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ABSTRACT
Background and Aim of the Study:  Congenital heart disease is the most common congenital defect among infants born in the United States.  Within the first year of life, 1 in 4 of these infants will need surgery.  Only one generation removed from an overall mortality of 14%, many changes have been introduced into the field.  Have these changes measurably improved outcomes?
Methods:  The literature search was conducted through PubMed MEDLINE and Google Scholar from inception to October 31, 2021.  Ultimately, 78 publications were chosen for inclusion.
Results:  The outcome of overall mortality has experienced continuous improvements in the modern era of the specialty despite the performance of more technically demanding surgeries on patients with complex comorbidities.  This modality does not account for case-mix, however.  In turn, clinical outcomes have not been consistent from center to center.  Furthermore, variation in practice between institutions has also been documented.  A recurring theme in the literature is a movement towards standardization and universalization.  Examples include mortality risk-stratification that has allowed direct comparison of outcomes between programs and improved definitions of morbidities which provide an enhanced framework for diagnosis and management.  
Conclusions:  Overall mortality is now below 3%, which suggests that more patients are surviving their interventions than in any previous era in congenital cardiac surgery.  Focus has transitioned from survival to improving the quality of life in the survivors by decreasing the incidence of morbidity and associated long-term effects.  With the transformation towards standardization and interinstitutional collaboration, future advancements are expected.
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Introduction
Historically, children with congenital heart disease (CHD) were managed medically. It wasn’t until Dr. Robert E. Gross in 1938 that the field of congenital cardiac surgery was born1.  He performed the first successful operation on a seven-year-old female by ligating her patent ductus arteriosus at Boston Children’s Hospital.  Initially, surgical temporization was offered as a palliative means for the malformed heart with definitive repair coming later in life.  As the field advanced, however, it became clear that it was advantageous for normal cardiovascular physiology to be restored as early as possible.  Despite the miraculous ability to intervene and save some of these early patients, mortality and morbidity associated with the procedures were high.
Over the course of the 80-year history of the field, many improvements have been introduced.  One way to quantify the effectiveness of the changes is by measuring outcomes.  Mortality has historically been the focus of quality improvement and measure, but another aspect of perioperative care that is demanding more attention is the morbidity of patients after having undergone interventions necessary for sustaining life.  
Today, CHD is the most common congenital birth defect and affects between 0.4 and 1 of 100 US infants2,3.  Of these, it is estimated that up to 25% require cardiac surgery in the first year of life.  This equates to a substantial number of patients whose lives are affected by surgical intervention and the associated outcomes.  Therefore, it is imperative that the care being delivered is continually optimized.
To the knowledge of the authors, there has not been a recent review that evaluates contemporary mortality and morbidity outcomes in this population.  However, periodic evaluations are necessary for continued improvement of care delivery and, thus, enhanced outcomes.  Therefore, this review fills this void and provides a summary on the state of these outcomes.

Materials and Methods
This is a review to determine modern outcomes in mortality and morbidity in congenital cardiac surgery patients.  The literature search was conducted through PubMed MEDLINE and Google Scholar from inception to October 31, 2021.  The publications were initially reviewed by RH with a final review performed by AU.  Ultimately, 78 publications were chosen for inclusion.

