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i. Abbreviations used
CHD
Congenital Heart Disease
CCHD
Critical Congenital Heart Disease
CCCHD
Critical Congenital Cyanotic Heart Disease
HLHS
Hypoplastic Left Heart Syndrome
NICU
Neonatal Intensive Care Unit
TAPVR
Total Anomalous Pulmonary Venous Return
TGA
Transposition of the Great Arteries
TOF
Tetralogy of Fallot
VSD
Ventricular Septal Defect
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Introduction
Congenital heart disease (CHD) is an overarching term describing a spectrum of clinical
outcomes derived from any number of defects that are present in the structure of the
heart at birth. Specific defects may involve the interior walls of the heart, valves inside
the heart or the arteries and veins that carry blood to the heart or out to the body. These
varied defects change the normal flow of blood through the heart, leading to a range of
conditions and symptoms. Critical congenital heart disease (CCHD) is a group of
defects that cause severe and life-threatening symptoms and require intervention within
the first year of life.
Congenital heart disease affects about 7 to 9 of every 1000 live births in the United
States and Europe (Botto, Correa, & Erickson, 2001; Knowles et al., 2005; Wren,
Richmond, & Donaldson, 2000). About one-quarter of these neonates will have CCHD
(Mahle et al., 2009; Talner, 1998). Congenital heart disease is the most common cause
of death in the first year of life, with defects accounting for 3% of all infant deaths and
more than 40% of all deaths due to congenital malformations (Aamir, Kruse, &
Ezeakudo, 2007; Knowles et al., 2005; Koppel et al., 2003; Lee et al., 2001).
Newborn screening using pulse oximetry has been proposed as a method to augment
current approaches to the detection of CCHD, which include prenatal ultrasound
screening and careful and repeated clinical examinations, both in the nursery and as
part of routine well-child care. Pulse oximetry is a non-invasive test that estimates the
percentage of hemoglobin in blood that is saturated with oxygen (Mahle et al., 2009).
Newborn screening using pulse oximetry is a test that occurs at the bedside (in the
nursery or otherwise) similar to newborn screening for hearing impairment. Unlike
newborn hearing screening, neonates with abnormal pulse oximetry screening results
need confirmatory testing prior to discharge. The confirmatory testing that follows an
abnormal pulse oximetry result is the same confirmatory testing that would follow an
abnormal clinical exam.
I. Methods for developing case definition
At the onset of this review, we developed a case definition focused on the particular
CCHD thought to most likely benefit from a newborn screening program (i.e. critical
congenital cyanotic heart disease (CCCHD) by pulse oximetry screening). We first
contacted pediatric cardiologists and neonatologists identified as authors of relevant
literature or by Advisory Committee on Heritable Disorders in Newborns and Children
(ACHDNC) and Evidence Review Group (ERG) recommendation (Robert Beekman, III,
MD, MS; Robert Koppel, MD and William Mahle, MD). ERG members held a
conference call with these experts to discuss the nomination and pertinent key
questions. A case definition was drafted and subsequently discussed and agreed upon
by the members of the ERG and the ACHDNC Nomination and Prioritization committee.
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II. Case definition
CCHD is defined as any critical congenital heart defect requiring surgery or catheter
intervention in the first year of life (Mahle et al., 2009). This report focuses on CCCHD,
which encompasses those cases of CCHD most likely to present with significant enough
hypoxemia for pulse oximetry to detect in the newborn nursery (Mahle et al., 2009).
This review focuses on CCCHD known to present most or all of the time with hypoxemia
(Mahle et al., 2009):
•
•
•
•
•
•
•

Hypoplastic left heart syndrome (HLHS)
Pulmonary atresia, intact septum
Tetralogy of Fallot (TOF)
Total anomalous pulmonary venous return (TAPVR)
Transposition of the great arteries (TGA)
Tricuspid atresia
Truncus arteriosus

While other types of CCHD may present with hypoxemia, they do so only some of the
time and are therefore less likely to be detected by pulse oximetry screening (Mahle et
al., 2009). These particular heart defects are thus not always cyanotic and consequently
not reviewed in this evidence review. These additional critical congenital heart defects
may be considered secondary screening targets because they are sometimes detected
by newborn screening with pulse oximetry. The following are examples of types of
CCHD that were not included in this review:
•
•
•
•
•
•

Aortic arch atresia or hypoplasia
Coarctation of the aorta
Double-outlet right ventricle
Ebstein anomaly
Pulmonic stenosis or atresia
Ventricular septal defect

III. Rationale for review
The Advisory Committee on Heritable Disorders in Newborns and Children (ACHDNC)
has directed the Evidence Review Group (ERG) to produce this report for the
nominated condition of CCCHD. CCCHD has been nominated because:
1.
CCCHD causes significant morbidity and mortality.
2. Newborn screening for CCCHD with pulse oximetry has been examined in
several large studies.
3. Identification of CCCHD in neonates might improve health outcomes.
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IV. Objectives
The objective of this review is to provide information to the ACHDNC about the potential
benefits, harms, and costs of adding CCCHD to the list of primary conditions for
newborn screening, based on published studies and other data available from experts in
screening for treatment of CCCHD.
V. Conceptual framework
The conceptual framework below (Figure 1) illustrates our approach to evaluating the
evidence regarding the potential benefits and harms of newborn screening for CCCHD.
Our goals are (1) to assess the effectiveness of screening and (2) to assess the impact
of treatment for those identified through newborn screening vs. those identified later
through clinical diagnosis.
Figure 1 - Conceptual framework

VI. Statement of key questions
The key questions for our review follow.
Condition:
1. What is the prevalence of CCCHD among those neonates eligible for screening?
This excludes those neonates who are previously known to have CCCHD, who have
a syndrome commonly associated with congenital heart disease, or who have signs
or symptoms consistent with CCCHD prior to screening.
2. What is the natural history, including the spectrum of severity, of CCCHD among
neonates eligible for screening?
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Screening Test:
3. What is the accuracy of pulse oximetry in the newborn period for CCCHD? How
does this vary by the age of the neonate, placement of the probes, and threshold
value for action?
4. How many additional cases of CCCHD would routine neonatal screening with pulse
oximetry detect prior to hospital discharge, compared to current care, including
screening prenatal ultrasounds and routine newborn clinical history and
examination?
5. What is the false positive and false negative rate of routine neonatal screening with
pulse oximetry for CCCHD?
6. What are the potential harms or risks associated with screening?
Diagnostic Test:
7. How available is echocardiography to evaluate those with a positive pulse oximetry
screening result?
Treatment:
8. Does pre-symptomatic or early symptomatic intervention in newborns or infants with
CCCHD improve health outcomes?
9. What is the availability of treatment?
Economics:
10. What are the costs associated with the screening test?
11. What are the costs associated with failure to diagnose in the pre-symptomatic
period?
12. What are the costs associated with treatment?
13. What is the cost-effectiveness of newborn screening for CCCHD?
Other:
14. What critical evidence appears lacking that may inform screening recommendations
for CCCHD?
VII. Literature review methods
We conducted separate literature searches to identify relevant literature regarding (1)
natural history and treatment (combined search given overlap of search terms), (2)
screening, (3) diagnosis, and (4) economics from January 1990 to June 2010. We
completed searches combining the National Library of Medicine Medical Subject
Heading (MeSH) and keywords for each search (Table 1) for relevant literature of all
articles written about CCCHD over this time period. In order to capture articles that
have not yet been assigned MeSH terms, we also searched the same keywords within
the OVID In-Process and Other Non-Indexed Citations database. Each search was
limited to human studies, English language publications and infant (birth to 23 months).
To ensure completeness of the literature search, we reviewed reference lists and the
nomination form citations submitted to the AC. This search strategy yielded 367 total
potential articles (Table 1).
Three investigators (AAK, ARK, and DRM) reviewed all abstracts to select articles for
inclusion in the review. Studies were selected by a systematic multi-stage inclusion and
exclusion process. Articles were eliminated for the screening, diagnosis, and economics
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sections if they were: not human studies; did not focus on congenital heart disease; not
relevant to the review; opinion or editorial pieces; seminars and symposiums without
systematic review methods; not peer-reviewed; focused on the prenatal period;
description of a single treatment procedure in-depth; a defect not listed in the case
definition; a variant of a defect listed in the case definition; reviews that did not include
new data; case reports; or case-series of four or fewer subjects.
Natural history and treatment articles were subject to the same exclusion criteria as
above; however, due to the vast amount of literature unrelated to the key questions of
this review, we used systematic review articles published in peer-reviewed journals.
When review articles meeting our criteria were not available for a defect listed in the
case definition, all available multi-institutional case series meeting prior inclusion and
exclusion criteria were used. The largest case series available from a single institution
was used when no relevant review article or multi-institutional study was available for
the treatment of a defect described in the case definition.
Disagreements were resolved through consensus with emphasis on inclusion of any
potentially useful data. After abstract review, 67 manuscripts were reviewed in full
(Table 1). All full length articles were subjected to the inclusion and exclusion criteria
above and studies that met the predefined and explicit criteria were selected for the
review. In cases of duplicate publications, the most recent or complete versions were
selected. After this process, 26 total articles met all inclusion criteria and were included
in this evidence review (Table 1).
Table 1 – Search strategy and inclusion of articles
Strategy

Screening

National
Library of
Medicine
Medical
Subject
Heading
(MeSH) and
keywords:

"oximetry",
"pulse", "pulse
oximetry",
"congenital",
"heart",
"disease",
"congenital
heart disease",
"screening",
and "newborn"

Type of
manuscript
included

Original
Research
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Natural History and
Treatment
"Heart Defects, Congenital",
"Cardiac Surgical Procedures",
"Heart Catheterization",
"Treatment Outcome",
"Tricuspid Atresia",
"Transposition of Great
Vessels", "Tetralogy of Fallot",
"Truncus Arteriosus",
“Pulmonary Atresia, Intact
Septum”, “Hypoplastic Left
Heart Syndrome” and "Total
Anomalous Pulmonary Venous
Connection"
Systematic Review Articles;
multi-institutional studies or
large case series used when no
relevant review article was
available for the treatment of a
defect described in the case
definition

Diagnosis

Economics

"Heart Defects,
Congenital",
"Echocardiograp
hy", "Physical
Examination",
and
"Neonatology
[Methods].”

