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Background. The aim of the multicenter OP-RISK (OPerative RISK) study was to investigate the
early (28 days) and delayed (365 days) death rates following coronary artery bypass grafting (CABG)
among patients representing a nationwide distribution [Centers in Northern (2), Central (1) and
Southern (1) Italy] and further to define the multivariate risk factors for the early and delayed mor-
tality after CABG.

Methods. Data were collected from 1126 patients undergoing CABG alone. Data were analyzed us-
ing Cox and logistic regression models, to accurately assess the major factors influencing survival
over time after CABG. Having defined the significant factors, we constructed a chart of the absolute
early risk of mortality using the accelerated failure time model.

Results. Using the Cox proportional hazards model and logistic regression we have demonstrated
that age, preoperative ejection fraction and heart rate, and the duration of aortic cross-clamping are
multivariate risk factors in the short and long term. The role of one arterial conduit was also assessed.

Conclusions. The OP-RISK study produced relevant information for risk assessment and control
in CABG and the results may form the basis for the objective quality assurance and accreditation of
cardiac surgical institutions in Italy. Incidentally, Cox model appeared more adequate than logistic
model for the assessment of the major factors influencing survival over time after CABG. The risk

factors so assessed were used to construct a chart for practical predictive purposes.

(Ital Heart J 2002; 3 (3): 166-181)

Risk-adjusted mortality prediction is
frequently used to assess the outcome of
coronary artery bypass grafting (CABG).
By taking into account patient risk factors,
this allows more accurate assessment of the
quality of care. A detailed understanding of
the determinants of morbidity and mortali-
ty after CABG would allow clinicians to
identify those risk factors that could be
modified with the aim of improving the pa-
tient outcome, to adjust for baseline differ-
ences in outcome studies, and to predict the
expected survival for an individual patient.
Statistical methods have been applied to
this task, ranging from simple univariate
analysis to multivariate logistic regression
and to more sophisticated methods such as
those based on neural networks. However,
most regression models require statistical
assumptions (linearity, additivity) which
may not be justified, and the management
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of missing data is problematic. Neural net-
works are a form of artificial intelligence
that may obviate some of the problems as-
sociated with traditional statistical tech-
niques but which do not, at the present
time, offer any greater predictive accuracy
than that of Bayesian or logistic regression
analysis!?. Unfortunately, these models
have been limited to the analysis of the 30-
day or in-hospital mortality, but some risk
factors appear to influence only the very
early mortality, some appear to influence
only the late mortality, and others appear to
influence both mortality types. On the oth-
er hand, the Cox model, largely used in epi-
demiology, represents a method whereby
the major factors influencing survival over
time after CABG may be accurately as-
sessed. However, one peculiar disadvan-
tage of Cox model is that of preliminarily
demonstrating the proportionality of haz-
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ard rates. This may be overcome using the accelerated
failure time model.

The multicenter OP-RISK (OPerative RISK) study,
developed during 1994-1996 in Italy?, was aimed at: 1)
investigating the early (28 days) death rates following
CABG among patients recruited from four centers rep-
resenting a nationwide distribution; 2) defining the pos-
sible risk factors for early mortality and, at the same
time, comparing these factors with those reported in pre-
vious studies; 3) on the basis of predictive risk factors,
building risk functions for early mortality after CABG in
Italy; 4) constructing a data bank to enable the long-term
follow-up of included individuals considered as a proto-
type of a nationwide registry for the monitoring of the
risk related to CABG in Italy. The present study was
aimed to perform a multivariate analysis of the OP-RISK
data, using both Cox and logistic regression models. Fur-
thermore, the performance of the selected subset of co-
variates was assessed to predict the delayed (1 year)
deaths in a sub sample of 416 patients operated upon in
a single center, also comparing the relative contribution
of predictive covariates for early versus late deaths* in
that center. Finally, a risk chart for the prediction of the
early mortality on the basis of a few covariates was con-
structed as a means of evaluating the clinical applicabil-
ity of the results obtained, by translating complex multi-
variate modeling into a daily useful tool.

Methods

Study population. The rationale, development, de-
scriptive statistics of a total of 65 pre-, peri- and postop-
erative variables collected in the OP-RISK study have
been previously described in detail’. Briefly, a total of
1126 patients were operated upon in the four participat-
ing centers (see Appendix 1). Of these, two are located
in Northern (Milan and Bologna), one in Central
(Rome) and one in Southern (Naples) Italy and 51 in-
hospital deaths (4.53%) were officially reported (to the
Italian Society of Cardiac Surgery)?. Data on 984 pa-

Table I. Multivariate analysis: Cox models* in the OP-RISK study.

tients (87% of the total) with a complete 28-day follow-
up as obtained by telephone interviews and by review of
hospital and clinical data were included in the present
study. Among these patients, the crude mortality
(4.47%) was similar to that officially reported for the
overall population of patients operated upon in the par-
ticipating centers. Non-included patients (n = 142, 13%
of total) were frequently residents of other regions and
they could not be reached by telephone. An initial uni-
variate analysis on included patients classified as dead
(n=44,4.47%) or alive (n = 940) at 28 days (155 + 174
hours, global interval between 12 and 576 hours) of fol-
low-up has been previously reported?. In a subgroup of
416 patients operated upon at the “La Sapienza” Uni-
versity of Rome Cardiac Surgical Center, the 365-day
survival was also ascertained.

