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Chapter 1

General Introduction
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General introduction 13

	 Given the ageing of the population and the increasing number of patients 
with congenital heart disease that reaches adulthood, the number of surgical 
and transcatheter interventions is likely to increase even further [2, 3].
	 The growing population requiring these cardiovascular interventions will 
lead to an increase in health care expenditure. This calls for a cost-effective ap-
proach of health care, with constant attention for the relation between cost-ef-
fectiveness and quality of care. Quality assessment is an inherent component of 
this approach. In addition, by improving the quality of care (including optimizing 
treatment selection), fewer adverse outcomes are to be expected, with a subse-
quent restraint of costs.

Figure 1. Annual cardiac procedures in The Netherlands [1].
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There is a steady increase in the number of patients undergoing cardiac sur-
gery in The Netherlands [1]. As can be appreciated from Figure 1, 16,877 adult 
surgical cardiac procedures were performed in 2008. In addition, the number 
of transcatheter procedures, including valve and coronary stent implantation, is 
also growing rapidly.
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Chapter 114

Quality of care

Quality assessment and improvement have emerged as a dominant theme in all 
fields of medicine. Traditional quality assessment focused mainly on outcomes. 
They are the most obvious, intuitive, and historically used measures of qual-
ity by both health care professionals and patients. Quality improvement based 
upon outcomes usually arises from identification and investigation of outliers 
and public accountability in the form of report cards of these outcomes [4]. A 
disadvantage of this report card system however is the risk of inducing avoid-
ance of high-risk cases to ensure good outcome [5].
	 More recently, there is an increasing interest for continuous quality improve-
ment (CQI) programs [4, 6, 7]. These quality improvement programs comprise a 
number of performance measures to evaluate and improve quality of care: out-
come measures, process measures and structural measures [8]. CQI programs 
are usually confidential peer processes based upon benchmarking, exchange 
visits, identification and implementation of best practice, and education.
	 As both report cards and CQI programs have their own potential advantag-
es, a combination of these approaches can be implemented as an alternative. 
	 Whatever approach of quality assessment or improvement is used, outcome 
assessment and risk stratification are among the fundamental components.

Outcome assessment

As soon as unadjusted outcome data were made publicly available (by Health 
Care Financing Administration in USA 1986 [9]), the interest in data collection, 
measurement, and analysis to allow for risk adjustment, increased [10]. Cardiac 
surgeons started collecting data to enable outcome corrections. This subse-
quently led to efforts to decrease the rate of less acceptable outcomes. Health 
care regulators and insurance companies then also started using outcome as-
sessment to increase the quality and decrease the costs of cardiac surgery. The 
most assessed outcome measure is mortality; an easy to define, readily mea-
sured outcome, with an undeniable value for patients. 
	 In addition to mortality, other endpoints can also be used to reflect out-
come. Post operative complications as renal failure, stroke or reoperation, re-
source utilization, and quality of life are all considered important outcome mea-
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General introduction 15

sures for cardiovascular interventions [7].
	 Both short and long term outcomes can be assessed to reflect quality. An 
example of a short term outcome is 30 day mortality. Examples of long term out-
comes are five year survival or complications that occur over time, for example 
related to an implanted device.
	 When used appropriately, a composite endpoint can also be used in out-
come research [11].
	 Outcome measurements should be well and consistently defined to allow 
for valid assessment or comparison. For example, short term mortality after car-
diac interventions can be defined as in-hospital mortality, mortality within a cer-
tain time period or a combination of both. Current guidelines recommend that 
early mortality after valve procedures should be reported as all cause mortality 
at 30, 60, or 90 days, regardless of the patient’s location [12].

Risk stratification

The risks involved with a given procedure differ from patient to patient and from 
procedure to procedure. For example, performing aortic valve surgery on an 80 
year old hospitalized patient requiring dialysis carries a higher risk compared to 
the same procedure on a 60 year old patient without serious comorbidity. To 
properly assess outcomes, risk adjustment using patient and procedural char-
acteristics is essential. Risk stratification is defined as the process of arranging 
patients according to their severity of illness. 
	 Over the last couple of decades, many risk stratification systems have been 
developed and many are used in daily practice. Today’s risk stratification meth-
ods are based upon the use of clinical prediction models, the risk stratification 
models [13-16].

Risk stratification models are generally used to provide outcome predictions for 
new patients. It is therefore important to know if a model provides valid predic-
tions outside the dataset it was derived from.
	 The aspect of validity that is most frequently assessed is predictive validity. 
This measures how well a risk stratification model performs in another data-
set. Predictive validity can be tested internally or externally. When a model is 
validated internally, a part of the population that was not used to develop the 
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Chapter 116

model is used to validate the model. For example, a model that is developed 
in one center based upon patient data from 2005 and 2006, can be validated 
internally by using data from 2007 from the same center. This approach is called 
temporal validation. Other approaches to internally validate a model comprise 
randomly splitting the dataset, performing a cross-validation or drawing boot-
strap samples. External validation is a more informative way of assessing pre-
dictive validity. A population that has no connection with the original dataset is 
then used to assess validity. Numerous validation studies have been conducted, 
mostly investigating whether geographical differences influence the predictive 
performance of risk stratification models. Many surgical models appear to per-
form well when used outside their original populations [17-20].
	 Estimation of the predictive validity of a model involves the evaluation of 
both discriminatory performance and calibration. Discrimination refers to the 
ability to differentiate patients with and without events. Calibration reflects the 
relation between the observed number of events and predicted probability of 
events. As models can be recalibrated to better fit a specific population, discrimi-
natory performance is the most important measure of predictive validity.
	 Sometimes, the explained variation (R2) is used to reflect the predictive abil-
ity of a model.

In addition to ensuring that a model has a good predictive ability and is clinically 
relevant, several other aspects of risk stratification models are of interest prior 
to implementation. Model variables and endpoints should be well defined and 
the model should ideally be developed using patient and procedural characteris-
tics that are comparable to those in the population for which predictions should 
be made.
	 Risk stratification models are often based upon regression analyses. Other 
approaches include additive score systems or neural networks [21]. Regardless 
of the complexity of a risk stratification model, its accuracy will ultimately be 
limited by the quality of the data used; a model is only as good as the database 
it was derived from.
	 The field of cardiovascular interventions is dynamic, with continuous de-
velopments resulting in new approaches and improved outcomes of existing 
approaches. A change in treatment possibilities may affect outcome and risk 
stratification models. For example, patients that in the past were considered 
too high risk for surgical aortic valve replacement are nowadays treated [22]. It 

Thesis.indb   16 8-3-2011   20:43:21



General introduction 17

is self-explanatory that these patients have different characteristics than those 
treated previously. In addition, different risk factors are associated with emerg-
ing interventions and the patient group undergoing them.
	 This might restrict general applicability or optimal performance of currently 
available models. 

Applications of risk stratification

Risk stratification models can be implemented in several ways to assess or im-
prove quality of care.
	 First, risk stratification models can be used for center and physician bench-
marking. Results of individual physicians or centers are compared with results 
from others to provide a point of reference. Comparing predicted outcomes with 
observed outcomes allows for calculation of risk adjusted outcomes. As crude 
mortality or morbidity rates provide an inadequate measure for quality of care, 
adjustments of procedural complexity are used by both score card and CQI pro-
grams [4]. Examples are the publicly available New York State Report Cards [23], 
containing detailed results on performance of all surgeons and interventional 
cardiologists employed in that state, and the Gold Standards Reports and asso-
ciated bubble charts provided by the European Association for Cardio-Thoracic 
Surgery (EACTS) as part of a feedback report of a CQI program (see Figure 2) 
[24].
	 Second, risk models can help educate patients and improve patient informed 
consent. Awareness of risks associated with available treatment options can be 
increased. Results from models should be interpreted and explained properly: 
obtained results are valid for a group of patients that –with the limitations of 
included model variables- have similar characteristics as the patient in ques-
tion. Current models are not accurate enough to provide appropriate individual 
patient predictions. They can however help clinicians in treatment selection by 
adding an objective risk assessment to their clinical judgment. Risk models can 
also be incorporated into guidelines to identify high risk patients who may ben-
efit from a specific treatment strategy.
	 Several applications of risk stratification models are available for cost con-
tainment. An example is the use of risk models to predict prolonged length of 
stay [14-16, 25, 26]. Finally, risk stratification models can be used in the field of 
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Chapter 118

research. The relative importance of specific risk factors can be retrieved from 
model variables to evaluate the effects of preventive measures [27, 28]. In addi-
tion, clinical trials commonly incorporate risk models into their protocol [29].

Current situation

Until recently, the emphasis in measuring cardiovascular procedural outcome 
was on mortality. Nowadays, with improving procedural techniques and decreas-

Figure 2. EACTS bubble chart example (hospital survival for adult congenital surgery patients)
This figure reveals that the Rotterdam population has an above average hospital survival while 
patient and procedural complexity is also above average. The size of the bubble furthermore sug-
gests that the population is of considerable size in comparison to other centers.
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General introduction 19

ing mortality rates, there is a shift in focus towards measuring quality of care and 
morbidity rates are increasingly becoming an important way to describe proce-
dural outcome.
	 With the aforementioned increasing concern about the quality, safety and 
cost-effectiveness of hospital care, and the growing demand for systematic re-
porting of mortality and morbidity after cardiothoracic procedures, the impor-
tance of adequate measurement of risk adjusted adverse events has further in-
creased [7].
	 Currently the largest cardiac surgery database is that of the Society of Tho-
racic Surgeons (STS) [14-16]. Although this is a voluntary database, its size is 
unrivalled and models derived from this database are therefore generally highly 
valued. Currently, three main models are available; one for isolated valve sur-
gery, one for coronary surgery and one for a combination of these procedures 
[14-16, 30]. A variety of submodels for different outcomes is available, ranging 
from mortality and serious morbidity to length of hospital stay.
	 In Europe, including the Netherlands, the EuroSCORE is the most commonly 
used risk stratification model. Data for this model was collected in 1995, com-
prises 60% coronary surgery procedures, and short term mortality is the sole 
model outcome measure [13]. A number of studies however demonstrated that 
the EuroSCORE might be used for other outcome measures as well [31-33].
	 In the Netherlands, each hospital performing cardiac surgery is committed 
to submit outcome and EuroSCORE prediction for each procedure to a national 
quality assessment registry.
	 Although the current approach of risk stratification is the result of decades 
of research, there is still room for improvement and updates are required to 
reflect current clinical practice. The STS models are updated on a regular basis. 
Recently, the EuroSCORE developers released plans to start data collection for a 
new model: EuroSCORE 2010 [34].
	 For pediatric congenital cardiac surgery, dedicated databases such as the 
EACTS Congenital Database [35] are available to assess outcomes. Procedure 
complexity is corrected by using the consensus based Aristotle Score [36]. Al-
though adult congenital procedures are entered into this database as well, no 
separate risk stratification system is available for this population.
	 Several available risk stratification models are available online. Websites 
have been developed that enable both health care professionals and patients 
to calculate predicted mortality or morbidity rates [37-39]. Examples of these 
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online calculators are provided in Figure 3. 
	 Until now, no transcatheter database of importance or adequate size is 
available. Subsequently, no reliable risk stratification model has yet been devel-
oped.

Figure 3. STS Score and SYNTAX Score online calculators (from top to bottom).
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General introduction 21

	 With increasing numbers of hospital admissions for procedures that lack 
appropriate risk stratification models, there is a need for further expansion and 
updates of current risk stratification models as well as development of new risk 
stratification models.

Aims and outline of the thesis

The goal of this thesis is to study aspects of morbidity and mortality after car-
diovascular procedures in current clinical practice, with special emphasis on the 
role of risk stratification models to improve outcome assessment.

To achieve this goal, the following research questions are addressed:
Can risk stratification models be optimized further for different types of car-1.	
diac surgery and transcatheter interventions?
What are the risks of procedures in patients with congenital heart disease 2.	
and how should this heterogeneous patient group be stratified?
How can potential predictors of outcome be optimally used in risk stratifica-3.	
tion models for cardiac surgery?
Can clinical prediction models and quality improvement programs increase 4.	
the quality and decrease the costs of cardiac surgery?
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Key points

Calibration reflects the relation between the observed number of events and predicted prob-•	
ability of events.
Discrimination is the model’s ability to distinguish between patients who will suffer from an •	
event and those that will not.
Recalibration adjusts the weights of the independent variables to the population one intends •	
to use the model for, allowing for extrapolation and increased precision of the model when 
used in that population.
External validation is performed by using a different population (for example, from another •	
centre) to assess discrimination and calibration.
Internal validation is done by using patients from the same population the model was de-•	
rived from.
Risk models using in-hospital mortality may underestimate the true nature of the short term •	
risk.
Differences in epidemiology of disease, risk profiles, surgical strategies, decision making, se-•	
lection bias, and referral bias can all influence the applicability and performance of a mod-
el.
Current risk models used in heart valve surgery cannot be applied to a population considered •	
for transcatheter heart valve implantation. 
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Introduction

Risk stratification models for operative mortality have gained widespread ac-
ceptance in cardiac surgery [1]. These models, however, are not 100% accurate. 
A number of factors can influence their performance. The introduction of tran-
scatheter aortic valve technology and the need to identify more precisely those 
patients at high or prohibitive risk for surgery has created awareness among the 
cardiology and surgical community of the importance to understand the applica-
tions and limitations of these risk models. 
	 This review aims to give an overview of currently available risk stratifica-
tion models intended for patients undergoing cardiac surgery, in particular heart 
valve surgery, and describe the potential applications of risk models in the clini-
cal and research setting. Model quality will be discussed through critical apprais-
al of currently available heart valve surgery risk models. Finally future directions 
are given for the development of heart valve surgery risk models in the context 
of emerging transcatheter valve therapies.

AVAILABLE RISK MODELS

Generally speaking, available risk models for cardiac surgery can be divided into 
three categories: (1) general cardiac surgery models — that is, coronary artery 
bypass surgery, valve surgery or other related cardiac surgery [2,3]; (2) general 
valve surgery models [4–10]; and (3) specific aortic valve surgery risk models 
[11,12]. 
	 More recently, investigators have developed dedicated risk models for pa-
tients undergoing valve surgery with or without concomitant coronary artery 
bypass surgery [4–12]. An overview of these risk models is provided in Table 1. 

APPLICATIONS OF RISK STRATIFICATION MODELS

Risk models can serve multiple purposes if used correctly. Firstly, risk models can 
be used for benchmarking; they may allow for control of procedural complexity 
when analysing hospital and surgeon performance. Secondly, risk models can 
help educate patients and improve informed patient consent.
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	 Risk models can also be incorporated into guidelines to help identify high 
risk patients who may benefit from additional work-up or alternative treatment 
strategies. If risk models can accurately identify high risk patients with expected 
longer lengths of stay in hospital, they may be useful for administrative logistic 
and budget planning.
	 Research and clinical trials commonly incorporate risk models into their pro-
tocol. For example, the CoreValve safety and efficacy trials and the PARTNER 

Table 1. Quality Aspects of currently used risk stratification models to predict early mortality 
after valve surgery.

Reference/ dataset Region Model design Year of 
publi-
cation

1 Nashef et al. [3] - EuroSCORE European CABG, valve surgery 1999

2 Edwards et al. [5] - STS USA+Canada Ao/M without CABG 2000

Ao/M with CABG 2000

3 Florath et al. [11] -  Single center Germany Ao 2003

4 Nowicki et al. [9] -NNE USA Ao 2004

M 2004

5 Gardner et al. [6] - VA USA Ao 2004

M 2004

6 Jin et al. [8] - PHS USA Ao 2005

M 2005

7 Ambler et al. [4] -SCTSGBI UK Ao/M/Combined Ao and M 2005

8 Rankin et al. [10] - STS score USA Ao/M/T/P/combined 2006

9 Hannan et al. [7] - New York State USA Ao/M/T/P/comb 2007

Ao/M/T/P/comb + CABG 2007

10 Kuduvalli et al. [12] - Multi-center UK Ao 2007

Ao = aortic valve; CABG = coronary artery bypass graft surgery; H-L = Hosmer-Lemeshow; ROC = 
receiver operator characteristics; M = mitral valve; NNE = Northern New England medical centers; 
PHS = Providence Health System Cardiovascular Study Group; P = pulmonary valve; STS = Society 
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USA trial, evaluating the Sapien valve, used the logistic EuroSCORE and the STS 
(Society of Thoracic Surgeon) score, respectively, as part of the patient inclu-
sion criteria. In addition, the relative importance of specific risk factors can be 
retrieved from models to evaluate the effects of preventive measures.

Table 1. Continued.

Study period Sample 
size 

Sample size
validation

Validation method Discrimina-
tion results 
(ROC)

Calibra-
tion 
results 
(H-L)

1995 13302 1479 Internal (time-split) 0,79 0,68

1994-1997 49073 25460 Internal (time split) 0,77 0,23

1994-1997 43463 25852 Internal (time split) 0,74 0,14

1996-2001 1400 1400 Internal 0,73 N/A

1991-2001 5793 Bootstrapping Internal validtion 
(Bootstrapping)

0,75 0,16

1991-2001 3150 Bootstrapping Internal validtion 
(Bootstrapping)

0,79 0,71

1991-2001 7450 Not validated Not validated N/A N/A

1991-2001 1850 Not validated Not validated N/A N/A

1997-2004 3324 Development 
population

Internal 0,79 0,94

1997-2004 1596 Development 
population

Internal 0,84 0,14

1995-2003 16679 16160 Internal, time split 0,77 0,78

1994-2003 409100 Development 
population

Internal 0,74 N/A

2001-2003 10702 9662 Internal (time-split) 0,79 0,52

2001-2003 8823 8463 Internal (time-split) 0,75 0,04

1997-2004 4550 816+ Bootstrap-
ping

Split+bootstrap 0,78 0,73

of Thoracic  Surgeons database ; SCTSGBI = Society of Cardiothoracic Surgeons of Great Britain and 
Irelland; T = tricuspid valve; VA = Veteran Affairs records
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ASPECTS OF MODEL QUALITY

How to test model performance
The fit of a (logistic regression) model is generally measured in terms of its dis-
crimination and calibration [13]. The process of measuring these terms is called 
validation.

