Curr Treat Options Peds (2015) 1:202-210
DOI 10.1007/s40746-015-0020-x

@ CrossMark

Neonatology (T Thorkelsson, Section Editor)

The Value of Pulse Oximetry
as a Screening Tool

for Congenital Heart Disease
Alf Meberg, MD, PhD

Address

The Neonatal Unit, Department of Pediatrics, Vestfold Hospital Trust,
3103 Tensberg, Norway

Email: alfmeberg@yahoo.no

Published online: 31 July 2015
© Springer International Publishing AG 2015

This article is part of the Topical Collection on Neonatology

Keywords Pulse oximetry - Screening - Newborn infants - Critical congenital heart defect

Opinion Statement

Universal pulse oximetry (POX) screening of apparently healthy newborn infants is useful
for detection of critical congenital heart defects (CCHDs). First-day-of-life screening
shortens time of the diagnostic process at the expense of a higher false positive rate than
screening after 24 h of age. A substantial number of false positives, however, represent
potentially severe extracardiac disorders. Early detection of such disorders is an added
advantage. POX-screening may thus not be looked upon only as a heart screening, however,
also a screening for other disorders with true hypoxemia, most hidden pulmonary pathology.
Simple postductal screening (probe on foot) may be an alternative to combined pre- and
postductal arterial oxygen saturation measurements (Sp0,) (probe on right hand and a
foot). By combining POX-screening with routine clinical heart examination, a predischarge
detection rate for CCHDs of 90 % is obtained. Moderate sensitivity for detecting obstruc-
tive lesions from the left heart, especially coarctation of the aorta, emphasizes the need
for better screening methods for these conditions.

Introduction

Structural heart defect is the most common type of
congenital malformations, occurring in about 10 per
1000 live-born infants [1]. Some of these are classified
as critical because they untreated in a few days or
weeks after birth will progress into a life-threatening
circulatory collapse or severe cardiac failure. Without
therapeutic intervention, the baby will die. Others use
a more pragmatic definition, classifying as critical con-
genital heart defects (CCHDs), those causing death or

requiring invasive intervention before 28 days, and
apply the term major defects for those who die or
require invasive intervention within 12 months of age
[2e]. Table 1 lists the types of defects most often
classified as critical. The prevalence of CCHDs is about
1-2 per 1000 live-born infants [3e, 4e, 5], accounting
for 10-20 % of all heart defects, and thus represents an
important pre- and early postnatal diagnostic and ther-
apeutic challenge.
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Table 1. Main specific critical congenital heart defects

Ductus dependent systemic circulation
Hypoplastic left heart syndrome
Critical aortic stenosis
Coarctation of the aorta
Interrupted aortic arch

Ductus dependent pulmonary circulation
Pulmonary atresia (with intact septum)
Tricuspid atresia

Miscellanous
Double outlet right ventricle
d-Transposition of the great arteries
Ebstein anomaly
Tetralogy of Fallot
Total anomalous pulmonary venous return
Truncus arteriosus
Single ventricle

Some CCHDs are asymptomatic or have subtle
symptoms during the first hours or days of life and
may be missed in the clinical routine examination of
newborns after birth [6-8]. Most CCHDs are dependent
on an open ductus arteriosus, and the baby deteriorates
rapidly when the ductus closes. When such infants are
discharged with their condition undetected the risk for
readmittance in a circulatory collapse is high [6, 9]. From
England Wren et al. found that one third of infants with
a potentially life threatening heart defect were
discharged with the disorder undetected, and that 5 %
of these died with the condition first recognized by
autopsy [9]. Similar results have recently been published
by Dawson et al. [8] and Fixler et al. [10]. Short stay in
hospital after birth may be a risk factor for missing
CCHDs. In infants in need of invasive therapeutic heart
procedures before 2 months of age Mellander and
Sunnegardh found that cases of CCHDs discharged
home with the defect overlooked increased to 26 %
contemporary with a decreasing length of stay in hospi-
tal after birth [11]. For those with a ductus-dependent
pulmonary circulation, who often present with a visible
cyanosis, only 4 % were missed, while 30 % of those
with a ductus-dependent systemic circulation, often
with a subnormal arterial oxygen saturation (SpO,)
without visible cyanosis, were missed. Of non-ductus-
dependent CCHDs 38 % were missed. In a Norwegian
study, 82 % of the missed CCHDs were obstructive
lesions from the left heart, most coarctation of the aorta
and interrupted aortic arch [3e]. Similar findings have

been reported by Dawson et al. [8] and by Wren et al.,
who in addition registered total anomalous pulmonary
venous return often to be missed, as well as a minor part
of other CCHDs [9]. Better strategies obviously are need-
ed to detect CCHDs before progressing into a circulatory
collapse.