"Heart Defects,
Congenital",
"Economics”,
“Pulse
Oximetry,”
“Oximetry,”
"Cost-Benefit
Analysis", and
"Neonatal
Screening.”

Original
Research

Original
Research

Abstracts
resulted and
reviewed
from search
strategy
Read
complete
manuscript
Abstracted
article and
included in
evidence
review

75

282

4

6

18

43

4

2

11

11

3

1

The three investigators (AAK, ARK, and DRM) each independently abstracted one-third
of the articles, and a fourth investigator (LP) assisted in reviewing economic
manuscripts only. The three investigators reviewed a subset (20% overlap) to validate
the process. Each original research manuscript was evaluated, using standardized
tools, for the quality of the study design (NHS Center for Reviews and Dissemination
March 2001, Accessed: October 17, 2008) and the quality of the evidence, as it relates
to the category of evidence (Pandor et al., 2004; Pollitt et al., 1997). A given article
received only one rating per reader for study design, but may have received multiple
quality evaluations for the type of evidence. For example, a study that discusses
screening and natural history would be evaluated for the quality of the evidence in each
of those domains. There were no significant differences in the data extracted by the
reviewers.
Table 2 – Study design for abstracted articles
Study Design

Number of Articles

Experimental intervention

0

Cohort study

0

Case-control study

0

Case series

7
Sample size ≤ 10

0

Sample size 11 to 50

0

Sample size 51 to 100

0

Sample size ≥ 101

7

Economic Evaluation

1

Cross-Sectional study

11

Systematic Reviews

7

Total studies

26

To assure completeness and clarity of the report, a draft of the report was sent to an
independent external review panel (see Appendix A for sample conflict of interest form).
The report was revised based on their suggestions.
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VIII. Methods for interviews with experts
The ERG and the ACHDNC recognize that there may be important but unpublished
data regarding CCCHD. We identified experts, including researchers and CCCHD
newborn screening advocates, to help us identify this information. These individuals
were identified as authors of key papers included in the literature review, through
discussions with content experts, and through recommendations from the ERG and the
AC. Table 3 lists these individuals.
Experts were sent a letter via e-mail (Appendix B for researchers and Appendix C for
advocates) explaining the purpose of the review, a conflict of interest form (Appendix A)
and an open-ended survey. Experts had two weeks to respond, and extensions were
granted when requested. The project coordinator sent at least one reminder e-mail to
those who did not reply. In cases where clarifications were needed regarding the
responses, individuals were either sent a follow up e-mail or contacted via telephone by
the authors. When experts and advocates provided information regarding the key
questions not otherwise available from the selected articles, we include their responses.
Table 3 – Key experts contacted and degree of participation
Name

Last Name

Title

Robert

Beekman,
III, MD, MS

Professor of Pediatric Cardiology,
University of Cincinnati College of
Medicine, Cincinnati, Ohio
Clinical Supervisor, Children's
National Heart Institute, Congenital
Heart Disease Screening Program
Coordinator, Washington, DC
Division Director of Pediatric
Cardiology, Professor of Pediatrics,
Emory University School of
Medicine; Medical Director, Project
S.A.V.E. Children’s Healthcare of
Atlanta; Director, Sibley Heart
Center Cardiology , Atlanta,
Georgia
Chairman of Department of
Pediatrics, University of Utah;
Medical Director, Primary Children’s
Medical Center, Salt Lake City, UT
Medical Officer, National Center on
Birth Defects and Developmental
Disabilities (NCBDDD), Centers for
Disease Control and Prevention,
Atlanta, Georgia
Executive Director, The Children’s
Heart Foundation

Elizabeth

Bradshaw,
MSN, RN,
CPN

Robert

Campbell,
MD

Edward

Clark, MD

Adolfo

Correa, MD,
MPH

William

Foley
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Replied

Completed
written
survey

Telephone
interview






*




Name

Last Name

Title

Shannon

Hamrick,
MD

*

Margaret
(Peggy)

Honein,
PhD, MPH

Robert

Koppel, MD

Jennifer

Li, MD

William

Mahle, MD

Gerard

Martin, MD

LuAnn

Minich, MD

Jane

Newburger,
MD, MPH

Jonathan

Reich, MD,
MS





Michelle

Rintamaki

Assistant Professor
Department of Pediatrics
Neonatology Division
Emory University School of
Medicine
Atlanta, Georgia
Epidemiologist, National Center on
Birth Defects and Developmental
Disabilities (NCBDDD),Centers for
Disease Control and Prevention,
Atlanta, Georgia
Attending Neonatologist, Regional
Perinatal Center Director for
Schneider Children’s Hospital at
Long Island Jewish Medical Center,
New York
Duke University Medical Center
Consortium, Durham, North
Carolina
Medical Director, Clinical Research,
Pediatric Cardiologist, Sibley Heart
Center Cardiology, Children’s
Healthcare of Atlanta, Atlanta,
Georgia
Senior vice president of the Center
for Heart, Lung and Kidney Disease
and co-director of the Children’s
National Heart Institute,
Washington, DC
Primary Children's Medical Center,
Salt Lake City, Utah
Associate Cardiologist-in-Chief,
Children's Hospital Boston, Boston,
Massachusetts
Cardiology, Cardiology-Pediatrics,
The Watson Clinic LLP, The
Watson Clinic Center for Research,
Lakeland, Florida
President, Kids With Heart

Annamarie
J. Philip

Saarinen
Saul, MD







Dorothy

Sendelbach,
MD







Corrie

Stassen

Barbara

Stoll, MD

Parent advocate, 1in100
Medical University of South
Carolina, Charleston, South
Carolina
Division of Neonatal-Perinatal
Medicine, Department of Pediatrics,
University of Texas Southwestern
Medical Center, Dallas, Texas
Executive Director, It's My Heart,
Inc.
Professor and George W. Brumley
Jr. Chair of Pediatrics, Emory
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Replied

Completed
written
survey

Telephone
interview





















^
*

Name

Last Name

Arnold

Strauss, MD

Lloyd

Tani, MD

Ronald

Woods, MD

Diane

Zook, BS

Title
Children's Center, Emory School of
Medicine, Atlanta, Georgia
Professor and Chair of Pediatrics,
University of Cincinnati College of
Medicine, Cincinnati, Ohio
Chief of Division of Pediatric
Cardiology, University of Utah, Utah
Principal Investigator, Newborn
Screening for Heart Defects,
MultiCare Health System, Tacoma
General Hospital & Mary Bridge
Children’s Hospital & Health Center
Pediatric Heart Center, Tacoma,
Washington
Research Study Coordinator,
Newborn Screening for Heart
Defects MultiCare Health System,
Tacoma General Hospital & Mary
Bridge Children’s Hospital & Health
Center Pediatric Heart Center,
Tacoma, Washington

*Deferred to other experts
^Could not complete written survey at this time
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Replied

Completed
written
survey

Telephone
interview













IX. Results: evidence findings to address the key questions
This section presents the evidence from the included articles organized by key question.
Each subsection includes a summary of findings from the literature review, assessment
of the quality of the evidence from each included article, and information from experts.
A. Natural history and diagnosis:
Table 4 – Abstracted literature pertaining to natural history
Type of evidence

Number of articles

Total

11

Review Articles
Multi-institution case series (tricuspid atresia; pulmonary atresia; intact
septum)

7

Single institution, largest case series available (TAPVR; truncus arteriosus)

2

2

Literature review:
The following literature review covers the natural history of only the seven critical
congenital heart defects listed in the case definition. These seven critical congenital
heart defects account for approximately 17-31% of all congenital heart disease. Of the
seven defects listed, six of the seven are always associated with neonatal hypoxemia;
Tetralogy of Fallot usually, but not always, is associated with neonatal hypoxemia
(Table 5). Table 5 also lists which of the seven defects are ductal-dependent. "Ductal"
refers to the ductus arteriosus, a blood vessel that humans have before birth that allows
blood to bypass the lungs in utero, and normally closes shortly after birth. Some types
of CCCHD require the ductus to remain open (“patent”) to allow sufficient circulation,
thereby oxygenation, to keep the neonate alive. Medication (prostaglandins) infused
intravenously can maintain patency of the ductus arteriosus. However, prostaglandin
infusion can lead to significant adverse events, such as apnea.
Table 5 – Selected types of CCCHD and associated natural history
Heart Defect
HLHS

Hypoxemia
All

Ductaldependent
All

Birth
prevalence
1-5 to 6-7/
10,000 live
births

Pulmonary
atresia, intact
septum

All

All

TOF

Most

Uncommon

1% of all
congenital
cardiac
defects
3 /10,000
live births
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Age at onset
of symptoms
Immediately
or within the
first two
months of life
Immediately

