SUPPLEMENTAL MATERIAL
Supplemental Table 1. C-CLOC Groups
	Main Group
	Parent Group
	Subgroup

	Aortic arch obstruction†
	Left-sided lesion
	Simple
Complex

	Congenital aortic stenosis 
	Left-sided lesion
	--

	Hypoplastic left heart syndrome
	Left-sided lesion
	--

	Mitral stenosis
	Left-sided lesion
	Simple
Complex

	Cor triatriatum
	Left-sided lesion
	--

	Supravalvar aortic stenosis
	Left-sided lesion
	--

	Other left-sided lesion
	Left-sided lesion
	--

	Ebstein anomaly
	Right-sided lesion
	--

	Pulmonary valve stenosis
	Right-sided lesion
	--

	Tricuspid atresia
	Right-sided lesion
	With normally-related great arteries
With malposed great arteries

	Other right-sided lesion
	Right-sided lesion
	

	Tetralogy of Fallot
	Conotruncal defects
	--

	Truncus arteriosus
	Conotruncal defects
	With IAA
Without IAA

	Interrupted aortic arch, type B
	Conotruncal defects
	--

	Right aortic arch
	Conotruncal defects
	--

	Vascular ring
	Conotruncal defects
	--

	Other conotruncal defect
	Conotruncal defects
	--

	ASD only†
	Endocardial defects
	--

	Atrioventricular canal defect†
	Endocardial defects
	Simple
Complex

	Other endocardial cushion defect
	Endocardial defects
	--

	Congenitally corrected transposition of GA
	Looping/arterial malposition
	--

	Dextro-transposition of the GA
	Looping/arterial malposition
	With VSD
Without VSD

	Double inlet of the left ventricle
	Looping/arterial malposition
	L-looping
Other types

	Other looping/arterial malposition defects
	Looping/arterial malposition
	--

	Double outlet right ventricle
	DORV
	Transposed great arteries (Taussig-Bing)
Normal GA/TOF-type
Complex
Mitral atresia

	Aortopulmonary window
	Other
	

	Partial anomalous pulmonary venous return
	Other
	

	Total anomalous pulmonary venous return
	Other
	

	VSD
	Other
	Inlet
Muscular
Perimembranous or membranous
Other types, not otherwise specified

	Pulmonary atresia
	***
	Intact ventricular septum (right-sided lesion)
With VSD/TOF VSD (conotruncal defect)
Complex (other type)






Supplemental Table 2. Phenotyping Schema for C-CLOC Approach (Excel file)
Supplemental Table 3. Pulmonary Atresia (PA) Groups†
	C-CLOC Approach
	BPA codes used to define CHD
	Broad Approach
	Exclusive Approach

	Description
	n

	% neonatal mortality
	
	n
	% neonatal mortality
	n
total
	% neonatal mortality

	PA‡
PA/VSD (conotruncal)
PA/IVS (right-sided)
PA, complex (other)

Moved to tricuspid atresia
Moved to Ebstein anomaly
Moved to endocardial cushion defect
Moved to DORV, mitral atresia
Moved to DORV, complex
Moved to CCTGA
Moved to DILV, L-looped
Moved to DILV, other
	1,079
574
364
141

112
79
208
25
124
--¶
19
142
	12.7
9.8
16.2
15.6

8.0
31.7
15.4
20.0
17.7
--§
0
17.6
	746000, 747300, 747310
PA/VSD: 747310
	1,798
113
	14.6
14.2
	328
--¶

	18.0
--§



CCTGA: Congenitally-corrected transposition of the great arteries; DILV: Double inlet left ventricle; DORV: Double outlet right ventricle; IVS: Intact ventricular septum; PA: Pulmonary atresia; VSD: Ventricular septal defect.
†Pulmonary atresia is presented as separate given that different pulmonary atresia subtypes cross different parent C-CLOC groups.
‡Includes PA with malposed great arteries, but excludes PA seen in tricuspid atresia, Ebstein anomaly, double outlet right ventricle, congenitally corrected transposition of the great arteries, endocardial cushion defects, and DILV. PA is common in those lesions and cases are included with those groups. Those with PA and endocardial cushion defects are within re within complex endocardial cushion defect.
§Cells with n<5 were represed.
¶Excludes repressed cells with n<5. 








SUPPLEMENTAL METHODS
Definition of Isolated and Multiple CHDs
For simplicity, given our focus on CHD combinations, we hereafter broadly refer to “isolated” CHDs as those that conceptually involve a “single” CHD and refer to “multiple” CHDs as those that conceptually involve combinations of distinct CHDs. In both instances, we ignore the presence or absence of non-cardiac defects, though we acknowledge that much prior literature uses similar “isolated” and “multiple” defect terms differently, to describe birth defect co-occurrence across organ systems.