Discrimination
Discrimination, which is measured using the c-index (area under the receiver op-
erating characteristic curve) with 95% confidence limits (CI), captures the model’s 
ability to distinguish between patients who will suffer from an event and those 
that will not — thereby measuring the trade-off between the specificity and 
sensitivity. It is defined as the proportion of the time that an event-free patient 
is assigned a higher probability of not suffering from an event than a patient 
who suffers from an event. A value of 1.0 is perfect, and a value of 0.5 denotes 
only random ability to distinguish between patients with and without events. In 
general, a value above 0.7 is considered good and above 0.8 excellent.

Calibration
Calibration reflects the relation between the observed number of events and 
predicted probability of events and is evaluated by the Hosmer-Lemeshow 
goodness-of-fit test (H-L). Models with H-L p values above 0.05 are generally 
considered to be well calibrated. Calibration plots can be used to give a graphical 
representation of model calibration.
	 Comparing mean event rates (predicted versus observed) to assess calibra-
tion is not sufficient. Calibration is less crucial than discrimination in the evalu-
ation process because models can be recalibrated. Recalibration is done by ad-
justing the weights of the independent variables to the population one intends 
to use the model for, allowing for extrapolation and increased precision of the 
model when used in that population.

Validation cohort
The cohort used to validate a model greatly influences results. A model is said to 
be ‘‘internally’’ validated when validation is performed using patients from the 
same population that the model was derived from.
	 Several approaches of internal validation are available: data splitting, cross 
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validation, or bootstrapping. Temporal validation is a form of data splitting and 
evaluates the performance of a model on subsequent patients within the same 
centre(s).
	 Complementary to internal validation is external validation. This method 
uses a different population (for example, from another centre) to assess dis-
crimination and calibration and lends the model to extrapolation.

Determinants of model quality
Factors such as data quality, cohort characteristics, end point definitions, and 
types of risk factor variables play an important role in the performance and gen-
eral applicability of risk models.

Data quality
The quality of the dataset is crucial — a model is only as good as the dataset it 
was derived from (‘‘the garbage in-garbage out principle’’). Data collection can 
be accomplished in a prospective or retrospective manner. Prospective data col-
lection is the preferred approach. It is less vulnerable to missing data and allows 
for easier data auditing (source documentation, data source verification). Single 
centre and voluntary databases (for example, the STS database) might be vulner-
able to reporting bias—that is, centres with above average clinical results might 
be more inclined to report their results.

Cohort characteristics
It is crucial to appreciate the characteristics of the patient cohort (for example, 
demographics, coronary and/or valve surgery patients) used to develop the risk 
model, in order to best extrapolate the model. Depending on the intended pur-
pose of the model, its extrapolation based on a single centre experience may be 
less desirable than a model based on multicentre experience.
	 The sample size of the original cohort has a direct influence on the number 
of independent variables that can be identified in the model. As a statistical rule 
of thumb, at least five events are required for each model variable [14]. Although 
models derived from large cohorts may have the ability to identify a large num-
ber of independent variables, the clinical significance of variables always needs 
to be assessed.
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End point definition
End point definition should be taken into account when interpreting and com-
paring model results. It is not uncommon that risk models intended for ‘‘simi-
lar’’ purposes use different definitions for short term mortality (for example, 
in-hospital vs 30 day mortality) (Table 1).

Variable types
Some models have converted continuous variables (for example, serum creati-
nine value) to binary or categorical variables using (arbitrary) cut-off points. Al-
though this may improve the usability of the model, a degree of ‘‘predictability’’ 
may be lost.

QUALITY OF CURRENT MODELS

End point definition
All models listed in Table 1 use short term mortality as an end point. The defini-
tion of short term mortality, however, may differ across models. For example, 
whereas Gardner and Florath use 30 day mortality regardless of patient location, 
Ambler, Jin, Nowicki, Hannan, Kuduvalli and the EuroSCORE only look at in-hos-
pital mortality regardless of time period. In contrast, Edwards and Rankin look 
at 30 day mortality and beyond that period if the patient still resides in-hospital 

Table 2. Commonly used variables in risk models described in table 1 .

Variable Used in OR range

Age 100 % (9 of 9) 1.03-1.06 per year

Reoperation 100 % (9 of 9) 1.5-6.4

Valve position 100 % (7 of 7)* 1.7-2.8

Renal failure 89 % (8 of 9) 1.7-3.4

Urgent procedure 78 % (7 of 9) 1.3-1.8

Concomitant CABG 67 % (6 of 9) 1.5-1.9

NYHA class 4 56 % (5 of 9) 1.4-1.8

CABG = coronary artery bypass grafting; NYHA = New York Heart Association; OR = odds ratio.
Whenever a model consists of two submodels, the risk factor used to base the split upon counts 
as a variable.
* Two models cover aortic valve procedures only.
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(as defined by the STS database). It is important to realise that the risk of sur-
gery may continue beyond the date of discharge. It is not unusual nowadays for 
cardiac surgery patients to be discharged 7–10 days after the index procedure. 
Thus risk models using in-hospital mortality may underestimate the true nature 
of the short term risk. There is a growing consensus that time since operation 
rather than location (hospital) should be used as an end point. According to the 
2008 valve reporting guidelines, early mortality after valve procedures should be 
reported as all cause mortality at 30, 60, or 90 days, regardless of the patient’s 
location, instead of in-hospital mortality [15].

Performance/validation
The EuroSCORE model for cardiac surgery has been validated in a number of 
countries including a North American population [16].
	 While other models use temporal validation [3–5,7], Nowicki and Kuduvalli 
also used bootstrapping techniques [9,12], Rankin [10] and Florath [11] evalu-
ated discrimination only, thus lacking assessment of calibration and resulting in 
an incomplete validation. The Gardner model lacks validation of any kind [6].

Included variables
Most valve risk models include variables relating to patient demographics and 
cardiac status—some models include procedural details. Anatomical parameters 
(for example, valve morphology, left ventricular dimensions, degree of calcifica-
tion) or intraprocedural factors known to influence outcome are not included. 
Thus, it is not uncommon that risk factors known to predict mortality are some-
times missing from risk models. The most commonly used variables in valve risk 
models are presented in Table 2.
	 Most of these variables are also identified as predictors of mortality after 
aortic valve replacement by a systematic review [17]. To illustrate how the pre-
dicted mortality may vary between the various models, Figure 1 displays the pre-
dict mortality by age for the STS score, the EuroSCORE and the NY State score.

Model applicability
Differences in epidemiology of disease, risk profiles, surgical strategies, decision 
making, selection bias, and referral bias can all influence the applicability and 
performance of a model.
	 The EuroSCORE was based on a cohort of patients in whom 60% of patients 
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underwent coronary artery bypass graft (CABG) surgery, 30% underwent valve 
surgery with or without CABG, and 10% underwent ‘‘other’’ related cardiac sur-
gery [3]. This may be one explanation why the EuroSCORE performs less well 
than dedicated valve models when used to stratify patients undergoing valve 
surgery [18].
	 Sustained improvements in cardiac surgery render older risk scores obso-
lete—it is expected that risk scores will overestimate the mortality rate as they 
become ‘‘older’’. As can be gleaned from Table 1, more ‘‘recent’’ risk scores are 
based on ‘‘vintage’’ data from 2004.
	 Inherent referral and selection bias can lead to the inclusion of ‘‘healthier 
patients’’ in risk models. Applying these risk models to patients considered high 
risk or inoperable may be associated with limitations.
	 To demonstrate potential differences in predicted mortality among risk 
models, the estimated mortality rate of two hypothetical patients undergoing 
isolated aortic valve surgery was calculated, and the results are presented in 
Table 3.
	 The first patient is a 75-year-old man with an ejection fraction of 55% and 

Figure 1. Predicted mortality by age for the STS (Society of Thoracic Surgeons) score, the Euro-
SCORE and the NY State score.
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no other comorbidities. This is a low risk patient. The second patient is an 85-
year-old woman with an ejection fraction of 30%, renal dysfunction and pulmo-
nary hypertension. This is a high risk patient.
	 Note that predicted mortality rates for a particular patient can vary depend-
ing on the risk model used. In our example, the predicted mortality for the low 
risk patient varied between 1–4%. In the high risk patient, this variation was 
more pronounced (4–60%). These variations can be explained by the different 
relative weights assigned to similar variables in the models and also by the fact 
that not all models include similar variables (that is, capture similar comorbidi-
ties).

THE WAY FORWARD

Sustained improvements in cardiac surgery and the emergence of transcathe-
ter valve therapies necessitates that we reappraise existing cardiac surgery risk 
models and possibly develop new ones. Patients who are currently evaluated 
for transcatheter or transapical aortic valve replacement (AVR) form a small se-
lect population that is not representative of the populations that were used to 
develop the existing valve risk models. These models will therefore not perform 
well when applied to this ‘‘outlier’’ population.

Table 3. Estimated operative mortality in a low and high risk patient based on several models.

Low risk patient
75 year-old male with ejec-
tion fraction 55% and no 
other comorbidities

High risk patient
85 year-old female with 
ejection fraction 30%, renal 
dysfunction and pulmonary 
hypertension

Nashef et al. [3] - EuroSCORE 4.3% 59.8%

STS online calculator, dataset 
2.61 [23]

1.0% 15.4%

Nowicki et al. [9] -NNE 1.3% 4.3%

Jin et al. [8] - PHS 1.0% 6.6%

Rankin et al. [10]- STS score 3.4% 7.2%

Hannan et al. [7] - NY State 1.8% 8.5%

Kuduvalli et al. [12] - Multi-
center

2.6% 27.4%
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	 What is the role of risk modelling in the field of transcatheter aortic valve 
implantation? Firstly, a surgically based risk model that can accurately identify 
high or prohibitive surgical risk patients for transcatheter aortic valve implanta-
tion (TAVI) is needed for both clinical and research purposes; current risk models 
are not sufficient. The development of such risk models may be impractical giv-
en the extreme differences in characteristics of patients undergoing TAVI versus 
surgical aortic valve replacement (SAVR). It is axiomatic that clinical judgment 
will play an integral role in the selection process. Secondly, dedicated risk strati-
fication models for TAVI should be investigated. Estimated mortality rates ob-
tained from surgical models (for example, EuroSCORE) are currently being used 
as benchmark performance measures for TAVI. This practice can lead to compla-
cency on the part of the cardiologist — accepting current results when there is 
definite room for improvement.
	 Ideally, a multicentre prospective database that aims to collect data on all 
valve interventions (that is, surgical and transcatheter) needs to be strongly 
considered. This endeavour may be endorsed by government or professional 
organisations (for example, European Association for Cardio- Thoracic Surgery, 
European Society of Cardiology). It is essential that data collection be compre-
hensive and include patient demographics as well as anatomic factors known 
to influence outcomes. Having said that, there needs to be a balance between 
being ‘‘comprehensive’’ and ‘‘parsimonious’’. Collection of a large number of 
variables might even be unnecessary. One could stratify a patient before treat-
ment selection is made based upon a limited number of general risk factors (for 
example, age) that reflect general ‘‘frailty’’ by using a Charlson comorbidity scale 
[19] or Lee Score [20] equivalent. In a reaction to the Lee Score [20], De Craen 
even states that the discriminative power of a model with age and sex as sole 
variables is almost comparable to that of the same model with 12 extra variables 
[21]. Unfortunately, the effect on calibration was not discussed, while the extra 
variables might have made a substantial difference in calibration. Furthermore, 
incorporating too many variables into model calculations can result in ‘‘over-
fitting’’ — that is, the model follows characteristics of the population it was de-
rived from to the extent that it only ‘‘fits’’ that population. Although some short 
term risk models have proven successful in the estimation of 1 year mortality 
[22], more attention is needed in long term risk assessment.
	 Most models are currently derived using a multivariate logistic regression 
analysis. New models should be updated (by redefining variable inclusion and 
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weightings) on a regular basis to ensure they reflect clinical practice at all times. 
While this approach may suffice for the future, other approaches using algorith-
mic models as, for example, artificial neural networks, should be investigated as 
well.

CONCLUSION

Currently, several risk models are available to predict early mortality after car-
diac surgery. Many of these models, however, are applied inappropriately in the 
clinical or research setting. Our goal was to increase the awareness among the 
cardiology and cardiac surgery community of the quality, differences and pos-
sible applications of currently available heart valve risk models.
	 Importantly, risk models need to be continuously ‘‘renewed’’—that is, reca-
libration and refinement of important covariables. There should be an assess-
ment of the need for, and usefulness of, more specific models aimed at particu-
lar subsets of patients.
	 A large and complete database is required for decent modelling. This may 
be accomplished via a prospective collaborative effort including multiple centres 
and include valve interventions of all types (surgical and transcatheter).
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Abstract

Background
The EuroSCORE is often used to benchmark and predict hospital mortality after cardiac surgery. 
Based mainly upon coronary surgery patients, EuroSCORE may not be optimal for valve surgery 
patients. We evaluated the New York (NY) State dedicated valve surgery models and compared 
their performance to the EuroSCORE model.

Methods
Required model variables were collected prospectively for all patients, followed by calculation of 
predictive mortality rates using the logistic and additive EuroSCORE, the logistic and additive NY 
State models for valve surgery without concomitant coronary surgery (isolated valve surgery) and 
the logistic and additive NY State models for combined valve and coronary surgery. 

Results
Observed mortality was 2.8% (25/904) for isolated valve surgery and 6.8% (27/395) for 
valve+coronary surgery. Logistic NY State and EuroSCORE expected mortality for isolated valve 
surgery was respectively 3.0% and 6.1%, and for valve+coronary surgery 5.9% and 7.8%. The lo-
gistic NY State model for isolated valve surgery showed better discrimination (c-index 0.86 versus 
0.76) and calibration than the logistic EuroSCORE. Discriminatory power for the logistic NY State 
model for valve+coronary surgery was comparable to the logistic EuroSCORE (c-index 0.74 versus 
0.72), as was calibration.

Conclusions
Our results suggest that dedicated risk models for valve surgery may be useful to provide more 
valid estimates of hospital mortality after heart valve surgery. Further exploration is needed to 
demonstrate general applicability of our results and assess the possible additional value of sepa-
rate models for isolated valve surgery and valve+coronary surgery, and/or aortic and mitral valve 
surgery. 
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Introduction

Risk stratification models are increasingly important in the current clinical prac-
tice for two purposes. They can serve as a hospital performance benchmark, 
but can also be used to provide the surgeon and the patient with a quantitative 
estimate of the procedural risk, or to study the impact of particular risk factors 
on outcome [1]. In many European institutions, the EuroSCORE model is used to 
estimate hospital mortality after cardiac surgery [2]. 
	 The EuroSCORE model serves as a general cardiac surgery risk stratification 
model, while within the cardiac surgery population, there is a wide variety of 
procedures with different determinants of early mortality. Based on a dataset 
with mainly coronary surgery patients and only 30% valve surgery patients [3], 
EuroSCORE therefore may not be an optimal predictive model for valve surgery 
patients. Recently, several new models to predict early mortality after valve sur-
gery have been developed that show an adequate to good performance [4-9]. 
However, while EuroSCORE may not be ideal to model early mortality after valve 
operations, the use of multiple models for different types of adult cardiac sur-
gery may be more time and resource consuming, and may perhaps not have 
sufficient added value compared to the use of one common risk model. 
	 Therefore we sought to answer the question whether in our institution a 
valve dedicated risk stratification model would provide improved hospital mor-
tality risk prediction for patients undergoing valve surgery. This was done by vali-
dating 2 recently developed valve dedicated risk stratification models (a model 
for valve surgery without concomitant coronary surgery (isolated valve surgery) 
and a model for valve surgery with concomitant coronary surgery (valve+coronary 
surgery) from New York (NY) State (USA) [4] and comparing their performance 
with the EuroSCORE model.

 
Methods

Study design and data collection
Patient and procedural risk factors for all adult patients who undergo open heart 
surgery in Rotterdam are systematically collected at the time of procedure, re-
sulting in an almost completely prospectively collected dataset. The dataset was 
completed by using operative reports to retrospectively identify patients who 
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presented an extensively calcified ascending aorta during surgery.
	 All collected variables were compliant with published EuroSCORE and NY 
State model variable definitions [2,4]. Variables that initially did not meet all 
model definitions were all converted. EuroSCORE and NY State variables use dif-
ferent binary creatinine level and age cut off points. Since we stored these as 
continuous variables, both definitions could be met. Myocardial infarction and 
surgery interval was also stored as a continuous variable, enabling a correct bi-
nary conversion for all models. Systolic left ventricular function (LVF) was mea-
sured qualitatively (good, impaired, moderate and bad), thus complying to the 
EuroSCORE definition but deviating from the NY State model definitions (ejec-
tion fraction percentage; EF). It was therefore assumed that good LVF equals 
EF≥40%, impaired LVF equals EF 30-39%, moderate LVF equals EF 20-29% and 
bad LVF equals EF<20%.
	 For this study, all patients who underwent surgery between January 2003 
and January 2007 were selected. To meet all investigated model requirements, 
we excluded patients with concomitant ascending aortic surgery, aortic valve 
repair surgery, isolated tricuspid surgery or isolated pulmonary valve surgery. 
Whenever patients underwent multiple operations within one month or during 
the same hospital admission, only the first (index) procedure was included. The 
data was stored in a local cardiac surgery database. Two patient groups were 
created from this database; patients who underwent isolated valve surgery were 
separated from patients who underwent valve surgery with concomitant coro-
nary surgery. For all patients, predictive mortality rates were calculated using 
the published logistic and additive EuroSCORE coefficients [10]. Additional pre-
dictive mortality rates were added using the published NY State logistic and ad-
ditive model coefficients [4] for their corresponding target group.
The dependent variable in this study was hospital mortality.

