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Abstract: Background: Newborns with a critical congenital heart disease left undiagnosed and
untreated have a substantial risk for serious complications and subsequent failure to thrive. Prenatal
ultrasound screening is not widely available, nor is postnatal echocardiography. Physical examination
is the standard for postnatal screening. Pulse oximetry has been proposed in numerous studies as
an alternative screening method. This systematic review and meta-analysis aims to determine the
diagnostic accuracies of both screening methods separately and combined. Methods: A systematic
literature search of the Embase, PubMed, and Global Health databases up to 30 November 2023
was conducted with the following keywords: critical congenital heart disease, physical examination,
clinical scores, pulse oximetry, and echocardiography. The search included all studies conducted
in the newborn period using both physical examination and pulse oximetry as screening methods
and excluded newborns admitted to the intensive care unit. All studies were assessed for risk of
bias and applicability concerns using the QUADAS-2 score. The review adhered to the PRISMA
2020 statement guideline. Results: Out of 2711 articles, 20 articles were selected as eligible for meta-
analysis. Cumulatively, the sample included 872,549 screened newborns. The pooled sensitivity of
the physical examination screening method was found to be 0.69 (0.66-0.73 (95% CI)) and specificity
was found to be 0.98 (0.98-0.98). For the pulse oximetry screening method, the pooled sensitivity
and specificity yielded 0.78 (0.75-0.82) and 0.99 (0.99-0.99), respectively. The combined method of
screening yielded improved diagnostic characteristics at a sensitivity and specificity of 0.93 (0.91-0.95)
and 0.98 (0.98-0.98, respectively. Conclusions: The evidence indicates that combining both physical
examination and pulse oximetry to screen for critical congenital heart disease exceeds the accuracy of
either separate method. The main limitation is that solely newborns with suspected critical congenital
heart disease were subjected to the reference standard. We recommend adapting both methods to
screen for critical congenital heart diseases, especially in settings lacking standard fetal ultrasound
screening. To increase the sensitivity further, we recommend increasing the screening time window
and employing the peripheral perfusion index.

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

1. Introduction

Congenital Heart Diseases (CHDs) have an incidence of around 9 in every 1000 births.
One in four newborns will have a CHD labelled as critical [1-5]. Critical CHDs (CCHDs)
are defined as lesions requiring surgery or catheter-based intervention in the first year
of life to provide better chances of long-term survival [1]. These newborns may appear
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healthy after birth but will develop symptoms such as tachypnoea, tachycardia, cyanosis,
and hypotension [6].

A CCHD is defined as one the following pathologies: Coarctation of the aorta, double-
outlet right ventricle, D-transposition of the great arteries, Ebstein’s anomaly, hypoplastic
left heart syndrome, interrupted aortic arch, pulmonary atresia, single ventricle, total
anomalous pulmonary venous return, tetralogy of Fallot, tricuspid atresia, and persistent
truncus arteriosus [1].

Early detection of CCHD is essential for reducing infant morbidity, mortality, and
disability [7,8]. In High-Income Countries (HICs), fetal ultrasound is the standard screening
method. On average, more than 50% of all CCHD cases are prenatally detected with fetal
ultrasound [9]. Standard newborn Physical Examination (PE), such as cardiac auscultation
and palpation of femoral pulsations, and Pulse Oximetry (PO) could suggest a remaining
undetected CCHD case after birth. In the case of any subsequent suspicion of heart disease,
newborn echocardiography is indicated and provides a reference standard diagnosis. Both
PE and PO are already in use for hospital births in parts of Europe and the United States [1].

However, in Low- or Middle-Income Countries (LMICs), fetal ultrasound screening is
not the standard of care due to its unavailability. This means that fetuses with CCHDs in
LMICs are often delivered undiagnosed in a homebirth setting [10]. Currently, newborn
PE is the sole screening method [11]. To reduce child mortality further, an additional
sensitive postnatal screening method is desired. This screening method is required to
provide a sufficiently high specificity to maintain the availability of an echocardiographic
examination for all newborns with suspected CCHD. PO has been repeatedly proposed as
an addition to PE to fulfill postnatal screening demands [11]. Its affordability and steep
learning curve brand it an excellent candidate for use in LMIC settings.

PO has previously been studied as a screening tool for CCHD. A Dutch study found
a sensitivity of CCHD PO screening of 70% by screening 23,959 newborns [12]. Other
published articles have evaluated the pooled diagnostic value of CCHD PO screening and
reported similar sensitivities [13-15]. Apart from Bello et al., these publications have unfor-
tunately not taken PE into their analyses. In a clinical setting, the complete replacement
of standard PE by PO is not reasonable, because relative desaturation is less sensitive to
duct-dependent systemic defects and non-duct-dependent defects; absolute desaturations
(<95%) make the PE screening method also capable of identifying duct-dependent systemic
defects and non-duct-dependent defects [16]. The studies that did not take PE into account
therefore reported incomplete outcomes and left unexplored screening potential.

The objective of this systematic review and meta-analysis is to determine the optimal
practice of physical examination and pulse oximetry as newborn screening methods for
critical congenital cardiac disorders.

2. Materials and Methods

This review followed the criteria for reporting systematic literature reviews and meta-
analysis as defined by the PRISMA 2020 statement [17]. A completed PRISMA checklist is
provided in the Supplementary Materials.

Search strategy: The Embase, PubMed, and Global Health databases were utilized to
search for all relevant articles up to 30 November 2023. The search query was specifically
designed for Embase and PubMed by using the Emtree and MeSH terms, respectively. The
keywords were based on the following subjects: critical congenital heart disease, physical
examination, clinical scores, pulse oximetry, and echography. Appendix A contains the
complete search queries for all three databases, no filters or limits applied. Additionally,
previously published systematic reviews on newborn CCHD screening were scanned for
eligible articles outside the bounds of the search query. A PRISMA diagram reflects the
selection process [17].

Inclusion and exclusion criteria: The database search results were exported to Rayyan
for article selection [18]. No exclusions on the basis of language or study region were made.
All titles and abstracts were independently manually screened by two authors (J.T. and
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N.M.) on the basis of the following inclusion criteria. (1) Screening had to take place in
the newborn period and (2) all newborns were screened with both the PE and PO screen-
ing method. A CCHD is defined as one of the following pathologies: coarctation of the
aorta, double-outlet right ventricle, d-transposition of the great arteries, Ebstein’s anomaly,
hypoplastic left heart syndrome, interrupted aortic arch, pulmonary valve atresia, single
ventricle, total anomalous pulmonary venous return, tetralogy of Fallot, tricuspid atresia,
persistent truncus arteriosus [1]. When information about lesion characteristics was insuffi-
cient, they were not classified as critical. For duplicate publications, we selected the most
recent and complete versions of reports. Correspondingly, study types such as reviews,
systematic reviews, meta—analyses, case reports, case series, conference abstracts, com-
ments, clinical guidelines, and animal studies were excluded. Studies including newborns
admitted to the Neonatal Intensive Care Unit (NICU) were also excluded. Disagreements
were resolved by consensus and after discussion with a third reviewer (M.G.S).

Data extraction: Two reviewers (J.T. and N.M.) independently extracted information
about study characteristics, quality, and test results from each selected article. Every in-
cluded article was subject to extraction of the following parameters: first author, year of
publication, type of study design, sample size, timepoint, location and cut-off values of
pulse oximetry measurements, pulse oximetry device, type(s) of physical examination(s),
reference standard of CCHD diagnosis, and screening location. For every article selected,
the CCHDs previously mentioned were considered to be outcomes of interest. The echocar-
diogram was used as a reference pattern in all reviews. Notably, in most cases, screens with
a positive PE or PO were referred for echocardiography. Most of the reviews did not find
any factors that might hinder applicability of the screening, both in terms of selecting the
population for the study and screening the reference pattern.

The combination of the two individual screening methods was evaluated in two ways.
A screening is positive if either the PE or PO test is positive or when both were positive. To
compare the two combined methods with their individual components, both the PE and PO
screening methods were also individually assessed. Table 1 below describes all conceivable
outcomes for all four screening methods: PE only, PO only, PE AND PO, and PE OR PO.

Table 1. All hypothetical PE and PO test outcomes for a newborn are in the two left columns. Their
respective screening outcomes for all four methods are in the four right columns. Zero is negative
and one is positive.