Neonatal
period

Untreated survival
Universally fatal without
surgical intervention
When the ductus closes,
the neonate becomes
severely ill, leading to
death if not urgently treated
Amount of pulmonary
blood flow obstruction
determines onset and
severity of symptoms

TAPVR

All

None

TGA

All

Uncommon

Tricuspid
atresia

All

Some

Truncus
arteriosus

All

None

1-3% of all
congenital
heart
defects
2-3/10,000
live births

Immediately
or within the
first two
months of life
Immediately

1-3% of all
congenital
heart
defects
2-4% of all
congenital
heart
defects

Immediately
or within the
first month of
life
By two
months of life

Survival of the neonate is
unlikely if the obstruction is
left untreated
Onset and severity of
symptoms depend on
anatomical and functional
variants; if there is not
adequate blood flow, the
neonate will die
Cyanotic neonates that are
ductal-dependent are
critically ill
Fewer than 25% will
survive past the first year
of life without surgical
intervention

Hypoplastic Left Heart Syndrome
HLHS is a malformation in which the left side of the heart is underdeveloped, resulting
in diminished systemic cardiac output and the inability of the left heart to support the
systemic circulation (Alsoufi et al., 2007; Barron et al., 2009). This defect accounts for
approximately 2-3% of all congenital heart disease and occurs in roughly 2 of every
10,000 live births in the United Kingdom (studies vary from 1-5 to 6-7 per 10,000 live
births) (Barron et al., 2009). The embryologic cause of the disease is not fully known
(Connor & Thiagarajan, 2007). Chromosomal anomalies have been linked to the
syndrome in up to 5–12% of cases (Barron et al., 2009). Newborns with HLHS are
generally born at term and initially appear healthy; however, closure of the ductus
arteriosus, decreases systemic perfusion, resulting in hypoxemia, acidosis, and shock
(Connor & Thiagarajan, 2007). Clinical presentation might resemble that of neonates
with other left-sided obstructive lesions, and many cases present after collapse and
death at home (Barron et al., 2009). A study from 1985–90 indicated that 15% of
documented cases of HLHS were only diagnosed at necropsy, while a large
epidemiological population-based study showed that 78% of cases with HLHS were
discharged from hospital before diagnosis (Barron et al., 2009). HLHS is universally
fatal without surgical intervention, sometimes within the first days of life, and the vast
majority of deaths in this patient population occur within the first months of life (Alsoufi
et al., 2007; Barron et al., 2009).
Pulmonary atresia, intact ventricular septum
Pulmonary atresia with intact ventricular septum is a malformation characterized by
atresia at the pulmonary valve or blockage in the pulmonary artery itself (Westmoreland,
1999). This defect accounts for approximately 1% of all congenital cardiac anomalies
(Westmoreland, 1999). Neonates with pulmonary atresia with intact ventricular septum
will usually have cyanosis at birth or soon thereafter due to the mixing of oxygenated
and deoxygenated blood from the decreased pulmonary blood flow. The affected
neonate typically presents with signs of respiratory distress, and when the ductus
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arteriosus closes, the neonate can become severely cyanotic and acidotic, leading to
death if not urgently treated (Westmoreland, 1999).
Tetralogy of Fallot
TOF is a malformation that consists of four associated defects: ventricular septal defect,
obstruction of the right ventricular outflow tract, override of the ventricular septum by the
aortic root, and right ventricular hypertrophy (Bailliard & Anderson, 2009; Derby &
Pizarro, 2005). This combination of lesions is the most common form of cyanotic heart
disease, accounting for 5–10% of all congenital cardiac malformations, and occurs in 3
of every 10,000 live births (Bailliard & Anderson, 2009; Derby & Pizarro, 2005). The
etiology is multifactorial, and the majority of patients with TOF present in the neonatal
period with mild-to-moderate cyanosis, but typically without respiratory distress (Bailliard
& Anderson, 2009). The amount of pulmonary blood flow obstruction determines the
onset and severity of symptoms; more severe illness presents with a greater obstruction
(Westmoreland, 1999).
Total Anomalous Pulmonary Venous Return
TAPVR is a malformation characterized by an absent connection between the
pulmonary veins and left atrium; the pulmonary veins empty into the right atrium or
systemic veins. This results in mixed oxygenated and unoxygenated blood entering the
systemic circulation, and the amount of oxygenated blood entering the systematic
circulation depends upon the presence and degree of obstruction in the pulmonary
veins (Westmoreland, 1999). TAPVR accounts for 1-3% of all congenital heart defects
(Karamlou et al., 2007). If a severe obstruction is present at birth, the newborn will
present with immediate and profound cyanosis, tachypnea, pulmonary edema, and
pulmonary hypertension; survival of the neonate is unlikely if the obstruction is left
untreated (Westmoreland, 1999). Infants with unobstructed abnormal connections at
birth will have symptoms within the first two months of life (Westmoreland, 1999).
Transposition of the Great Arteries [Vessels]
TGA covers a wide range of anatomic variants characterized by two parallel circulations
whereby unoxygenated blood is circulated to the body via the aorta, and oxygenated
blood is recirculated between the lungs and the pulmonary artery (Martins & Castela,
2008; Westmoreland, 1999). Survival requires some connection between the two
separated systems allowing oxygenated blood to enter the systemic circulation. This
combination of malformations accounts for 5–7% of all congenital heart disease, and
the incidence is estimated at 2-3 per 10,000 live births (Martins & Castela, 2008).
Children with TGA often have other cardiac malformations that affect timing of
symptoms and clinical presentation (Martins & Castela, 2008). Neonates with TGA often
present with cyanosis within the first hour of birth, and 50% of all cases present within
the first 24 hours (Westmoreland, 1999). The onset and severity of symptoms depend
on anatomical and functional variants that influence the degree of mixing between the
two circulations (Martins & Castela, 2008), and if there is not adequate mixing between
the two sides of the heart, the neonate will die. A neonate with ductal-dependent TGA
requires immediate treatment (Westmoreland, 1999).
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Tricuspid atresia
Tricuspid atresia is a malformation where the tricuspid valve fails to develop. Tricuspid
atresia defect is the third most common form of cyanotic heart disease and accounts for
1-3% of all congenital heart defects (Westmoreland, 1999). Association with other
cardiac malformations is common, and the amount of cyanosis varies depending on the
presence and severity of the accompanying defects. Neonates with tricuspid atresia
usually present symptoms within a few hours to a month after birth and may
demonstrate cyanosis, dyspnea, tachypnea, and metabolic acidosis; no characteristic
murmur is associated with tricuspid atresia. Cyanotic neonates are ductal-dependent
and critically ill.
Truncus arteriosus
Truncus arteriosus is a malformation characterized by a single great artery arising from
both ventricles (Westmoreland, 1999). Since this single large artery supplies blood to
the pulmonary, systemic, and coronary circulations, and both sides of the heart enter a
single output, oxygenated and unoxygenated blood are mixed (Westmoreland, 1999).
This defect accounts for 2-4% of all congenital heart lesions (Rajasinghe et al., 1997).
Neonates with truncus arteriosus may have increased pulmonary vascular resistance at
birth and for the first few weeks of life, with cyanosis sometimes present due to
decreased pulmonary blood flow (Westmoreland, 1999). As increased amounts of both
oxygenated and deoxygenated blood flow into the pulmonary system, the pulmonary
vascular resistance drops below systematic resistance, and the infant may develop
congestive heart failure and pulmonary vascular disease. Congestive heart failure
increases by four to eight weeks of life, and intervention is indicated to prevent
pulmonary vascular disease (Westmoreland, 1999). Fewer than 25% of all children born
with truncus arteriosus survive past the first year of life without surgical intervention
(Rajasinghe et al., 1997).
Expert Information:
The experts corroborated the literature findings.
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B. Screening test:
Table 6 – Quality assessment of abstracted literature pertaining to screening test
Type of evidence

Number of articles

Total

11

Overall sensitivity and specificity of screening

11

Data obtained from screening programs in U.S. population or similar.

2

Data from systematic studies other than from whole population screening.

9

Estimated from the known biochemistry of the condition.

0

False positive rate (explicitly discussed)

8

Data obtained from screening programs in U.S. population or similar.

0

Data from systematic studies other than from whole population screening.

8

Estimated from the known biochemistry of the condition.

0

Repeat specimen rate

1

Data obtained from screening programs in U.S. population or similar.

0

Data from systematic studies other than whole population screening.

1

Estimated from the known biochemistry of the condition.

0

Second-tier testing

5

Data obtained from screening programs in US population or similar.

0

Data from systematic studies other than whole population screening.

5

Estimated from the known biochemistry of the condition.

