desaturation is often comparatively mild and may be clinically undetectable, even by experienced
clinicians [6]. Therefore, the addition of PO screening (POS) following delivery will detect those babies
with hypoxaemia, who can then be assessed and the presence of a CCHD established before the babies
develop acute collapse [1].

Proof of concept and feasibility of POS was first established by a number of small single centre
studies in the early 2000s, but the low prevalence of CCHD in these studies meant that there was
insufficient evidence to precisely define the test accuracy, and firm recommendations for routine
screening could not be made [2,7]. Between 2008 and 2012, several large European studies provided
sufficient, robust evidence of test accuracy which could reliably inform the possible introduction of
routine POS [8-12].

In 2012, a systematic review and meta-analysis of all available evidence (including nearly
230,000 screened babies) concluded that pulse oximetry screening was a moderately sensitive,
highly specific test for detection of CCHD, which met the criteria for universal screening [13]. In 2014,
the world'’s largest POS study involving over 120,000 babies from China [14] demonstrated similar findings
which essentially removed any remaining uncertainties about the performance of PO screening [15].

The addition of POS reduces the ‘diagnostic gap” for CCHD [10] (i.e. those babies who are
not detected by existing screening methods), and when POS is combined with antenatal ultrasound
scanning and the newborn physical examination, between 92% and 96% of babies with CCHD are
identified in a timely manner [16].

Attitudes towards POS are changing, and acceptance of the potential benefits is becoming more
widespread. In 2012, a Lancet editorial commented ‘... surely, the question now is not “why should
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pulse oximetry screening be introduced?” but “why should such screening not be introduced more
widely?”” [17]. The papers within this special edition book for the International Journal of Neonatal
Screening address many of the broader aspects of POS beyond the basic test accuracy; topics include
acceptability, cost-effectiveness, screening in different settings—such as outside the newborn nursery
environment and at altitude—and, importantly, implementation of POS in different countries and
clinical settings and establishing a screening system which suits the local population.

Giving appropriate information and assessing the acceptability of any screening test—both to the
patients involved and to the clinical staff who administer it—is vital if it is to be successful. Previous
studies have shown that POS is acceptable to parents and clinical staff [12,18,19] and also that it does
not appear to create additional anxiety in the mothers (including those who have a false positive
result) [18]. In this special edition, Cloete et al. report feedback from parents on both the information
they received prior to testing and their overall satisfaction of POS during a pilot screening study in New
Zealand [20]. The cultural diversity and the mainly midwifery-led maternity system in this country
make the positive responses received particularly pertinent. As part of their extensive overview of
the implementation process of POS in the USA—the first country to legislate for mandatory POS of
all newborns—Wandler and Martin also report on their systematic and highly effective approach to
addressing the issues raised by such a huge undertaking [21].

As well as being acceptable, a new screening test must also be shown to be cost-effective. A number
of previous studies in different countries have tried to address this issue [9,22-24].

In their review of this work in this special edition, Scott Grosse and colleagues provide a
comprehensive analysis of the available evidence, including a revised estimate of cost (based on
recent improved survival figures from the US following the introduction of POS), estimating that the
cost could be as low as USD 12,000 per life-year gained [25].

Switzerland, Ireland, and Poland were the first countries to recommend routine POS [16,26],
and in 2011, as described above, the USA was the first country to mandate this test [27,28].

Over the past five years, an increasing number of countries, including Canada [29], the Nordic
countries [30], Saudi Arabia, Abu Dhabi, and Sri Lanka [26], have recommended routine screening.
In Europe, significant progress has been made by a multinational group of clinicians working towards
a Europe-wide implementation of PO screening [31] and recently publishing a European consensus
statement, endorsed by leading figures from European Paediatric and Neonatal Societies [32]. In this
special edition, further national recommendations are published from Germany [33] and South and
Central America [34], in addition to a local study from Valencia, Spain [35], which was one of the
precursors to the recent Spanish recommendation [36]. In the UK, almost half of all maternity units are
screening [37] but there is no national recommendation as yet. In Australia, a different approach has
been taken; in this special edition, Martin Kluckow suggests that pulse oximetry should be considered
a ‘routine vital sign” of general neonatal wellbeing rather than a test for a specific target such as
CCHD [38]. This allows individual hospitals to screen in a manner which suits them and might make
the process simpler and potentially more acceptable; this is an approach which seems to have worked
in Australia, but in response, Gentles et al. argue that a structured national recommendation would
ensure a more equitable service to the whole population [39]. Kluckow’s reply highlights the fact that
national recommendations are often rather slow and cumbersome and that babies may miss out on
screening until the recommendation is sanctioned [40].

Screening pathways (or algorithms) for POS within the published studies are variable [7,13,41,42].
The main differences are i) site of saturation measurement (the use of a single [post-ductal] saturation
measurement or measuring both pre- and post-ductal saturations) and ii) the timing of screening
(before or after 24 h of age).

Screening algorithms which use only a single post-ductal measurement are potentially quicker
and easier, but investigation of the data from these studies and those using both pre- and post-ductal
saturations show that a small number of babies with CCHD may be missed by using only a single
post-ductal measurement [16,41,42]. With large populations, this number may become significant,
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and the benefits of using two measurements may outweigh the potential minor disadvantages [16,40,42].
Most of the recent recommendations advocate dual site measurements, but Riede and colleagues
recommend post-ductal saturation measurement only [33]. An interesting alternative strategy is
proposed by Walsh and Ballweg from Tennessee USA, who advocate post-ductal saturations with
a higher threshold (97%) for the initial screen and then pre- and post-ductal saturations for those who
require a repeat [43].

As with any screening test, it is important to consider the number of false positives (those babies
who have a positive test but do not have CCHD), and the timing of the PO screen affects the number of
false positive screens [13,41]. Later screening (>24 hours) has a lower rate of false positive tests [13,41];
however, between 30% and 80% of false positive babies have a significant respiratory or infective
condition or non-critical CHD [16,25,42,44]. Earlier screening is mandatory in countries (such as
the UK where the majority of babies are discharged within 24 h after birth or in the Netherlands
where many babies are born outside of the hospital environment). In addition, screening after 24 h
of age may result in up to half of babies with CCHD presenting before POS occurs, sometimes
with an acute deterioration [16,42]. These factors must be considered carefully; although a lower
number of false positives is advantageous in a screening test, if the majority of false positives have a
serious non-cardiac condition which requires urgent treatment, this is clearly a significant additional
benefit [19]. In addition, later screening—after 24 hours—may lead to more babies with CCHD
becoming seriously unwell before testing takes place, which defeats the purpose of screening [16,42].
As more countries engage with POS and high-quality outcome data are collected, the nuances of
modifying and refining the screening algorithms can be modelled with greater precision [42].

Screening babies born outside of the nursery e.g., at home, in a midwifery-led birthing centre, or
on the neonatal intensive care unit (NICU), present particular challenges; with homebirth midwifery
staff often leave the mother and baby shortly after birth, which means that POS must take place within
a couple of hours. However, screening babies in this situation has been shown to be both feasible and
acceptable in a small UK study [45] and a much larger Dutch study [46,47]. In this special edition,
Narayen and colleagues present their experience screening such babies in the Netherlands [48] and
Kim et al. report their findings of screening newborns on the NICU at moderate altitude (1700m) [49].

In summary, PO screening is feasible, cost-effective, and acceptable, and it also reduces the
diagnostic gap for CCHD. This special edition of the International Journal of Neonatal Screening focuses
on a number of issues which are entirely relevant to those who might be considering introducing
such screening.

A universal programme of PO screening in newborns will increase the detection of CCHD, and
importantly, it has also been shown to be useful in identifying other potentially life-threatening clinical
conditions (such as respiratory problems and sepsis), which is an important additional advantage. In a
very important report from the USA, Abouk et al. report a 33% reduction in mortality from CCHD in
US states that had introduced POS compared with those where introduction had not yet occurred [50].

When defining the most appropriate screening algorithm, a balance must be struck between
detection of a serious illness and limiting false positive results, and local circumstances may play a role
in this respect. More data from larger populations may help to refine further the screening algorithm.
Finally, it is also important to remember that PO screening is not a perfect test, and babies with CCHD
may still be missed [15,16]. Therefore, PO screening should be used as an addition to existing screening
methods, and health care workers and parents need to be aware of the limitations of the test.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Screening newborns for critical congenital heart disease (CCHD) using pulse oximetry is
recommended to allow for the prompt diagnosis and prevention of life-threatening crises. The present
review summarizes and critiques six previously published estimates of the costs or cost-effectiveness
of CCHD screening from the United Kingdom, United States, and China. Several elements that
affect CCHD screening costs were assessed in varying numbers of studies, including screening staff
time, instrumentation, and consumables, as well as costs of diagnosis and treatment. A previous US
study that used conservative assumptions suggested that CCHD screening is likely to be considered
cost-effective from the healthcare sector perspective. Newly available estimates of avoided infant
CCHD deaths in several US states that implemented mandatory CCHD screening policies during
2011-2013 suggest a substantially larger reduction in deaths than was projected in the previous
US cost-effectiveness analysis. Taking into account these new estimates, we estimate that cost per
life-year gained could be as low as USD 12,000. However, that estimate does not take into account
future costs of health care and education for surviving children with CCHD nor the costs incurred by
health departments to support and monitor CCHD screening policies and programs.

Keywords: neonatal screening; critical congenital heart disease; economic evaluation; cost-effectiveness;
health policy

1. Introduction

Newborn screening (NBS) can save both lives and healthcare costs, although testing for any
given condition may accomplish only one or the other [1]. However, the up-front costs and logistical
challenges of instituting screening of all or almost all newborn infants, few of whom will be found to
be affected, can deter policy makers from instituting new screening programs or adding conditions to
an existing program. The economic balance between the costs and benefits of screening has long been
recognized as a desirable attribute of population screening programs [2]. Although some jurisdictions
require a prospective economic assessment to inform decisions on the expansion of NBS [3], screening
policy decisions have often not required a demonstration of cost-effectiveness in practice [4,5].

Although most NBS is done through centralized laboratory analyses of dried bloodspot specimens
collected from newborns, point-of-care NBS for certain conditions is typically performed before
discharge from the birthing facility [6]. In particular, screening for various types of critical congenital
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heart disease (CCHD) (Table 1) can be done using pulse oximetry, a simple, non-invasive test for
hypoxemia in which sensors measure blood oxygen saturation through light passing through the
skin [7]. Neonatal hypoxemia can have either cardiac or non-cardiac causes. When the US Department
of Health and Human Services added CCHD to its Recommended Uniform Screening Panel in 2011,
it requested the Centers for Disease Control and Prevention (CDC) to conduct a cost-effectiveness
analysis (CEA) of newborn screening for CCHD [8,9]. That information was intended to inform policy
decisions by state governments. In 2013, CDC researchers (Peterson et al.) published the first full
CEA of CCHD screening in the US setting [10]. Although previous studies had estimated the cost
of screening and the cost per case of CCHD detected [11-17], “Calculating the cost to detect a case
tells one nothing about the value of detecting and treating the disease in question and, hence, is not
informative of the balance of costs and outcomes” [18]. A full CEA includes estimates of the numbers
of deaths averted and avoided healthcare costs associated with prompt diagnosis. Peterson et al.
reported a point estimate of roughly USD 40,000 in net cost per life-year saved, a figure consistent
with commonly used cost-effectiveness thresholds [19]. More recently, a CEA assessed the potential
cost-effectiveness of CCHD screening in different localities in China, reporting that screening could be
cost-effective in some settings [20].

Table 1. Types of Critical Congenital Heart Disease and Associated International Classification of
Disease, 10th Version (ICD-10) Diagnosis Codes.

CCHD Types ICD-10 Codes

Aortic interruption or atresia or hypoplasia Q25.4,Q25.2
Coarctation or hypoplasia of the aortic arch Q25.1
D-transposition of the great arteries Q20.3
Double-outlet right ventricle Q20.1
Ebstein anomaly Q225
Hypoplastic left heart syndrome Q23.4
Pulmonary atresia Q22.0
Single ventricle Q20.4
Teratology of Fallot Q21.3
Total anomalous pulmonary venous connection Q26.2
Tricuspid stenosis and atresia Q22.4
Truncus arteriosus Q20.0

The present review summarizes and critiques previously published estimates of the costs or
cost-effectiveness of CCHD screening—two UK studies in four publications [12-14,17], three US
studies in four publications [10,21-23], and one study from China [20]. Updated estimates of costs,
outcomes, and summary measures of the economic value of CCHD screening in the United States
are also presented. The new estimates address future disease-related treatment costs, shortened life
expectancy among CCHD survivors, and a higher estimated number of avoided infant deaths due
to screening.

2. Review of Previous Estimates

CEA studies of screening programs or policies require as inputs, estimates of the costs of
screening, diagnosis, and intervention, numbers of cases detected in a timely manner as a result
of screening, differences in health outcomes with and without screening (i.e., effectiveness),
and differences in healthcare and other costs for affected individuals between scenarios with and
without screening [18,24]. Each of those parameters is context-specific; therefore, it is difficult to
use a given study to generalize as to whether screening may be cost-effective in different contexts.
For example, a given screening test may have very different costs and outcomes in different settings
depending on the characteristics of the population and how screening is implemented in that setting.
In addition, the assessment of cost-effectiveness depends on how much decision makers are willing
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to pay for an intervention or program in relation to the expected health gains. This means that
different stakeholders and jurisdictions that consider the same evidence on costs and outcomes may
reach different conclusions about economic value. Therefore, instead of asking whether screening is
cost-effective, it may be more constructive to ask when and by whom screening might be considered
cost-effective [24,25].

The analytic perspective of an economic evaluation must be specified. From the societal or
healthcare sector perspectives, cost refers to the opportunity cost of resources used up in providing
a service rather than the direct financial outlay or expenditure of money. Many CEAs of clinical
interventions take the healthcare sector (or system) perspective, in which only formal healthcare sector
costs are considered [26,27]. A societal perspective analysis should also include informal healthcare
costs, such as the time and expenses incurred by patients and families, non-health sector costs such as
educational expenditures, and productivity losses resulting from death or premature mortality [28].
Spillover effects of illness or disability on the health of family members and on the time use and
economic productivity of family caregivers are also germane for societal-perspective cost-effectiveness
analyses [29]. The societal perspective is particularly appropriate for the analysis of public health
policies and programs, and such analyses should include the costs of public health activities in support
of clinical interventions.

2.1. Cost of Critical Congenital Heart Disease (CCHD) Screening and Follow-Up

The one element common to all previous economic evaluations of CCHD screening is
inclusion of the directly estimated cost of screening, which is readily measurable for CCHD
screening. Most studies employed a micro-costing approach with separate estimates for staff time,
instrumentation, and consumables (Table 2). An exception is a cost-effectiveness study from China
that did not report detailed screening costs [20]. The micro-costing estimates from other studies are
summarized below separately for labor (Section 2.1.1) and instruments and consumables (Section 2.1.2).
In addition to the direct costs of pulse oximetry screening, the incremental cost of CCHD screening
includes the costs incurred by the healthcare system for the follow-up and management of patients
who screen positive. That includes clinical examinations and diagnostic tests attributable to screening.
It also includes the differences in treatment costs that result from early diagnosis. Estimates for those
cost components are summarized in Sections 2.1.3 and 2.1.4.

Table 2. Summary of data assumptions of micro-costing studies of critical congenital heart
disease screening.

Type of Probes, and

Country and Screening Time  Screening Staff Type and Total Screening Cost

Study Jurisdiction (Minutes) Labor Cost per Infant Equipment/Supply per Infant
Cost per Infant
Knowles et al. [13,14] KI_Jmtcd 20 Senior h'ouse officer Reusable £2.82 (2000-2001 prices)
ingdom £1.54 £1.28 $4.03 (USD)
$2.20 (USD) $1.83 (USD) :
United Midwives Reusable £6.24 (2009 prices)
Roberts etal. [12] Kingdom 69 Not reported Not reported $8.80 (USD)
United States Registered nurses Mixed types .
Peterson et al. [21] New Jersey 9.1 5736 $6.83 $14.19 (2011 prices)
. United States Nursing staff Reusable .
A 1
Kochilas et al. [22] Minnesota 55 53.32 $1.82 $5.10 (2012 prices)
Medical assistants and Disposable
United States 8.4 nurses P $24.52 (2014 prices)
Reeder er al. [23] Utah (two $2.60 $21.92
hospitals) : N
Nursing assistants Reusable .
9.8 5235 $0.25 $2.60 (2014 prices)

Note: all currency conversions were calculated using the purchasing power parity exchange rate for the year of the
original cost estimate. Source: https://data.oecd.org/conversion/purchasing-power-parities-ppp.htm.

In principle, the full spectrum of a screening program or policy also includes the costs of a public
health program in coordinating the implementation of screening, reporting of screening results, short
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and long-term follow-up of screen-positive patients, and the surveillance or tracking of short and
long-term outcomes. However, no estimates of public health costs associated with CCHD screening
have been published to date.

2.1.1. Labor Cost

The cost of staff time per screen is the product of the average number of minutes per screen and
the average wage or labor cost per minute (see Table 2). Empirical screening time estimates can be
obtained by either asking nursing staff to estimate their own time or by conducting direct observation,
i.e., time-and-motion studies. Three time-and-motion studies conducted in birthing hospitals in three
US states using the same data collection methods all calculated that nursing staff took on average
9-10 min per newborn to complete a CCHD screen, including preparation and paperwork [21,23,30].
A similar UK study estimated an average time of 7 min per newborn, but preparation time was
minimized because parental consent had been obtained before birth [12]. In contrast, studies based on
clinical opinion have assumed that screening takes 2-5 min per newborn [11,13,14,31]. Self-reports
by nursing staff in two US hospital-based studies reported average screening times of 3.5-5.5 min
per newborn [22,32], although that does not include time spent explaining results to families or
documenting screening results [22].

The per-minute cost of staff time for CCHD screening is a function of both the pay scale in a given
population and the pay grade of the staff who perform the screening, which can vary by clinical
setting and time period. Most programs use registered nurses or midwife staff in a newborn unit.
Cost estimates from older studies that used research assistants or physicians to conduct screening
do not reflect current hospital procedures. Another source of variability in estimates, at least in US
studies, is differences in how labor costs were calculated. Some US studies have considered only
hourly wages [22], whereas others included total hourly compensation, including taxes and fringe
benefits [21,23]. The most recent UK study cited an official database for unit staff costs [12]. An earlier
UK study included an adjustment for administrative overhead as well as benefits [14]. Hourly labor
costs differ by occupation and geographic labor market; labor cost per minute was roughly three times
higher in a US study conducted in New Jersey [21] than in one conducted in Utah [23] using similar
methods (Table 2).

2.1.2. Instruments and Consumables

The equipment cost of CCHD screening consists of the amortized costs of the pulse oximeter
machine and reusable probes or sensors and the consumable cost of disposable probes or probe tips
and straps. The variety of probe types used for screening creates great heterogeneity in cost estimates.
Variable cost per newborn is very low when a reusable probe is used for screening compared to the
use of a disposable probe, although there are maintenance costs with reusable probes. A US study
conducted by Peterson et al. in a statewide sample of hospitals in New Jersey estimated that the
equipment cost per infant screened was $0.49 using fully disposable probes, $1.74 using reusable
probes with disposable tips, and $13.62 using disposable probes (2014 USD) [21]. A subsequent US
study conducted in two facilities in Utah suggested that the total equipment cost per newborn was
$21.92 using disposable probes and $0.25 using reusable probes (2014 USD) [23] (Table 2). British
economic evaluations have assumed the use of the less expensive reusable probes [12,14,17].

2.1.3. Diagnostic Work-Up

If a newborn does not pass CCHD screening, the newborn is referred for a diagnostic work-up to
determine the cause of hypoxemia, whether cardiac or non-cardiac. The diagnostic process may include
a clinical evaluation, laboratory and/or imaging tests (including echocardiography), and possibly
transportation to another hospital for further evaluation and management. The diagnostic work-up
for non-cardiac causes is variable, and no published studies of CCHD screening to date have included
estimates of clinical examination to identify potential non-cardiac causes of hypoxemia. Previous UK

10



Int. ]. Neonatal Screen. 2017, 3, 34

studies of CCHD screening costs assumed that newborns who do not pass CCHD screening would
receive a 30 min diagnostic echocardiographic assessment by a pediatric cardiologist at a cost of roughly
£115 pounds per child (2009 GBP) [12,17]. No cost was assigned in that study for transportation.

Peterson et al. estimated costs of echocardiography based on administrative data from a private
insurance claims database, with the analysis restricted to inpatient services during infancy. The cost
estimate was a truncated arithmetic mean after excluding the top and bottom 1% of observations [10].
Based on data from Florida, indicating that roughly 43% of infants with CCHD were transferred to
another hospital during the birth hospitalization [33], it was assumed that 43% of infants who screened
positive would require ambulance transport for transfer to a hospital with echocardiography. The cost
of ambulance transport was derived using the same methods as the cost of echocardiography [10].
The additional cost of diagnostic echocardiography and transport was estimated to add $0.25 per
newborn screened (2011 USD).

2.1.4. Treatment

The potential reduction in treatment costs associated with timely CCHD diagnosis is challenging
to estimate, and only one study to date attempted to do so. In an analysis using linked Florida birth
defects surveillance and hospital discharge data from 1998 to 2007, Peterson et al. estimated attributable
hospitalization costs in the first year of life for infants with CCHD (n = 3603) [33]. Unadjusted costs
were higher for infants with CCHD detected prior to discharge from the birth hospitalization than
those detected later because severely affected infants are more likely to be detected sooner and to incur
more costly treatment. In a statistical analysis that adjusted for CCHD type, maternal race/ethnicity,
and other variables, late CCHD detection was found to be associated with 52% more admissions,
18% more hospitalized days, and 35% higher inpatient costs during infancy relative to the early
detection of CCHD [33].

The CEA by Peterson et al. projected the avoided cost of hospitalization for infants with
screening-detected CCHD in two steps. First, the difference in number of hospitalized days between
infants with timely and late detected CCHD was derived from a previous analysis of Florida
data [10,33]. Second, average hospital costs per day among infants with selected CCHD conditions were
estimated, assuming that the cost per day was the same for early-detected and late-detected cases [10].
The underlying CEA model assumed that with screening, 77.5% of infants with CCHD would be
detected prior to discharge, with an average hospital cost during infancy of $156,501 compared to
$181,775 for those not detected, a difference of $24,677 per timely-detected CCHD case (2011 USD).
Comparing screening and no-screening scenarios, the hospitalization cost was calculated to be $19,111
per infant with CCHD under screening, taking into account false negatives. That amount was equal to
$7.48 per newborn infant (2011 USD) [10].