Results
Overall Mortality
A benchmark of quality in congenital cardiac surgery is mortality.  In general terms, mortality can be described as early or late.  Early mortality has progressively improved through recent decades.  One of the earliest used databases in the country for children with CHD was the Pediatric Cardiac Care Consortium.  This database first reported its postoperative mortality in 1982 at 14%4.  Similarly, data from the Nationwide Inpatient Sample from 1988 to 2005 showed that the mortality associated with surgery approached 10% from 1988 to 19905.  However, from 2003 to 2005 found that mortality had significantly declined to approximately 4%.  Jacobs et al6 used the Society of Thoracic Surgeons Congenital Heart Surgery Database (STS CHSD) from the years 1998 to 2004 and found mortality to be 4.4%.  The STS CHSD was assessed once again from 2002 to 2006 with mortality for the cohort being 3.7%7.  The most contemporary data from the STS CHSD utilizes the Executive Summaries for 2018 and 2019, which reported mortalities of 2.8%8-10 and 2.7%11-13, respectively, as seen in Table 1.  
Late mortality has been more difficult to trend as surgeons don’t routinely follow patients over their lifetimes.  However, a solution to this includes using a national death index to supplement a surgical database14.  This concept was implemented by Spector et al15 where patients were evaluated by surgical era: early (1982 to 1992), middle (1993 to 1997), or late (1998 to 2003).  Survival increased during each era: early 91.9%, middle 93.5%, and late 94.9%.  Additionally,  25-year survival was approximately 90%.  Another group also used this method and described improvements in survival at one year, which ranged from 67.4% in 1979 to 82.5% in 200516.

Risk-Adjusted Mortality
A given mortality for one institution may not convey similar risk at another institution.  Overall mortality does not take into account factors such as patient preoperative factors or procedure complexity.  This is defined as case-mix.  Because of this, it has proved difficult to compare institutions and, thus, variation exists between centers’ outcomes.  Without a common standard for comparison, improvements in the quality of care are slow or non-existent in some programs.  To resolve this, the STS CHSD has employed four risk-adjustment tools to better detail mortality rates based on complexity: the Aristotle Basic Complexity (ABC) Levels, the Risk-Adjustment for Congenital Heart Surgery-1 (RACHS-1) Categories, the Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery (STAT) Congenital Heart Surgery Mortality Categories, and STS-CHSD Mortality Risk Model for Congenital Cardiac Surgery17-23.
A commonly used tool is the STAT Mortality Categories24.  O’Brien et al21 first described this model, which is based on mortality-focused empiric data from the STS and European Association for Cardio-Thoracic Surgery Congenital Heart Surgery Databases, unlike previous models that were subjective in nature.  The STAT Mortality Categories have undergone recent augmentation by Jacobs et al25.  The improved model has several significant changes.  First, the field has undergone significant improvements since the original STAT Mortality Categories model was described, hence recaliberation with contemporary data was necessary.  Second, the empiric data that was used in the updated model was derived only from the STS CHSD.  Third, 87 additional procedures have been included in the model, which now includes a total of 235 procedures.
An interesting byproduct of the updated model of the STAT Mortality Categories is how the changes with the tool can reflect transformations in the outcomes of congenital cardiac surgery.  According to Jacobs et al25, approximately half of the original 148 procedures that were assigned Mortality Categories changed Categories in the updated model.  This suggests there have been improvements in surgical technique and that procedures that were once considered high risk have now been deemed to have lower risk of mortality.  The direct comparison of the original STAT Mortality Category mortality rates and the updated STAT 2020 Mortality Category mortality rates can be viewed in Table 2.
Using the STAT Mortality Categories, mortality in the STS CHSD from 1998 to 2014 was evaluated24.  The trend observed was that mortality decreased significantly as STAT Mortality Categories 1, 2, 3, 4, and 5 in 1998 reported mortalities of 0.9%, 3.5%, 7.4%, 13.9%, and 44.4%, respectively, while for those same Categories in 2014 mortalities were 0.3%, 1.6%, 1.6%, 5.8%, and 11.9%, respectively.  Mayer at el26 then evaluated aggregate STS CHSD mortality data from 2015 to 2019 for the Mortality Categories.  The authors reported the following mortalities for Categories 1, 2, 3, 4, and 5: 0.4%, 1.4%, 2.2%, 6.2%, and 13.3%, respectively.  Most recently, Kumar et al27 published the STS CHSD: 2021 Update on Outcomes and Research.  This reports the aggregate mortality rates for Categories 1, 2, 3, 4, and 5 from 2016 to 2020 as 0.4%, 1.5%, 2.3%, 6.5%, and 20.0%.  Interestingly, in this publication, the authors further analyzed aggregate mortality in the centers that performed at least 9 operations in a given category over the period of time that the analysis occurred.  The high-risk tiers, Categories 4 and 5 were then 6.3% and 13.6%.  The risk-adjusted mortality for each of the years described above can be further compared in Table 3.
The most recent methodology of risk adjustment is the STS-CHSD Mortality Risk Model for Congenital Cardiac Surgery22,23.  It is similar to the previously described STAT Mortality Categories in that it is based on empiric data.  This modality, however, not only includes adjustment for procedure type, but also for patient factors including age, weight, prior cardiac surgery, prematurity, chromosomal abnormality, presence of a syndrome, noncardiac congenital anatomic abnormality, preoperative mechanical circulatory requirement, shock, renal dysfunction necessitating dialysis, mechanical ventilation, and preoperative neurological dysfunction.  By adjusting for these factors, this modality is able to differentiate the risk of patients within the same STAT Mortality Category.  This has proven helpful as not all patients in a given Category have identical risk.  A recent augmentation of the score has included increased specificity for chromosomal abnormalities, syndromes, and noncardiac congenital anatomic abnormalities28.  Institutions are now able to compare their data against expected rates as an O/E (observed operative mortality/expected operative mortality) ratio.  Institutions are then stratified as higher than expected mortality, lower than expected mortality, or same as expected mortality based on the O/E ratio.  
Despite the obvious downtrending of both overall and risk-adjusted mortality in recent decades, these values are difficult to compare directly between surgical eras.  One reason for this is the increased performance of complex surgical procedures.  For example, hypoplastic left heart syndrome is considered one of the most severe congenital cardiac defects, and until the last several decades, comfort care was the only option for these patients29.  However, since the 1980s the Norwood procedure, followed by subsequent staged procedures, now offers an option for survival.  According to the STS-CHSD 2019 Executive Summary, mortality following the Norwood procedure was 13.8%11.  Another factor that complicates comparison of outcomes between surgical eras is the increasing incidence of surgical intervention on high-risk patients including those with syndromes such as Trisomy 21, Trisomy 18, Trisomy 13, heterotaxy syndrome, and Noonan syndrome just to name a few.  To demonstrate this, until recently Trisomy 18 was considered a condition in which resuscitation was not indicated.  However, as a result of the high prevalence of CHD in these populations, patients are now undergoing cardiac surgery.  Looking specifically at Trisomy 18 and Trisomy 13, the defects being repaired are commonly made up of STAT 1 Category Mortality procedures, however, these patients have markedly greater mortality than patients without the abnormalities30.

