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(Aristotle Basic Complexity: ABC) scores have been developed for those who
undergo surgery. Population-based studies for assessing the predictive ability of
these scores are lacking.

Objective: To assess the predictive ability of RACHS-1 and ABC scores for the risk of
infant mortality using population-based cohort (EPICARD) data for newborns with
structural CHD.

Methods: The study population comprised 443 newborns who underwent curative
surgery. We assessed the predictive ability of each score alone and in conjunction
with an a priori selected set of predictors of infant mortality. Statistical analysis
included logistic regression models for which we computed model calibration, dis-
crimination (ROC), and a rarely used but clinically meaningful measure of variance
explained (Tjur's coefficient of discrimination).

Results: The risk of mortality increased with increasing RACHS-1 and the ABC scores
and models based on both scores had adequate calibration. Model discrimination was
higher for the RACHS-1-based model (ROC 0.68, 95% ClI, 0.58-0.79) than the ABC-
based one (ROC 0.59, 95% ClI, 0.49-0.69), P = 0.03. Neither score had the good pre-
dictive ability when this was assessed using Tjur's coefficient.

Conclusions: Even if the RACHS-1 score had better predictive ability, both scores
had low predictive ability using a variance-explained measure. Because of this limita-
tion and the fact that neither score can be used for newborns with CHD who do not
undergo surgery, it is important to develop new predictive models that comprise all

newborns with structural CHD.

KEYWORDS
congenital heart defects, infant mortality, severity scores, thoracic surgery

evaluate the complexity of surgical procedures. Even if these two

aspects are related and these scores are thus correlated, they do not

Congenital heart defects (CHD) are the most frequent group of major
congenital anomalies, accounting for almost 1% of all births.t™
Despite considerable progress in the medical and surgical manage-
ment of CHD,>” they remain the most important cause of infant mor-
tality due to congenital anomalies.2 Moreover, survivors may have
considerable short-term morbidity and long-term adverse neuro-

developmental outcomes.”*2

CHD represent a heterogeneous group of anomalies.*>*
Accounting for this heterogeneity is an important imperative for pro-
viding reliable prognostic information to patients and their caretakers,
as well as, comparing outcomes across centers or evaluation of alter-
native diagnostic and treatment strategies.

Whereas no global (all-inclusive) severity score exists for CHD,
risk and/or complexity scores have been developed for patients with
CHD who undergo surgery. Two commonly used scores aimed at
accounting for heterogeneities in surgical procedures for CHD are
(a) Risk Adjustment for Congenital Heart Surgery (RACHS-1) and
(b) the Avristotle Basic Complexity (ABC) scores.*>”

Briefly, RACHS-1 aims to evaluate the risk associated with differ-
ent surgical procedures whereas the ABC score aims specifically to

evaluate the same concept. Moreover, the available literature has
shown that they are not equivalent in terms of their predictive ability
for outcomes such as postoperative mortality or length of hospital
stay.18-28
In general, most of the literature on the health outcomes of new-
borns with CHD are based on data from specialized centers whereas
population-based studies remain rare. In particular, none of the stud-
ies that have evaluated these scores have compared their predictive
ability in population-based cohort data. In addition, previous studies
have evaluated in-hospital or postoperative mortality and not all
infant (<1-year) deaths, including those after discharge from the hos-
pital. Finally, previous studies have evaluated these scores in the con-
text of all surgical procedures including those for non-structural CHD,
notably surgical repair of a patent ductus arteriosus. Hence, the extent
to which the predictive ability of the scores may be applicable specifi-
cally to surgical procedures for structural CHD (exclusively) is not
known. We emphasize however that our study was designed to assess
the predictive ability of these scores for an outcome that was not the
target for these scores (ie, overall infant mortality and not post-

surgical mortality) and for a study population for which these scores
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were not specifically designed (ie, structural CHD requiring surgery
and not all cardiovascular abnormalities including in particular the
large proportion of cases of patent ductus arteriosus that require
surgery).