2.2. Screening Cost per Case Detected

Besides the direct cost of performing screening, it is straightforward to calculate the number
of additional cases of CCHD detected in a timely manner due to screening. However, this number
must be assessed in a given population, because the numbers of new CCHD diagnoses that can be
made through the follow-up of screening using pulse oximetry is dependent on the use and accuracy
of prenatal screening and postnatal clinical detection in that population. In particular, an increased
frequency of prenatal diagnosis of CCHD results in fewer additional diagnoses of CCHD following
CCHD screening using pulse oximetry [34]. The frequency of delayed CCHD diagnoses in the United
States was shown to have decreased over time [35], although no decrease in post-discharge CCHD
diagnoses was found in a study from the United Kingdom [36].

Multiple studies have estimated the screening cost per CCHD case detected, with widely varying
estimates. For example, UK estimates range from roughly £5000 (2001 GBP) [13] to £24,000 (2009 GBP)
per CCHD case detected [12] and US estimates range from approximately $21,000 (2011 USD) per case
with timely diagnosis [10] to $46,000 (2012 USD) per case detected [22]. Different assumptions about
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two cost elements—the cost per newborn screened and the averted costs of care resulting from timely
diagnosis—account for much of this variation. In particular, some estimates are of gross screening
costs and others are net screening costs, after subtracting the avoided cost of treatment. For example,
Kochilas et al. reported a relatively high cost per case detected ($46,000), despite assuming a low
screening cost [22]. In contrast, Peterson et al. assumed a higher cost of CCHD screening and reported
that screening would cost approximately $21,000 per case with timely diagnosis [10]. The Peterson et al.
estimate reflected the net cost of screening, after subtracting the estimated savings in hospitalization
costs during infancy resulting from timely diagnosis, which offset more than half of the screening cost.
The gross cost per case detected in that study was roughly $46,000.

As noted in Section 2.1.3, the choice of reusable or disposable pulse oximeter probes can have
an even larger impact on estimated costs of CCHD screening. Peterson et al. assumed average
equipment and labor costs of $6.86 and $6.62 per infant, respectively (2011 USD) [10]. The equipment
cost was derived from a sample of seven New Jersey hospitals, only one of which used fully reusable
probes. If it had been assumed that all hospitals used fully reusable probes, the average equipment
cost would have been much lower [21], and the average cost per newborn screened would have been
roughly half as great.

2.3. Health Gains

It is challenging to estimate health gains from CCHD screening, which encompass avoided early
deaths and improved health outcomes among survivors. Cost-effectiveness guidelines call for both
types of health outcomes to be expressed in summary measures of health such as the quality-adjusted
life-year (QALY) that take into account changes in life expectancy and morbidity [26-28]. However,
evidence of improved health among survivors following timely diagnosis is lacking. In addition, it is
challenging to find conceptually and empirically appropriate estimates of utility weights for pediatric
conditions that can be used to project QALY gains [37-39]. Consequently, it is common for CEAs of
interventions that primarily affect survival to calculate the cost per life-year saved, since it makes little
practical difference in ranking the cost-effectiveness ratios for such interventions [40].

Two CEA studies published estimates of numbers of deaths avoided through CCHD screening.
First, Peterson et al. conservatively assumed that CCHD screening, if applied to four million US
births each year, would avoid 20 infant deaths [10]. This estimate was based on a national estimate of
28 annual deaths associated with delayed diagnosis of CCHD in the absence of universal screening.
The estimate of 28 deaths was derived by multiplying four million births by an avoidable mortality
rate among infants with late-detected CCHD of 1.8% and a frequency of 38.8 infants with late-detected
CCHD per 100,000 births, both calculated from a study of linked births and deaths in Florida prior
to the introduction of screening [33]; the overall preventable death rate among infants with CCHD
was 0.4%. To calculate the number of life-years saved as a denominator for a cost-effectiveness ratio,
Peterson et al. took the estimated number of infant deaths averted by screening and multiplied this by
30.7 years, which was the life expectancy at birth of the US population discounted to the present with
a 3.0% discount rate per year [10]. In other words, the investigators assumed that surviving infants
would have a normal life expectancy.

Tobe et al. estimated infant deaths from CCHD for three scenarios in three Chinese cities [20].
The base scenario assumed that infant mortality would be the same as in the 1950s (standard practice
in CEAs is to use recent estimates as the baseline to compare with an intervention). The authors
also assumed that “that infant mortality would reduce to approximately 25% if infants received
timely diagnosis and treatment”, but did not state the assumed mortality rates with and without
screening. The ratio of assumed averted deaths to CCHD cases was 0.225 in Beijing, 0.112 in Shandong,
and 0.046 in Gansu. They assumed that access to timely diagnosis and treatment varied across regions
(e.g., apparently one-half as high in Shandong as in Beijing), but did not make those assumptions
explicit. Tobe et al. also reported outcomes in terms of disability-adjusted life-year (DALY) estimates,
a measure analogous to the QALY, but did not explain how the DALY estimates were generated [20].
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It should be noted that the “disability” weights used to calculate DALYs refer to “any short-term or
long-term loss of health” and hence assess morbidity rather than disability [41].

2.4. Cost-Effectiveness Ratios

It is standard practice for CEAs to report incremental cost-effectiveness ratios (ICERs) for
interventions that are found to be both more costly (net positive cost) and to improve health outcomes
relative to next most cost-effective strategy analyzed. To calculate the numerator of the ICER,
analysts are supposed to subtract any cost offset associated with improved health from the cost
of the intervention. The denominator is the difference in the number of health outcomes attained,
most commonly in the form of discounted life-years or health-adjusted life-years gained relative to the
alternative. In some countries, policy makers set threshold values or ranges for ICERs below which
interventions are presumed to be considered cost-effective. For example, thresholds for approval of the
coverage of new medications have been estimated at roughly £30,000 (GBP) per QALY in the United
Kingdom, CAN$50,000 in Canada, and AUS$42,000 in Australia [42].

Peterson et al. projected that the point estimate of the net cost of screening was just over $40,000 per
life-year saved in 2011 US dollars [10]. It is increasingly recommended that CEAs include probabilistic
sensitivity analyses in which estimates for multiple parameters are allowed to vary simultaneously
within ranges using probability distributions and simulation modeling techniques [43]. Peterson et al.
also reported that a probabilistic analysis projected a one in three chance that CCHD screening would
be cost-saving (i.e., negative net costs), and a roughly four in four probability that CCHD screening
would cost less than $100,000 per life-year gained. It should be noted that there is no official threshold
or standard for cost-effectiveness in the United States, although a private organization, the Institute
for Clinical and Economic Review, has used a range of $100,000 to $150,000 per QALY to establish
a “value price” for new therapies [44]. It should also be recognized, though, that because utility
weights are usually less than 1.0 and decrease with advancing age, the number of QALY gained is
necessarily less than the number of life-years saved. Consequently, the cost per QALY gained is larger
than the cost per life-year gained, often by at least 15-20%, which can affect the interpretation of ICERs
relative to benchmark values [24].

CEAs are recommended to report sensitivity analyses that show the dependence of results on
uncertainty in estimates or assumptions of model parameters [26-28]. Peterson et al. reported that
the three variables with the greatest influence on the cost-effectiveness of CCHD screening were
the reduction in hospitalization costs during infancy from early detection, the baseline proportion
of late-detected CCHD cases, and the hospital cost of CCHD screening [10]. Variables that had the
least influence on the results were the cost of echocardiography, cost and probability of transport for
echocardiography and subsequent treatment, the mortality rate among infants with CCHD detected
by screening, and the rate of false positives.

It should be noted that the assumption of 18% higher hospitalization costs with the late detection
of CCHD assumed a fixed cost per hospital day. However, patients in critical care incur much
higher costs per hospital day, and infants with late-detected CCHD are more likely to be in critical
care units. The observed difference in hospitalization costs in infancy associated with late detection
was twice as large as the difference in hospital days, 35% vs. 18% [33]. Therefore, the CEA was
conservative; if the study had assumed 35% lower hospitalization costs in infancy with early detection,
the cost-effectiveness ratio could have been close to zero.

Many CEAs reported in low- and middle-income countries use a threshold of three times per
capita gross domestic product (GDP) per DALY, which was endorsed in the early 2000s by a World
Health Organization report. Using that approach in China, with GDP per capita calculated by
province, Tobe et al. concluded, “the intervention was highly cost-effective in Beijing (Int$7833/DALY);
cost-effective in Shandong (Int$27,780/DALY); and not cost-effective in Gansu (Int$167,407)” [20].
However, those are average cost-effectiveness ratios rather than ICERs. The authors’ Table 1 indicates
ICERSs for CCHD screening of Int$15,020, Int$51,636, and Int$307,952, respectively. If the same arbitrary
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cost-effectiveness threshold had been applied to the ICERs, CCHD screening would not have been
considered cost-effective in either Shandong or Gansu. In addition, it should be noted that the three
times GDP per capita cost-effectiveness threshold value has been challenged as lacking validity [45].

3. Revised Cost-Effectiveness Estimates

3.1. New Estimates of Averted Infant Deaths

Newly published estimates of the impact of CCHD screening policies in the United States suggest
that the actual reduction in CCHD deaths associated with universal screening may be much higher
than previous economic evaluations anticipated. A statistical analysis of the association of US state
CCHD screening policies that had been adopted by 1 June 2013 with the numbers of early infant
(24 h to <6 months of age) deaths coded for CCHD or other/unspecified congenital heart defects
(CHDs) through the end of 2013 found that the implementation of CCHD screening mandates was
associated with a one-third lower frequency of recognized infant deaths with CCHD as the listed
cause (see Supplement) [46]. The reduction in CCHD deaths was not entirely attributable to screening
using pulse oximetry, since screening mandates could also have led to a greater clinical awareness and
the earlier detection of CCHD using other methods. This reduction in CCHD-associated deaths was
roughly six times greater than was assumed in the US CEA of CCHD screening by Peterson et al. based
on the frequency of delayed CCHD diagnoses that could be avoided through screening [10]. Adjusting
the Peterson et al. model to include 110 deaths averted annually (as opposed to the 20 deaths averted
annually assumed in the Peterson et al. original study), the estimated cost per life-year gained becomes
approximately $10,000 (2011 USD) (compared to the original reported estimate of approximately
$40,000 per life-year gained).

3.2. Shortened Life Expectancy among Survivors

One factor unaddressed by Peterson et al. and other economic evaluations of CCHD screening
is shortened life expectancy among individuals with CCHD. In other words, previous economic
evaluations have implicitly or explicitly assumed that children with CCHD who survive infancy have
the same life expectancy as unaffected children. However, all-cause mortality is higher among children
with CHDs than for the general population, even after infancy [47]. For example, it has been widely
reported that children and adolescents with CHDs have higher rates of cancer, even after excluding
individuals with chromosomal disorders [48]. Survival with a CHD varies widely by condition or type
of defect, country, ethnic group, and time period. Dramatic reductions over time in infant and early
childhood mortality among cohorts of infants born with a CHD have been widely reported [49-52].

Few studies have reported survival probabilities for patients with CHDs relative to life-table
survival probabilities for the general population. A population-based surveillance study conducted in
metropolitan Atlanta, Georgia (USA), involving birth cohorts from 1979 to 2005, found that the average
infant survival probability for infants with CCHD who had no non-cardiac defects or chromosomal
syndromes was 75.2%, but increased from 67.2% during the first 15 years to 82.5% during the more
recent 12 years [52]. One implication of the reductions in infant deaths associated with CCHD is
a smaller number of deaths that could be potentially averted through screening. The average survival
probability from 12 months to 25 years of age was 89.3%, which compares with a 99.3% survival
probability for the general US population in the 2009 national life table [53]. A Danish study modeled
post-surgery survival to age 25 among children born during 1990-2002 as 85% for all CHDs and from
64% to 87% for specific CCHD types, but the 10-year survival probability for the subsequent birth
cohort was substantially greater, 93% vs. 87% overall [54].

It would be reasonable to project that life expectancy among individuals with CCHD who survive
infancy could be 10-20% lower than in the general population. That would reduce discounted life-years
by three to six years relative to population norms. Adjusting the US CEA model of CCHD screening
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reported by Peterson et al. to include 110 deaths averted annually and 20% fewer years lived yields
an estimated cost per life-year saved of approximately $12,000 (2011 USD).

3.3. CHD-Related Future Medical Costs

It is generally recommended that CEAs include the present value of expected future medical costs
for survivors whose deaths are avoided or postponed as a result of a healthcare intervention, although
only one-half of CEAs published during 2008-2013 included estimates of future related medical
costs [55]. Since infants with complex medical conditions incur substantial medical costs, including
future medical costs can make life-saving interventions for such children appear less cost-effective.
It is common for CEAs of newborn screening tests to not include future medical costs [40].

No estimates of lifetime medical costs for children with CHDs in general or for the subset with
CCHD defects are currently available, with or without adjustment for co-occurring conditions. A US
study that used linked birth defects surveillance and administrative data from California dating from
the late 1980s estimated lifetime costs for four infants born with one of four specific CCHD conditions:
truncus arteriosus, transposition of the great arteries/double-outlet right ventricle, tetralogy of Fallot,
and single ventricle [56]. At the time of the study, infant survival was assumed to be low, with <50%
of infants with truncus arteriosus or single ventricle reaching one year of age. A CDC publication
recalculated the cost estimates with a 3% discount rate; lifetime medical costs per infant varied by
condition from $86,000 to $260,000 (1992 USD) [57].

Given dramatic changes in survival and medical technologies, cost estimates from three decades
in the past are not currently informative [58]. An analysis of 2005 US private insurance claims data
reported that children with severe CHDs (roughly equivalent to CCHD) had mean expenditures during
the first three years of life of roughly $210,000 in excess of children without CHDs [58]. The most
recent estimates of hospitalization costs associated with birth defects estimated an aggregate burden
almost twice as high in 2013 as in 2004 [59]. In 2013, the mean cost for a single inpatient stay with
a CCHD diagnosis was $79,011, and aggregate hospital costs for CCHD patients of all ages generated
a figure of $2.3 billion [59].

Despite the absence of recent estimates of lifetime costs for infants born with CCHD, it is possible
to conduct sensitivity analyses. One potential proxy is the lifetime medical cost for infants born with
spina bifida, which was recently estimated as $513,500 (2014 USD) [60]. In the analysis of California
data from the late 1980s, medical costs for children born with spina bifida were similar to those
born with single ventricle or tetralogy of Fallot and lower than those with truncus arteriosus [56,57].
However, annual medical costs for spina bifida remain elevated across the lifespan [60], whereas costs
associated with care for severe CHDs drop off sharply after infancy. Roughly two-thirds of all hospital
costs associated with CHD diagnoses are associated with admissions in the first 12 months of life [61].
Therefore, the lifetime medical cost for spina bifida might be an upper-bound estimate of the lifetime
medical cost associated with CCHD.

Adjusting the US CEA model of CCHD screening reported by Peterson et al. to include 110 deaths
averted annually, 20% fewer years lived, and $450,000 in post-infancy CCHD-attributable discounted
future lifetime medical costs (as opposed to $0 included in the original study), yields an estimated cost
per life-year saved of approximately $31,000 (2011 USD). That sensitivity analysis yields a conservative
estimate of net benefit (i.e., the cost-effectiveness ratio is likely overestimated) since the actual
incremental medical cost associated with CCHD is likely less than the proxy estimate that was used.
In any case, the estimated cost is still lower than the originally reported estimate of approximately
$40,000 per life-year gained.

4. Discussion

To date, all economic analyses of CCHD screening have followed the healthcare sector perspective,
as is conventional for clinical interventions. All have included employee compensation costs to
employers to estimate the cost of staff time. However, hospitals that have implemented CCHD
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screening have reported to be able to do so using existing nursing staff and do not incur additional
staff costs [21]. From the hospital perspective, the cost of staff time might not need to be included [10].
From a societal perspective, the inclusion of staff time makes sense if nursing time used for CCHD
screening could have otherwise been used for other tasks. If nursing time could not be reallocated,
the time spent doing the screening would not represent an incremental cost. If that is the case,
existing cost estimates could overestimate the incremental cost of CCHD screening.

Economic analyses of CCHD screening as a public policy should also include the costs of public
health activities in support of CCHD screening and follow-up, but little is known about those costs.
Jurisdictions implementing CCHD screening policies and programs often take varying approaches to
the organization and surveillance of CCHD screening [62]. For that reason, it may not be possible to
generalize the costs of the public health role in supporting and monitoring CCHD screening.

Notable variations exist in methods and results among the two previously published CEAs of
CCHD screening [10,20] and several costing studies included in this review. The level of evidence
for some cost elements, notably the cost of CCHD screening based on combined screening time,
labor cost, instrumentation, and consumables cost, is reasonably established in some clinical settings.
These cost elements still merit reconsideration or reinvestigation for future economic evaluations,
for each is dependent on existing conditions in a given clinical setting. Estimates of effectiveness
are also variable. Survival among infants with CCHD can vary greatly depending on location and
treatment availability, which limits the generalizability of results across settings within countries,
as well as across countries.

Other formal healthcare costs associated with CCHD screening are less well established.
Some matter more than others, as indicated by their potential magnitude per infant screened.
For example, the cost of the diagnostic work-up of screen-positive newborns is not well established,
but given the very small numbers of infants who screen positive, this cost element contributes very
little to the total cost of screening; perhaps 2% of the total cost [10]. It is likely that the assumption in
the Peterson et al. study that 43% of newborns who do not pass CCHD screening require transport to
another hospital is a substantial overestimate, but since such transportation contributed only marginally
to the estimated total cost of screening in that study, modifying that assumption would have little effect
on the results. In contrast, the cost of avoided hospitalizations associated with late-detected CCHD is
highly influential [10]. However, that cost estimate in Peterson et al. was based on just one study in
one US state conducted prior to the implementation of universal CCHD screening [33]. Furthermore,
the Peterson et al. study assumed a high rate of sensitivity of CCHD screening.

Some healthcare costs have been neglected in economic evaluations of CCHD screening. One is
the cost and benefits of diagnosing and treating non-CCHD cases among newborns referred following
screening. The implicit assumption has been that the costs of diagnostic work-up relative to the
size of the newborn population are low, similar to that of CCHD diagnosis. However, the potential
health benefits of detecting and treating non-cardiac conditions, such as neonatal sepsis, deserve
further attention. Non-health costs have been neglected in published cost-effectiveness analyses of
CCHD screening to date. For example, no published information exists on the time costs incurred by
family members caring for individuals with CCHD, nor the loss of economic productivity. Although
there is evidence of the increased use of special education services among surviving children with
CCHD [63,64], the associated costs have not been calculated. Furthermore, it is unknown whether
early detection might influence long-term academic outcomes among those children.

Three parameters can substantially affect the overall CEA results and remain underinvestigated:
estimates of averted infant CCHD deaths, shortened life expectancy among children with CCHD who
survive infancy, and future CCHD-associated medical costs. Previous CEAs have relied on indirect
estimates of averted deaths based on estimates of numbers of infant deaths with CCHD, the frequency
of delayed diagnosis, and the assumed relative reduction with timely diagnosis; they have excluded
the other two parameters. For example, Peterson et al. calculated an expected number of averted
deaths based on infant mortality differentials by timing of diagnosis derived before the advent of
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universal screening [10]. Newly available estimates of the relative reduction in deaths associated
with CCHD screening mandates based on a retrospective analysis of CCHD deaths in US states with
universal screening policies offer evidence of a greater number of deaths averted [46] than had been
projected by Peterson et al. [10] Using the direct estimates of averted deaths associated with mandatory
CCHD screening policies from Abouk et al. [46] yields cost-effectiveness ratios more favorable for
universal screening policies.

A comparative analysis of life expectancy among CCHD survivors relative to the general
population can contribute evidence to improve future economic evaluations of CCHD screening. Where
previous CEAs have assumed a normal life expectancy for individuals that through CCHD screening
detection avoided CCHD-associated death, accounting for a shorter than average life expectancy will
increase the net cost of screening by increasing the cost per life-year gained. Finally, previous CEAs
have not accounted for CCHD-related expenditures associated with averted CCHD death in infancy.
Accounting for such costs will also presumably increase the net cost of CCHD screening.

In conclusion, uncertainty remains regarding several parameters that are important to the analysis
of the cost-effectiveness of CCHD screening. Nonetheless, the ability of universal CCHD screening to
detect many newborns with CCHD who would otherwise have remained undiagnosed at the time of
discharge—and at risk of severe morbidity and mortality—has been demonstrated [65-67].
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Abstract: Pulse oximetry screening of the well newborn to assist in the diagnosis of critical congenital
heart disease (CCHD) is increasingly being adopted. There are advantages to diagnosing CCHD
prior to collapse, particularly if this occurs outside of the hospital setting. The current recommended
approach links pulse oximetry screening with the assessment for CCHD. An alternative approach
is to document the oxygen saturation as part of a routine set of vital signs in each newborn infant
prior to discharge, delinking the measurement of oxygen saturation from assessment for CCHD.
This approach, the way that many hospitals which contribute to the Australian New Zealand
Neonatal Network (ANZNN) have introduced screening, has the potential benefits of decreasing
parental anxiety and expectation, not requiring specific consent, changing the interpretation of false
positives and therefore the timing of the test, and removing the pressure to perform an immediate
echocardiogram if the test is positive. There are advantages of introducing a formal screening
program, including the attainment of adequate funding and a universal approach, but the barriers
noted above need to be dealt with and the process of acceptance by a national body as a screening
test can take many years.

Keywords: pulse oximetry; neonate; congenital heart disease; screening

1. Introduction

Reviews suggest that about 30% of infants with critical congenital heart disease (CCHD) leave
hospital undiagnosed and that, in cardiovascular deaths occurring within the first week of life, the
malformation was not identified before death in one out of four [1,2]. Neurological outcome is related
to the presentation of the disease, with infants who collapse prior to presentation having a significantly
worse outcome than those that are identified prior to collapse [3]. There is therefore a need for the
development of effective screening tests for CCHD. Current screening for congenital heart defects has
relied on a mid-trimester ultrasound scan, which is operator-dependent and at present detects <50% of
CHD and about 60% of CCHD requiring surgery in the first month of life [4,5]. In Sweden, 26% of
newborns with CCHD were sent home without being diagnosed [6].