Morbidity
Acute Kidney Injury
Renal injury is dysfunction in the kidneys’ ability to manage fluid status and electrolyte levels.  This injury is likely the cumulative influence of many complex perioperative variables.  Some of the common risk factors include age—with neonates having a higher incidence of injury, prolonged CPB times31, pre-existing renal disease, inflammation, poor pre-, intra-, and/or postoperative hemodynamics, nephrotoxic agents32, and higher STAT Mortality Categories33.
Historically, renal injury has been described as renal failure requiring renal replacement therapy.  This definition may not capture a substantial proportion of clinically-relevant injury, however.  In its stead, the term acute kidney injury (AKI) has been used.  AKI has been associated with increased mechanical ventilation time, ICU and hospital length of stay, and mortality34.  Additionally, there may be an association with the long-term incidence of hypertension and chronic kidney disease (CKD)35,36.
To that end, several standardized definitions have been created to describe AKI: the pRIFLE (pediatric Risk, Injury, Failure, Loss, and End-stage) criteria37, the Acute Kidney Injury Network’s (AKIN) definition38, and the Kidney Disease: Improve Global Outcomes (KDIGO) criteria39.  Shown in Table 4 is the KDIGO criteria, which is the most recent of the definitions and is intended to incorporate the best components of each of its predecessors.  This criteria has also shown to have a stronger association with poor postoperative outcomes40.  Contemporary data using these tools report a high postoperative incidence of AKI that ranges from 11% to 36%34,41,42.
Diagnosing AKI in neonates is difficult secondary to alterations in renal blood flow, immature renal tubule systems, suboptimal glomerular filtration rate (GFR), and inconsistent serum creatinine levels secondary to the mother’s creatinine influence on the neonate43.  As a result of these challenges, Jetton et al44 proposed neonatal modifications to the KDIGO criteria, the n-KDIGO, which included changing the serum creatinine reference point from a predetermined range to the previous low value for that patient and establishing the absolute serum creatinine value of 2.5 mg/dL as the threshold for stage 3 disease as this represents an estimated GFR < 10 mL/min/1.73m2.  Using this criteria, postoperative AKI occurs in up to 53% of neonates45.