Table 1. Legend.
aEquals 2.5 mg/dL;		
bMeets EuroSCORE definition of recent myocardial infarction.
cMeets NY State model definitions.

AVR = aortic valve replacement; COPD = chronic obstructive pulmonary disease; LVF = left ven-
tricular function; MI =  myocardial infarction; MV = mitral valve; MVR = mitral valve replacement; 
PA = pulmonary artery
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Table 1. Baseline patient characteristics .

Isolated valve (N=904) Valve+CABG (N=395)

Age, Mean (SD; median) 60.1 years (15; 63) 68.4 years (9; 70)

Sex, M/F-ratio 479/425 272/123

Creatinine (umol/L), Mean (SD; median) 95.7 (60; 86) 101.2 (43; 93)

Renal failure
	 Creatinin > 221micromol/La

	 Dialysis
1.2%
0.4%

1.3%
0.3%

Diabetes mellitus 5.3% 13.7%

COPD 10.1% 10.1%

Extracardiac arteriopathy 3.8% 11.4%

Severe neurologic dysfunction 1.3% 1.0%

Prior cardiac surgery 16.6% 5.3%

Active endocarditis 4.8% 1.8%

Preoperative critical state 2.8% 6.8%

Unstable angina 0.3% 4.8%

Systolic LVF
	 Good
	 Impaired
	 Moderate
	 Bad

72.0%
16.2%
9.8%
2.0%

53.2%
22.0%
19.2%
5.6%

MI
	 <90 daysb

	 <14 daysc

	 1-7 daysc

	 6-23 hoursc

	 <6 hoursc

1.4%
0.2%
-
-
-

11.4%
-
0.5%
1.0%
0%

Systolic PA pressure >60 mmHg 6.0% 7.8%

Emergency procedure 2.1% 2.5%

Hemodynamic state
	 Unstable
	 Shock

2.5%
0.2%

5.8%
1.0%

Type valve surgery
	 AVR isolated
	 MVR isolated
	 MV repair isolated
	 Multiple valve

43.8% (N=396)
13.4% (N=121)
24.2% (N=219)
18.6% (N=168)

51.1% (N=202)
8.9% (N=35)
28.6% (N=113)
11.4% (N=45)

Hepatic failure 0.1% 0.5%

Cerebrovascular disease 5.4% 6.1%

Extensively calcified ascending aorta 0.8% 2.0%
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Statistical analysis
Continuous data are presented as mean ±1 standard deviation, and median. Cat-
egorical data are presented as proportions. To evaluate the performance of risk 
models, we tested both discrimination (resolution) and calibration (reliability).
	 Discriminatory power was assessed using the c-index (area under the re-
ceiver operating characteristic curve) with 95% confidence limits (CI). A c-index 
of 1.0 would indicate perfect discrimination, whereas a c-index of 0.50 indicates 
total absence of discrimination. A value between these extremes is the quantita-
tive measure of a model’s ability to distinguish between survivors and non-survi-
vors. To demonstrate significant differences between c-indices, a bootstrapping 
cycle of 2000 runs was performed [11]. Tests between c-indices were 2 sided 
with p<0.05 considered to be a significant difference. 
	 Calibration was evaluated by the Hosmer-Lemeshow goodness-of-fit test 
(H-L) and graphically by a calibration plot. The dashed smooth curve in a cali-
bration plot reflects the non-parametric relation between observed mortality 
and predicted probability of mortality. Perfect calibration is represented by the 
straight dotted line through the origin. Triangles are based on quintiles of pa-
tients with similar predicted probabilities. Spikes at the bottom of a calibration 
plot represent the distribution of predicted probabilities. Models with Hosmer-
Lemeshow p-values above 0.05 were considered to be calibrated well for our 
population.
	 Descriptive statistical analyses were performed with SPSS version 13.0 (SPSS, 
Chicago, Illinois) and R version 2.5.1 (The R Foundation for Statistical Computing) 
was used for bootstrapping, calculating c-values with 95% CI, Hosmer-Lemeshow 
p-values and constructing ROC (receiver operating characteristic) curves and cal-
ibration plots.
 
Results

Patient population
All 1516 isolated valve surgery procedures (valve surgery without coronary 
surgery) or valve surgery procedures with concomitant coronary surgery that 
were performed in our institution between January 2003 and January 2007 
were evaluated for study inclusion. From this cohort 201 procedures involving 
patients who underwent concomitant ascending aortic surgery, aortic valve re-
pair surgery, isolated tricuspid surgery or isolated pulmonary valve surgery were 
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excluded. Furthermore, there were 16 patients who underwent multiple valve 
operations within the same month or admission; we excluded 16 procedures 
for this reason. This resulted in a database of 1299 procedures. Baseline patient 
characteristics are presented in Table 1.
	 Observed hospital mortality was 2.8% (25/904) for isolated valve surgery 
and 6.8% (27/395) for valve+coronary surgery.

Isolated valve surgery
PREDICTED MORTALITY: The NY State logistic risk model for isolated valve surgery 
predicted a hospital mortality of 3.0% (95% CI 2.7-3.3) versus a 2.8% observed 
rate for all isolated valve surgery patients. The NY State additive model predicted 
a mortality of 3.4% (95% CI 3.1-3.7) for this group, the logistic EuroSCORE pre-
dicted a mortality of 6.1% (95% CI 5.6-6.6) and the additive EuroSCORE a mortal-
ity of 5.3% (95% CI 5.1-5.5).
	 DISCRIMINATION: Based upon discriminatory performance in the isolated 
valve surgery group, ROC curves (Figure 1) were generated for the logistic and 
additive NY State and EuroSCORE models. Table 2 presents the corresponding 

Table 2. Model performance in isolated valve surgery patients.

Discrimination
AUC c-index (95% CI)

Calibration 
H-L p-value Chi Square

NY State logistic 0.86 (0.78-0.94) 0.63 7.02

NY State additive 0.86 (0.78-0.94) 0.62 7.15

EuroSCORE logistic 0.76 (0.66-0.86) 0.004 24.16

EuroSCORE additive 0.77 (0.67-0.87) 0.007 22.76

AUC = area under curve; CI = confidence interval; H-L = Hosmer-Lemeshow

Table 3. Model performance in valve+CABG surgery patients.

Discrimination
AUC c-index (95% CI)

Calibration 
H-L p-value Chi Square

NY State logistic 0.74 (0.65-0.82) 0.03 18.59

NY State additive 0.72 (0.64-0.81) 0.44 8.91

EuroSCORE logistic 0.72 (0.63-0.81) 0.76 5.78

EuroSCORE additive 0.71 (0.62-0.80) 0.78 5.57

AUC = area under curve; CI = confidence interval; H-L = Hosmer-Lemeshow
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c-indices. The c-indices of the NY State models are significantly higher than the 
EuroSCORE model c-indices (0.86 and 0.86 versus 0.74 and 0.76; all p<0.05), 
demonstrating a better discriminatory power for the NY State models in our 
population.
	 CALIBRATION: For the isolated valve surgery group, calibration of the NY 
State models for isolated valve surgery and the EuroSCORE models is graphically 

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

NY State logistic, AUC=0.86

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

NY State additive, AUC=0.86

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

EuroSCORE logistic, AUC=0.76

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

EuroSCORE additive, AUC=0.77

Figure 1. ROC curve graphs for the isolated valve surgery group (n=904).
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presented in calibration plots (Figure 2). In both NY State models, the lines that 
represent the relation between observed frequency and predicted probability 
are closer to the ideal, diagonal line. While Hosmer-Lemeshow statistics for the 
NY State models demonstrate a good calibration, the EuroSCORE models do not 
fit adequately (see Table 2).
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Figure 2. Calibration plots for the isolated valve surgery group (n=904).
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Valve surgery with concomitant coronary surgery
PREDICTED MORTALITY: The NY State logistic risk model for valve+coronary sur-
gery predicted a hospital mortality of 5.9% (95% CI 5.4-6.4) for all valve+coronary 
surgery patients versus a 6.8% observed rate. The NY State additive model pre-
dicted a mortality of 6.2% (95% CI 5.6-6.7), the logistic EuroSCORE predicted a 
mortality of 7.8% (95% CI 7.0-8.6) and the additive EuroSCORE predicted 6.4% 

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

NY State logistic, AUC=0.74

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0
0.

0
0.

2
0.

4
0.

6
0.

8
1.

0

NY State additive, AUC=0.72

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

EuroSCORE logistic, AUC=0.72

False positive rate

Tr
ue

 p
os

iti
ve

 ra
te

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

EuroSCORE additive, AUC=0.71

Figure 3. ROC curve graphs for the valve+coronary surgery group (n=395).
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(95% CI 6.1-6.7) for this group. 
	 DISCRIMINATION: When comparing the c-indices of the NY State models 
for valve+coronary surgery to the EuroSCORE model c-indices (see Table 3), no 
significant differences were found in the valve+coronary surgery group; none of 
the models outperformed the others regarding discrimination. A visual repre-
sentation using ROC curves is given in Figure 3.
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Figure 4. Calibration plots for the valve+coronary surgery group (n=395).
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	 CALIBRATION: With a significant Hosmer-Lemeshow p-value (see Table 3), 
the NY State logistic model for valve+coronary surgery proved to be poorly cal-
ibrated for our population, while its additive counterpart and the EuroSCORE 
models fit our population quite well. However, the corresponding calibration 
plots for all models (see Figure 4) show that the curves that represent the rela-
tion between observed mortality and predicted probability of mortality deviate 
substantially from the ideal line in all models. This is especially true for patients 
with hospital mortality risks of over 10%. 

Comment

The purpose of this study was to determine whether in our institution a valve 
dedicated risk stratification model would provide improved hospital mortality 
risk prediction for patients undergoing valve surgery. Little is known about Eu-
roSCORE performance regarding mortality in a valve surgery population when 
compared with a dedicated valve surgery model. The results show that in an iso-
lated valve surgery patient population, the logistic and additive NY State isolated 
valve models outperform the EuroSCORE models, both with regard to discrimi-
nation and calibration. This suggests that indeed for this particular patient popu-
lation there is room for improvement of operative risk prediction. On the other 
hand, for patients in our institution who undergo valve surgery combined with 
coronary surgery, there is no added value in using the NY State valve+coronary 
model over the EuroSCORE models. In fact, all models demonstrated a poor per-
formance, suggesting that for this particular patient population a better predic-
tive model still needs to be developed, or that valve+coronary surgery popula-
tions differ too much to allow usage of externally developed models. 

Rotterdam and New York State population
When comparing the Rotterdam population with the one that the NY State mod-
els were based upon, only a few differences were found. Except for a higher prev-
alence of diabetes mellitus (valve+coronary surgery group: 13.7% versus 29.0%), 
cerebrovascular disease (valve+coronary surgery group: 6.1% versus 22.6%) and 
chronic obstructive pulmonary disease (isolated valve surgery group: 10.1% ver-
sus 18.5%) in the NY State population, both populations appear very similar.
	 Observed hospital mortality rates were slightly higher for the NY State pop-
ulation compared to the Rotterdam population for both the isolated valve sur-
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gery patient groups (4.4% versus 2.8%) and the valve with concomitant coronary 
surgery groups (8.9% versus 6.8%). Nevertheless, the NY State isolated valve 
surgery models only provide a slight overestimate of observed mortality in the 
Rotterdam population (3.0% and 3.4% versus 2.8% observed), while the NY State 
valve+coronary surgery model slightly underestimated observed mortality in the 
Rotterdam dataset (5.9% and 6.2% versus 6.8%). 
	 Apart from some small differences in patient characteristics between NY 
State and Rotterdam and the observed mortality differences, no evident expla-
nation from our data can be found for the fact that the NY State valve with con-
comitant coronary surgery model does not outperform the EuroSCORE like the 
NY State isolated valve model does.

Risk factors
In the past 5 years, several new models to predict early mortality after valve sur-
gery have been developed that show an adequate to good performance [4-9]. 
Table 4 gives an overview of these models and their included risk factors, along 
with the EuroSCORE model. Many risk factors known to be relevant to predict 
mortality after valve surgery are included in the EuroSCORE [2,12]. However, 
several other important factors like diabetes mellitus and valve position how-
ever are missing in this model [4-9]. We assume a correlation between diabetes 
mellitus and factors that are included in the EuroSCORE model, like extracardiac 
arteriopathy, is responsible for the absence of diabetes as a risk factor in this 
model. 
	 The weights of identical risk factors also differ, as illustrated for age by the 
following example. An eighty year old male patient without comorbidities has a 
predicted mortality of 6% after aortic valve replacement according to the logistic 
EuroSCORE, while the same patient only scores 2% when using the logistic NY 
State model.
	 Emergency surgery is a well-known predictor of higher mortality rates, and 
the EuroSCORE model does include emergency procedures as a risk factor, as do 
all other recently published valve dedicated models. However, in both NY State 
models, no direct risk factor for emergency procedures was included. This was 
explained by a correlation between emergency status and shock or hemody-
namic instability, factors that are included in the NY State models [13].
	 Furthermore, all recently developed models mainly use comorbidities as 
risk factors to predict procedure mortality. Cardiac and valve anatomy are how-
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ever considered to be of even more importance in predicting procedure suc-
cess, but are absent from almost all current valve risk models, except the NY 
State model for valve+coronary surgery [14], which includes ‘severely calcified 
ascending aorta’ as a risk factor.

Early mortality
The dependent variable in both the Euroscore and NY State model is hospital 
mortality. One can debate whether this is an appropriate end point. It is much 
easier to collect patient information only during hospital stay and most other 
models also use hospital mortality, but on the other hand postoperative hos-
pital stay varies widely between centers and in addition it is well-known that 
an increased post-cardiac surgery mortality risk does not disappear at patient 
discharge but continues for months after the procedure [15]. The new guidelines 
for reporting morbidity and mortality after cardiac valve interventions recom-
mend that early mortality should be reported at 30, 60 and/or 90 days (submit-
ted to AATS/EACTS/STS for final review). Therefore it is advisable that future 
valve models focus on a time-related endpoint independent of the location of 
the patient. 
	 Even though all recently developed valve dedicated risk stratification mod-
els are designed to predict short term mortality only, they are probably able 
to predict one year (and possibly even longer) mortality as well. General car-
diac surgery risk stratification models that were designed to predict short term 

Table 4. Legend.
a Model inclusion criteria: sample size at least 1000 patients, published since 2004
b This model includes the factor concomitant surgery instead of concomitant CABG
c Logistic model includes more factors than additive model; logistic model factors are presented
d One variable (‘Other than isolated CABG’) is always scored ‘yes’ in valve surgery and therefore 	
not included in this table

AVR = aortic valve replacement; CABG = coronary artery bypass grafting; CAD = coronary artery dis-
ease; CCS = Canadian Cardiovascular Society class; CHF = congestive heart failure; COPD = chronic 
obstructive pulmonary disease; CVA = cerebral vascular accident; CVD = cerebral vascular disease; 
ECAA = extensively calcified ascending aorta; EF = ejection fraction; LVF = left ventriculair function; 
MI = myocardial infarction; MVRR = mitral valve replacement or repair; NNE = Northern New Eng-
land; NYHA = New York Heart Association functional class; PHS = Providence Health System; PVD = 
peripheral vascular disease; SCTS = Society of Cardiothoracic Surgeons of Great Britain and Ireland; 
STS = Society of Thoracic Surgeons; UAP = Unstable Angina Pectoris; VA = Veteran Affairs
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mortality have been demonstrated to possess this quality as well [16]. Future 
research is necessary to confirm this hypothesis. It would also be interesting to 
assess valve model performance in predicting other quality related outcomes. 
Again, risk stratification models that were built to predict short term mortality 
after general cardiac surgery have been successfully used to predict morbidity 
and intensive care unit stay [17] and total length of stay [4]. Xu et al. already pub-
lished a model that successfully predicts intensive care unit stay after valve sur-
gery (c-index 0.76; Hosmer-Lemeshow p=0.25) [18]. Taking into account these 
facts, models included in Table 4 are likely to possess this quality as well.

Concomitant coronary surgery
Of all recently published valve dedicated models (see Table 4), only the NY State 
model developers offer a separate model for isolated valve surgery and valve 
surgery with concomitant coronary surgery. In 2001, Edwards et al. also devel-
oped separate models for isolated valve surgery and valve+coronary surgery us-
ing the STS database [19].
	 The developers of all other recently published models have not employed 
this approach and simply included concomitant coronary surgery (or other type 
of surgery) as a risk factor in their valve models.
	 The reason for the development of a separate model for isolated valve sur-
gery and a model for valve+coronary surgery according to Hannan et al. lies in 
the substantially different patient characteristics between both groups, an ob-
servation that is confirmed in the Rotterdam population. 
	 For example, mitral valve repair is a lower risk procedure than aortic valve 
replacement in the isolated valve model while mitral valve repair combined 
with coronary surgery is a higher risk procedure than aortic valve replacement 
with concomitant coronary surgery using the valve+coronary surgery model, il-
lustrating the difference between degenerated or myxomatous mitral valves in 
patients who need valve surgery only and the ischaemic nature of mitral valves 
in patients requiring concomitant coronary surgery.  

Aortic and mitral surgery
Some model developers offer a separate model for aortic valve surgery and mi-
tral surgery [8,9]. This way, more significant risk factors can be distilled from 
these separate, more homogeneous groups. Related to the pathophysiologic dif-
ferences between these groups, are differences between early mortality rates. 
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As supported by the STS cohort, the models for mitral valve surgery produce 
higher predictive mortality rates [14]. However, models for aortic and mitral 
valve surgery have many similar risk factors [6].
	 Furthermore, in case of surgery on multiple valves, these models do not ap-
ply. A model that includes valve position(s!) as a model variable might therefore 
be preferred.  