PE PO PE Only PO Only PE AND PO PE OR PO
0 0 0 0 0 0

0 1 0 1 0 1

1 0 1 0 0 1

1 1 1 1 1 1

For the meta-analysis, the number of True Positives (TP), False Positives (FP), False
Negatives (FN), and True Negatives (TN) of all four screening methods were extracted.

Statistical analysis: The diagnostic accuracy was quantitatively defined with specificity,
sensitivity, positive Likelihood Ratio (LR+), negative Likelihood Ratio (LR-), and Diagnostic
Odds Ratio (DOR). All statistical quantities are accompanied by their respective 95%
Confidence Interval (95% CI). The Meta-DiSc software was employed to pool the specificity
and sensitivity of all screening methods in forest plots using a random effects model [19].
An assessment of statistical heterogeneity was conducted using the I statistic calculation
describing the total variation percentage among the studies, which may be attributed to
heterogeneity and not chance, and an I> more than 75% was considered high. Additionally,
Summary Receiver Operating Curves (SROCs) were generated to approximate the Area
Under the Curve (AUC). Estimates of sensitivity and false-positive rates were computed
and plotted in forest plots according to the predefined subgroups.

Risk of bias analysis: All included studies were subjected to a Risk of Bias (RoB) and
Applicability Concern (AC) assessment with the QUADAS-2 score conducted indepen-
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dently by the authors (J.T. and N.M.) [20]. The four key domains covering patient selection,
index test, reference stand (comparator), and flow and timing were evaluated. Any study
deemed to have a high risk of bias, scoring ‘high’ for three or more of the four risk-of-bias
domains, or concerns regarding applicability, scoring ‘high’ for two or more of the three
applicability domains, was excluded from further meta-analyses. For sensitivity analysis,
we checked the effect of exclusion of studies according to the Risk of Bias. Subgroup and
Meta regression analyses were not applicable.

3. Results

Article selection: A total of 2711 articles were screened for inclusion. The majority,
2707 of these articles, were found in the Embase (2070), PubMed (579), and Global Health
(58) databases. Four articles were identified through other reviews and eligible articles.
After duplicate and title/abstract exclusion, 262 articles remained for detailed assessment.
Studies that included only newborns in the NICU or those that did not take PE screening
into account were excluded [21,22]; additionally, one study was excluded for inclusion
of symptomatic newborns [23]. Subsequently, 20 articles remained for data extraction
and meta-analysis. An overview of the search results and selection process is shown in a
PRISMA diagram in Figure 1 [17].

Identification of new studies via databases and registers
Records identified from:
H Databases (n = 2711):
'5 Embase (n = 2070) Records removed before screening:
= PubMed (n = 579) Duplicate records (n = 444)
5 Global Health (n = 58)
= Other reviews (n = 4)
Records screened Records excluded
(n =2267) (n =2005)
® l
g Reports sought for retrieval Reports notretrieved
o (n=262) (n=0)
53
%]
A Reports excluded:
| Reports as(snes_szeng;)r eligibility }—D Wrong population (n = 141)
— Wrong screening method (n = 101)
§ New studies included in review
= (n=20)
o
=

Figure 1. PRISMA diagram of article selection.

Data extraction: Not all included articles provided directly relevant outcomes. Nine
articles provided only quantitative CHD data instead of CCHD data. Additionally, desig-
nations of CCHDs varied. Some studies defined large ventricular septum defects as critical
or defined Ebstein’s anomaly and coarctations as non-critical. For these articles, CCHD
data were calculated based on given quantitative or contextual information. Unfortunately,
not all articles reported the required data to determine the diagnostic accuracy of all four
screening methods and were excluded from further analysis [24,25]. The features of the
studies considered were summarized and arranged in a table. Table Al in Appendix A
contains all relevant characteristics of the included studies.

Statistical analysis: Cumulatively, 872,549 newborns with 857 confirmed CCHDs have
been screened. This study’s CCHD incidence is 0.98 per 1000 newborns (0.098%). Pooled
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sensitivity and specificity of all four screening methods are reflected in forest plots and

SROCs in Figures 2-5.
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Figure 2. Pooled sensitivity (A), pooled specificity (B), and the SROC curve (C) of the PE-only
screening. The 95% CI of the middle blue SROC curve is represented by the two outer blue curves in
subplot C [26—-44].
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Figure 3. Pooled sensitivity (A), pooled specificity (B), and the SROC curve (C) of the PO-only
screening. The 95% CI of the middle blue SROC curve is represented by the two outer blue curves in
subplot C [26—44].

Figure 2 reflects the diagnostic accuracy of the PE-only screening method. Pooled
sensitivity was found to be 0.69 (0.66-0.73 (95% CI)) and specificity was found to be 0.98
(0.98-0.98). The heterogeneity of the sensitivity was considerably high, while the specificity
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had a low heterogeneity. Additionally, pooled LR+ was 33.9 (22.6-50.7), pooled LR- was 0.4
(0.2-0.7), and DOR was 77.0 (38.5-154.0). The PE-only AUC was determined to be 0.97.

Sensitivity (95% CI)|
—_— Arlettaz et al. 0.40 (0.16—0.6:
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Figure 4. Pooled sensitivity (A), pooled specificity (B), and the SROC curve (C) of the PE AND PO
screening. The 95% CI of the middle blue SROC curve is represented by the two outer blue curves in
subplot C [26—44].

Figure 3 reflects the PO-only screening method with a pooled sensitivity and specificity
of 0.78 (0.75-0.82) and 0.99 (0.99-0.99), respectively. Heterogeneity was assessed moderate
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for sensitivity and low for specificity. Pooled LR+ was 238.8 (94.5-603.7), pooled LR- was
0.2 (0.1-0.4), and DOR was 1277.4 (391.2-4171.4). The AUC was 0.93.

Sensitivity (95% CI)
————® Arlettaz et al. 1.00 (0.78-1.00]
Bakr et al 0.75 (0.19-0.99|
@ Chenetal 1.00 (0.98—1.00]
de Lira Albuquerque etal.  1.00 (0.16—1.00]
——— de-Wahl Granelli et al. 0.83 (0.64—0.94f
Gi etal. 1.00 (0.72—1.00]
—@-| Huetal 0.95 (0.85-0.99
Huang et al. 1.00 (0.63—1.00]
Janjua et al 1.00 (0.29—1.00]
——@— | Mebergetal 0.89 (0.73-0.97|
Minocha et al. 1.00 (0.29—1.00]
9 Nuntnarumit et al 1.00 (0.88—1.00]
—&—— Oakley et al. 0.88 (0.47—1.00|
—— Saxena et al. 0.85 (0.65—0.96]
—@-| Turska-Kmiec et al. 0.95 (0.88—0.99|
——@{ Uyguretal 0.97 (0.84—1.00
——— Vaidyanathan et al 0.18 (0.04—0.43
— @ Zhang et al 1.00 (0.75—1.00]
@ | Zhaoetal. 0.94 (0.89-0.97
¢ Pooled Sensitivity = 0.93 (0.91 to 0.95)
Chi-square = 103.77; df = 18 (p = 0.0000)
0 0.2 0.4 0.6 0.8 1 Inconsistency (I-square) = 82.7 %
Sensitivity
(A)
Specificity (95% cn)I
Arlettaz et al 0.96 (0.96-0.97
Bakr et al. 1.00 (1.00-1.00
Chenetal 1.00 (1.00-1.00
de Lira Albuquerque etal.  0.99 (0.99-0.9
de-Wahl Granelli et al. 0.98 (0.98—0.93
Gunaratne et al. 0.98 (0.98-0.9
Huetal 0.99 (0.99-0.99
Huang et al 0.99 (0.99-0.99
Janjua et al 0.99 (0.99-1.0¢
Meberg et al 0.99 (0.99-0.99
—e— Minocha et al. 0.44 (0.41-0.49
Nuntnarumit et al. 0.99 (0.99-1.0¢
Oakley et al. 1.00 (1.00-1.09
® Saxena et al. 0.66 (0.66-0.67|
Turska-Kmiec et al. 0.98 (0.98-0.99
o Vaidyanathan et al. 0.89 (0.88-0.9¢
Zhang et al 0.99 (0.99-0.99
Zhao et al 0.97 (0.97-0.97
Pooled Specificity = 0.98 (0.98 to 0.98)
Chi-square = 44909.07; df = 17 (p = 0.0000)

0.2 0.4 0.6 0.8 Inconsistency (I-square) = 100.0 %

Specificity
Sensitivity SROC Curve
1 _ — S
,. — —
e, J Symmetric SROC
09 / e AUC = 0.9790
/ e . SE(AUC) = 0.0163
o e ° Q*=0.9354
08 7 SE(Q*) = 0.0301
| /
o/ /
Lonef
0.7 - /
/ /
06 |
| /
05 |
/
04|
|
03|
02 - /
.
|
01
9 02 04 06 08 1
1-specificity

Figure 5. Pooled sensitivity (A), pooled specificity (B), and the SROC curve (C) of the PE OR PO
screening. The 95% CI of the middle blue SROC curve is represented by the two outer blue curves in
subplot C [26—44].

