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ABSTRACT

Pulse oximetry (PO) screening for critical congenital heart defects (CCHD) has been studied ex-
tensively and is being increasingly implemented worldwide. This review provides an overview 
of all aspects of PO screening that need to be considered when introducing this methodology. 
PO screening for CCHD is effective, simple, quick, reliable, cost-effective, and does not lead to 
extra burden for parents and caregivers. Test accuracy can be influenced by targets definition, 
gestational age, timing of screening, and antenatal detection of CCHD. Early screening can 
lead to more false positive screenings, but has the potential to detect significant pathology 
earlier. There is no apparent difference in accuracy between screening with post-ductal mea-
surements only, compared with screening using pre- and post-ductal measurements. However, 
adding pre-ductal measurements identifies cases of CCHD which would have been missed by 
post-ductal screening. Screening at higher altitudes leads to more false positives. Important 
non-cardiac pathology is found in 35-74% of false positives in large studies. Screening is feasi-
ble in Neonatal Intensive Care Units and out-of-hospital births. Training caregivers, simplifying 
the algorithm, and using computer-based interpretation tools, can improve quality of the 
screening. Caregivers need to consider all aspects of screening to enable them to choose an 
optimal protocol for implementation of CCHD screening in their specific setting.
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INTRODUCTION

Introduction

Critical congenital heart defects (CCHD) occur in 2-3 per 1,000 live births, usually require in-
vasive medical intervention within the first month of life, and can lead to death or significant 
morbidity if not diagnosed in a timely manner.1 Early detection is important for reducing the 
mortality and improving the postoperative outcome.2-6

Routine fetal ultrasound screening has led to increased antenatal detection of around 
50-70% of all CCHD.7 Postnatally, 20-30% of CCHD are still missed by physical examination, as 
symptoms often occur later, when the ductus arteriosus closes.8, 9 Murmurs are not always 
present with CCHD, and may occur in up to 60% of healthy newborns.10 Also, it has been shown 
that assessment of cyanosis is unreliable for detecting hypoxemia.4, 11 Pulse oximetry (PO) is 
a widely available, accurate method to objectively quantify oxygen saturations (SpO2), and 
thereby identify the clinically undetectable hypoxemia that occurs in the majority of neonates 
with CCHD.11, 12

Early studies assessing neonatal PO screening for CCHD demonstrated proof of concept,13-15 
followed by large accuracy studies.16-20 This led to a recommendation in 2011 by the US Se-
cretary of Health and Human Services to add CCHD screening to the recommended uniform 
screening panel, which was also endorsed by the American Academy of Pediatrics.21 A meta-
analysis of 13 screening studies, including almost 230,000 infants, reported a sensitivity of 
76.5%, specificity of 99.9%, and false positive rate of 0.16%.22 The authors concluded that PO 
screening met the universal screening criteria. Since then further studies focusing on feasibility, 
implementation, and logistical aspects of CCHD screening have been performed.23-38

This review provides an overview of all aspects that need to be considered when perfor-
ming PO screening. We also provide an update of the current status of PO screening world-
wide. Caregivers can use this information to implement an optimal screening protocol in their 
local care system. 

Aspects influencing the accuracy of pulse oximetry screening 

Sensitivity ranged from 60-100%, whereas specificity was ³94%, and in most studies >99% 
(Table 1). This high specificity is accompanied with a false positive rate varying between 0% 
and 1.8% (Table 1). So far, no difference has been shown in accuracy when pre- and post-ductal 
PO measurements are performed versus only post-ductal measurements.18, 20, 22 Screening 
performed >24 hours after birth decreases the false positive rate, but increases the risk of late 
detection of infants with CCHD who may decompensate prior to screening.18-20 Furthermore, 
non-critical cardiac defects and other significant pathology may be found in up to 80% of the 
false positive cases (Table 2).18, 20, 25, 28
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Table 1. Overview of accuracy studies. 
First Author, year N Prenatal detec-

tion of CCHD
GA Sensor probe 

location
Cut-off values Time screening, h (median) Sensitivity Specificity FP rate

Hoke, 200229 2,876 17% ≥34 wk Pre and post <92%; Pre-post>7% 24 or discharge 69%¥ 99.0% 1.8%

Richmond, 200213 5,626 10%¥ All, not neonatal unit Post 2x <95% or 1x<95% 
and abnormal PE

>2, <discharge (11.7*) 25%¥ 99.0%¥ 1.0%

Koppel, 200314 11,281 45% All, well infant 
nursery

Post ≤95% >24 60.0% 99.95% 0.009%

Reich, 200336 2,114 33% All, not NICU Pre and post 3x <95% or Δ>3% <discharge ---^ 99.8% 0.04%