Table I illustrates the mortality as observed in the
denominators used to run the multivariate analyses,
along with the actual mortality in the whole population
of patients. The mortality in the used denominators was
similar to the official mortality in the participating cen-
ters when the models included 16 variables or less.
There was no means of comparing the data between the
centers which agreed to participate in the OP-RISK
study and those which did not, apart from the official
mortality as reported to the Italian Society of Cardiac
Surgery which, on average, was similar and ranged
from 2.58 to 3.45% in uncomplicated CABG (89% of
the total of patients operated upon) and reached 10% in
complicated CABG?. Neither is it at present possible to
compare the OP-RISK data (variables and mortality)
with those from other Italian centers mainly due to the
lack of a national register or centralized data banks.

Statistical analysis. Data in the tables, figures and text
are expressed as mean + SD or as means + SE when ap-
propriate. BMDP statistical software was used®. A p
value < 0.05 was considered statistically significant.

Probabilistic analysis. In order to investigate the corre-
lation between the measured parameters (explanatory

Model 1 Model 2 Model 3 Model 4 Models 5 to 7 (Rome only)
(n=984) (n=984) (n=984) (n=984) (n=416)
Centers 4 4 4 4 1 1 1
Risk factors (degrees of freedom) 22 16 10 9 9 9
Censored at 28 days 470 609 609 609 219
Deaths at 28 days 18 30 30 30 8
Censored at 1 year 212 379
Deaths at 1 year 15 27
Missing 496 345 345 345 189 189 10
Mortality (%)
In used denominator 3.69 4.69 4.69 4.69 3.52 6.61 6.65
In total number 4.47 4.47 4.47 4.47 4.09 6.73 6.73

* = probability of dying at 28 (or 365) days after coronary artery surgery: 1-Y =S, expcoeff, (x, - X,) * expcoeff, (x, - X)).
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variables) and the incidence of death, we selected either
the Cox model (which takes the time to the event into
account) or the logistic model (where the time to the
event is not considered)>®. The proportionality of haz-
ard rates was tested before using the Cox model and no
deviation preventing the legitimate use of this model
was observed. The comparison of the results obtained
from the Cox and logistic models represents an impor-
tant characteristic of this investigation which has rarely
been performed in the literature. Both models were run
on the same sets of covariates, either continuous (inter-
val) or binary.

Table II describes the variable names, the acronyms,
the significance and the type of coding. Among the 65
collected, the variables to be included in the multivari-
ate models were selected on the basis of a parsimony
criterion (to enable the highest possible denominators
whilst at the same time including a large number of co-
variates) after careful scrutiny of a previously pub-
lished univariate analysis®. The following situations
were compared (Table I):

e the early death prediction in the overall OP-RISK
study (n =984) in model 1 (22 covariates), model 2 (16
covariates), model 3 (10 covariates), and model 4 (9 co-
variates);

e the early death prediction in one center (“La Sapien-
za” University of Rome) participating in the OP-RISK
study (n =416) in model 5 (9 covariates);

e the delayed death prediction in the same center (n =
416) in model 6 (9 covariates) and model 7 (8 covari-
ates).

Models 1 to 3 were run to detect the best set of pre-
dictive covariates in the overall OP-RISK study. Mod-
els 3 and 4 differ in that the former takes into account
the role of at least one arterial segment among the grafts
used for CABG, whereas the latter does not. Models 5
to 7 were run in the only OP-RISK center where even
the 1-year follow-up data were obtained. These latter
models compare the early (model 5) and delayed death
prediction with (model 6) or without (model 7) the
ejection fraction as a covariate.

Chart construction. The accelerated failure time model in-
corporating the Weibull distribution was used to construct
arisk chart for the prediction of the 28-day mortality only,
using data from the overall OP-RISK study and the signif-
icant covariates of Cox model 4 (age, preoperative ejection
fraction and heart rate, and the duration of aortic cross-
clamping). In fact, with the accelerated failure time model
there is no assumption as to the proportionality of hazard.
On the other hand, the chart so derived may be used as a
significant practical contribution to the stratification of the
patient’s risk on the basis of common clinical variables.
This may help to simplify most of the possible theoretical
considerations in the domain of survival modeling for
CABG or different contexts (see Appendix 2).

Table II. Among 65 variables obtained in the OP-RISK study?, 23 were used to run multivariate statistics, on the basis of both the max-
imum common denominator principle and of previous univariate analyses: 13 are interval whereas 10 are binary variables.