The objective of our study was to assess the predictive ability of
RACHS-1 and ABC scores for the prediction of infant mortality, using
data from a large, prospective, population-based cohort of newborns
with structural CHD. An innovative aspect of the study was that in
addition to the usual indices of predictive ability, namely calibration
(goodness of fit) and discrimination (Receiving Operator Characteristic
(ROC) curve), we also calculated a rarely used but intuitive and clini-
cally meaningful measure of predictive ability, the Tjur's Coefficient of
Discrimination.?’

2 | MATERIALS AND METHODS

21 | Data

The EPICARD (EPldémologie des CARDiopathies congénitales) study
was a population-based, prospective cohort study with long-term
(8-year) follow-up of children with a structural CHD born to women
in the Greater Paris area (Paris and its surrounding suburbs). All cases
(live births, terminations of pregnancy for fetal anomaly [TOPFA], fetal
deaths 220 weeks) diagnosed in the prenatal period or up to 1 year of

Open Access

age in the birth cohorts between May 1, 2005 and April 30, 2008
were eligible for inclusion. Cases of patent ductus arteriosus (PDA)
and patent foramen ovalae, as well as, cardiac tumors, cardiomyopa-
thy (without structural CHD), and arrhythmias were excluded.

Multiple sources of data including all maternity units, pediatric
cardiology and cardiac surgery centers, fetal and neonatal pathology
departments, neonatal and pediatric intensive care units, infant units,
and outpatient clinics in greater Paris and neighboring tertiary care
centers were regularly consulted to attain completeness of case regis-
trations and the information for each case. Informed consent was
obtained from study participants, and the study was approved by an
ethics committee (French National Committee of information and Lib-
erty, CNIL).

2.2 | Study population
The total number of cases included in the EPICARD study was 2867.
After excluding TOPFA (N = 466) and fetal deaths (N = 53), our initial
study population comprised 2348 live births (Figure 1). The total num-
ber of live births in the population base was 314 022; hence the live
birth prevalence of CHD in the EPICARD study was 74.8 per 10 000.
Of the initial study population of 2348 live births, 1847 newborns
were excluded as they did not have a surgical procedure

(no procedures or catheter interventions only). Of those who

Live births (N=2348)

(N=501)

Surgical procedure

No procedure or catheter
interventions only (N=1847)

Exclusion :
No information of type of procedure (N=2)

(N=450)

Curative procedure

Only palliative procedure (N=49)

Exclusion :
No surgical report (N=4)

FIGURE 1 Flow chart of the study
population - the EPICARD population-
based cohort

and ABC Scores
(N=443)

Curative procedure with RACHS-1

No RACHS-1 Score (N=2)
No ABC Score (N=1)
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underwent surgery (N = 501, 21% of all newborns with CHD),
450 patients had a curative, that is, intervention aimed at definitive
repair rather than a palliative procedure. Among these, 443 could be
assigned both a RACHS-1 and an ABC Score and the models which
included only the RACHS-1 or ABC as predictive variables were based
on data from these 443 newborns. One infant had missing informa-
tion on the covariates (other predictor variables noted below). Hence,
the models that included both the RACHS-1/ABC scores and the
additional predictive variables were based on data from 442 infants.

The outcome variable was infant (<1 year) mortality. The main
predictor variable was the maximum RACHS-1 (or ABC) score, which
was assigned by a neonatologist with training in pediatric cardiology
(SK). Double coding of the procedures, blinded to the outcome, was
conducted by SK. For newborns who had several surgical interven-
tions, the surgical procedure with the highest RACHS-1 (or ABC)
score was used to assign the maximum RACHS-1 / ABC for the infant.
A few procedures could not be assigned a RACHS-1 (N = 2) and/or
ABC score (N = 1) and four cases were excluded as surgical reports
were not available.

2.3 | Statistical analysis

For descriptive analyses, we calculated proportions with 95% binomial
exact confidence intervals. The chi-square test was used to test the
statistical significance of the associations between scores (score cate-
gories) and other co-variables with the risk of mortality.