Pulse oximetry has been evaluated in multiple studies as a screening test for CCHD. A high
sensitivity is clearly important where a test is used to screen for a serious but treatable disease.
Ewer et al. [7] in a test accuracy study showed that pulse oximetry had a sensitivity of 58% for critical
(likely to require treatment in the first month) and 29% for all major (likely to require treatment in the
first year) lesions when antenatal screening was negative. A systematic review and meta-analysis by
Thangaratinam et al. [8] including 13 studies and almost 230,000 babies showed the overall sensitivity
of pulse oximetry for the detection of critical congenital heart defects was 76.5%. In this review, there
were no significant differences in sensitivity for pulse oximetry in the foot alone versus in both foot
and right hand. The specificity was 99.9%, with an overall false-positive rate of 0.14%. The equipment
is readily available and does not require calibration; the monitoring is minimally invasive and familiar
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to most parents and staff. Despite all of these potential screening advantages, the uptake of pulse
oximetry screening for CCHD has not been universal. This paper aims to identify and review the
barriers to the implementation of pulse oximetry as a screening test for CCHD.

2. Australian/New Zealand Progress

The adoption of pulse oximetry for screening for critical congenital heart disease has progressed
substantially around the world, led by the development and adoption of screening guidelines in
North America by the American Academy of Pediatrics (AAP) in 2011 [9]. The adoption of pulse
oximetry screening in Australia/New Zealand has been on a hospital-by-hospital, state-by-state
basis. New Zealand has recently proposed a countrywide adoption of screening at all health care
facility levels and is currently exploring the feasibility of this [10]. A recent survey of all of the
Australian/New Zealand Neonatal Intensive Care Units (Unpublished 2017) concluded that 77% of all
units have implemented a screening program. Three units in New Zealand were not screening pending
the introduction of a National screening program. Two units in Australia had suspended their screening
programs due to resourcing implications both at the primary screen and in dealing with positive test
results. Most units have adopted a screening guideline similar to either the AAP-recommended one
or one based on the PulseOx study [7], but with some practical differences, particularly in terms of
the timing of the screen and response to a positive screen. None of the units required a mandatory
echocardiogram as part of the response to a positive screen.

The approach in Australia has been driven in part by some modification of the basic tenants
of pulse oximetry screening for CCHD. Whilst the focus in the USA and the UK has been on the
implementation of a formal screening program for CCHD, the discussion in Australia and New Zealand
has been on the use of the terminology of “Pulse oximetry screening for critical congenital heart disease”
versus “Pulse oximetry screening of the well newborn”, the timing of pulse oximetry screening, the
interpretation and significance of false positives, and the appropriate action for babies who screen
positive, all of which have been areas of controversy during the implementation of universal routine
pulse oximetry screening in many countries, including the United Kingdom [11].

3. Challenges in Introducing Pulse Oximetry Screening for CCHD

3.1. Screening for CCHD or Documentation of a Vital Sign

Pulse oximetry is used routinely in the assessment of adult patients admitted to hospital.
Early warning scores have been developed, inclusive of routine saturation checks, to identify
patients before clinical deterioration and preventing admissions to the intensive care unit. Saturation
documentation forms part of Paediatric early warning systems, such as the Cardiff and Vale Paediatric
Early Warning System and the Melbourne criterion for activation of medical emergency teams [12].
In Australia, local state health authorities have implemented programs such as “Between the Flags” to
recognise and respond to patients when their clinical condition starts to deteriorate, which include
documenting oxygen saturation [13]. Saturation monitoring has been proposed as an adjunct to the
assessment of the newborn in the delivery room and as a routine vital sign assessment [14]. It is
proposed that the documentation of oxygen saturation in the newborn should be an integral part
of normal vital sign documentation, equivalent in importance to pulse, respirations, heart rate, and
blood pressure. Introducing pulse oximetry as part of a routine observational assessment changes the
emphasis of a pulse oximetry measure from screening for CCHD (still achieved) to documentation
of the fifth vital sign [15]. As a result, it has been our observation that many of the barriers to CCHD
screening are minimized, including parental anxiety about the link with CCHD and subsequent refusal
of the screen [16], the need to obtain consent in some programs, which can be threatening to parents
necessitating an opt-out clause in some countries, including the USA [17], the concept of a false positive
for CCHD when the infant has a positive pulse oximetry screen (i.e., is noted to be hypoxic) but is
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not diagnosed with CCHD, and finally the response to a positive screen, which does not have to be a
mandated echocardiogram with all of its resource implications [18].

3.2. Linking ‘Pulse Oximetry Screening’ to ‘Screening for CCHD’

Referring to the screening program as “Pulse oximetry screening of the well newborn” rather
than a “Program to screen for critical congenital heart disease” has resulted in better acceptance of the
screening program for clinicians and parents in our setting [18]. Pulse oximetry screening identifies
some forms of cyanotic heart disease, but does not screen for all CCHD. Some babies with CCHD
are missed using pulse oximetry screening, particularly those with obstruction of the aorta. There is
a risk of false parental reassurance of absence of congenital heart diseases with the use of the term
‘Pulse oximetry screening for CCHD'.

The terminology “Screening for CCHD” may raise anxiety, as it introduces the possibility of a child
having a serious health condition. In a recent article by Powell et al. [16] evaluating the acceptability of
pulse oximetry screening to mothers, white British and Irish mothers had the lowest rate of decline
(5%), while all other minor ethnic groups had an increased likelihood of declining the screening in a
research setting (up to 21% in African women). Post-hoc analysis indicated that participants of minor
ethnic origin were more anxious, more depressed, less satisfied, and more stressed than the white
population who participated in the study. In our opinion, replacing the terminology with “routine
pulse oximetry screening” as a documentation of a vital sign undertaken on all babies born in hospital
is less likely to raise unnecessary anxiety in parents. The interesting requirement for an opt-out clause
in the pulse oximetry screening program in the United States [17] is likely to have resulted from similar
observations of parental anxiety.

3.3. Timing of Pulse Oximetry Screening and Significance of False Positives

The AAP work group recommends that screening should not begin until after 24 h of life, or
as late as possible if an earlier discharge is planned, and be completed on the second day of life.
Dawson et al. [19] have defined reference data for oxygen saturation in healthy full-term infants
during their first 24 h of life. The time to reach a stable saturation >95% is generally 20 min in
healthy babies (range 3-90 min), so waiting for 24 h is cautious. Earlier screening can lead to more
false-positive results because of the transition from fetal to neonatal circulation and the stabilization
of systemic oxygen saturation levels [9]. Thangaratinam et al. [8] showed that the false-positive rate
for detection of CCHD was particularly low when newborn pulse oximetry was done after 24 h from
birth than when it was done before 24 h: 0.05% versus 0.50%. Consequently, many screening programs
have chosen to screen after 24 h to decrease the false positives for CCHD. An alternative way of
looking at this is that the infants picked up on a positive screening test are infants with low oxygen
saturation, regardless of the aetiology, and that any infant with low saturation requires investigation.
When the population of infants with a false positive for CCHD are reviewed in the large data sets of
screening, more than 50% of them will have important pathology, including congenital pneumonia,
sepsis, meconium aspiration syndrome, milder forms of congenital heart disease, and failure to
transition (eg. persistent pulmonary hypertension of the newborn (PPHN), transient tachypnea of
the newborn (TTN)) [7,20-22]. Although these studies were not specifically designed to assess the
cohort of false positives, a false positive result suggests a ‘hypoxic’ baby and a baby with undiagnosed
Group B streptococcal sepsis, pneumonia, or PPHN is just as likely to collapse and die as a baby
with undiagnosed CCHD. If documentation of saturation is agreed to be a routine vital sign, are we
delaying the documentation of saturation in our babies for the wrong reasons?

When combined with the routine anomaly scan and newborn physical examination, early (4-24 h)
pulse oximetry screening adds value to existing screening procedures and is likely to be useful
for the identification of cases of CCHD that would otherwise go undetected. The added value in
pulse oximetry screening over and above physical examination has been quantitated in two studies.
deWahl Granelli [23] showed an increase in sensitivity of CCHD detection from 63% to 83% with
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specificity remaining at 98%. Similarly, Zhao et al. showed increased sensitivity of CCHD detection
from 77.4% to 93.2% with the addition of pulse oximetry screening to the newborn examination [24].

There is clear data to show that infants with CCHD who present collapsed will have a worse
neurological outcome than those who are identified before a collapse [3]. As a significant number
of infants with CCHD present in the first 24 h with early ductal closure [25], planning a screening
program in the first 24 h will result in less collapsed presentations and provide an opportunity for
earlier stabilization and intervention. An added benefit is that screening within the first 24 h is less
likely to interfere with the discharge process, particularly in those false positive cases that require only
minimal intervention, such as a period of observation. The pros and cons of early versus late screening
are presented in Table 1.

Table 1. Pros and cons of screening before and after 24 h of age.

<24 h of Age >24 h of Age
Increased detection of significant and major CHD Increased detection of significant and major CHD
Optimal for prevention of postnatal hypoxia Not optimal but still prevents some hypoxic events
Higher false positive rate for CCHD (0.5%) Lower false positive rate for CCHD (0.05%)
Detection of other pathology (up to 50% of all false positives)  Detection of other pathology (up to 50% of all false positives)
Often still in hospital: doesn’t disrupt discharge process May disrupt discharge process

CHD: congenital heart disease; CCHD: critical congenital heart disease.

3.4. Response to a Positive Screen

The number of false positives for CCHD arising from the physical examination is significantly
more than that from pulse oximetry screening [24]. One of the perceived impediments in introducing
a pulse oximetry screening program is the need for rapid access to cardiology services to perform an
echocardiogram in the event of a failed screening test. In reality, these are babies likely to present to
health care providers at some point, apart from the small number with transitional problems that will
self-resolve. All health care facilities managing deliveries and newborn babies should already have
existing referral and escalation pathways to deal with infants with suspected CHD. Pulse oximetry
screening is simply a complement to the existing mechanisms whereby suspected CHD may be
identified on physical examination in response to a member of staff reporting a ‘dusky’ baby or
after a low saturation measure during an ad hoc pulse oximetry measure in a dusky appearing baby.
These presentations are no different to a “positive’ pulse oximetry screen. In the published pulse
oximetry studies, all babies with failed screens were referred for an echocardiogram to allow for full
ascertainment of sensitivity and specificity in those babies with a low pulse oximetry reading. In fact,
the AAP working group recommended that any newborn with a positive screen result first requires
a comprehensive evaluation for causes of hypoxemia. In the absence of other findings to explain
hypoxemia, CCHD needs to be excluded on the basis of a diagnostic echocardiogram (which would
involve an echocardiogram within the hospital or birthing center or transport to another institution) [9].
The need for an echocardiogram should be determined on a case-by-case basis as it would be for other
presentations of potential congenital heart disease (murmur, visible cyanosis). The actual number of
infants requiring further investigation as a result of a failed pulse oximetry can be surprisingly small,
and in particular the requirement for extra echocardiograms is minimal [18].

4. Pulse Oximetry of the Well Newborn versus Screening for CCHD

The dilemma that many countries are facing when introducing a program to identify
hypoxic/borderline hypoxic infants is whether to mandate this as part of a formal national screening
program or to introduce pulse oximetry as part of the routine observations performed on a newborn
infant. There are pros and cons of each approach and these are summarized in Table 2. The introduction
of pulse oximetry for all well newborns prior to discharge, by documenting SpO2 as the 5th vital
sign, is appealing and relatively straight forward and the equipment and skills to measure it are
already generally available. It is our opinion that delinking the term CCHD from the test allows for the
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documentation of SpO2 without needing to explain in detail about CCHD and complications that might
occur from this, resulting in decreased parental anxiety, a reduced possibility of misinterpretation that
CHD has been completely ruled out, false positives becoming less relevant such that earlier screening
can be proposed, and a less likely implication of the need for a mandated echocardiogram in the event
of a failed screen (Figure 1).

1. Consider a pulse oximetry measure as a standard vital sign that needs to be documented in
all newborn babies.

2. Delink “Pulse Oximetry Screening” from “Screening for Critical Congenital Heart
Diseases” — remove parental anxiety and the perception that CCHD is included / excluded by
this test.

3. Measure in the first 24 hrs (allow first 4 hrs for transition). The ‘false positives’ are actually
hypoxic babies warranting evaluation.

4. Do not delay pulse oximetry because an echocardiogram might be required in a false
positive (for CCHD) baby.

5. Use existing assessment and referral pathways for a blue baby, heart murmur, and
respiratory distress in the local hospital if there is a positive screen. A positive screen needs
medical assessment, observation and sometimes a timely echocardiogram as a part of
assessmentbut this is not mandated. We don’t have to develop a whole new system.

6. Review the sensitivity and specificity of the current screening processes in place at your
institution (antenatal ultrasound and newborn examination), they may be less accurate than
introducing pulse oximetry screening

Figure 1. Pulse oximetry screening: A new paradigm.

Table 2. Formalised screening program versus vital sign documentation.

Screening Program Hospital Led/5th Vital Sign
Meeting screening test criteria, Competing with other =~ More easily achievable without a complex
national screening programs for funding application process
Research based: almost 500,000 babies tested Harder to justify as not linked to CCHD research

Country-wide introduction, mandated, uniformity

Gaps in provision, Ad Hoc screening
of coverage

Properly resourced and funded. Quality Resourcing is not excessive so achievable by
improvement more easily achieved most hospitals

CHD is a tested hard outcome Importance of other diagnoses and timing of the test
Follows existing research based algorithms: Delink from CCHD terminology: reduces pressure
reduced flexibility from false positives and need for echocardiogram.

Importantly, the detailed requirements needed to satisfy inclusion as a formal country-wide
screening test are not needed: these requirements can result in significant delays in the introduction of
a screening program. The downside of this approach is that there may not be true nationwide screening,
particularly at smaller, under-resourced hospitals. The approach may result in a less-uniform approach
and lack of a formalized collection of results to understand the impact of screening. In contrast, a
formal application to include pulse oximetry screening for CCHD as a part of a country screening
program results in proper resourcing, oversight, and governance. It is more likely that all babies at all
levels will be screened. However, the process takes time (5 years and still proceeding in the case of
the United Kingdom) and will still suffer from all of the issues discussed above when pulse oximetry
measures are linked to screening for CCHD. The Nordic countries have been successful in the approach

26



Int. ]. Neonatal Screen. 2018, 4, 4

of a hospital-by-hospital introduction of screening, resulting in an overall coverage of screening of
close to 100% [26].

5. Conclusions

Currently in our part of the world, Australia has chosen to follow the introduction of screening
on a hospital-by-hospital basis, adopting many of the tenants of the 5th vital sign approach, whilst
New Zealand has signaled its intention to adopt a country-wide screening program due to some of
the unique challenges of health care delivery they have [10]. It will be interesting to track how each
country achieves the common aim of improving detection of CCHD and thus reducing deaths and
neurodevelopmental injury associated with these significant congenital abnormalities. The body of
research to date strongly supports the utility of screening all well newborn infants with pulse oximetry.
However, the implementation of screening as performed in the research framework into the real life
scenario has been impeded by many of the issues discussed in this paper. As more Units and countries
describe their approach to screening and outcomes, a more balanced approach to the introduction of
pulse oximetry screening is likely to be achieved.

Conflicts of Interest: The author declares no conflict of interest.
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We read the review article by Kluckow M (Barriers to the Implementation of Newborn Pulse
Oximetry Screening: A Different Perspective. Int. |. Neonatal Screen. 2018, 4(1), 4) with interest and
agree that this is an important subject to discuss. However, we do not agree with the view as to
how pulse oximetry screening for critical congenital heart disease (CCHD) is best implemented and
therefore would like to add to this discussion.

The article discusses two important issues in relation to pulse oximetry screening. The first
question is whether the oximetry test is better packaged as an assessment of neonatal wellbeing rather
than a way to detect CCHD. Kluckow argues for the first alternative as being preferable because he
believes this way of doing it causes less anxiety for parents. The second question Kluckow discusses is
whether pulse oximetry testing is best delivered as a nationwide screening program or on an individual
hospital basis. Kluckow is of the opinion that the second alternative is more likely to be successful
(at least in Australia).

If it were not that the first question was closely linked to the second and more important one,
the answer would be fairly straightforward, as pulse oximetry testing may detect babies with systemic
illness including respiratory illness and infection at a greater rate than it does CCHD [1]. The second
question, whether pulse oximetry testing is best delivered as a universal screening program or
on an individual basis, is more complex. The answer in part depends on local factors. Who is
responsible for the newborn assessment and how would oximetry testing be incorporated into the
newborn examination? Who will pay for the time, equipment and disposables? In New Zealand,
where the newborn assessment is undertaken by midwives with a number of competing priorities,
the incorporation of an oximetry test into the newborn examination is unlikely to be universal. Certainly
in a pilot study involving several different hospital care settings, the uptake of oximetry testing ranged
between 45% and 85% despite an intensive targeted staff education campaign (preliminary data).

Universal pulse oximetry has the potential to improve health outcomes in the most disadvantaged
newborns: those whose mothers are less likely to obtain quality obstetric care and who may not obtain
any obstetric care until late in pregnancy [2]. These factors, in addition to maternal obesity, which is
also linked to social deprivation, mean that babies of disadvantaged mothers are less likely to have an
antenatal diagnosis of CCHD. In New Zealand as elsewhere, a significant number of newborns die
or have lasting damage because of the late diagnosis of CCHD [3]. Both New Zealand and Australia
have minority indigenous and immigrant populations whose health outcomes fall far below those
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of the dominant culture. Whichever way the pulse oximetry test is packaged, it is important that
its reach and impact are understood and iteratively improved upon. Without an ongoing audit of
uptake and knowledge of the population-based (rather than hospital-based) rate of late or undiagnosed
CCHD, it is not possible to assess whether a program is effective. An ad hoc roll out of oximetry
testing in large tertiary hospitals is likely to target the children of higher income families who are the
most likely to have an antenatal diagnosis. Moreover, those born in peripheral hospitals are, in our
experience, more likely to receive a delayed diagnosis of CCHD and are therefore most likely to benefit
from screening. These same factors are very likely to have contributed to the marked difference in
CCHD detection rates in US centers where mandatory screening programs were associated with a
33% reduction in infant death from CCHD compared to no reduction in those states who adopted
non-mandatory policies [4]. It is important that these issues are addressed by the broader community
to ensure that oximetry testing is delivered in a way that reduces inequity rather than magnifies it.

Neonatal pulse oximetry screening for CCHD has the greatest potential to be effective if
implementation is universal. If it is left to each hospital to implement screening, there is a risk that
parts of the population who are most likely to benefit from postnatal screening for CCHD will be least
likely to receive it.
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The commentary provided by Gentles et al. argues for the implementation of a universal pulse
oximetry screening program, and I agree that, if it is possible, this is the optimum way to introduce
this important health care measure for all of the reasons set out by the authors. However, there are
significant impediments to achieving this in many countries, including in the author’s own country
of New Zealand, where I understand that several large obstetric hospitals still do not have a full
pulse oximetry screening program, pending an attempt at countrywide implementation. One could
argue that this is decreasing access to this healthcare intervention, whilst attempting to provide a
100% solution for the whole population. A noble aim, but practically challenging—as has been shown
already in the United Kingdom (UK), where, despite one of the world authorities on pulse oximetry
screening leading the way towards universal pulse oximetry screening there, it has still not been
achieved more than six years after the publication of seminal papers [1]. In fact, most UK hospitals
seem to have been adopting the hospital-led screening discussed in my article, with only 19% of
hospitals choosing to wait for the National recommendation—if it is achieved [1,2]. I acknowledge
that hospital-led screening is a less robust system, but sometimes the gold standard solution is not
practical. The issues raised as to time and cost of consumables have been easily overcome in the
majority of centres in Australia, at all tiers of health care, as pulse oximetry measurement has become
more available and increasingly utilised in postnatal wards for other purposes, apart from formal
screening. Audit of the program has been achieved by incorporating screening information into
local and national perinatal data collections. The majority of babies born in Australia now undergo
pulse oximetry screening. I wish the authors well in achieving their aim of universal pulse oximetry
screening in New Zealand.
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Abstract: Neonatal screening for critical congenital heart defects is proven to be safe, accurate,
and cost-effective. The screening has been implemented in many countries across all continents in
the world. However, screening for critical congenital heart defects after home births had not been
studied widely yet. The Netherlands is known for its unique perinatal care system with a high rate
of home births (18%) and early discharge after an uncomplicated delivery in hospital. We report a
feasibility, accuracy, and acceptability study performed in the Dutch perinatal care system. Screening
newborns for critical congenital heart defects using pulse oximetry is feasible after home births
and early discharge, and acceptable to mothers. The accuracy of the test is comparable to other
early-screening settings, with a moderate sensitivity and high specificity.

Keywords: neonates; screening; congenital heart defects; home births

1. Background

To increase the number of timely diagnoses, several studies on screening newborns for critical
congenital heart defects (CCHD) using pulse oximetry (PO) have been performed since 2000 and
led to an increasing implementation of PO screening across all continents [1,2]. This non-invasive
screening method was proven to be reliable, easy to perform, and easy to implement in hospitals.
Although studies only investigated the costs, without the long-term benefits, the screening is likely to
be cost-effective and studies using questionnaires have shown that the screening was acceptable for
parents and caregivers [2-5].

However, all large studies performed so far were in hospital settings and with a postnatal stay
of more than five hours. In contrast, The Netherlands has a different perinatal care setting with the
highest rate of home births (18%), which are supervised by community midwives [6]. The midwives
stay for approximately three hours after birth and come back for their first follow-up visit at day
two or three after birth (day of birth is day one). Also, in The Netherlands, mother and newborn
are discharged early (within five hours) after uncomplicated vaginal delivery in hospital. For these
reasons, the published protocols used in other countries do not match with the Dutch perinatal logistics
and it is not possible to extrapolate the results of other PO screening studies to the Dutch perinatal
care setting. We therefore performed studies with an adapted PO screening protocol to fit home births
and early discharge in the Dutch unique perinatal care setting.

2. Discussion in The Netherlands

After publication of the meta-analysis on PO screening in the Lancet in 2012 it was stated that
in The Netherlands it would be difficult to train all 1850 community midwives in performing PO
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measurements and to provide them all with PO devices [7]. Although the Dutch Association of
Pediatricians (NVK) recommends the use of PO in case of resuscitation of a newborn, PO has not been
implemented as standard practice in community midwifery [8,9]. The Netherlands has a history of
having a high rate of ‘natural” deliveries at home, without medical intervention [10]. Community
midwives in The Netherlands are traditionally trained in clinical assessment and intervention with
little use of technical devices [9]. However, in the Leiden region there is a well-organized clinical and
research collaboration between hospitals and community midwives. The midwives participated in a
study with recording PO measurements at birth at home. The midwives were trained in one afternoon
session and experienced no problems with the use of PO during the study. The study showed that
using the PO at home birth was feasible and almost all midwives were enthusiastic about having a PO
available, especially in situations with a suboptimal condition of the newborn [9]. We considered the
Leiden region the optimal region to pilot PO screening in the Dutch perinatal care setting.

