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Abstract

Background—As US healthcare increasingly focuses upon outcomes as a means for quantifying 

quality, there is a growing demand for risk models that can account for the variability of patients 

treated at different hospitals so that equitable comparisons between institutions can be made. We 

sought to apply aspects of prior risk-standardization methodology in order to begin development 

of a risk-standardization tool for the NCDR® IMPACT™ (Improving Pediatric and Adult 

Congenital Treatment) Registry.

Methods and Results—Using IMPACT, all patients undergoing diagnostic or interventional 

cardiac catheterization between January 2011 and March 2013 were identified. Multivariable 
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hierarchical logistic regression was used to identify patient and procedural characteristics 

predictive of experiencing a major adverse event following cardiac catheterization. A total of 

19,608 cardiac catheterizations were performed between January 2011 and March 2013. Amongst 

all cases, a major adverse event occurred in 378 (1.9%) of all cases. After multivariable 

adjustment, eight variables were identified as critical for risk-standardization: patient age, renal 

insufficiency, single-ventricle physiology, procedure-type risk group, low systemic saturation, low 

mixed venous saturation, elevated systemic ventricular end diastolic pressure, and elevated main 

pulmonary artery pressures. The model had good discrimination (C-statistic of 0.70), confirmed by 

bootstrap validation (validation C-statistic of 0.69).

Conclusions—Using prior risk-standardization efforts as a foundation, we developed and 

internally validated a model to predict the occurrence of a major adverse event following cardiac 

catheterization for congenital heart disease. Future efforts should be directed towards further 

refinement of the model variables within this large, multicenter dataset.

Keywords

heart defects, congenital; catheterization; risk factors

Despite the increased use of catheter-based techniques for the care of patients with 

congenital heart disease, attempts at understanding the outcomes associated with these 

procedures have been somewhat limited, with most prior reports limited to single or small 

groups of institutions1, 2 An important aspect to consider when evaluating outcomes 

associated with pediatric and congenital cardiac catheterization is the extent to which 

outcomes vary between hospitals. However, unbiased comparison between hospitals 

requires the application of a validated risk-standardization tool.3 Towards this end, the 

Congenital Heart Disease Adjustment for Risk Method (CHARM) was developed with the 

goal of providing a method of adjusting for case mix complexity in catheterization for 

congenital heart disease in order to allow for more equitable comparisons of adverse event 

rates.4 While the model had reasonably good discrimination, the dataset used for model 

development and validation incorporated data from only 8 institutions, and thus may be 

limited in its generalizability.

The IMPACT® Registry (IMproving Pediatric and Adult Congenital Treatment) is the 

largest registry, to date, collecting information on pediatric and adult patients with 

congenital heart disease undergoing diagnostic or interventional cardiac catheterization. 

IMPACT was primarily designed as a quality improvement tool to enable participating 

institutions to systematically evaluate their outcomes and compare them to other centers 

across the nation. However, the variable case-mix amongst participating centers requires 

development and validation of risk-standardization methodologies before the dataset can be 

used for benchmarking or other quality improvement initiatives. The goal of the current 

study is to apply aspects of prior risk-standardization methodology as a first step towards 

development of a risk-standardization model for the large, multicenter IMPACT Registry.
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Methods

Study Population

The IMPACT Registry, part of the National Cardiovascular Data Registry (NCDR), is a 

U.S.-based registry collecting information on pediatric and adult patients with congenital 

heart disease undergoing diagnostic or interventional cardiac catheterization. Details 

regarding registry development and design have been previously published.5 In brief, centers 

performing cardiac catheterization on any pediatric patient (both with and without 

congenital heart disease) or adult patients with congenital heart disease are eligible for 

voluntary registry enrollment. Once enrolled, participating centers collect detailed 

information on all consecutive patients undergoing diagnostic or interventional cardiac 

catheterization. Collected data include information about patients’ demographics, medical 

history and risk factors, detailed procedural information, hemodynamic data, and 

information related to adverse events. More specific information is collected for six 

commonly performed interventional procedures: device closure of atrial septal defect 