No. Acronym Significance Interval Binary
Preoperative factors
Center Surgical center 1-4
2 1D Patient number in each center 1-721
3 Sex Male 0-1
166 Age Year at surgery minus year at birth (years) 25-83
169 CHF Congestive heart failure 0-1
170 BMI Body mass index: weight/(height/100)? (kg/m?) 15.5-57.8
171 PREAMI Previous acute myocardial infarction 0-1
17 NYHA New York Heart Association functional class 1-4
21 Nbp Number of bypasses 1-7
80 Aocountr Aortic counterpulsation 0-1
81 Urgent Urgent cardiac surgery 0-1
88 LVEDP Left ventricular end-diastolic pressure (mmHg) 2-32
89 MAP Mean aortic pressure (mmHg) 41-140
91 EF Angiographic ejection fraction (%) 18-77
92 HR Heart rate (b/min) 42-150
Perioperative factors
111 TachIA Tachycardia (> 130 b/min) at induction of anesthesia 0-1
113 Anestdur Duration of anesthesia (min) 18-998
114 Cpbpdur Duration of cardiopulmonary bypass (min) 11-617
115 Aocladur Duration of aortic cross-clamping (min) 11-262
120 Cptype Blood cardioplegia* 0-1
178 Art Bypass with at least 1 arterial segment 0-1
Postoperative factors
124 Vextra Ventricular extrasystoles 0-1
131 ASA Antithrombotic therapy with acetylsalicylic acid** 0-1

For binary variables: 0 = absent; 1 = present, apart from * where 0 = crystalloid cardioplegia alone; ** = antithrombotic therapy 6-12

hours postoperatively to prevent early graft closure due to thrombosis.
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Results

Selection of covariates. The significant univariate as-
sociations among preoperative factors (age, heart rate
and those defining, in general, left ventricular func-
tion), perioperative factors [tachycardia (> 130 b/min)
at the induction of anesthesia, the total duration of
anesthesia, of cardiopulmonary bypass and of aortic
cross clamping] and postoperative factors (several ar-
rhythmia types and a lower rate in antithrombotic ther-
apy with acetylsalicylic acid at 6-12 hours postopera-
tively) with early mortality (either directly or inversely)
were disclosed in a previous study?3. The protective role
of CABG performed with at least one arterial segment
was also ascertained. Therefore, these univariate pre-
dictors of the early mortality following CABG in Italy
were not very different from those reported in previous
studies performed elsewhere. On the basis of this pre-
liminary experience, the second step, reported in the
present investigation, was to run multivariate models
aimed at identifying the nationwide coefficients of risk
among several pre-, peri- and postoperative variables.
After careful scrutiny, using both the parsimony criteri-
on and the clinical relevance of the variables collected,
we selected 23 possible covariates. These are described
in table II.

Cox models. Tables III and IV provide results and re-
lated significance for all Cox models (1 to 7: all global
p < 0.0007). In these tables, the average values of co-
variates entered in the respective models are shown,
along with the coefficients and t values. S, loglikeli-
hood statistics and x? values are also shown. On the ba-
sis of loglikelihood statistics and x? values, it is quite
clear that among models 1-4 (Table III) the best is mod-
el 2 (16 covariates) in which, however, only age, ejec-
tion fraction, duration of aortic cross-clamping and
postoperative ventricular extrasystoles provided t val-
ues > [1.96)|.

In a more parsimonious model (model 4: 9 covari-
ates, Table I) at an acceptable level of accuracy, the
same factors (apart from postoperative ventricular ex-
trasystoles) were included and in all the t values in-
creased, whereas the t value for the preoperative heart
rate became significant. Model 4 thus became the basis
for the ascertainment of the potency of this smaller se-
ries of covariates in predicting both the short- and long-
term survivals after CABG in the Rome center. Inter-
estingly, the loglikelihood was larger with the long-
term solutions (models 6 and 7).

On the other hand, since the difference between
models 3 and 4 relies only on the presence in the former
of coding for at least one arterial segment used to per-
form CABG, as shown in table III, we obtained curves?
whereby the role of that covariate could be sorted out in
a more clinically meaningful way than just by present-
ing its significant contribution. In order to construct the
strata, we considered the sign of each coefficient in the
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pertinent solution (Tables III and IV) so that when it
was positive, to the average value of the respective co-
variate we added the SD, whereas when it was negative,
from the average value of the corresponding covariate
we subtracted the SD. We thus compared the stratum
including the average values of the factors entering the
solution with the respective strata having mean values
plus |1SD| or plus |[2SD| and so either in the presence
(+) or absence (-) of at least one arterial segment used
to perform CABG. The results are illustrated in figure
1 (model 3 with and model 4 without the arterial seg-
ment). It is quite clear, when evaluating the differences,
that the protective role of at least one arterial segment
used to perform CABG is evident particularly in the
stratum defining those individuals at higher risk (aver-
age values of significant covariates plus |2SD|). In the
latter stratum, the presence of this factor confers a cer-
tain degree of protection, which is less evident in the in-
termediate stratum and practically irrelevant in the stra-
tum with average values.

The survival probability according to strata, but
without considering the arterial segment as described
above, was also calculated using the same method in
the Rome center. It is evident that the short-term sur-
vival in this center (model 5, Table IV) was different
from the overall OP-RISK study results (model 4, Table
IIT). Table I indicates that the crude mortality in the
used denominators was 3.52% (8 of 227) in the Rome
center whereas it was 4.69% (30 of 639) in the overall
OP-RISK study. These rates were however not statisti-
cally different. Figure 2 illustrates that the stratum at
the highest risk in the Rome center (average values of
significant covariates plus [2SD|) had a survival proba-
bility similar to the stratum with intermediate risk (av-
erage values of significant covariates plus [1SD|) in the
overall OP-RISK study (compare figure 2, left panel to
figure 1, right panel). However, in the Rome center so-
lution, only the contributions of the ejection fraction
and of the duration of aortic cross-clamping were sig-
nificant (although with coefficients similar to those of
the overall OP-RISK results). Moreover, in the Rome
center, the average ejection fraction was higher (by 2
points) and the average duration of aortic cross-clamp-
ing lower (by 12 points), thus justifying these stratified
differences and the relatively lower crude mortality
rate.