Rosati, 200531 5,292 Not mentioned Healthy term Post ≤95% >24 (72) 66.7% 100% 0.019%

Bakr, 200532 5,211 0% All healthy Pre and post 1x <90%, 3x 90-94% <discharge (31.7*) 77% 99.7% 0.02%

Arlettaz, 200633 3,262 28%¥ ≥35wk Post 1x <90%, 2x 90-94% 6-12 (8) 100% 99.6% 0.4%

Ruangritnamchai, 200734 1,847 Not mentioned All healthy Pre and post 1x <95% 24-48 98.5% 96.0% 0.05%

Meberg, 200816 50,008 7% Healthy at nursery Post 2x <95% or 1x <95% and symptoms First day (6) 77.1% 99.4% 0.6%

Sendelbach, 2008(17 15,233 80% ≥35wk Post <96% 4 75% 94% 5.6%

De-Wahl Granelli, 200918 39,821 3.3% Pre and post <discharge (38) 82.7% 97.9% 0.17%

Riede, 201019 41,445 63% Healthy term Post 2x <96% 24-72 (-) 77.8% 99.9% 0.1%

Tautz, 201035 3,364 10% ≥35wk Post <90%, 2x <90-94% 6-36 (12) 82.0% 99.9% 0.3%

Ewer, 201120 20,055 50% >34 wk Pre and post 1x <95% or Δ>2% + symptoms OR
2x <95% or Δ2%

<24 (12.4) 75.0%& 99.1%& 0.9%&

Turska-Kmiec, 201223 51,698 38% All at neonatal unit Post 2x <95% 2-24(7) 78.9% 99.9% 0.026%

Kochilas, 201324 7,549 Not mentioned Healthy newborns Pre and post 1x <90 
3x 90-94% or Δ>3%

≥24 (30*) 100% 99.9% 0.07%

Singh, 201425 25,859 76% Postnatal ward Pre and post <95% or Δ>2% <24 (7.5)  60% 99.2% 0.8%

Zuppa, 201426 5,750 82% Healthy at nursery Post 2x <95% 48-72 (64) -- 99.9% 0.05%

Bhola, 201427 18,801 11% >36 wk Post 1x <90% or  
3x 90-95%

24-72 (-) 80% 99.8% 0.13%

Zhao, 201428 120,707 8%† all Pre and post 1x <90% or
2x 90-95% or Δ>3%

6-72 (43) 83.6% 99.7% 0.3%

FP= false positive; GA=gestational age; PE=physical examination; pre=pre-ductal; post=post-ductal; ¥for all CHD; 
^group too small to assess sensitivity; †for major CHD; &for CCHD; *mean
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Table 2. detection of pathology other than CCHD. 
Author, year N TP FP (%) PPHN Other 

lung 
patho-
logy

Infection/
sepsis

Non- 
critical 
CHD

Other Healthy 
(%)

Hoke, 200229 2,876 4 53 (1.8) 1 - - - - 39 (74)#

Richmond, 200213 5,626 4 47 (0.8) 1 2 - - 4 40 (90)

Koppel, 200314 11,281 2 1 (0.009) 1 0 (0)

Reich, 200336 2,114 2 2 (0.1) - - - - - 2* (100)

Rosati, 200531 5,292 2 2 - - - - 1 1 (50)

Bakr, 200532 5,211 3 2 (0.04) - - - 1 1 0  (0)

Arlettaz, 200533 3,262 14 10 (0.3) 5 4 1 (10)

Ruangritnamchai, 
200734

1,847 2 1 - - - - Not 
mentioned

Meberg, 200816 50,008 27 297 (0.6) 6 68 55 17 4 147 (49)

Sendelbach, 200817 15,233 3 856 (5.6) - - - 2 12 841 (98)

De-Wahl Granelli, 
200918

39,821 69 (0.2) 6 7 10 14 8 24 (35)

Riede, 201019 41,445 14 40 (0.1) 15 - 13 - - 12 (30)

Tautz, 201035 3,364 8 10 (0.3) 2 - 7 1 - - (0)

Ewer, 201020 20,055 18 177 (0.9) 40 14 123 (69)

Turska, 201223 51,698 15 14 (0.026) - - 5 1 - 8 (57)

Kochilas, 2013§24 7,549 1 5 (0.07) 3 - - - 1 (20)

Singh, 201425 25,859 9 199 (0.8) 12 - 85 8 44 43 (22)

Zuppa, 201426 5,750 0 3 (0.05) 3

Bhola, 201427 18,801 4 11 (0.13) 3 2 1 - 5 (45)

Zhao, 201428 120,707 122 394 (0.3) 41 23 10 106 214 (54)

FP= false positive; TP= true positive. #unknown in 13 infants; * these two infants had a large patent ductus arteriosus; 
§test of 1 infant was misinterpreted.