Pre- and Postnatal Screening for Congenital Heart
Defects

Routine clinical examination of newborn infants before
discharge home from the nursery will detect most con-
genital heart defects (CHDs). However, as many as one
fourth may be overlooked and left for post discharge
detection, some of them critical defects [1]. A substantial
percentage of infants with CCHDs will have a subnormal
SpO, which may not show as visible cyanosis [11, 12].
The patient is “not as pink as you think” [13]. Such defects
may be detected by pulse oximetry (POX). An important
goal for POX-screening programs thus is to reduce the
number of infants with CCHDs discharged undiagnosed.
Peterson et al. estimated that 29.5 % of non-syndromic
live-born infants with CCHDs received a diagnosis more
than 3 days after birth and therefore might have benefited
from routine POX-screening at birth hospitals [14]. On
this background, universal POX-screening of apparently
healthy newborn infants has been implemented in many
hospitals during the last decade.

Prenatal ultrasound heart screening has the potential
to detect CCHD in the fetus. In pregnancies referred to
centers of excellence, the detection rate may be as high as
57-67 % [15-17]. However, such studies also include
intrauterine deaths and terminated pregnancies of fe-
tuses with CCHDs, often associated with syndromes or
extracardiac malformations. Calculated this way, a high
percentage of detection is obtained. In some tertiary-care
birthing centers with a very effective prenatal echocardi-
ography screening, nearly all CCHDs may be detected
[18], leaving POX-screening more important in settings
with a lower prenatal diagnosis rate. In large unselected
populations of live-born infants, the prenatal detection
rate of CCHDs vary considerably between regions and is
found to be as low as about 30 % for whole countries
[3e, 19¢]. This leaves the vast majority of CCHDs in
infants born alive to be detected after birth.

Accuracy of POX-Screening

In 2012, Thangaratinam et al. published a large
metaanalysis of POX-screening including 13 high-
quality studies in 229,421 infants [20®e]. Table 2 shows
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Table 2. Accuracy estimates in a metaanalysis including 13 studies of pulse oximetry for the detection of
critical congenital heart defects in 229,421 newborn infants according to Thangaratinam et al. [20e¢]

% (95 % CI)

Sensitivity

Specificity

Likelihood ratio positive
Likelihood ratio negative
False positive rate

Sensitivity % (95 % CI)

Test timing
<24 h
224 h

Measurement site
Foot and right hand

Foot only 80.2 (69.5-87.8)
Antenatal screen positive for CHD

Excluded 76.7 (66.4-84.5)

Included 88.1 (62.6-97.0)

(I confidence interval, CHD congenital heart defect

the accuracy estimates in this metaanalysis. A sensitivity
of 76.5 % for detection of CCHDs was found for all
studies combined. Same sensitivity was found when
screening was undertaken before 24 h after birth, as
after. However, a significantly lower false positive rate
was found when screening was undertaken later than
24 h. Sensitivity for detection was equal whether
the probe was placed postductally on a foot or
combined on right hand and a foot, paying atten-
tion to the difference in pre- and postductal SpO,
in addition to subnormal values. The conclusions
were that POX-screening was highly specific for
detection of CCHDs and met criteria for universal
screening.

Since the metaanalysis by Thangaratinam et al. was
published, large studies from Poland (51,698 infants
postductually screened first day of life) [21] and China
(122,738 screened combined pre- and postductually 6-
72 h of life) [22] have shown comparable results. Several
smaller studies published recently have also added find-
ings supporting the usefulness of POX-screening for
detection of CCHDs [23, 24].