Cerebral Injury
The effects of cerebral injury are among the most important morbidities associated with congenital cardiac surgery.  The etiology of these injuries are likely multifactorial in nature and can include pre-existing medical conditions, genetic syndromes, socioeconomic status, prolonged and/or repetitive exposure to anesthesia, hypoxia, inflammation, requirement of mechanical circulatory support, prolonged periods of CPB, and deep hypothermic circulatory arrest (DHCA)46.
The initial cerebral injury in patients with CHD likely occurs in utero47.  To support this, magnetic resonance imaging (MRI) has been used to provide earlier diagnosis and improved characterization of cerebral injury.  Findings of microcephaly, dysfunctional folding, and brain immaturity have been documented in preoperative neonates48.  Furthermore, up to 20% of patients preoperatively possess findings of injury49.  One of the suggested mechanisms for this injury is that of a hypoxic-ischemic phenomenon that occurs in watershed areas in the developing brain50.  The immature tissue found in these patients lends itself to a high prevalence of white matter injury.  Cerebral injury is also common postoperatively as nearly half of patients showed findings consistent with injury49, including 12% of who were identified with stroke51.  In adolescents, widespread abnormalities were identified on neuroimaging and were associated with decreased intelligence quotients and processing speeds52.  These MRI-identified brain injuries have correlations with neurodevelopmental delays51,53.
DHCA was intended to ensure a bloodless field for reconstruction in complex cases.  With this method, destructive effects of ischemia on vital organs were thought to be mitigated.  However, on electroencephalogram (EEG) only 10% of patients reached a state of isoelectricity, suggesting that the brain does not receive adequate protection during DHCA54.  The Boston Circulatory Arrest Study (BCAS) found that patients who underwent DHCA were more likely to experience seizure55.  Of the patients who underwent DHCA, 11.5% experienced clinical seizures.  Importantly, nearly twice as many patients had epileptiform activity identified on EEG.  This critical finding was supported by Naim et al56 who reported that 85% of the seizures diagnosed were only seen on EEG.  In order to identify more clinically-relevant seizures, the use of postoperative EEG is recommended in all neonates57.
Longitudinal BCAS evaluation showed higher prevalence of the use of tutoring, school grade repetition, special education, psychotherapy, and use of psychiatric medication when compared to national averages58-62.  Finally, children who had experienced postoperative seizures performed worse on neurodevelopmental testing.  A recent meta-analysis evaluating outcomes after DHCA showed that the incidence of seizure still remains high at 13%63.  Furthermore, there was a positive correlation with the duration of DHCA and both the incidence of seizure as well as the finding that those who experienced seizure showed an increase in neurodevelopmental delays.  This confirms what BCAS originally described.
	The Singe Ventricle Reconstruction Extension Study (SVR-II) evaluated neurodevelopment outcomes at age 3 in patients who had undergone surgical correction with a Norwood procedure64.  Patient scores in each neurodevelopment category were lower than the normal range.  Patients were re-evaluated at age 6 and the authors found that previous poor testing had a low positive predictive value for current neurodevelopmental delay65.  In other words, longitudinal follow up is crucial in order to identify late neurodevelopment sequelae from surgery.