Targets
To interpret the observed accuracy in PO screening studies, the specified target should be 
taken into account as they vary between studies (all CHD,13, 29, 32 significant CHD,30, 33 major 
CHD,20, 28 all duct dependent CHD,18, 20 and CCHD17, 26, 28, 31, 34).

Targeting all CHD instead of only CCHD could decrease the sensitivity, as not all CHD lead 
to hypoxemia in the first days of life. In contrast, when considering only CCHD as a target for 
PO screening, the false positive rate will be higher. However, the false positive screens will 
include other, non-critical CHD, which are also important to detect. Non-critical CHD could 
therefore be classified as secondary target for the screening. 
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Gestational age 
While most PO screening studies included only asymptomatic infants, not admitted to a Neo-
natal Intensive Care Unit (NICU),13, 16, 19, 24-26, 31, 32, 34, 36 a few studies also included late preterm 
infants (≥34 weeks of gestational age).20,29 Although the extra value of PO screening in moni-
tored preterm infants is uncertain, concomitant pre- and post-ductal PO measurements may 
detect CHD earlier when these infants are also included in the screening (Table 3).

Timing
The meta-analysis demonstrated a significantly lower false positive rate when the screening 
was performed ≥24 hours after birth.22 In several countries, there is a tendency for early 
discharge, <24 hours of life.37 Moreover, up to half of all infants with CCHD presented with 
symptoms prior to the screening, with circulatory collapse in up to 9% of these infants when 
screening > 24 hours was performed.18,38

Ewer et al. showed the highest sensitivity if screening took place 6-12 hours after birth, but 
specificity was the highest at 0-6 hours after birth.20 In a large Chinese study, the false positive 
rate was higher when screening was performed at 6-24 hours after birth (0.55%) as compared to 
25-48 (0.29%) and 9-72 (0.26%) hours after birth. but sensitivity was 10% higher at 6-24 hours.28 

Performing PO screening in the first hours of life is likely to lead to more false positive 
screenings, but this must be weighed against the potential benefit to detect significant pa-
thology, including non-critical CHDs, infections and pulmonary disorders, at an early stage of 
the disease, preventing deterioration (Table 3). 

When determining the timing of screening, the logistics of perinatal care should be ta-
ken into account as the duration of hospitalization after birth and the rate of home births 
vary between hospitals and countries. An international group of experts on CCHD screening 
recommended pilot studies in individual European countries to test feasibility, accuracy and 
cost-effectiveness in the local care systems.37

Post-ductal or pre-and post-ductal measurement
All studies performed post-ductal measurements, as there is a possibility of missing CCHD as-
sociated with predominant right to left shunting at the ductus arteriosus and stenosis of the 
aortic isthmus when only pre-ductal measurements are obtained (Table 1). However, in half 
of the studies, pre- and post-ductal measurements were obtained (Table 1). The meta-analysis 
showed no difference in accuracy between only post-ductal versus combined measurements, 
but certain left outflow tract obstructions might be missed with post-ductal measurements 
alone.20, 22 However, Ewer et al. and Granelli et al. observed that adding a pre-ductal measu-
rement also increased the false positive rate.18, 20
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Cut-off values
The definition of threshold values will determine the sensitivity and specificity of the screening 
tool. When choosing the cut-off value, the false positive rate must be balanced against the risk 
of missing CCHD. Ewer et al. defined SpO2 <95% in either limb or a difference of >2% between 
the limbs as abnormal.20 In their study, the false positive rate would have been reduced from 
0.8 to 0.5% if they had used a difference of >3% in both limbs; however, 13 respiratory dis-
orders and 3 CHDs would have been missed.18, 20 Cost-effectiveness and accuracy analyses 
should be performed for different thresholds and probe placement approaches to determine 
the optimal threshold values. 