0

Other screening test characteristics
Adapted from Pandor et al. 2004, Pollitt et al. 1997

0

Literature review:
Pulse oximetry screening test characteristics
We identified eleven reports with evidence regarding the test characteristics of pulse
oximetry screening for asymptomatic CCCHD (Table 7). Prevalence and test
characteristics were calculated from the data presented in these reports to reflect only
the conditions that meet our case definition of CCCHD. For example, some of the
studies reported identifying newborns with ventricular septal defects (VSDs) (Arlettaz et
al. 2006, Bakr et al. 2005, Richmond et al. 2002, Riede et al. 2010). Although presymptomatic identification of VSDs may lead to improved health outcomes, VSDs do
not typically present with hypoxemia during the newborn period. We considered all
defects outside of the case definition as false positives for the purpose of this report. All
CCHD were not included in the case definition because pulse oximetry more reliably
detects the seven conditions that mostly or always present with low oxygen saturations.
However, in the application of population screening, there is a possibility of finding other
clinically significant critical heart conditions or other underlying causes that present with
low blood oxygen saturation. These findings could be considered secondary screening
targets. We also did not consider the potential benefit of detecting non-cardiac disease
with pulse oximetry.
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The prevalence of CCCHD among those neonates who were screened based on our
case definition of CCCHD ranged from one per 10,000 in a study conducted in Texas to
25 per 10,000 in a study conducted in Switzerland. Some of this variation may reflect
identification of CCCHD in utero, thus removing some neonates from the population
eligible for screening. Differences in prevalence may affect the reported test
characteristics.
All but two studies report a specificity of >99%. The study with the lowest specificity
(94%) screened within four hours of birth (Sendelbach et al., 2008). False positives
during this period may reflect lower oxygen saturations during the transition to postnatal
circulation. The other study reported a specificity of 98% (Hoke et al., 2002). This
study included some newborns who were less than six hours of age. Interestingly, this
study also used the lowest cutoff for screen positive (pulse oximetry less than 92%)
(Cutoff for normal, Table 7). It is likely that a higher threshold would create a lower
specificity in this study. Sensitivity was more variable, ranging from approximately 42%
to 100% (Table 7 and Figure 2). The reason for this variability is unclear, but likely
reflects a combination of the screened population (e.g., if the study excluded newborns
sent to the NICU or newborns symptomatic at birth or if the institution had a large group
of prenatal diagnoses) and the testing strategy employed.
Figure 3 plots the false positive rate at the time point used for pulse oximetry screening
for the studies listed in Table 7. The apparent trend in false positive rate is for a greater
number of false positives at earlier screening times; the last time point in Figure 3
includes some screening at less than 6 hours of age.
Of note, differences among studies regarding age of newborn screening, oxygen
saturation threshold value and placement of probe(s) (upper extremity, lower extremity
or both) (Table 7), may contribute to variability in study outcomes. Insufficient evidence
was available to determine the impact of placement of the probes on test accuracy. No
published evidence explicitly measured or tested the harmfulness of screening by pulse
oximetry.
Pulse oximetry screening versus clinical exam screening
Reich et al. (2003) screened all newborns with pulse oximetry at a single institution
during a one year period and compared the number of CHD diagnoses and
echocardiograms to the previous year (Table 8). The study did not state age at
diagnosis for all significant CHD cases, and it is unclear whether the addition of pulse
oximetry to the screening program provided a more rapid time to diagnosis than routine
assessment alone. Overall, there were no statistically significant differences between
the study and comparison group (Reich et al., 2003).
Table 8 - Number of echocardiograms and CHD diagnoses with and without pulse
oximetry screening*
Population
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Assessments

Number of Echoes
(first 150 days of
life)

Abnormal
Echo

Significant
CHD

Study group
(n = 2114)
Comparison group
(n = 2851)
*Reich et al., 2003

Routine assessment
+ pulse oximetry
Routine assessment
alone

88

43/88 (48.8%)

12/88 (13.6%)

108

42/108 (38.9%)

13/108 (12%)

Bakr et al. (2005) assessed the utility of pediatrician-provided clinical exam alone, pulse
oximetry alone, and combined clinical exam and pulse oximetry screening for the
detection of CHD in 5211 newborns. In this study, addition of pulse oximetry did
increase the number of echocardiograms and CHD diagnoses. The screening methods
are compared in Table 9. Pulse oximetry detected cases of pulmonary atresia, TAPVR
and truncus arteriosus that clinical exam did not detect. Acyanotic CHD, such as septal
defects, were detected by clinical exam only (Bakr & Habib, 2005).
Table 9 – Sensitivity, specificity and positive predictive value of screening tests*
Method
Sensitivity
Specificity
Positive Predictive Value
*Bakr & Habib, 2005

Pulse oximetry
30.8%
99.9%
80%

Clinical exam
46%
99.8%
60%

Combined
77%
99.7%
66.7%

In a screening study of 39,821 newborns in Sweden, 29 newborns in the cohort
exposed to pulse oximetry screening were diagnosed with duct-dependent circulation
(CCHD with survival dependent on the ductus arteriosus) (de-Wahl Granelli et al.,
2009). Of the 28 who had complete screening data available (physician-provided
physical exam and pulse oximetry values), 18 of the 28 (64%), had a positive pulse
oximetry screen. The detection rate of blind physical exam alone (i.e., physicians not
given pulse oximetry values before exam), was 62.5%. In this study, cases were
missed by both pulse oximetry alone and clinical exam alone, thus the researchers
concluded a combined screening approach had the highest sensitivity (de-Wahl Granelli
et al., 2009)
Delayed Diagnosis
The screening study of 39,821 newborns in Sweden found that neonates in regions
without routine pulse oximetry screening were more likely to be discharged with
undiagnosed duct-dependent CCHD (28% vs. 8%: 28/100 from other referring regions,
and 5/60 within the study region). The study also found that neonates diagnosed postdischarge had higher mortality than those diagnosed pre-discharge (18% vs. 0.9%).
Further, 11/25 (44%) of babies with TGA were undiagnosed at discharge in the regions
without pulse oximetry screening vs. 0/18 in the area with pulse oximetry screening (deWahl Granelli et al., 2009).
A 2008 study followed timing of diagnosis of life-threatening cardiac malformations over
a 20 year period, from 1985 to 2004 in the Northern Health Region of England (Wren,
Reinhardt, & Khawaja, 2008). All neonates received a physical exam before discharge
from the hospital. Overall, 8% were diagnosed with CHD prenatally, 62% were
diagnosed before discharge, 25% were diagnosed after discharge and 5% were
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diagnosed at autopsy. Of note, 37% of cases of TAPVR were not diagnosed at the time
of discharge. Of the 38 cases of TAPVR in this study, none was diagnosed prenatally,
24 were diagnosed before discharge, 12 after discharge, and two at autopsy.
A population-based retrospective study of California death registry data from 1989-2004
(Chang, Gurvitz & Rodriguez, 2008), attempted to identify infants up to a year of age
who died with undiagnosed CCHD or a late diagnosis of CCHD. HLHS was the most
common cause of death among the 898 infants found to have CCHD listed as the cause
of death. Of the 898, 152 were diagnosed with CCHD at autopsy and were considered
missed diagnoses. HLHS accounted for the majority of the missed diagnoses (58/152).
The incidence of death among infants with undiagnosed CCHD or a late diagnosis of
CCHD did decrease over the course of the study period (Chang, Gurvitz & Rodriguez,
2008).
A 2007 study used chart review of 670,245 live births in New Jersey hospitals from
1999-2004 to find delayed diagnosis of CCHD missed by newborn clinical exam
screening, that pulse oximetry could have detected (Aamir et al., 2007). Their chart
review confirmed delayed diagnosis in 47 neonates (7 per 100,000 births), of which, 26
were given a ‘normal’ newborn diagnosis while 20 cases were given a noncardiac
diagnosis prior to discharge (one case presented symptoms at 5 days and was not yet
discharged). Only 6 of the 47 had a note in their medical chart of a murmur, and the
average delay in diagnosis was 6 months. Coarctation of the aorta was found to be the
most common delayed diagnosis accounting for 28 of the 47. Coarctation of the aorta is
not included in the case definition of this review because it presents with hypoxemia
relatively rarely. However, TAPVR made up 7 of the 47 cases and was the second
most commonly missed defect. Death certificates were not reviewed, so a missed
diagnosis of a duct-dependent lesion may have contributed to an underestimation of the
number of missed CCHD. Before a final diagnosis was reached, these neonates had
received several other diagnoses and may have had multiple hospital stays; delay in
diagnosis was associated with significant morbidity for these life-threatening
malformations (Aamir et al., 2007).
Prenatal screening
The scope of this evidence review is newborn screening, and thus our literature search
did not specifically identify information only pertaining to prenatal CCCHD screening.
However, some of our identified literature discussed prenatal detection with fetal
imaging. Fetal ultrasound screening programs improve detection of major CHDs;
however, prenatal diagnosis alone picks up less than half of all cases (Arlettaz et al.,
2006; Meberg et al., 2009). Prenatal ultrasounds evaluate a 4-chamber view of the fetal
heart, which cannot detect many causes of CCCHD (e.g., TAPVR, TGA, truncus
arteriosis.) Little is known about the degree to which prenatal detection decreases the
prevalence of CCHD in the population of asymptomatic neonates. (Koppel et al., 2003).
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Table 7 – Abstracted literature pertaining to newborn screening for CCCHD with pulse oximetry in chronological order
Study’s
First
Author

Location

Hoke
2002

Maryland,
USA

Number
Screened
2,876

Prevalence*

7/10000

Age at Screening
<6 hours, 24 hours
and/or at discharge

Cutoff
for
normal

True
Positive

H&F

≥92%

2

0

55

F

≥95%

3

4

Probe
Location

False
Negative***

False
Positive
Rate, %

Positive

2,819

1.91

3.51

100.00

100.00

98.09

57

5,558

1.01

5.00

99.93

42.86

98.98

False
Positive

True
Negative

Predictive
Value, %

Negative

Predictive
Value, %

Sensitivity,
%

Specificity,
%

Comments
Counted FP as
failed initial screen
of POx with no
CCCHD diagnosis
Counted FP as
failed initial POx
exam and failed
second exam with
no CCCHD diagnosis