Myocardial Injury
The aortic cross clamping necessary for CPB results in several downstream effects including hypoxia and altered ATP synthesis, lactic acid accumulation secondary to anaerobic metabolism, and altered calcium management.  Reactive oxygen species (ROS) are then introduced to the myocytes as oxygen floods the cells following the removal of the aortic cross clamp66.  Ultimately, ROS damage cell membranes and organelles leading to myocyte destruction.  This ischemia-reperfusion injury is associated with contractility dysfunction and arrhythmia.  What’s more, the myocardium of neonates may be more sensitive and unable to withstand even short bouts of ischemia when compared to their older counterparts67.
The contractility dysfunction is also known as low cardiac output syndrome (LCOS).  One of the proposed definitions of LCOS uses clinical signs such as tachycardia, oliguria, decreased cardiac output, or cardiac arrest as a guide to diagnosis68.  Risk factors that have been described include poor myocardial protection strategies, inflammation, arrhythmia, ventriculotomy, and fluctuations in vascular resistance69.
Nearly 30 years ago, the incidence of LCOS was approximately 25%70.  Unfortunately, these findings are similar to recently reported data69.  This is problematic as LCOS is associated with poor clinical outcomes including prolonged ventilation time and hospital length of stay68.  Furthermore, when in-hospital mortalities were retrospectively analyzed, LCOS was the most common complication experienced and was identified as the initiating event preceding death in 30% of cases71.
Ischemia-reperfusion injury can also be a harbinger of arrhythmia.  Other variables that have demonstrated increased risk include younger age, longer duration of CPB, longer aortic cross clamp time, and procedure type.  Despite being difficult to define, it is a common postoperative complication arising in 15%-23% of patients72,73.  Need for permanent pacemaker placement, however, is relatively uncommon occurring in < 1% of patients74.
As ischemia-reperfusion injury can have such devastating effects, one modality that can mitigate this is the myocardial protection seen with cardioplegia.  Generally speaking, cardioplegia can be grouped into blood vs. crystalloid and warm vs. cold.  Surgeons’ preferences were assessed, and the survey revealed that 86% use blood cardioplegia in conjunction with the additive del Nido solution.  Most commonly, the cardioplegia was administered cold75.  This trend is consistent with the finding that blood solution was better able to maintain cardiac function76.  Additionally, del Nido solution was created specifically for the pediatric population and the immature myocardium77.  This supplies ingredients to the myocardium that optimizes oxygen delivery, enhances intracellular homeostasis during ischemia, and promotes aerobic metabolism.  Another advantage of the solution is that less cardioplegic doses are required78.  This may lead to decreased cross clamp times.

Conclusions
Congenital cardiac surgery is an evolving field and mortality has benefited with nearly continuous improvements.  As more patients are surviving their interventions, focus has shifted from survival to the quality of life of the survivors by reducing the incidence of the associated morbidities.  AKI is common following surgery, but has seen improvements in standardized definitions which aids in the identification of such cases.  Cerebral injury has been identified frequently in the preoperative state.  Both this finding as well as perioperative events are associated with long-term developmental deficits.  Myocardial injury remains prevalent and is highly associated with mortality.  Therefore, ongoing research is required on the following topics: development of biomarkers for improved diagnosis of vital organ injury; superior myocardial protective measures to reduce the effects of ischemia-reperfusion injury; and enhanced neuromonitoring measures, including advances in technology to identify real-time risk of cerebral injury.
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TABLES
Table 1.  Mortality Rates from the 2018 to 2019 Society of Thoracic Surgeons Executive Data Across Three Age Groups at One Year and Four Years Post-Operatively. 
	2018 Society of Thoracic Surgeons Executive Data