Altitude
At moderate or high altitudes, a delay in the decrease in pulmonary vascular resistance will 
lead to lower SpO2 after birth when compared to infants born at sea level.39-41 At mild elevation 
Han et al. concluded that the screening is feasible with a low false positive rate.42 Wright et 
al. observed more positive screenings (1.1%) in infants at moderate altitude with the recom-
mended screening protocol.43 Infants with SpO2 ≥95% and  ≤3% difference in SpO2 passed the 
screening, while infants with SpO2 <85% at any screening were assigned fail screen status. 
More studies need to be performed to define optimal cut-off levels for PO screening at mode-
rate and high altitudes and the sensitivity must be balanced against the high false positive rate

The influence of the antenatal detection rate
The sensitivity and cost-effectiveness of the screening will also be influenced by the antenatal 
detection rate of CCHD (Table 1), which is strongly influenced by the training, experience and 
equipment of the sonographer, and by the quality and organization of the antenatal health 
services.7, 44 Fetal echocardiography was not routinely available in two large PO screening 
studies.18, 32 In case of low antenatal CCHD detection, the value by PO will be higher compared 
to settings with high fetal detection rates. Furthermore, infants with prenatally detected CHD 
were excluded for PO screening in the majority of studies.13, 20, 29, 33, 35
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Devices

It is recommended to use pulse oximeters that are cleared for use in newborns, are usable in 
low perfusion states, report functional oxygen saturation, and are motion tolerant.45, 46 Dawson 
et al. demonstrated a good agreement between measurements obtained with Masimo and 
Nellcor PO when SpO2≥70%, but a low agreement when SpO 2 <70%.47 This is unlikely to affect 
screening sensitivity.

Table 3 provides an overview of the described aspects of the screening and their advan-
tages and disadvantages.

Table 3. advantages and disadavantages of aspects in protocol for pulse oximetry screening.
Aspect in protocol Advantage Disadvantage

Targeting all CHD instead of only CCHD Increased specificity
Decreased false positive rate

Decreased sensitivity

Including preterm infants Earlier detection of CCHD and 
other pathologies

Possible increase in false posi-
tive rate 

Early screening (<24 h) Detect significant pathology in an 
early stage
Possible higher specificity
Fits in setting with early discharge

Possible increase in false posi-
tive rate

Adding pre-ductal measurement to 
post-ductal PO measurement

Possible improved detection of 
left outflow tract obstructions

More time consuming

Screening at moderate-high altitude Early detection of significant 
pathology 

Possible increase in false posi-
tive rate

Including infants with antenatal CHD 
detection

Increase in sensitivity and spec-
ificity

No clinical consequences for 
CHD

Reusable sensors Decrease costs Must be disinfected between 
uses to minimize risk of infec-
tion

CCHD: critical congenital heart defect; CHD: congenital heart defect; PO: pulse oximetry

Detection of other pathologies 

PO can also detect other causes of hypoxemia, including infections and pulmonary/respiratory 
disorders. In Table 2 we calculated the detection of important pathology other than CCHD. 
Although detection of these conditions is currently considered as false positives, it is important 
to detect them early, so treatment can be started before deterioration occurs with increased 
risk of death, morbidity and longer hospitalization. There is large variation in detection of 
other pathology in the reported studies (0-90%; Table 2). Since different screening targets 
were used in the studies, the false positive rates are difficult to compare. According to the 
power analysis of Ewer et al. 20,000 neonates were required to accurately assess accuracy of 
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PO screening. There are 7 studies with inclusion of >20,000 neonates, in which the detection 
of other important pathology amongst the false positive screening was 27-74%.16, 18-20, 23, 25, 28

Setting

In most countries where it has been implemented, the screening takes place in hospitals. 
Screening has been performed in major centers and regional hospitals.24, 48 

PO screening in the NICU has been less well investigated. However, a recent study showed 
similar discharge SpO2 values in late preterm and term infants at a NICU with a 100% screening 
rate and, therefore, the current screening protocol is feasible for these groups upon discharge 
from a NICU.49 Although screening in the NICU is feasible, underlying illnesses and timing of 
the screening increased the false positive rate.50 

Studies have also investigated PO screening out-of-hospital and after early discharge from 
hospital.19, 25, 27, 51 In Australia, the screening was performed 24-72 hours after birth or, in case 
of early discharge, prior to discharge with a repeated measurement at home within the first 
3-5 days after birth.27 All four detected cases of CHD were found prior to discharge from the 
maternity service. Also, in Wisconsin, with a home birth rate of 1.67%, screening could be 
obtained in only 1/3 of all home births.51 In the Netherlands 33% of births are supervised by 
community midwives, in birthing facilities or at home, and an adjusted screening protocol has 
been developed to fit in the working scheme of the midwives.52, 53 

Acceptability

Two studies reported that parents widely accepted the test and the false positive results did 
not lead to more anxiety.23, 54 Furthermore, the medical staff considered the test as highly 
important and easy to carry out.20 Tautz et al. reported a feeling of security and confidence of 
the nursery staff by using the PO measurements.35 Most of the physicians involved in newborn 
medicine endorsed it as an effective tool.55 

Cost-effectiveness

Several studies on cost-effectiveness of pulse oximetry screening have been performed.18, 24, 