The screening protocol used in the United States and Scandinavia needed to be adapted and
made to fit with the visiting scheme of community midwives in The Netherlands [10,11]. Instead of
performing one pre- and post-ductal SpO, reading 24—48 h after birth, we decided to perform these
measurements at two separate time points: the first measurement at least one hour after birth, and
the second measurement on day two or three of the newborn’s life (day of birth is day one). The first
measurement should be performed in the first hours after birth, since community midwives stay for
approximately three hours after a delivery and because of discharge within five hours after in-hospital
delivery. We were aware that performing screening early (before 24 h) is accompanied with a higher
false positive rate due to transitional circulation [2]. However, studies also demonstrated that when
the screening was performed after 24 h of life, some CCHD already presented with severe symptoms
before the screening was performed [5,12]. The intention of screening is to detect pathology before
symptoms occur, making early screening pivotal. Early screening also enables timely detection of other
significant pathology, such as infections and respiratory morbidity. We added the second measurement
on day two or three of life using the same protocol, at the first follow-up visit of the community
midwife, because it is possible that a widely patent ductus arteriosus can cause normal SpO, values in
newborns with CCHD in the first hours of life. Midwives and nurses were trained in performing and
interpreting the PO measurements in a one-day education session. A web-based entry form with an
automatic algorithm interpretation was used for quality assurance, and the research team could be
reached 24/7 for questions regarding the screening. Handheld pulse oximeters were used for both
studies, supplied by Medtronic (Dublin, Ireland). Reusable sensors were used in order to reduce
the costs.

3. Pilot Study

We first piloted the adapted protocol in a feasibility study in the Leiden region, in which one
academic hospital, two regional hospitals, and 14 midwifery practices are situated [13]. In this study,
the Pulse Oximetry Leiden Screening (POLS) study, screening could only be performed after parental
consent. Almost all parents who were approached consented and 99% (3059/3090) of the newborns
with parental consent were screened. It was reassuring to observe that during the first screening
episode in most of the healthy term newborns the pre- and post-ductal SpO, was already above 95%
in the first hours after birth (10th percentile was 97% pre-ductally and 96% post-ductally within the
first hour after birth, n = 394). This implies that newborns with SpO, values below 95% should be
evaluated when they are measured at least one hour after birth. Indeed, in 50% of the newborns with
a false positive screening result other morbidities than CCHD were diagnosed, including infections,
wet lungs, PPHN, or non-critical congenital heart defects.

4. Acceptability to Mothers

We then assessed the acceptability of performing PO screening at home amongst 1172 mothers
participating in the feasibility study by using questionnaire [14]. In this group, screening measurements
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were performed at least once at home by their community midwife. The response rate was acceptable
(77%) and the vast majority (93%) of mothers considered the screening test important for all babies
and would recommend the test to someone else.

We concluded that PO screening for CCHD, using the adapted protocol, was feasible in the Dutch
perinatal care setting and that screening at home is acceptable to mothers [13,14].

5. Accuracy Study

In order to assess the accuracy of the adapted PO screening, we performed an implementation
study in a larger cohort in a much larger region (Leiden-Amsterdam Region (POLAR) study) [15].
This study was carried out in three academic hospitals, 11 regional hospitals and 75 midwifery practices
and included 23,959 newborns. The prenatal detection rate was 73% and the sensitivity was 50%, with
a specificity of 99%. Four out of five detected CCHD were identified in the first screening test, in the
first hours after birth. The fifth CCHD was diagnosed at 12 h after birth, on the day after the date
of birth (day 2 of life). Serious illnesses such as infections and respiratory pathology were detected
in 61% of all newborns with false positive screening results (Table 1). This study demonstrated that
PO screening adapted to home births and early post-delivery hospital discharge contributes to the
detection of CCHD in an early, asymptomatic stage. The early detection of CCHD, but also other
significant pathologies, such as infections and respiratory morbidity, could be considered as a safety
net when newborns are born at home or early discharged after delivery in hospital. In that view, the PO
screening has the potential to decrease morbidity and mortality of newborns in The Netherlands.

Table 1. Overview of screening parameters for pilot and accuracy study

Pilot Study (n = 3059) Accuracy Study (1 = 23,959)

True positive screens, 1 (%) 0(0) 5(0.02)

False negative screens, 1 (%) 0(0) 5(0.02)

False positive screens, 1 (%) 32 (1.0) 221 (0.9)
Respiratory pathology 8 88
Infection/sepsis 3 31
Non-critical CHD 3 3
Other pathology 2 12
Healthy 16 87

6. Costs

Before screening programs can be recommended for universal implementation, cost effectiveness
should be considered. Cost analyses have shown that the PO screening is likely to be cost effective,
but only screening in hospitals was taken into account [3,4,16]. The outcome of children after
pediatric cardiac surgery has considerably improved in the last decades, but recent data on gained
quality-adjusted life years (QALYs) are lacking. However, it is known that a timely diagnosis of CCHD
decreases the risk of mortality and morbidity, and also the length of hospital stay [17,18].

In the way our screening was set up, all community midwives would require a pulse oximeter, and
positive screenings at home should be transported and referred to hospital. This is likely to increase
the costs when performing the screening in the Dutch perinatal care system as compared to settings
with deliveries and screening in hospital. Therefore, we also performed a cost-effectiveness analysis
with the results of the implementation study. These results will also be published in another article.

7. Prenatal Detection and Sensitivity of PO Screening

PO screening is not a replacement for other screening methods for CCHD, but should be
considered as an addition to prenatal screening and physical examination. An early prenatal diagnosis
of CCHD allows the parents to be mentally prepared, and gives them the opportunity to terminate
the pregnancy. Furthermore, it allows the medical team to prepare a treatment strategy and the
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delivery can be planned in a congenital heart disease center with a level 3 NICU facility to enable acute
surgical or catheter interventions. Prenatal detection varies between countries, and regions within
countries, and can be improved with training and logistic interventions [19]. The sensitivity of PO
screening is correlated with the prenatal detection rate of CCHD, which ranged from 0 to 82% within
performed accuracy studies [20]. Fetal screening, which includes structural anomaly scans, is well
organized and highly accessible in The Netherlands; there are strict nationwide requirements regarding
the performance of the fetal ultrasounds. Intensive training and audit programs are regionally
organized. The prenatal detection rate of CCHD was high in the region where the implementation
study was performed [15], but the prenatal detection rate in the other regions of The Netherlands is
currently unknown.

Although the overall prenatal detection of CCHD is high, specific defects remain difficult to detect
prenatally, such as transposition of the great arteries (TGA), total anomalous pulmonary venous return
(TAPVR), pulmonary valve stenosis, aortic valve stenosis, and coarctation of the aorta (CoA) [19,21].
PO screening is efficient at detecting low SpO, caused by TGA, TAPVR, and pulmonary valve stenosis,
but left-sided obstructive lesions—such as CoA—are frequently missed with PO screening [2,22,23].
It remains challenging to detect CoA in an early stage even in combination with antenatal screening,
PO screening and neonatal physical examination. In conclusion, PO is an effective screening method
for identifying CCHD, but results of PO screening are correlated with the prenatal detection rate of
CCHD. When considering the implementation of PO screening in The Netherlands and anticipating a
variable prenatal detection rate in the Dutch regions, the sensitivity is likely to be somewhere between
50% and 70% [15].

8. Comparison with Other Studies

Several studies on PO screening in hospitals were performed which led to implementation in many
countries. We performed the first studies, including a feasibility study and a large implementation
study, with an adapted protocol for PO screening in a perinatal care system with home births and early
postnatal discharge from hospital. Smaller pilot studies on PO screening out-of-hospital settings were
performed in the United Kingdom (1 = 90) and in the plain community in Wisconsin (n = 440) [24,25].
In The Netherlands, only women with low-risk pregnancies can choose to have a home birth, while
in the Plain community in Wisconsin place of birth is not selected based on a risk profile. Instead it
is culturally, religiously or financially based and many pregnant women in the Plain community do
not receive prenatal screening. The detection of CCHD in this group will probably be higher when
compared to our population of home birth deliveries.

This was the first screening set up where two separate screening episodes were used. Also, the first
screening moment was earlier when compared to other early screening studies (8, 30). In general, it is
not recommended to perform PO screening in the first hours after birth, because of the probability of
having a higher false positive rate due to transitional circulation. In our Leiden pilot study, however,
we demonstrated that SpO, values in healthy newborns were above 95% within the first hour of
life [13].

9. Current Status

After finalizing the studies, a large number of caregivers did not want to await a governmental
decision regarding top-down universal implementation, which can take several years. Bottom-up
implementation has already begun in the studied region using the logistics that was set up for the
study; the screening is continued in all participating hospitals in the POLAR study, as well as by 36%
of all participating community midwifery practices, and this rate is still increasing. The perinatal
caregivers in these hospitals and practices were convinced of the usefulness of PO screening.
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10. Conclusions

PO screening for CCHD is feasible to perform and acceptable to mothers in the Dutch perinatal
care setting with an adapted protocol for home births and early postnatal discharge from hospital.
The screening detects CCHD at an early symptomatic stage with the extra benefit of detecting other
significant and potentially life-threatening morbidities, such as infections and respiratory pathology.
Implementation of PO screening for CCHD and other morbidities has the potential to decrease infant
morbidity and mortality and increase the safety of newborns born at home or discharged from hospital
in the first hours of life.
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Abstract: In January 2017, pulse oximetry screening was legally implemented in routine neonatal care
in Germany. The preceding developments, which were the prerequisite for this step, are described
in the specific context of Germany’s health care system. Continued evaluation of the method is
imperative and may lead to modifications in the screening protocol, ideally in accordance with the
efforts in other countries.
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1. Historical Aspects: From Clinical Data

The most severe, life-threatening forms of congenital heart disease (CHD) requiring intervention
very early in life are termed critical (CCHD). During the last decades of the past century, advances in
surgical techniques, as well as in perioperative intensive care medicine, led to an improved survival of
neonates with CCHD but further progress is likely to be limited.

Delayed diagnosis of CCHD with its potential of cardiac collapse and even death has long
been recognized, but its relative importance increased only with the above-mentioned developments.
In Germany, Prof. P. Schneider, the former head of the department of Paediatric Cardiology at the
Leipzig Heart Centre, described addressing the postnatal diagnostic gap in CCHD as a challenge not
only for paediatric cardiologists but for all involved in perinatal care, thus requiring an interdisciplinary
and collaborative approach [1].

The first step was to increase the awareness of the problem by establishing and participating in
regional educational programs for paediatricians, neonatologists and midwives, starting in the first
years of the last decade. Although data from the literature at that time was very limited, using pulse
oximetry screening to reduce the diagnostic gap in CCHD has been informally proposed in light of its
well-known advantages (availability, ease of use, non-invasiveness, and low cost) [1-4].

A survey in Saxony (the federal state in which the Leipzig Heart Centre is situated) revealed that
in January 2006, 62% (n = 29) of all responding perinatal and neonatal units (1 = 47; response rate 92%)
used pulse oximetry screening regularly. Thus, the prerequisites were ideal to perform a prospective
multicentre study on pulse oximetry screening. In the study population, the prenatal detection rate of
CCHD was comparatively high (60%). However, there was still a diagnostic gap of 20%, which could
be reduced to 4.4% by pulse oximetry screening [5]. Based on the data from this study, the working
Groups for Perinatology and Neonatology of the Saxonian Medical Association recommended the
implementation of pulse oximetry screening in routine care in October 2009. At around the same time,
Tautz et al. published their experience with pulse oximetry screening paralleled by the large series
from Norway and Sweden [6-8].
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In December 2009, a nationwide survey on pulse oximetry screening in Germany was conducted.
A questionnaire was sent to all 890 perinatal and neonatal units; the response rate was 29% (n = 255).
In 46% of the responding units, pulse oximetry screening had already been established. Although, in
the majority of cases, it had only been established in the last three years. However, the percentage of
units performing pulse oximetry screening showed remarkable regional differences, possibly at least
in part related to the regional effects of the activities in Saxony (Figure 1).

Figure 1. Pulse oximetry screening in Germany in December 2009. Green bars indicate the percentage
of perinatal and neonatal units performing pulse oximetry screening as per December 2009 in five
regions in Germany. The black lines indicate the level of significance (dotted line: p < 0.05, dashed
line: p < 0.01, solid line, p < 0.001). The asterisk indicates the federal state of Saxony. Source of
the map: adaptation from svg/2000px-Germany_location_map.svg.png; author: NordNordWest;
http:/ /creativecommons.org/licenses/by-sa/3.0/de/legalcode.

Another interesting finding was to reveal of differences in the use of pulse oximetry screening
depending on the level of perinatal care. The latter had been defined in Germany in 2006 in an
attempt to centralize the management of risk pregnancies and extreme prematurity (Table 1). Pulse
oximetry screening was used less in obstetrical clinics (Figure 2). This may, in part, be explained by the
expected low risk profile for pregnancies and neonates in these units. Yet, as existing strategies failed
to completely predict CCHD, pulse oximetry screening may be especially useful in these settings.
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Table 1. Levels of neonatal care in Germany (modified after [9,10]).

Level of Care

Admission Criteria

Perinatal centre level 1

Expected prematurity with a birth weight of <1250 g or a gestational age of <29 weeks

triplet pregnancy and gestational age <33 weeks; multiple pregnancy

Prenatal diagnosis of any fetal or maternal condition necessitating immediate postnatal intensive
care (critical congenital heart disease, diaphragmatic hernia, myelomeningocele, gastroschisis)

Perinatal centre level 2

Expected prematurity with a birth weight of 1250-1499 g or a gestational age of >29 to <32 weeks
HELLP syndrome

Intrauterine growth restriction <3rd percentile

Insulin-dependent gestational diabetes with elevated risk for the fetus/newborn

Perinatal clinic

Expected prematurity with a birth weight of >1500 g or a gestational age of >32 to <36 weeks
Intrauterine growth restriction between third and tenth percentile
Insulin-dependent gestational diabetes without elevated risk for the fetus/newborn

Obstetrical clinic

Gestational age >36 weeks, uncomplicated delivery expected

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

perinatal centre perinatal centre perinatal clinic obstetrical clinic not specified

level 1

level 2

Figure 2. Pulse oximetry screening and level of neonatal care. Green bars indicate percentage of
units using pulse oximetry screening as per December 2009 in Germany. Black lines indicate level of
significance (dashed line: p < 0.01, solid line, p < 0.001).

In light of the increasing body of evidence on the benefits of pulse oximetry screening [11,12],
the German Society for Paediatric Cardiology supported the use of pulse oximetry screening in 2011
and formulated a statement with recommendations for practical aspects of its implementation in
2013 [13,14]. Likewise, the German Society for Neonatology and Paediatric intensive care (GNPI)
recommended the use of pulse oximetry screening in its guidelines for neonatal care in 2012 [15].
However, the effects of these nonbinding recommendations remained unknown.
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2. To Legal Regulation

In the nationwide survey of 2009 only 26% of perinatal and neonatal units considered it necessary
to have legal regulations in place, in case pulse oximetry screening should be implemented. However,
patient representatives had a different view. A group led by the “Bundesverband herzkranke Kinder”
(BVHK) initiated the development of a legal regulation.

Germany’s national health care insurance system, introduced in 1883, has been highly regulated.
Since 1975, more than 90% of the population have been enrolled in the statutory health insurance,
the remaining 10% have been nearly completely covered by private or other health insurance [16].
Thus, regulations concerning the scope of health care services provided by insurers affect almost the
entire population.

The regulation of medical care and the implementation of legal requirements on new drugs
and methods of treatment by directives are the central tasks of a federal committee (Gemeinsamer
Bundesausschuss, G-BA). It was established in January 2004 as the highest decision-making body
of the joint self-administration of physicians, dentists, psychotherapists, hospitals and health
insurance providers.

Preventive examinations and screening tests in neonates are regulated in the Directive on Early
Detection of Diseases in Children up to the age of six years. Currently, each newborn is entitled to
three examinations immediately after birth (U1), between the third and tenth day of life (U2), and at
the end of (or early after) the neonatal period (fourth to fifth week of life, U3). Extended metabolic
screening, hearing screening (since 2009), an ultrasound of the hips and the Briickner test (fundoscopy,
since 2016) are also included.

The implementation of a new method requires a formal consultation process and a subsequent
positive resolution by the G-BA. The initiation of such a process may be requested by independent
members of the G-BA, by health insurers, the Association of Statutory Health Insurance Physicians,
the corresponding association of dentists, the German Hospital Society and patient representatives,
but not by physicians or medical professional societies.

In September 2012, the group of patient representatives mentioned above submitted an application
at the G-BA to initiate a consultation process on pulse oximetry screening, which was granted in
November 2012. In June 2013, an independent scientific organisation, the Institute for Quality and
Cost Effectiveness in Health Care (Institut fiir Qualitdt und Wirtschaftlichkeit im Gesundheitswesen,
IQWiG), was commissioned with a detailed analysis of the possible effects of pulse oximetry screening
in the current setting of peri- and neonatal care in Germany. The evaluation was mainly based
on available data from the literature, but statements from experts, national medical professional
associations, and patient representatives were also included. In its final report, published in May
2015, the IQWiG concluded that current evidence suggests a benefit of pulse oximetry screening as an
adjunct to the pre-existing diagnostic standard (Ul and U2) with respect to the timely diagnosis of
CCHD in neonates [17].

In January 2017, after an internal evaluation of the IQWiG'’s report, statements from experts and
medical professional associations, a decree of the G-BA was published, announcing the implementation
of pulse oximetry screening in routine neonatal care in Germany [18].

The algorithm for pulse oximetry screening, as recommended by the G-BA, is shown in Figure 3.
In most aspects, it is similar to the one used in the German multicentre study, published by one of the
authors in 2010 [5]. However, an important difference lies in the role of echocardiography. According
to the current recommendations, echocardiography may be omitted if another cause of hypoxia is
found. This approach may be reasonable especially when a positive pulse oximetry screening draws
attention to clinical signs suggesting other neonatal pathologies such as pneumonia or sepsis, cases in
which echocardiography would only delay appropriate diagnosis and treatment.
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24 - 48 hours of life
(exceptionally earlier, but after 4 hours of life, not later than 72 hours of life)

Sp0, <90% Sp0, 90-95% Sp0, 296%

repeat screening
within 2h

Sp0, <96% Sp0, 296%

pulse oximetry screening positive

pulse oximetry screening negative
immediate evaluation!

Figure 3. Algorithm for pulse oximetry screening in Germany as recommended by the Common
Federal Committee (Gemeinsamer Bundesausschuss, G-BA), modified after [19] by a specialist in
paediatrics, ideally with subspecialty training in neonatology/paediatric cardiology.

3. Future Perspectives

As per the decree of the G-BA, the quality and efficacy of pulse oximetry screening in Germany
are going to be evaluated after its implementation. By no later than 31 December 2018, an independent
scientific institution will be assigned to perform an analysis on the basis of a representative sample to
answer a defined set of target parameters (Table 2). However, further aspects might also prove relevant
and be included (Table 3).

Table 2. Target parameters for the evaluation of pulse oximetry screening after its implementation in
Germany as defined by the G-BA [18].

Number and Percentage of Newborns

- having received pulse oximetry screening

- with a negative screening result on the first measurement (SpO, > 96%)

- with a positive screening result on the first measurement (SpO, < 90%)

- with an abnormal result on the first measurement with the need to repeat the test (SpO, 90-95%)
- with a negative screening result on the second measurement (SpO; > 96%)

- with a positive screening result on the second measurement (SpO, < 96%)

- referred to a paediatrician/neonatologist

False positive results
Number of newborns with CCHD detected by pulse oximetry screening
Timing of diagnostic and therapeutic procedures in newborns with CCHD

Table 3. Possible additional target parameters for the evaluation of pulse oximetry screening after its
implementation in Germany.

Number and Percentage of Newborns

- with a prenatal diagnosis of CCHD
- with diagnosis of CCHD based on clinical signs/physical examination before pulse oximetry screening

False negative results
Detection of neonatal diseases in newborns with false positive screening results (with respect to CCHD)
Reasons for not performing pulse oximetry screening in eligible newborns
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Screening is definitely better than no screening, and despite the fact that the national screening
program will hopefully increase the early detection of CCHD systematically, several controversies will
remain with respect to the time of screening, cut off-values, and the follow-up algorithm.

In comparison to the algorithm in the UK, suggesting an early screening before 24 h of age [11],
the German, as well as the American algorithm, recommend screening between 24 h and 48 h of age as
the “best screening window” [19,20]. The G-BA states that screening may be performed “in exceptional
cases at the earliest of four hours after birth” to account for infants discharged from hospital within
24 h after birth. In most published data on screening before 24 h of age, the rate of false positives was
up to 10 times higher (0.8% vs. 0.05%) [21]. In this respect, “false positive” means, “false test positive”,
i.e.,, no CCHD detectable in the follow-up. Nevertheless, early screening before 24 h identified more
non-cardiac diseases (sepsis, persistent pulmonary hypertension of the newborn) at an early stage
before newborns were symptomatic. In the German study, 18 of the 36 newborns with CCHD (50%)
showed symptoms before screening [5], which is the very situation that screening aims to prevent. Thus,
earlier screening might be desirable from both the neonatologist’s and the paediatric cardiologist’s
perspective. However, the impact of pulse oximetry screening on the detection of noncardiac disease
has not been evaluated systematically yet. Expanding the spectrum of target parameters for analysis
of efficacy of pulse oximetry screening, as determined by the G-BA (Table 2) by additional parameters
(Table 3), might provide appropriate data and allow for evidence-based modifications of the screening
algorithm so that early screening and a timely diagnosis can be counterbalanced with the false positive
rate. Nevertheless, one has to bear in mind that the problem of severe cardiovascular compromise
related to CCHD cannot be completely avoided, neither by thorough clinical examination, nor by
pulse oximetry, and not even by prenatal diagnosis. This is because for example, in neonates with
hypoplastic left heart syndrome or transposition of the great arteries with restrictive or closed foramen
ovale, symptoms may occur despite immediate and appropriate treatment.

Modification of the upper time limit for screening might also become necessary. The German
algorithm specifies, that the screening may be performed no later than after the 2nd check-up by
the paediatrician. Newborns who have already been discharged at that age, receive their standard
investigation (U2) from a paediatrician either in his office or at home. This check-up has to be
performed between the third and the tenth day of life. In these cases, if early screening has not
been performed, substantial risk for falling into a diagnostic gap remains. Furthermore, it would be
necessary for all paediatricians to use portable saturation devices for their outpatient visits (U2). For
newborns born at home, midwives would have to be trained systematically.