Richmond
2002

UK

5,622

12/10000

Between >2 hours
and discharge;
average 11.7 hours
of age

Koppel
2003

New York,
USA

11,281

4/10000

>24 hours of age or
at discharge; average
72 hours of age

F

≥96%

3

1

1

11,276

0.01

75.00

99.99

75.00

99.99

-

Reich
2003

Florida,
USA

2,114

9/10000

>24 hours of age ; as
close to discharge as
possible

H&F

≥95%

1

1

3

2,109

0.14

25.00

99.95

50.00

99.86

-

Bakr
2005

Saudi
Arabia

5,211

8/10000

Prior to discharge;
average 31.7 hours of
age

H&F

≥94%

3

1

2

5,205

0.04

60.00

99.98

75.00

99.96

-

F

≥96%

1

0

2

5,289

0.04

33.33

100.00

100.00

99.96

Rosati
2005

Italy

5,292

2/10000

>24 hours of age or
at discharge; median
72 hours of age

Arlettaz
2006

Switzerland

3,262

25/10000

6-12 hours of age;
average 8 hours of
age

F

≥95%

8

0

16

3,238

0.49

33.33

100.00

100.00

99.51

Meberg**
2009

Norway

50,008

10/10000

6-16 hours of age

F

≥95%

44

5

NA

NA

NA

NA

NA

89.80

NA

Sendelbach
2008

Texas, USA

15,233

1/10000

4 hours of age and
pre discharge

F

≥96%

1

1

858

14,373

5.63

0.12

99.99

50.00

94.37

de Wahl
Grannelli
2009

Sweden

38,429

3/10000

90% at <72 hours of
age; median 38 hours
of age

H&F

≥95%

10

0

77

38,270

0.20

11.49

100.00

100.00

99.80

Riede
2010

Germany

41,445

3/10000

24-72 hours of age

F

≥96%

11

1

40

41,393

0.10

21.57

100.00

91.67

99.90

*Prevalence is calculated from screened asymptomatic newborns
**Unable to determine specific values for CCCHD only
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H & F denotes right hand and foot; F, foot; FP; False Positive; POx, Pulse Oximetry; NA, Not available
***False negatives include: TOF (4), TAPVC (2), TGA (2), HLHS (1), Truncus arteriosus (1), Unknown (4)

Discrepancy
between FP value
stated in abstract
and results
FP counted as ECHO
done after failed
POx exam with no
CCCHD
Data for FP not
given; unable to
calculate
Counted FP as
failed initial screen
of POx with no
CCCHD diagnosis
72 inconclusive POx
exams; not included
in calculations
Counted FP as two
failed POx exams
with no CCCHD
diagnosis

Figure 2 – Sensitivity (%) at average age of screening
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Figure 3 – False positive rate (% of total screened with pulse oximetry) at average age
of screening
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Expert Information:
Dr. Koppel described the pulse oximetry screening protocol at Cohen Children's Medical
Center of New York (formerly Schneider Children’s Hospital in Long Island, New York)
where the screening program began in 1998. Neonates are screened by a pulse
oximeter prior to the blood draw for newborn screening. The cutoff value for screen
positive is a lower extremity oxygen saturation value of ≤95%. Second tier testing
includes an exam by the fellow or neonatologist and request for an echocardiogram
through the neonate’s pediatrician. For newborns in the neonatal intensive care unit
with a value of ≤95%, the neonatologist will decide if the newborn should have a cardiac
evaluation. Dr. Koppel did not have follow up data available from the program beyond
the initial study period, and he reports that the program has resulted in only one false
positive screen in an infant with pulmonary hypertension but no structural heart disease.
Dr. Sendelbach discussed findings from a pulse oximetry screening trial she
participated in (Sendelbach et al., 2008), and the effect on current practice. The results
of this study are summarized in Table 7. She reported that because screening did not
identify affected neonates beyond those diagnosed by routine newborn care, her
institution does not routinely screen newborns with pulse oximetry. The study also
found a high false positive rate when screening at four hours of life.
While the literature search did not identify evidence regarding the harmfulness of
screening, experts stated that screening at four hours of life that yields larger numbers
of false positives can disrupt parental bonding if the baby is separated from the mother
for long periods, including transfer to a different hospital if the birthing hospital lacks
echocardiograms, the potential morbidity of cardiac non-disease (parents restricting a
child’s activities for fear of a heart problem), and unnecessary use of prostaglandins.
The experts reported that in the regions of their practices, more than half of CCCHD
cases are diagnosed prenatally. Dr. Koppel noted that TAPVR is often missed
prenatally, but can be detected by pulse oximetry screening. Dr. Sendelbach provided
data on prenatal CCCHD diagnoses at Parkland Hospital from April 2009-March 2010
where two cases of CCCHD were missed. Two neonates who had normal prenatal
ultrasounds were later diagnosed with TGA and TAPVR. The experts corroborated that
early detection prevents morbidity and mortality associated with delayed diagnosis.
Annamarie Saarinen, of the CHD advocacy group 1in100 (and parent of an 18 month
old with congenital heart disease), described the organization’s position on screening as
advocating for any and all reasonable measures that allow for earliest possible
diagnosis of CHD. She reported that 1in100 has concluded that pulse oximetry
screening meets this criterion, and believes it should be considered as a standard of
care for newborns.
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C. Diagnosis:
Literature review:
Echocardiography is the diagnostic test for CHD (Bailliard & Anderson, 2009; Connor &
Thiagarajan, 2007; Martins & Castela, 2008; Westmoreland, 1999). This imaging allows
for confirmation of the diagnosis in addition to structural and functional characterization
of the malformation.
We did not identify evidence in the literature regarding the availability of
echocardiography and pediatric cardiology services in birthing hospitals in the United
States.
Expert Information:
The experts described echocardiography and pediatric cardiology services as readily
available in the cities and surrounding areas in which they practice.
Telemedicine
Telemedicine for echocardiography can be classified as “store and forward”, in which
images are obtained and then transferred for later interpretation, and “real time”, in
which the cardiologist interprets images as they are collected. The real-time approach
allows the cardiologist to direct how the images are obtained, but relies on the
availability of the cardiologist. In contrast, the store-and-forward approach does not
require the presence of the cardiologist. However, the cardiologist must rely on the
images that are captured.
Dr. Mahle described the emerging use of internet-based picture archiving and
communications systems (PACS) for distant interpretation, of echocardiograms (i.e.,
store and forward). Using this system, a remote hospital can have an echocardiogram
read within hours by a cardiologist at another institution, with the hopes of avoiding
unnecessary transportation of a neonate with suspected CHD. Dr. Mahle referenced a
2002 publication (Sable, 2002), describing the use of digital echocardiography and
telemedicine in pediatric cardiology. Limitations include the expense of equipment at
both the remote and tertiary care sites, ability of remote center to gather an adequate
image from the neonate and availability of cardiologist at tertiary site to interpret scan
(Sable, 2002). No published data are available regarding the accuracy or expense of
telemedicine for echocardiography for neonates.

24 | P a g e

D. Treatment:
Table 10 – Abstracted literature pertaining to treatment
Type of evidence

Number of articles

Total

11

Review Articles
Multi-institution case series (tricuspid atresia; pulmonary atresia, intact
septum)

7

Single institution, largest case series available (TAPVR; truncus arteriosus)

2

2

Literature review:
All of the lesions included in our case definition of CCCHD have surgical interventions.
Morbidity and mortality vary among the procedures for both short and long-term
outcomes (Table 11).
Table 11 – Heart defects and associated surgical treatment and mortality
Heart
Defect
HLHS

Ductus
Arteriosus
Dependent
All

Pulmonary
atresia,
intact
septum

All

Tetralogy
of Fallot

Uncommon

TAPVR

None
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Treatment
3-step surgical
staged functionally
univentricular
palliations or primary
cardiac
transplantation

Typical age at
intervention
During infancy

Sequence of surgical
procedures
dependent on the
morphology present
for definitive
correction
Complete surgical
repair

98% of reported
cases within the
first 7 days of life;
others within
infancy

Complete surgical
repair

During infancy

4 to 6 months

Mortality
Surgical: Overall survival is
currently around 65% at 5
years of age and 55% at 10
years of age (Barron et al.,
2009)
Heart Transplant: overall
reported mortality while
awaiting transplantation for
patients with HLHS is 21%
to 37% (Alsoufi et al., 2007;
Barron et al., 2009)
Survival reported as 81% at
one month, 72% at six
months, 69% at one year,
66% at two years and 64%
at two years (Hanley et al.,
1993)
25-year survival rates for
patients undergoing repair
are as high as 94% (Derby
& Pizarro, 2005)
Postoperative survival was
68% at one year, and 65%
at 14 years after surgery-Postoperative 5-year
survival for patients
undergoing repair since
2000 is 97% (Karamlou et
al., 2007)

TGA

Uncommon

Balloon atrial
septostomy followed
by surgical
correction

Soon after birth
and correction
later in infancy

Tricuspid
atresia

Some

During infancy

Truncus
arteriosus

None

Sequence of surgical
procedures
dependent on the
morphology present
for definitive repair
Complete surgical
repair

During infancy
and primarily in
the neonatal
period

Long-term event-free
survival is approximately
88% at both 10 and 15
years of age (Martins &
Castela, 2008)
Overall survival at 5 years
was 86% (Karamlou et al.,
2005)
Actuarial survival among
infants was 90% at 5 years,
87% at 10 years and 83% at
15 years (Rajasinghe et al.,
1997)

