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Abstract
Background—Norwood outcomes vary across centers, and a relationship between center
volume and outcome has been previously described. It is unclear whether this volume-outcome
relationship exists across all levels of patient risk or holds true for all centers. We evaluated the
impact of patient risk status on the relationship between center volume and outcome, and the
extent to which differences in center volume account for between-center variation in outcome.

Methods—Infants in the Society of Thoracic Surgeons Congenital Heart Surgery Database
undergoing the Norwood operation (2000–2009) were included. Mortality associated with annual
Norwood volume overall and across patient pre-operative risk tertiles was evaluated in
multivariable analysis. We also estimated the proportion of between-center variation in mortality
explained by center volume.

Results—The cohort included 2557 infants from 53 centers (n=34 centers: 0–10 Norwood cases/
year, n=13 centers: 11–20 cases/year, n=6 centers: >20 cases/year). Unadjusted in-hospital
mortality was 22%. In multivariable analysis, lower center volume was associated with higher
mortality [OR in low vs. high volume centers 1.54, 95% CI 1.02–2.32, p=0.04]. The volume-
outcome relationship did not differ across pre-operative risk tertiles (p=0.7). Norwood volume
explained an estimated 14% of the between-center variation in mortality observed, and significant
between-center variation in mortality remained after adjusting for volume (p<0.001).
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Conclusion—Center volume is modestly associated with outcome following the Norwood
operation independent of patient risk status. However, this relationship explains only a portion of
the between-center variation in mortality in this cohort.
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Introduction
While outcomes following the Norwood operation have improved over the past 3 decades
with refinement in surgical technique and advances in peri-operative care, morbidity and
mortality remain significant and outcomes vary widely from center-to-center (1–4). Previous
studies have suggested that center surgical volume is an important factor associated with
outcome following the Norwood operation (4–9). More recent studies have called the
volume-outcome relationship into question, but have been limited by the use of
administrative data, and including only patients enrolled in certain studies in volume
estimates rather than evaluating total Norwood volume (7,10). In addition, it is unknown
whether the volume-outcome relationship exists across all levels of patient risk or only
applies to high risk patients (11).

We utilized a large multi-center registry to evaluate the association of center Norwood
volume with in-hospital mortality, across varying levels of patient pre-operative risk. We
also evaluated the extent to which differences in center volume account for between-center
variation in outcome.

Methods
Data Source

The Society of Thoracic Surgeons Congenital Heart Surgery Database contains operative,
peri-operative, and outcomes data on >180,000 children undergoing heart surgery since
1998, and currently represents nearly three quarters of all US centers performing pediatric
heart surgery (12). Data on all children undergoing heart surgery at participating centers are
entered into the database. Data quality and reliability are assured through intrinsic
verification of data (for example, identification and correction of potential data entry errors
regarding patient weight based on comparison to the range of expected values), along with a
formal process of in-person site visits and data audits conducted by a panel of independent
data quality personnel and pediatric cardiac surgeons at 5 randomly chosen institutions each
year (13). The Duke Clinical Research Institute serves as the data warehouse for the STS
Databases. This study was approved by the Duke University Institutional Review Board
with waiver of consent, and also approved by the STS Access and Publications Committee.

Patient Population
A total of 78 US centers submitted data on at least one Norwood operation to the database
from 2000–2009. Centers with >15% missing data for any study variable (n=16) and centers
who performed <5 Norwood operations during the entire study period (n=9) were excluded
leaving 53 centers available for analysis. While the STS Database contains nearly complete
data for the standard core data fields required to calculate in-hospital mortality, not all
centers submit complete data for other variables and it is standard practice to exclude centers
with >15% missing data for key study variables, in order to maximize data integrity and
minimize missing data (14). From the included centers, patients with missing data on pre-
operative factors or mortality (n=32 patients) were then excluded. Of note, overall in-
hospital mortality was similar in the included cohort vs. all patients with available mortality
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data undergoing the Norwood operation in the STS Database during this time period (22%
vs. 21%).

Data collection
All patients undergoing the Norwood operation were included in the study regardless of
underlying anatomy, and characterized by type of single ventricle: right dominant, left
dominant, or undifferentiated (15). The presence of other secondary lesions such as total
anomalous pulmonary venous return was also collected, along with the presence of any non-
cardiac/genetic abnormality, pre-operative length of stay, and other pre-operative factors
including mechanical ventilatory or circulatory support, shock, arrhythmia, and neurologic
deficit as defined in the STS Database (16). The primary outcome was in-hospital mortality.
Center characteristics included geographic region and average annual volume of Norwood
operations.