It would be desirable that pulse oximetry screening for the detection of CCHD is recommended
for all European countries. A consensus statement on its implementation includes that it should be
performed with new-generation equipment that is motion tolerant, after 6 h of life or before discharge
from the birthing centre (preferably within 24 h after birth), and should be done in two extremities, the
right hand and either foot [22].

The majority of studies used saturations from one post ductal site—either foot. Recently, studies
have employed saturations from two sites—the right hand and one foot—giving both pre- and
post-ductal saturations. Therefore, rather than a single absolute saturation leading to the test result,
two individual values, and also the difference between the two, contribute to the result. Although a
systematic review did not identify a significant difference in sensitivity between the two methods [21],
this may be explained by the preponderance of single measurement, and further analyses are necessary.

Post hoc analysis of the raw data revealed that post ductal only measurement would miss a small
but significant proportion of babies that dual testing would identify [23]. This may become important
in Germany considering the birth rate of approximately 800,000 per year.

In contrast to many other studies from the UK and the USA, the cut-off value was chosen
to be 96%, following the experiences of the German trial [5]. Other rather big one-step screening
studies used 95%. Whether this single point of saturation difference really makes a difference in
specificity or false positives remains to be evaluated. However, combining regional or national

43



Int. ]. Neonatal Screen. 2018, 4, 15

studies in Europe in meta-analyses, maybe resulting in a common algorithm, is hampered by different
thresholds and procedures. For example, all authors recommending a two-site screening use different
combinations of thresholds and differences between measurement sites for definition of a positive
screening result [7,9,20].

Prenatal echocardiography has the potential to detect virtually all forms of CCHD up to the point
where, in single institutions, pulse oximetry screening for CCHD becomes ineffective [24]. Being highly
dependent on operator experience and appropriate technical equipment, which are neither widely
available, nor will be in the near future, prenatal detection rates in larger regions or countries remain
substantially lower [25]. In Germany, the rate of prenatal diagnoses for all CHD has been 12%, ranging
from approximately 5 to 68% in CCHD, depending on the type of lesion [26]. In 2013, completion
of a four-chamber view has been implemented in routine pregnancy care by the G-BA. It has been
estimated that this may ameliorate the prenatal detection rate up to 30-40%, concluding that pulse
oximetry screening will be able to substantially contribute to a timely diagnosis of CCDH in the years
to come [17].

A recent U.S. study has shown a substantial reduction of mortality from undiagnosed CCHD
after the implementation of pulse oximetry screening [27]. In populations where mortality from
undiagnosed CCHD was low before the introduction of pulse oximetry screening, a comparable effect
might be expected on the reduction of severe morbidity in affected neonates [5,28].

4. Conclusions

In the past decade, pulse oximetry screening in Germany has made its way from clinical trials
to the statutory introduction into clinical routine as an adjunct to prenatal diagnosis and clinical
examination. This will hopefully further improve the prognosis of infants with CCHD. Continuing
evaluation of its effectiveness is necessary to allow for modifications of the screening protocol
when appropriate.
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Abstract: A national approach to screening for critical congenital heart disease (CCHD) using
pulse oximetry was undertaken in the United States. Following the scientific studies that laid the
groundwork for the addition of CCHD screening to the U.S. Recommended Uniform Screening Panel
(RUSP) and endorsement by professional societies, advocates including physicians, nurses, parents,
medical associations, and newborn screening interest groups were able to successfully pass laws
requiring the screen on a state by state basis. Public health involvement and screening requirements
vary by state. However, a common algorithm, education, and implementation strategies were shared
nationally as well as CCHD toolkits to aid in the implementation in hospitals. Health Resources
& Services Administration (HRSA) grants to pilot states encouraged the development of a public
health infrastructure around screening, data collection, and quality measures. The formation of a
CCHD NewSTEPs technical advisory work group provided a systematic way to tackle challenges and
share best practices by hosting monthly meetings and webinars. CCHD screening is now required in
48 states, with over 98% of U.S. births being screened for CCHD using pulse oximetry. A standard
protocol has been implemented in most states. While the challenges related to screening special
populations and quantifying screening outcomes through the creation of a national data repository
remain; universal implementation is nearly complete.

Keywords: CCHD screening in the US; newborn screening pulse oximetry; critical congenital heart
disease screening

1. Introduction

Critical congenital heart disease (CCHD) screening using pulse oximetry is a point of care newborn
screen that relies on the detection of low blood oxygen levels to identify infants who may have CCHD
or other life threatening neonatal conditions. Particularly useful for identifying asymptomatic infants
with CCHD in well-baby nurseries, the importance of this screen is in its ability to allow for the
detection of CCHD prior to when the infant is discharged from the birth hospital. The late detection of
CCHD, after hospital discharge, has been shown to increase morbidity and mortality [1].

Congenital heart disease (CHD) is the most common birth defect. In the U.S., approximately
40,000 infants are born with CHD, with 25% of those having CCHD [2—4]. The primary targets for
CCHD screening were identified through expert consensus in 2011. The list included those seven
lesions most likely to be identified using pulse oximetry: hypoplastic left heart syndrome, pulmonary
atresia, tetralogy of Fallot, total anomalous pulmonary venous return, transposition of the great
arteries, tricuspid atresia, and truncus arteriosus [5]. This list of core conditions was expanded
in 2016, this time by an expert panel convened by the Centers for Disease Control (CDC) and the
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American Academy of Pediatrics (AAP) to include coarctation of the aorta, double-outlet right ventricle,
Ebstein’s anomaly, interrupted aortic arch, single ventricle, and other critical cyanotic lesions not
specified. The expert panel also acknowledged the added benefit of identifying secondary targets,
including hemoglobinopathy, hypothermia, infection (including sepsis), lung disease, noncritical CHD,
persistent pulmonary hypertension, and other hypoxemic conditions as important public health targets
of CCHD screening in the U.S. [6].

The goal of this article is to give an overview and insight into how the U.S. was able to achieve
systematic implementation of CCHD screening using pulse oximetry including a nationally endorsed
screening algorithm, centralized resources coordinated at the state and federal government levels,
shared educational strategies, and toolkits; thus, moving within five years from screening in only a
few hospitals, mainly associated with research studies with no state requirements, to nearly universal
implementation in all but two states.

2. Early Studies and 2009 Scientific Statement

The need for additional methods to identify infants with CCHD early and prior to circulatory
collapse was made very clear in one research study that investigated missed diagnosis of CCHD
in California. More than 50% of CCHD deaths (up to 30 infants a year) could be attributed to late
or missed diagnosis in the neonatal period in the state of California alone [7]. Evidence presented
in the Chang study and others [8] demonstrated that additional methods of detection for CCHD,
aside from prenatal ultrasound and physical examination of the neonate, were needed. If infants with
CCHD could be identified, diagnosed, and receive an intervention (cardiovascular surgery or cardiac
catheterization), survival and morbidity outcomes could be improved.

Although the concept of using pulse oximetry as a screening mechanism was explored in research
articles both in the U.S. and Europe as early as 1993 [9-12], screening had not yet been implemented in
U.S. newborn nurseries or required in any states. In 2005, Mississippi proposed legislation suggesting
that pulse oximetry screening be used as a strategy to identify additional instances of newborns with
CCHD [13]. Tennessee also considered early pulse oximetry screening legislation, but at that time,
cardiologists, concerned about false positive studies, were hesitant to support the concept of CCHD
screening as a state mandate [14]. Pulse oximetry screening was gaining significant attention as a
potential strategy to improve the timely recognition of CCHD; the scientific community responded by
reviewing the state of evidence related to the use of pulse oximetry in newborns to detect CCHD [15].

On behalf of the AAP Section on Cardiology and Cardiac Surgery, and Committee on Fetus
and Newborn and the American Heart Association (AHA) Congenital Heart Defects Committee
of the Council on Cardiovascular Disease in the Young, Council on Cardiovascular Nursing,
and Interdisciplinary Council on Quality of Care and Outcomes Research, an expert writing group
was tasked with evaluating the state of evidence on the routine use of pulse oximetry to detect CCHD.
In 2009, they released a scientific statement concluding, based on an analysis of papers from 1966 to
2008, the following: CCHD was not being detected in some newborns prior to discharge from their
birth hospital, resulting in significant morbidity and occasional mortality; if routine pulse oximetry is
performed on asymptomatic newborns after 24 h of life but prior to discharge, additional CCHD could
be detected, particularly in hospitals where on-site pediatric cardiologists and pediatric cardiovascular
services were available; and that screening could be conducted at very low cost and risk of harm [15].
However, the expert group went on to emphasize that further studies in “larger populations and
across a broad range of newborn delivery systems” was required to determine whether pulse oximetry
testing should become the standard of care in the routine assessment of neonates [15].

3. Evidence from Europe

While the AHA /AAP expert writing group was performing their review of the evidence and
grappling with the need for population level data to validate using pulse oximetry as a CCHD screening
tool, researchers in Europe were poised to publish several important studies that would provide the
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precise evidence needed. Studies from Sweden, the United Kingdom, and Germany demonstrated
that screening for CCHD at the population level had the required sensitivity and specificity to meet
the criteria for newborn screening.

Perhaps most influential was a study from Sweden by Granelli et al. It was complete but not
published in time to be considered in the analysis by the 2009 AAP/AHA writing group. This study
analyzed 39,821 newborns who were screened using pulse oximetry and compared the strategy of
physical exam alone with pulse oximetry screening alone, and in combination physical exam and
pulse oximetry screening. The results were compelling, in addition to having an acceptable sensitivity
(82.8% when combined with physical assessment) and specificity (97.8%); many of the false positives
of pulse oximetry screening were not CCHD, but true positives for other important pathologies
including persistent pulmonary hypertension of the newborn (PPHN), pneumonia, and infections,
adding to the value of the screen outside of identifying unknown infants with CCHD. Although not
all forms of CCHD can be detected by using pulse oximetry, this study concluded that 92% of ductal
dependent cases could be identified if screening was performed in newborn delivery hospitals prior
to discharge [16].

An additional study was published in 2010. It involved 34 institutions in Germany in which
42,240 infants were screened (sensitivity 77.78%, specificity 99.90%, and negative predictive value
99.99%). Based on the analysis of those screens, the study team concluded that the addition of pulse
oximetry screening could substantially close the postnatal diagnostic gap (those cases of CCHD not
identified through prenatal ultrasound or physical assessment) to 4.4% [17].

A meta-analysis conducted by researchers in the United Kingdom, which identified 13 high
quality primary studies involving 229,421 infants screened using pulse oximetry, provided additional
key support. The calculated sensitivity (76.5%) was similar to the Granelli study and the false positive
rate overall was 0.14%. Interestingly, when the data was further broken down, the study found that
the false positive rate, if the screening was conducted after 24 h, was significantly lower than if the
screening was conducted prior to 24 h of life (false positive rate <24 h 0.5% versus >24 h 0.05%) [18].
This distinction would later factor heavily into the development of the U.S. nationally endorsed
protocol. However, it may not have properly acknowledged that additional secondary conditions
make up the majority of those false positives.

These studies from Europe provided valuable evidence that would help to inform the development
of the U.S. recommended strategies. In fact, two of the U.S. CCHD stakeholder meetings included
expert representation from among the authors of the Swedish and UK studies.

4. Call to Action as CCHD Screening Is Added to the RUSP

In October 2010, following the availability of new evidence from Europe and a formal scientific
evidence review process, the Secretary’s Advisory Committee on Heritable Disorders in Newborns
and Children (SACHDNC), whose responsibility it is to identify, evaluate, and make recommendations
on which newborn screens should be added to the Recommended Uniform Screening Panel (RUSP),
evaluated the research, heard the testimony of experts and families, and agreed that CCHD screening
using pulse oximetry be recommended at the national level as part of the standard of care for newborn
screening in the US. An additional review to propose a plan of action and to address the evidence gaps
by the Interagency Coordinating Committee (ICC) was also completed prior to endorsement by the
Secretary of Health and Human Services [19].

A group of experts and stakeholders came together for a two-day meeting sponsored by
SACHDNC and hosted by the American College of Cardiology (ACC) at the Heart House in January
of 2011. Participants included physicians, nurses, scientists, representatives from Health Resources
& Services Administration (HRSA), ACC, AAP, AHA, the American College of Medical Genetics,
March of Dimes, the Association of Maternal and Child Health Programs, The Association of Public
Health Laboratories (APHL), the National Institutes of Health (NIH), Centers for Disease Control
and Prevention (CDC), Food and Drug Administration (FDA), parent advocacy groups, industry
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partners, state public health program, and healthcare organizations [19]. Initial recommendations
and a screening algorithm (see Appendix A) based in large part on the Swedish protocol, specifying
that screening be conducted using two limbs (the right hand and either foot) [16] were developed [5].
This algorithm was chosen mainly for its acceptable sensitivity (82.76%) and high specificity (97.88%)
when paired with physical assessment. The expert group also recommended screening take place
“at or around 24 h or prior to discharge” to maximize sensitivity while minimizing the number of
false positives [5].

CCHD screening was added to the RUSP by Secretary Kathleen Sebelius in September of 2011 [20].
This recommendation was a first major step toward systematic implementation and represented buy-in
at the federal or national level. The AAP [21], AHA, ACC, and March of Dimes also quickly endorsed
CCHD screening.

The need for an additional workgroup and stakeholders meeting arose to address challenges such
as the selection of screening equipment, the standards for reporting screening outcomes, the training
and education of health care providers and families whose infants were being screened, payment for
screening, appropriate follow-up diagnostic testing, public health involvement, and oversight and
to identify areas for future research [22]. This additional work group meeting also took place at the
Heart House in Washington, D.C. in February, 2012. Importantly, the recommendations from this work
group included a minimum data set for both hospital level and state public health level reporting [22].

Secretary Sebelius, as a part of her 2011 adoption of CCHD screening to the RUSP, included a
Federal Agency Plan of Action focused on the key areas of (1) research, (2) surveillance, (3) screening
standards and infrastructure, and (4) education and training [20]. NIH was tasked with determining
the impact of CCHD screening on the health outcomes of infants as well as the development of
registries to help address research questions related to screening. The CDC’s main area of focus would
be surveillance, including the evaluation of cost-effectiveness analysis and the monitoring of CCHD
mortality and its link to other health outcomes. The Health Resources and Services Administration
(HRSA) was charged with completing a thorough evaluation in collaboration with SACHDNC to
evaluate the potential public health impact of universal screening for CCHD and to develop screening
standards, and support the development of education tools and the infrastructure required for a public
health approach to this point of care screen [20].

HRSA responded by funding six CCHD state demonstration projects over a three year period,
specifically to support the validation and dissemination of CCHD screening protocols and for the
development of infrastructure around point-of-care screening for CCHD [23]. The state programs
chosen were: Michigan, New Jersey, Utah, Virginia, Wisconsin and a consortium of five New England
states (Maine, New Hampshire, Vermont, Rhode Island, and Connecticut) [23]. Shortly after the grants
to the states were awarded, a third stakeholders meeting took place in Washington, D.C. in September
of 2012 to kick-off and coordinate state efforts. Initial lessons learned following the completion of the
grant period were published by the grantees in 2017 [23].

The need for building public health infrastructure and sharing best practices and lessons learned
with other states was particularly important as CCHD screening was only the second point of care
newborn screen to be implemented nationally. The first was newborn hearing screening. HRSA also
provided limited funding for another CCHD specific initiative, the Newborn Screening Technical
assistance and Evaluation Program (NewSTEPs). NewSTEPs partnered with federal agencies in
examining CCHD screening as well as state public health newborn screening programs to provide a
central platform for CCHD screening resources. It also brought together a technical assistance CCHD
work group and monthly webinars specifically related to implementation, education, and the spread
of CCHD best practices [24].

Since the 2011 addition to the RUSP, federal agencies continue to work towards addressing the
needs identified in Secretary Sebelius’ recommendations. Researchers at the CDC have published
studies examining the potential impact of screening implementation on the detection of CCHD and
lives saved [25], and cost-effectiveness [26].
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5. State-by-State Advocacy

The addition of CCHD screening to the RUSP at the federal level is non-binding on the states.
To become required by law, each state would individually need to mandate CCHD screening, which,
to date, all of the states, except for three, have done, either by statute, regulation, or executive
order. Indiana, New Jersey and Maryland were the first three states to require CCHD screening
in 2011, prior to the addition of CCHD screening to the RUSP. Parent groups, nurses, physicians,
and professional societies worked together to go state-by-state advocating that CCHD screening be
adopted as law. Peak advocacy efforts within the U.S. occurred in 2013 when 25 states adopted CCHD
screening [27]. By early 2015, 43 states and the District of Columbia required CCHD screening.

There are nuances in how states selected to implement, with varying levels of public health
involvement. Differences in state CCHD screening laws include whether the mandate would be funded,
whether all of the infants would be screened or whether exceptions to screening were permissible
(special care nurseries, premature infants, out of hospital births, screening at altitude) and whether any
aggregate or individual CCHD screening data would be reported. Most states choose to implement
the algorithm recommended by the AAP with New Jersey, Tennessee, and Minnesota being among the
few exceptions [6]. Data collection, the extent to which education was provided, and the monitoring of
implementation by state public health departments also vary greatly.

By the end of 2016, only two states, Idaho and Wyoming, were not screening. One state, Kansas,
implemented at all hospital newborn nurseries without a state mandate. As of September 2017, the last
two states that do not require screening, Idaho and Wyoming, have proposed regulations pending
that would require CCHD screening. Rapid adoption by the states can largely be contributed to the
alignment of several key forces, the validation of pulse oximetry as an effective screening method at the
federal level, the endorsement of screening by national professional medical societies, and the support
in the form of initial financial resources by federal and state public health agencies. Parents and clinical
experts also played key roles as advocates [28], testifying at both the state and federal levels in support
of CCHD screening and its ability to save lives through early identification.

6. Systematic Implementation

Once required by state law, there was still considerable work to be done to implement CCHD
screening in hospitals with newborn nurseries. Several different strategies were employed to ensure an
efficient approach. These included the use of CCHD implementation toolkits, the sharing of educational
videos for providers and families, a train-the-trainer approach, and the dissemination of resources,
best practices, and solutions to common challenges through the aforementioned NewSTEPs webinars.

Systematic implementation was aided by the publication of a feasibility study conducted in
Maryland, demonstrating that CCHD screening could be successfully implemented at a community
hospital without the need for additional staff members, taking an average of only 3.5 min to screen
and with few barriers [29]. Showing that CCHD screening was feasible in a community hospital was
important. Prior to this study, most screening implementation was conducted at large, often urban
centers and most often associated with research.

In 2013, NewSTEPs, which continues to function as a part of a partnership between the Association
of Public Health Laboratories (APHL) and the Colorado School of Public Health, began hosting monthly
CCHD technical assistance webinars to assist in the dissemination of best practices and working
solutions to commonly identified challenges to screening [23]. Early topics included: educational
resources available for parents and screeners, data collection including electronic reporting resources,
defining roles and resources from a public health perspective, special populations, and how to address
cost/equipment issues [30]. NewSTEPs, in partnership with the Pediatric Congenital Heart Association,
also brought together the HRSA grantees and other leaders in CCHD for an in-person meeting in
February 2014. The purpose of this meeting was to discuss the current status of CCHD screening in
the U.S. and to share ideas and provide guidance for state screening programs involved in all stages of
implementation [23].
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Toolkits containing materials used to implement in a hospital newborn nursery made it possible
to implement screening in a new hospital without having to gather and develop all of the necessary
components for implementation each time. These toolkits contained important background evidence
on CCHD screening, information on the screening protocol, education for providers, nurses, and
parents, as well as competencies and forms to facilitate the documentation of screening results.
Children’s National Medical Center developed one such CCHD screening implementation toolkit
that was shared nationally and adapted to be state specific in Alaska, Missouri, Utah, and Colorado.
Other states, including Rhode Island, Texas, and Wisconsin also created and extensively used CCHD
screening implementation toolkits within their states.

Educational videos and training modules, incorporating evidence based content, were created
and shared to provide those staff tasked with implementing CCHD screening with information on
the importance, benefits and limitation of screening, technical assistance in how to perform the
screen as well as information for parents on understanding the screens purpose and results [31,32].
Donations from families, federal and state funds all helped support the development of these freely
available resources.

7. Lessons Learned

An early concern discussed extensively in stakeholder meetings and prior to the addition to the
RUSP was that CCHD screening would result in too many false positives. This initial concern was not
valid; early adopters did not find that the number of false positives overwhelmed the care delivery
system in the way of unnecessary referrals to specialists or unnecessary echocardiograms [33,34].
Screening with pulse oximetry is not diagnostic for CCHD, it simply identifies an infant for follow-up
to determine the cause for hypoxia. Referral and assessment by a pediatric cardiologist and an
echocardiogram are required for a diagnosis of CCHD. Other causes of low blood oxygen levels
should also be considered, such as assessment and laboratory work for infectious or respiratory causes.
This distinction was particularly important in places that were geographically isolated or remote,
where an infant would have to be transported over great distances for follow-up to occur. If another
cause for a failed screen could be identified first, a referral and echocardiogram may not be required.
Initial U.S. recommendations for follow-up stated that a comprehensive evaluation for the causes
of hypoxemia be conducted and if the hypoxemia is not explained, a diagnostic echocardiogram
with interpretation by a pediatric cardiologist is needed [5]. However, subsequent research from
Europe has shown that echocardiography is not always needed if another condition is found to be
causing the low blood oxygen saturation, and that only 29% of those that fail the screen require
echocardiograms [35]. The number of false positives in the U.S. did not result in a large number of
unnecessary echocardiograms once CCHD screening implementation was underway [29,34].

Misinterpretation of the screening algorithm and protocol violations were also reported as early
implementation was undertaken. These issues could be addressed or minimized by implementing
quality metrics and through the use of electronic decision support tools [33,36]. Best practices are still
being developed with regards to screening special populations, particularly home births, births at
altitude, and evaluating whether screening of infants in neonatal intensive care units is effective [37].
Colorado requires CCHD screening of infants born at moderate altitude, accepting a higher false
positive rate when compared to infants born at sea level [38]. Physicians, midwives, and nurses
in Wisconsin and Pennsylvania have tailored the AAP recommended screening protocol for use in
out of hospital births [30]. Best practices related to screening these special populations continue to
be studied [23,24].