Figure 2 also illustrates the results of the long-term
survival probability in the Rome center, constantly
based on the strata of the entered covariates (right pan-
el). However, table IV indicates that model 6, which
was the basis used to construct these strata with the
method described above, included only age and the du-
ration of aortic cross-clamping among significant co-
variates, whereas the role of the ejection fraction was
borderline with a coefficient equal to half the value of
that contributing to the short-term prediction. All strata
are clearly separated and, interestingly, the stratum
with average values of significant covariates does not
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Table I'V. Multivariate analysis: Cox models in the Rome center.

Covariates Model 5 Model 6 Model 7
(n=416) (n=416) (n=416)

X coeff. t X coeff. t X coeff. t
1 Center - - - - - - - - -
21D 548.3832 0.0007 0.3135 548.3832 0.0000 0.0271 4427069  -0.0012 -1.3862
3 Sex 0.8678 0.5815 0.4316 0.8678 1.0440 0.9047 0.8719 0.5461 0.7276
17 NYHA - - — - - - - - -
21 Nbp 3.0485 -0.0594 -0.1135 3.0485 0.1098 0.2885 2.9828 0.1654 0.5989
80 Aocountr - - - - - - - - -
81 Modint - - - - - - - - -
88 LVEDP - - - - - - - - -
89 MAP - - - - - - - - -
91 EF 53.6167 -0.1121 -2.2067 53.6167 -0.0523 -1.5584 - - -
92 HR 77.2379 0.0139 0.5192 77.2379 0.0009 0.0461 79.2931 0.0013 0.1045
111 TachIA - - - - - - - - -
113 Anestdur - - - - - - - - -
114 Cpbpdur - - - - - - - - -
115 AoClamp 62.8767 0.0301 3.6325 62.8767 0.0215 3.2627 61.9704 0.0155 3.2166
120 Cptype - - - - - - - - -
124 Vextra - - - - - - - - -
131 ASA - - - - - - - - -
166 Age 59.1586 0.0779 1.4058 59.1586 0.0917 2.3731 59.3498 0.0630 2.3898
169 CHF 0.0881 0.6191 0.5801 0.0881 1.0406 1.3268 0.1256 0.9169 1.9991
170 BMI 26.6648 0.1258 0.9812 26.6648 0.0045 0.0511 26.4563  -0.0294 -0.5027
171 PREAMI - - - - - - - - -
178 Art - - - - - - - - -
So 0.9924 0.9742 0.9384
Loglikelihood -31.2086 -63.1455 -139.0921
X2 33.24 31.23 27.14
DF 9 9 8
p 0.0001 0.0003 0.0007

DF = degrees of freedom. t > |1.96| p < 0.05. ID = progressive identification number in each center.

(+) Arterial Segment: Model 3 (-) Arterial Segment: Model 4
1.008g 1.00%
0.75 0.75
2
=
S Significant Significant
& 050 Covariates 0.50 Covariates
E -0-Mean -0-Mean
§ -+18D ‘ -++18D
18]
0.25 0.25
0.00 0.00
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time of Events (hrs)
28 days

Figure 1. OP-RISK study (n = 984). Survival based on Cox model with 9 covariates.
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1.00

0.75-
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Figure 2. Rome center (n = 227). Survival based on Cox model with 9 covariates.

present with a straight line, indicating that also in this
group of patients there is space to apply measures
aimed at ameliorating the long-term survival.

Logistic models. For direct comparison with the above-
mentioned results of the Cox model, after selecting
those worthy of further study (thus excluding models 1
and 2 which indeed present with some degree of redun-
dancy) the multivariate assessment was performed by
running the corresponding models 3 to 6 using logistic
regression, either adopting the forced (Table V) or the
stepwise (Table VI) techniques (see Appendix 2). In
these tables, the average values of the covariates entered
in the respective models are repeated, along with the lo-
gistic coefficients and t values. The values of the ROC
plot area (as directly calculated using BMDP software)
are indicated along with loglikelihood statistics and x>
values. All logistic models provided significant results.
In general, and quite expectedly’:8, lower absolute t val-
ues of significant covariates were obtained with step-
wise than with forced logistic models and with logistic
than with Cox models. With forced models the ROC ar-
eas were > (.86 whereas they were > 0.84 with stepwise
models. Plots were finally constructed to graphically il-
lustrate these results (Fig. 3).