C-CLOC System Development
For individual C-CLOC CHDs, each BPA code was audited and hierarchically classified as one of the following: 1) are part of the CHD group’s definition (considered “must have” defects), 2) would not be expected to substantially change morbidity/mortality risk when co-occurring (“can have” defects), or 3) would likely substantially impact morbidity/mortality risk when co-occurring (“cannot have” defects). For example, for a child with a code for aortic coarctation to be classified in the complex COA C-CLOC code, they “must have” coarctation, they “can have” mitral stenosis, but they “cannot have” HLHS.
For each CHD of interest, BPA codes were defined as “cannot have” because 1) it would be considered to be physiologically impossible for the defect corresponding to the BPA code to co-occur with the CHD of interest, 2) that the co-occurrence of the BPA-corresponding defect was thought to substantially impact the expected clinical consequence of the CHD of interest. All C-CLOC phenotyping decisions were then verified by two additional pediatric cardiologists (K.N.L., B.A.) and a clinical geneticist (A.L.). All phenotyping decisions were iteratively reviewed by clinicians, whereby differences in individual phenotyping decisions were discussed with investigators and resolved. 

Iterative Refinement of C-CLOC Categories
After the initial C-CLOC classification was applied within the dataset, two rounds of reviews were performed to further curate the classifications. First, cases with no C-CLOC assignment were reviewed from highest to lowest code combination frequency to see if they could be classified by frequency. Adjustments were made, leaving two types of case combinations excluded: 1) suspected misclassification due to either impossible combinations (e.g. mitral atresia with tricuspid atresia) or combinations with disparate diagnoses making classification not possible (e.g. truncus arteriosus with pulmonary atresia), and 2) insufficient information to classify. For the second exclusion category, cases were included in which the 2 or more BPA codes had similar average severity, but together could have significantly increased mortality, but did not fall easily within a single C-CLOC code with only the information provided (e.g. pulmonary stenosis with VSD or mitral atresia with transposition of the great arteries) and rare high mortality combinations which would be minimally contributory to population-based investigations (e.g. tricuspid atresia with truncus arteriosus or aortic atresia with VSD without HLHS). Second, all cases and classifications were reviewed to ensure that the coding system was mutually exclusive, so cases were classified in 2 C-CLOC codes. This required some creation of hierarchies. For example, double outlet right ventricle (DORV) with malposition of the great arteries (MGA) would most often be classified in the DORV-MGA C-CLOC code. However, if there was also atrioventricular septal defect, the case would instead be classified in the complex endocardial cushion defect C-CLOC code. 

Identifying Cases Using Broad and Exclusive Approaches
	To alternatively code for cases using the broad approach, all BPA codes otherwise defined as “cannot have” codes for each C-CLOC CHD were defined as “can have” codes for the purposes of applying the broad approach to ascertain cases in lieu of the C-CLOC approach. Therefore, for the broad approach, all 47 BPA codes were either “must have” (e.g., BPA code corresponding to the CHD of interest) or “can have” codes. Thus, only the BPA code directly corresponding to the CHD of interest was required to define a case, regardless of other co-occurring CHDs. When applying the exclusive approach, all cases that were defined as “can have” codes in the broad approach were considered to be “cannot have” codes. Subsequently, cases identified with a given CHD using the exclusive approach were only considered to have the CHD if they had a BPA code corresponding to the CHD of interest and no other CHDs.

Example of C-CLOC System Refinement
In the case of left-sided lesions, C-CLOC phenotyping identified children with left-sided lesions as a parent group in addition to more granular lesions like simple and complex arch obstruction, congenital aortic stenosis, and HLHS. Given that pulmonary valve and/or pulmonary artery atresia occur with many different heterogeneous lesions, cases with pulmonary atresia that were classified into the pulmonary atresia C-CLOC main CHD group (i.e., cases did not also have a higher complexity code) were further classified into three subgroups: 1) pulmonary atresia with intact ventricular septum (under right-sided lesions), 2) pulmonary atresia with VSD/Tetralogy VSD (under conotruncal lesions), and complex pulmonary atresia (under other CHD type; Supplemental Table 2). 

Definition of HLHS 
For the purposes of manual review, cases were considered to have HLHS if they had any of the following as consistent with prior literature30:
1. Severe aortic and mitral hypoplasia, atresia, or obstruction, and a hypoplastic left ventricle
2. Diagnosis of HLHS on cardiac catheterization, echocardiography, cardiac surgical, or pathologic report
3. Left ventricular hypoplasia with an outcome of either Stage 1 palliation, transfer to another hospital, discharge to hospice, discharge home against medical advice, or death