Sensitivity for detecting CCHDs varies between dif-
ferent types of heart defects and causes concern for false
negative results. Obstructive lesions from the left heart,
especially coarctation of the aorta, remains a challenge,
with a sensitivity for detection of only 29-50 % |2e, 4e,

84.8 (69.8-93.1)
77.5 (61.8-88.0)

70.0 (54.9-81.7)

76.5 (67.7-83.5)
99.9 (99.7-99.9)
549.2 (232.8-1195.6)
0.24 (0.17-0.33)
0.14 (0.06-0.33)

False positive rate % (95 %CI)

0.5 (0.29-0.86)
0.05 (0.02-0.12)

0.19 (0.04-0.89)
0.12 (0.04-0.35)

0.08 (0.03-0.19)
0.73 (0.50-1.05)

25]. Better methods for detecting such lesions are need-
ed. Perfusion index, a measure for peripheral blood flow
calculated from the pulse waveform curve, may be a
promising parameter, and integrated in pulse oximeters
[26].

When combining POX-screening with routine clini-
cal examination before discharge, the sensitivity for de-
tecting CCHDs increases and reaches about 90 %. Stud-
ies from Sweden and Norway have shown that only 8
and 12 % of infants with CCHDs respectively were
discharged with the disorder undetected [3e, 4¢]. Similar
results have been reported by others [17, 22].

Sensitivity for detecting major CHDs (died or requir-
ing invasive intervention before 12 months of age) is
lower (49 %) than for CCHDs alone (75 %) (died or
requiring invasive intervention before 28 days of age)
according to a study of Ewer at al. from England [2e].
When antenatally detected defects were excluded, they
found a lower sensitivity for POX-screening detecting
major cases (29 %) as well as for CCHDs (58 %). This
emphasizes that more antenatally detected CHDs have a
low SpO, postnatally, and that this population of heart
defects carries a high grade of severity. Meberg at al
found that 74 % of antenatally detected CHDs would
have failed the POX-screening, making this screening a
security net when CCHDs are missed in the fetal ultra-
sound heart examination [27e].
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For the total cohort of live-born infants with heart
defects, the detection rate by POX-screening has been
found as low as 6 % [27e, 28]. This demonstrates that
most CHDs, which are of minor or moderate severity, have
a normal SpO, because of left-to-right shunting through
septal defects or a patent ductus, or valvar stenosis or
leakage without shunting. Most of these defects will be
detected by routine clinical examination before or after
discharge from hospital after birth [1, 27e].

The Challenge of False Positives

Although reducing false positives may be important for
minimizing futile use of resources and avoiding parental
anxiety, a substantial number of such cases in fact represent
potentially severe extracardiac conditions in need of early
detection. Meberg et al. published data showing that 41 %
of false positives in first-day-of-life POX-screening were
disorders such as transient tachypnea, systemic infections
(among them group B streptococcal septicemia), amniotic
fluid aspiration, pulmonary hypertension, and pneumo-
thorax [27e]. In addition, some non-critical CHDs were
detected. Ewer at al published comparable results showing
that 27 % of their false positives were conditions in need of
urgent medical intervention [2e]. Similar findings have
since been published by Zaho et al. [22], Singh, Rasiah,
and Ewer [23] and Bhola, Kucklow, and Evans [24]. POX-
screening thus may be looked upon not only as a heart screening,
however, also as a screening for extracardiac conditions with true
hypoxemia, especially hidden pulmonary disorders. This is an
added advantage to the main goal of detecting CCHDs. As
extracardiac hypoxemic conditions detected by POX-
screening, especially first-day-of-life, may outnumber the
cases of CCHDs detected [2e, 22-24, 27¢], the importance
of this “side effect” should be valued. As “true” false pos-
itives may be defined cases with a normal heart, however,
with a prolonged phase of transitional circulation where
an increased pulmonary vascular resistance causes right-to-
left or bidirectional shunting of blood through an open
ductus arteriosus [27e].

When to Screen?

Screening strategies have been divided between first-day-
of-life screening and screening more that 24 h after birth
(unless the infant is discharged before). The last alternative
has been promoted in the USA with a screening protocol
endorsed by the American College of Cardiology (ACC),
the American Academy of Pediatrics (AAP), and the Amer-
ican Heart Association (AHA) (Fig. 1) [29e, 30]. The reason
for this choice has primarily been to minimize false posi-
tives. In Europe, first-day-of-life screening has been

recommended in the Nordic countries [19¢], Switzerland
[31], and Poland [21] among others. One argument for
first-day-of-life screening has been that it makes a very early
detection of CCHDs possible, shortening time to start
further diagnostic procedures. Meberg et al. found by
first-day-of life screening that median time for predischarge
detection of CCHDs was only 6 h after birth [3e, 27¢]. For
hospitals not performing POX-screening, the correspond-
ing time was 17 h (p<0.001) [3e]. A second argument for
early screening has been the early detection of potentially
severe extracardiac disorders, as mentioned above.