Accelerated failure time model and the risk chart. As
a practical means of transposing to the clinical context
the results obtained in our multivariate approach and so
as to obtain easily derivable and therefore possible to use
information for the forecasting of the short-term proba-
bility of survival in individual patients submitted to
CABG in Italy, we finally considered that age, preopera-
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tive ejection fraction and heart rate, and the duration of
aortic cross-clamping were the significant covariates in
the above-mentioned models derived from the overall
OP-RISK study. To these ends, we then used the acceler-
ated failure time model and the four significant covariates
summarized as those having an explanatory role in the
overall multivariate approach (as reported above) of the
OP-RISK study. The solution of the accelerated failure
time model provided the following coefficients among
687 individuals with complete information, of whom 656
were censored at 28 days postoperatively (constant
30.0935, scale 1.9791): -0.2092 (age), 0.1931 (ejection
fraction), -0.1160 (heart rate), and -0.0412 (duration of
aortic cross-clamping), and all had t values > 3.06. Fig-
ure 4 illustrates a 480-cell colored chart, similar in shape
to those used to address the probability of the occurrence
of coronary, or more in general, of cardiovascular events
in population-based investigations®!'!. The absolute risks
of death within 28 days after CABG calculated within
categories of the four factors are shown in table VII. Of
the 480 chart cells, 254 (53%) indicate a low (< 5%), 134
(28%) an intermediate (5-39%), and 94 (19%) a high
(= 40%) risk of dying within 28 days of CABG.

The chart enables several clinically important con-
siderations, which are consequent to the spectral inter-
play of the different categories made for the four sig-
nificant covariates considered. To elucidate just a few:
a low ejection fraction may not always convey an unac-
ceptable risk of dying postoperatively, provided that the
operated patient is relatively young and that the dura-
tion of aortic cross-clamping is short. On the other
hand, even in aged patients a long duration of aortic
cross-clamping does not necessarily increase the risk of
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Figure 3. ROC plot results from the logistic model [either forced (upper panels) or stepwise (lower panels)]. Model numbers refer to those reported in

tables V and VI, which also show ROC plot areas.

dying, provided that the ejection fraction is preserved.
Finally, even in the intermediate categories of ejection
fraction, there is a large proportion of patients for
whom CABG may be considered as a low-risk proce-
dure provided that either the patients are young or that
the duration of aortic cross-clamping is short. In most
alluded categories, the preoperative heart rate con-
tributes, indicating that special attention needs to be ad-
dressed to this covariate, in particular in relatively old-
er subjects and when ejection fraction is not normal.

Discussion

When summarizing the outcome data through a sur-
vival predictive model one can have several objectives
in mind: a) to identify variables mechanistically impor-
tant, for the subsequent in-depth investigation in other
observational or, preferably, experimental studies; b) to
build a model which can actually be transposed as such
to situations external to the one under investigation for
prognostic studies at an individual level or to provide a
baseline for studies of the performance of surgical
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units. While the statistical significance of single inde-
pendent variables or even the degree of fit of one mod-
el with respect to another is crucial for purpose a), the
overwhelming consideration for purpose b) is the “sta-
bility” of the model. The literature on the subject has
abundantly shown, on the other hand, that the inclusion
or exclusion of an independent variable, which may
happen to be significant in one study and not significant
in another, may render the results among investigations
incomparable.

We have shown that relatively independent of the
model used, although expectedly better with Cox than
with logistic models, there are four covariates which
may explain the early death incidence after CABG.
These are the patient’s age, the preoperative heart rate
and ejection fraction, and the duration of aortic cross-
clamping. On the basis of these variables and of their
average values it is possible to try to explain crude mor-
tality differences, for example in the overall OP-RISK
study vs the Rome center. These variables are easy to
obtain and might indeed be used in individual patients
to forecast the short-term risk of dying postoperatively.
A risk chart may be useful for this purpose and is pre-
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Figure 4. Chart to calculate the absolute risk of death within 28 days of coronary artery bypass grafting (CABG) using four continuous covariates as
derived from the OP-RISK study, according to a color scale ranging from < 5% to = 40%. For the exact figures in each of the 480 cells see table VII.
The chart equally applies to males (M) and females (F). Age in years. EF = ejection fraction (%).

sented here for the first time. Moreover, the same four
covariates are useful to construct a long-term multi-
variate model, which, in the present study, was howev-
er possible to obtain with data from only one center.
Clearly, further studies in this domain are necessary.

A possible limitation of the present investigation
and results is the fact that the number of events is quite
small. Besides, the constructed chart contains a large
number of cells. However, apart from the very rare in-
vestigations where the follow-up is extremely long,
these truths also apply for other exercises of this type®!2.
There is certainly the need to prospectively repeat the
recruitment of baseline and follow-up data in larger
Italian cohorts of CABG patients, hopefully with com-
plete and more representative information. While the
multivariate results of the present study, yet the first in
the country, may form a useful basis for comparative
purposes, it will be important to also look for other
variables especially since the frequency of cardiac
surgery without cardioplegia is on the increase.