(ASD), device closure of patent ductus arteriosus (PDA), pulmonary valvuloplasty, aortic 

valvuloplasty, angioplasty and stenting for coarctation of the aorta, and pulmonary artery 

stenting. The IMPACT Registry builds upon several prior pediatric and congenital 

cardiology database initiatives.6 The nomenclature used in the IMPACT Registry is the 

International Pediatric and Congenital Cardiac Code.7, 8 Data for IMPACT is collected using 

a standardized set of data elements and definitions and is subject to rigorous quality 

assurance standards consistent with other NCDR registeries.9 Only data meeting pre-

specified criteria for completeness and accuracy are included in analytic datasets and used 

for quality reporting back to the sites. The current study used data from IMPACT v1.0.1. A 

comprehensive description of the IMPACT Registry version v1.0.1 data elements and 

definitions is available at: https://www.ncdr.com/WebNCDR/impact/home/datacollection.

Study Outcome

The primary outcome of interest was occurrence of a major adverse event, which was 

defined as occurrence of any of the following: cardiac arrest, tamponade (requiring 

pericardial drainage), embolic stroke (within 72 hours of the cardiac catheterization), device 

malposition or thrombus (requiring surgery), device embolization (requiring device 

retrieval), new requirement for dialysis, event requiring extracorporeal membrane 

oxygenation (ECMO), event requiring left ventricular assist device (LVAD), unplanned 

cardiac or vascular surgery (due to catheterization complication), or subsequent cardiac 

catheterization (due to catheterization complication). Unless otherwise specified, adverse 

events are coded up to 30 days following the catheterization procedure, aside from 

unplanned surgery and subsequent cardiac catheterization which are coded until the time of 

hospital discharge. Death was not included as part of the primary outcome because, in the 

current version of IMPACT, death during an episode of care cannot definitively be 

attributed to cardiac catheterization and could have resulted from subsequent in-hospital 

events (e.g. cardiac surgery) or such severe pre-procedural morbidity that the procedure 

might have been solely for palliative purposes. However, recognizing the clinical 

importance of identifying instances where death occurred following cardiac catheterization, 

regardless of attribution, we ran a secondary analysis including death as a major adverse 
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event. While IMPACT does not currently allow for definitive linkage of all adverse events 

to the cardiac catheterization, the remainder of the adverse events selected for inclusion in 

this study were those that could either definitively be linked to the catheterization (e.g. 

device embolization, malposition, or thrombus) or those highly likely to be attributed to the 

cardiac catheterization procedure (e.g. embolic stroke).

From January 2011 through March 2013, there were 19,797 diagnostic or interventional 

cardiac catheterization procedures performed at 58 US centers. Procedures that could not be 

assigned to a procedural risk group (n=4)4, procedures missing data regarding single 

ventricle physiology (n=43), and procedures missing data on adverse events (n=142) were 

excluded from analysis. The final study cohort for the primary analysis included 19,608 

cardiac catheterization procedures. For the secondary analysis, we redefined major adverse 

events to include death. For this portion of the analysis, we excluded the 1,370 instances 

where more than one cardiac catheterization was performed during a single hospital 

admission and subsequently included 18,238 episodes of care.

Study Variables for Risk Prediction

A number of baseline characteristics were screened as candidate predictors for the study 

outcome. These included age at the time of cardiac catheterization (categorized as neonates 

[<30 days], infants [≥30 days to ≤1 year], children [1≤18 years], and adults [>18 years of 

age]), weight, procedure status (elective, urgent, emergent, or salvage), and patient 

requirement for inotropes before or during the case. Additionally, presence of a genetic/

congenital condition (i.e. 22q11 deletion, Alagille syndrome, Congenital Diaphragmatic 

Hernia, Heterotaxy syndrome, Marfan syndrome, Noonan syndrome, Rubella, Trisomy-13, 

Trisomy-18, Turner syndrome, Williams-Beuren syndrome), medical co-morbidities 

(chronic lung disease, renal insufficiency), and single ventricle physiology were evaluated 

for potential inclusion in the model.

