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Objective: The purpose of this review is to highlight critical advances and innovative approaches to the
most challenging clinical situations in congenital heart surgery, to establish a new perspective from which to
evaluate current clinical practice patterns and contemporary United States program ranking systems.
Background: The past decades have witnessed substantial advances in the treatment of congenital heart
defects. New strategies are deeply rooted in calculated risk-taking innovations. Pioneer surgeons developed,
improved and refined critical operative skills and techniques to optimize cardiovascular physiology, decrease
operative mortality and improve clinical outcomes.

Methods: Unfortunately, in the modern surgical era, supportive environments to allow surgeons to
make similar gains and innovative contributions remain scarce. In the current practice, overall procedure
volume is prioritized to safeguard quality metrics, including hospital survival and length of stay, surgical
complications, and neurocognitive outcomes. As a result, exceptional surgical results have become translated
and defined by public ranking systems such as the US News and World Report Best Children’s Hospital
National Ranking (USNWR) and the Congenital Heart Surgery Database of the Society for Thoracic
Surgeons (CHSD-STYS), primary based upon early post-operative mortality. This reality places surgeons in
a vulnerable position where pressure to achieve a high clinical ranking contrasts with a surgeon definition
of “acceptable” surgical risk. Currently, the most frequently used risk stratification tools do not factor in
important differences in strategies, such as staged palliation versus complete repair, or bi-ventricular versus
uni-ventricular physiology. This favors hospitals pursuing multistage surgical approaches, even if the result
is worse long-term morbidity, mortality and increased resource utilization. This economy of ranking-based
decision-making causes surgeons either avoid operating altogether or accept less advantageous multi-staged
treatment strategies for patients with elevated expected mortality. Such an environment also might present
much farther-reaching negative impacts on the growth and development of junior surgeons and trainees, as
well as on the pursuit of new surgical innovations to aid future generations of patients.

Conclusions: Risk aversive surgical behavior is creating an environment not favorable for the children

born with truly complex congenital heart defects.
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Introduction

Undoubtedly, the past few decades have witnessed
substantial advances in the treatment of congenital heart
defects. Many of the most significant advances in surgical
treatment strategies and improved outcomes are deeply
rooted in and dependent upon well-educated and calculated
risk-taking innovations. In former surgical eras when the
risk of doing nothing for congenital heart defects was
unacceptable, pioneering children, families and surgeons,
were willing to undertake and accept the substantial
risks of innovative congenital heart surgery (1). Through
the process of daring greatly, pioneer surgeons such as
Robert E. Gross, Alfred Blalock, John H. Gibbon, Walton
C. Lillehei, Brian G. Barrat-Boyes, John W. Kirklin,
GianCarlo Rastelli, Dwight C. McGoon, Donald N.
Ross, Francis Fontan, Paul A. Ebert, Leonard L. Bailey,
Ake Senning, William T. Mustard, Adib D. Jatene, Yves
Lecompte, Marc R. deLeval, Aldo R. Castaneda, William I.
Norwood, just to name few of them, developed, improved
and refined critical operative skills and techniques to better
optimize cardiovascular physiology, decrease operative
mortality and improve clinical outcomes (1). Unfortunately,
in the modern surgical era, supportive environments to
allow surgeons and caregivers to make similar gains and
innovative contributions to the field remain scarce. In the
current practice environment for many congenital heart
programs, overall procedure volume is often prioritized in
an attempt to safeguard quality metrics, including, but not
limited to, hospital survival, hospital length of stay, surgical
complications, and neurocognitive outcomes (2). As a result,
exceptional surgical results have become translated and
defined by various public reporting and ranking systems
such as the US News and World Report Best Children’s
Hospital National Ranking (USNWR) (1). This reality has
placed surgeons and hospitals in a vulnerable position where
pressure to achieve a high clinical ranking may contrast with
a surgeon or hospitals definition of “acceptable” surgical
risk. Further challenging this position are currently available
for risk stratification used by both the USNWR and by
the Congenital Heart Surgery Database of the Society for
Thoracic Surgeons (CHSD-STS), that remain primary
based upon on early post-operative mortality. Currently, the
most frequently used risk stratification tools do not factor in
important differences in strategies of surgical management,
such as staged palliation versus complete repair, or bi-
ventricular versus uni-ventricular physiology, that favors
hospitals pursuing multistage surgical approaches, even
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if the result is worse long-term morbidity, mortality and
increased resource utilization (3). This result of economy
of ranking-based decision-making is that surgeons and/or
hospitals either avoid operating altogether or accept less
advantageous multi-staged treatment strategies for infants
and children who may present with elevated expected
mortality (2). Such an environment also presents farther-
reaching negative impacts on the growth and development
of junior surgeons and trainees, allowed to perform surgery
only in the most straightforward cases, as well as on the
pursuit of new surgical innovations to aid future generations
of patients (1). Thus, risk aversive surgical behavior,
combined with an increasing rate of premature births and
associated elevated surgical risk, is creating an environment
not favorable for the children born with truly complex
congenital heart defects.