EuroSCORE, a vintage model?
Apart from both NY State models being valve dedicated models, their develop-
ment was undertaken on a 2001-2003 dataset, while EuroSCORE was based on 
data collected in 1995. Since the introduction of the EuroSCORE model, increas-
ing procedure safety and decreasing mortality rates probably contribute to the 
better performance of the NY State isolated valve model in our population. For 
this reason, an improvement could also have been expected for the NY State 
valve+coronary surgery model.
	 In this age of ubiquitous computing power, the simplicity of additive models 
might not justify their existence. And even though the EuroSCORE developers 
nowadays consider their additive EuroSCORE model to be inferior to the logistic 
model [10], we were not able to demonstrate a different performance between 
the logistic and additive EuroSCORE.
	 At the time of writing, the developers of the EuroSCORE just launched their 
plan to update the EuroSCORE in 2008 to reflect contemporary practice [20]. 
This new model will probably predict mortality after valve surgery better than 
the current EuroSCORE model due to improvement of the calibration of a new 
EuroSCORE model. However, it may only outperform the NY State model for iso-
lated valve surgery when specific factors that are more predictive of hospital 
mortality after valve operations, are included. 

Study limitations
This study is limited by the small sample size of the Rotterdam population, es-
pecially the valve+coronary surgery group. Even though the patient group sizes 
were sufficient to perform decent statistical analyses, a larger population will 
result in more reliable model performance results. Another study limitation is its 
single center approach. Hospital and surgeon related factors might have resulted 
in study results that are not applicable to other centers. However, the purpose of 
this study was to evaluate model performance and usability in our center.
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Other models from Table 4 were not included in our comparison because many 
risk factors that are required for these models were not available. Retrospective 
collection of these extra model variables would contaminate the prospectively 
collected data we used for the current comparison.

Valve model implementation
Firstly, the importance of clinical judgement should never be underestimated 
and regarding individual preoperative mortality prediction, our search has pro-
vided us merely with a new tool to support clinical decisions regarding valve 
surgery. A very useful tool though, with a use not limited to preoperative risk 
prediction only.
	 The question remains whether a center needs a general model that has been 
based upon an enormous population and was validated throughout a particular 
region or a smaller model constructed by only using its own patients. Both types 
have advantages that cannot be combined into one model to fit all needs.
Perhaps centers should use two separate valve dedicated models; one model 
tailored to the center to predict actual and individual patient mortality and study 
the impact of different risk factors on outcome, and one model based upon a 
national or continental population, like the STS derived models, to provide a 
benchmark for hospital performance. This way, all possible purposes for valve 
dedicated risk stratification models are covered.
	 Noteworthy is that not only population selection is an important consider-
ation when developing models for a specific purpose. For instance, the NY State 
risk stratification models were developed to serve as a tool to evaluate surgeon 
performance. By including the risk factor ‘extensively calcified ascending aorta’, 
best measured by palpation during surgery, in the valve+coronary surgery mod-
el, this model is less suitable for preoperative risk prediction purposes.
	 It is important to keep in mind that treatment for cardiac valve disease is 
still continuously improving and the danger of outdated models is considerable. 
In addition to periodic recalibration, future models will therefore need to be 
subject to improvements made by adjusting population sample size and re-eval-
uation of risk factor inclusion and weights. The biggest step forward in model 
use should consist of implementing risk stratification models into the clinical 
process, whereby we use an optimal model for a pre-specified patient popula-
tion not only to monitor but also to improve outcome of our patients.
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In conclusion, we demonstrated that in our clinical practice (even in a relatively 
small population) there is an added value using a valve dedicated model like the 
NY State model in the setting of preoperative risk prediction and assessment 
of the impact of individual risk factors. We encourage other centers to conduct 
comparable studies to verify our results and increase general applicability. Sev-
eral valve dedicated models actually consist of two sub models [4,8,9]. Further 
exploration is needed to assess whether these separate models for isolated 
valve surgery and valve+coronary surgery, and/or aortic and mitral valve surgery 
are really needed or whether one common valve model for each clinical purpose 
will suffice. With the emergence of less invasive valve repair and replacement 
techniques, the implementation and further development of risk stratification 
models in valve surgery will be of increasing importance in optimizing patient 
treatment.
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Abstract

Objective
Symptomatic severe aortic stenosis is an indication for aortic valve replacement. Some patients 
are denied intervention. This study provides insight into the proportion of conservatively treated 
patients and into the reasons why conservative treatment is chosen.

Methods
Of a patient cohort presenting with severe aortic stenosis between 2004 and 2007, medical re-
cords were retrospectively analyzed. Only symptomatic patients (n=179) were included. We stud-
ied their characteristics, treatment decisions, and survival. 

Results
Mean age was 71 years, 50% were male. During follow-up (mean 17 months, 99% complete) 76 
(42%) patients were scheduled for surgical treatment (63 conventional valve replacement, 10 tran-
scatheter, 1 heart transplantation, 2 waiting list) versus 101 (56%) who received medical treat-
ment. Reasons for medical treatment were: perceived high operative risk (34%), symptoms re-
garded mild (19%), stenosis perceived non-severe (14%), and patient preference (9%). In 5% the 
decision was pending at the time of the analysis and in 20% the reason was other/unclear. Mean 
age of the surgical group was 68 years versus 73 years for medically treated patients (p=0.004). 
Predicted mortality (EuroSCORE) was 7.8% versus 11.3% (p=0.006). During follow-up 12 patients 
died in the surgical group (no 30-day operative mortality), versus 28 in the medical group. Two-
year survival was 90% versus 69%.

Conclusions
A large proportion (56%) of symptomatic patients does not undergo aortic valve replacement. 
Often operative risk is estimated (too) high or hemodynamic severity and symptomatic status are 
misclassified. Interdisciplinary team discussions between cardiologists and surgeons should be 
encouraged to optimize patient selection for surgery.
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Introduction

The prevalence of aortic stenosis increases with age to up to 8% in the elderly 
[1]. Meanwhile the Western population increases to age during the last decades 
and this trend is expected to continue [2]. Therefore aortic stenosis constitutes 
a growing health burden.
	 While the treatment of asymptomatic patients with severe aortic stenosis 
remains debatable, both European and American guidelines on the manage-
ment of valvular heart disease recommend that symptomatic patients have aor-
tic valve replacement [3,4]. This recommendation is not only based on the sur-
vival advantage that can be expected after surgery but also on the improvement 
in functional class, even in elderly patients [3-5].
	 Recent literature suggests that a considerable proportion (33-60%) of pa-
tients with symptomatic severe aortic stenosis do not receive aortic valve re-
placement (AVR) [6-9]. We sought to confirm that many symptomatic patients 
remain unoperated and were interested in the reasons and the consequences 
of the decision to operate or not. The goal of our study therefore was to gain 
insight into decision making and survival in patients with severe symptomatic 
aortic stenosis.

Methods

Study design and data collection
A retrospective search in the echocardiography database of our department re-
vealed 115 patients with severe aortic stenosis. An additional 140 patients were 
recruited from the echocardiography laboratories in the outpatient cardiology 
clinics of 7 hospitals in the Rotterdam region. All echocardiograms were made 
between October 2004 and December 2007. Patients had at least one of the fol-
lowing inclusion criteria: aortic valve area <1.0 cm2, maximum aortic jet velocity 
>4.0 m/s, peak aortic gradient >64 mmHg or mean aortic gradient >40 mmHg. To 
avoid missing low-output aortic stenosis, patients were also included if the ratio 
between the velocity time integral over the aortic valve and the left ventricular 
outflow tract was >4.0.
	 Information was gathered on medical history, cardiovascular risk factors, 
and symptomatic status at the time of the echocardiogram. Asymptomatic pa-
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tients were excluded from the eventual analysis. For all symptomatic patients, 
anticipated operative risk was calculated using the logistic EuroSCORE risk model 
(http://www.euroscore.org).
	 Treatment strategies and their reasons were retrieved from notes in the 
patients’ medical charts. Reasons for ‘conservative/medical treatment’ were 
classified in six main categories: (1) anticipated high operative risk (including 
advanced age or left ventricular dysfunction); (2) only mild symptoms; (3) steno-
sis non-severe; (4) patient preference; (5) decision not final yet; and (6) other, 
including ‘reason unclear’.
	 The study protocol was approved by the institutional review board, patient 
informed consent was waived (MEC 06-066, MEC 08-022). The authors had full 
access to the data and take responsibility for its integrity. All authors have read 
and agree to the manuscript as written.

Study population
Of the 255 patients that were initially identified, 73 asymptomatic patients were 
excluded plus 3 patients, of whom symptomatic status could not be retrieved, 
leaving 179 symptomatic patients in the study cohort. Mean age was 71 years, 
50% were male.
During follow-up (mean 17 months, median 13.6, range 0.1-40) 76 patients 















Figure 1. Flow chart of main results.
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(42%) underwent AVR or were scheduled for surgery (Figure 1). There were 63 
conventional aortic valve replacements, 9 percutaneous and 1 transapical valve 
implantations. Two patients were on a waiting list for AVR and one patient re-
quired a heart transplantation during follow-up. Medical treatment was given 
in 101 patients (56%). Two patients were lost to follow-up (99% completeness). 
Mean age of the surgical group was 68 years versus 73 years for the medically 
treated patients (p=0.004). Predicted operative mortality according to the logis-
tic EuroSCORE was 7.8% versus 11.3% (p=0.009). More patient characteristics 
are given in Table 1.

Statistical analysis
Continuous data are presented as mean ±1 standard deviation, and median. Cat-
egorical data are presented as proportions.
	 Chi-square testing was used for comparison of categorical variables. Con-

Table 1. Patient characteristics.

AVR
n= 76

Conservative
n= 101

Age (mean ± SD in years) 67.9 ± 12.4 73.3 ± 12.3

Male (%) 49 51

Follow-up (mean ± SD in months) 20.3 ± 11.8 15.1 ± 11.5

Echocardiographic parameters (mean ± SD)
   Maximal transaortic velocity (m/s)
   Peak gradient (in mmHg)
   AV/LVOT VTI ratio
   Aortic Valve Area (cm2)

4.4 ± 0.8
82 ± 32
4.9 ± 1.8
0.68 ± 0.24

4.0 ± 0.8
66 ± 26
5.0 ± 2.3
0.71 ± 0.26

NYHA class (%)
   II
   III
   IV
   Missing

42.1
38.2
13.2
6.6	

54.5
34.7
8.9
2.0

Left Ventricular Function (%)
   Good/impaired (EF >50%)
   Moderate (EF 30-50%)
   Poor (EF <30%)
   Missing

56.6
38.2
2.6
1.3

57.4
30.7
7.9
4.0

Logistic EuroSCORE (mean ± SD) 7.8 ± 7.9 11.3 ± 9.6
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tinuous variables were compared using the Student’s t-test. A p value <0.05 
was considered significant. Survival curves were estimated by the Kaplan-Meier 
method. Differences in survival were not statistically assessed.
	 Statistical analyses were performed with SPSS for Windows (release 15.0; 
SPSS Inc., Chicago, Illinois).

Results

There was no 30-day mortality. During follow-up 12 patients died in the surgical 
group, versus 28 patients in the medical group. One- and 2-year survival was, 
respectively, 93% and 90% for the AVR group and for the conservative group 77% 
and 69% (Figure 1).
	 Reasons for choosing non-surgical treatment were: operative risk deemed 
‘too high’ (34%), symptoms regarded as ‘mild’ (19%), stenosis regarded as ‘non-
severe’ (14%), and patient preference (9%). In 5% the decision to operate was 
still under consideration by cardiologist and/or patient. In 20 patients (20%) the 
reason behind decision making could not be retrieved accurately. Of the latter 
20 patients, 11 were in NYHA class II, 6 were in NYHA III, and 3 were in NYHA 
class IV.
	 Of the 34 patients in whom the reason not to operate was ‘high risk’, the 
mean age was 75.7 years and the mean EuroSCORE was 11.6%. Eight of them 
had a history of malignancy or active malignancy (six of these patients eventu-
ally died during follow-up). Eighteen patients had a EuroSCORE <10% and only 9 
of the 34 patients in whom the operative risk was deemed too high had a Euro-
SCORE >15%.

Discussion

Although treatment consensus seems to exist on symptomatic patients with se-
vere aortic stenosis, it is not uncommon to diverge from these guidelines [6,8-
10]. Advanced age and left ventricular dysfunction are known reasons to deny 
surgery in a symptomatic patient [6,11]. Instead of using patient characteristics 
to predict whether a patient gets AVR or not, our study was designed to inves-
tigate the decision making. Therefore it provides a different perspective: in our 
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cohort an overestimation of operative risk, underestimation of symptoms, and 
misclassification of hemodynamic severity are common causes why symptom-
atic patients are denied AVR. Furthermore, we found that survival of the conser-
vative group is not as pessimistic as reported by others [12,13].

‘Overestimation’ of operative risk?
In a third of the patients who were treated conservatively, an anticipated high 
operative risk was the main reason not to go for AVR. This subgroup had a mean 
age of only 76 years, and only 9 of the 34 patients had a EuroSCORE >15%. Per-
haps it is even more important that more than half (18 patients) had a relatively 
low operative risk with a EuroSCORE <10%.
	 From the literature it is known that remission of symptoms after starting 
medical treatment can be a reason to stay conservative and that patients who 
are treated conservatively are generally older and more often have impaired left 
ventricular function than surgically treated patients [6,7]. Yet, both remission of 
symptoms, advanced age, and depressed left ventricular function are debatable 
reasons not to operate on a symptomatic patient. Even elderly patients can be 
operated upon with acceptable morbidity and mortality, and can expect a con-
siderable quality of life [5,11].
	 Note that 10 patients in the AVR group underwent a minimally invasive valve 
replacement. They were deemed not amenable for surgery. This indicates that 
even in a region with a tertiary center that uses new percutaneous and transapi-
cal techniques to replace the aortic valve, the majority of patients are treated 
conservatively.
	 Eight patients had either a malignancy in medical history or an active malig-
nancy, risk factors which are not taken into account by the EuroSCORE. Another 
issue with risk models is that they do not score characteristics such as vitality 
or biological age. Furthermore there is a large variability between different risk 
models, and the one most commonly used (EuroSCORE) seems to overestimate 
the actual operative risk most [14]. Perhaps this adds to the large variance in 
treatment advice that exists among cardiologists which was already found by 
Bouma et al. [7].

Underestimation of symptoms?
Due to inactivity or gradual adjustment of daily activities to developing symp-
toms, patients with aortic stenosis often do not acknowledge the presence 
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of symptoms or attribute them to the ageing process. Exercise testing is rec-
ommended in asymptomatic patients with aortic stenosis in order to exclude 
symptoms with more certainty [15-17], and up to 37% of patients previously 
considered asymptomatic have limiting symptoms when they are tested [17]. 
According to the European Heart Survey exercise testing is highly underused 
[3,18]. This could lead to an underestimation of the proportion of symptomatic 
patients treated medically that was reported by others and in the current study 
[6,8-10].
	 In this study, the classical aortic stenosis symptoms such as dyspnea, syn-
cope, or angina were documented for several patients but regarded as mild or 
non-debilitating. Having only mild symptoms does not exclude a patient from 
being an AVR candidate [3,4]. It is furthermore known that even if symptoms are 
recognized, the resulting functional disability is often underestimated by physi-
cians [19]. Symptomatic patients with severe aortic stenosis from our cohort 
suffer from both physical and emotional impairment hampering normal daily 
activities (unpublished data). These are clear reasons to assess symptomatic sta-
tus accurately, and to reconsider a conservative approach when symptoms are 
present.

Underestimation of hemodynamic severity
As much as 14% of the symptomatic patients who were denied surgery were 
not referred because the stenosis was classified non-severe by the treating car-
diologist during the initial assessment. According to the guidelines they should 
however have been classified as severe [3,4]. Since only patients with a severe 
stenosis are recommended to have surgery, these misclassified patients are at 
increased risk of left ventricular deterioration and sudden death [20].
	 Even if the stenosis severity is only just below the severe threshold, it can 
be disputed that watchful waiting is the best treatment. Peak aortic gradient 
increases 10-15 mmHg/year and aortic valve area decreases 0.1-0.12 cm2/year 
[21-23]. Given these progression rates, borderline patients will enter the severe 
category within a few months or at most a year later. Meanwhile left ventricular 
function will only get worse.

Survival in the conservative and in the surgical group
Survival in the medically treated group cannot easily be compared with the sur-
gically treated group because the patients have quite different characteristics, 
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which could account for a large part of the difference in survival. It is therefore 
questionable if, and to what extent, the survival of the total study group would 
have improved if more patients had aortic valve replacement.
	 From the survival curve of the non-AVR group it can be seen that a decline in 
survival already occurs in the first year after the echocardiogram (Figure 2). Still, 
survival in the conservative group is not as bad as expected based on previous 
reports [12,13,20]. Perhaps improvement in medical treatment over the past 
years plays a role, but survival in the conservative group highly depends on re-
ferral strategy as well; if more high risk patients are operated upon, the patients 
with a really bad prognosis are left for conservative treatment, resulting in low 
survival in this category. Therefore the relatively good prognosis of our medically 
treated group could be a reflection of the conservative approach of the cardiolo-
gists in our region.
	 Because of its dependence on referral, natural history of aortic stenosis is 
very difficult to study. If one would like to gain a clear view on natural history, 
theoretically all eligible patients should be excluded from having AVR, or they 

Figure 2. Kaplan-Meier survival for the conservatively treated group and the AVR group.
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should be randomized to receive either surgical or conservative treatment. In 
practice this would be impossible and ethically incorrect.

Future prospects
Microsimulation methods can accurately estimate life expectancy for patients 
after AVR [24,25], but have yet to be developed for patients who are treated 
conservatively. Our department intends to develop these models, but this re-
quires large datasets with extensive numbers of variables and some patient fac-
tors, such as vitality, will be difficult to grasp in a model.