Patient hemodynamic vulnerability was an additional candidate predictor variable 

considered for model inclusion. Hemodynamic vulnerability was defined based upon 

previously published, empirically derived data.4 In brief, four hemodynamic variables have 

been previously shown to be independently associated with experiencing a high-severity 

adverse event following cardiac catheterization and were used to classify a patient as 

hemodynamically vulnerable: systemic ventricular end diastolic pressure, systemic arterial 

saturation, mixed venous saturation, and main pulmonary artery pressure. Thresholds for 

hemodynamic vulnerability vary based upon individual patient physiology (single ventricle 

vs. 2-ventricle physiology) (Table 1). For the purposes of this analysis, rather than creating a 

composite score and categorizing patients based upon the number of hemodynamic variables 

present (0, 1, ≥2), as was done in the original CHARM model, each hemodynamic variable 

was considered separately so that the independent contribution of each risk factor could be 

identified. For each of the four variables, patients were classified as “yes” or “no,” 

depending upon whether their catheterization data met criteria for hemodynamic 

vulnerability. Patients missing data on one of the relevant hemodynamic parameters were 

placed in a third category of “missing”. We created a third category of “missing” patients, 

rather than exclude records with missing hemodynamic data, because excluding these 
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records could have resulted in model bias. For example, it was unknown whether patients 

missing hemodynamic data were critically ill patients whose clinical status precluded a 

thorough hemodynamic assessment prior to pursuing a catheter-based intervention, or if they 

were so stable that a complete hemodynamic assessment was not considered to be clinically 

indicated.

The last candidate variable considered for model inclusion was procedure-type risk group. 

Pediatric and congenital cardiac catheterization encompasses a wide variety of procedure 

types, each associated with varying degrees of risk. Given the broad range of procedures and 

the infrequency with which some of the procedures are performed, adjustment for each 

individual procedure type is not feasible. Procedure risk groups were created to overcome 

this issue and to establish a classification system whereby procedures of similar risk are 

grouped. A full description of procedure-type risk group development has been previously 

described in detail.10 In brief, the procedure-type risk groups were created using data from 

the Congenital Cardiac Catheterization Project on Outcomes (C3PO) and were developed 

based on both expert consensus and empirically derived data. Four categories of procedural 

risk were created (Category 1= procedures associated with lowest risk vs. Category 

4=procedures associated with highest risk). The risk groups were validated within the C3PO 

dataset and found to have good discrimination between each of the categories. For 

catheterization lab visits where more than one procedure was performed, the case was 

classified according to the procedure of highest risk.

Statistical Analysis

Characteristics of those patients experiencing an adverse event were compared to 

characteristics of those not experiencing an adverse event using Student's t-test for 

continuous variables and chi-square or Fisher's exact test for categorical variables. For 

model development, hierarchical multivariable logistic regression was used to identify 

characteristics predictive of experiencing an adverse event, while also accounting for the 

clustered nature of the data (patients nested within hospitals).11 Use of hierarchical models 

to estimate the log-odds of experiencing an adverse event as a function of demographic and 

clinical variables (both fixed effects) and a random effect for each hospital allowed us to 

assess for hospital variation in risk-standardized adverse event rates after accounting for 

patient case-mix. This is the same analytic strategy used by Medicare for risk-standardized 

outcomes reporting.

All candidate variables were considered for model inclusion with the most clinically 

relevant variables selected for final model inclusion. Multicollinearity between covariates 

was assessed for each variable prior to model inclusion.12 A C-statistic, which quantifies the 

receiver operating characteristic curve (ROC), was calculated in order to assess model 

discrimination.13 For model validation, observed vs. predicted plots were constructed and 

1000 bootstrap samples were used to derive a validation C-statistic that would correct for 

potential model over-fitting.14 Calibration (i.e., agreement between predicted and observed 

outcomes) was assessed by plotting observed rates versus mean predicted probabilities 

within deciles of predicted risk. For well-calibrated models these points should line along 

the y=x line.15 All study analyses were performed with SAS 9.3 (SAS Institute, Cary, NC) 
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and R version 2.11.1.16 All authors have read and agree to the manuscript as written. The 

study was conducted on de-identified quality improvement registry data and did not meet 

criteria for requirement of informed consent. The IMPACT Registry's Research and 

Publications Committee approved the final manuscript draft.

Results

Predictors of Survival

Among the study population, a major adverse event occurred in 378 (1.9%) cases. Cardiac 

arrest was the most frequent adverse event to occur, occurring in 158/19,608 (0.8%) 

catheterization procedures. Device embolization and unplanned cardiac surgery occurred in 

71/19,608 (0.4%) and 67/19,608 (0.3%) catheterization procedures, respectively. An event 

requiring ECMO occurred in 55/19,608 (0.3%) cases and subsequent cardiac catheterization 

in 57/19,608 (0.3%). The remainder of the individual adverse events occurred less often, 

each occurring in less than 0.2% of catheterization procedures. Tables 2 and 3 compare 

baseline characteristics of those experiencing an adverse event to characteristics of those not 

experiencing an adverse event. Neonates and infants were more likely to experience an 

adverse event compared to older children and adults. Patients with single ventricle 

physiology and renal insufficiency were more likely to experience an adverse event, whereas 

those with chronic lung disease or a genetic/congenital condition were no more likely to 

experience an adverse event. Those patients requiring inotropic support before the case were 

significantly more likely to experience an adverse event compared to patients without 

inotropic needs. In univariate analysis, procedure risk group was significantly associated 

with survival and, as expected, patients undergoing procedures in risk group 1 were less 

likely to experience an adverse event compared to those in higher risk groups.

After multivariable adjustment, the eight variables included in the final model included age, 

single-ventricle anatomy, renal insufficiency, procedure-type risk category, low systemic 

arterial saturation, low mixed venous saturation, elevated systemic ventricular end diastolic 

pressure, and elevated main pulmonary artery systolic or mean pressure (Table 4). The 

model had good discrimination (C-statistic of 0.70). Model calibration was confirmed with 

observed vs. predicted plots, with a slope of 0.97 (standard error [SE] 0.041; p-value [for 

difference from 1]= 0.42) (Figure 1). For model validation, we performed a series of 1000 

bootstrap samples and found that model discrimination was similar (bootstrap-corrected 

validation C-statistic of 0.69).

Using the same eight variables, a second multivariable model was constructed modifying the 

outcome of interest to include death in addition to the original adverse events (Table 5). 

Model discrimination for the secondary analysis was even further improved (C-statistic 

0.77). Model validation was again performed using a series of 1000 boostrap samples and 

was similar (bootstrap-corrected validation C-statistic of 0.76). Model calibration was 

excellent with a slope of 1.03 (SE 0.03; p-value [for difference from 1]= 0.34).
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Discussion

Using a large multicenter registry, we identified patient characteristics associated with an 

increased risk of experiencing an adverse event following cardiac catheterization for 

diagnosis or treatment of congenital heart disease. In our model, we identified eight patient 

characteristics critical for risk-standardization, including both procedure-type risk group and 

hemodynamic vulnerability as derived in the CHARM model. Importantly, while we applied 

aspects of prior risk-standardization methodology, we did so using the largest available 

dataset for pediatric and congenital cardiac catheterization and thus improved upon prior 

risk-standardization efforts. Ultimately, risk-standardization will be of critical importance to 

institutions participating in IMPACT, allowing them to compare their outcomes to other US 

centers after adjusting for important patient characteristics, and thus identify areas for 

improvement. Ultimately this could allow for improved care in the setting of catheterization 

for congenital heart disease.

Two prior studies have aimed to create a risk-standardization model for congenital cardiac 

catheterization. The first used data from a single institution to create a risk-model for 

preventable and possibly preventable adverse events.17 The model identified weight and 

procedure-type risk group as important for predicting occurrence of any preventable or 

possibly preventable adverse event whereas procedure-type risk group and hemodynamic 

vulnerability were identified as critical for predicting the occurrence of a higher-severity 

adverse event. As the first attempt to risk-standardize outcomes for congenital cardiac 

catheterization, this project laid an important foundation, however the work was considered 

preliminary because of its restriction to data from a single center. The CHARM model 

enhanced these efforts and was the first attempt at a multi-center risk-standardization model 

for congenital cardiac catheterization.4 The model derived new criteria for hemodynamic 

vulnerability and determined that procedure-type risk group, hemodynamic vulnerability, 

and age less than one year were critical for risk-standardization.

The model developed in this study applies aspects of the CHARM model but also 

significantly expands upon the work of these prior studies. First, IMPACT incorporates data 

from a large group of centers throughout the US and thus has improved generalizability 

when compared to prior risk models. Second, the standardized definitions and detailed 

patient, procedural, and hemodynamic information collected within IMPACT allowed us to 

consider multiple risk factors for model inclusion. Lastly, our study adhered to the 

recommended guidelines for statistical models used for publicly reported outcomes, 

including methodology to account for the multilevel organization of data.18 Our study 

identified eight unique patient characteristics that were critical for risk-standardization. 

Similar to prior studies, we identified procedure-type risk group and hemodynamic 

vulnerability as important variables to consider as part of the risk-standardization process. 

Additionally, we identified patient age, single ventricle physiology, and renal insufficiency 

as predictive of experiencing an adverse event as the result of cardiac catheterization.

Currently, institutions participating in IMPACT receive quarterly reports regarding their 

performance for several quality metrics including proportion of patients experiencing a 

major adverse event or death as a result of cardiac catheterization. However, because there is 
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not a validated risk-standardization tool for IMPACT only crude adverse event rates are 

reported. While institutions can use the present quality metrics to benchmark outcomes 

within their own institution over time, the quality metrics are less useful for institutions 

trying to gauge their performance compared to other centers. Particularly in the field of 

pediatric and congenital cardiac catheterization, where patient heterogeneity can be 

substantial, adjustment for patient characteristics becomes crucial before meaningful 

comparisons between institutions can be made.

Our study should be interpreted in the context of several potential limitations. Our study 

used prior risk-standardization efforts as a foundation for the development of a risk-model 

specific to IMPACT. As such, our study incorporated elements from prior risk-

standardization work, including the criteria for hemodynamic vulnerability and procedure-

type risk group derived using data from C3PO. Given the differences in data elements and 

definitions (e.g. definition of major adverse event) between IMPACT and C3PO, these 

elements may not have optimal performance within IMPACT. For example, in our model, 

procedure-type risk groups 2 and 3 did not discriminate well. While the overall model had 

reasonable discrimination, future work to refine the procedure risk groups and criteria for 

hemodynamic vulnerability is crucial, particularly given that these variables are likely to be 

most predictive of experiencing an adverse event and therefore critical elements of the risk-

standardization process. Secondly, IMPACT only collects data on in-hospital adverse 

events, and our risk model does not account for adverse events occurring after hospital 

discharge (e.g. ASD device erosion). Several adult observational registries have considered 

incorporating post-discharge follow-up (i.e. 30-day follow-up), and a similar process could 

be considered for future versions of IMPACT. Alternatively, a linkage between IMPACT 

and other registries that collect longitudinal data would allow for tracking of patients over 

time and could help in identifying patients who developed late complications that may have 

been related to their cardiac catheterization procedure. Thirdly, we created a risk-

standardization model for occurrence of a major adverse event following pediatric and 

congenital cardiac catheterization, however our model did not take into account procedural 

success. When using our risk-model to compare rates of adverse events, it is unknown 

whether lower rates of adverse events at some institutions are the result of less aggressive 

technique and whether these same institutions have lower success rates. Ideally, outcome 

comparisons between institutions would incorporate measures of procedural safety as well 

as procedural efficacy. While the goal of our project was risk-standardization for occurrence 

of a major adverse event, evaluation of procedural success could be considered as part of 

future risk-standardization efforts. Fourth, adverse events reported to IMPACT cannot 

definitively be linked to the catheterization procedure. While we intentionally selected 

adverse events that were highly likely to be related to the procedure, there are instances 

where an adverse event may not have occurred as a result of cardiac catheterization. As 

future versions of IMPACT are developed, we may need to consider ways to modify data 

collection in order to more definitively link adverse events to cardiac catheterization. Lastly, 

given that IMPACT is a relatively new registry, our analysis preceded a formal audit of the 

registry data. However, given the rigorous quality assurance standards applied to the 

registry, we have no reason to believe that results of the audit would significantly impact our 

study.
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Conclusion

Incorporating elements from prior risk-standardization methodology, we have developed 

and validated a risk-standardization tool for major adverse events following pediatric and 

congenital cardiac catheterization. Future efforts should be directed towards further 

refinement of the model variables within this large, multicenter dataset. Ultimately, risk-

standardization will be of critical importance to institutions participating in IMPACT, 

allowing hospitals to compare their outcomes to other centers, identify gaps in practice, and 

improve care for patients with congenital heart disease.
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Figure 1. 
Calibration of the Final Model (Primary Analysis) in the Derivation Cohort. The model 

showed excellent calibration, with slope of 0.97.
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Table 1

Thresholds for Hemodynamic Vulnerability.

Single Ventricle Non-Single Ventricle

Systemic Ventricular End Diastolic Pressure ≥18mmHg ≥18mmHg

Systemic Arterial Saturation <78% <95%

Mixed Venous Saturation <50% <60%

Main Pulmonary Artery Mean Pressure ≥17mmHg n/a

Main Pulmonary Artery Systolic Pressure n/a ≥45mmHg
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Table 2

Baseline Characteristics of Patients Experiencing and Not Experiencing an Adverse Event .

Major Adverse Event

No. (%) (N =19,608) Yes (n=378) No (n= 19,230) P value

Age-- no. (%) <0.001

    <30 days 1,226 (6.3) 67 (17.7) 1,159 (6.0)

    ≥30 days - ≤1 year 3,751 (19.1) 98 (25.9) 3,653 (19.0)

    >1year - ≤18 years 11,482 (58.6) 159 (42.1) 11,323 (58.9)

    >18 years 3,149 (16.1) 54 (14.3) 3,095 (16.1)

Male Sex-- no. (%) 10,415 (53.1) 222 (58.7) 10,193 (53.0) 0.03

Race-- no. (%) 0.99

    Black 3,610 (18.4) 72 (19.0) 3,538 (18.4)

    White 13,712 (69.9) 263 (69.6) 13,449 (69.9)

    Other 1,132 (5.8) 21 (5.6) 1,111 (5.8)

    Unknown 1,154 (5.9) 22 (5.8) 1,132 (5.9)

Weight-- mean ±s.d.
* 31.1± 29.3 25.8 ± 30.1 31.2 ± 29.2 <0.001

Single Ventricle-- no. (%) 3,775 (19.3) 102 (27.0) 3,673 (19.1) <0.001

Genetic/Congenital Condtion-- no. (%)
† 2,133 (10.9) 43 (11.4) 2,090 (10.9) 0.74

Chronic Lung Disease-- no. (%)
‡ 1,233 (6.3) 28 (7.4) 1,205 (6.3) 0.36

Renal Insufficiency-- no. (%)
§ 548 (2.8) 26 (6.9) 522 (2.7) <0.001

Procedure-Type Risk Group-- no. (%) <0.001

    Risk Group 1 8,332 (42.5) 84 (22.2) 8,248 (42.9)

    Risk Group 2 6,350 (32.4) 132 (34.9) 6,218 (32.3)

    Risk Group 3 3,628 (18.5) 110 (29.1) 3,518 (18.3)

    Risk Group 4 1,298 (6.6) 52 (13.8) 1,246 (6.5)

Procedure Status-- no. (%)
∥ <0.001

    Elective 16,677 (85.4) 232 (61.7) 16,445 (85.9)

    Urgent 2,363 (12.1) 84 (22.3) 2,279 (11.9)

    Emergent 451 (2.3) 46 (12.2) 405 (2.1)

    Salvage 40 (0.2) 14 (3.7) 26 (0.1)

Inotrope Use Before Case—no. (%)
# 927 (4.7) 80 (21.3) 847 (4.4) <0.001

Abbreviations: no., number; s.d, standard deviation

*
102 patients (0 with an adverse event) with missing information for weight

†
59 patients (2 with and 57 without adverse events) with missing information for genetic/congenital condition

‡
29 patients (1 with and 28 without adverse events) with missing information on chronic lung disease

§
15 patients (0 with an adverse event) with missing information on renal insufficiency

∥
77 patients (2 with and 75 without adverse events) with missing information on procedure status

#
86 patients (3 with and 83 without adverse events) with missing information on inotropic use
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Table 3

Hemodynamic Characteristics of Patients Experiencing and Not Experiencing an Adverse Event.

Major Adverse Event

No. (%) (N =19,608; 
SV=3,775)

Yes (n=378; SV=102) No (n= 19,230; 
SV=3,673)

P value

Systemic Ventricular EDP-- mean± s.d.
* 10.8 ± 4.9 11.5 ± 6.1 10.8 ± 4.9 0.04

Cardiac Index-- mean± s.d.
† 3.8 ± 1.3 3.7 ± 1.4 3.8 ± 1.3 0.11

Single Ventricle Hemodynamic Data

    Systemic Saturation-- mean± s.d.
‡ 83.3 ± 10.3 76.5 ± 16.1 83.5 ± 10.0 <0.001

    Mixed Venous Saturation-- mean± s.d.
§ 61.3 ± 11.2 54.1 ± 13.9 61.5 ± 11.0 < 0.001

    MPA Mean Pressure -- mean± s.d.
∥ 16.0 ± 7.4 19.0 ± 8.7 15.9 ± 7.3 < 0.001

Non-Single Ventricle Hemodynamic Data

    Systemic Saturation-- mean± s.d.
# 94.7 ± 7.1 92.4 ± 10.5 94.7 ± 7.0 < 0.001

    Mixed Venous Saturation-- mean± s.d.
** 70.3 ± 9.4 65.3 ± 13.6 70.3 ± 9.3 < 0.001

    MPA Systolic Pressure -- mean± s.d.
*** 31.5 ± 16.7 38.1 ± 22.6 31.4 ± 16.6 < 0.001

Systemic Ventricular EDP ≥ 18mmHg 0.005

    Yes-- no. (%) 988 ( 5.0) 27 (7.1) 961 (5.0)

    No-- no. (%) 11,332 (57.8) 189 (50.0) 11,143 (57.9)

    Missing-- no. (%) 7,288 (37.2) 162 (42.9) 7,126 (37.1)

Saturation <95% (non-SV) or <78% (SV) <0.001

    Yes-- no. (%) 4,894 (25.0) 128 (33.9) 4,766 (24.8)

    No-- no. (%) 12,765 (65.1) 191 (50.5) 12,574 (65.4)

    Missing-- no. (%) 1,949 (9.9) 59 (15.6) 1,890 (9.8)

MV Saturation <60% (non-SV) or <50% (SV)

    Yes-- no. (%) 2,131 (10.9) 90 (23.8) 2,041 (10.6) <0.001

    No-- no. (%) 14,856 (75.8) 210 (55.6) 14,646 (76.2)

    Missing-- no. (%) 2,621 (13.4) 78 (20.6) 2,543 (13.2)

PA Systolic Pressure ≥45 (non-SV) or Mean Pressure 
≥17mmHg (SV)

<0.001

    Yes-- no. (%) 2.933 (15.0) 85 (22.5) 2.848 (14.8)

    No-- no. (%) 13.046 (66.5) 171 (45.2) 12.875 (67.0)

    Missing-- no. (%) 3.629 (18.5) 122 (32.3) 3.507 (18.2)

Abbreviations: no., number; s.d, standard deviation; SV, single ventricle; EDP, end diastolic pressure; MPA, main pulmonary artery; PA, 
pulmonary artery

*
7, 288 patients (162 with and 7,126 without adverse events) with missing information for systemic ventricular EDP

†
4,179 patients (134 with and 4,045 without adverse events) with missing information for cardiac index

‡
301 patients (15 with and 286 without adverse events) with missing information for SV systemic saturation

§
476 patients (23 with and 453 without adverse events) with missing information for SV mixed venous saturation

∥
811 patients (31 with and 780 without adverse events) with missing information for SV MPA mean pressure
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#
1.648patients (44 with and 1604 without adverse events) with missing information for non-SV systemic saturation

**
2.145 patients (55 with and 2.090 without adverse events) with missing information for non-SV mixed venous saturation

***
2.818 patients (91 with and 2.727 without adverse events) with missing information for non-SV MPA systolic pressure
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Table 4

Model Predictors of a Major Adverse Event.

Predictor Odds Ratio (95% CI)

Age

    Neonates (<30 days) Reference

    Infants (≥30 days to ≤1 year) 0.55 (0.37, 0.83)

    Children (1≤ 18 years) 0.67 (0.45, 0.99)

    Adults (>18 years) 0.81 (0.52, 1.28)

Single Ventricle 1.37 (1.07, 1.75)

Renal Insufficiency 2.61 (1.69, 4.01)

Saturation <95% (non-SV) or <78% (SV)

    No Reference

    Yes 1.04 (0.80, 1.36)

    Missing 1.37 (0.92, 2.03)

MV Saturation <60% (non-SV) or <50% (SV)

    No Reference

    Yes 2.20 (1.63, 2.96)

    Missing 1.10 (0.75, 1.61)

MPA Systolic Pressure ≥45 (non-SV) or MPA Mean Pressure ≥17mmHg (SV)

    No Reference

    Yes 1.62 (1.22, 2.15)

    Missing 1.54 (1.13, 2.09)

Systemic Ventricular EDP ≥ 18mmHg

    No Reference

    Yes 1.41 (0.92, 2.17)

    Missing 1.27 (0.99, 1.63)

Risk Group

    Group 1 Reference

    Group 2 2.38 (1.73. 3.28)

    Group 3 2.51 (1.77. 3.55)

    Group 4 3.81 (2.60. 5.59)

Abbreviations: CI, confidence interval; SV, single ventricle; MV, mixed venous saturation; MPA, main pulmonary artery; EDP, end diastolic 
pressure
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Table 5

Model Predictors of a Major Adverse Event (Including Death).

Predictor Odds Ratio (95% CI)

Age

    Neonates (<30 days) Reference

    Infants (≥30 days to ≤1 year) 0.46 (0.33, 0.65)

    Children (1≤ 18 years) 0.30 (0.21, 0.43)

    Adults (>18 years) 0.28 (0.19, 0.43)

Single Ventricle 1.40 (1.13, 1.74)

Renal Insufficiency 4.89 (3.43, 6.96)

Saturation <95% (non-SV) or <78% (SV)

    No Reference

    Yes 1.05 (0.84, 1.32)

    Missing 1.22 (0.85, 1.74)

MV Saturation <60% (non-SV) or <50% (SV)

    No Reference

    Yes 2.56 (1.99, 3.30)

    Missing 1.63 (1.18, 2.26)

MPA Systolic Pressure ≥45 (non-SV) or MPA Mean Pressure ≥17mmHg (SV)

    No Reference

    Yes 2.73 (2.15, 3.46)

    Missing 1.59 (1.21, 2.09)

Systemic Ventricular EDP ≥ 18mmHg

    No Reference

    Yes 1.65 (1.14, 2.39)

    Missing 1.31 (1.06, 1.63)

Risk Group

    Group 1 Reference

    Group 2 2.18 (1.60, 2.97)

    Group 3 1.97 (1.41, 2.74)

    Group 4 3.01 (2.10, 4.31)
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