The purpose of this review is to highlight critical
advances and innovative approaches to the most challenging
clinical situations made in congenital heart surgery, to
establish a historical perspective from which to evaluate
current clinical practice patterns and contemporary United
States program ranking systems.

We present the following article in accordance with the
Narrative Review reporting checklist (available at https://
dx.doi.org/10.21037/tp-21-163).

Review methods

Over the past several decades, the management of
congenital heart defects has seen substantial progress
and improved treatment outcomes, with a significant
reduction in hospital mortality and an increased attention
by caregivers to patient and family quality of life. Advances
in patient outcomes have been achieved due to expanding
knowledge gained by multidisciplinary collaborations
amongst clinic and basic/translational science researchers,
biologists, mathematicians, bioengineers, and experts of
imaging and neurodevelopmental issues. Thus, the medical
and surgical fields dedicated to the treatment of congenital
heart disease are poised to examine the expanding horizons
of a rapidly evolving field.

The materials utilized for this review originated from
a MedLine search, together with the specific search in the
journals covering the field of congenital heart surgery:
Journal of Thoracic and Cardiovascular Surgery, Annals
of Thoracic Surgery, European Fournal of Cardio-Thoracic
Surgery, Seminar of Thoracic Cardiovascular Surgery, Pediatric
Cardiology, Cardiology in the Young, World fournal of Pediatric
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and Congenital Heart Surgery. The information on the
rankings have been obtained from the US News and
World Report Best Children’s Hospital National Ranking
(USNWR) and from the Congenital Heart Surgery
Database of the Society for Thoracic Surgeons (CHSD-
STS).

Major scientific contributions have emerged from both
basic science research and clinical pathways related to
prenatal diagnosis of congenital heart defects and as well as
long-term clinical follow-up. In fact, basic science research
studies have provided better knowledge on the heart
morphology and function (4-6) and have explored potential
techniques to further increase the myocardial performance
(7-9). Important experimental and clinical studies have also
focused to reduce the neurological and cardio-circulatory
damages occurring during the fetal life in the presence of
congenital heart defects (10-13). These efforts have resulted
in reliable approaches to prenatal diagnosis in order to
allow for the coordinated delivery of babies with congenital
heart defects in close connection to tertiary referral centers
equipped with appropriate neonatal interventional critical
care (14,15).

Over the past decade, our field has also seen
significant advances in the quality of post-natal diagnosis.
Technological advances in post-natal imaging has been
dramatically improved by the introduction of three-
dimensional echocardiography (16,17), by accurate anatomic
definition of congenital heart defects lesions through low
radiation dose computed tomography (18-20), and by the
functional assessment of flows and myocardial function
with magnetic resonance imaging (21,22). Modern imaging
techniques have also allowed for more precise clinical
decision-making and planning related to the performance
of interventional catheter-based procedures as well as
for surgical repair through enhanced imaging techniques
with segmentation of the heart structures to facilitate
three-dimensional rendering or printing of complex heart
anatomy (23,24).