56-58 Roberts et al. calculated incremental costs of £24,900 per timely diagnosis, with a 90% 
chance of being cost-effective with a Willingness To Pay threshold of £100,000.56 Peterson 
et al. also demonstrated that the screening was cost-effective. The PO screening costs $3.83 
per newborn, or $4,693 for each life saved by screening. With an estimation of 248 cases of 
CCHD detected early by the screening and 110 deaths averted annually, they conclude that the 
screening is cost effective.57 Kochilas et al. reported the costs of $5.10 per screening and, con-
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sidering the numbers needed to screen, $46,300 per patient diagnosed with CCHD.24 Griebsch 
et al. and De-Wahl Granelli et al. concluded that the screening is at least cost neutral, since in 
the Swedish study the costs per timely diagnosis made due to screening were £3,430 while 
the costs per infant with circulatory collapse due to CCHD were £3,453.18, 58 All these studies 
imply that PO screening for CCHD is cost-effective.

Quality improvement

Experience has been gathered in ways to improve the use of the PO for CCHD screening.15, 24, 

59-62 Training could lead to more adequate use of PO and the algorithm.15, 24, 59, 60 Also, the use 
of a computer-based tool for interpretation of the results could improve the accuracy, since 
human interpretation is susceptible to errors.61, 62 

Barriers for implementation

Impact on echocardiography service
The concern of a possible increased workload for echocardiography services and paediatric 
cardiologists could not be confirmed. Bhola et al. reported only 5 extra echocardiograms 
during a 42 months screening period of 18,801 infants.27 Also, studies showed that only a few 
infants had structurally normal hearts on performed echocardiograms.24, 30

Furthermore, the introduction of PO screening reduced the number of emergency and 
“unnecessary” echocardiograms.14, 30, 35

In addition, when PO screening is routinely implemented, it is reasonable to perform 
echocardiography only in infants with persistent abnormal SpO2 without evidence for another, 
non-cardiac diagnosis.25 All infants with positive screens should be carefully assessed by well-
trained paediatric staff. Next to CHD the differential diagnosis includes respiratory pathology 
(inter alia pneumonia, aspiration, pneumothorax), infections and sepsis, and transitory pro-
blems, such as persistent pulmonary hypertension of the neonate (PPHN). 

Staff/working time
All studies reported a maximum of 5.5 minutes per screening, with a mean of even 1.6 minutes 
in Zhao’s study.18, 24, 27, 28, 33, 48 No extra staff members were needed to perform the screening.26, 47

Current Implementation

There is an increased interest in CCHD screening all over the world. It was estimated that ≥90% 
of infants born in the United States were screened for CCHD screening by the end of 2014.63 
Finland has the highest screening rate after implementation (97%), followed by Sweden (91%) 
and Norway (90%).64 In 2009 Switzerland screened 85% of infants.65 PO screening has been 
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recommended in Abu Dhabi, Ireland, Sri Lanka, and Poland.66 Furthermore, pilot studies are or 
have been performed in many countries, including UK, Germany, Spain, Italy, Australia, China, 
and the Netherlands.23, 27, 28, 38, 53 A group of international CCHD screening experts encourage 
European societies to formulate statements regarding CCHD screening to enhance implemen-
tation of the screening across Europe.37 

Limitations

It is important to emphasize that PO screening does reduce the diagnostic gap but will not lead 
to 100% detection of CCHD. Defects with aortic obstruction are most commonly missed with 
PO, and these are also more difficult to diagnose with prenatal ultrasound.14, 28, 67, 68

Although CCHD screening has been thoroughly investigated and implemented in settings 
with delivery in hospitals, more studies are needed testing the accuracy and (cost)effectiveness 
of the screening in special settings, such as home births, very early discharge, moderate-high 
altitude, and NICUs.

CONCLUSION

PO is an effective method to detect CCHD, as an adjunct to prenatal ultrasound and physical 
examination. The tool is simple and reliable, has low costs, is not time consuming, and there 
is no extra burden for the parents and infants. Furthermore, it is widely available and detects 
other potential life-threatening pathology such as infections, and persistent pulmonary hy-
pertension of the newborn. Early detection of CCHD reduces the mortality and morbidity. 
Studies on protocols at NICUs, out-of-hospital births, and early discharge are still subject to 
investigation. 

PO screening is introduced increasingly in countries all over the world and in different set-
tings, with different timing of the screening. Before implementing the screening in a specific 
setting, it is important to know the experience and evidence for CCHD screening in that setting. 
In this review we have given an overview of the different aspects of the screening, which can 
be used for developing an optimal screening protocol for a specific local setting.
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