Hypoplastic Left Heart Syndrome
At present, two main treatment modalities exist: primary cardiac transplantation and
staged palliations (Barron et al., 2009). Palliation treatment consists of three stages: (1)
the Norwood operation on neonates; (2) stage 2 at 6–8 months of age; and (3) stage 3
between 18 months and 5 years of age (most commonly around 4 years) (Barron et al.,
2009; Connor & Thiagarajan, 2007). The second-stage procedure is the superior
bidirectional cavopulmonary anastomosis (BDCPA) or hemi-Fontan procedure, and the
third stage is a Fontan procedure (Alsoufi et al., 2007). Achieving consistent early
survival after the Norwood procedure remains a major challenge (Alsoufi et al., 2007).
Current operative survival in experienced centers exceeds 70%, and 4% to 15% of
hospital survivors die at home before the second-stage operation (Alsoufi et al., 2007;
Barron et al., 2009). Overall survival is currently around 65% at 5 years of age and 55%
at 10 years of age (Barron et al., 2009).
Cardiac transplantation became an alternative for infants with HLHS and remains the
preferred treatment in some centers (Alsoufi et al., 2007). This approach cannot be
offered to all infants with HLHS because of limitations in the availability of donor hearts
(Alsoufi et al., 2007). The overall reported mortality while awaiting transplantation for
patients with HLHS is 21% to 37% (Alsoufi et al., 2007; Barron et al., 2009). This
approach requires lifelong immunosuppression with the attendant risks of rejection,
infection, graft atherosclerosis, and malignancies (Alsoufi et al., 2007). Many
unresolved questions regarding treatment, and long-term functional and cognitive
outcomes, remain for these children (Connor & Thiagarajan, 2007). A multi-institutional
study currently underway by the Congenital Heart Surgeons Society is enrolling patients
into an observational study across the entire range of neonates with critical left
ventricular outflow tract obstruction (of which HLHS is a subset) (Alsoufi et al., 2007).
This study will allow comparison of all currently practiced management strategies, and
intends to evaluate the long-term consequences of each neonatal management strategy
(Alsoufi et al., 2007).
Pulmonary atresia, intact ventricular septum
Newborns who present with pulmonary atresia with an intact septum usually require
initial prostaglandin treatment and this defect necessitates the use of surgical correction
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in the neonatal period (Hanley et al., 1993). About 50% of untreated babies with this
condition die within the first month of life, and nearly all die before 12 months of age
(Hanley et al., 1993). In a large multi-institutional study of 171 neonates who underwent
surgical intervention between 1987 and 1991, 98% were 7 days old or less (Hanley et
al., 1993). There is debate regarding the first step of surgical treatment of neonates with
pulmonary atresia with intact ventricular septum. Varied recommendations include a
systemic-pulmonary shunt, pulmonary valvotomy, or a transannular patch, all of which
are followed by a definitive two-ventricle repair (Hanley et al., 1993). Of the 171
neonates receiving any of the initial surgical methods, survival was 81% at one month,
72% at six months, 69% at one year, 66% at two years and 64% at two years (Hanley et
al., 1993). Reoperation in the surviving patients included 18% who had received oneventricle repair within three years, 32% who had received two-ventricle repair and 50%
(the remainder) who had incompletely separated pulmonary and systemic circulations
(Hanley et al., 1993).
Tetralogy of Fallot
Newborns who present with ductal-dependent flow to the lungs typically receive
prostaglandins to maintain ductal patency until surgical intervention (Bailliard &
Anderson, 2009). The trend in centers of excellence is increasingly toward neonatal
complete repair; however some centers’ initial intervention may be palliative (Bailliard &
Anderson, 2009). Centers that undertake neonatal palliation will typically perform the
complete repair at the age of four to six months (Bailliard & Anderson, 2009). The 25year survival rates for patients undergoing repair are as high as 94% (Derby & Pizarro,
2005), and follow-up in patients born 30 years ago shows a rate of survival greater than
85% (Bailliard & Anderson, 2009). Chronic issues can occur in adulthood, and include
pulmonary regurgitation, recurrence of pulmonary stenosis, and ventricular arrhythmias
(Bailliard & Anderson, 2009). Uncertainty remains regarding both timing of surgery and
ideal form of management of TOF (Bailliard & Anderson, 2009; Derby & Pizarro, 2005).
Total Anomalous Pulmonary Venous Return
Most newborns who present with TAPVR require surgical repair during infancy
(Karamlou et al., 2007). In a large single institution study of 377 patients over 5 years,
327 patients (87%) underwent surgical repair at a median age of 1.6 months (Karamlou
et al., 2007). Of the remaining patients, 49 died without any surgical intervention and
one patient was lost to follow-up. In addition to the 49 deaths, 103 patients died after
TAPVR repair, giving a 40% crude mortality rate. Postoperative survival was 68% at
one year, and 65% at 14 years after surgery; postoperative 5-year survival for patients
undergoing repair since 2000 is 97%. The overall incidence of reoperation at 11 years
after repair was 9% and was not correlated with repair type.
Transposition of the Great Arteries [Vessels]
Newborns who present with TGA usually require treatment with prostaglandins and
balloon atrial septostomy soon after birth (Martins & Castela, 2008). Surgical correction
is performed at a later stage in infancy. With the advent of newer and improved surgical
techniques and postoperative intensive care, early mortality rates are roughly 3.8%,
long-term event-free survival is approximately 88% at both 10 and 15 years of age, and
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the 10-15 year reintervention rate is 4.5-18%. Rare postoperative complications are
related to prolonged perioperative ischemia times, aortic regurgitation, and coronary
artery obstruction. Recent studies have noted reduced exercise performance,
compromise in cognitive functioning, and an unfavorable health-related quality of life
after intervention (Martins & Castela, 2008).
Tricuspid atresia
Surgical management of newborns with tricuspid atresia generally includes a sequence
of procedures dependent on the morphology present for definitive repair (Karamlou et
al., 2005). In a multi-institutional study of 150 babies between 1999 and 2004, one
patient remained alive without operation, while all other patients underwent palliation
consisting of systemic-pulmonary arterial shunt (64%), pulmonary artery banding (11%),
or initial bidirectional cavopulmonary anastomosis (BDCPA) (24%). Of the patients
undergoing BDCPA, 75% underwent the Fontan operation within three years. There
were 17 deaths: 9 after the systemic-pulmonary arterial shunt operations, 6 after
BDCPA and 2 after the Fontan procedure. Overall survival at 5 years was 86%
(Karamlou et al., 2005).
Truncus arteriosus
Newborns who present with truncus arteriosus require surgical correction during infancy
and primarily in the neonatal period (Rajasinghe et al., 1997). In a large single institution
study of 165 patients who underwent complete repair of truncus arteriosus between
1975 and 1995, the median age at operation was 3.5 months; 133 of the 165 patients
were infants less than one year of age. Patients were followed up for up to 20.4 years
(median 10.5 years), and actuarial survival among infants was 90% at 5 years, 87% at
10 years and 83% at 15 years. The median time to reoperation after initial truncus
arteriosus repair was 5.1 years and occurred in 119 of the 165 patients. Of the 23
deaths reported, the majority (57%) occurred within the first year of discharge from the
hospital after surgical truncus arteriosus repair (Rajasinghe et al., 1997).
Expert Information:
The experts corroborated that each of the heart defects have surgical interventions that
improve outcomes. They were unaware of any direct data regarding whether detection
of CCCHD by pulse oximetry leads to improved health outcomes compared to those
that are detected clinically.
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E. Economic evaluation
Table 12 – Quality assessment of abstracted literature pertaining to economic evidence
Type of evidence
Total
I. Evaluation of important alternative interventions comparing all clinically
relevant outcomes against appropriate cost measurement and including a
clinically sensible sensitivity analysis.
II. Evaluation of important alternative interventions comparing a limited number
of outcomes against appropriate cost measurement, but including a clinically
sensible sensitivity analysis.
III. Evaluation of important alternative interventions comparing all clinically
relevant outcomes against inappropriate cost measurement, but including a
clinically sensible sensitivity analysis.
IV. Evaluation without a clinically sensible sensitivity analysis
V. Expert opinion with no explicit critical appraisal, based on economic theory
Adapted from NHS Centre for Reviews and Dissemination Report 4, March 2001