Figure 4 represents the statistical analysis of the PE AND PO combined method.
Sensitivity and specificity were 0.50 (0.45-0.55) and 0.99 (0.99-0.99), respectively. The
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heterogeneity of sensitivity was determined to be high and for specificity, it was low.
Pooled LR+ was 328.9 (49.7-2176.8), pooled LR- was 0.6 (0.3-1.1), and DOR was 691.7
(102.2-4682.5). The AUC was determined to be 0.95.

Finally, Figure 5 characterizes the PE OR PO method. The achieved sensitivity and
specificity were 0.93 (0.91-0.95) and 0.98 (0.98-0.98), respectively. Pooled LR+ was 63.6
(37.1-109.1), pooled LR- was 0.1 (0.0-0.3), and DOR was 707.1 (192.1-2602.5). The AUC
was approximated to be 0.98. The average Negative Predictive Value (NPV) and Positive
Predictive Value (PPV) were 99.99% and 3.53%, respectively.

Risk of Bias: All studies were subjected to the RoB and AC domains of the QUADAS-2
assessment. The overall score given to each study is equal to the score of the domain with
the highest risk. Once the application of the quality criteria was performed, twenty articles
were selected for data extraction; one article was excluded after conducting the quality
assessment, as it did not include comparative data between the physical examination and
oximetry [26]. Figure A1 in Appendix B displays the individual scores for every domain
and study. A summary of all scores is shown in Figure A2 in Appendix B.

Sensitivity Analysis: The sensitivity Analysis characterizes the low RoB in the PE OR
PO method. Pooled sensitivity was found to be 0.94 (0.90-0.96 (95% CI)) and specificity
was found to be 0.96 (0.96-0.96). The AUC was determined to be 0.98. The pooled overall
sensitivity of PE or PO screening method did not change significantly with the exclusion of
studies exhibiting high Risk of Bias (Figure 6).

A. B.
Sensitivity (95% Cl) Specificity (95% Cl)
— @ Huetal. 095 (0.85-0.99 Huetal. 0.99 (0.99-0.99
Nuntnarumit et al. 1.00 (0.88—1.00 Nuntnarumit et al. 0.99 (0.99—1.00
@ ——| Oakley etal. 0.88 (0.47—1.00 Oakley et al. 1.00 (1.00—1.00
—@— | Saxenaetal 0.85 (0.65—0.96 ® Saxena et al. 0.66 (0.66—0.67
Zhang et al. 1.00 (0.75-1.00 Zhang et al. 0.99 (0.99—0.99
@ | zhaoetal 0.94 (0.89-0.97 Zhao et al 097 (0.97—0.97
* Pooled Sensitivity = 0.94 (0.90 to 0.96)
Chi-square = 8.77; df = 5 (p=0.1184) Pooled Specificity = 0.96 (0.96 to 0.96)
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Figure 6. Low Risk of Bias pooled sensitivity (A), pooled specificity (B), and the SROC curve (C) of
the PE OR PO screening. The 95% CI of the middle blue SROC curve is represented by the two outer
blue curves in subplot C [27,28,34,40,41,44].

Heterogeneity Test of the Meta-Analysis and Sensitivity Analysis: The sensitivity
12 = 82.70 showed significant heterogeneity; p value = 0.0. Sensitivity analysis was con-
ducted according to Risk of Bias. It showed that the heterogeneity had a significantly lower
12 of 43% (p value of 0.11).
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Publication Bias: A funnel plot was used to determine publication bias. The funnel
plot was asymmetric, and Begg’s test was significant (p = 0.001), indicating the presence of
publication bias (Supplementary Materials Figure S1).

4. Discussion

Sensitive screening of newborns for CCHDs is imperative for reducing undiagnosed
discharges. Since PO has been proposed to improve CCHD screening, its general diagnostic
value has been sought after. However, its additive value to the existing screening mode,
PE, has yet to be evaluated recently. This meta-analysis studied the cumulative diagnostic
value of both individual modes of screening and their synergetic diagnostic potential.

The PO-only screening method yields the highest DOR at 1277 with a sensitivity
and specificity of 0.78 and 0.99, respectively. The pooled sensitivity is moderate, causing
the SROC curve to provide a lower AUC (0.93) than that of the PE OR PO combined
screening method (AUC of 0.98). Although the specificity is lower than PO only, the
PE OR PO method provides a better combination of sensitivity and specificity (0.93 and
0.98, respectively) because its sensitivity of 0.93 is the highest of all four methods. An
effective screening method is to provide sufficient specificity to cope with the strain on
the availability of echocardiography. However, the potential of the screening method to
identify diseased patients, thus the sensitivity, is deemed more important.

Bello et al. published a comparable systematic review and meta-analysis in 2019 [15].
With five included studies, they found a comparable pooled sensitivity and specificity
at 0.92 and 0.98, respectively. By including newly published articles, this meta-analysis
quadruples the number of included studies and more than doubles the number of cumula-
tively screened newborns.

A larger meta-analysis was published in 2017 by Du et al. about the role of PO-only
screening for CCHDs [13]. Their inclusion of 22 articles resulted in a pooled sensitivity of
0.69 and a pooled specificity of 0.99. Although just a small portion of studies were shared
between Du et al. and this study, the results correspond well with our yielded PO-only
sensitivity and specificity of 0.78 and 0.99, respectively.

Ma et al. have described successfully implementing the combined screening method
in Shanghai [45]. For CCHDs, they recorded a perfect sensitivity of 1 and a specificity
of 0.98, resulting in a general downtrend of the overall infant mortality rate. Their pilot
studies, which reported data on single and combined methods, have been included in this
analysis [27,28].

The additive diagnostic value of PO for standard PE-only screening is demonstrated by
the combined sensitivity. The individual sensitivities of 0.78 and 0.69, respectively, add up
to a sensitivity of 0.93 of the PE OR PO method. This implies that some of the CCHD cases
not identified by PE were identified by PO. This mechanism also provides an explanation of
why the PE AND PO screening method yields a far lower sensitivity of 0.50 compared to its
PE OR PO counterpart. Our findings emphasize the importance of this screening strategy
in that utilizing both PO and PE in clinical practice is an excellent strategy to help detect
cases that might have been missed by PE alone, leading to a reduction in the rate of false
negative results. Since the PO-only screening strategy is less sensitive to duct-dependent
systemic defects and non-duct-dependent defects, the PE screening method is capable of
identifying duct-dependent systemic defects and non-duct-dependent defects [16]. This
is a crucial aspect for accurate diagnoses. The findings are consistent with what has been
previously reported in the literature, indicating that the combination strategy has improved
sensitivity and allows for the timely detection of 30 additional cases per 1000 live births
that would be missed if PE was used alone [8,22].

To improve the detection of all types of CCHDs, 12 of the 20 included studies measured
pre-ductal oxygen saturation on the right arm and post-ductal oxygen saturation on either
leg (see the “Location of PO sensor’ column in Table A1). Differences above 3% between
the arm and leg measurements could indicate duct-dependent pulmonary defects. The
American Academy of Pediatrics has suggested using both extremities including the use of
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the difference of more than 2% instead of 3% between extremities in their new guideline
for screening newborns CCHD [46]. This recommendation is based on the limitations
of previous studies that predominantly used post-ductal measurements, which found
no significant difference in accuracy when one or two limbs were used in the screening
process [14,29]. While there have been conflicting results regarding the best method for
accuracy and simplicity of the one-limb screening method, the use of both extremities and
the difference of 2% ensure that the vast majority of CCHD cases are detected [46,47]. A
cut-off point of 95% is generally accepted, and all included studies in our review used this
cut-off point.