The results of the OP-RISK study may be used for
objective quality control and quality monitoring in car-
diac surgery in Italy and their significance may well im-
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pinge upon similar studies performed elsewhere since
these items are essential aspects of quality assurance
and accreditation. In Europe CABG accounted for
184 330 interventions in 1995, two thirds of the overall
number of open-heart operations performed with an in-
crease from 1990 of 10% per year per million inhabi-
tants, the steepest growth among cardiac surgical pro-
cedures!3. The situation in Italy is slightly under the av-
erage European distribution with a total of 15 692
CABG patients operated upon (55%) out of 28 295
open-heart interventions performed in 19944, As ap-
proximately one cardiac surgical center per million in-
habitants is active in Europe with an average CABG
work load of 390 interventions per center'? and in Italy
this accounts for an estimated expense [integrating
monetary values based on the recently introduced Di-
agnosis Related Groups (DRG) and on a reimburse-
ment policy from public Agencies] of roughly 6 million
Euro per center, totaling an overall country expense of
0.3 billion Euro per year (=2.5% of the 2002 budget
deficit), the economic impact of CABG is vast. How-
ever, CABG may also represent a critical factor of hos-
pital income, provided the patient’s stay is under a giv-
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en DRG-related threshold, which is 29 days in Italy.
The cost/benefit ratio may then be switched in favor of
the denominator, particularly so if the patient mix in-
cludes a large proportion of relatively low-risk individ-
uals. This would enable a rapid bed turnover and con-
comitantly an increased revenue to the involved surgi-
cal center and hospital'>!°. In this respect, the risk chart
presented here may be of critical help.

Both in the United States®!'7-1? and Europe?%?! there
has been awareness that large multi-institutional data-
bases are key ingredients of modern operative risk as-
sessment in CABG and may represent a better and
more objective means of quality control when elaborat-
ing the basis of the monetary evaluation of care>!>1,

However, in spite of the rather complex statistical
models, such as Bayesian analysis?*?* or neural net-
works! proposed so far for risk assessment, most stud-
ies made predictions using binary rather or more fre-
quently than continuous variables, thus loosing a lot
of information. This was an important obstacle to the
implementation of neural networks which may have a
theoretical pre-test probability of better performance!
as compared to simpler models such as logistic re-
gression®!720.23-29 3 condition that was not adequately
taken into consideration3°. On the other hand, most lo-
gistic regression users did categorize their own vari-
ables in order to derive odds ratios whereby the rela-
tive risk is obtained. On the other hand, it has not been
always clear to what extent the average values of sig-
nificant risk factors were representative of nationwide
distributions?, especially before the start of the largest
databases?.

A degree of uncertainty does exist with regard to
several coefficients of significant covariates in pub-
lished solutions, the list of risk factors is large enough
and there are controversies as to the relevance of some
of them if results from initial investigations?%2>31-33 are
compared to more recent ones!®!7:18.2024.262829 = Gy
prisingly, in this area there is a lack of solutions using
the proportional hazards Cox model, a frequently
adopted predictive tool for risk assessment in epidemi-
ological studies** which has also been previously
shown to provide the best possible fit in the presence of
a time to event as short as 60 min in experimental stud-
ies of coronary artery ligation” 8,

In the OP-RISK study, significant covariates and
representative average values of risk factors such as
age, cardiopulmonary bypass time and left ventricular
function are not different from those selected elsewhere
in similar investigations'®!82%-35. The absence of sex,
diabetes, hypertension may come as a surprise but this
too is supported by other studies?3°. Two relatively
new risk factors were disclosed: tachycardia at the time
of induction of anesthesia and the use of acetylsalicylic
acid at 6-12 hours postoperatively. With a Cox propor-
tional hazards model and logistic regression we have
also demonstrated that a low ejection fraction, the aor-
tic clamping time, age, heart rate and utilization of one
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arterial conduit are multivariate risk factors in the short
and some of them also in the long term. Smith et al.* re-
ported the same conclusions for ejection fraction and
age. Otherwise, the severity of angina symptoms and
lower weight were associated with an elevated risk of
dying only in the early postoperative period, whereas
vascular disease, diabetes, and the extent of myocardial
damage were associated with an elevated risk of dying
only in the long term. These data illustrate the differen-
tial influence of risk factors over time.

Assessing the accuracy of a multivariate prediction
rule is not a trivial problem®. The prediction equation
yields a conditional probability for each individual re-
sponse. This is a number between 0 and 1 that express-
es the estimated likelihood of the outcome on the basis
of the supplied values for each of the independent vari-
ables. However, each patient from our own and similar
studies either does or does not experience the outcome
in question. Thus, a direct comparison of the predicted
and observed outcomes for individual patients is not
useful as a performance meter. The use of the ROC
technique in assessing the accuracy of diagnostic sys-
tems has recently been reviewed?’, also adapting it to
the prediction of the coronary artery bypass outcome®.
It was stressed that the area under the ROC is indepen-
dent of the relative frequencies of the events and that it
allows the comparison of different diagnostic systems
by putting them on a common scale®?’.

In the majority of studies using ROC analysis for
the prediction of CABG mortality, the area under the
curve has varied from 0.695 to 0.814%28:38 with most
results clustered between 0.70 and 0.76. Grover et al.?
expressed the opinion that an area under the curve
> 0.80 to 0.85 for CABG mortality prediction may nev-
er be achieved. Our results are therefore at variance
with this opinion and, in particular, indicate that using
both forced and stepwise logistic models ROC areas
well over 0.84 may be obtained. It is quite possible that
the use of actual ejection fraction values (a covariate
that always showed the highest |t value| in each model)
in the OP-RISK study may have contributed to this re-
sult. Thus, the evidence in our study is that the multi-
variate prediction rules are accurate and accordingly
the variables included in the logistic model are reliable
descriptors for the outcomes. This result also implies
that the quality of data as obtained in our investigation
was high enough to enable the optimal ROC result.