Conclusion

A considerable proportion of patients with symptomatic severe aortic stenosis 
are not referred for surgery although theoretically they have an indication for 
aortic valve replacement. Often operative risk is estimated (too) high, and mis-
classification of both hemodynamic severity and symptomatic status occurs fre-
quently.
	 Most patients who were treated conservatively were simply not referred to 
a surgical department. Referral to surgical departments should be encouraged 
in order to have more interdisciplinary team discussions between cardiologists 
and surgeons. Hopefully, this will result in better patient selection for surgery, 
possibly resulting in better survival of patients with severe symptomatic aortic 
stenosis.

The authors would like to thank the patients, cardiologists, echo laboratory workers and secretar-
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Abstract

Aims
It is unclear whether transcatheter aortic valve implantation (TAVI) addresses an unmet clinical 
need for those currently rejected for surgical aortic valve replacement (SAVR) and whether there is 
a subgroup of high-risk patients benefiting more from TAVI compared to SAVR. In this two-centre, 
prospective cohort study, we compared baseline characteristics and 30-day mortality between 
TAVI and SAVR in consecutive patients undergoing invasive treatment for aortic stenosis.

Methods and results
We pre-specified different adjustment methods to examine the effect of TAVI as compared with 
SAVR on overall 30-day mortality: crude univariable logistic regression analysis, multivariable 
analysis adjusted for baseline characteristics, analysis adjusted for propensity scores, propensity 
score matched analysis, and weighted analysis using the inverse probability of treatment (IPT) 
as weights. A total of 1,122 patients were included in the study: 114 undergoing TAVI and 1,008 
patients undergoing SAVR. The crude mortality rate was greater in the TAVI group (9.6% vs. 2.3%) 
yielding an odds ratio [OR] of 4.57 (95%-CI 2.17-9.65). Compared to patients undergoing SAVR, pa-
tients with TAVI were older, more likely to be in NYHA class III and IV, and had a considerably higher 
logistic EuroSCORE and more comorbid conditions. Adjusted OR depended on the method used 
to control for confounding and ranged from 0.60 (0.11-3.36) to 7.57 (0.91-63.0). We examined the 
distribution of propensity scores and found scores to overlap sufficiently only in a narrow range. 
In patients with sufficient overlap of propensity scores, adjusted OR ranged from 0.35 (0.04-2.72) 
to 3.17 (0.31 to 31.9). In patients with insufficient overlap, we consistently found increased odds 
of death associated with TAVI compared with SAVR irrespective of the method used to control 
confounding, with adjusted OR ranging from 5.88 (0.67-51.8) to 25.7 (0.88-750). Approximately 
one third of patients undergoing TAVI were found to be potentially eligible for a randomised com-
parison of TAVI versus SAVR.

Conclusions
Both measured and unmeasured confounding limit the conclusions that can be drawn from ob-
servational comparisons of TAVI versus SAVR. Our study indicates that TAVI could be associated 
with either substantial benefits or harms. Randomised comparisons of TAVI versus SAVR are war-
ranted.
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Introduction

Transcatheter aortic valve implantation (TAVI) is currently restricted to patients 
with aortic stenosis in whom surgical aortic valve replacement (SAVR) would 
be associated with a high or prohibitive risk of morbidity and/or mortality. The 
aim of TAVI is to provide a minimally invasive treatment that is at least as effec-
tive and associated with less morbidity and mortality compared to conventional 
valve surgery in high-risk patients. It is unclear whether TAVI addresses an unmet 
clinical need for those currently rejected for SAVR and whether there is a sub-
group of high-risk SAVR patients who can benefit more from TAVI than SAVR.
	 Contemporary studies indicate that the 30-day mortality rate following TAVI 
is 8% to 12% [1-3]. Following SAVR, the 30-day mortality rate in high-risk patient 
subsets was reported to be between 4.6% to 13.5% for octogenarians [4-11] and 
6% to 33% for patients with left ventricular dysfunction [12,13]. To our knowl-
edge, direct comparisons between TAVI and SAVR are not yet available. In this 
two-centre, prospective cohort study, we set out to compare the characteristics 
at baseline and 30-day mortality rates between TAVI and SAVR in consecutive 
patients undergoing invasive treatment for aortic stenosis.

methods

Patients and methods
Between January 1st, 2006 and December 31st, 2008, we prospectively enrolled 
consecutive patients with aortic stenosis who underwent invasive treatment for 
aortic stenosis at the Erasmus Medical Center, Rotterdam, The Netherlands and 
Bern University Hospital, Bern, Switzerland. The study complies with the Decla-
ration of Helsinki and was approved by the local Research Ethics Committees. All 
patients provided written informed consent.

Patients and interventions
Patients were included if they underwent TAVI or SAVR for the treatment of aor-
tic stenosis at one of the two institutions. Patients undergoing invasive treatment 
who had a primary diagnosis of aortic regurgitation, multiple valve interventions, 
or concomitant aortic root reconstruction were excluded. Contraindications for 
TAVI or SAVR typically included sepsis, bleeding diathesis or coagulopathy, any 
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Table 1. Baseline characteristics.

TAVI 
(n=114)

SAVR 
(n=1008)

Difference (95% CI)* P

Age, y (SD) 82.8 (5.5) 69.9 (11.4) 12.9 (10.8 to 15.1) < 0.001

Female, n (%) 64 (56.1%) 408 (41.5%) 15.7% (6.1 to 25.3%) 0.001

Logistic EuroSCORE, % (SD) 20.1 (13.4) 9.1 (10.2) 11.0 (9.0 to 13.1) < 0.001

NYHA class, n (%) 
   I
   II
   III
   IV 

1 (0.9%) 
14 (12.3%)
78 (68.4%)
21 (18.4%) 

147 (14.6%)
403 (40.0%)
356 (35.3%)
102 (10.1%)

<0.001**

Diabetes mellitus, n (%) 26 (22.8%) 243 (24.1%) –1.3% (–9.4 to 6.8%) 0.76

Hypertension, n (%) 72 (63.1%) 631 (62.6%) 0.6% (–8.8 to 9.9%) 0.91

Coronary artery disease, n (%) 64 (56.1%) 512 (50.8%) 5.3% (–4.3 to 15.0%) 0.28

Previous coronary bypass 
surgery, n (%) 

28 (24.6%) 42 (4.2%) 20.4% (12.4 to 28.4%) <0.001

Left ventricular ejection 
fraction, n (%) 
> 50% 
30-50% 
< 30% 

67 (58.8%) 
40 (35.1%) 
7 (6.1%)

834 (82.7%)
135 (13.4%)
39 (3.9%)

<0.001**

Atrial fibrillation, n (%) 22 (19.3%) 90 (8.9%) 10.4% (2.9 to 17.8%) <0.001

Cereberovascular disease, n (%) 20 (17.5%) 50 (5.0) 12.6% (5.5 to 19.7%) <0.001

Peripheral vascular disease, n 
(%) 

21 (18.4%) 47 (4.7%) 13.8% (6.5 to 21.0%) <0.001

COPD, n (%) 24 (21.1%) 134 (13.3%) 7.8% (0.0 to 15.5%) 0.024

Pulmonary hypertension, n (%) 34 (29.8%) 86 (8.5%) 21.3% (12.7 to 29.9%) < 0.001

Creatinine, umol/L (SD) 114 (92.9) 98.6 (61.5) 15.7 (3.0 to 28.3) 0.016

Creatinine above 200 umol/L, 
n (%) 

7 (6.1%) 31 (3.1%) 3.1% (–1.5 to 7.6%) 0.086

MI within 90 days of 
procedure, n (%) 

4 (3.5%) 34 (3.4%) 0.1% (–3.4 to 3.7%) 0.94

COPD = chronic obstructive pulmonary disease; MI = myocardial infarction; NYHA = New York 
Heart Association; SAVR = Surgical aortic valve replacement; TAVI = Transcatheter aortic valve 
implantation.
*	 Differences relate to percentages for dichotmous variables and means for continuous vari	
	 ables.
** 	 Test for trend.
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condition considered a contraindication to extracorporeal assistance, or estimat-
ed life expectancy of less than one year.
	 TAVI was performed using the third generation CoreValve ReValving System 
(Medtronic, Minneapolis, MN, USA). For patients to undergo TAVI, an interven-
tional cardiologist and cardiac surgeon had to agree that conventional open-
heart surgery would be associated with excessive morbidity and mortality. De-
tails of the device, and technical aspects of the procedure have been previously 
published [14]. The procedure was performed with the patient under general 
anaesthesia or with local anaesthesia and mild sedation depending on patient 
characteristics. Vascular access was obtained percutaneously using a “pre-clos-
ing” device (10 Fr Prostar XL) or by surgical cut-down [14]. Coronary revasculari-
sation was performed if deemed necessary prior to or during the index proce-
dure using percutaneous coronary intervention (PCI) [15].
	 The choice of implant used and the technique for SAVR was left to the dis-
cretion of the treating cardiac surgeon. The procedure was performed with the 
patient under general anaesthesia using cardiopulmonary bypass. Coronary 
revascularisation was performed if deemed necessary during the index proce-
dure using coronary artery bypass graft surgery (CABG).

Baseline characteristics
The selection of baseline characteristics was based on expert opinion and a re-
view of the literature. We considered patient age (years), sex, logistic EuroSCORE 
[16], New York Heart Association class, ejection fraction (>50%, 30-50%, or 
<30%), creatinine concentration (umol/L), a history of coronary artery disease, 
myocardial infarction in the previous 90 days, CABG, atrial fibrillation, peripheral 
vascular disease, cerebrovascular disease, pulmonary hypertension, and COPD.

Procedural characteristics
We recorded whether the procedure was an emergency measure, defined as 
a procedure carried out on referral before the beginning of the next working 
day [16] and whether there was a concomitant coronary revascularisation using 
PCI in patients undergoing TAVI and CABG in patients undergoing SAVR. Primary 
outcome and definitions The primary outcome was all-cause mortality within 30 
days [17]. Patients were actively followed-up until 30 days after the index proce-
dure and their vital status was confirmed by outpatient clinical visit, telephone 
visit, review of medical records or through civil registries.
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Statistical methods
We compared baseline characteristics between patients who had undergone 
TAVI and SAVR using a χ2 test for categorical variables and an unpaired t test for 
continuous variables, and used uni- and multivariable logistic regression models 
to determine the association of baseline characteristics with 30-day mortality. 
The propensity scores of SAVR patients were estimated using a probit model 
with all baseline characteristics as described above as independent variables. 
The propensity score is the probability that a patient would have been treated 
with SAVR given that patient’s observed baseline characteristics. Patients with 
the same propensity score must have the same distribution of baseline charac-
teristics. To determine whether this assumption of balanced baseline character-
istics was satisfied, we used standard algorithms implemented in the statistical 
package. Then, we calculated the cstatistic (the area under the receiver operat-
ing characteristics curve for the ability of propensity scores to predict actual 
treatment) as an estimate of the adequacy of the model.
	 To ensure the quality of the matching using propensity scores, we applied 
the common support assumption. The common support assumption indicates 
that patients with the same propensity score have a non-zero probability of re-
ceiving both, TAVI or SAVR [18]. If probability densities are too low in one of the 
groups, there is insufficient overlap of propensity scores and the assumption of 
common support is unlikely to be satisfied. To address this, we estimated the 
probability densities of propensity scores of patients in the TAVI and SAVR group 
using Epanechnikov kernel probability density estimates based on propensity 
score increments of 0.025 [19]. We pre-specified a probability density of >0.5 
to ensure sufficient overlap of propensity scores [20]. Below this pre-specified 
probability density (established at a propensity score <0.675), patients who had 
undergone TAVI were considered unlikely to be comparable with patients of the 
same propensity score who had undergone SAVR.
	 We used logistic regression models to compare 30-day mortality between 
groups. We pre-specified the following seven approaches for analysis: (1) crude 
univariable analysis; (2) multivariable analysis adjusted for all baseline char-
acteristics described above; (3) bivariable analysis adjusted for the propensity 
score as a linear term [21]; (4) multivariable analysis adjusted for the propensity 
score and for all baseline characteristics; (5) univariable analysis after caliper 
matching on the propensity score in a range of ±0.05 [22]; (6) weighted univari-
able analysis using the inverse probability of treatment (IPT) as weights [23,24]; 
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(7) IPT weighted multivariable analysis adjusted for all baseline characteristics. 
The IPT weighted analyses used the inverse of the propensity score as weights in 
SAVR patients and the inverse of 1 minus the propensity score in TAVI patients. 
All analyses were based on logistic regression models and were performed in the 
overall dataset and stratified according to presence or absence of sufficient over-
lap of propensity scores (propensity score <0.675 versus ≥0.675). To determine 
whether there was an interaction between estimated odds ratios of death and 
overlap of propensity scores, we performed a formal interaction test based on 
z-scores. Then, we performed a sensitivity analysis (not pre-specified), addition-
ally adjusting IPT weighted analyses restricted to patients with propensity scores 
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Figure 1. Probability density function of the propensity score for 114 patients undergoing TAVI 
(black solid line) and 1,008 patients undergoing SAVR (black dotted line). The grey dotted line 
represents the pre-specified probability density of >0.5; propensity score matching above this 
probability density ensures sufficient overlap of propensity scores. The white area indicates the 
range of propensity scores with sufficient overlap (propensity score ≥0.675) and identifies patients 
potentially eligible for a randomised comparison of TAVI and SAVR. The grey area indicates the 
range of propensity scores with insufficient overlap and identifies patients likely to be ineligible for 
a randomised comparison.
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≥0.675 for the procedural characteristics described above. Finally, we considered 
patients undergoing TAVI with propensity scores ≥0.675 to be potentially eligible 
for a randomised comparison of TAVI and SAVR and compared pre-treatment 
characteristics of these patients with characteristics of patients undergoing TAVI 
with propensity scores <0.675 who were deemed ineligible for a randomised 
comparison with SAVR. All p-values are two-sided. Statistical analyses were per-
formed using Stata Version 10 (Stata Corporation, College Station, TX, USA).

Results

Between January 2006 and December 2008, 1,633 consecutive patients under-
went invasive treatment for aortic stenosis using TAVI or SAVR. After exclusion 
of 508 patients because of a primary diagnosis of aortic regurgitation, multiple 
valve surgery, or concomitant aortic root surgery, 1,122 patients (1,122 proce-
dures) were included in the study: 114 undergoing TAVI (52 Bern and 62 Rot-
terdam) and 1,008 patients undergoing SAVR (645 Bern and 363 Rotterdam). No 
patient was lost to follow-up at 30 days after the index procedure.

Baseline characteristics of patients
Baseline characteristics of the TAVI and SAVR patients are summarised in Table 
1. Compared to patients undergoing SAVR, patients with TAVI were clearly older, 
more often female, more likely to be in NYHA class III and IV, had a considerably 

4.57 (2.17 to 9.65)

3.05 (1.09 to 8.51)

3.02 (1.01 to 9.04)

2.76 (0.88 to 8.69)

7.57 (0.91 to 63.0)

0.60 (0.11 to 3.36)

1.25 (0.42 to 3.72)

0.1

TAVI more beneficial SAVR more beneficial

Odds ratio (95% CI)

0.5 1 2 5 100.2

Crude

Multivariable

PS adjusted

PS adjusted, multivariable

PS matched

IPT weighted

IPT weighted, multivariable

Figure 2. Impact of different approaches used to control for confounding on mortality estimates. 
The propensity score matched analysis was based on 162 patients (81 pairs), all other analyses 
were based on 1,122 patients.
PS = propensity score; IPT = inverse probability of treatment.
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higher logistic EuroSCORE and more comorbid conditions, including previous 
coronary artery bypass surgery, left ventricular dysfunction, atrial fibrillation, ce-
rebral and peripheral vascular disease, chronic obstructive pulmonary disease, 
and pulmonary hypertension.

Procedural characteristics
The procedure was performed as an emergency measure in two TAVI patients 
(1.8%) and 43 SAVR patients (4.3%) (difference –2.4%, 95% confidence interval 
[CI] –5.1 to 0.3%). Concomitant revascularisation was performed in 10 TAVI pa-
tients (8.8%) and 436 SAVR patients (43.5%) (difference -34.7%, 95% CI –40.7 to 
–28.7%). An additional 10 TAVI patients (8.8%) had coronary revascularisation 
within four weeks prior to valve implantation as a staged procedure.

Association of baseline characteristics with 30-day mortality
Table 2 presents the crude and adjusted odds ratios for 30-day mortality. Uni-
variable analysis revealed that age, logistic EuroSCORE, previous coronary artery 
bypass, atrial fibrillation, renal failure (creatinine >200 μmol/L) and myocardial 
infarction within 90 days of the procedure were associated with 30-day mortal-
ity at p <0.05; a trend was noted for diabetes mellitus (p=0.051). In multivariable 
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2.11 (0.45 to 9.80)
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5.88 (0.67 to 51.8)
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9.94 (0.52 to 191)

8.25 (0.97 to 70.2)
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0.55
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P-value for
interaction
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Figure 3. Analyses stratified according to overlap of propensity scores (propensity scores ≥0.675 
versus <0.675). Among patients with sufficient overlap (left), the propensity score matched analy-
sis was based on 78 patients (39 pairs), all other analyses were based on 996 patients. Among 
patients with insufficient overlap (right), the propensity score matched analysis was based on 84 
patients (42 pairs), all other analyses were based on 126 patients.
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analysis, only logistic EuroSCORE and atrial fibrillation were associated with mor-
tality at p<0.05, and a trend remained for diabetes mellitus (p=0.089).

Table 2. Crude and adjusted odds ratios (OR) for 30-day mortality.