The higher false positive rate by first-day-of-life
screening may cause extra use of “unnecessary” echocar-
diography, however, within acceptable limits [24, 32,
33]. Put into perspective a false positive rate of 0.5 %,
as found in the metaanalysis of Thangaratinam et al.
(Table 2) [20ee], will generate need for less than one
extra echocardiography per month in a hospital with
2000 deliveries a year. When hypoxemia obviously is
caused by an extracardiac condition, the infant may not
be referred for echocardiography, further reducing the
consumption of extra resources. Based on careful clinical
assessment and available evidence, Singh, Rasiah, and
Ewer recognized that less than one third of babies failing
the POX-screening would need an echocardiogram [23].
On the other hand, there should in general be a low
threshold for undertaking echocardiography. Infants
with a slightly subnormal SpO, should, although
looking healthy, not be discharged without passing echo-
cardiography, as CCHDs may be missed in such cases
[3¢].

Pre- or Combined Pre- and Postductal Sp0,
Measurements

There have been some discussion whether the POX-
screening should be undertaken by postductal SpO,
measurements only [27e] or as combined pre- and
postductal registrations [19e, 29e]. Using the last strategy
attention is paid not only to a subnormal SpO, but also
to an SpO, difference of more than 3 %, even if satura-
tion levels are within the normal range both pre- and
postductally. Studies undertaking postductal measure-
ments only use an SpO, of below 95 % as criterium for
failing the test [21, 27, 31]. Meberg et al. performed
1000 consecutive postductal registrations in apparently
healthy newborn infants first day of life and found an
SpO, of 95 % to represent two standard deviations
below mean [27e]. SpO, below this level thus seems
reasonable to use for identifying those who need
retesting or immediate referral for echocardiography.
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Child in well-baby nursery > 24 hours of age or
shortly before discharge f < 24 hours of age

+
Screen
| 7 I
< 90% in right hand 90%-<95% in right > 95% in right hand or
— or foot hand and foot or >3% foot and <3% differ-
difference between right ence between right
hand and foot hand and foot
+
Repeat screen
in 1 hour
' 7 I
< 90% in right hand 90%-<95% in right > 95% in night hand or
- or foot hand and foot or >3% foot and <3% differ-
difference between nght ence between nght
hand and foot hand and foot
*
Repeat screen
in 1 hour
: ; :
< 90% in right hand 90%-<95% in right > 95% in right hand or
1 or foot hand and foot or >3% foot and <3% differ-
difference between right ence between right
hand and foot hand and foot

_.( Faifd Scroen )._.

( .»amm,.}_

Fig. 1. Algorithm for screening for critical congenital heart defects. Screening protocol endorsed by the American College of
Cardiology, the American Academy of Pediatrics, and the American Heart Association. Available at http://www.cdc.gov/ncbddd/

heartdefects/hcp.html.

However, this study included infants born at sea level. At
higher altitudes, SpO, is slightly lower, and algorithm
cutoffs therefore may need adjustment in high-altitude
nurseries [34].

For screening large populations of newborns, sim-
plicity of testing and easy and reliable interpretation of
the results are important. A simple algoritm for
postductal screening is shown in Fig. 2 and the more
sophisticated American algorithm for contemporary
pre- and postductal measurements in Fig. 1. The last

one is quite similar to an algorith recommended by a
Nordic group [19¢], except that the Nordic one recom-
mends first-day-of-life screening and the American one
screening later than 24 h of life as the main strategy [29e,
35e]. An advantage of combined pre- and postductal
screening is that it may detect coarctation of the aorta
with a lower postductal than preductal SpO,. In some
cases of transposition of the great arteries, the postductal
SpO, may be normal while the preductal saturation may
be subnormal [36]. Scientific evidence for the combined
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Postductal SpO:z first day of life

Sp02 =2 95%
Routine clinical examination
Clinical symptoms

Call pediatrician

Sp02 = 95%

Routine clinical examination

Sp02 < 95%

Call midwife

No clinical symptoms
Retesting 2-3 hours later
Sp02 < 95%

Call pediatrician

Fig. 2. Algorithm for postductal pulse oximetry screening according to Meberg et al. [27¢].

screening being better than simple postductal screening
is, however, weak. In their large metaanalysis,
Thangaratinam et al. did not find any significant differ-
ence in sensitivity for detecting CCHDs whether the
probe was placed on the foot alone or combined on
foot and right hand (Table 2) [20ee]. Neither did the
false positive rates differ significantly.