Cumulatively, 872,549 newborns with 857 CCHDs have been screened (see the “Total’
row in Table A1). This accounts for an incidence close to 1 per 1000 newborns (0.098%). All
included studies consistently report about half of the incidence of CCHD that is reported
in literature [9,48]. The cause of this effect lies within the individual study exclusion
criteria and the exclusion criteria of this analysis. Most studies excluded prenatal diagnoses,
premature newborns, and newborns with dysmorphic features (see the ‘Study group’
column in Table A1). This effect is strengthened by our decision to exclude NICU-only
studies. Our outcomes of sensitivity and specificity are independent of incidence, but
the confidence interval of sensitivity is not. A more representable incidence would have
allowed for narrower confidence intervals, and thus a better approximation of the true
sensitivity. The heterogeneity of the sensitivities is also found to be much more substantial
than the heterogeneity of the specificities for all four screening methods. This is a plausible
result of the large confidence intervals. This discrepancy in heterogeneities is also found
in the comparable meta-analyses of Bello et al. and Du et al. [13,15]. For the PE OR PO
screening method, most sensitivity confidence intervals do overlap, which reduces the
heterogeneity to moderate.

Chen et al. and Vaidyanathan et al. did not report the required data to manually
convert their results to CCHDs [30,31]. Instead, major CHDs were included in the meta-
analysis. Major CHDs are CCHDs plus defects such as large ventricular and atrial septum
defects. The diagnostic value of the Chen et al. screening appears to be in accordance
with the other included studies. However, the sensitivity of the PO-only screening method
of Vaidyanathan et al. is much lower than its peers. Its authors account for this on
the low number of cyanotic inclusions and poor performance/physical placement of
the pulse oximeters [31]. As Vaidyanathan et al.’s included newborns only account for
0.6% of all screenings, its weight on the pooled results is considered minimal. However,
Vaidyanathan et al. underline that proper protocolization of the screening method and
training for medical personnel is imperative for its accuracy.

Clear guidelines and regular training are essential for performing the PE correctly
due to its absence of quantification and thus inherent subjectivity [49]. Symptoms such as
cyanosis and tachypnoea were frequently studied as part of the PE screening. Some studies
also mentioned assessing the quality of the femoral pulsations (see the ‘PE components’
column in Table A1). All included papers elected cardiac auscultation as part of the PE
screening. Notably, the absence of murmurs in newborns does not exclude a CCHD. Such
murmurs can be difficult to detect or may not even be present in the newborn period as
in the case of transposition of great arteries. Discrimination between common innocent
physiological murmurs and pathological murmurs is vital for diagnostic screening accuracy.
Diagnostic specificity of all murmurs has been found to be just 0.38 for newborns [50,51].
Not all included studies explicitly state whether they included all murmurs or just patho-
logical murmurs, such as one from an aortic coarctation determined to be a positive screen.
However, a clue about the employed methods is given in Figure 2B, where the PE specificity
is generally high with the exception of Minocha et al. [32]. This study explicitly stated not to
discriminate between murmurs and designated all newborns with a murmur as positively
screened. All other studies, with a similar high PE specificity, likely did discriminate
between physiological and pathological murmurs. Minocha et al.’s study was therefore
allotted a substantial risk of bias in domain 1 (D1) of the QUADAS-2 score: patient selection
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(Figures A1 and A2). Various clinical scoring systems have been developed to enhance
the clinical detection of CHD, each having different sensitivity and specificity levels [52].
The NADAS Criteria have been demonstrated to have high accuracy and are therefore
considered superior among these scoring systems [53,54]. As a result, the NADAS Criteria
can be employed when screening newborns for heart diseases.

Lastly, it must be noted that positively screened newborns with the PE OR PO screen-
ing method have an average chance of 3.5% (PPV) of having a CCHD. This does not imply
that the remainder of positively screened newborns (96.5%) are healthy. Although this
study did not report any other diseases, newborns with failed screenings have a higher
chance of a non-critical CHD, an infection, or a respiratory pathology. Narayen et al. as-
sessed newborns with a PO-only screening and found that 61% of the false positives had
noncardiac illnesses [12].

Recommendations: One study in particular, Uygur et al., did not only assess PE and
PO as a screening method for CCHD but also employed the Peripheral Perfusion Index
(PPI) [33]. The PPI is a measure of tissue perfusion, which is independent of oxygen
saturation. Most pulse oximeters already incorporate a PPI mode to assess the signal
quality of the saturation measurement. Uygur et al. exposed the shortcomings of the
PO-only screening by reporting two false negative cases of coarctations of the aorta. A
coarctation can be missed by the PO-only screening due to its acyanotic nature. The two
cases were identified by PPI because lower extremity tissue perfusion was insufficient due
to the constricting aorta. Recently, Jiang et al. performed a meta-analysis on this topic,
reaffirming the encouraging findings of Uygur et al. [55]. The potential of PPI to the fill the
remaining sensitivity gap with little practical protocol modification is very promising. An
extension of the screening age to 6 weeks could potentially also increase sensitivity for less
symptomatic newborns at birth.

Limitations: The main limitation of the included studies is reflected in domain 4 (D4)
of the QUADAS-2 score: flow and timing (Figures A1 and A2). Subjecting a large group
of negatively screened newborns to postnatal echocardiography is not always feasible for
studies. Except for Saxena et al., the included studies did not refer all screened newborns for
an echocardiography [34]. Only screens with either a positive PE or PO were referred. This
form of bias causes a decline in false negatives and subsequently falsely projects a higher
sensitivity. To counteract this effect, nine studies introduced a follow-up after discharge. By
telephoning the parents and asking about any symptoms after discharge, false negatives
can be identified. In other cases, falsely negative-screened newborns became symptomatic
after discharge and presented to the emergency room or the morgue after discharge.

This review has several strengths, including a comprehensive search of recent liter-
ature and a standardized quality assessment of the articles included. However, one of
the limitations is that there were few high-quality studies among those included. The
asymmetry in the funnel plot List of Abbreviations suggested the presence of publication
bias. Although the low risk of bias analysis in Figure 6 did not differ notably, the presence
of publication bias has to be taken into account when interpreting results. Nevertheless, no
studies with a high risk of bias were added.

5. Conclusions

The objective of this systematic review and meta-analysis is to determine the optimal
practice of PE and PO as newborn screening methods for CCHD. Pooled sensitivity and
specificity determined that combining both screening methods improved both statistical
quantities to 0.93 and 0.98, respectively. The considerable magnitude of screened newborns
and the topographical diversity of studies encourage study results to be applied in both
HIC and LMIC settings. LMICs which do not have a standard fetal ultrasound screening
protocol could potentially improve CCHD detection the most, including the ability to detect
major shunt lesions early when incorporating PE in a systematic manner. Adoption of the
combined screening method is recommended.
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List of Abbreviations

AC Applicability Concern

AUC Area Under the Curve

CHD Congenital Heart Disease

CCHD Critical Congenital Heart Disease

CI Confidence Interval

DOR Diagnostic Odds Ratio

FN False Negatives

FpP False Positives

HIC High-Income Countries

J.T Jari Tristan

J.T.v.V. Jari Tristan van Vliet

LMIC Low Middle Income Countries

LR- Negative Likelihood Ratio

LR+ Positive Likelihood Ratio

M.GS Martijn G. Slieker

N.GM. Naizihijwa Gadi Majani

N.M Naizihijwa Majani

NICU Neonatal Intensive Care Unit

NPV The average Negative Predictive Value
P.C Pilly Chillo

PE Physical Examination

PO Pulse Oximetry

PPV Positive Predictive Value

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
QUADAS Quality Assessment of primary Diagnostic Accuracy Studies
RoB Risk of Bias

SROC Summary Receiver Operating Curves
TN True Negatives

TP True Positives
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Appendix A. Overview of Included Studies

Table A1l. Characteristics of all included studies.