Statistical Analysis
Study variables were described using standard summary statistics. Missing data were rare;
pre-operative non-cardiac/genetic abnormality was the only variable with missing data
(0.7%). For this variable, missing was imputed to none. Center Norwood volume was
categorized for descriptive purposes based on the distribution of the data as: 0–10, 11–20,
and >20 cases per year, such that there was an approximately equal number of patients in
each group. Patient characteristics overall and in each volume category were described.
Outcomes unadjusted for patient characteristics were compared across volume groups using
logistic regression accounting for within-center correlation.

Multivariable logistic regression was performed to evaluate the association of center
Norwood volume with in-hospital mortality adjusting for patient pre-operative
characteristics. Volume was analyzed both as a continuous (log-transformed) and categorical
(as defined above) variable. The method of generalized estimating equations (GEE) was
utilized to account for correlation between outcomes of patients at the same center. All
models were adjusted for year of surgery, age, weight, sex, dominant ventricle, diagnosis of
total anomalous pulmonary venous return, pre-operative length of stay, the presence of any
non-cardiac/genetic abnormality, and pre-operative shock, mechanical ventilatory or
circulatory support, arrhythmia, complete atrioventricular block, or neurologic deficit.
Adjusted odds ratios and 95% confidence intervals are reported.

In order to display the relationship between center volume and mortality graphically, the
adjusted mortality rate at each center was plotted in order of increasing center volume.
Adjusted mortality rates were calculated as: (observed mortality rate/expected mortality
rate) * (overall sample observed mortality rate), where the expected mortality rate at each
center was obtained from multivariable logistic regression models adjusting for patient
characteristics as noted above.

The association of center volume with outcome across different levels of patient pre-
operative risk was also evaluated. For this analysis, any pre-operative factor found to be
associated with mortality with a p-value of 0.1 or less was entered into a multivariable
logistic regression model. These included sex, weight <2.5 kg, dominant ventricle (right vs.
non-right), diagnosis of total anomalous pulmonary venous return, prolonged pre-operative
length of stay (>75th percentile for cohort), any non-cardiac/genetic abnormality, and pre-
operative shock, mechanical ventilatory or circulatory support, arrhythmia, complete
atrioventricular block, or neurologic deficit. The estimated model coefficients for each
variable were calculated, representing the degree of risk associated with each variable. A
risk score was then calculated for each patient summing the risk associated with all of the
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patient’s pre-operative risk factors. The patients were then divided into low, middle, and
high risk categories based on their total risk score. With these three risk groups defined, a
GEE model was fit with the interaction of risk group and volume category. We tested
whether the effect of volume on outcome varied across the risk groups.

Finally, we evaluated the percent of between-center variation in mortality explained by
center volume using hierarchical models with center-level random effects. Models with and
without center volume as a main effect were fitted and the difference in estimated variance
calculated. We also tested whether there was still significant between-center variation in
mortality even after accounting for center volume. All analyses were performed using SAS
version 9.2 (SAS Institute Inc, Cary, NC). A p-value <0.05 was considered statistically
significant.

Results
Patient and center characteristics

A total of 2557 infants undergoing the Norwood operation from 53 centers (45% South,
27% Midwest, 17% West, 11% Northeast) were included. Analysis of center volume
revealed 34 centers with 0–10 Norwood cases/year, 13 centers with 11–20 Norwood cases/
year, and 6 centers with >20 Norwood cases/year (Figure 1). The median annual number of
Norwood cases/year for the overall cohort was 7.5 (interquartile range 5.3–11.3). Center
annual Norwood volume was highly correlated with overall volume of pediatric cardiac
cases (r=0.9).

Patient characteristics are displayed in Table 1. Age, weight and proportion with a right
dominant single ventricle were similar between center volume categories. Lower volume
centers tended to have a greater proportion of patients with non-cardiac/genetic
abnormalities, and pre-operative shock, while higher volume centers had a greater
proportion with pre-operative mechanical ventilation (Table 1).

Post-operative outcomes
Overall unadjusted in-hospital mortality was 22%. In unadjusted analysis, lower center
volume was significantly associated with higher mortality [27% mortality (0–10 cases/year),
21% mortality (11–20 cases/year), and 18% mortality (>20 cases/year), p=0.037]. After
adjustment for patient characteristics in multivariable analysis, lower center volume
remained significantly associated with higher in-hospital mortality when evaluated as a
continuous and categorical variable (Table 2).

Patients were then categorized based on pre-operative risk factors as described above.
Mortality rates in the low, middle, and high risk groups were 14%, 21%, and 33%,
respectively. The relationship between center Norwood volume and mortality did not vary
significantly across the risk groups (p=0.70). In other words, the relationship between
volume and outcome (ie. lower volume related to higher mortality) was similar for all risk
groups.