Perioperative management has also undergone
substantial changes related to the conduct of anesthesia
and intraoperative cardiopulmonary bypass (25-27),
as well as approaches to myocardial protection with
improved cardioplegia (28-30). The importance of
precise general anesthesia, proper mechanical ventilation,
anticoagulation and blood products management, as well as
cardiopulmonary bypass strategies have allowed physicians
and surgeons to pursue more aggressive treatment strategies
with safety and confidence. Cardiopulmonary bypass
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strategies have evolved with optimization of priming
of the circuit, proper conduction of flow, pressure, and
temperature, avoidance of myocardial distension, and
accurate weaning strategies. As a result, it is now possible
to dedicate focused surgical attention to all morphological
details without the pressure of time constraints in order
to provide complete surgical repairs for most congenital
heart defects lesions. Immediate assessment of surgical
results has been provided by improved intra-operative
surface and/or transesophageal echocardiography before
and after the procedure (31,32). Furthermore, significant
advances in perioperative support to critically ill infants
and children with congenital heart defects have been
achieved with readily available and improved extracorporeal
membrane oxygenation techniques. Expanded knowledge
of extracorporeal membrane oxygenation indications
and timing, cannulations strategies, anticoagulation
management, extracorporeal membrane oxygenation circuit
assessment and optimal flow rates have allowed clinicians to
provide improved cardio-circulatory support and mitigate
patient complications (33-35).

An increasing emphasis and attention to the dynamic
early post-operative period has become apparent in recent
years. Critical in this period is the process of patient
transport from the operative room to the intensive care
unit, the continuous monitoring and stability of all vital
and laboratory parameters, appropriate oxygen delivery,
maintenance of homeostasis and cardiac function, fluid
balance, and adequate ventilatory and pharmacological
support (36,37). During the entire post-operative period,
patients are typically managed to achieve a minimum
hematocrit close to 40% as oxygen delivery is equal to
cardiac output X oxygen saturation X hematocrit. Among
cardiac neonates and infants, particularly when cardiac
output has yet to normalize and the oxygen saturation is
low if the systemic and pulmonary circulations have not
yet been completely separated, the only way to improve
the oxygen delivery is to increase the hematocrit. Finally
the importance of washing blood products to eliminate
byproducts has become essential prior to transfusing an
infant, either in operating room as well as in the immediate
post-operative period.

From a surgical perspective, all the aforementioned
advances in prenatal assessment, imaging technology, and
perioperative support, have allowed for more aggressive
approaches to the surgical treatment of congenital heart
defects with improved safety and confidence. More
specifically, surgeons have become positioned to evaluate
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complex surgical reconstructions from a different vantage
point related to not only the timing of surgery by also to
type of surgical approach. One example is that the trend
for primary surgical reconstruction to occur during the
neonatal period or during early infancy has become more
widely accepted within the congenital cardiac surgical
community. Early complete repair presents the major
advantage of reducing the exposure of the body of the
patients to long periods with the damaging effects of
hypoxemia, poor perfusion, pulmonary hypertension,
heart failure, potentially causing long-term negative
consequences (38).

Another example is the accumulated knowledge of
the deleterious effects of the Fontan circulation, causing
irreversible lesions in an alarming percentage of adolescents
and young adults (39,40). This understanding has served
to promote the investigation of all possible ways to avoid
surgical palliation to the Fontan circulation with an
increasing emphasis at our center to pursue a bi-ventricular
circulation whenever possible. We believe that significant
advances in patient quality of life exist with the avoidance
and/or conversion of uni-ventricular to bi-ventricular
circulation.

At our center, a bi-ventricular circulation remains the
objective for every child when possible. Pre-operatively,
the decision between uni-ventricular and bi-ventricular
surgical approach has been enormously enhanced by careful
and dedicated preoperative imaging. The use of advanced
echocardiographic imaging, cardiac tomography, magnetic
resonance imaging, and three-dimensional reconstructions
to provide accurate pre-operative measurements of
intracardiac anatomy, including the size and morphology
of inflow and outflow tracts of both ventricles as well
as ventricular volumes, has become indispensable in
preoperative surgical planning for complex repairs (41).

This concept of staged surgical approach for a bi-
ventricular circulation is not new: Paul Ebert already
proposed the “staged partitioning” of single ventricle on
1984 (42), Roxane McKay the “staged septation” of double
inlet left ventricle on 1986 (43), and Jan Quaegebeur and
colleagues revised the surgical technique on 2022, to avoid
the Fontan pathway (44).

The pathway towards a bi-ventricular circulation is taken
into consideration for all patients referred in the newborn
period, by appropriate staging of the surgical procedures.
For patients referred at any subsequent steps towards a uni-
ventricular pathway, after Norwood, bidirectional Glenn
or Fontan completion, the possibility for a bi-ventricular
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conversion is ruled out only after all investigations have
denied this surgical option (45-53).