Crude OR (95% CI) P Adjusted OR (95% CI) P

Age (per 10 years) 1.46 (1.01 to 2.11)  0.043 1.06 (0.71 to 1.59) 0.78

Female 1.39 (0.70 to 2.75) 
0.34 1.28 (0.59 to 
2.75) 0.53

Logistic EuroSCORE (per 10%) 1.61 (1.35 to 1.91) 
<0.001 1.65 (1.20 
to 2.25) 0.002

NYHA class
   I
   II
   III
   IV 

Reference category
1.25 (0.26 to 6.07) 
3.16 (0.72 to 13.78)
4.41 (0.90 to 21.61) 

0.005
Reference category
1.11 (0.22 to 5.55)
1.64 (0.35 to 7.67)
1.74 (0.32 to 9.58)

0.32

Diabetes mellitus 2.01 (0.99 to 4.07) 0.052 1.97 (0.90 to 4.30) 0.089

Hypertension 1.25 (0.61 to 2.60) 0.54 0.95 (0.43 to 2.12) 0.91

Coronary artery disease 1.37 (0.68 to 2.73) 0.38 0.82 (0.36 to 1.88) 0.65

Previous coronary surgery 1.35 (0.39 to 4.64) 0.64 1.35 (0.39 to 4.64) 0.64

Left ventricular ejection 
fraction
> 50% 
30-50% 
< 30% 

Reference category
1.03 (0.39 to 2.73) 
3.34 (1.11 to 10.02) 

0.10

Reference category
0.41 (0.14 to 1.23)
1.04 (0.23 to 4.72)

0.44

Atrial fibrillation 4.03 (1.87 to 8.66) <0.001 4.75 (2.10 to 11.26) <0.001

Cereberovascular disease 0.94 (0.22 to 3.99) 0.93 0.43 (0.09 to 2.15) 0.30

Peripheral vascular disease 1.94 (0.41 to 5.42) 0.55 1.49 (0.41 to 5.42) 0.55

COPD 1.61 (0.69 to 3.76) 0.27 1.22 (0.49 to 3.07) 0.67

Pulmonary hypertension 1.83 (0.74 to 4.52) 0.19 0.64 (0.22 to 1.84) 0.40

Creatinine above 200 umol/L 4.13 (1.38 to 12.39) 0.011 1.87 (0.49 to 7.10) 0.36

MI within 90 days of 
procedure,

4.13 (1.38 to 12.39) 0.011 2.10 (0.54 to 8.16) 0.29

COPD = chronic obstructive pulmonary disease; MI = myocardial infarction; NYHA = New York 
Heart Association
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Propensity scores
The model used to estimate propensity scores yielded a c-statistic of 0.93. Figure 
1 shows the distribution of propensity scores. The mean propensity score to re-
ceive SAVR was 0.53±0.28 for patients undergoing TAVI compared with 0.94±0.12 
for patients actually undergoing SAVR. The distribution was symmetrical around 
0.5 for the TAVI group, but clearly shifted towards 1 for the SAVR group. Based 
on the common support assumption, the area of sufficient overlap of propensity 
scores was small (Figure 1, white area to the right): in patients undergoing SAVR, 
the probability density fell definitely below the pre-specified value of 0.5 at a 
propensity score of 0.675. In patients undergoing TAVI, 39 patients (34.2%) were 
above and 75 (65.8%) were below the cut-off of 0.675. In patients undergoing 
SAVR, 957 patients (94.9%) were above and 51 (5.1%) were below the cut-off. 
Using simply the propensity scores with a calliper matching range of 0.05, 81 pa-
tients undergoing TAVI (71.1%) could each be matched to a patient in the SAVR 
group. Of these 81 pairs of patients, 39 were above and 42 pairs were below the 
cut-off of 0.675.

Impact of different approaches used for control of confounding on mortality es-
timates in overall dataset
Figure 2 presents the results of the stepwise procedure to control for confound-
ing in the analysis of the overall dataset. Within 30 days of the index procedure, 
11 patients (9.6%) who had undergone TAVI and 23 patients (2.3%) who had 
undergone SAVR died (crude odds ratio [OR] 4.57, 95% CI, 2.17 to 9.65, Figure 2). 
The estimated odds ratios decreased only slightly after multivariable adjustment 
and propensity score adjustment. This suggested an approximately threefold in-
crease in the odds of dying with TAVI as compared with SAVR. The estimated 
odds ratio increased in the analysis of propensity score matched patients to 7.57 
(95% CI 0.91 to 63.0). Conversely, when the IPT weights were used, we found the 
estimated odds ratios decreased to 0.60 in the univariable analysis (95% CI 0.11 
to 3.36) and to 1.25 in the multivariable analysis (95% CI 0.42 to 3.72).

Analyses stratified according to overlap of propensity scores
Figure 3 shows the results of the analyses stratified according to overlap of pro-
pensity scores. Among patients with propensity scores ≥ 0.675 and hence suf-
ficient overlap of propensity scores, three out of 39 patients (8.0%) who had un-
dergone TAVI and 22 out of 957 patients (2.8%) who had undergone SAVR died 
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Table 3. Table 3. Comparison of patients with transcatheter aortic valve implantation potentially 
eligible for a randomised trial (propensity score ≥0.675) with those likely to be ineligible (propen-
sity score <0.675).

Eligible 
(n=39)

Ineligible
(n=75)

Difference (95% CI)* P

Age, y (SD) 79.3 (5.8)  84.7 (4.4) –5.3 (–7.3 to –3.43) <0.001

Female, n (%) 23 (60.0%) 41 (54.7%) 4.3% (–14.8 to 23.4%) 0.66

Logistic EuroSCORE, % (SD) 15.7 (10.4) 22.4 (14.25) –6.7 (–11.9 to –1.6) 0.010

NYHA class, n (%) 
   I
   II
   III
   IV 

0 (0%) 
11 (28.2%) 
22 (56.4%) 
6 (15.4%) 

1 (1.3%)
3 (4.0%)
56 (74.7%)
15 (20.0%)

0.002

Diabetes mellitus, n (%) 7 (17.9%) 19 (25.3%) –7.4% (–22.9 to 8.2%) 0.37

Hypertension, n (%) 25 (64.1%) 47 (62.7%) 1.4% (–17.2 to 20.1%) 0.88

Coronary artery disease, n (%) 19 (48.7%) 45 (60.0%) –11.3% (–30.5 to 7.9%) 0.25

Previous coronary bypass 
surgery, n (%) 

2 (5.1%) 26 (34.7%) –29.5% (–42.3 to 
–16.7%)

<0.001

Left ventricular ejection 
fraction, n (%) 
> 50% 
30-50% 
< 30% 

29 (74.4%) 
8 (20.5%) 
2 (5.1%) 

38 (50.7%)
32 (42.7%)
5 (6.7%)

0.037

Atrial fibrillation, n (%) 3 (7.7%) 19 (25.3%)  –17.6% (–30.6 to –4.7%) 0.024

Cereberovascular disease, n (%) 3 (7.7%) 17 (22.7%) –15.0% (–27.6 to –2.3%) 0.046

Peripheral vascular disease, n 
(%) 

3 (7.7%) 18 (24.0%) –16.3% (–29.1 to –3.5%) 0.033

COPD, n (%) 6 (15.4%) 18 (24.0%) –8.6% (–23.5 to 6.3%) 0.28

Pulmonary hypertension, n (%) 6 (15.4%) 28 (37.3%) –21.9% (–37.7 to –6.2%) 0.015

Creatinine, umol/L (SD) 97 (42) 123 (110) –27.0 (–63.1 to –9.2) 0.14

Creatinine above 200 umol/L, 
n (%) 

1 (2.6%) 6 (8.0%)  –5.4% (–13.3 to 2.5%) 0.25

MI within 90 days of 
procedure, n (%) 

0 (0%) 4 (5.3%) –5.3% (–10.4 to –0.2%) 0.14

COPD = chronic obstructive pulmonary disease; MI = myocardial infarction; NYHA = New York 
Heart Association.
*	 Differences relate to percentages for dichotmous variables and means for continuous vari	
	 ables.
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(crude OR 3.54, 95% CI 1.01 to 12.3, Figure 2, top left). The estimated odds ratios 
decreased after multivariable adjustment (OR 2.72), propensity score adjust-
ment (1.87), but not after propensity score matching (3.17). The 95% CIs, how-
ever, largely overlapped the line of null effect at 1. When using the IPT weights, 
we found the estimated odds ratios to decrease below 1 in both the univariable 
(OR 0.35, 95% CI 0.04 to 2.72) and multivariable analyses (OR 0.87, 95% CI 0.19 
to 4.04). We found similar results after adjusting the IPT weighted analyses for 
procedural characteristics (emergency measure and concomitant revascularisa-
tion); the estimated odds ratios in patients with propensity scores ≥ 0.675 was 
0.73 (95% CI 0.07 to 7.70) after the weighted univariable analysis and 1.63 (95% 
CI 0.22 to 12.1) after the weighted multivariable analysis. Among patients with 
insufficient overlap of propensity scores (propensity scores <0.675), eight out of 
75 patients (10.7%) who had undergone TAVI and one out of 51 patients (2.0%) 
who had undergone SAVR died (crude OR 5.97, 95% CI 0.72 to 49.2, Figure 2, 
top right). The estimated odds ratios were between 5.88 and 25.7 depending 
on the approach used to control for confounding. Tests of interaction between 
estimated odds ratios and overlap were positive at the conventional significance 
level for univariable IPT weighted analyses (p=0.037) and of borderline signifi-
cance for multivariable IPT weighted analyses (p=0.051, Figure 3).

Patients potentially eligible for a randomised trial
Table 3 presents the baseline characteristics of TAVI patients who had propensity 
scores ≥0.675 and were considered to be potentially eligible for a randomised 
comparison of TAVI and SAVR compared with the characteristics of TAVI patients 
with propensity scores <0.675 deemed to be ineligible. Patients eligible for a 
randomised trial were younger, had less severe symptoms as measured by the 
NYHA class, had lower logistic EuroSCORES, and were less likely to report a his-
tory of previous coronary artery bypass, atrial fibrillation, stroke, peripheral vas-
cular disease, or pulmonary hypertension.

Discussion

In this prospective cohort study we found that both measured and unmeasured 
confounding complicated the observational comparison of 30-day mortality of 
TAVI versus SAVR. Compared to SAVR patients, TAVI patients were clearly older, 
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more often female, more likely to be in NYHA class III and IV, had a considerably 
higher logistic EuroSCORE and had more comorbid conditions, including previ-
ous coronary artery bypass surgery, left ventricular dysfunction, atrial fibrilla-
tion, cerebral and peripheral vascular disease, chronic obstructive pulmonary 
disease, and pulmonary hypertension. When naively analysing the overall data-
set of 1,122 consecutive patients included in our study, we found a 4.5-fold in-
crease in the odds of death associated with TAVI as compared with SAVR. The 
odds ratio, however, ranged from 0.6 to 7.57 depending on the method used to 
control for confounding. These results indicate that TAVI may be associated with 
potential benefits or harm. Given the fact that TAVI was performed in either 
high risk or inoperable patients, analysis of the overall dataset may suffer from 
confounding by indication. For the inoperable patients, the relevant comparison 
would have been medically managed patients. In order to minimise confounding 
by indication, we identified patients from the TAVI and SAVR group who, in ad-
dition to having similar propensity scores, would also be appropriate for either 
type of treatment.
	 Below a propensity score cut-off of 0.675, it was deemed unlikely that two 
patients with the same propensity score, one who actually received TAVI, the 
other SAVR, had indeed identical probabilities to undergo SAVR. Two-thirds of 
patients undergoing TAVI, but only 5% of those undergoing SAVR had scores 
below this cut-off. Restricting the analysis to patients with sufficient overlap of 
propensity scores ≥ 0.675, we found little evidence for an excess mortality in 
TAVI patients. On the other hand, the estimated odds ratios greatly increased 
between 5.9 and 25.7 in those patients with insufficient overlap of propensity 
scores. These results suggest that unmeasured confounding factors complicated 
the observational comparisons of TAVI versus SAVR, albeit more in patients with 
insufficient than sufficient overlap of propensity scores. Examples of unmea-
sured confounding variables that could be associated with both the selection of 
treatment and prognosis include porcelain aorta, history of mediastinal radia-
tion, or frailty. In addition, we were unable to record the clinical judgment of the 
treating physicians, which may be a relevant proxy for prognosis. In light of the 
high probability of residual confounding complicating any observational study in 
this field, randomised controlled trials comparing TAVI and SAVR are clearly war-
ranted.
	 Through our examination of propensity score distributions, we character-
ised a subgroup of TAVI patients likely to be eligible for a randomised trial (Table 

Thesis.indb   88 8-3-2011   20:43:30



A Comparison of Patient Characteristics and 30-day Mortality after TAVI and SAVR 89

3). In our institutions, the following criteria are used to guide the selection of pa-
tients for TAVI: age ≥75 years, a logistic EuroSCORE ≥15%, and/or age ≥65 years 
associated with severe limiting comorbid conditions. Our study indicates that 
approximately one-third of patients selected for TAVI (based on these criteria) 
would be eligible for a randomised comparison of TAVI and SAVR. These patients 
were younger, had lower logistic EuroScores, and were less likely to report a 
history of previous coronary artery bypass, atrial fibrillation, stroke, peripheral 
vascular disease, or pulmonary hypertension than potentially ineligible TAVI pa-
tients. Based on the exploratory nature of our study, we cannot provide a firm 
basis for the identification of patients eligible for such a trial. The small number 
of patients undergoing TAVI and the small number of accumulated deaths was a 
limitation of this study. The multivariable analyses was difficult particularly when 
numbers were cut down through stratification of analyses according to overlap 
of propensity scores. The stratified multivariable analyses should therefore be 
interpreted with discretion. The small number of patients and events also meant 
that the most reliable analyses, which were restricted to patients with sufficient 
overlap of propensity scores, were imprecise. Whereas we have little evidence to 
suggest that TAVI is associated with increased mortality as compared with SAVR, 
the 95% CIs from these analyses are wide and compatible with either substantial 
benefits or harms of this new intervention. The strengths of this study include 
the following: To our knowledge, this is a unique endeavour to compare the 
characteristics and outcomes of patients with aortic stenosis undergoing TAVI 
and SAVR. Secondly, an interdisciplinary team of cardiologists, cardiac surgeons, 
statisticians and clinical epidemiologists performed a thorough examination of 
the potential for measured and unmeasured confounding. Thirdly, we had com-
plete follow-up within the first 30 days of the index procedure. 
	 The unadjusted 30-day mortality rates were 9.6% and 2.3%, for TAVI and 
SAVR groups, respectively. The results for the TAVI group compare favourably 
with contemporary outcome reports for the CoreValve ReValving System [1-3]. 
The 30-day mortality rate for the SAVR group was more than two times lower 
than the unadjusted mortality rate of 5.7% reported by Rankin et al for 216,245 
patients undergoing single aortic valve replacement [25]. The TAVI group was 
mainly comprised of octogenarians and approximately 40% of patients had left 
ventricular dysfunction (EF <50%). Table 4 presents the in-hospital mortality 
rates of high-risk patients undergoing SAVR. The 30-day mortality rate of 9.6% 
observed in TAVI patients in our study is encouraging in light of the reported 
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inhospital mortality rates of selected octogenarians (4.6% to 13.5%) [4-11], pa-
tients with left ventricular dysfunction (6% to 33%) [12,13,26-31] and patients 
with high logistic EuroSCORES (7.8%) undergoing surgical aortic valve replace-
ment [32].
	 While surgical heart valve replacement remains the standard of care, sever-
al studies have demonstrated that 30% to 60% of patients with symptomatic se-
vere aortic valve stenosis are denied or not referred for surgery [33-36]. Patients 
who are denied or not referred for surgical aortic valve replacement are typically 
older, have moderate impairment of ejection fraction and more non-cardiac 
co-morbidities than patients undergoing valve surgery [33-36]. TAVI meets an 
unmet clinical need in these patients and may therefore be considered a break-
through technology [37].

Conclusions

Both measured and unmeasured confounding limits the conclusions that can be 
drawn from observational comparisons of TAVI versus SAVR. Our study indicates 
that TAVI could be associated with either substantial benefits or harms. Ran-
domised comparisons of TAVI and SAVR are warranted to provide evidencebased 
medicine and legitimise the use of TAVI in the eyes of the medical community, 
non-invasive cardiologist, cardiac surgeon, and health authorities. In addition, 
these trials will play a crucial role in reimbursement policies.
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lytical strategies used in this study.
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Abstract

Background
Surgical risk scores, such as the logistic EuroSCORE (LES) and Society of Thoracic Surgeons Predict-
ed Risk of Mortality (STS) score, are commonly used to identify high-risk or “inoperable” patients 
for transcatheter aortic valve implantation (TAVI). In Europe, the LES plays an important role in 
selecting patients for implantation with the Medtronic CoreValve System. What is less clear, how-
ever, is the role of the STS score of these patients and the relationship between the LES and STS.

Objective
The purpose of this study is to examine the correlation between LES and STS scores and their 
performance characteristics in high-risk surgical patients implanted with the Medtronic CoreValve 
System.

Methods
All consecutive patients (n = 168) in whom a CoreValve bioprosthesis was implanted between No-
vember 2005 and June 2009 at 2 centers (Bern University Hospital, Bern, Switzerland, and Erasmus 
Medical Center, Rotterdam, The Netherlands) were included for analysis. Patient demographics 
were recorded in a prospective database. Logistic EuroSCORE and STS scores were calculated on a 
prospective and retrospective basis, respectively.

Results
Observed mortality was 11.1%. The mean LES was 3 times higher than the mean STS score (LES 
20.2% ± 13.9% vs STS 6.7% ± 5.8%). Based on the various LES and STS cutoff values used in previ-
ous and ongoing TAVI trials, 53% of patients had an LES ≥15%, 16% had an STS ≥10%, and 40% had 
an LES ≥20% or STS ≥10%. Pearson correlation coefficient revealed a reasonable (moderate) linear 
relationship between the LES and STS scores, r = 0.58, P b .001. Although the STS score outper-
formed the LES, bothmodels had suboptimal discriminatory power (c-statistic, 0.49 for LES and 
0.69 for STS) and calibration.