We used logistic regression to assess the predictive ability of the
two scores, alone or together with other predictor variables: preterm
birth (<37 weeks of gestation), type of malformations (isolated CHD,
CHD, and chromosomal anomalies, CHD and anomalies of other sys-
tems), small for gestational age (<10th percentile, www.audipog.net), sur-
gery at the first month of life, and sex at birth. These additional variables
were chosen a priori as they are both known predictors of infant mortal-
ity and comprise the same set of variables as those used by Jenkins

etal®®

in their original study for development of the RACHS-1 score.
Model calibration (goodness of fit) was evaluated using the
Hosmer-Lemeshow statistic and model discrimination with area under
the ROC curve. In addition, we estimated two measures of explained
variation (R-square like statistics) developed specifically for logistic
regression models. First, we calculated the Efron's R? as rec-
ommended by Mittlb6ck®® in his review of the different R? proposed
in the literature for logistic regression models. We also calculated the
variance-explained measure by Tjur,?’ the “coefficient of discrimina-
tion”. Tjur's measure has the advantage of having a simple and clini-
cally intuitive interpretation. It ranges from O, corresponding to a
model with no predictive ability to 1 for a model with perfect predic-
tive ability. Tjur's coefficient of discrimination corresponds to the dif-
ference between the average model-predicted probability of an event
(eg, death) for those who experience the event (newborns who died in
our study) minus the average model-predicted probability of an event
for those who do not (newborns who survived the first year of life in

our study).

A perfect predictive model would assign a probability of one to all
those who experience the event and a probability of zero to those
who do not. In general, the greater the difference between these two
probabilities the greater is the predictive ability of the model.

The numerical results for Tjur's coefficient of discrimination and
Efron's R?> were comparable and we only give the results for Tjur's
more intuitive measure here (Efron's measures are available upon
request).

The Stata/SE software (version 13; Stata Corp, College Station,
TX) was used for data analysis.

3 | RESULTS

Sociodemographic characteristics of the study population are detailed
in Table S1 in supplementary material. Briefly, women were more fre-
quently of French origin (43.2%), in the highest occupational category
27.7%), younger than 30 (40.0%),

(professional, and primipa-

rous (46.1%).

3.1 | Distribution of scores in the study population
Table 1 shows the distribution of RACHS-1 score categories for the
newborns who had curative surgery. Approximately half of the surgi-
cal interventions were in category 2, about a third in category 3 and
15% in category 4. Less than 1% of cases were in categories 1 (lowest
risk) or in categories 5 and 6 (highest risk). Table 1 also shows the dis-
tribution of ABC scores. Approximately 2% of cases were in category
1 (least complex operations), a third in category 2, 38% in category
3, and 26% in category 4 (most complex operations).

TABLE 1 Distribution of scores categories and infant mortality
for the Risk Adjustment for Congenital Heart Surgery (RACHS-1) and
Aristotle Basic Complexity (ABC) scores of patients with a curative
procedure for congenital heart defects, the EPICARD study

Infant Mortality

Scores N % N % (95% Cl)

RACHS-1

1 3 0.7 0(0.0, 70.8%)

2 217 49.0 2 (1.3, 6.5)

3 149 33.6 8 4(2.3,10.3)

4 68 15.3 10 14.7 (7.3,25.4)

5 0.7 2 66.7 (0.09, 99.2)

6 3 0.7 0 0(0.0, 70.8%)

ABC

1 8 1.8 0 0(0.0, 36.9%)

2 149 33.6 .0 (1.5, 8.6)

3 170 384 11 6.5(3.3,11.3)

4 116 26.2 10 6(4.2,15.3)
#One sided.
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3.2 | Infant mortality

Of the total number of newborns (N = 443) with CHD who had a
curative surgical intervention, 27 (6.1%, 95% Cl, 4.1-8.7) died
before 1 year of age. The risk of mortality increased significantly
(P < 0.001), and in a “dose-response” manner across the categories
of RACHS-1 score; from a low of 3.2% for the category combining
1 and 2 scores to 33.3% for the category combining 5 and 6 scores
(Table 1). The risk of infant mortality also increased across catego-
ries of ABC; however, this increase was lower in magnitude and

was not statistically significant.

3.3 | Predictive ability of models based on
RACHS-1

Table 2 shows the results of the predictive models based on the
RACHS-1 score alone and in combination with other predictor variables.
The model with the RACHS-1 score model had moderate discrimination
(Area under the ROC curve = 0.68, 95% Cl, 0.58-0.79). After the addi-
tion of other predictors known to be associated with the risk of infant
mortality (Table 2), the model discrimination increased (Figure 2, online
Appendix, area under the ROC curve = 0.77, 95% Cl, 0.67-0.87). This
model also had adequate calibration (Hosmer-Lemeshow lack of fit test
not statistically significant, P = 0.79).

Estimates of the predictive ability measure proposed by Tjur
(coefficient of discrimination) were low for both the model with
RACHS-1 alone (Tjur's coefficient = 3%) and in the full model with
RACHS-1 and other predictors (Tjur's coefficient = 9%). The low value
of Tjur's coefficient reflected in particular the low average model-
predicted probability of mortality for infants who died (14.4% in the

TABLE 2 Risk on infant death according to the curative Risk
Adjustment for Congenital Heart Surgery (RACHS-1) score, the
EPICARD study

OR (95% ClI) ORa (95% CI)
Score RACHS-1
1-2 1.0 (Reference) 1.0 (Reference)
3 1.7 (0.6, 4.9) 2.0(0.6,6.2)
4 5.3(1.9, 14.6) 9.8 (3.0, 32.4)
5-6 15.2(2.4,97.4) 19.4 (2.7, 140.6)
Preterm birth 2.6(1.0,7.0)
Type of malformations
Isolated CHD 1.0 (Reference)
CHD and chromosomal 2.8(0.8,9.8)
anomalies
CHD and anomalies of other 1.5(0.5,4.1)
systems
Small for gestational age 2.6 (1.0, 6.6)
Surgery at first month of life 0.7(0.3,1.9)

Male 0.8(0.3,1.8)

Open Access

best model, that is, RACHS-1 + additional predictors), which was
fairly close to the average predicted probability of mortality for infants

who survived (5.6%).

3.4 | Predictive ability of models based on
ABC score

Table 3 shows the results of the predictive models based on the ABC
score alone and in combination with other predictor variables. The
model with the ABC score alone had fairly low discrimination (Area
under the ROC = 0.59, 95% Cl, 0.49-0.69); and in particular lower
than the model based on RACHS-1 (P = 0.03). With the addition of

other predictors, model discrimination increased (Figure 3, online

0.50 0.75 1.00
Il Il Il

Sensitivity

0.25
Il

0.00

T T T T T
0.00 0.25 0.50 0.75 1.00
1 - Specificity

Area under ROC curve = 0.7700

FIGURE 2 Receiver operating characteristic (ROC) curve for the
predictive model based on the RACHS-1 and other predictive
variables (see text and Table 2) of infant mortality

TABLE 3 Risk on infant death according to the curative Aristotle
basic comprehensive (ABC) score, the EPICARD study

OR (95% ClI) ORa (95% Cl)
Score ABC
1-2 1.0 (Reference) 1.0 (Reference)
3 1.7 (0.6, 4.8) 1.8 (0.6, 5.3)
4 2.4 (0.8, 6.8) 4.0(1.1, 14.0)
Preterm birth 1.9 (0.7, 5.0)
Type of malformations
Isolated CHD 1.0 (Reference)
CHD and chromosomal 2.8(0.8,9.5)

anomalies

CHD and anomalies of other systems 1.6 (0.6, 4.3)
Small for gestational age 2.4(1.0,5.9)
Surgery at first month of life 0.8(0.3-2.2)
Male 0.7 (0.3-1.6)
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FIGURE 3 Receiver operating characteristic curve for the

predictive model based on the Aristotle Basic Complexity score and
other predictor variables (see text and Table 3) of infant mortality

Appendix, Area under the ROC curve = 0.69, 0.58-0.80) but remained
less than that of the comparable model for RACHS-1 at the limit of
statistical significance (P = 0.06).

Model calibration was adequate for the ABC score plus other pre-
dictors (Hosmer-Lemeshow lack of fit test not statistically significant,
P = 0.83). The Tjur's coefficient for the ABC score-based models were
even less than those for the RACHS-1, 0.6% and 4% for the ABC only
and ABC + other predictors, respectively. As was the case for the
RACHS-1 based models, the main reason for the low values of
the Tjur's coefficient for ABC-based models was that the average
model-predictive probability of death for infants who died was quite
low (9.7% in the model with ABC + other predictors) and close to that
of infants who survived (5.9%).

4 | DISCUSSION

41 | Principal findings

Using data from a prospective, population-based cohort study of
443 newborns with a structure congenital heart defect who had
undergone curative (non-palliative) surgery, we assessed the predic-
tive ability of two commonly used predictive scores of pediatric car-
diac surgery, RACHS-1, and the ABC scores. We assessed the
predictive ability of the two scores using both the most commonly
used indices of predictive ability, namely discrimination (area under
the ROC curve) and calibration (Hosmer-Lemeshow test for lack of
fit), as well as, a clinically meaningful and intuitive measure of predic-
tive ability, the Tjur's Coefficient of Discrimination. To our knowledge,
this is the first study to use Tjur's coefficient in our field.

We found that both the models based on the RACHS-1 and ABC
scores had adequate calibration but that the models based on
RACHS-1 score had better discrimination. We also found that the
addition of predictor variables known to be associated with the risk of
infant mortality increased model discrimination, particularly for the
ABC-based model.

We also found that both models had fairly low values of the Tjur's
coefficient, which represents the difference between the average
model-based predicted probability of death for newborns who die
minus the average model-based predicted probability of death for
those who survived. In general, all models had the shortcoming of
having a low average predicted probability of death for those who
died, which in turn resulted in low measures of predictive ability in

terms of the Tjur's coefficient.

4.2 | Strengths of the study

Using data from a prospective cohort (EPICARD), our study repre-
sents the first population-based assessment of the predictive abil-
ity of the two commonly used scores (RACHS-1 and ABC Score)
for predicting mortality of newborns with CHD who undergo cor-
rective surgery. In addition to the usual indices of model perfor-
mance, discrimination (area under the ROC) and calibration
(Hosmer-Lemeshow test for lack of fit), we used, for the first
time in our field (perinatal epidemiology), an intuitive and clini-
cally meaningful measure of predictive ability, the Tjur's Coeffi-

cient of Discrimination.??

4.3 | Limitations of the data

Our study has certain limitations and caveats. We did not evaluate
the performance of the Aristotle Comprehensive Complexity Score or
the newer, empirically-derived STS (Society for Thoracic Surgery) -
EACTS (European Association for Cardiothoracic Surgery (EACTS)
Score.?® The Aristotle Comprehensive Complexity Score is an expert-
based score, which reflects complexity through three components:
the potential for mortality, the potential for morbidity, and surgical
technical difficulty.

The STS-EACT score is based on procedure-specific mortality rate
estimates, which were calculated using data from the STS and EACTS
databases for the period 2002 to 2007 and a Bayesian model that
adjusted for small denominators. Each procedure is assigned a
numeric score ranging from 0.1 to 5.0 based on the estimated mortal-
ity rate. Procedures are also sorted by increasing risk and grouped into
five categories that were chosen to be optimal with respect to mini-
mizing within-category variation and maximizing between-category
variation. Both the Aristotle Comprehensive Complexity score and the
STS-EACTS have been shown to have better predictive ability than
the ABC Score and comparable or better predictive ability compared
with the RACHS-1 score.