Although a few early adopter states have published data on their initial implementation of CCHD
screening [34], states that received grants from HRSA cited the lack of sustained funding for data
collection activities to be the most common and important challenge identified [23]. Initial federal and
state funds were limited and not renewed. Data collection activities vary greatly by state. In some
states, the public health department is not permitted to collect newborn screening data; whereas in
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others, such as Maryland, Minnesota, Virginia, Florida, and New Jersey results are reported centrally
to the state department of health sometimes using electronic birth certificates or rely on the dried blood
spot cards as the reporting mechanism. Other states have developed automated systems and have the
ability to extract data directly from the pulse oximeter devices and electronically transmit and report
results [23]. One survey conducted in 2015 reported that 74% of states collected CCHD screening data
or had plans to do so, however, that the amount of data collected varied from aggregate results on
whether infants passed or failed, to all individual screening results [27].

The dramatic variation in the amount of CCHD screening data collected and the differences in
how the data is collected (electronic, paper, aggregate data vs. individual screening results) has made it
difficult to analyze the data to accurately assess and inform the impact that screening has on reducing
CCHD morbidity and mortality through early detection and intervention. In particular, the need
for an “assessment of the certainty of diagnosis using standardized public health surveillance case
definitions” is needed to be able to allow for consistent comparisons across state screening programs
and over time [24]. Although a national web-based repository to collect data on CCHD screening
outcomes was created through NewSTEPs, without a requirement to collect CCHD screening data,
which many of the CCHD screening mandates lack, the data is not available or submitted, to date,
for systematic review and analysis nationally.

8. Conclusions

During a follow-up Advisory Committee on Heritable Disorders in Newborns and Children
(ACHDNC) meeting in August of 2017, committee members discussed whether CCHD screening may
be one of the most successful and impactful additions to the RUSP, particularly in its ability to gain the
attention and buy-in of the general public, and publicity in the form of newspaper articles and news
coverage. Outcomes analysis to assess the national impact of requiring CCHD screening in the U.S.
is currently underway and may rely heavily on administrative data, birth defect and death registry
data in the absence of population level CCHD outcomes reporting, since no such robust U.S. clinical
dataset currently exists. Data from Europe that was crucial in informing initial recommendations and
strategies related to screening may continue to be informative for future U.S. algorithm refinements
particularly around the question of ideal timing of the screen [39].

A preliminary report, examining state death registry data from 2007-2013, was presented to
ACHDNC in the August 2017 meeting. This report focused on the impact of state policies requiring
CCHD screening, and found a 33% reduction in CCHD infant deaths in those states requiring screening
and a calculated potential reduction of approximately 120 infant deaths due to CCHD per year in
the U.S. as a whole [40]. This reduction in infant deaths is the primary outcome hoped for by the
many individuals, government entities, researchers, physicians, nurses, public health staff, industry
partners, parents, and others that worked to ensure that CCHD screening using pulse oximetry would
be implemented in the U.S. as a national policy. As research studies, federal and state programs
continue to focus on CCHD screening, we will learn more about the granular impact of public health
involvement and the implementation of screening on decreasing the late identification of infants
with CCHD, and the subsequent impact on morbidity and neurodevelopmental outcomes as well as
evidence based recommendations for special settings [24].
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Appendix A
U.S. Algorithm [5]

Critical Congenital Heart Disease Screening Program:

Screening Protocol Diagram

Measurement #1
Pulse Ox on Right Hand (RH) and One Foot After 24 Hours of Age

PASS
Pulse ox of 95% or more in RH
or foot AND difference of 3%
or less between the two

FAIL RETEST
Pulse ox of 89% or less Pulse ox of 90-94% in BOTH the RH
in either the RH or foot and foot OR a difference of 4% or

Action: Do Not Repeat more between the RH and foot
for Screening, Refer for Action: Repeat pulse ox Action: Do Not Repeat for Screening,
Immediate Assessment measurements in 1 hour Provide Normal Newborn Care

y

Measurement #2
Pulse Ox on Right Hand (RH) and One Foot 1 Hr After Measurement #1

- l o

RETEST
Pulse ox of 90-94% in BOTH the RH Pulse ox of 95% or more in RH
or foot AND difference of 3%

and foot OR a difference of 4% or
more between the RH and foot or less between the two
Action: Do Not Repeat for Screening,

Action: Repeat pulse ox
measurements in 1 hour Provide Normal Newborn Care

'

Measurement #3
Pulse Ox on Right Hand (RH) and One Foot 1 Hr After Measurement #2

FAIL
Pulse ox of 89% or less
in either the RH or foot
Action: Do Not Repeat
for Screening, Refer for
Immediate Assessment

PASS
Pulse ox of 95% or more in RH
or foot AND difference of 3%
or less between the two
Action: Do Not Repeat for Screening,
Provide Normal Newborn Care

RETEST
Pulse ox of 90-94% in BOTH the RH
and foot OR a difference of 4% or
more between the RH and foot
Action: Do Not Repeat, Clinical

FAIL
Pulse ox of 89% or less
in either the RH or foot
Action: Do Not Repeat for
Screening, Refer for

Immediate Assessment Assessment
N
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Table Al. Showing Components for Successful U.S. Implementation & Barriers Addressed.

Components for Successful Implementation Barriers Addressed and Solutions

Common algorithm /protocol for screening ° Too many false positives—In most cases, false positives are

& follow-up important secondary conditions

Endorsement by professional societies . Unnecessary referrals to pediatric cardiology and

Engage parents and clinical stakeholders echocardiograms—Found to be reasonable in practice

as advocates o Quality control and assurance of protocol adherence and
Federal recommendations and interpretation—Quality metrics and electronic decision support
agency involvement . Screening special populations (neonatal intensive care units,
Centralized shared educational resources and at high altitude, out of hospital births)—Best practices
dissemination of best practices/lessons learned in development
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Abstract: Tennessee initiated single-extremity staged screening by pulse oximetry for undetected
CCHD in 2012. The algorithm begins with a saturation reading in the foot and allows an automatic
pass if the foot pulse oximetry is 97% or greater. This was based on the principle that it is not possible
to have a greater than 4% difference in the pulse oximetry between upper and lower extremities if the
lower extremity is equal to or greater than 97%. This approach eliminates over 75,000 “unnecessary”
pulse oximetry determinations in Tennessee each year without affecting the ability to detect CCHD
before hospital discharge.

Keywords: pulse oximetry screening; screening algorithm; critical congenital heart disease;
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1. Introduction

Congenital heart disease is present in approximately one in every one hundred live births in
the United States. Critical congenital heart disease (CCHD) comprises a significant percentage of
heart lesions. The Center for Disease Control (CDC) has identified seven congenital heart lesions
that are deemed critical diseases. These seven lesions include hypoplastic left heart syndrome,
pulmonary atresia, tetralogy of Fallot, total anomalous venous return, transposition of the great
arteries, tricuspid atresia and truncus arteriosus.

Until pulse oximetry screening in the United States was begun, about 30% of infants with
CCHD—or 6 per 10,000 babies—with the seven critical congenital heart disease lesions identified by
the CDC were not diagnosed until after initial hospital discharge [1].

With the recommendation for screening in 2011, the USA Secretary of Health and Human Services
recommended routine newborn pulse oximetry screening be performed prior to hospital discharge.
As of 2015, 46 states and the District of Columbia require hospitals to screen newborns for critical
CCHDs [2].

The protocol recommended by the AHA and CDC for screening was based on extensive review
of evidence from major European trials [3-6].

In 2011, the AHA and the CDC decided upon a protocol that evaluates the pulse oximetry reading
of the infant on a hand and foot after 24 h of age. To avoid the problem of multiple false positives,
it was decided to repeat the screen twice prior to declaring the infant a failure [7].

Seven key lesions which would be expected to have a low saturation were targeted by the
AHA and comprise the group of lesions referred to as CCHD as defined above. In addition to the 7
identified CCHDs, the CDC has targeted an additional five lesions when studying CCHD screening.
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These five lesions include coarctation of the aorta, double outlet right ventricle, Ebstein’s anomaly,
interrupted aortic arch and single ventricle lesions other than HLHS.

This protocol for screening two extremities was based on the possibility that a baby with secondary
targets such as coarctation may have decreased saturations in the lower extremity compared to the
upper, and therefore a persistent difference greater than 3% between upper and lower extremity was
considered an indication for further evaluation. Using this protocol, it was estimated that about half
the infants with CCHD who would have been missed by lack of prenatal diagnosis and absence of
signs in the newborn nursery would be identified by a failed pulse oximetry screening test [8].

It was estimated that, each year, about 875 more newborns with a CCHD could be identified at
birth hospitals using pulse oximetry newborn screening, but an equal number (880 babies) might still
be missed each year in the United States. Lesions that were of concern for being missed and significant
included truncus arteriosus, coarctation of the aorta and interrupted aortic arch.

The state of Tennessee had been evaluating the possibility of screening since 2006 [9]. We and
the state reported on the incidence of missed CCHD, and identified that a diagnostic gap existed in
Tennessee prior to the beginning of state-wide screening [10].

Based on our experience and the literature, it was estimated that pulse oximetry would detect
CCHD in 5 to 7 Tennessee infants who would otherwise be missed. It was also suggested that the
upper extremity pulse oximetry reading would be unnecessary if an initial foot pulse oximetry reading
was 97% or higher, since it would be impossible to have a difference of greater than 3%. Therefore,
the Genetics Advisory Committee of the state of Tennessee presented to the Commissioner of Health a
modified Tennessee algorithm with an initial assessment of a single lower extremity reading, which,
if 97% or higher a second, upper extremity, test was not required. Figure 1 The two-year results of this
screening algorithm are presented in this report.

TN Modification

[ Screen FOOT ONLY at 24-48 hours of age |

<90% [90-96% | [97-100%]

[Add screen of RIGHT HAND |

|Default to standard DHH protocol \

Positive Screen Negative Screen
(FAIL) (PASS)

Figure 1. Foot only screen, if the pulse oximetry level is 97% or higher, the test is a pass and no upper
extremity result is obtained, if the level is less than 90% the infant fails and is referred for further
evaluation. A measurement of 90-96% results in a default to the AHA, CDC algorithm.

2. Materials and Methods

The State of Tennessee Health Department collected data on pulse oximetry screening as part
of the State Genetics screening program on all live births. The State established a separate CCHD
screening task force to monitor and assess newborn pulse oximetry screening. The pulse oximetry data
are gathered from the pulse oximetry screening form on each metabolic screening blood spot test.

Surveillance for missed cases of CCHD was done through reports from the separate State of
Tennessee Birth Defects Registry and the TIPQC missed-CCHD database as previously reported [10].

De-identified information collected by the TIPQC registry of missed cases included the neonate’s
diagnosis, age at diagnosis, presenting symptoms, and outcome. For the purpose of the registry,
CCHD was defined as severe and life-threatening CHD requiring either surgical or catheter-based
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intervention in the first month of life. Reportable lesions included the 12 CDC targeted lesion which
were ductal dependent lesions and lesions resulting in hypoxia. Acyanotic and non-ductal-dependent
congenital heart defects requiring semi-elective surgical repair (tetralogy of Fallot without cyanosis,
atrioventricular septal defect, atrial septal defect, ventricular septal defect, and patent ductus arteriosus)
were excluded from the study.

3. Results

In 2013, there were 84,964 births, and in 2014 there were 87,184 births, for a total of 172,148 births
in 2013-2014. During that time 95% (163,699) submitted pulse oximetry screening data. From that
cohort, 96% passed with foot only evaluations. This eliminated the need for a second pulse oximetry
reading in 156,948 infants.

For these 2 years, 232 infants failed the screen, with 51 true positives, or 22%. Eight babies had
no prenatal suspicion or clinical signs, and were picked up solely by the screening tool. During the
same period, there were 13 infants with CCHD not picked up by the screen. Ten of these had left-sided
obstruction, which subsequently presented with clinical signs between day of life 3 and 30. Two infants
were found to have TAPVR, one of whom was found on autopsy review after unexplained death
at 14 days of age. One baby with no recorded screen presented with Tetralogy of Fallot and one with
coactation presented at 9 days of age.

4. Discussion

Pulse oximetry screening for CCHD is a valuable adjunct to physical exam and clearly worth the
effort. Even in the false positive cases, there are a significant number of infants with other disorders
who benefit from evaluation and treatment. We did not systematically track all the babies who failed
and who did not have CCHD, but we found a case of intracranial hemorrhage with apnea, a nasal
lacrimal tumor, several babies with pneumonia and sepsis. It is clear that no baby should be discharged
with a saturation of less than 95% without a clinical diagnosis [11].

The Tennessee algorithm saved 150,000 unnecessary pulse oximetry readings and still detected
the predicted number of CCHD cases.

Using the cost data from Peterson et al. [12], and assuming the pulse oximeter probe is not changed
between sites, the time necessary for screening would be reduced from 9 to 5 min; based on the Peterson
approximation of average hourly nursing salary, the labor cost would be reduced from $6.68 to $3.71
per screen; it would therefore cost approximately $3.00 per baby, or over $240,000 per year, in Tennessee
to obtain a pulse oximetry reading in the upper extremity, which could not be more than 3% greater
than the foot reading. In addition to this financial cost, nursing time is valuable and better-used
counseling families on newborn care, including Safe Sleep teaching or feeding.

In discussion with physician heath care leaders in other states, the major objection to using the
Tennessee approach is the lack of endorsement by the CDC, and the concern that it is “too complicated”.
However, in discussion with nursing leaders, it is almost instantaneously understood that if the foot
saturation is 97% or higher, it is not possible for the hand to be over 3% higher, and thus an upper
extremity saturation is unnecessary. Thangaratinam et al., in their meta-analysis [13], actually showed
no benefit from additional two-extremity testing. However, it is clear from the data reported that,
although they are rare, babies with a true differences in saturation due to right to left ductal shunting
can be identified, and the two-extremity test should be used whenever there is a possibility of an
abnormal result. In the future, new technology may also allow two-site pulse oximetry to detect
coarctation of the aorta by using pulsatility information [14].

The possibility of a reversal of saturations due to a TGA is not uncommon, but this condition
would also have to be associated with a saturation of over 97% in the foot. To date, there have been no
actual reports of such a condition. To require an additional 150,000 pulse oximetry readings each year
looking for such a rare condition would not be cost-effective.
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The 13 babies over two years with false negative results are particularly concerning. It is difficult
to identify false negative cases, and we were fortunate in developing a state-wide voluntary reporting
system. No screen result was found on 2 infants, one baby with Tetralogy had no screen recorded,
and was found to be a home birth without pulse oximetry available. The other baby with coarctation
presented at 9 days, and had no screen reported; this was during the first month of establishing the
screening program. We have subsequently worked with our mid-wives in TN, and all have portable
pulse oximetry capability and education. In addition, through the state genetics quality improvement
program, there is now documented screening on over 97% of all infants. Tennessee does not require
the actual saturation levels to be reported, just pass or fail, and whether one or two extremities were
tested. The 11 false negatives that were screened passed with a single lower extremity test of over 97%.
Nine of these infants were left-sided obstructed lesions, and upon final presentation had saturations
ranging from 92 to 100%. There was one TAPVR who presented with respiratory distress, and there
was one death of a baby with TAPVR who presented at 2 weeks of age in arrest; both had passed the
screen. Without prospective saturation data, it is not possible to know whether some of these babies
would have been diagnosed by the CDC algorithm.

Extrapolating the savings from using the Tennessee approach nationwide would result
in 3.8 million fewer pulse oximetry tests, representing approximately $10 million dollars in savings
without a loss of screening efficacy [12].

A major drawback to a staged single-extremity initial oximetry testing is the need for reeducation
and recreation of the multiple, already existent, excellent educational programs in place in many states.
CDC and AHA policy makers may decide that such effort may not be worth the benefit. Certainly,
for those states that have not yet established a pulse oximetry screening program, using the most
efficient approach would be beneficial.

5. Conclusions

The Tennessee single extremity algorithm can more efficiently detect infants with CCHD and
should be considered by new screening programs.
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Abstract: Despite the progress in the fetal echocardiographic detection of congenital critical heart
defects and neonatal physical examination, a significant number of newborn infants are discharged
and readmitted to the hospital in severe condition due to cardiac failure or collapse. The aim of
this study was to assess the incidence of undetected critical congenital heart disease (CCHD) by a
pulse oximetry-screening program in the maternity wards of hospitals with Perinatal Services in
a specific geographic area. This is a prospective observational study performed in in the health
area corresponding to the city of Valencia. Eligible infants were consecutively admitted newborn
infants in the maternities of the participating hospitals with negative fetal echocardiography after
normal physical examination in the delivery room. All patients were screened following a specific
pulse oximetry protocol before discharge. A total of 8856 newborn infants were screened. A total
of three babies presented with severe congenital cardiac malformation and two babies presented
with early onset sepsis. Sensitivity was 100% and specificity was 99.97%, with a positive predictive
value of 60% and negative predictive value of 100%. Pulse oximetry screening programs in the early
neonatal period constitute a valuable tool to avoid inadvertent hospital discharge of severe cardiac
malformations and the subsequent life-threatening complications derived.

Keywords: oxygen saturation; pulse oximetry; critical congenital heart disease; screening; newborn

1. Introduction

Congenital critical heart defects (CCHD), defined as those needing invasive medical intervention
or those that can produce death within the first 30 days after delivery [1], may in many cases exhibit
signs and symptoms that develop after hospital discharge, potentially resulting in collapse and death.
Today, prenatal fetal heart ultrasound can detect many such cases, but still some of them can be
missed [2]. In addition, both physical examination of the neonate after birth can further detect
congenital cardiac malformations, but not all are found [3,4]. Moreover, low oxygen saturation can
also be missed clinically [5,6]. Under these circumstances, pulse oximetry appears to be a reliable
screening technique in neonates before hospital discharge. It is simple, noninvasive, low-cost, and very
reliable in the detection of hypoxemia, and therefore has been recommended as a screening tool [7,8].
Upon adding neonatal pulse oximetry screening to prenatal ultrasound detection and postnatal clinical
exam, the diagnosis rate of CCHD increases [9] and thus the undiagnosed cases of CCHD are reduced
to less than 10% of total CCHD [10].
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In September 2011, the US Health and Human Services (HHS) Secretary’s Advisory Committee
on Heritable Disorders in Newborns and Children recommended that critical congenital heart diseases
(CCHD) to be added to the neonatal screening panel based on the evidence of a large number of
newborns screened in Sweden and England [11-13].

In a large meta-analysis in 2012, 13 eligible studies with data for 229,421 newborn babies
were analyzed. Pulse oximetry was demonstrated to be highly specific for the detection of critical
congenital heart defects with moderate sensitivity [14]. More recently, in a Chinese multicenter study,
122,738 consecutive newborn babies (120,707 asymptomatic and 2031 symptomatic) were screened,
detecting congenital heart disease in 1071 (157 critical and 330 major) [15].

We aimed to assess the relevance of universal screening for critical congenital heart disease
(CCHD) in a specific health area (Valencia, Spain) where fetal detection of cardiac malformations by
echocardiography had been substantially implemented in recent years.

2. Population and Methods

This is a prospective observational pilot study performed in the health area of Valencia (Spain).
The study protocol was approved by the Internal Review Board (IRB) of the Hospital Universitario
y Politécnico La Fe (Valencia, Spain). Parents/guardians of all recruited patients gave informed
consent. A total of 12 hospitals, including level I (rural hospital, n = 5), level II (medium sized city
hospital, n = 5), and level III hospitals [2], were included for a 6-month period. Eligible infants were
newborn babies admitted to the maternity wards with normal fetal ultrasound evaluation for CCDH
and normal newborn examination by a neonatologist in the delivery room. Babies with suspicious fetal
echocardiography or abnormalities in the physical examination (color, murmurs, pulse abnormalities)
were evaluated by a pediatric cardiologist and disregarded for the study.

Included patients were screened between 2448 h after birth, following the protocol shown in
Figure 1. Newborn infants with a positive or doubtful screening were admitted to the Neonatal
Intensive Care Unit (NICU) where the clinical, analytical, and echocardiographic study was completed
by neonatologists and pediatric cardiologists. After reaching a diagnosis, babies remained in the NICU
for treatment or were discharged home.

Information to parents
Informed Consent request

le—rt
pa—

< 90 %: 90-95%:

POSITIVE PO repeated 1
hour later in
right hand and
foot

Admittance in NICU

< 90 %:
POSITIVE

90-95%: repeat
1 h later in right

hand and foot

——
< 95% or >95% and pre-
pre-| d- tal
difference >3% difference <3%

Admission
Complementary tests

Figure 1. Flow diagram describing the protocol of the Pulsimat study for the screening of critical
congenital heart disease. PO: pulse oximetry.
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3. Results

Figure 2 shows the flow diagram of the study. From a total of 11,531 newborn infants born in the
participating hospitals, 66 babies were diagnosed with CCHD, representing 5.8 per thousand newborn
infants. Out of these, 36 patients had CCHD detected in utero and confirmed at birth (3.1 per 1000
births), 27 were diagnosed after birth based on clinical symptoms and echocardiography (2.3 per 1000
births), and three were detected by pulse oximetry screening at discharge (0.26 per thousand live
births). A total of 8856 representing 78.6% of all births were screened for critical CCHD. Out of these,
five had a positive pulse oximetry screen. However, two cases were caused by respiratory distress
secondary to early onset sepsis; thus, only the remaining three cases were due to CCDH, specifically,

total anomalous venous return.
Eligible babies
(n=11,531)

Newborn infants admitted to Neonatal Ward of
participating hospitals (n=1.331)

. \aturity & other conditions (n=1252)

*  CCHD detected in utero (n=36)

+  CCHD detected by clinical examination (n=27)

Screened in the
Maternity Ward
(n=8856)

Positive screening for CCHD
(n=5)
Confirmed CCHD
(n=3)

Other conditions
(n=2)

Figure 2. Consort diagram describing eligible patients, disregarded, and finally screened for critical
congenital heart disease (CCHD) in the Pulsimat study.

Hence, in the 6-month study period, a total of 66 babies were diagnosed with CCHD; 36 in utero
(54.5%), 27 (41.6%) ex utero by clinical examination, and three by pulse oximetry screening at discharge,
representing 4.5% of the total instances of CCHD.

Table 1 shows the values for sensitivity, specificity, positive predictive value, and negative
predictive value.

Table 1. Screening for congenital cardiac heart defects: analysis of results.