Sample

Time of

Cut-Off

Author Year Study Type Study Group Size CCHD (n) Screening Location of PO Sensor Values PO PO Device PE Components Reference Standard Location
All
- . . . Pre/Postnatal . .
Arlettaz et al. [35] 2006 Prospective No resp. dist. 3.262 15 6-12h Either foot <95% Nellcor NPB-40 Murmur . Zurich, Switzerland
echocardiography
No prematures Y
Bakr et al. [36] 2005 Prospective No NICU 5.211 4 31,7h Right hand and either foot <94% Digioxi PO 920 Murmur Postnatal echocardiography Taif, Saudi Arabia
Chen etal. [30] 2023 Prospective  All 321447 154 6-72h Right hand and either foot <95% Not specified Murmur Postnatal echocardiography E‘;:::“ province,
de Lira Albuquerque . All . » . . T . Campina Grande,
etal. [37] 2015 Prospective No Prematures 4.027 2 >24h Right hand and foot <95% PM 60 Mindray Cyanosis, pulsations, and murmur Postnatal echocardiography Brazil
de-Wahl Granelli et al. 2009 Prospective No NICU N 38.429 29 1? h before Right hand and either foot <95% Radical SET, version 4 Murmur and femoral pulsations Postnatal echocardiography Westkcotaland
[29] No prenatal diagnoses discharge 7 province, Sweden
No NICU
Gunaratne et al. [38] 2021 Prospective 1o prematures 5435 11 >24h Right hand and right foot <95% Radical7 Masimo SET Pulse ~ Cyanosis, femoral pulsations, and murmur Postnatal echocardiography ~ C010™P%
No prenatal diagnoses Sri Lanka
No dysmorphic features
Huetal. [27] 2017 Prospective  NONICU 167.190 230 %h Right hand and either foot <95% RAD-5v Murmur Postnatal echocardiography ~ Shanghai, China
No prenatal diagnoses Masimo
Huang et al. [39] 2022 Retrospective Al 44.147 8 20h Right hand and either foot <95% Masimo Murmur Postnatal echocardiography Linyi, China
(L&T Blood pressure, femoral pulsations, murmur,
No NICU Multipara monitor Planet 40 hepatomegaly, oedema, dysmorphism, colour,
Janjua et al. [26] 2022 Prospective  No prematures 1.082 3 <24h Either foot <95% para x patomesaly, s dysmorphism, g Postnatal echocardiography ~ Dubai, UAE
. . Nellcor oximax SpO2 respiratory
No dysmorphic features 7o N
module rate, and capillary refilling time
. No NICU . . N . Norway (14
5, P " 9, X ¥ P
Meberg et al. [56] 2008 Prospective No prenatal diagnoses 50.008 35 <48h Either foot <95% RAD-5v Masimo Murmur, Cyanosis, and HF-symptoms Postnatal echocardiography hospitals)
No NICU
Minocha et al. [32] 2018 Retrospective  No prenatal diagnoses 777 3 <72h Right hand and either foot <95% Unknown Murmur Postnatal echocardiography Miami, USA
No dysmorphic features
No NICU
Nuntnarumit et al. [40] 2018 Prospective N0 brematures 10.603 2 48h Right hand and either foot <95% Masimo Radical 7 Murmur, cyanosis, femoral pulsations, and Postnatal echocardiography ~ b2ngkok & Nakhon
0 prenatal diagnoses blood pressure Ratchasima, Thailand
No dysmorphic features
No NICU
Oakley et al. [41] 2015 Prospective No prematures 6.329 8 28h Either foot <95% Nellcor NPB 40 Cyanosis, murmur, and femoral pulsations Postnatal echocardiography Newport, UK
No prenatal diagnoses
Saxena et al. [34] 2015 Prospective All 19.009 26 <48 h Either foot <95% Mindray PM-60 Cyanosis, murmur, and respiratory distress Postnatal echocardiography New Delhi, India
All Cyanosis, femoral pulsations, precordial
Taksande et al. [42] 2017 Prospective . 4.926 9 <12h Right hand an either foot <95% Massimo SET pulsations, murmur, tachypnoea, and chest Postnatal echocardiography Warda, India
No prenatal diagnoses retractions
Turska kmieé et al. [43] 2012 Prospective All 52.993 8 73h Either foot <95% Novgmetnx, Nellcor and Murm.ur, cyanosis, tachypnoea, and femoral Pre/Posh.mtal l\)/[azo\na province,
Masimo pulsations echocardiography Poland
Pre /P
Uygur etal. [33] 2019 Prospective AU 3175 3 2448 h Left foot <95% Masimo Radical SET Murmur, eyanosis, femoral pulsations Pre/Postnatal Izmir, Turkey
No prematures echocardiography
Vaidyanathan et al. [31] 2022 Prospective All 5.487 17 48h Either foot <94% Nellcor Oximax N-65 Murmur, cyanosis, and precordial pulsations Postnatal echocardiography Kochi, India
Zhang et al. [44] 2021 Prospective All 8.305 13 24-72h Right hand and either foot <95% Masimo RAD-5 Murmur Postnatal echocardiography Jinjiang, China
Zhao etal. [28] 2014 Prospective All . 120.707 146 43h Right hand and either foot <95% Masimo RAD-5v Tachypnoe.a, cyanosis, murmur and (facial) Postnatal echocardiography Ten provinces, China
No prenatal diagnoses malformations
Total 2 872,549 857

studies
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Appendix B. Risk of Bias Analysis
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Figure A1. QUADAS-2 assessment table of all studies. Domain names are abbreviated to D1 to D7.
The referred domain name is stated below the diagram [26-44,56].
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Figure A2. A summarized diagram for all QUADAS-2 domains.

Appendix C. Search Strategies for All Databases

Table A2. Search query Embase.

Subject Search Terms

(‘Cardiovascular Malformation’/exp OR ‘Cardiovascular Abnormalit*’:ti,ab,kw OR ‘Congenital
Critical congenital heart disease Heart Disease*’:ti,ab,kw OR ‘Congenital Heart Defect*’:ti,ab,kw OR ‘CCHD*:ti,ab,kw OR
‘CHD':ti,ab,kw OR ‘CHDs":ti,ab,kw)

AND
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Table A2.

Cont.

Subject

Search Terms

Physical examination

("Physical Examination’/exp OR ‘Cyanosis’/exp OR ‘Blood Pressure Measurement’/exp OR
‘Physical Examination’:ti,ab,kw OR ‘Cyanosis”:ti,ab,kw OR ‘Inspection’:ti,ab,kw OR
‘Auscultation’:ti,ab,kw OR ‘Murmur*’:ti,ab,kw OR “Assessment’:ti,ab,kw OR “Vital Signs:ti,ab,kw
OR ‘Blood Pressure’:ti,ab,kw OR ‘Heart Rate”:ti,ab,kw OR ‘Respiratory Rate”:ti,ab,kw OR
“Evaluation’:ti,ab,kw OR ‘Colour":ti,ab,kw OR ‘Color’:ti,ab,kw OR ‘Palpation”:ti,ab,kw OR
‘Capillary refill’:ti,ab,kw

OR

Clinical scores

‘Clinical Decision Rule’/exp OR “Health Status Indicator’/exp OR “Clinical Decision Rule*":ti,ab,kw
OR ‘Health Status Indicator*’:ti,ab,kw OR ‘Clinical score*":ti,ab,kw OR ‘Nadas’:ti,ab,kw OR
‘C-CHEWS':ti,ab,kw OR “Apgar:ti,ab,kw)

AND

Pulse oximetry

("Oxygen Saturation’/exp OR ‘Oximetry’/exp OR ‘Oxygen Saturation*’:ti,ab,kw OR
‘Oximetr*”:ti,ab,kw OR ‘Oxymetr*’:ti,ab,kw OR ‘POx":ti,ab,kw OR ‘Pulse-Oximetr*":ti,ab,kw OR
‘Pulse-Oxymetr*”:ti,ab,kw)

AND

Reference standard

("Echography’/exp OR ‘Ultrasonography’:ti,ab,kw OR ‘Echocardiography’:ti,ab,kw OR
“Ultrasound:ti,ab,kw OR ‘US’:ti,ab,kw OR ‘Echo’:ti,ab,kw OR ‘Doppler’:ti,ab,kw OR ‘Prenatal
Diagnosis’/exp OR ‘Diagnos*’:ti,ab,kw OR ‘Reference standard’:ti,ab,kw OR “Ultrasonic’:ti,ab, kw
OR “‘Golden standard’:ti,ab,kw)

NOT

(“conference abstract’/it)

Table A3.

Search query PubMed.

Subject

Search Terms

Critical congenital heart disease

(“Cardiovascular Abnormalities”[Title/ Abstract] OR “Cardiovascular

Abnormalit*”[Title/ Abstract] OR “Congenital Heart Disease*”[Title/ Abstract] OR “Congenital
Heart Defect*”[Title/ Abstract] OR “CCHD*”[Title/ Abstract] OR “CHD”[Title/ Abstract] OR
“CHDs"[Title/ Abstract])

AND

Physical examination

(“Physical Examination”[Title/ Abstract] OR “Cyanosis”[Title/ Abstract] OR “Blood Pressure
Determination”[Title/ Abstract] OR “Physical Examination”[Title/ Abstract] OR

“Cyanosis”[Title/ Abstract] OR “Inspection”[Title/ Abstract] OR “Auscultation”[Title/ Abstract] OR
“Murmur*”[Title/ Abstract] OR “Assessment”[Title/ Abstract] OR “Vital Signs”[Title/ Abstract] OR
“Blood Pressure”[Title/ Abstract] OR “Heart Rate”[Title/Abstract] OR “Respiratory

Rate”[Title/ Abstract] OR “Evaluation”[Title/ Abstract] OR “Colour”[Title/ Abstract] OR
“Color”[Title/ Abstract] OR “Palpation”[Title/ Abstract] OR “Capillary refill”[Title/ Abstract]

OR

Clinical scores

“Clinical Decision Rules”[Title/ Abstract] OR “Health Status Indicators”[Title/ Abstract] OR
“Clinical Decision Rule*”[Title/ Abstract] OR “Health Status Indicator*”[Title/ Abstract] OR
“Clinical score*”[Title/ Abstract] OR “Nadas”[Title/ Abstract] OR “C-CHEWS”[Title/ Abstract] OR
“Apgar”[Title/ Abstract])

Pulse oximetry

AND

(“Oxygen Saturation”[Title/ Abstract] OR “Oximetry”[Title/ Abstract] OR “Oxygen
Saturation*”[Title/ Abstract] OR “Oximetr*”[Title/ Abstract] OR “Oxymetr*”[Title/ Abstract] OR
“POx”[Title/ Abstract] OR “Pulse-Oximetr*”[Title/ Abstract] OR “Pulse-Oxymetr*”[Title/ Abstract])

AND

Reference standard

(“Ultrasonography”[Title/ Abstract] OR “Ultrasonography”[Title/ Abstract] OR
“Echocardiography”[Title/ Abstract] OR “Ultrasound”[Title/ Abstract] OR “US”[Title/ Abstract] OR
“Echo”[Title/ Abstract] OR “Doppler”[Title/ Abstract] OR “Prenatal Diagnosis”[Title/ Abstract] OR
“Diagnos*”[Title/ Abstract] OR “Reference standard”[Title/ Abstract] OR

“Ultrasonic”[Title/ Abstract] OR “Golden standard”[Title / Abstract])
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Table A4. Search query Global Health.

Subject Search Terms

Critical congenital heart disease

(“Cardiovascular Malformation” OR “Cardiovascular Abnormalit*” OR “Congenital Heart
Disease*” OR “Congenital Heart Defect*” OR “CCHD*” OR “CHD” OR “CHDs")

AND

Physical examination

(“Cyanosis” OR “Blood Pressure Measurement” OR “Physical Examination” OR “Cyanosis” OR
“Inspection” OR “Auscultation” OR “Murmur*” OR “Assessment” OR “Vital Signs” OR “Blood
Pressure” OR “Heart Rate” OR “Respiratory Rate” OR “Evaluation” OR “Colour” OR “Color” OR
“Palpation” OR “Capillary refill”

OR

Clinical scores

“Clinical Decision Rule*” OR “Health Status Indicator*” OR “Clinical score*” OR “Nadas” OR
“C-CHEWS” OR “Apgar”)

AND

Pulse oximetry

(“Oxygen Saturation*” OR “Oximetr*” OR “Oxymetr*” OR “POx” OR “Pulse-Oximetr*” OR
“Pulse-Oxymetr*”)

AND

(“Echography” OR “Ultrasonography” OR “Echocardiography” OR “Ultrasound” OR “US” OR

Reference standard “Echo” OR “Doppler” OR “Prenatal Diagnosis” OR “Diagnos*” OR “Reference standard” OR

“Ultrasonic” OR “Golden standard”)

References

1.  Oster, M.E; Lee, K.A.; Honein, M.A.; Riehle-Colarusso, T.; Shin, M.; Correa, A. Temporal trends in survival among infants with
critical congenital heart defects. Pediatrics 2013, 131, e1502—e1508. [CrossRef] [PubMed]

2. Botto, L.D.; Correa, A.; Erickson, J.D. Racial and temporal variations in the prevalence of heart defects. Pediatrics 2001, 107, E32.
[CrossRef] [PubMed]

3. Reller, M.D,; Strickland, M.J.; Riehle-Colarusso, T.; Mahle, W.T.; Correa, A. Prevalence of congenital heart defects in metropolitan
Atlanta, 1998-2005. ]. Pediatr. 2008, 153, 807-813. [CrossRef] [PubMed]

4.  Hoffman, ].LE,; Kaplan, S. The incidence of congenital heart disease. ]. Am. Coll. Cardiol. 2002, 39, 1890-1900. [CrossRef] [PubMed]

5. Liu, Y.; Chen, S.; Ziihlke, L.; Black, G.C.; Choy, M.K,; Li, N.; Keavney, B.D. Global birth prevalence of congenital heart defects
1970-2017: Updated systematic review and meta-analysis of 260 studies. Int. J. Epidemiol. 2019, 48, 455-463. [CrossRef]

6. Taksande, A.; Jameel, P.Z. Critical Congenital Heart Disease in Neonates: A Review Article. Curr. Pediatr. Rev. 2021, 17, 120-126.
[CrossRef]

7. Martin, G.R.; Schwartz, B.N.; Hom, L.A.; Donofrio, M.T. Lessons Learned from Infants with Late Detection of Critical Congenital
Heart Disease. Pediatr. Cardiol. 2022, 43, 580-585. [CrossRef]

8.  Peterson, C.; Ailes, E.; Riehle-Colarusso, T.; Oster, M.E.; Olney, R.S.; Cassell, C.H.; Fixler, D.E.; Carmichael, S.L.; Shaw, G.M.;
Gilboa, S.M. Late detection of critical congenital heart disease among US infants: Estimation of the potential impact of proposed
universal screening using pulse oximetry. JAMA Pediatr. 2014, 168, 361-370. [CrossRef]

9.  Bakker, M.K,; Bergman, J.E.H.; Krikov, S.; Amar, E.; Cocchi, G.; Cragan, J.; Walle, H.E.K.d.; Gatt, M.; Groisman, B.; Liu, S.; et al.
Prenatal diagnosis and prevalence of critical congenital heart defects: An international retrospective cohort study. BM] Open 2019,
9, €028139. [CrossRef]

10. Moshi, EV.; Mbotwa, C.H. Determinants for choice of home birth over health facility birth among women of reproductive age in
Tanzania: An analysis of data from the 2015-16 Tanzania demographic and health survey and malaria indicator survey. BMC
Pregnancy Childbirth 2020, 20, 561. [CrossRef]

11.  Zheleva, B.; Nair, S.M.; Dobrzycka, A.; Saarinen, A. Considerations for Newborn Screening for Critical Congenital Heart Disease
in Low- and Middle-Income Countries. Int. |. Neonatal Screen. 2020, 6, 49. [CrossRef] [PubMed]

12. Narayen, I.C.; Blom, N.A.; van Geloven, N.; Blankman, E.I; Broek, A.J.v.D.; Bruijn, M.; Clur, S.-A.B.; Dungen, FA.v.D.;
Havers, HM.; van Laerhoven, H; et al. Accuracy of Pulse Oximetry Screening for Critical Congenital Heart Defects after Home
Birth and Early Postnatal Discharge. J. Pediatr. 2018, 197, 29-35.e1. [CrossRef] [PubMed]

13. Du, C; Liu, D,; Liu, G.; Wang, H. A Meta-Analysis about the Screening Role of Pulse Oximetry for Congenital Heart Disease.
Biomed. Res. Int. 2017, 2017, 2123918. [CrossRef] [PubMed]

14. Thangaratinam, S.; Brown, K.; Zamora, J.; Khan, K.S.; Ewer, A.K. Pulse oximetry screening for critical congenital heart defects in
asymptomatic newborn babies: A systematic review and meta-analysis. Lancet 2012, 379, 2459-2464. [CrossRef] [PubMed]

15.  Bello, H.C.; Trujillo, D.L.; Moreno, G.A.; Torres, M.T.; Restrepo, A.T.; Fonseca, A.; Reyes, N.S.; Chamorro, C.L.; Verano, RJ.