When comparing the results obtained by the logis-
tic model with those of the Cox model, it is quite clear
that the best fit was provided by the latter model, which
reinforces previous experimental observations’# on the
one hand, and points to the usefulness of considering
the time to event for predictive purposes on the other.
Accordingly, Cox model-derived coefficients may be
usefully employed for practical purposes in future lon-
gitudinal studies aimed at accurately predicting the out-
come after CABG. Independently of the limits related
to the latter model (see Appendix 2), one may also use
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the accelerated failure time model, on which the risk
chart presented in this manuscript is based.

It is crucial to state that in order to apply risk func-
tions (independently of the selected model) to given in-
dividuals, it is essential that: a) the distributions of sig-
nificant risk factors are known in relation to the popu-
lation wherefrom those given individuals come; b)
model-specific (either Cox, logistic or accelerated fail-
ure time model) coefficients need to have been previ-
ously derived in the same population. Therefore, the re-
sults reported here are important for further compara-
tive and/or applicative studies on CABG-related risk
assessment monitoring and/or control in Italy, although
the better performance of the Cox versus the logistic
model results is of more general interest and certainly
needs further consideration and study elsewhere. Fur-
thermore, a peculiar aspect of our investigation was that
both continuous and binary variables (without di-
chotomizing continuous ones) were used and that no
score or point system was adopted. So doing, we were
able to use all the informative content when the predic-
tive models were run.

It is unclear whether a redundant (say model 2) or a
parsimonious (say model 4) model need to be used for
predictive purposes and risk stratification, although
practical reasons may dictate the use of the latter. Cer-
tainly, when the construction of risk charts is the aim as
in the present and in other exercises performed to strat-
ify the risk of coronary heart disease in primary pre-
vention'®!!, models containing say 4 to 6 significant
covariates may largely be sufficient. It is our hope that
the results presented may contribute to the selection of
those significant covariates which should always be
considered for risk stratification in CABG patients and
also possibly contribute to the extent, after further stud-
ies, of risk charts in this area specifically elaborated for
different surgical techniques.

In conclusion, the OP-RISK study produced rele-
vant information for risk assessment and control in
CABG and the results may be later compared, possibly
merged (with appropriate statistical methods) and
therefore applied to form the basis of objective quality
assurance and accreditation of cardiac surgical institu-
tions in Italy. Finally, for more general use, the results
from this study indicate that risk assessment is more ad-
equate with the Cox than with logistic models and
therefore call for widespread attention to the time to
event in CABG patients.

Appendix 1

The OP-RISK Italian Study Group

* Clinical centers

- Department of Cardiac Surgery, II Division of Cardiology “La
Sapienza” University of Rome
Paolo Emilio Puddu, MD, FESC, FACC (Principal Investiga-
tor)
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Gianluca Brancaccio, MD
Marzia Leacche, MD
Francesco Monti, MD
Ugo Papalia, MD
Pietro Paolo Campa, MD
Benedetto Marino, MD (Study Co-Chairman)
- Division of Cardiothoracic Surgery, Hospital San Raffaele of
Milan
Anna Tramontin
Giovanni Paolini, MD
Adalberto Grossi, MD
- Institute of Cardiac Surgery, Second University of Naples
Luigi Marino, MD
Cesare Gagliardi, MD
Nicola Spampinato, MD
- Institute of Cardiac Surgery, University of Bologna
Carlo Orsi, MD
Angelo Branzi, MD
Angelo Pierangeli, MD

* Data coding and analysis
- Association for Cardiac Research of Rome
Paolo Emilio Puddu, MD, FESC, FACC (Principal Investiga-
tor)
Francesco Monti, MD
Mariapaola Lanti, MD, PhD
Alessandro Menotti, MD, PhD (Study Co-Chairman)

Appendix 2

Modeling of survival

The modeling of survival is based on complex mathematics
and statistics, which is the common thread to various disciplines
aimed at quantifying outcomes. Several models and techniques
may be used. We here report a summary for easy referencing and
interpreting of the study results.

Cox model. Briefly, the Cox model is an exponential model of
survival (Y) prediction whereby it is easy to obtain the probabil-
ity of an event (for example: the occurrence of early death after
CABG alone) function (1-Y) given by:

1-Y = S(O) exponent of coefﬁciemAl (xl - Xl) * exponent of coefficient An (xn - X“)