Nevertheless, the RACHS-1 and the ABC scores are the most
common ones used in our population and evaluated in the litera-
ture. All the existing scores are intended to predict postoperative
(hospital) mortality and not infant mortality. Hence, we evaluated
these scores for an outcome that strictly speaking they were not
intended to predict. For some categories of RACHS-1 and ABC
score, we had very few cases. This was because we looked at the
predictive scores for surgical interventions in the case of structural
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FIGURE 4  Scatterplot of Risk Adjustment for Congenital Heart
Surgery (RACHS-1) and Aristotle Basic Complexity (ABC) scores, the
Epicard study

CHD as explained above. Hence, we had to combine low (and high)
score categories, which resulted in lower estimates of models'
discrimination.

44 | Interpretations

As in previous studies, we found model calibration (Hosmer-
Lemeshow test) to be adequate with no statistically significant evi-
dence of lack of fit. However, we found a somewhat lower discrimina-
tion (smaller area under the ROC curves) for the two scores than
those reported in the literature. Previous, hospital-based studies
reported model discrimination of 70%-80% with areas under the ROC
curve that were higher for RACHS-1.

For each level in RACHS-1 there was a heterogeneous distribu-
tion of the ABC scores (Figure 4). This may be at least explained by
the fact that these two scores are intended to measure different con-
cepts which are not fully correlated. This also can explain in part why
the two scores had different discrimination and predictive ability. One
or more of the following could explain this discrepancy. Our outcome
was infant (< one-year) mortality whereas previous studies looked at
postoperative hospital mortality (usually 30-days post-op). Neverthe-
less, we conducted analyses with the deaths restricted to
hospital/30 days post-op mortality. The results were comparable
to those we reported for infant mortality (detailed results available
upon request). The scores were initially conceived and developed in
the United States and there may be differences in practice or patient
populations that explain why these models showed better model dis-
crimination in studies that evaluated these scores at the time of their
development and validation vs those found in our study.

Nevertheless, it is likely that the most important reason for the
difference in the model discrimination in our study vs those in the lit-
erature is related to the selection criteria for our study population.
We excluded from our study population all non-structural CHD
whereas all cases of pediatric cardiac surgery, including the commonly
performed PDA ligations were included in the previous studies based
on all surgical cases. In contrast, our study included only structural
congenital heart defects. Hence, cases of “functional” CHD, most

Open Access

notably PDA, which comprise a large proportion of pediatric cardiac
surgery cases, were excluded from our study population. This explains
why we had so few cases in the lowest risk (RACHS-1) and complexity
(ABC) score categories. In turn, given the few cases in the lowest risk/
complexity for the two scores, we had to combine categories 1 and
2 (as well as 5 and 6 for the RACHS-1) in our models. This in turn
reduces the predictive ability of the models, as combining categories
results in loss of prognostic information.

An important limit of the currently available scores is that they
can only be used for infants who undergo surgery. However, these
infants accounted for only one-fifth of all newborns in our cohort of
newborns with structural CHD. Moreover, many newborns with
severe CHD may die prior to surgery either because surgery is
deemed futile and compassionate care is given, or because death
occurs before surgery can be performed. In our cohort, surgical cases
accounted for only 1/3 of all infant deaths. Hence, it is important to
develop new predictive scores for the risk of mortality and other
health and developmental outcomes, which can be used for all new-
borns with structural CHD.

5 | CONCLUSIONS

In this population-based cohort study, we found that of the two com-
monly used scores for predicting the outcome of cardiac surgery for
infants with CHD, the RACHS-1 score had higher discrimination than
the ABC score. However, neither score had a good predictive ability
when this was assessed using a measure (Tjur's “coefficient of dis-
crimination) based on the difference in the average model-predictive
probability of death for newborns who died vs the average model-
predicted probability of death for those who survived. In particular,
both models had low average model-predicted probabilities of death

for infants who died.
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