Oster, Kuo, and Mahle evaluated the algorithm
endorsed by AAP and AHA with combined pre-
and postductal SpO, measurements and found the
manual algorithm for interpretation of the results
to be susceptible to human error [37¢]. Sets of
screening scenarios were answered correctly in only
81.6 % when manually interpreting the algorithm
vs 98.3 % when using a computer-based tool
(p<0.001). The authors recommended implementa-
tion of a computer-based tool to aid in the inter-
pretation of the results to improve accuracy and
quality. Interpretation of results from a postductal
screening algorithm (Fig. 2) may, however, be
more easy and makes this way of screening an
alternative to the combined one, at least if a
computer-based tool is not available.

POX-Screening of Different Populations

The relative risk for a late diagnosis of CCHDs has been
shown to be higher in level I and II hospital nurseries
than in level III nurseries, possibly related to more ex-
tensive use of pulse oximeters and other diagnostic tools
in the higher level nurseries [8]. POX-screening has been
found to be successfully implemented in screening for
CCHDs in community hospitals [38, 39] and also for
planned out-of-hospital births [40]. Acceptance of the
value of POX-screening in out-of-hospital births is

increasing among midwives [41]. In Holland, with a
large number of home births, a protocol for POX-
screening is to be implemented to increase safety [42].
In regions with a birth pattern decentralized to small
and low-level units, and to out-of-hospital births, POX
may be especially useful because of convenience in use
and reliable results. Using the simplified algorithm with
postductal measurements of SpO, could make the POX-
screening in such settings even more easy (Fig. 2) [43].
This may also be relevant if a computer-based tool for
interpretation of the results is not available. In neonatal
intensive care units, predischarge POX-screening for
CCHDs has also proven useful, however, with some
higher rate of false positives compared with asymptom-
atic newborn infants [44].

Cost-Effectiveness

Pulse oximeters have been used extensively in rou-
tine clinical examinations and monitoring of many
types of patients. Thus, the devices and their prac-
tical use have grown familiar for doctors as well as
midwives, nurses, and other health care providers.
The equipment is relatively cheap and the use sim-
ple and little time consuming. POX-screening thus
may be integrated in daily routines with minimal
increase in nursing workload and no need for extra
staff [8, 38, 45, 46]. Physicians involved in new-
born medicine deem it an effective tool [47]. Stud-
ies addressing cost-effectiveness of universal POX-
screening of newborns for CCHDs suggest such
programs to be cost-effective in light of currently
accepted thresholds [38, 48, 49]. Lower screening
costs may be obtained by applying reusable screen-
ing sensors [49].
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Quo vadis POX-Screening?
Although it seems an obvious advantage to diag-
nose CCHDs before progressing into a circulatory
collapse, the hard end-points of survival, physical,
and mental functioning and quality of life are not
yet documented to be improved as a result of
universal POX-screening. POX-screening most prob-
ably is a right thing to do; however, it may not be
clear that the actual benefits outweigh the down-
sides (overall costs of screening, delayed diagnosis
of false negative screen results, costs of evaluation
and anxiety in families with false positive screen
results, and diagnosis of CCHDs where early diag-
nosis offers no added benefit over late detection),
as stated in an editorial by Taylor [50]. Further
research is needed to answer these questions.
Quality of the POX-screening may be improved
by special training of the health care providors un-

Compliance with Ethics Guidelines

dertaking the screening [43, 51]. They should be able
to interpret the results correctly, and rapidly alert the
doctor when a baby fails the test. A computer-based
system for interpretion of the screening result may
increase correctness of the interpretation. If such sys-
tems are not available, simplification of the algo-
rithm by using a postductal screening strategy may
be an alternative. POX-screening programs should be
implemented in nurseries of all levels. Screening
should not be missed in babies with very short
stay in hospital after birth and also be implement-
ed for out-of hospital births as well as predis-
charge in special and intensive care neonatal units.
Motion stable devices should be used [19e, 30,
35e]. Screening data should be registered in com-
puterized databases so they can be retrieved for
large populations for quality assurance and re-
search purposes [2e, 19e, 35e].
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