Number of articles
1

1
0
0
0
0

Literature review:
One study evaluated the cost-effectiveness of newborn screening for CHD (Griebsch et
al., 2007), specifically at 24 hours of age: clinical examination with pulse oximetry or
clinical examination with screening echocardiography, compared to clinical examination
alone. CHD were grouped into three classes: life-threatening (TGA, HLHS, TAPVC and
pulmonary atresia), clinically significant (TOF, truncus arteriosus), and clinically nonsignificant (no CCCHD). The first two classes were included in the economic evaluation.
A decision model was used to simulate a hypothetical cohort of 100,000 live-born
infants in the United Kingdom. Inputs to the model were based on primary and
published data and supplemented by expert opinion for some parameters. Values for
key parameters in the decision model were within the ranges identified for the
systematic evidence review. Detection rate (equivalent to sensitivity in this analysis)
was 67.9%. False positive rate was 1.3% and positive predictive value was 6.6%. The
incidence of life-threatening and clinically significant CHD used in the analysis was 7.1
per 100,000. The primary outcome measure for the study was cost per timely
diagnosis.
The study projected that clinical examination with pulse oximetry screening would
identify 70.6 timely diagnoses per 100,000 compared with 34.0 per 100,000 identified
via clinical examination alone. Clinical examination with screening echocardiography
was projected to identify 71.3 timely diagnoses per 100,000 (i.e., an incremental
increase of 0.7 compared with pulse oximetry). The cost per timely diagnosis was
£4,894 for pulse oximetry and £4,496,666 for screening echocardiography. The
conclusion of the study was that screening with pulse oximetry in addition to clinical
examination was cost-effective but screening with echocardiography was not costeffective under current conditions for test cost and performance. Cost-effectiveness
results were robust to variations in many assumptions but were sensitive to time of
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screening in that cost-effectiveness of screening was less favorable if undertaken at 48
hours of life (£8,195 per timely diagnosis) instead of 24 hours (£4,894 per timely
diagnosis) for pulse oximetry because more cases would have been identified clinically
during this time period and therefore screening will identify a smaller number of cases.
The study highlighted the lack of primary data on sensitivity and specificity of screening
strategies especially with respect to the age at screening. Possible negative effects of
false positive screens were not included in the study.
These findings are relevant for a United States setting with respect to the relative costeffectiveness of screening with echocardiography compared to screening with pulse
oximetry. It is less certain how to translate the cost-effectiveness of screening with
pulse oximetry given the differences in both the costs of specific services as well as
health care utilization patterns across the US and the UK. Health care utilization
patterns typically differ widely across countries due to differences in health insurance
coverage and historical practice patterns. For example, health costs may differ, due to
differences in the services delivered for a certain intervention, or due to differences in
price levels for a particular service. Differences in price levels could result from different
salary levels for providers, services being delivered by different types of providers,
and/or price levels for prescription drugs, medical devices, and supplies, that are often
set or negotiated at the country level and usually results in lower overall price levels as
compared to the United States. Results relating to the projected outcomes for the
various identification strategies are relevant to the US setting – specifically that
screening with pulse oximetry will result in timely diagnosis of approximately twice those
identified using clinical examination alone – yet projections of cost-effectiveness may be
less directly applicable due to potential differences in intervention services and unit
costs.
Expert Information:
No experts contributed evidence pertaining to costs of pulse oximetry screening for
CCCHD.
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X. Key findings and summary
Condition Key Findings
The prevalence of CCCHD from the natural history reviews reported a prevalence of 1-7
per 10,000 live births; while screening evidence indicated a calculated prevalence of 125 per 10,000 live births, with an average of 8 per 10,000 among neonates eligible for
pulse oximetry screening from the eleven studies in our literature review. The calculated
figure from the eleven screening studies is of asymptomatic newborns, and excludes
prenatally diagnosed CCCHD babies, symptomatic newborns found prior to pulse
oximetry screening, and those who have a syndrome commonly associated with
CCCHD.
Of the seven conditions reviewed, onset of symptoms all occur within the neonatal
period. Symptom onset ranges from immediately at birth, to appearing healthy until a
few months of age when the infant presents with symptoms. For several of the
conditions, the onset and severity depend upon the anatomical and functional variants;
if there is not adequate blood flow, the infant will suffer or die. For the ductal-dependent
defects, (pulmonary atresia with intact septum, HLHS and occasionally TOF, TGA and
tricuspid atresia), survival is unlikely if not urgently treated before the ductus arteriosus
closes. For the two non-ductal-dependent lesions, fewer than 25% of infants with
truncus arteriosus will survive past the first year of life without intervention, and survival
of the infant with TAPVR is unlikely if left untreated.
Screening and Diagnosis Key Findings
We identified eleven reports with evidence regarding test characteristics of pulse
oximetry screening, and re-calculated the data presented to include only the conditions
that met our case definition of CCCHD. All but two studies reported a specificity of
greater than 99%; the two other studies with specificities of 94% and 98% screened with
pulse oximetry at 4 hours and less than six hours, respectively. Sensitivity was more
variable, ranging from 42% to 100% with no clear explanation for the variability.
However, false positive rates increase for earlier screening times. Four studies had no
false negatives, five studies each had one false negative and two studies had 4-5 false
negatives. The two highest false negative rates also had the second and third highest
calculated prevalence rates.
The screening evidence also assessed the utility of pulse oximetry alone, clinical exam
alone and both in combination. One study found that there was no statistically
significant differences between screening with a routine assessment alone and routine
assessment with pulse oximetry; while another study found that pulse oximetry detected
cases of pulmonary atresia, TAPVR and truncus arteriosus that clinical exam did not
detect. In a large screening study of close to 40,000 newborns, the researchers
concluded a combined screening approach utilizing physical exam and pulse oximetry
had the highest sensitivity. The same study found that neonates in regions without
routine pulse oximetry screening were more likely to be discharged with undiagnosed
duct-dependent circulation and that neonates diagnosed post-discharge had higher
mortality than those diagnosed pre-discharge. In the screening literature, the CCCHD
most often reported as undiagnosed by physical exam alone were TGA and TAPVR.
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While the potential harm of screening in regards to missed diagnosis and delayed
diagnosis was present in the literature evidence, the experts stated harmfulness
regarding the potential impact of false positives on families. Screening too early in life
yields large numbers of false positives and can potentially disrupt parental bonding, and
potential morbidity due to cardiac non-disease. However, no literature data are available
regarding the harmfulness of false positives on families.
Fetal echocardiography screening detects some types of CCCHD, which decreases the
prevalence of CCCHD in the population of asymptomatic neonates. Pulse oximetry
appears to identify neonates with CCCHD that prenatal and clinical assessment alone
may miss. No data are available regarding the availability of echocardiography to
evaluate those who have an abnormal pulse oximetry screen. Efforts are ongoing in the
emerging technology of telemedicine. While several partnerships have formed between
large and rural hospitals, there is no large unified effort or standardization of the
process.
The evidence suggests that pulse oximetry identifies neonates with CCCHD that
prenatal and clinical assessment alone may miss. Further work should address the
most beneficial timing of the pulse oximetry screening, probe placement and number of
probes used, and the best threshold value for action. Of note, all screening studies
evaluated were completed in large hospital settings, and may not be generalizable to
smaller institutions.
Treatment Key Findings
All of the lesions identified in the case definition have surgical interventions and timing
of surgical intervention all occurs within infancy and most soon after birth. Rates of
success and mortality vary among the procedures and include variable long-term
morbidities. Each condition has palliative and surgical options, with variations in
standard interventions for each condition. Overall, among the seven CCCHD defects
reviewed, 5-year survival rates post-intervention ranged from 65% to 97%, with five of
the seven conditions having 5-year survival rates above 85%. The two lower long-term
survival rates are for both the ductal-dependent conditions of pulmonary atresia with
intact septum and HLHS.
While pulmonary atresia with intact septum and HLHS may benefit the most from presymptomatic or early symptomatic intervention with prostaglandin infusion to keep the
ductus open, any defect that may also present as ductal-dependent necessitates
prostaglandins to maintain patency until surgical intervention. Once the ductus closes,
the newborn becomes critically ill, leading to death if not treated. Questions remain
regarding the ideal time for complete repair of the defects and optimal form of
management (i.e., whether initial palliation or complete repair should be done initially).
Economics Key Findings
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The conclusion of the one economic study identified was that screening with pulse
oximetry in addition to clinical examination was cost-effective compared to usual care.
Standardization of screening practices
Because screening with pulse oximetry is not similar to the traditional newborn
screening program of using filter-paper-based tests and a laboratory, it leads to new
issues not previously addressed for dried blood spot screening. Further work should
elucidate the most beneficial timing of pulse oximetry screening, probe placement and
number of probes used, the optimal threshold value for action due to a lack of
standardized protocol for the screening exam, and methods of quality control. Better
trials could provide helpful information on the benefits, risks, and cost of this technology.
Critical evidence lacking that may inform screening recommendations for CCCHD
The following is a list of our key questions and additional questions that arose through
our work that remain unanswered due to lacking evidence:
• How does screening test accuracy vary by the age of the neonate, in conjunction
with placement of the probes, and threshold value for action? What is the optimal
pulse oximetry protocol for newborn screening?
• How does prenatal screening and detection of CCCHD affect the sensitivity,
specificity, positive predictive value, and negative predictive value of postnatal
pulse oximetry screening of asymptomatic newborns?
• What are the differences in benefits and disadvantages of prenatal diagnosis
versus early postnatal diagnosis of CCCHD?
• What follow-up practices should be in place for newborns with a low pulse
oximetry screen result but a structurally normal heart on echocardiogram?
• What is the benefit of adding a pulse oximetry screen to infant outcomes
compared to ‘usual care’?
• How generalizable is this benefit when the screening is performed on the
‘general population’?
• How available is echocardiography to evaluate those with a positive pulse
oximetry screening result?
• Is telemedicine a practical alternative for birth hospitals without access to
pediatric cardiology services?
• What is the availability of treatment?
• What are the costs associated with treatment?
• What are the costs associated with failure to diagnose in the pre-symptomatic
period?
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XI. Tables of abstracted literature
Table 13 - Abstracted Natural History, Treatment and Diagnosis Articles
Author & Year