Ranking

The expanding horizon for the management of congenital
heart defects remains exciting, but it must be pursued
in the context of patient safely and sustainability. These
approaches can only be validated by rigorous assessment of
surgical outcomes evaluated against appropriate patient risk
stratification.

Tuble 1 reports data from the March 2021 report of the
CHDB-STS, related to the period from 2015 to 2018.
Analysis of these data was limited to hospitals reporting a
high volume of high-risk patients, defined by those centers
reporting more than 150 cases of STAT group 4 and more
than 30 cases of STAT group 5. Hospitals are ranked in
descending order by expected mortality risk.

A statistical analysis has been conducted (WL) on these
data, with hospital mortality and expected mortality, based
on risk stratification with the STAT groups. The proportion
of high-risk cases could predict the hospital mortality
(P=0.07). Each one percent increase in the proportion of
STAT 5 cases elevated the observed hospital mortality by
0.28% (95 confidence interval: 0.01-0.47%). With a 95%
confidence level the observed mortality in our center was
significantly lower than the expected mortality: observed
mortality (%) =2.9, 95% confidence interval: 1.9-4.3,
(P=0.01).

The data reported in Table 1, as well as their statistical
analysis, clearly demonstrate the evident discrepancies
between the rankings produced from the US News and
World Report Best Children’s Hospital National Ranking
(USNWR) and from the Congenital Heart Surgery
Database of the Society for Thoracic Surgeons (CHSD-
STS). The hospitals with high score in the ranking available
to the public (USNWR), are characterized for high volume
of cases, but low risk stratification, and low percentages of
high-risk patients (STAT 4 and 5), while hospitals accepting
large percentages of high-risk patients, and with high risk
stratification, do not even appear in the first positions of the
ranking offered to the public. In our opinion the public is
offered misleading information, because the data provided
from the media are only limited to the total number of
cases, therefore to the quantity, without any data on the
quality, related to the difficulty and complexity of the cases
accepted for surgery, and the outcomes provided in the
most complex patients.
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Table 1 Expected mortality, based on risk stratification, and observed mortality, reported by the Society for Thoracic Surgeons (STS) congenital
data-base, with incidence of STAT 4 and 5 patients and US News and World Report Best Children’s Hospital National Ranking (USNWR)
ranking

Expected Observed Observed/ Total STAT 4 % STAT 5 % USNWR

1
Center mortality (%) mortality (%) expectedratio cases cases STAT4 cases STAT 5 ranking
Children’s Memorial Hermann, 4.8 2.9 0.61 856 215 25.1 59 6.9 22
Houston, TX
Riley Hospital for Children, 4 2 0.51 1,385 326 235 60 4.3 5
Indianapolis, IN
Childrens Hospital New Orleans, 3.8 4.2 1.3 818 154 18.8 48 59
New Orleans, LO
Cincinnati Children’s Hospital, 3.8 4.6 1.21 1,438 367 25.5 74 5.1 14
Cincinnati, OH
Cook Children’s, Fort Worth, TX 3.7 3.2 0.88 1,170 291 24.9 63 5.4
University of Virginia Children’s, 3.7 3.5 0.93 775 201 25.9 50 6.5 37
Charlottesville, VA
C.S. Mott Childrens Hospital, Ann 3.6 41 1.16 1,906 456 23.9 130 6.8 24
Arbor, MI
Children’s Hospital of Pittsburgh, 3.6 1.8 0.51 1,192 260 21.8 48 4.0 2
Pittsburgh, PA
Le Bonheur Children’s, Memphis, TE 3.5 2.3 0.66 1,009 254 25.2 42 4.2 13
Children’s Hospital, Omaha, NE 3.4 3.4 1.02 1,045 229 21.9 32 3.1 39
Children’s Hospital of Los Angeles, 3.3 2.8 0.86 2,474 677 27.4 120 4.9 3
Los Angeles, CA
Children’s National Medical Center, 3.2 5.9 1.83 1,282 228 17.8 51 4.0 38
Washington, D.C.
CMC-Levine Children’s Hospital, 3.2 2.7 0.85 1,175 220 18.7 50 4.3 35
Charlotte, NC
Monroe Carell Jr. Children’s, 3.1 3.4 1.08 1,623 380 23.4 66 4.1 33
Nashville, TN
Norton Children’s, Louisville, KE 3 41 1.37 801 173 21.6 35 4.4
SSM Health Cardinal Glennon, St. 3 2.5 0.85 747 154 20.6 31 41 18
Louis, MO
Children’s Hospital of Alabama, 3 2.1 0.69 1,138 257 22.6 47 4.1 28
Birmingham, AL
Children’s Hospital of Philadelphia, 3 3.3 1.09 2,536 489 19.3 140 5.5 7
Philadelphia, PA
Childrens Healthcare, Atlanta, GA 2.9 3.4 117 2,529 648 25.6 128 4.9 25
Children’s Hospital Colorado, 2.9 2.8 0.98 1,611 339 21.0 96 6.0 6
Aurora, CO
Children’s Hospital of Wisconsin, 2.9 2.3 0.79 1,255 254 20.2 49 3.9 19
Milwaukee, WI
Duke University, Durham, NC 2.9 3.3 1.15 971 231 23.8 32 3.3 31