Conclusions
Clinical judgment and the Heart Team concept should play a key role in selecting patients for TAVI, 
whereas currently available surgical risk score algorithms should be used to guide clinical decision 
making.
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Introduction

Surgical risk scores, such as the logistic EuroSCORE (LES) and Society of Tho-
racic Surgeons Predicted Risk of Mortality (STS-PROM) score, are commonly 
used in clinical trials to identify high-risk surgical or “inoperable” patients for 
transcatheter aortic valve implantation (TAVI) [1-4]. Furthermore, these surgical 
risk scores are occasionally used as benchmark performance measures for TAVI 
procedures—a practice that can lead to complacency on the part of the treating 
physician, especially when the score grossly overestimates the actual mortality 
risk of TAVI [4]. 
	 Among other inclusion criteria, the 21F CoreValve Safety and Efficacy trial 
and subsequent 18F Safety and Efficacy trial required an LES ≥20% and ≥15%, 
respectively [5]. For inclusion into the Edwards PARTNER EU trial, patients re-
quired an LES ≥20% or STS score ≥10% [6]. These 3 trials were European-based, 
prospective, nonrandomized multicenter safety and efficacy trials. In contrast, 
the pivotal randomized PARTNER US trial is enrolling patients in whom the calcu-
lated STS score is ≥10% or the surgeon and cardiologist (Heart Team) concur that 
the individual patient’s predicted risk of operative mortality is ≥15%. 
	 Recently, questions have been raised regarding the reliability of risk algo-
rithms in predicting early operative outcomes in high-risk patients undergoing 
surgical aortic valve replacement [7-11]. This has led some investigators to ques-
tion the use of risk algorithms in selecting high-risk or “inoperable” patients for 
TAVI. 
	 Despite these concerns regarding the reliability of risk scores, the LES con-
tinues to play an important role in selecting patients for CoreValve implantation 
in Europe. What is less clear, however, is the importance of the STS score of 
patients undergoing CoreValve implantation in Europe and the relationship be-
tween the LES and STS scores in these patients. 	In this retrospective study, we 
examine the correlation between the LES and STS score and their performance 
characteristics in high-risk surgical patients implanted with the CoreValve Re-
Valving System at 2 European centers.
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Methods

Patients
We reviewed the records of 168 consecutive patients in whom a CoreValve Re-
Valving System was implanted between November 2005 and June 2009 at 2 cen-
ters: Bern University Hospital (n = 76), Bern, Switzerland, and Erasmus Medical 
Center (n = 92), Rotterdam, The Netherlands. Patients were referred for TAVI 
implantation after a team of physicians (typically including interventional cardi-
ologists and cardiac surgeons) agreed that surgical replacement would be asso-
ciated with either high or prohibitive risk. The LES was prospectively calculated 
with an online calculator (http:// www.euroscore.org) to estimate the baseline 
surgical operative risk. A cutoff value of 15% was used to guide clinical decision 
making. 
	 The LES comprises 17 variables divided into 3 categories (patient related, 
cardiac related, and operation related) [12]. The β coefficients for the LES regres-
sion model can be obtained on the Web site for the European System for Cardiac 
Operative Risk Evaluation (http://www.euroscore.org). 
	 Although the STS for aortic valve procedures was calculated retrospectively 
using an online calculator (dataset 2.61, http://209.220.160.181/STSWebRisk-
Calc261/de.aspx), clinical variables required for its calculation had been col-
lected prospectively. The STS includes 41 variables divided into 8 categories 
(demographics, risk factors, previous interventions, preoperative cardiac status, 
preoperative medications, hemodynamics and catheterization, operative, and 
valve surgery). β coefficients for the STS risk model recently have become avail-
able [13]. In our practice, the STS score was not used for clinical decision mak-
ing.

Primary end point
Periprocedural death (mortality within 30 days of the procedure or during the 
index hospitalization) was confirmed through medical records, civil registries, or 
telephone visits.

Device and procedural details
The initial 11 patients underwent implantation using the second-generation 21F 
CoreValve ReValving System, and the subsequent 157 consecutive patients un-
derwent implantation using the third-generation 18F CoreValve ReValving Sys-
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tem. Details of the CoreValve device and procedure have been previously pub-
lished [14].

Statistical analysis
Continuous variables are presented as means (±1 SD). Categorical variables are 
presented as frequencies and percentages. Comparisons between continuous 
variables were performed using Student t test.
 	 The performance of the LES and STS risk algorithms were evaluated in terms 

Table 1. Baseline characteristics of the study population (n = 168).

n = 168

Age, y (SD) 82.8 (5.5)

Female (%) 56.1%

LES, % (SD) 20.2 (13.9)

NYHA class
   I
   II
   III
   IV

0.9%
12.3%
68.4%
18.4%

Diabetes mellitus (%) 22.8%

Hypertension (%) 63.1%

Coronary artery disease (%) 56.1%

Previous coronary bypass surgery (%) 24.6%

LVEF (%)
   >50% 
   30%-50% 
   <30% 

58.8%
35.1%
6.1%

Atrial fibrillation (%) 19.3%

Cerebrovascular disease (%) 17.5%

Peripheral vascular disease (%) 18.4%

COPD (%) 21.1%

Pulmonary hypertension (%) 29.8%

Creatinine, μmol/L (SD) 92.9%

Creatinine above 200 μmol/L (%) 6.1%

MI within 90 d of procedure (%) 3.5%

NYHA = New York Heart Association; LVEF = left ventricular ejection fraction; COPD = chronic ob-
structive pulmonary disease; MI = myocardial infarction.
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of their discrimination and calibration. Discriminatory power was assessed using 
the c-index (area under the receiver operating characteristic curve) with 95% 
CI—a c-index of 0.5 indicates no predictive ability, whereas a c-index of 1.0 rep-
resents perfect discrimination [15]. Calibration, comparing the observed and 
predicted probabilities, was evaluated by the Hosmer-Lemeshow goodness-of-
fit test and graphically represented by a calibration plot [16]. The dashed smooth 
curve in a calibration plot reflects the nonparametric relation between observed 
and predicted risk mortality. The straight dotted line through the origin of a cali-
bration plot represents perfect calibration. Triangles are based on quintiles of 
patients with similar predicted probabilities. Spikes at the bottom of the calibra-
tion plot illustrate the distribution of predicted probabilities. Hosmer-Lemeshow 
P values above .05 indicate a well-calibrated model for the study population in 
question. 
	 The relationship between LES and STS scores was graphically represented 
using a correlation (scatter) plot. A line of best fit was drawn to further study the 
correlation between the LES and STS in our data set. Linear regression analysis 
was used to determine the equation for the best-fit line, y = a + bx (where x = 
independent variable [LES score], y = dependent variable [STS score], a = y-in-
tercept, and b = regression coefficient). Pearson correlation coefficient indicated 

Figure 1. Scatter plot of the LES and STS scores for individual patients (n = 168). The dotted lines 1 
and 2 represent the mean LES (20.2% ± 13.9%) and STS scores (6.7% ± 5.8%). The solid line repre-
sents the observed mortality rate (11.1%)..
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the strength and direction of the linear relationship between the 2 variables. 
	 Statistical analyses were performed with SPSS software version 15 (SPSS 
Institute, Chicago, IL). The R version software 2.5.1 (R Foundation for Statisti-
cal Computing, Vienna, Austria) was used for calculating c-values and Hosmer-
Lemeshow P values and for constructing receiver operating characteristic curves 
and calibration plots.

Results

Between November 2005 and June 2009, 168 consecutive patients were im-
planted with the Medtronic CoreValve aortic valve bioprosthesis and were in-
cluded in the study analysis. Baseline characteristics of the study patients are 
summarized in Table 1. 
	 Follow-up for the primary end point was 100% complete. There were 19 
periprocedural deaths among the 168 patients (11.3%). The presumed causes of 
death are summarized in Table 2. 

Logistic EuroSCORE and STS risk score analysis
Individual patient level data for LES and STS scores are shown in Figure 1, and 
the mathematical difference between these risk scores is shown in Figure 2. The 
mean LES was 3 times higher than the mean STS score (LES 20.2% ± 13.9% vs STS 
6.7 ± 5.8%), and the mean difference between the scores was 13.0% ± 12.0%. 
The LES was higher than the STS score in all but 3 patients; in these 3 patients, 
the absolute difference between the STS and LES was 0.35%, 0.72%, and 0.53% 
(Figure 2). Cutoff tertiles were 12% and 21% for LES and 4% and 7% for STS 
score. 
	 Based on the various LES and STS cutoff values used in previous and ongoing 
TAVI trials, 35% had an LES ≥20%, 53% had an LES ≥15%, 16% had an STS ≥10%, 
40% had an LES ≥20% or STS ≥10%, and 11% had an LES ≥20% and STS ≥10%.

Logistic EuroSCORE and STS correlation
Pearson correlation coefficient revealed a reasonable (moderate) linear relation-
ship between the LES and STS scores, r (166) = 0.58, P b .001 (Figure 3). The re-
gression equation that best described the relationship between the LES and STS 
scores for our data set was y = 1.79 + 0.243x (where y = dependent variable [STS 
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score], a = constant [or y-intercept], b = regression coefficient, x = independent 
variable [LES score]).

Figure 2. Scatter plot of the difference between LES and STS for individual patients (n = 168). The 
black diamonds represent patients who died. The dotted line represents mean difference between 
LES and STS scores (13 ± 12%).

Figure 3. Correlation plot between the LES score (%) (x-axis) and STS score (%) (y-axis). The black 
diamonds represent patients who died. Pearson correlation coefficient, r (166) = 0.58, P < .001. 
The regression equation for the “best-fit” line was y = 1.79 + 0.243x (where y = dependent variable 
[STS score], a = constant [or y-intercept], b = regression coefficient, x = independent variable [LES 
score]).
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Logistic EuroSCORE and STS performance measures
Mortality predicted by LES score was 20.2% (95% CI 18.1-22.3) and by STS was 
6.7% (95% CI 5.8-7.6). The observed mortality was 11.1%. The area under the 
curve (c-index) was 0.49 (95% CI 0.35-0.63) for the LES and 0.69 (95% CI 0.53-
0.82) for the STS score (Figure 4). Although the calibration plot favored the STS 
over the LES, both risk scores demonstrated significant differences between pre-
dicted and observed mortalities throughout the entire range of mortality risk 
(Figure 4). As confirmatory information, the Hosmer-Lemeshow test demon-
strated that both models were poorly calibrated for our patient population (LES, 
P = .005, and STS, P = .013). 

Table 2. Summary of the presumed causes of death (n= 19 deaths).

Day of death  Cause of death LES (%) STS (%)

1 6 Tamponade 19.0 11.5

2 29 Sepsis 48.6 12.2

3 0  Induction 21.2 5.5

4 24 Stroke 12.0 3.7

5 11 Sepsis 71.6 51.8

6 8 Asystole 39.4 21.0

7 9 Stroke 10.7 7.7

8 29 Sudden cardiac death 23.6 5.2

9 0 Tamponade 10.1 10.5

10 14 Cardiac Failure (severe pAR) 4.6 2.2

11 0 Electrical mechanical dissociation 11.6 10.3

12 30 Cardiac failure 8.0 1.4

13 0 Cardiac failure (severe AR post-BAV) 17.4 13.8

14 14 Cardiac failure 26.4 8.1

15 0 Tamponade 9.0 4.7

16 14 Sepsis 27.0 11.0

17 14 Stroke 27.3 11.2

18 25 Stroke 9.8 3.5

19 27 Stroke 13.6 6.4

AR = Aortic regurgitation; pAR = paravalvular aortic regurgitation; BAV = balloon aortic valvulo-
plasty.
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Discussion

This study describes the correlation between LES and STS scores and their perfor-
mance characteristics in highrisk surgical patients implanted with the Medtronic 
CoreValve System in 2 European centers. Whereas LES was calculated prospec-
tively and used for clinical decision making, STS was calculated retrospectively 
and used for study purposes. 
	 Several aspects were of note. First, LES consistently provided higher esti-
mates of operative mortality than STS (mean LES score 20.2% ± 13.9% vs mean 
STS score 6.7% ± 5.8%). Second, our data set demonstrated a moderate correla-
tion between the LES and STS score described by the linear equation y (STS) = 
1.79 + 0.24x (LES). Third, although the STS score outperformed the LES, both risk 
scores had suboptimal discriminatory power (ie, ability to correctly classify dead 
or alive patients) and calibration (ie, ability to correctly estimate risk of mortal-
ity). The ensuing discussion attempts to relate these findings to the following 
clinical questions: (1) What is the role of surgical risk scores in selecting patients 
for TAVI trials? (2) What is the role of surgical risk scores in predicting outcomes 
of patients undergoing TAVI? 
	 The large discrepancy between LES- and STS-predicted risk of mortality 
might invite a reappraisal as to whether some patients implanted with the Cor-
eValve device were indeed high-risk surgical patients. One caveat, and a general 
shortcoming of all surgical risk algorithms, is the omission of several measurable 
and unmeasurable risk factors known to influence patient selection and mor-
tality [12,13,17-20]. For example, both models fail to include porcelain aorta, 
mediastinal radiation, malnutrition, and frailty of the patient. 
	 Several investigators, however, have shown that LES overestimates absolute 
mortality risk among high-risk patients and octogenarians undergoing surgical 
aortic valve replacement [7-10]. Based on a data set composed chiefly of coro-
nary surgery patients (approximately 60%), LES may be less well adapted than 
dedicated valve surgery models for prediction of operative mortality in patients 
undergoing valve surgery [13,18-24]. Moreover, many believe that the LES, ini-
tially developed in 1999, has become increasingly uncalibrated owing to its over-
estimation of absolute risk [9,11]. Despite this, Osswald et al [9] suggest that LES 
still retains its ability to risk stratify patients. 
	 At this time, a uniform approach to risk stratification based on absolute per-
centages is lacking. In fact, a number of studies examining the reliability of LES 
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and its implications for TAVI define “high risk” differently: LES ≥6% [9] versus 
LES ≥20%10 versus LES ≥90th percentile [8]. Furthermore, clinical TAVI trials use 
various cutoff values of risk scores (LES and/or STS) to define high risk. Based on 
the results of our study, 53%, 16%, and 40% had an LES ≥15% (eg, CoreValve Ex-
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Figure 4. A and B, Receiver operating characteristic curve graphs for the STS and LES scores, re-
spectively (n = 168 patients). C and D, Calibration plots for the STS and LES scores, respectively. 
The dashed smooth curve reflects the relation between observed mortality and predicted prob-
ability of mortality. Perfect calibration is represented by the straight line through origin whereby 
observed equals predicted probability of mortality. Spikes at the bottom represent the distribution 
of predicted probabilities (AUC = area under the curve).
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panded Evaluation Registry), STS ≥10% (eg, Edwards PARTNER US trial), and LES 
≥20% or STS ≥10% (eg, Edwards PARTNER EU trial), respectively. These observa-
tions need to be interpreted in light of the additional criteria that may be driving 
patient selection (such as mediastinal radiation porcelain aorta or frailty). 
	 Investigators should be discouraged from using 2 different risk scores as in-
clusion criteria for TAVI trials unless the relationship between the 2 risk scores 
is known—otherwise, this can lead to enrollment of 2 different patient popula-
tions. Among other inclusion criteria, the PARTNER EU trial enrolled patients 
with either an LES ≥20% or STS ≥10%. The findings of our study question the 
equivalency of these risk score cutoff values to identify high-risk patient sub-
groups. On the basis of a reasonable correlation between LES and STS, we at-
tempted to establish a linear mathematical relationship between these 2 scores 
whereby STS = 1.79 + 0.243 LES. Imputing a 20% LES to this equation would 
result in an STS score of 6.7%, whereas imputing a 10% STS score would result 
in an LES of 33.8%. In view of the high-risk study population, this equation may 
not apply to “low” or “intermediate” risk subgroups. Furthermore, the equation 
would require validation. 
	 Although diagnostic models are concerned with accurately classifying indi-
viduals into their true disease states, prognostic models add the element of time 
and chance. Evaluation of prognostic models requires an appreciation of both 
discrimination (ability to correctly classify a binary outcome, eg, dead/alive) and 
calibration (comparison between observed and predicted probabilities) [25]. Al-
though the STS score outperformed the LES, both LES and STS had suboptimal 
discriminatory power and calibration. This may not come as a surprise when one 
considers the notion of extrapolating a surgical risk score to the outcomes of a 
distinct form of therapy such as TAVI. Furthermore, using surgical risk scores as 
benchmark performance measures can lead to complacency on the part of the 
treating physician especially when the surgical risk score grossly overestimates 
the actual mortality risk of the TAVI procedure. 
	 In summary, 2 prognostic models are needed: (1) a surgical model to help 
identify high-risk patients for TAVI (developed using a reasonable proportion of 
high-risk patients) and (2) a transcatheter model to help make treatment deci-
sions, advise patients, and serve as a benchmark performance measure. Risk 
scores for these purposes are currently lacking and should be the focus of future 
studies. Clinical judgment should play a key role in the patient selection process, 
and risk scores (keeping in mind their respective shortcomings) should be used 
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to guide clinical decision making.

Limitations
Although all necessary baseline variables were collected prospectively, a limita-
tion of this study includes the retrospective calculation of the STS score. Not-
withstanding the sufficient sample size to perform decent statistical analyses, a 
larger population could result in more reliable model performance results. An-
other limitation is that only 2 centers were involved in this study; the Heart Team 
selection process and inherent patient selection bias might have led to findings 
that are not applicable to other centers.