Oximetry and neonatal examination for the detection of critical congenital heart disease: A systematic review and meta-analysis.
F1000Research 2019, 8, 242. [CrossRef] [PubMed]


https://doi.org/10.1542/peds.2012-3435
https://www.ncbi.nlm.nih.gov/pubmed/23610203
https://doi.org/10.1542/peds.107.3.e32
https://www.ncbi.nlm.nih.gov/pubmed/11230613
https://doi.org/10.1016/j.jpeds.2008.05.059
https://www.ncbi.nlm.nih.gov/pubmed/18657826
https://doi.org/10.1016/S0735-1097(02)01886-7
https://www.ncbi.nlm.nih.gov/pubmed/12084585
https://doi.org/10.1093/ije/dyz009
https://doi.org/10.2174/1573396317666210219162515
https://doi.org/10.1007/s00246-021-02760-5
https://doi.org/10.1001/jamapediatrics.2013.4779
https://doi.org/10.1136/bmjopen-2018-028139
https://doi.org/10.1186/s12884-020-03266-3
https://doi.org/10.3390/ijns6020049
https://www.ncbi.nlm.nih.gov/pubmed/33073039
https://doi.org/10.1016/j.jpeds.2018.01.039
https://www.ncbi.nlm.nih.gov/pubmed/29580679
https://doi.org/10.1155/2017/2123918
https://www.ncbi.nlm.nih.gov/pubmed/29376068
https://doi.org/10.1016/S0140-6736(12)60107-X
https://www.ncbi.nlm.nih.gov/pubmed/22554860
https://doi.org/10.12688/f1000research.17989.1
https://www.ncbi.nlm.nih.gov/pubmed/31372214

Children 2024, 11, 47 18 of 19

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bellsham-Revell, D.H. The Critically Ill Neonate: Cardiac Cause of Collapse paediatricfoam.com Paediatric Foam. 2018. Avail-
able online: https:/ /www.paediatricfoam.com/2017/09/the-critically-ill-neonate-cardiac-causes-of-collapse/ (accessed on 22
December 2023).

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2021, 10, 89.
[CrossRef]

Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan—A web and mobile app for systematic reviews. Syst. Rev.
2016, 5, 210. [CrossRef]

Zamora, J.; Abraira, V.; Muriel, A.; Khan, K.; Coomarasamy, A. Meta-DiSc: A software for meta-analysis of test accuracy data.
BMC Med. Res. Methodol. 2006, 6, 31. [CrossRef]

Whiting, P.F; Rutjes, AW.S.; Westwood, M.E.; Mallett, S.; Deeks, ]J.J.; Reitsma, J.B.; Leeflang, M.M.G.; Sterne, J.A.C,;
Bossuyt, PM.M.; QUADAS-2 Group. QUADAS-2: A Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies.
Ann. Intern. Med. 2011, 155, 529-536. [CrossRef]

Hu, X.; Zhao, Q.; Ma, X.; Yan, W.; Ge, X,; Jia, B.; Liu, F; Wu, L.; Ye, M.; Huang, G. Pulse oximetry could significantly enhance the
early detection of critical congenital heart disease in neonatal intensive care units. Acta Paediatr. 2016, 105, e499-e505. [CrossRef]
Alan, C.; Korkmaz, L. The importance and effectiveness of cardiac screening in early diagnosis of critical congenital heart diseases.
Ann. Med. Res. 2021, 28,1917-1921. [CrossRef]

Galvez-Cancino, F. Sensibilidad y especificidad del soplo y la cianosis para la deteccion de cardiopatia congénita en la etapa
neonatal. Rev. Mex. De Pediatr. 2017, 84, 189-195.

Song, J.; Huang, X.; Zhao, S.; Chen, J.; Chen, R.; Wu, G.; Xu, Z. Diagnostic value of pulse oximetry combined with cardiac
auscultation in screening congenital heart disease in neonates. J. Int. Med. Res. 2021, 49, 3000605211016137. [CrossRef] [PubMed]
Zuppa, A.A.; Riccardi, R.; Catenazzi, P.; D’Andrea, V.; Cavani, M.; D’Antuono, A.; Iafisco, A.; Romagnoli, C. Clinical examination
and pulse oximetry as screening for congenital heart disease in low-risk newborn. J. Matern. Fetal Neonatal Med. 2015, 28, 7-11.
[CrossRef]

Janjua, D.; Singh, J.; Agrawal, A. Pulse oximetry as a screening test for congenital heart disease in newborns. J. Mother. Child.
2022, 26, 1-9.

Hu, X.-].; Ma, X.-J.; Zhao, Q.-M.; Yan, W.-L.; Ge, X.-L.; Jia, B.; Liu, E; Wu, L.; Ye, M.; Liang, X.-C; et al. Pulse Oximetry and
Auscultation for Congenital Heart Disease Detection. Pediatrics 2017, 140, e20171154. [CrossRef]

Zhao, Q.-M.; Ma, X.-].; Ge, X.-L,; Liu, F; Yan, W.-L.; Wu, L.; Ye, M; Liang, X.-C.; Zhang, J.; Gao, Y.; et al. Pulse oximetry with
clinical assessment to screen for congenital heart disease in neonates in China: A prospective study. Lancet 2014, 384, 747-754.
[CrossRef]

de-Wahl Granelli, A.; Wennergren, M.; Sandberg, K.; Mellander, M.; Bejlum, C.; Inganas, L.; Eriksson, M.; Segerdahl, N.; Agren, A.;
Ekman-Joelsson, B.-M.; et al. Impact of pulse oximetry screening on the detection of duct dependent congenital heart disease: A
Swedish prospective screening study in 39,821 newborns. BMJ 2009, 338, a3037. [CrossRef]

Chen, Q.Q.; Zhang, D.E; Wang, Y.Z.; Zhang, X.Y. Appropriate Technology for Screening, Diagnosis, and Evaluation of Neonatal
Congenital Heart Disease in the Southernmost Region of China. Iran. |. Pediatr. 2023, 33, €132589. [CrossRef]

Vaidyanathan, B.; Sathish, G.; Mohanan, S.T.; Sundaram, K.R.; Warrier, K.K.; Kumar, R K. Clinical screening for Congenital heart
disease at birth: A prospective study in a community hospital in Kerala. Indian. Pediatr. 2011, 48, 25-30. [CrossRef]

Minocha, P.; Agarwal, A.; Jivani, N.; Swaminathan, S. Evaluation of Neonates With Suspected Congenital Heart Disease: A New
Cost-Effective Algorithm. Clin. Pediatr. 2018, 57, 1541-1548. [CrossRef] [PubMed]

Uygur, O.; Koroglu, O.A.; Levent, E.; Tosyali, M.; Akisu, M.; Yalaz, M.; Kultursay, N. The value of peripheral perfusion index
measurements for early detection of critical cardiac defects. Pediatr. Neonatol. 2019, 60, 68-73. [CrossRef] [PubMed]

Saxena, A.; Mehta, A.; Ramakrishnan, S.; Sharma, M.; Salhan, S.; Kalaivani, M.; Juneja, R. Pulse oximetry as a screening tool for
detecting major congenital heart defects in Indian newborns. Arch. Dis. Child. Fetal Neonatal Ed. 2015, 100, F416-F421. [CrossRef]
[PubMed]

Arlettaz, R.; Bauschatz, A.S.; Monkhoff, M.; Essers, B.; Bauersfeld, U. The contribution of pulse oximetry to the early detection of
congenital heart disease in newborns. Eur. |. Pediatr. 2006, 165, 94-98. [CrossRef] [PubMed]

Bakr, A.F,; Habib, H.S. Combining pulse oximetry and clinical examination in screening for congenital heart disease. Pediatr.
Cardiol. 2005, 26, 832-835. [CrossRef] [PubMed]

Albuquerque, F; Maia, E.; Figueiredo, V.; Mourato, F; Mattos, S. Clinical Examination and Pulse Oximetry to Detect Congenital
Heart Disease. Int. |. Cardiovasc. Sci. 2015, 28, 148-151.