Finally, variation in center-specific outcome was evaluated graphically, which demonstrated
that the volume-outcome relationship did not hold true across all centers (Figure 2). There
were some middle volume centers with adjusted mortality rates comparable to higher
volume centers, and some higher volume centers with mortality rates similar to those in the
lower volume groups. Center Norwood volume explained an estimated 14% of the between-
center variation in mortality observed in this cohort, and after adjusting for center volume,
significant between-center variation in mortality remained (p<0.001).
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Discussion
We found that center volume was modestly associated with outcome following the Norwood
operation independent of patient risk status. This relationship does not hold true for all
centers, and center volume explains only a portion of between-center variation in outcome.

Several previous studies have evaluated the volume-outcome relationship in children
undergoing heart surgery, including analyses of New York and California state databases
and the Nationwide Inpatient Sample, and found higher mortality rates at lower volume
centers (7–9). Using the same clinical database in our study, Welke et al. also found an
inverse association between case volume and mortality that became increasingly important
as case complexity increased (4). A relationship between volume and outcome has also been
reported specifically for patients undergoing the Norwood operation. Hirsch and colleagues
evaluated 624 Norwood patients in the Kids’ Inpatient Database and found a significant
inverse association between volume and mortality (35% in low volume vs. 17% in high
volume centers) (5). Checchia et al. reported similar results analyzing 801 patients in the
Pediatric Health Information Systems Database (6).

However, there are limitations to using administrative data in this type of analysis.
Administrative datasets rely upon International Classification of Diseases, 9th revision
(ICD-9) diagnosis and procedure codes from the hospital bill to identify patients of interest.
There is no ICD-9 code for the Norwood operation, such that a combination of other
diagnosis and procedure codes must be used, the validity of which is unknown. The present
study confirms the relationship (although modest) between Norwood volume and outcome
in >2500 patients in a large clinical registry. These findings differ from a recent Congenital
Heart Surgeons Society (CHSS) study which did not find a significant relationship between
volume and outcome (10). However, volume estimates in the CHSS study were based on the
number of patients from each center enrolled in a CHSS cohort of patients with aortic atresia
or stenosis undergoing the Norwood operation (rather than the overall number of patients at
each center undergoing the Norwood operation), patients were enrolled in an earlier era
compared with the present analysis, and long-term mortality rather than in-hospital mortality
was examined (10). These and other differences make it difficult to directly compare these
two studies.

Few previous studies have evaluated whether the volume-outcome relationship varies by
patient pre-operative risk status. The CHSS study found that some institutions were able to
“neutralize” certain risk factors such as low birth weight (10). Studies in the adult cardiac
surgery literature have reported conflicting results as to whether the relationship between
hospital volume and mortality in patients undergoing coronary artery bypass grafting
(CABG) is applicable to all patients regardless of surgical risk, or only applies to high risk
patients (17,18). Data from the present study suggest that for patients undergoing the
Norwood operation, the relationship between volume and outcome does not vary across
different levels of patient pre-operative risk.

Based on studies showing a relationship between volume and outcome in the adult cardiac
surgery population, the Leapfrog Group has recommended that patients and payors should
choose hospitals with an annual CABG volume of >450 cases (19). Should similar policy for
pediatric heart surgery be considered? Our analysis suggests that this may not be the optimal
approach. First, while we did find a significant relationship between Norwood volume and
outcome, this relationship was modest at best and did not hold true across all centers. Some
middle volume hospitals had similar outcomes to high volume hospitals, and some high
volume hospitals had outcomes similar to those in the lower volume groups. Second, we
found that center Norwood volume accounted for only a small proportion of the overall
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between-center variation in outcome which exists for this operation. Thus, these data would
suggest that the use of center volume alone as a quality metric for the Norwood operation
may not be justified. In their analysis of patients undergoing all types of pediatric cardiac
surgery, Welke and colleagues reported similar findings, and concluded that volume alone
was a poor discriminator of mortality (7).

The use of center-specific risk adjusted outcome as a quality metric may be more
informative than relying upon center volume alone. This approach also requires several
important considerations. It has previously been shown that adjustment for both surgical
case complexity as well as patient specific factors is important when comparing outcomes
across centers (20–22). In addition, due to the relatively rarity of most congenital heart
lesions, the low case volumes for any individual procedure performed at one center make
statistically meaningful comparisons difficult (23). Thus, it is often necessary to evaluate
several years of data rather than a one year period. Finally, combining individual procedures
into groups of operations of similar surgical risk may also facilitate analysis (20).