Table 1 (continued)
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Table 1 (continued)

2119

Center Expected Observed Observed/ Total STAT 4 % STAT 5 % USNWR
mortality (%) mortality (%) expectedratio cases cases STAT4 cases STAT 5 ranking

Phoenix Children’s, Phoenix, AR 2.9 2 0.7 1,532 335 21.9 67 4.4 27

Arkansas Childrens Hospital, Little 2.8 3.3 1.16 910 211 23.2 31 3.4

Rock, AR

Children’s Hospital of Minnesota, 2.8 3.8 1.33 910 196 21.5 54 5.9

Minneapolis, MN

Nationwide Children’s, Columbus, OH 2.8 3.9 14 1,343 262 19.5 116 8.6 32

Texas Children’s, Houston, TX 2.8 1.6 0.59 2,708 710 26.2 101 3.7 1

Childrens Heart Medical Center, 2.7 2.2 0.7 1,474 368 25.0 59 4.0 9

Dallas, TX

MUSC Children’s, Charleston, SC 2.7 15 0.54 1,153 237 20.6 58 5.0 10

Seattle Children’s, Seattle, WA 2.7 2.4 0.91 1,429 401 28.1 60 4.2 16

Children’s Mercy, Kansas City, Ml 2.6 2.5 0.98 1,307 269 20.6 71 5.4 23

Nicklaus Childrens, Miami, FL 2.6 2.9 1.1 1,005 174 17.3 37 3.7

Boston Childrens Hospital, 2.5 2.4 0.97 3,920 886 22.6 186 4.7 4

Boston, MA

New York Presbiterian, New York, NY 2.5 2.1 0.84 2,446 539 22.0 92 3.8 11

UCSF Benioff Children’s, San 2.5 2.6 1.04 1,351 300 22.2 50 3.7 30

Francisco, CA

Advocate Childrens Hospital, Oak 2.4 2 0.82 1,200 197 16.4 75 6.3 26

Lawn, IL

Ann & Robert Lurie Childrens Hospital, 2.4 1.7 0.72 1,277 275 21.5 41 3.2 8

Chicago, IL

Primary Children’s, Salt Lake City, UT 2.4 2.8 1.18 1,349 362 26.8 65 4.8
Conclusions performance of high-risk congenital heart operations,

The past several decades have witnessed substantial surgical
advances in the care of children with congenital heart
defects through the pioneering efforts of innovative and
daring surgeons. Undoubtedly, such progress has been
facilitated by supportive hospital and surgical environments
that allow the surgical management of children with very
complex congenital heart defects by offering them the
most advanced techniques, including an emphasis on bi-
ventricular repair/conversion and avoiding the pathway
of uni-ventricular repair whenever possible. Currently
available publicly reported data reveal significant variation
in hospital case mix related to the performance of high-risk
operations. There does not appear to be a strong correlation

between the ranking scores available to the public and

© Translational Pediatrics. All rights reserved.

despite center performance. These data must be carefully
evaluated, to avoid surgeon and hospital decision making
based on risk aversion, and they argue for the establishment
of identified centers of excellence for the performance of
the most complex congenital heart operations based upon
center performance.
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