	
	1 year
	4 years

	Age Group
	Cases
	Deaths
	Mortality
	Cases
	Deaths
	Mortality

	Children
	9,840
	104
	1.1%
	39,295
	399
	1.0%

	Infants
	7,501
	195
	2.6%
	31,281
	847
	2.8%

	Neonates
	4,153
	309
	7.4%
	17,540
	1,405
	8.3%

	Total
	
	
	2.8%
	
	
	3.0%

	2019 Society of Thoracic Surgeons Executive Data

	
	1 year
	4 years

	Age Group
	Cases
	Deaths
	Mortality
	Cases
	Deaths
	Mortality

	Children
	10,005
	108
	1.1%
	39,644
	407
	1.0%

	Infants
	7,793
	190
	2.4%
	31,330
	846
	2.7%

	Neonates
	4,204
	292
	6.9%
	17,349
	1,405
	8.1%

	Total
	
	
	2.7%
	
	
	3.0%





Table 2.  Comparing Mortality Rates from the Original STAT Mortality Categories and the STAT 2020 Mortality Categories21,25.
	Original STAT Mortality Category (2009) Mortality
	STAT 2020 Mortality Category Mortality

	STAT Mortality Category
	Mortality
	STAT Mortality Category
	Mortality

	1
	0.8%
	1
	0.5%

	2
	2.6%
	2
	2.0%

	3
	5.0%
	3
	4.4%

	4
	9.9%
	4
	8.7%

	5
	23.1%
	5
	18.7%



STAT Mortality Category = Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery Congenital Heart Surgery Mortality Categories


Table 3.  Comparing Mortality Rates as Stratified by STAT Mortality Categories Over Time24,26,27.
	Year
	STAT Category 1
	STAT Category 2
	STAT Category 3
	STAT Category 4
	STAT Category 5

	1998
	0.9%
	3.5%
	7.4%
	13.9%
	44.4%

	1999
	1.2%
	2.2%
	5.3%
	14.1%
	20.6%

	2000
	0.4%
	2.3%
	1.4%
	6.6%
	29.6%

	2001
	1.1%
	1.5%
	2.4%
	9.1%
	25.1%

	2002
	0.8%
	2.0%
	3.0%
	10.9%
	29.5%

	2003
	0.5%
	1.6%
	3.2%
	7.8%
	22.3%

	2004
	0.7%
	1.6%
	3.2%
	7.5%
	15.6%

	2005
	0.6%
	1.6%
	2.9%
	8.2%
	17.8%

	2006
	0.7%
	1.7%
	2.6%
	7.7%
	18.9%

	2007
	0.5%
	2.0%
	3.4%
	8.1%
	18.1%

	2008
	0.7%
	1.7%
	2.4%
	7.9%
	17.4%

	2009
	0.5%
	1.5%
	2.4%
	7.1%
	16.7%

	2010
	0.8%
	1.7%
	2.6%
	7.0%
	16.9%

	2011
	0.7%
	1.4%
	2.4%
	7.0%
	18.0%

	2012
	0.6%
	1.4%
	2.6%
	6.6%
	15.3%

	2013
	0.4%
	1.2%
	2.3%
	6.6%
	15.2%

	2014
	0.3%
	1.6%
	1.6%
	5.8%
	11.9%

	2015-19*
	0.4%
	1.4%
	2.2%
	6.2%
	13.3%

	2016-20*
	0.4%
	1.5%
	2.3%
	6.3%**
	13.6%**



STAT Mortality Category = Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery Congenital Heart Surgery Mortality Categories
* = Represents aggregate data
** = Represents analysis of centers that performed > 9 cases in the designated Category during the study period


Table 4.  Using KDIGO to Stage AKI39.
	KDIGO Stages of AKI

	Stage
	1
	2
	3

	Serum Creatinine
	1.5 to 1.9 times increase from baseline

 OR

≥ 0.3 mg/dL increase
	2 to 2.9 times increase from baseline
	3 times increase from baseline

OR

≥ 4 mg/dL increase

OR

RRT Requirement

OR

If < 18 years of age, decrease in eGFR < 35 mL/min/1.73 m2

	Urine Output
(mL/kg/h)
	< 0.5 for 6 to 12 hours
	< 0.5 for ≥ 12 hours
	< 0.3 for ≥ 24 hours

OR

Anuria ≥ 12 hours



AKI = Acute kidney injury
eGFR = Estimated glomerular filtration rate
KDIGO = Kidney Disease: Improve Global Outcomes
RRT = Renal replacement therapy