which is calculated on the basis of the cumulative proportional
hazard [S] and of the coefficients of covariates (A, to A),
which enter the final solution of the model. One may run these
models (as computed by default BMDP-2L settings as in the pre-
sent study) with all covariates at step zero (forced method). For
a given covariate, a significant association with the event under
consideration is disclosed when the respective computed coeffi-
cient and its SE show the following relationship: |(t) (that is co-
efficient/SE)| > 1.96, which gives p < 0.05. Moreover, it is pos-
sible to construct the probability of an event curve once the mean
(X) is known for a given covariate, in view of the fact that the
Cox model considers the vector or the difference between the
value corresponding to the probability under calculation (x) and
the mean value as existing in the overall population under study.
Finally, it is important to consider the algebraic sign of the coef-
ficient (t) or the value of the exponent of the coefficient (< or
> 1) since for a - (t) (or exponent of the coefficient < 1) it follows
that the given covariate has protective effects (or an inverse rela-
tion with the predicted event) whereas a + (t) (or exponent of co-
efficient > 1) enables one to define the risk index capabilities (or
a direct relation with the predicted event) for another related co-
variate.
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The “traditionally adopted” logistic model. Logistic regression
has certainly been the most frequently used model for risk as-
sessment in CABG-oriented investigations®!7-2023-2%_ The logis-
tic model, which does not handle for the time to event, classifies
patients into one of two categories (“alive”, equaling 1, or
“dead”, equaling 0) and applies this to several combinations of
discrete and continuous variables’. After selecting the best com-
binations of predictive covariates by the Cox model (models 3 to
7) run in a first step, on the basis of the idea that the time to event
was an important contributor to the best fitting”# as compared to
models not handling for the time to event, we then used these
same sets to run logistic regression. The probability of death may
easily be calculated by the logistic function:

1/1+exp-z
where z = a + B X, + B, X,

The logistic function (and the computed values of o, the con-
stant, and f3, the logistic coefficient) may be transformed (by us-
ing eP, where e is the base of the natural logarithm) to compute
the odds, a measure of the association of a binary variable (risk
factor) with the occurrence of a given event (here death), which
is a commonly used technique for the interpretation of probabil-
ities*0. To calculate the odds it is therefore necessary to catego-
rize interval variables. This has two inherent disadvantages: first,
that of loosing continuity in possible relationships with the index
event and second, that of introducing a degree of uncertainty
when the reference is defined. Concomitantly, it is hard to find
studies where identical reference categories to be fed into the lo-
gistic function are constructed. This applies even for common,
yet essential variables such as the ejection fraction6.17:18.20.25-28

ROC curve. Similar to other reports®®#!, in the present investi-
gation the performance of the multivariate logistic model in the
prediction of the study responses was evaluated by comparison
of the ROC curve’. ROC curves are commonly used to evaluate
and/or compare the performances of different operators or dif-
ferent diagnostic tests in situations where both the outcome pre-
dicted by the operator or test and the true outcome are known.
Developed in the field of signal detection theory?’, ROC curves
are conveniently used to describe the discrimination abilities of
different tests or may be used to explore the trade-offs between
the sensitivity and specificity for a test. In the CABG field,
ROC curves were proposed as the optimal performance meter
for multivariate prediction rules assessing in-hospital mortali-
ty6. The ROC is a plot of the true-positive rate (sensitivity) ver-
sus the false-positive rate (1 minus specificity) evaluated at a
number of cut-off points or decision thresholds. The area under
the ROC becomes a suitable single number (directly calculated
by BMDP software which also depicts the corresponding
graph) summary of the diagnostic accuracy of the test (in this
investigation, the multivariate logistic model in predicting the
study responses). A useless test, such as a coin flip, would yield
an area of 0.5 (i.e. a positive test would be equally as likely to
be a false-positive as a true-positive). A perfect diagnostic test
would have an area under the ROC of 1.0. According to
Swets?’, areas “between 0.5 and 0.7 or so represent a rather low
accuracy — the true-positive proportion is not much greater than
the false-positive proportion. Values of A (area) between 0.7
and 0.9 are useful for some purposes, and higher values repre-
sent a rather high accuracy”. The area under the ROC curve is
independent both of the cut-point criteria chosen and of the
prevalence of the outcome of interest. Thus ROC areas may be
legitimately compared across study populations (as defined by
different sets of covariates)>®. ROC areas were finally used to
compare the accuracy of different techniques [forced method
versus stepwise (using the maximum partial likelihood ratio
test-MPLR)] employed to run the logistic models of this study.

Accelerated failure time model. The log-linear model incorpo-
rating the Weibull distribution of hazard is usually designated as
an accelerated failure time model>*°. The model can be ex-
pressed as follows:

y=1-exp {-exp [(In (?) - m)/s]}

where y is the probability that an event occurs within a specific
time (), In (¢) is the natural log of ¢, m is the linear combination
of a constant (c) and the products of estimated coefficients (b,
times risk factor levels (x,) (expressed as ¢ + b,x; + b,x, + b x )
and s is a scale factor whose reciprocal (1/s) is usually called v,
a parameter showing the shape of the hazard. Some relevant
characteristics of the model are the following: 1) time represents
an explicit covariate of the system and therefore the estimate of
the hazard relates to the time between risk factor measurement
and events; 2) the coefficients assume a negative algebraic sign
when directly related to events (and vice versa a positive alge-
braic sign when inversely related to events) since their mathe-
matical relationship is with time; 3) y represents the shape of the
hazard as a function of time; 4) a solution can estimate, in a le-
gitimate way, the hazard for any length of follow-up if shorter
than the maximum available in the data.

The accelerated failure time model has been repeatedly used
in cardiology in disparate situations spanning from the construc-
tion of absolute risk charts, including the calculation of risk
probabilities in the domain of the population-based prediction of
events'%12 to the prediction of risk factors for the occurrence of
spontaneous arrhythmias in in vitro models also enabling one to
assess the role of pharmacological interventions*?.
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