Area

Aamir, Kruse &
Ezeakudo, 2007

Diagnosis

Alsoufi et al., 2007

Natural
History &
Treatment

Barron et al., 2009

Natural
History &
Treatment
Natural
History &
Treatment

Chang et al., 2008

Diagnosis

Bailliard & Anderson,
2009
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Significant findings
• Medical chart review confirmed delayed diagnosis of CCHD for 47 infants during a 6-year study period from 19992004 and using data from 670,245 births
• Coarctation of the aorta and TAPVR accounted for the highest number of delayed diagnosis cases
• Average time of delayed diagnosis was 6 months
• Delay in diagnosis for 7 per 100,000 CCHDs per year
• Without intervention HLHS is fatal
• Surgical staging - Due to recent improvements in postoperative management after the Norwood operation, some
centers able to achieve hospital survival exceeding 90% in selected groups of patients, interim mortality 4-15% of
hospital survivors die at home before second stage operation. Operative and interstage mortality remains high in
regards to the Norwood procedure. Survivors also found to have suboptimal neurocognitive functioning.
• Orthotopic Heart Transplant - Preferred treatment in some centers. Advantage - normal physiology achieve with a
single operation. Disadvantage - limited availability of donor hearts (mortality while waiting for transplant 21-37%),
lifelong immunosuppression, and subsequent retransplantation.
• 3/10,000 live births
• Presentation - varies, depending on the severity of the obstruction of blood flow to the lungs. Neonatal period - mildmoderate cyanosis without respiratory distress, heart failure or failure to thrive
• Patients who undergo a successful complete repair during the neonatal period will be unlikely to require more than
one intervention in the first year of life (risks: exposure of the brain to cardiopulmonary bypass, increased need to
place a transannular patch)
• Perioperative mortality rates for either surgical approach is less than 3%
• Patients born 30 years ago with TOF have an 85% long-term survival rate
• HLHS is fatal without intervention, 95% in the first few weeks of life
• HLHS accounts for 25-40% of neonatal cardiac deaths
• 78% of cases of HLHS were discharged from the hospital before diagnosis
• Population-based retrospective study of California death registry data from 1989-2004 identifying infants up to one
year of age who died with undiagnosed CCHD or a late diagnosis of CCHD
• 898 infants found to have CCHD listed as the cause of death
• HLHS was the most common cause of death
• 152/898 were only diagnosed with CCHD at autopsy
• HLHS accounted for the majority of the missed diagnoses (58/152)
• The incidence of death among infants with undiagnosed CCHD or a late diagnosis of CCHD decreased over the
course of the study period

•
Connor & Thiagarajan,
2007

Natural
History &
Treatment

Derby & Pizarro, 2005

Natural
History &
Treatment

Hanley et al., 1993

Natural
History &
Treatment

•
•
•
•
•
•
•
•
•
•
•
•
•
•

Karamlou et al., 2005

Natural
History &
Treatment

•
•
•
•
•
•
•
•
•
•

Karamlou et al., 2007
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Natural
History &
Treatment

•
•

Death occurred more frequently in neonates who underwent transplant (42%) over staged palliation (35% after first
operation)
Operative mortality for second operation is 2-5.4%, for third operation it is under 5%
No intervention remains an option for families
Advantages of early repair - possible avoidance in reduction of gas-exchanging capillaries relative to alveoli,
avoidance of abnormal right ventricular hypertrophy and subsequent fibrosis, less exposure to chronic cyanosis
Multiple studies have documented the safety of early primary repair in neonates and young infants (less than 3%
mortality rate for repair in symptomatic neonates and young infants)
Long term survival of patients undergoing repair of TOF, 25 year survival rates as high as 94%
Overall, 1-month survival (after first intervention) was 81% and at least 4-year survival was 64%
Systemic-pulmonary artery shunt was the most commonly performed first intervention. Risk factors for death included
right ventricular dependency on the coronary circulation and lower birth weight.
51% of those undergoing an initial procedure had a subsequent procedure performed during the time of follow-up.
Of those subjects still alive after 24 months after entry in the study, 11% underwent one-ventricle repair (Fontan
procedure) and 24% underwent a complete two-ventricle repair leaving 65% of the subjects in a mixed-circulation
state.
The wide morphologic spectrum of pulmonary atresia with intact septum may contribute to surgical outcome.
128 subjects had bidirectional cavopulmonary anastomosis (BDCPA) procedure, median age was 5.7 months (range
1.7 months–2 years)
74 subjects had Fontan procedure, median age 2.5 years (range 1-5 years)
17 deaths: 9 occurred after systemic-pulmonary arterial shunt operations, 6 after BDCPA, and 2 after Fontan
completion
By 2 years from diagnosis, 6% of patients had died without BDCPA, 89% had undergone BDCPA, 4% remained alive
without BDCPA or further operation, and 1% had undergone single-stage Fontan procedures
Overall survival at 5 years was 86%
Mortality occurs primarily at the initial palliation stage before BDCPA
Younger or older age at BDCPA did not increase either length of hospital stay or in-hospital mortality
327 patients (87%) underwent TAPVR repair (median age 1.6 months (range birth - 14 years)
49 died without any surgical intervention
1 lost to follow-up
152 deaths, 49 (32%) died without any surgical intervention (causes of death - cardiac, sepsis and unknown), 103
died after TAPVR repair
Overall, postoperative survival was 68% at 1 year and 65% at 14 years after surgery
Postoperative 5-year survival for patients undergoing repair since 2000 was 97%
Risk factors for death after repair included earlier year of repair, younger age at repair, presence of postoperative
pulmonary venous obstruction, use of epinephrine postoperatively and cardiac connection type
88% and 82% of patients free from reoperation at 1 and 11 years after initial repair
Follow-up 157 available on survivors, median interval of 8.4 years (range 11 days - 21.3 years) - cardiovascular
symptoms were present in 17 patients, 10 reported other noncardiac symptoms, 5 reported important activity
restrictions or limitations

Martins & Castela,
2008

Natural
History &
Treatment

Rajasinghe et al., 1997

Natural
History &
Treatment

•
•
•
•
•

•
•

Westmoreland, 1999

Natural
History &
Treatment

Wren et al., 2008

Diagnosis
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•

•

Very encouraging long-term survival rates, low reintervention rate and corresponding event-free survival of 88%
Patients may have reduced exercise performance, compromise in cognitive functioning and unfavorable health-related
quality of life
Late survival rates after complete truncus arteriosus repair were 90%, 85%, and 83% at 5, 10, and 15 years.
Of the 23 late deaths (occurring after hospitalization or after 30 days post-operation), 57% (13/23) occurred within the
first year after discharge from the hospital after truncus repair. Prerepair truncal valve insufficiency, interrupted aortic
arch, and shorter crossclamp time were found to correlate significantly with poorer survival.
Tricuspid atresia - 1-3% of all CHD. Symptoms are usually apparent within a few hours to a month after birth.
Symptoms include cyanosis, dyspnea (shortness of breath), tachypnea (rapid breathing) and metabolic acidosis.
Congestive heart failure develops because of the excessive amount of blood the heart has to pump along with the
poorly oxygenated blood supplied to heart muscle. Prostaglandin may be needed; palliative surgery is done if the
neonate is cyanotic. A more complete repair is performed when the infant is older.
Truncus arteriosus - Cyanosis may develop at birth and over the first few weeks of life because of decreased
pulmonary blood flow. A heart murmur will be present. Symptoms may develop into congestive heart failure and
pulmonary vascular disease. Palliative or corrective surgery required to prevent pulmonary vascular disease.
TAPVR - Neonates with the significant obstruction of the pulmonary veins will present with profound cyanosis,
tachypnea, pulmonary edema, pulmonary hypertension, hepatomegaly, moist rales and dyspnea (signs of cardiac
failure). Survival is unlikely without treatment. Less profound symptoms may present in the first 2 months of life if the
abnormal connections are unobstructed. Surgical repair is usually done at the time of diagnosis.
Pulmonary atresia with intact ventricular septum - Neonates are usually cyanotic at birth. When the ductus closes, the
neonate becomes severely cyanotic and acidotic and will die if not treated immediately. Treatment includes
prostaglandin infusion, balloon atrial septostomy and surgical correction (once the infant is stabilized). Heart
transplant is considered an option.
Overall, 8% life-threatening cardiovascular malformations were diagnosed prenatally, 62% were diagnosed before
discharge, 25% were diagnosed in living infants after discharge and 5% were diagnosed at autopsy. TAPVR was
among the conditions most likely to be overlooked before discharge.

Table 14 - Abstracted study elements for economic evaluation of CCCHD screening strategies
Study

Country

Strategies Evaluated

Perspective

List of conditions
screened for

Griebsch
et al.,
2007

UK

1. Clinical examination
alone
2. Clinical examination
with pulse oximetry*
3. Clinical examination
with screening
echocardiography*

Payer

•

*Screening performed
at 24 h of life.

Main outcomes
(e.g., $/life years
(LF), $/qualityadjusted LF, net
benefits, other)
Overall detection
rate
True-positive
screens
False-positive
screens
Positive predictive
value
False-positive rate
$/additional timely
diagnosis
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•

Life
threatening
structural
cardiac
malformations
Clinically
significant
structural
cardiac
malformations

Time
horizon
of the
analysis

Type of
model

Health
states
included
in model

Costing
year

Target
population

<1 year

Decision
analytic
(decision
tree)

Positive
screen,
Negative
screen,
Collapse
before
diagnosis,
Diagnosis
before first
birthday,
Diagnosis
after first
birthday,
Dead

20002001

100,000
live born
neonates

Type of
analysis
(CEA,
BCA,
other)
Costeffectiveness
analysis

Type of cost
included:Direct
medical

Type of cost
included:
Direct
nonmedical

Type of cost
included:
Opportunity/time

Source(s) of costs

Source(s) of
transition
prob's

Quality
adjustments
if included

Source(s) of
quality
adjustments

Screening and
diagnostic tests
Management of
collapsed neonates
including staff,
equipment
consumables, and
overhead.
Postmortem exam
Ambulance
transport

Not included

Not included

Primary data from University
College Hospital Trust
Primary data from Great
Ormond Street Hospital
Unit costs of Health and
Social Care 2001 (national
data)
Manufacturers’ and Hospital
Episode Statistics (national
data)
Expert opinion
Published data (Roberts et
al., 1998)

Systematic
review
Primary data
from populationbased register
of CHDs in the
Northern Region
of England
UK Down’s
Syndrome
Register
Expert opinion

Not included

N/A
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