Echocardiography
Pulse oximetry Positive Negative Total
Positive 3 2 5
Negative 0 8851 8851
Total 3 8853 8856

4. Discussion

It has been estimated that 30% of all CCHD patients have a late diagnosis and could benefit
from neonatal screening [16]. As most previous studies demonstrated that non-cardiac conditions
could also be detected by pulse oximetry, false positive detection can represent another advantage
of the screening [13,17]. In our study, the detection of CCHD in utero (fetal echocardiography) plus
ex utero after clinical examination represented 95.5% of the total, while 4.5% of the babies with
CCHD were detected by pre-discharge screening. Interestingly, two patients that would have been
discharged home with early onset sepsis had a positive screening and were admitted to the NICU. In
June 2013, an international group of neonatologists and cardiologists met in Torino (Italy) with the
chief investigators from two European screening studies of pulse oximetry to discuss strategies to
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develop Europe-wide recommendations for CCHD screening. They concluded that there is a need
for a European Consensus on CCDH screening in Europe [18]. Recently, a panel from The European
Pulse Oximetry Screening Workgroup investigating pulse oximetry screening for critical congenital
heart defects published a European consensus statement that recommended the use of pulse oximetry
for the early detection of CCDH in all European countries, using new-generation equipment that is
motion tolerant; screening after 6 h of delivery and before discharge from the birth center, preferably
within the 24 h after birth; and using two extremities, the right hand and either foot [19]. In addition,
guidelines for the management of CCDH have been implemented, including practical aspects and
nomograms to facilitate the management of these babies [20]. Finally, the Committee on Standards
of the Spanish Neonatal Society (SENeo) has very recently published the National Guidelines for the
Screening of Critical Congenital Heart Defects [21]. SENeo recommends performing the screening
at >24 h after birth; however, each center should analyze its owns circumstances; in some centers
performing screening at <12 h after birth could be preferable, despite the increase in false positives. If
express discharge is performed, then any time after birth is recommended. It is also recommended to
perform pre- and post-ductal pulse oximetry with motion tolerant devices that are also reliable at low
saturations. The ranges of normality are similar to those defined by the European Consensus, with an
absolute positivity with SpO2 values <90% and negativity with values >95% in any extremity, and a
difference >3% between pre- and post-ductal pulses. In this scenario, we encourage every European
country to implement the guideline that best suits their health organization and characteristics of
the population.

Our study has obvious limitations. The number of patients and the geographical area are both
small, and thus do not represent the entire Valencian community with 55,000 deliveries per year.
However, it reveals that despite the excellent prenatal and postnatal detection of CCHD, approximately
5% of these babies would have been discharged home from the hospital. We could speculate that if
we translate these numbers to the entire population of our community, at least 15 newborn infants
could have been discharged yearly with a life-threatening condition, although the data obtained in
our study do not support this conclusion. We did not see any false negative cases, although they
have been described in other studies. Unluckily, the number of patients included in our study was
relatively small and hindered the possibility of detecting such cases. In addition, our study revealed
that it is feasible to systematically perform pulse oximetry screening in the maternity ward without
implying a relevant additional workload for the nursing staff. Finally, it is worth mentioning that
pulse oximetry screening can also promptly detect other severe conditions, such as early onset sepsis,
that went undiagnosed in the routine clinical examination. The Spanish Neonatal Society (SENeo) is
very soon going to put forward a protocol for the screening of CCHD that will be adopted by all the
maternity wards in our country [21].
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Abstract: This article reviews the development of the Ninth Clinical Consensus Statement by
SIBEN (the Ibero-American of Neonatology) on “Early Detection with Pulse Oximetry (SpO,) of
Hypoxemic Neonatal Conditions”. It describes the process of the consensus, and the conclusions and
recommendations for screening newborns with pulse oximetry.

Keywords: pulse oximetry; hypoxia; newborn; screening

1. Introduction and Methodology

For many years, the education, training, and advances in neonatology in Spanish and Portuguese
speaking countries have been inconsistent—although this is also probably true for many countries.
In 2004, the Ibero-American Society of Neonatology (SIBEN) was created, with the principal objective
of contributing to the improvement of the quality of life for newborn infants and their families in the
Ibero-American population. SIBEN is a new society, with members from 29 different countries that
focuses on neonatology facilitating education, communication, and professional advancement that
contributes to the welfare and well-being of newborns and their families, in order to improve neonatal
outcomes in the region. Over the past years, it has been demonstrated that the process of medical
consensus could be a way of increasing professional collaboration, as well as improving uniformity
in the care given to newborn infants. In 2007, SIBEN began annual meetings of a Clinical Consensus
Group, where we—under the guidance of an expert or opinion leader in the topic—organized several
subgroups of neonatal professionals in the Ibero-American region. Each subgroup critically reviews
all the available literature in order to find the answers to several questions that had been posed
to them. SIBEN'’s consensus process is the first of its kind in the region. It has led to active and
collaborative participation of Ibero-American neonatologists of 19 countries and has significantly
improved education of all participants. At SIBEN, we believe that the critical review and summary
of available clinical data as well as the recommendations made by the SIBEN consensus contribute
to consistent best practice for newborn care and develops a useful foundation and valuable model
to reduce the gaps in knowledge and the clinical care every newborn baby receives in in this region,
thus decreasing the disparity in the care provided and improving short and long-term outcomes.
Several important neonatal topics, all relevant to neonatal clinical practice, have been covered so far
by SIBEN's clinical consensus including patent ductus arteriosus (PDA), hemodynamic management,

Int. ]. Neonatal Screen. 2018, 4, 10; doi:10.3390/ijns4010010 69 www.mdpi.com/journal /neonatalscreening



Int. ]. Neonatal Screen. 2018, 4, 10

bronchopulmonary dysplasia (BPD), hematology, nutrition, persistent pulmonary hypertension of the
newborn (PPHN), and hypoxic ischemic encephalopathy, which have been published in consensus
statements and peer reviewed journals. This paper is a summary of SIBEN’s consensus statement on
newborn screening with pulse oximetry.

2. Background on Screening for Congenital Heart Disease

The prevalence, epidemiology, and impact of delay in the diagnosis of CHD have been described
in several publications [1-8]. Critical congenital heart defects (CCHD) affect approximately 2 out of
every 1000 live births; it is estimated that about 40,000 babies are born with CCHD per year in the
US, and 1.35 million worldwide, including ductus-dependent lesions. CCHD represent about 40%
of deaths due to congenital malformations and the majority of deaths from cardiovascular disease
occurring in the first year of life. It is known that more than 30% of CCHD deaths have been attributed
to errors in diagnosis or late diagnosis [9]. For example, in UK it was estimated that 25% of congenital
heart disease defects are not diagnosed until after discharge from hospital, and newborns may become
seriously ill or die. It is now understood that prenatal or postnatal examination is inadequate for the
early detection of these potentially lethal and treatable conditions. Delay in the diagnosis of CCHD
may increase the risk of death or permanent injury in newborn babies [10,11].

In 2009, de-Wahl Granelli et al. [12] published a cohort study in which 39,821 children had
oxygen saturation measured by pulse oximetry (SpO;) in the upper and lower extremities and
demonstrated acceptable test accuracy for the detection of CCHD. Ewer et al. [13], in a similar study
in 20,055 asymptomatic newborns, reported similar findings and Zhao and colleagues [14] in China
studied 100,000 newborns and demonstrated the same.

In 2011, the US Advisory Committee on Heritable Disorders in Newborns and Children Advisory
Committee on Hereditary Diseases [15-17] found that there was sufficient evidence to recommend
screening with pulse oximetry [1-64]. The heart defects that can be detected early are mainly the
following specific lesions: hypoplastic left heart syndrome, pulmonary atresia, tetralogy of Fallot,
anomalous pulmonary venous return, transposition of large vessels, tricuspid atresia, and truncus
arteriosus. Screening can also detect: interrupted aortic arch, critical aortic stenosis, aortic valve
stenosis, pulmonary valve stenosis. In addition, pulse oximetry screening is useful for the early
detection of other conditions with neonatal hypoxemia, such as respiratory disorders (e.g., congenital
pneumonia, meconium aspiration, pneumothorax, transient tachypnea of the newborn), neonatal
sepsis, and pulmonary hypertension. These findings and others were summarized in a meta-analysis
and systematic review by Thangaratinam and colleagues [18].

3. SIBEN'’s Consensus on Screening with Pulse Oximetry: An Overview

Based on the issues described above, we proceeded to organize the Ninth Clinical SIBEN
Consensus on “Early Detection with Pulse Oximetry (SpO,) of Neonatal Hypoxemic Conditions”.
The concern about the late diagnosis of CCHD led to the investigation of early detection with SpO,
screening. These screening programs have detected other conditions that also present with hypoxemia
in addition to CCHD that would have been diagnosed later if not for the evaluation with SpO, [19].
In order to make recommendations for the Ibero-American region to implement programs pulse
oximetry screening, 39 neonatologists and 4 neonatal nurses from 18 Ibero-American countries were
invited to participate and to collaborate. They worked for several months with an intense and
collaborative methodology, and met in person at San José de Costa Rica, in September 2015, during the
Annual SIBEN Conference. Professor Andrew Ewer from the UK was the leader and expert opinion
for this ninth SIBEN’s Consensus. Neonatal hypoxemia, such as it occurs in critical congenital heart
disease (CCHD) and other conditions, is an abnormal situation, potentially fatal if not diagnosed or
if diagnosed late, PO screening allows earlier detection and thus the opportunity to optimize their
management and improve outcomes.
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Several questions of clinical significance were developed on the early detection with SpO, of
diseases that present with neonatal hypoxemia. They included:

Cyanosis and related concepts.

What is hypoxemia?

What is hypoxia?

What is pulse oximetry, and what are the normal values in a healthy term newborn?
What is the hemoglobin dissociation curve?

How does altitude influence on the SpO,?

Which are the lesions that can be detected early?

How should you do the screening?

O ® NG LN

What are normal and abnormal results?

—_
o

What are false positive and false negative results?

— =
N

How should you interpret the pre- and post-ductal SpO, difference?
What should we do with an apparently healthy newborn that fails the screening?

—
@

How should we take care of the family of a newborn that has either a positive or negative screening?

—
L

Is this program cost-effective?

—
o

When should we order an echocardiogram?

-
S

Importance of the information and participation of the healthcare team—what data should
you record?

17. Who should do the screening?

18.  What limitations does pulse oximetry have?

19.  What role can the Perfusion Index (PI) have during the screening?

The subgroups were tasked with answering 2—4 of the above questions. They methodically
searched and reviewed the available literature, then interacted and worked together as a whole group
to find consensus for the answers to all the questions. This SIBEN Clinical Consensus Group concluded
that pulse oximetry is a non-invasive method that allows the rapid measurement of saturation of
hemoglobin in arterial blood that can detect hypoxemia in asymptomatic and apparently healthy
newborns who suffer from severe health conditions such as critical congenital heart disease. In addition
to CCHD, the following conditions can be diagnosed early with SpO, screening:

Early sepsis

Congenital pneumonia
Pulmonary hypertension
Meconium aspiration
Transient tachypnea
Pneumothorax

Other various less frequent neonatal conditions

The early use of pulse oximetry in apparently healthy babies is simple, very easy to perform, fast,
non-invasive, cost effective [20,21], and provides a significant improvement in quality and safety in
neonatal healthcare. Thus, SIBEN recommended that programs of early detection or screening with
SpO; are implemented in all places where neonatal care is delivered in Latin America. In summary,
the early evaluation of all the newborns with SpO, is a complementary, non-invasive, easy-to-perform,
and low cost test that is performed between 12—48 h of life and is of great clinical utility to detect
potentially serious diseases in asymptomatic and apparently healthy newborn infants. The universal
implementation of this evaluation in clinical practice leads to a narrowing of the diagnostic gap for
newborns to increase patient safety and to reduce the morbidity, sequelae, and mortality of these babies.
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4. SIBEN’s Consensus on Screening with Pulse Oximetry: A Summary

We summarize answers to some of the specific questions and recommendations below.

4.1. Evaluation with SpO, Monitors and Sampling Sites

Neonatal screening for the detection of pathologies associated with hypoxemia has been
introduced in clinical practice in the USA since 2011. Since then, studies and meta-analysis [18]
show that it meets the criteria for population screening test, as well as being a tool in the early
and timely diagnosis of severe neonatal conditions. Nevertheless, it is still not universally used in
Latin America and work was needed to identify protocols. The SpO, screening technique is very
easy to perform, and should be performed in all apparently healthy newborns between 12-48 h
after birth (see below) or before discharge. It should be done by placing a sensor in the palm of the
right hand (pre-ductal) and then another in one of the lower limbs (post-ductal). SpO, readings are
taken and recorded from the two sites, one after the other (it is not necessary to use two monitors
simultaneously). Screening has to be done with both pre- and post-ductal measurements because some
heart defects with obstruction of the left output tract may not be diagnosed when performing a single
post-ductal measurement.

The published evidence is clear in relation to the quality of the signal. The SIBEN consensus
concludes that evaluating the quality of the signal is fundamental to being able to interpret that the
SpO, readings are correct. Therefore, the screening must be performed with a SpO, monitor that
functions in low perfusion states and is not subject to motion artefact.

4.2. Clinical Protocol

Based on the SIBEN clinical consensus, it is recommended that this SpO, screening method (pre
and post ductal) be performed in all healthy newborns between 12 and 24 h of life, or before discharge
home if the discharge is prior to that age. If the first pre- and post-ductal SpO, measurements are both
95-100% with <3% difference between them, the evaluation is normal and the newborn has a negative
screening test. If the first measurement is positive/abnormal (SpO, 90-95% and/or difference >2%)
and the infant looks healthy, the pre- and post-ductal measurements must be repeated once more,
according to the protocol chosen by SIBEN, described in Figure 1 below. In infants with clinical
symptoms or when SpO; is <90%, prompt admission to NICU and further evaluation should be
initiated without delay.

SCREEN ALL HEALTHY NEWBORN INFANTS WITH PRE AND POST-DUCTAL
MEASUREMENTS AT 12-24 H OF AGE (or before discharge, whichever comes first)

RESULTS:

o Normal (negative) screen: One time SpO2 = 95% hand AND foot AND <3% difference
o Abnormal (positive) screen: One time SpO2 < 90% hand OR foot: evaluate/admit quickly
o Abnormal (positive) screen: Any time an infant is symptomatic

When to repeat evaluation in 15-30, 60 min:

v Sp0290-94% hand OR foot if newborn is asymptomatic and appears healthy

v Difference in SpOzbetween post and pre-ductal values is >2% (either one higher than the other
one) if newborn is asymptomatic and appears healthy

v If on repeat SpO:2 2 95% hand AND foot AND <3% difference: normal (negative) screen

v If on repeat SpO2 90-94% hand OR foot or >2% difference: abnormal (positive) screen

Figure 1. Screening protocol-algorithm recommended by SIBEN.
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A second measurement is only done if the first one is positive (abnormal) and if the infant
continues to appear completely healthy. If the infant has any clinical signs, they should be admitted,
as would any sick neonate for any other reason. The second evaluation should be done 15-30 min
after the first in order to reduce delay. Furthermore, if the infant was sound asleep during the first
evaluation, they should be alert for the second. If the second measurement is normal, the test is
considered normal, that is to say that the screening is negative. If first and second evaluations are
positive, and/or if the infant has any clinical signs, immediate admission to NICU is recommended.
If the infant appears healthy, they should be carefully assessed as described below.

4.3. What to Do with a Neonate Who Appears Clinically Healthy but Has Abnormal or Positive SpO,?

Do not ignore the test and humbly accept that we may be wrong in our clinical assessment.
It is necessary to evaluate quickly, in a detailed and complete approach, every newborn who has
an abnormal test result with SpO,. The absence of a murmur, normal blood pressure, or the presence
of normal femoral pulses do not rule out a critical congenital heart disease. In addition, in infectious
conditions or other hypoxemic conditions there will be no heart murmur and the other parameters
may well be normal initially. If the diagnosis is not clear, other studies should be carried out for timely
diagnosis, including frequent or continuous assessment of pre- and post-ductal SpO,. According to
the clinical suspicion, a complete diagnostic approach and may include complete blood count, cultures,
blood gases, and chest X-rays. Some will require an echocardiogram, and in some it will be necessary
to immediately start an infusion of prostaglandin to maintain patency of the ductus arteriosus.

4.4. Concept of False Positive and False Negative Screening

As mentioned, an infant with a positive screening test has one SpO, < 90% or two consecutive
tests with SpO, 90-95% and/or pre-post ductal difference >2%. A false positive result is when the
infant is found NOT to have CCHD. This occurrence is extremely rare (<0.1%) if the screening method
and protocol are followed rigorously—although it may be up to 1% [22]. If the evaluation with SpO, is
done before 12 h of age there are slightly more false positives but diagnosis of infectious and respiratory
causes of hypoxemia are more common. A false negative is when the evaluation with SpO, is normal
(negative screening) but the infant is actually found hours or days later to actually have CCHD. As it
can be easily understood, a false negative would be a significant issue. Most studies indicate that the
most frequently undiagnosed lesions are left sided obstructed lesions with obstruction to the outflow
of the aorta (e.g., coarctation of the aortic arch, hypoplastic left heart, aortic stenosis) which are not
necessarily associated with hypoxemia. False negatives can also occur when not using appropriate
technology. The use of the preductal and postductal saturation difference and the perfusion index
improve detection, but they are not infallible either.

4.5. Altitude and Neonatal SpO, Screening

This is a topic that was addressed extensively, including physiology and alveolar gas equation.
SIBEN’s consensus found that, on average, SpO, values are not different in the first 12-24 h of life in
infants born at less than 2500 m (about 8200 feet) above sea level. Therefore, if screening is done as
mentioned and at the age recommended here, the values for positive and negative results could be
kept the same. The issue is that the mean normal SpO; is a bit lower at higher altitude (93-96%) but
with larger standard deviations. Therefore, some totally normal babies can have SpO, of 91-94% at
>2700 m above sea level. So, more detailed observation would be recommended for asymptomatic
infants, exercising caution and avoidance of aggressive investigations in order to prevent increasing
the number of false positives. Still, exact cut-off points in moderate and high altitudes are not precisely
known to adequately balance sensitivity with false positive rates.
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4.6. Care of the Family with an Abnormal or Positive Screening

In the first hours after birth, various events generate great emotional tension. Health care
providers should make an effort to decrease this by all possible means. Families should always
actively participate in the care of their newborn infant and they should also be involved during SpO,
screening. As this can be stressful for some parents, every effort should be made so that they clearly
understand what is being done to their babies and why. Studies have shown that parents who have
been well informed are mostly satisfied with the SpO, screening test and have perceived the screening
as valuable test to detect sick babies. In addition, parents of neonates who had a false positive result
did not show greater anxiety than those with negative or normal screenings [23].

It is recommended that parents of apparently normal newborns receive written information on the
SpO; screening test. This written information must be accompanied by clear verbal information and
clarification of any doubts that may have arisen with the information received. It is also recommended
that the screening is performed with the parents present. In the face of a positive result, appropriate
information and support is essential throughout.

5. Summary and Discussion

We have reviewed the evidence in a formal process of clinical consensus and presented the
available data that demonstrates that early evaluation with pulse oximetry in apparently healthy
newborns does easily detect asymptomatic newborns with severe health conditions, such as critical
congenital heart disease, respiratory disorders, neonatal sepsis, persistent pulmonary hypertension,
and other hypoxemic pathologies. The objective of implementing systematic protocols in clinical
practice for the screening of all newborns by early pulse oximetry is to detect pathologies with early
hypoxemia and to perform a therapeutic approach without delays. The consensus group of SIBEN,
concludes that adequate early monitoring of SpO, in apparently healthy newborns is useful for early
detection of several neonatal conditions which evidence has shown that the diagnosis is sometimes
untimely or late. It was estimated that about 2000 neonates died or were diagnosed late each year
in the US, and that around 300,000 babies per year die worldwide because of this. The number of
undiagnosed cases in developing countries is higher than in developed nations and it is estimated that
less than half of the cases of CCHD are diagnosed in the first week of life. The prenatal diagnosis of
CCHD can improve perinatal outcomes for certain lesions [54,55]. Recent evidence shows that CCHD
detection has progressively increased from 2006 to 2012, but also that prenatal detection is highly
variable in different countries [56]. In some cases, the diagnosis of fetal CCHD is made to later see
that the newborn is healthy. Repeated prenatal ultrasounds are much more difficult and costly than
simple SpO; screening. Early diagnosis of CCHD in postnatal life significantly decreases morbidity
and mortality rates [24].

The effectiveness of screening is also shown in recent publications on home births in The
Netherlands [58], as well as other very comprehensive reviews [59-61]. Adding detailed physical
examination to early evaluation with SpO, increases significantly early diagnosis of hypoxemic
neonatal conditions. SIBEN underscores that neonatal screening with SpO; for the specific diagnosis
of early CCHD does not, of course, replace prenatal detection or clinical examination but is a very
useful complement. Accurate prenatal ultrasound, physical examination, and SpO; screening may
increase CCHD detection rates to more than 90-95%. One of SIBEN’s recommendations is that, at the
beginning of this screening program each center must use a clearly defined protocol (as described
previously) and at least one quality indicator e.g., performing a random evaluation every 1-2 weeks
of the number of babies with screening indication (infants that should have been evaluated) and
verified that the program has been met 100% of the time. If this is not the case, processes need to
be improved in order to meet the objective of the evaluation and detection of all newborn infants.
The quality indicators are not only for CCHD but also for early detection of respiratory or infectious
conditions. Physicians should be aware that, even though the combination of early detection with
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pulse oximetry with other methods of evaluation reduces errors and diagnostic errors, some babies
can still be discharged without proper diagnosis.

Early detection of CCHD and hypoxemic neonatal conditions not only reduces the suffering of
children and families, but it can also reduce associated costs and long-term neurological compromise
by not delaying admission to a specialized care unit. This is also associated with significant
reductions in mortality, better surgical outcomes, less prolonged ventilation, and diminished potential
developmental problems. For all of the above, actively addressing the neonatal screening of CCHD
and neonatal hypoxemic conditions can achieve a significant improvement in the quality and safety of
health care, as well as cost savings. In addition, and of significant importance, the screening with pulse
oximetry in the newborn has been shown to detect hypoxemia in newborns with severe conditions
other than CCHD—such as respiratory problems, sepsis, and persistent pulmonary hypertension.