Gunaratne, C.R.; Hewage, I.; Fonseka, A.; Thennakoon, S. Comparison of pulse oximetry screening versus routine clinical
examination in detecting critical congenital heart disease in newborns. Sri Lanka J. Child. Health 2021, 50, 4-11. [CrossRef]
Huang, Y.; Zhong, S.; Zhang, X; Kong, L.; Wu, W.; Yue, S.; Tian, N.; Zhu, G.; Hu, A.; Xu, J.; et al. Large scale application of pulse
oximeter and auscultation in screening of neonatal congenital heart disease. BMIC Pediatr. 2022, 22, 483. [CrossRef]
Nuntnarumit, P.; Thanomsingh, P.; Limrungsikul, A.; Wanitkun, S.; Sirisopikun, T.; Ausayapao, P. Pulse oximetry screening for
critical congenital heart diseases at two different hospital settings in Thailand. J. Perinatol. 2018, 38, 181-184. [CrossRef]

Oakley, J.L.; Soni, N.B.; Wilson, D.; Sen, S. Effectiveness of pulse-oximetry in addition to routine neonatal examination in detection
of congenital heart disease in asymptomatic newborns. J. Matern. Fetal Neonatal Med. 2015, 28, 1736-1739. [CrossRef]


https://www.paediatricfoam.com/2017/09/the-critically-ill-neonate-cardiac-causes-of-collapse/
https://doi.org/10.1186/s13643-021-01626-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/1471-2288-6-31
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1111/apa.13553
https://doi.org/10.5455/annalsmedres.2020.10.1090
https://doi.org/10.1177/03000605211016137
https://www.ncbi.nlm.nih.gov/pubmed/34044642
https://doi.org/10.3109/14767058.2014.899573
https://doi.org/10.1542/peds.2017-1154
https://doi.org/10.1016/S0140-6736(14)60198-7
https://doi.org/10.1136/bmj.a3037
https://doi.org/10.5812/ijp-132589
https://doi.org/10.1007/s13312-011-0021-1
https://doi.org/10.1177/0009922818793341
https://www.ncbi.nlm.nih.gov/pubmed/30094999
https://doi.org/10.1016/j.pedneo.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/29776787
https://doi.org/10.1136/archdischild-2014-307485
https://www.ncbi.nlm.nih.gov/pubmed/26038347
https://doi.org/10.1007/s00431-005-0006-y
https://www.ncbi.nlm.nih.gov/pubmed/16211399
https://doi.org/10.1007/s00246-005-0981-9
https://www.ncbi.nlm.nih.gov/pubmed/16088415
https://doi.org/10.4038/sljch.v50i1.9393
https://doi.org/10.1186/s12887-022-03540-7
https://doi.org/10.1038/jp.2017.168
https://doi.org/10.3109/14767058.2014.967674

Children 2024, 11, 47 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Taksande, A.; Meshram, R.; Lohakare, A.; Purandare, S.; Biyani, U.; Vagha, J. An update work of pulse oximetry screening for
detecting critical congenital heart disease in the newborn. Images Paediatr. Cardiol. 2017, 19, 12-18. [PubMed]

Turska Kmie¢, A.; Borszewska Kornacka, M.K,; Btaz, W.; Kawalec, W.; Zuk, M. Early screening for critical congenital heart defects
in asymptomatic newborns in Mazovia province: Experience of the POLKARD pulse oximetry programme 2006-2008 in Poland.
Kardiol. Pol. 2012, 70, 370-376. [PubMed]

Zhang, Y.L.; Bai, H.T. A Study on Clinical Screening of Neonatal Congenital Heart Disease in Jinjiang City. Int. ]. Gen. Med. 2021,
14, 2599-2609. [CrossRef] [PubMed]

Ma, X,; Tian, Y.; Ma, F; Ge, X.; Gu, Q.; Huang, M.; Zhang, Y.; Sun, K.; Hu, X.; Yang, M.; et al. Impact of Newborn Screening
Programme for Congenital Heart Disease in Shanghai: A five-year observational study in 801,831 newborns. Lancet Reg. Health
West. Pac. 2023, 33, 100688. [CrossRef]

Martin, G.R.; Ewer, A K,; Gaviglio, A.; Hom, L.A.; Saarinen, A.; Sontag, M.; Burns, K.M.; Kemper, A.R.; Oster, M.E. Updated
Strategies for Pulse Oximetry Screening for Critical Congenital Heart Disease. Pediatrics 2020, 146, €20191650. [CrossRef]
[PubMed]

Ewer, A.K.; Middleton, L.J.; Furmston, A.T.; Bhoyar, A.; Daniels, ].P.; Thangaratinam, S.; Deeks, ].J.; Khan, K.S. Pulse oximetry
screening for congenital heart defects in newborn infants (PulseOx): A test accuracy study. Lancet 2011, 378, 785-794. [CrossRef]
[PubMed]

Stallings, E.B.; Isenburg, J.L.; Aggarwal, D.; Lupo, PJ.; Oster, M.E.; Shephard, H.; Liberman, R.F,; Kirby, R.S.; Nestoridi, E.;
Hansen, B.; et al. Prevalence of critical congenital heart defects and selected co-occurring congenital anomalies, 2014-2018: A U.S.
population-based study. Birth Defects Res. 2022, 114, 45-56. [CrossRef]

Patton, C.; Hey, E. How effectively can clinical examination pick up congenital heart disease at birth? Arch. Dis. Child. Fetal
Neonatal Ed. 2006, 91, F263-F267. [CrossRef]

Danford, D.A.; Martin, A.B.; Fletcher, S.E.; Gumbiner, C.H. Echocardiographic yield in children when innocent murmur seems
likely but doubts linger. Pediatr. Cardiol. 2002, 23, 410-414. [CrossRef]

Frank, ].E.; Jacobe, K.M. Evaluation and management of heart murmurs in children. Am. Fam. Physician 2011, 84, 793-800.
Izhar, EM.; Abqari, S.; Shahab, T.; Ali, S.M. Clinical score to detect congenital heart defects: Concept of second screening.
Ann. Pediatr. Cardiol. 2020, 13, 281-288. [PubMed]

Rahmawati, R.; Adriansyah, R.; Trisnawati, Y.; Harahap, J.; Sianturi, P.; Pasaribu, A.P. Accuracy of NADAS criteria to establish
diagnosis in children with suspected congenital heart disease. Paediatr. Indones. 2023, 63, 267-273. [CrossRef]

James, M.; Poornima, K.N.; Ninan, P.J. Evaluation of children with cardiac murmur using Nadas criteria. Int. |. Contemp. Pediatr.
2018, 5, 363-367. [CrossRef]

Jiang, S.L.; Zhan, Y.J.; Yan, P; Yue, Y.; Tang, ]. Pulse Oximetry and Perfusion Index Screening for Congenital Heart Defects:
A Systematic Review and Meta-analysis. Am. J. Perinatol. 2022, 40, 1611-1617. [CrossRef]

Meberg, A.; Briigmann-Pieper, S.; Due, R,, Jr.; Eskedal, L.; Fagerli, I.; Farstad, T.; Froisland, D.H.; Sannes, C.H.; Johansen, O.].;
Keljalic, J.; et al. First Day of Life Pulse Oximetry Screening to Detect Congenital Heart Defects. J. Pediatr. 2008, 152, 761-765.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/29731786
https://www.ncbi.nlm.nih.gov/pubmed/22528711
https://doi.org/10.2147/IJGM.S311582
https://www.ncbi.nlm.nih.gov/pubmed/34168486
https://doi.org/10.1016/j.lanwpc.2023.100688
https://doi.org/10.1542/peds.2019-1650
https://www.ncbi.nlm.nih.gov/pubmed/32499387
https://doi.org/10.1016/S0140-6736(11)60753-8
https://www.ncbi.nlm.nih.gov/pubmed/21820732
https://doi.org/10.1002/bdr2.1980
https://doi.org/10.1136/adc.2005.082636
https://doi.org/10.1007/s00246-002-1390-y
https://www.ncbi.nlm.nih.gov/pubmed/33311915
https://doi.org/10.14238/pi63.4.2023.267-73
https://doi.org/10.18203/2349-3291.ijcp20180406
https://doi.org/10.1055/s-0042-1748163
https://doi.org/10.1016/j.jpeds.2007.12.043

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