Reducing variation in outcome across sites may potentially be addressed through two
different mechanisms. First, regionalization of care, or selective referral of patients to high
performing centers, may improve outcome. A previous study has suggested that selective
referral of patients in California from low-medium to high volume hospitals could
theoretically reduce mortality for children undergoing heart surgery, with an estimated 83
deaths avoided during a three year period (24). Regionalization of care for pediatric heart
surgery in Europe has already taken place. In Sweden, care was centralized to two centers
with the lowest mortality in 1993, and 30 day national mortality rates were reduced from
9.5% to 1.9% (25). Whether or not regionalization of care for children undergoing heart
surgery in the United States is feasible or even desirable remains under debate. Alternative
strategies include the development of evidence-based best practice guidelines, and design
and implementation of quality assessment and improvement initiatives. Few previous studies
have evaluated variation in care across centers and how practice variation may be associated
with outcome (26). Further study of differences in peri-operative management strategies,
hospital structural and process measures, and training and availability of personnel is
necessary to identify best practices and further our understanding of areas to target in quality
improvement initiatives.

Limitations
The limitations of this study are primarily related to the nature of the STS Database. While
the Database is currently the largest pediatric heart surgery registry in North America, not all
centers participate. In addition, while data for standard core data fields are nearly complete,
not all centers submit complete data for all variables captured by the Database, and thus, are
not included in the analysis. Thus, our results may not be generalizable to all US centers. In
addition, we included patients undergoing the Norwood operation regardless of underlying
anatomy; thus the center volume numbers in our analysis will be slightly higher compared
with analyses restricted to patients with hypoplastic left heart syndrome. Although we were
able to include many patient pre-operative risk factors in our analysis of patient risk status,
not all potential risk factors were collected in the Database during the study period,
including gestational age (although we were able to adjust for weight at surgery), the
anatomic subtype of hypoplastic left heart syndrome (ie. mitral stenosis/atresia or aortic
stenosis/atresia), size of the ascending aorta, and presence of a restrictive atrial septum,
though pre-operative shock and mechanical ventilation are captured in the database (and
accounted for in our analysis) and may be related to the latter. Longer pre-operative length
of stay may also be a surrogate measure for a more complicated pre-operative course, and
was accounted for in our analysis. Despite these limitations, we were able to successfully
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classify our study population into tertiles of increasing risk based on available pre-operative
risk factors. In addition, during the study period the source of pulmonary blood flow
(modified Blalock-Tausig shunt vs. right ventricle-to-pulmonary artery conduit) was not
specified in the Database (this variable was subsequently added in 2010). Therefore we were
unable to account for this in our analysis. However, we were able to adjust for year of
surgery in our models, with use of the right ventricle-to-pulmonary artery conduit becoming
more prevalent in recent years. In addition, while the database does contain specific
definitions for all variables, this does not exclude variation in coding across centers. Finally,
the Database currently does not capture information regarding personnel, or hospital
structural or process measures, therefore we are unable to evaluate the relationship of these
factors to center volume or outcome.

Conclusions
This multi-center analysis suggests a modest association of center volume with outcome
following the Norwood operation independent of patient risk status. However, this
relationship does not hold true for all centers and center volume explains only a portion of
between-center variation in outcome. Thus, the use of center volume alone as a quality
metric for the Norwood operation may not be justified, and center-specific risk adjusted
outcome may be more appropriate.
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Figure 1. Distribution of Center Annual Norwood Volume
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Figure 2. Adjusted Mortality Rate Displayed by Increasing Center Volume
The adjusted mortality rate (and 95% confidence interval) for each center is displayed in
order of increasing center volume. The overall mortality rate in the entire cohort is
represented by the dashed line. As center Norwood volume increases, a greater proportion of
center mortality estimates are located to the left of the vertical line (overall mortality rate in
entire cohort), indicating lower adjusted mortality rates, or better outcomes. However, this
relationship does not hold true for all centers. In particular, there are some middle volume
centers (ie. center 31&39) with mortality rates comparable to higher volume centers, and
some higher volume centers (ie. center 45&49) with mortality rates similar to those in the
lower volume groups.
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Table 2

Adjusted Post-operative Outcomes

In-hospital mortality OR (95% CI) p-value

Center Volume (Norwood cases/year)

 Volume as continuous variable* 1.17 (1.01–1.35) 0.04

 Volume as categorical variable

  0–10 1.54 (1.02–2.32) 0.04

  11–20 1.27 (0.80–1.99) 0.31

  >20 Reference

Adjusted odds ratios (OR) and 95% confidence intervals (CI) are displayed both for center volume as a continuous variable and categorical
variable. The data displayed for center volume as a continuous variable represent the OR and 95% CI associated with a decrease in center volume
by two-fold.
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