We conclude, together with many other authors, that significant deaths and morbidity can be
avoided or significantly reduced if hospitals adopt SpO, screening for early and timely detection of
CCHD and other hypoxemic conditions [46,57-62]. Its implementation will benefit many newborns in
Latin America, where it is estimated that 60% of neonatal deaths are preventable [63,64].
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Abstract: Pulse oximetry screening for critical congenital heart disease (CCHD) has been
recommended by the American Academy of Pediatrics (AAP). The objectives of this study are
to describe saturation data, and to evaluate the effectiveness of AAP-recommended pulse oximetry
screening guidelines applied retrospectively to a cohort of newborns with known CCHD at
moderate altitude (5557 feet, Aurora, Colorado). Data related to seven critical congenital heart
disease diagnoses were extracted from electronic health records (pulse oximetry, prostaglandin
administration, and oxygen supplementation). Descriptive epidemiologic data were calculated.
158 subjects were included in this analysis; the AAP pulse oximetry screening protocol was applied
to 149 subjects. Mean pre-ductal and post-ductal pulse oximetry values of the infants known to
have CCHD at 24 h of life were 87.1% =+ 7.2 and 87.8% =+ 6.3, respectively. Infants treated with
prostaglandins and oxygen had lower oximetry readings. The screening algorithm would have
identified 80.5% of infants with known CCHDs (120/149 subjects). Additionally, sequential pulse
oximetry screening based on the AAP-recommended protocol was able to identify a true positive
screen capture rate of 80.5% at moderate altitude.

Keywords: critical congenital heart disease; pulse oximetry; newborn screening; altitude

1. Introduction

Congenital heart disease is among the most common birth defects, with an incidence of
approximately 1 per 100 live births. Critical congenital heart disease (CCHD) is defined as a structural
heart defect with significant risk for mortality without intensive intervention. CCHD occurs in
approximately 4 per 1000 live births, and it is estimated that 13-55% of newborns with CCHD are
discharged from hospital undiagnosed [1-3].

Screening with pulse oximetry has been identified as a low-cost non-invasive test that improves
the ability to diagnose CCHD when compared to physical examination alone [4,5]. Several CCHD
lesions are particularly amenable to identification via pulse oximetry screening, including truncus
arteriosus (TA), transposition of the great arteries (TGA), tricuspid valve atresia (TVA), tetralogy of
Fallot (TOF), total anomalous pulmonary venous return (TAPVR), hypoplastic left heart syndrome
(HLHS), and pulmonary valve atresia with intact ventricular septum (PA/IVS) [6-8]. The most widely
utilized pulse oximetry screening guidelines recommend initiation at or beyond 24 h of life with
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measurement of pre- and post-ductal saturations (right hand and foot, respectively) [8]. Pulse oximetry
screening in the first 24-48 h after birth has been found to be highly specific (99.9% specificity;
95% confidence interval (CI) 99.7, 99.9), but with a lower sensitivity of 76.3% (95% CI 69.5, 82.0) in
one meta-analysis [9].

The performance of pulse oximetry screening has been evaluated in many studies performed
at sea level [10], however, studies at altitude are limited [3,11]. Evaluation of the effectiveness of
pulse oximetry screening guidelines is complicated due to the small number of infants likely to be
identified through newborn screening as many infants with CCHD are diagnosed prenatally or in the
first 24 h of life, thereby reducing the potential number of infants with undiagnosed CCHD eligible for
screening with pulse oximetry. Furthermore, studies of newborn oxygen saturations have suggested
a wider range and lower average saturations for infants born at higher altitude, further complicating
evaluation of the utility of pulse oximetry in this population [12-15]. We retrospectively reviewed
pulse oximetry values for a population of newborns between 24 and 48 h of life who were known
to have CCHD to provide an epidemiologic description of saturation data in newborns with CCHD
at altitude.

2. Materials and Methods

We performed a retrospective cohort study at a regional tertiary children’s hospital at moderate
altitude (5557 feet, Aurora, CO, USA). We queried the electronic health record (EHR) for newborns
presenting within the first 24-48 h of life with one of the 7 CCHD diagnoses using International
Classification of Disease (ICD) codes in the years 2006-2013 (i2b2; Informatics for Integrating Biology
and the Bedside, Version 1.7, Partners HealthCare System, Boston, MA, USA). Subjects included both
prenatally and postnatally diagnosed CCHD. We reviewed the EHR for confirmation of diagnosis,
pulse oximetry readings, prostaglandin (PGE) administration, and oxygen supplementation data at
24,28, 36, and 48 h (£2 h) of life. These time points were within the American Academy of Pediatrics
(AAP)-recommended window of screening between 24 and 48 h [8]. Pulse oximetry was measured
continuously in all subjects with simultaneous pre- and post-ductal saturation values recorded in
the EHR. Pulse oximetry values were recorded hourly in the EHR via standard clinical practice
upon bedside nurse confirmation of the plethysmograph waveform during the patient’s usual calm
physiologic state.

In a secondary analysis of the pulse oximetry data, we applied a simulated pulse oximetry
screening protocol modeled after the recommended AAP algorithm [8]. Pulse oximetry values
were categorized based on the AAP screening protocol: (1) passed screen (no concern for CCHD,
false negative): saturation >95% and <3% difference between pre- and post-ductal readings;
(2) borderline reading (to be repeated at next time point): saturation 90-94% and/or >3% difference
between pre- and post-ductal readings; (3) failed screen (concern for CCHD, true positive): saturation
<90% in either pre- or post-ductal reading. Up to 3 total hypothetical screens were applied to the
retrospective data collected at times closest to 28, 36, and 48 h of life. Data that resulted in a positive or
negative screen for CCHD (based on the AAP protocol) were not evaluated in subsequent time points.
Subjects with borderline pulse oximetry values at 3 consecutive readings were considered to meet
screening criteria for concern for CCHD. Since all participating subjects had a CCHD diagnosis, subjects
in whom pulse oximetry readings raised no concern for CCHD were considered false negative in this
hypothetical screening. All other subjects were considered true positives. This secondary analysis
allowed us to estimate the general effectiveness of the AAP protocol (i.e., false negative vs. true
positive) in a cohort of infants with known CCHD at altitude based on retrospective data.

Study data were collected and maintained by using Research Electronic Data Capture (REDCap)
tools hosted at the University of Colorado [16]. This study was approved by the Colorado Multiple
Institutional Review Board with a full waiver of Health Insurance and Portability and Accountability
Act (HIPAA) authorization.
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Baseline demographic data are presented as means, standard deviations, and range.
Group proportions for categorical variables were statistically assessed using the Fisher exact test.
The Shapiro-Wilk test for normality was used to evaluate distributions for all continuous variables.
Then, the t-test and Wilcoxon-Mann-Whitney test were applied to compare continuous variables
between groups for those with normal and non-normal distributions, respectively. Pre- and post-ductal
pulse oximetry values collected at 24, 28, 36, and 48 h were summarized as a box-whisker plot showing
the mean, median, minimum/maximum values, and interquartile ranges. Mean pulse oximetry
readings for various types of clinical support (i.e., PGE, oxygen, both, or none) were compared to each
other using the Kruskal-Wallis test due to non-normality of data distribution. Post-hoc analysis was
made on groups showing statistical difference. Statistical significance level was set at p < 0.05 and 95%
CI were calculated for mean pulse oximetry values. All analyses were performed using SAS software
(version 9.4; SAS Institute, Cary, NC, USA).

3. Results

3.1. Descriptive Analysis of Study Cohort

Two hundred and fourteen subjects with CCHD were identified. Fifty-six subjects were excluded
from data collection due to the following reasons: insufficient pulse oximetry data in the EHR,
death prior to 24 h of life, or atrial septostomy or surgery prior to 24 h of life. One hundred and
fifty-eight subjects were included in this analysis. The distribution of CCHD anatomic diagnoses
between the subjects included and excluded from the study was different (Table 1), but we found
no other differences between the groups. The mean pre-ductal pulse oximetry readings at 24, 28, 36,
and 48 h were 87.1 £ 7.2% (95% CI 85.6, 88.6), 86.7 £ 7.2% (85.2, 88.2), 86.8 + 7.6% (85.2, 88.4),
and 89.3 + 6.5% (88.0, 90.6), respectively. The mean post-ductal pulse-oximetry readings were
87.8 £ 6.3% (95% CI 86.6, 89.0), 87.4 + 7.3% (86.1, 88.8), 88.5 + 6.7% (87.3, 89.7), and 89.2 &+ 6.3%
(88.2,90.3), respectively. Figure 1 summarizes the overall distribution of pre- and post-ductal saturation
readings at the four time points. For descriptive purposes, data were also stratified by diagnoses and
pulse oximetry readings for each collection time (Figure 2). To evaluate the effects of treatment on pulse
oximetry, we compared pulse oximetry data in infants receiving PGE and oxygen supplementation
(Table 2). Newborns treated with both PGE and oxygen had lower pre- and post-ductal saturation at
48 h (87.4 £ 7.3% (95% CI 85.0, 89.7) and 86.3 &= 7.0% (84.3, 88.3), respectively, p < 0.05) when compared
to the other treatment categories (PGE only, oxygen only, or no support).

Table 1. Baseline subject characteristics (1 = 214).

Characteristics Study Subjects (n = 158) Excluded Subjects (1 = 56) p-Value
Gestational age, weeks (range) 38.2 + 2.4 (29-45) 38.3 + 2.4 (30-41.3) 0.379
Birth weight, g (range) 2988.7 + 579.3 (1230-4165)  3071.0 + 671.7 (960-4780) 0277
Male gender, 11 (%) 101 (63.9) 35 (62.5) 0.849
Race, 11 (%)
White/Caucasian 111 (70.3) 37 (66.1)
Black/African American 10 (6.3) 3(5.4)
Hawaiian/Pacific Islander 1(0.6) 0(0) 0.470
Asian 1(0.6) 1(1.8) -
American Indian/ Alaskan Native 3(3.2) 1(1.8)
Other 26 (16.5) 9 (16.1)
Not specified 4(2.5) 5(8.9)
Ethnicity, n (%)
Hispanic/Latino 54 (34.2) 15 (26.8) 0.088
Not Hispanic/Latino 100 (63.3) 36 (64.3) :
Not specified 4(2.5) 5(8.9)
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Table 1. Cont.

Characteristics Study Subjects (n = 158) Excluded Subjects (1 = 56) p-Value
Apgar score, score (range)
1 min 7 +2(0-9) 7+£2(2-8) 0.409
5 min 8+1(0-9) 8+1(4-9) 0.212
Prenatal diagnosis of CCHD, 1 (%) 84 (53.2) 20 (35.7) 0.152
Family history of CCHD, 1 (%) 18 (11.4) 3(5.4) 0.361
Genetic diagnosis, 1 (%)
Down syndrome 2(1.3) 0(0) 0.805
22q11 deletion 6 (3.8) 1(1.8) :
None specified 150 (94.9) 50 (89.3)
CCHD diagnosis, 1 (%)
HLHS 48 (30.4) 17 (30.4)
TOF 34 (21.5) 5(8.9)
TGA 30 (19.0) 26 (46.4)
TA 13 (8.2) 2(3.6) 0.002 *
TAPVR 10 (6.3) 5(8.9)
TVA 10 (6.3) 0(0)
PA/IVS 7 (4.4) 1(1.8)
Combination of above 6(3.8) 0(0)
Maternal age, years (range) 28.1 £5.8 (1542) 26.5 £+ 6.0 (1541) 0.089
Maternal diabetes status, 1 (%)
Diabetes (Type I or Type II) 7 (4.5) 0(0) 0272
Gestational diabetes 6(3.8) 3(5.4) !
Not diabetic 144 (91.7) 53 (94.6)

Diagnoses are abbreviated: HLHS, hypoplastic left heart syndrome; TOF, tetralogy of Fallot; TGA, transposition of
the great arteries; TA, truncus arteriosus; TAPVR, total anomalous pulmonary venous return; TVA, tricuspid valve

atresia; PA/IVS, pulmonary valve atresia with intact ventricular septum; CCHD, critical congenital heart disease.
*
p <0.05.
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Figure 1. Pre- and post-ductal pulse oximetry data at 24, 28, 36, and 48 h of life (1 =158).
Mean saturation at each time point indicated by the diamond on each box plot.
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Figure 2. Pulse oximetry by saturation group at 24, 28, 36, and 48 h of life (n = 158).

Pre- and post-ductal pulse oximetry readings, PGE administration, and oxygen

supplementation data at 24, 28, 36, and 48 h of life (n = 158). * p < 0.05.

No Support PGE Oxygen Both PGE and Oxygen
90.3+7.7 88.6+73 86.6+43 852+7.6
g Pre-ductal (77-100) (75-100) (80-95) (70-98)
2 n=7) (n =30) (n=14) (n=36)
< 894 +54 878+63 889+6.0 86.8 + 6.6
o Post-ductal (80-97) (73-99) (78-97) (67-100)
n=14) (n=233) (n=18) (n=42)
88.0 +5.0 883+68 846471 86.1+7.8
g Pre-ductal (81-95) (74-100) (72-96) (53-96)
e n=7) (n=28) (n=18) (n=234)
o 90.3 +£6.2 885+74 857467 86.2+7.6
o Post-ductal (78-100) (70-100) (72-95) (68-100)
n=14) (n=235) (n=20) (n=43)
89.0+9.2 884+50 86.3+8.0 85.5+89
g Pre-ductal (77-99) (76-100) (65-98) (65-100)
E n=4) (n=233) (n=16) (n=238)
© 90.0 £4.9 902+44 889+70 86.1 +82
© Post-ductal (82-100) (79-98) (72-100) (68-99)
(n=15) (n =46) (n=22) (n =46)
91.0£53 904+ 64 898445 874+73*
§ Pre-ductal (80-97) (70-100) (81-98) (67-100)
2 (n=28) (n=42) (n=13) (n=235)
% 90.3 £ 6.4 90.5+52 915448 863 +7.0*
¥ Post-ductal (75-100) (75-99) (80-97) (63-100)
(n=21) (n=>51) (n =20) (n = 45)

3.2. Secondary Analysis: Hypothetical Screening of Study Cohort

Application of the AAP screening cutoffs to the retrospective data independently at each
time point (not allowing for rescreens) would have resulted in 67% failing a screen at 24 h
(75 of 112 subjects), 66.7% at 28 h (76 of 114 subjects), 64.9% at 36 h (85 of 131 subjects), and 48.6% at
48 (69 of 142 subjects). A sequential screening analysis, similar to the AAP protocol, was subsequently
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applied to 149 subjects as 9 of the 158 subjects were excluded due to an inadequate number of pulse
oximetry readings to apply the AAP protocol (Figure 3). Twenty-nine subjects who screened negative
with passing pulse oximetry readings resulted in a 19.5% hypothetical false negative screening rate
in our cohort. The 29 false negative screened subjects represented all diagnosis categories. The false
negative screening rate was 18.8% (n = 80) in subjects with a prenatal concern for CCHD and 20.3%
(n = 69) in subjects without a prenatal concern for CCHD.

Initial subject selection: 214 subjects
(identified with CCHD via EHR query)

‘—' 56 subjects excluded”

Primary analysis: 158 subjects
(descriptive statistics of pulse oximetry data)

‘—o 9 subjects excluded®

Secondary analysis: 149 subjects
(hypothetical CCHD screening)

<
<

1°t time point: 103 23 23
1
2" time point: 10 8 5
r 1 j
3" time point: 7 1
Concern for CCHD No concern for CCHD
“true positive” “false negative”
(total N=120) (total N=29)

Figure 3. Application of the American Academy of Pediatrics (AAP) protocol to retrospective data
in newborns with known CCHD (n = 149) results in 120 true positive screens and 80.5% sensitivity.
% Exclusion criteria: insufficient pulse oximetry data in the electronic health record (EHR), death prior
to 24 h of life, atrial septostomy or surgery prior to 24 h of life. & Inadequate number of pulse oximetry
readings to complete the AAP protocol.

4. Discussion

In this study, we report mean pulse oximetry readings in a cohort of newborns with CCHD at
altitude and thereby demonstrate the expected hypoxemia of the seven targeted CCHD diagnoses.
Prior studies of newborn oxygen saturations have suggested a wider range and lower average
saturations for infants born at higher altitude compared to those born at sea level [3,13,15].
We demonstrate in our cohort of infants at moderate altitude with the seven CCHD diagnoses targeted
by the AAP (HLHS, TGA, TA, TAPVR, TVA, PA/IVS), that the mean pulse oximetry values are
lower than recommended cutoffs for newborn screening. Wright and colleagues [3] evaluated the
pulse oximetry screening protocol at 5557 feet (1694 m) and reported a mean pre-ductal saturation of
97.2% (£1.9) and a post-ductal saturation of 97.2% (+2.1) in 1003 healthy newborns at approximately
24 h of life (23.8 & 2.3 h of life, mean =+ SD), similar to what would be expected in a healthy newborn
cohort at sea level and significantly higher than our cohort of infants with CCHD. Another study
performed at a similar altitude demonstrated lower mean saturations of 92% and 93%, at 24 and
48 h, respectively [12]. Additionally, despite similar average saturation measurements, Wright et al.
demonstrated a higher rate of screen failure. This variability certainly supports the need for further
study of oxygen saturation and the screening protocol at moderate altitude.
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In a secondary analysis we evaluated the hypothetical effectiveness of a sequential pulse oximetry
screening protocol similar to the AAP-recommended protocol by application in a population of
infants with known CCHD. By evaluating a cohort with known CCHD, we were able to demonstrate
a 19.5% false negative screening rate, or a true positive screen capture rate of 80.5%, at moderate
altitude. Ailes and colleagues sought to address the difficulties in studying this rare disease by
simulation of the population [17] and we present an alternative strategy that yields comparable
findings. Our findings are comparable to the true positive screening rate found by Thangaratinam
and colleagues [18], who performed a meta-analysis in 2012 of 13 studies at sea level evaluating pulse
oximetry screening and calculated an overall sensitivity of 76.5% in screening for CCHD. Further,
our retrospective evaluation revealed a similar sensitivity to that of two other large prospective studies
(65.5% and 75%) [19,20]. Notably, the retrospective study design allowed us to perform this evaluation
in a relatively large cohort of patients with CCHD that has not yet been achievable with a prospective
study design [18].

Evaluations of pulse oximetry screening of neonates supported in the intensive care unit have
raised concerns for increased false positive rates, issues with oxygen supplementation, and the
appropriate timing of screening [21-24]. Additionally, a study performed by Lueth and colleagues
evaluated a modification to the AAP-recommended screening protocol with transient oxygen
supplementation in newborns at moderate altitude. Their intent was to replicate sea-level atmospheric
oxygen tension and induce pulmonary vasodilatation to potentiate the neonatal transition [11].
This group found an increase in specificity of screening with a reduction in false positive screens by
providing transient supplemental oxygen to newborns with an indeterminate or borderline first screen
at moderate altitude [11]. Because low oxygen saturation in CCHD is primarily caused by shunting
of de-oxygenated blood to the systemic circulation, oxygen supplementation in clinical practice does
not typically normalize the percent saturation to greater than 95% in hypoxemic CCHD. It is difficult
to know to what degree oxygen supplementation resulted in an increase in pulse oximetry reading
in our study; however, we found no difference in mean oxygen saturation between patients with
CCHD treated with supplemental oxygen versus those without supplemental oxygen. Nevertheless,
Table 2 shows the range of saturations in both subjects receiving oxygen and those with no support
exceeding 95%. Of the 29 false negative subjects in our study, 15 received supplemental oxygen at
one or more pulse oximetry readings (14 did not receive oxygen supplementation). It is certainly
possible that removal of oxygen support in the subjects in our study with CCHD would induce further
hypoxemia and increase the specificity of the screening test, however, we are unable to make this
assessment from the data gathered. This question requires further investigation and the effect of oxygen
supplementation on the screening protocol remains unclear. Our mean saturation data do provide some
support to the findings of Lueth and colleagues suggesting that oxygen supplementation may not have
a negative impact on the sensitivity of pulse oximetry screening for CCHD in newborns. We would
not advocate for screening of hypoxemic newborns on oxygen supplementation in the intensive care
unit at this time as this is not the intent of the screening guideline [6], however, the findings of this
study may inform discussion regarding the timing and process for screening of well infants born at
moderate-high altitude who frequently require supplemental oxygen therapy in the first days and
weeks of life [13,25]. Certainly, any consideration of pulse oximetry screening for CCHD in the context
of supplemental oxygen should be taken with scrutiny both of the patient physiology and use of the
screening protocol guideline.

Our retrospective application of the AAP screening protocol did not allow us to exactly replicate
the timing of the AAP screening protocol (three screens separated by 1 h each). In addition, the AAP
screening protocol is meant to evaluate asymptomatic newborns not presenting in the first 24 h of life,
whereas we studied newborns diagnosed with known CCHD. We identify both of these as limitations
to this study, however, we used this cohort of infants with known CCHD to estimate the sensitivity of
the screening protocol. Further, our retrospective approach resulted in 158 subjects while the very large
prospective studies yielded 24-29 subjects with congenital heart disease after screening 20,000-40,000

85



Int. ]. Neonatal Screen. 2018, 4, 30

newborns [18]. Certainly, a future direction will be to apply this study design to a larger cohort of
infants with CCHD. An additional limitation is that we found a difference in CCHD diagnoses between
the subjects included in the study when compared to those excluded. A disproportionate number
of the subjects with transposition of the great arteries were excluded because of atrial septostomy
performed before 24 h of life (commonly required for infants with TGA). This may suggest that our
cohort of subjects is not representative of the general population of newborns with CCHD, however,
newborns requiring atrial septostomy early in life are more likely to present in extremis and not require
pulse oximetry screening to identify disease. Finally, this retrospective assessment was dependent on
the EHR with pulse oximetry readings that were subject to measurement and recording error from the
bedside care provider. These values were not taken for formal screening or research purposes, rather,
the readings were collected as a part of routine clinical care. However, these subjects all received
hourly oximetry readings recorded in the EHR and the standard is for validation and confirmation
by a bedside nurse with interpretation of the waveform when the infants were calm. We identify this
limitation to the study design and that of measurement and documentation error by the clinical care
team in the EHR. Finally, we applied the screening protocol to newborns who received PGE, oxygen,
or both PGE and oxygen, to allow comparison with those who did not receive either PGE or oxygen.
We recognize the contribution of both PGE and supplemental oxygen in the interpretation of subjects’
pulse oximetry data; however, our results suggest that even when oxygen and PGE were administered
the infants still had pulse oximetry values that were low and the therapy did not change the outcome
of screening with pulse oximetry in these newborns.

We present the first report evaluating the oxygen saturations of a cohort of infants with known
CCHD at moderate altitude. Additionally, we present the results of a hypothetical AAP-recommended
pulse oximetry screening protocol in this same cohort. We also found that oxygen supplementation
did not impact the ability of the screening protocol to identify CCHD in this cohort, which adds to the
consideration of screening in neonatal intensive care units and at higher altitudes. We cannot assess
the false positive rate of screening at moderate altitude with our cohort and encourage continued
efforts for large population-based studies to evaluate pulse oximetry screening for CCHD.
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