Conclusions
The study results confirm those of previous studies that found the LES to pro-
vide substantially higher surgical risk estimates than the STS risk algorithm. In 
contrast to previous studies that examined the comparative performance of 
risk scores in patients undergoing surgical aortic valve replacement, the current 
study uniquely examined patients undergoing TAVI [12,13,17-20]. Importantly, 
the purpose of this study was not to discredit “per se” the validity of the surgical 
risk score for purposes they were not intended, but rather to underline that pa-
tient selection and predicting outcomes after TAVI requires dedicated models. 
	 Until a validated risk score becomes available and a better understanding of 
what constitutes “high risk” is elucidated, clinical judgment based on the Heart 
Team concept should be used to guide patient selection.
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Abstract

Aims
Stenting has become an established interventional cardiology procedure for congenital heart dis-
ease. Although most stent procedures are completed successfully, complications may occur. This 
multicentre study evaluated early complications after stenting in patients with congenital heart 
disease, including potential risk factors.

Methods and results
In this combined Dutch-Belgian retrospective study, 309 consecutive patients had undergone 366 
catheterizations and received 464 stents in 13 different anatomical positions (418 sites). Seventy-
two stenting-related complications (19%) occurred, of which 24 (5.7%) were major. Seven proce-
dure-related deaths were documented (2.3%). Stent malpositioning and embolization were most 
common (7.7%). The use of non-premounted stents tended to be associated with higher compli-
cation rates. Centre inexperience with stenting and stenting of native vs. post-surgical stenosis 
tended to be associated with increased major complication rates.

Conclusion
After stenting, complications are common for congenital heart disease. The vast diversity of 
stenotic sites combined with relatively small patient populations makes these procedures sensi-
tive to complications. Combining operator experience may reduce the risks of stenting in con-
genital heart disease. The availability of premounted stents for greater vessel diameters will likely 
reduce incidences of stent migration and embolization.

Thesis.indb   112 8-3-2011   20:43:32



Early complications of stenting in patients with congenital heart disease 113

Introduction

Since the first report on the use of stents in congenital heart disease in 1991 
[1], stenting has gradually replaced —or postponed to a later date— a variety of 
surgical interventions of either a corrective or palliative nature [2,3]. At present, 
stenting is the preferred intervention for a large variety of primary or acquired 
stenoses in congenital heart disease [1,4]. 
	 Intravascular stents are mainly used for resolving stenoses that do not re-
spond to conventional balloon dilation. These include: compliant obstructions, 
stenoses due to kinking or external compression and several post-operative 
stenoses, aortic re-coarctation being a good example of this.
	 The use of stents for treating a stenosis in children is challenging, as ide-
ally the final vessel diameter after stenting should ultimately approach the adult 
vessel size. Currently, only non-premounted stents can be dilated up to large 
diameters. When stents are used at younger ages, re-dilatation should be pos-
sible to accommodate for the expected vessel growth over time, unless stenting 
is being used to serve as a bridge for a surgical intervention. At present, stenting 
is therefore, mostly performed in older children and adults.
	 The annual number of stent procedures for congenital heart disease is rela-
tively small and stented anatomical sites and patient characteristics vary widely. 
It appears that even in experienced hands, stenting can be complicated by dif-
ferent problems, ranging from malpositioning to vessel rupture and even proce-
dure-related death [5]. To understand this, we performed a retrospective study 
in seven centres in the Netherlands and Belgium, evaluating rates and types of 
short-term complications after stenting for congenital heart disease. In addition, 
we looked at potential determinants of these complications.

Methods

All five centres in the Netherlands and two in Belgium that perform stenting for 
congenital heart disease contributed to this study. We retrospectively evaluated 
all initial stent implantations performed in each centre since the start of their 
stenting practice. Stent re-dilatation procedures were not included.
	 Table 1 shows relevant statistics for each centre. Most stent implantation 
sites were evenly represented across centres. However, stenting for pulmonary 
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vein stenosis, major aortapulmonary collateral arteries (MAPCA), patent arterial 
duct and atrial septum (AS) fenestration were almost exclusively performed in 
centre A.

Data collection and study design
Data was obtained from patient records and registered using an MS Access 2002 
database (Microsoft Corporation, Silicon Valley, USA). Complications were cat-
egorized as major or minor. Major complications included all events leading to 
death, life-threatening haemodynamic compromise, the need for surgical inter-
vention, or a substantial permanent anatomical or functional lesion. Minor com-
plications included all transient un-anticipated events resulting from the stent 
procedure.
	 All complications were grouped in the following categories: balloon rupture, 
vessel dissection, stent malpositioning, migration or embolization, inaccessible 
implantation site, stent-induced pulmonary oedema, arrhythmias, and other 
complications. Stent malpositioning, migration, and embolization were grouped 
together because these events are fairly comparable and often hard to distin-
guish, the more so when they are being collected retrospectively.
	 Vessel dissection was considered as a major complication if it required surgi-
cal intervention or an additional procedure. Limited extravasation was assigned 
to the minor complications. Multiple similar complications at one stent site (e.g. 
repeated balloon rupture) were counted as one.

Study population
One centre started stenting practice in May 1992, the others followed in the 

Table 1. Population distribution across centres.

Patients Procedures Sites Stents

Centre A 141 180 209 231

Centre B 33 38 41 45

Centre C 30 31 35 37

Centre D 29 33 40 49

Centre E 29 29 37 41

Centre F 28 33 34 39

Centre G 19 22 22 22

Total 309 366 418 464
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years between 1992 and 1997. Data was obtained through June 2004. Overall, 
464 stents had been implanted in 309 patients including 180 males and 129 
females. Ages ranged from 1 day to 68 years, at a mean of 11 years (±10.8 SD). 
Mean height and weight were 123 cm (±40.1 SD) and 32 kg (±24.5 SD), respec-
tively. All but three of the 309 patients included in this study had congenital 
heart disease: two had Kawasaki disease-related arterial vasculitis, and one had 
severe iliac vein thrombosis. In 306 patients, stenting had been performed dur-
ing cardiac catheterization. Three received one or multiple stents during open 
heart surgery. Two-hundred-and-sixty-three patients underwent one catheter-
ization, 38 underwent two catheterizations, five patients with three catheter-
izations, and three patients underwent four catheterizations. Table 2 links the 
various stent implantation sites with corresponding stent and patient character-
istics. Some specific details are given below.
	 The left and right pulmonary artery groups together reflected 114 post-
surgical, 90 primary, four induced, and 15 unknown stenoses. Induced stenoses 
were those created by other previously implanted stents or transcatheter de-
vices. The aorta group comprised 22 native and 47 recurrent coarctations. The 
systemic vein group included five primary stenoses, 12 post-surgical stenoses, 
two thrombosed sites, and one unknown stenosis. Four of the 12 postsurgical 
stenoses were modified Glenn anastomoses. Two stents in the atrial septal fen-
estrations group had been placed within previously implanted stents. This group 
also includes one fenestration stent in a total cavo-pulmonary connection. The 
right ventricular outflow tract and pulmonary artery trunk group reflects both 
primary and post-surgical stenoses. Eight of all these 11 stenoses were in surgi-
cally implanted conduits (i.e. allograft etc.). All stented aorto-pulmonary shunts 
were surgically constructed conduits, mostly modified Blalock-Taussig shunts.

Stent types
The 464 documented stents are hepatobiliary, renal, iliac, and coronary stents of 
different types and sizes. The great diversity reflects the multicentre set-up and 
long-term frame of this study. Of the stents, 255 were non-premounted, 145 
premounted, and 41 selfexpanding. Of 23 stents, the type and manufacturer 
could not be identified retrospectively. Non-premounted stents were mostly 
the Cordis Palmaz stents. In premounted stents, a large variation in types and 
manufacturers were found. Of the self-expanding stents, the Boston Scientific 
Wallstent was mostly used.
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Statistical analysis
For descriptive statistical analysis, SPSS 11.0.1 for Windows software (SPSS Inc., 
Chicago, USA) was used. Continuous variables are presented as means+SD. Dis-
crete variables are presented both as proportions and counts. Potential determi-
nants of complications, major complications, and death were analysed by SAS 9.1 
(SAS Institute Inc., Cary, NC, USA). A logistic regression model was constructed for 
all 366 procedures corrected for multiple procedures in the same patient [gen-
eralized estimating equation (GEE)]. Repeated measures were coded per proce-
dure; a compound symmetric correlation matrix was used. Outcome measures 
were all complications, major complications, and death. The following potential 
determinants of outcome were entered into the model: centre experience (the 
first 20 procedures in each centre were considered to be inexperienced, and all 
consecutive procedures to be experienced), premounted vs. unmounted stents, 
age , 1 year, selfexpandable vs. balloon-expandable stents, and native vs. post-
surgical stenosis. Furthermore, using the same GEE method, a subset analysis 

Table 2. Stented site characteristics.

Stented site N Stent diameter 
(mm)
(mean±SD)

Patient age 
(years)
(mean±SD)

Patient weight 
(kg)
(mean±SD)

Left pulmonary artery 129 10.5 (3.5) 7.6 (6.9) 26.5 (19.1)

Right pulmonary artery 94 10.1 (3.8) 9.9 (9.7) 32.0 (24.2)

Aorta 69 14.2 (4.8) 18.6 (14.5) 51.0 (24.4)

MAPCA 25 7.2 (2.0) 13.4 (7.9) 37.1 (16.4)

Arterial duct 23 3.8 (0.4) 0.1a 3.5 (0.9)

Systemic vein 20 14.0 (5.0) 9.7 (8.4) 30.5 (28.6)

Atrial septal fenestration 16 8.7 (3.2) 9.4 (12.3) 20.4 (18.0)

Mustard baffle 12 20.6 (3.5) 18.8 (6.5) 56.0 (17.3)

RVOT, pulmonary artery trunk 11 12.5 (6.5) 5.1 (5.9) 20.4 (20.4)

Aorto-pulmonary shunt 9 5.3 (2.1) 10.2 (13.2) 23.9 (21.5)

Pulmonary vein 5 5.4 (2.1) 1.6 (0.9) 8.5 (6.4)

Coronary artery 3 3.3 (0.6) 11.7 (1.5) 48.0 (26.5)

Other sites 2 8.0 (5.7) 1.5 (2.1) 12.0 (0)

Total 418

RVOT = right ventricular outflow tract.
a Mean age in duct patients was 20 days.
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was done for those procedures that involved pulmonary artery stenting. This 
analysis is aimed at determining the influence of simultaneous stenting of the 
right and left pulmonary artery on outcome. Finally, a similar subset analysis 
was accomplished for those procedures that involved stenting of a coarctation, 
aimed at determining the influence of native vs. re-coarctation on outcome.

Results

Complications were documented for 69/366 (19%) procedures at 72/418 (17%) 
stented sites. With 24 major complications, the procedure-related major com-
plication rate was 6.5% and the anatomical site-related major complication rate 
5.7%.

Complications by implantation site
Table 3 shows complication rates for the various implantation sites. Branch pul-

Table 3. Complication rates per site.

Stented site N Total complica-
tions (%)

Major complica-
tions (%)

Minor complica-
tions (%)

Left pulmonary artery 129 25 (19) 10 (8) 15 (12)

Right pulmonary artery 94 12 (13) 4 (4) 8 (9)

Aorta 69 9 (13) 2 (3) 7 (10)

MAPCA 25 4 (16) 0 (0) 4 (16)

Arterial duct 23 8 (35) 3 (13) 5 (22)

Systemic vein 20 3 (15) 0 (0) 3 (15)

Atrial septal fenestration 16 2 (13) 0 (0) 2 (13)

Mustard baffle 12 1 (8) 1 (8) 0 (0)

RVOT, pulmonary artery trunk 11 5 (46) 2 (18) 3 (27)

Aorto-pulmonary shunt 9 2 (22) 1 (11) 1 (11)

Pulmonary vein 5 1 (20) 1 (20) 0 (0)

Coronary artery 3 0 (0) 0 (0) 0 (0)

Other sites 2 0 (0) 0 (0) 0 (0)

Total 418 72 (17) 24 (5.7) 48 (11.3)

RVOT = right ventricular outflow tract.
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monary artery stenting had been most frequently performed, followed by stent-
ing of the aorta. Thirty-three patients underwent stenting of both a left and a 
right side pulmonary artery stenosis in the same procedure. The number of stent 
implantations for all other anatomical sites did not exceed 25. Complication 
rates were highest (45%) in the right ventricular outflow tract/ pulmonary trunk 
group; this was a small group including several post-surgical patients. Relatively 
high complication rates were also found in the arterial duct group (35%), the 
aorto-pulmonary shunt group (22%), and the pulmonary vein group (20%). Table 
4 shows a more detailed distribution of complications by implantation site. Table 
5 shows frequencies of the different types of complications which were broken 
down for complication categories, and which include major complications and 
death. Occurring in 7.7% of all implantations, the combined stent malposition-
ing, migration, and/or embolization complication type was most frequent.

Mortality
The death of seven patients was directly related to the stent implantation pro-
cedure, resulting in a 2.3% procedural mortality. These patients’ details are pre-
sented in Table 6. Three were younger than 1 year (4.5% fatal complication rate 
in infants). Most of these infants were severely ill. For patients older than 1 year, 
the fatal complication rate was 1.1%.

Potential determinants of outcome
Table 7 shows that the use of a premounted stent tends to be significantly as-
sociated with both a lower overall complication rate and lower major complica-
tion rate as compared with the use of a non-premounted stent. Furthermore, 
although centre experience with stenting does not affect overall complication 
and death rates, there is a tendency towards less major complications in ex-
perienced centres. Children younger than 1 year at the time of the procedure 
tend to be at increased risk for death, but not for complications. The use of a 
self-expandable stent does not affect outcome. Finally, stenting of a native le-
sion tends to be associated with more major complications as compared with a 
post-surgical stenosis.
	 Subset analysis of the procedures that involved pulmonary artery stenting 
shows no association between simultaneous stenting of the right and left pulmo-
nary artery and outcome [overall complications: OR 1.57 (95% CI 0.65–3.79), P ¼ 
0.32; major complications: OR 2.47 (95% CI 0.31–19.7), P ¼ 0.39]. Overall com-
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Table 5. Distribution of complication categories.

Complication type Total Major Mortality

Malposition, migration or embolization 32 8 0

Balloon rupture 11 1 0

Inaccessible site 8 2 0

Vessel dissection 6 4 1

Arrhythmia 5 1 0

Induced pulmonary oedema 2 2 1

Other 8 6 5

Table 6. Mortality.

Age Weight
(kg)

Sex
(M/F)

Diagnosis Cause of death Stent loca-
tion

4 months 3 F Fallot, severe right 
ventricular outflow 
tract obstruction

Severe bradycardia prior 
to stent dilation

RVOT-pulmo-
nary artery
trunk

7 months 6 F Aortic re-coarctation Retro-peritoneal bleeding Aorta

1 month 3 M Severe aortic valve 
stenosis, LV
hypoplasia

Ductal closure due to 
insufficient ductus
coverage by stent

Arterial duct

2 years 13 F Idiopathic pulmo-
nary
vein stenosis

Thrombotic middle cere-
bral artery
occlusion secondary to 
pulmonary
vein stent thrombosis

Pulmonary 
vein

11 years 50 F Post-operative 
Fallot,
pulmonary branch 
stenosis

Coronary ischaemia due 
to stent
induced compression, 
fatal LV dysfunction

Right pulmo-
nary artery

4 years 21 F Post-operative 
Fallot,
LV hypoplasia

Possible vessel rupture, 
hypotensia and
tachycardia at ICU after 
procedurea

Blalock-Taus-
sig shunt

51 years 79 M Native right pulmo-
nary
artery stenosis

Hyper-perfusion right 
lung, followed by
acute pulmonary oedema

Right pulmo-
nary artery

a Post-mortem examination was not performed.
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plication rates in this subset are significantly lower with the use of premounted 
stents [OR 0.28 (95% CI 0.10–0.86), P ¼ 0.03].
	 Subset analysis of the procedures that involved stenting of aortic coarcta-
tions shows no differences in outcome after stenting of native vs. recurrent co-
arctations [OR 4.76 (95% CI 0.56–40.62), P ¼ 0.15).

Discussion

Though the annual number of stent procedures for the treatment of congenital 
heart defects has gradually increased since its introduction over 15 years ago, it 
still remains minimal. Given the large variety in anatomical locations and stent 
types, it is not surprising that early complications should be quite common. We 
found a 19% overall complication rate and a 5.7% major complication rate. Other 
studies on early complications after stent implantation for congenital heart dis-
ease are rare. Agnoletti et al. [6] reported an even higher complication rate and a 
more frequent need for surgical intervention, but lack of details preclude a valid 
comparison of findings. Fortunately, many problems during stent implantation 
are transient and can be solved without ending the procedure, or may be solved 
by surgery with acceptable results [7].
	 Procedural mortality in the present study tended to be higher in infants 
when compared with children older than 1 year at the time of the procedure. 
Stenting in two cases —an infant with Tetralogy of Fallot and an infant with aor-
tic re-coarctation— may be debatable in retrospect, especially because reliable 
surgical solutions have been available for these indications for years. Several 
centres now routinely perform ductal stenting and have provided technical de-
tails that should prevent inappropriate ductal coverage by the stent [2,8]. Pul-
monary vein stenosis bears a grim prognosis and surgical solutions are often not 
available. It requires aggressive anticoagulation during and after pulmonary vein 
stenting, which will not always prevent systemic embolic complications like the 
one reported here. Our documented case of coronary compression induced by 
branch pulmonary artery stenting illustrates the indispensability of detailed mor-
phological work-up either by MRI or angiography before stenting is performed.
	 The use of non-premounted stents, in our study, tended to be associated 
with higher complication rates, with stent malpositioning, migration and embo-
lization occurring most frequently. The comparison with premounted stents is 
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biased, however, as the latter cannot be used in larger vessels. Non-premounted 
stents therefore are predominant in older patients. