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a b s t r a c t 

Background: Qualitative features of aortic and mitral valvar pathology have traditionally been used to 

classify congenital cardiac anomalies for which the left heart structures are unable to sustain adequate 

systemic cardiac output. We aimed to determine if novel groups of patients with greater clinical relevance 

could be defined within this population of patients with critical left heart obstruction (CLHO) using a 

data-driven approach based on both qualitative and quantitative echocardiographic measures. 

Methods: An independent standardized review of recordings from pre-intervention transthoracic echocar- 

diograms for 651 neonates with CLHO was performed. An unsupervised cluster analysis, incorporating 

136 echocardiographic measures, was used to group patients with similar characteristics. Key measures 

differentiating the groups were then identified. 

Results: Based on all measures, cluster analysis linked the 651 neonates into groups of 215 (Group 1), 

338 (Group 2), and 98 (Group 3) patients. Aortic valve atresia and left ventricular (LV) end diastolic 

volume were identified as significant variables differentiating the groups. The median LV end diastolic 

area was 1.35, 0.69, and 2.47 cm 

2 in Groups 1, 2, and 3, respectively (p < 0.0 0 01). Aortic atresia was 

present in 11% (24/215), 87% (294/338), and 8% (8/98), in Groups 1, 2, and 3, respectively (p < 0.0 0 01). 

Balloon aortic valvotomy was the first intervention for 9% (19/215), 2% (6/338), and 61% (60/98), respec- 

tively (p < 0.0 0 01). For those with an initial operation, single ventricle palliation was performed in 90% 

(176/215), 98% (326/338), and 58% (22/38) (p < 0.0 0 01). Overall mortality in each group was 27% (59/215), 

41% (138/338), and 12% (12/98) (p < 0.0 0 01). 

Conclusions: Using a data-driven approach, we conceptualized three distinct patient groups, primarily 

based quantitatively on baseline LV size and qualitatively by the presence of aortic valve atresia. Man- 
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agement strategy and overall mortality differed significantly by group. These groups roughly correspond 

anatomically and are analogous to multi-level LV hypoplasia, hypoplastic left heart syndrome, and criti- 

cal aortic stenosis, respectively. Our analysis suggests that quantitative and qualitative assessment of left 

heart structures, particularly LV size and type of aortic valve pathology, may yield conceptually more 

internally consistent groups than a simplistic scheme limited to valvar pathology alone. 

© 2018 Elsevier B.V. All rights reserved. 

Critical left heart obstruction (CLHO), encompassing a wide 

spectrum of congenital heart disease from isolated aortic valve 

stenosis to hypoplastic left heart syndrome (HLHS), is defined as 

critical due to ductal-dependent circulation resulting from the left 

heart’s inability to sustain the systemic circulation. Noonan and 

Nadas first described HLHS in 1958, based on analysis of 101 car- 

diac specimens [1] . More recently, multiple consensus statements 

regarding the nomenclature have been produced, culminating with 

the International Pediatric and Congenital Cardiac Code (IPCCC) by 

the Society of Thoracic Surgeons and the European Association for 

Cardiothoracic Surgery. For HLHS alone, the IPCCC lists 38 diagnos- 

tic categories with 29 diagnostic modifiers, and many other qual- 

ifiers (such as the status of the atrial and ventricular septa, the 

location and extent of left-sided hypoplasia, and more) to describe 

the lesion and its associated diagnoses [2,3] . 

This classification system, based solely on visually distinguish- 

able characteristics, may not reflect the complex relationship be- 

tween valvar morphology, ventricular anatomy, and outcomes. 

Apart from aortic valve atresia, it is difficult to provide prognostic 

information regarding surgical strategy and survival [4–6] . While 

the classification has remained dependent upon the qualitative 

assessment of gross anatomy, detailed qualitative and quantita- 

tive echocardiographic evaluation of both cardiac morphology and 

function has become commonplace. At the same time, the tech- 

niques available for to analyze large, detailed data sets (“big data”

) have rapidly increased in sophistication, allowing for the discov- 

ery of relationships not possible without large and deep data. Clus- 

ter analysis, often used in the analysis of social media, represents 

a fully data-driven method that has been applied infrequently in 

clinical analyses [7] . It allows for the exploration, characterization, 

and recognition of novel associations within “big data.”

Given the present sophistication and ubiquity of echocardiog- 

raphy, the Congenital Heart Surgeons’ Society (CHSS) Data Center 

has created an imaging core lab to define and analyze the echocar- 

diographic spectrum of CLHO. In this study, our primary aim was 

to identify distinct, novel, and clinically relevant groups of patients 

with CLHO using only baseline quantitative and qualitative mea- 

sures of cardiac morphology and function. 

1. Methods 

1.1. Study population 

Between 2005 and 2016, 854 neonates, who were diagnosed 

with critical left heart obstruction and admitted to a CHSS insti- 

tution at ≤ 30 days old, were enrolled from 21 institutions into a 

prospective inception cohort. CLHO was defined as a left-sided ob- 

structive lesion that precluded adequate systemic output through 

the aortic valve. Specifically, neonates with ductal-dependent cir- 

culation with aortic valve atresia, critical aortic stenosis, hypoplas- 

tic left heart syndrome and its variants, morphologically normal 

but hypoplastic left-sided structures, and mitral atresia were eligi- 

ble. Exclusion criteria included discordant atrioventricular or ven- 

triculoarterial connections and first intervention at a non-CHSS in- 

stitution. For this study, infants with a recording from a base- 

line echocardiogram, which were interpreted and underwent of- 

fline qualitative assessment at the CHSS imaging core lab, were 

included. Those with either missing, poor quality, or incomplete 

baseline echocardiograms were excluded. 

1.2. Data acquisition and follow-up 

Participation in the registry was voluntary and parental consent 

was obtained at each institution. Patient medical records, includ- 

ing demographic, clinical, procedural, and operative data were pro- 

vided to the CHSS Data Center voluntarily and confidentially. Data 

were abstracted as previously described [8] . The Data Center staff

contacted patients annually and subsequent medical records were 

obtained from enrolling institutions. Institutional review board ap- 

proval was obtained at each institution. 

1.3. Echocardiographic review 

Baseline, pre-intervention echocardiographic recordings and re- 

ports were requested for each neonate. A single pediatric cardi- 

ologist (MGS), who was blinded to patient characteristics, clini- 

cal course, operative strategy, and mortality status, reviewed each 

echocardiogram according to a standardized protocol, collecting 

194 qualitative and quantitative, functional and morphologic vari- 

ables. 

1.4. Statistical analysis 

1.4.1. Variable processing and descriptive statistics 

Variables with greater than 50% missing values for all patients 

were excluded. Based on this criterion, 136 of the 194 variables 

were suitable for analysis. For included variables with missing val- 

ues, multiple informative imputation (five times) was performed 

using PROC MI [9] . 

The normality of continuous variables was determined using 

the Shapiro-Wilk test. Categorical variables are presented as fre- 

quencies and proportions and compared using the chi-square or 

Fisher’s exact test, as appropriate. Continuous variables are pre- 

sented as means with standard deviations or as medians with 

interquartile ranges (IQR). They were compared across groups or 

within groups using Student’s T-test, the Mann-Whitney U test, 

one-way ANOVA, or Kruskal-Wallis test, as appropriate. All analy- 

ses were performed using SAS version 9.2 (SAS Institute, Inc., Cary, 

NC). 

1.4.2. Cluster analysis 

To identify unique groups of neonates using quantitative and 

qualitative echocardiographic measures of cardiac function and 

morphology, cluster analysis was employed. Cluster analysis al- 

lows for the grouping of similar patients on based on the struc- 

ture of the echocardiographic data, free of any a priori assumptions 

about relationships between the variables. The clustering was de- 

termined in an unsupervised fashion, meaning that the variables 

were given equal weight by the clustering algorithm and that the 

number of clusters was not pre-determined. All variable values 

were first standardized to a mean of 0 and a standard deviation of 

1 to account for differences in scale. No additional clinical informa- 

tion was entered into the cluster analysis, apart from the baseline 

echocardiographic variables. 
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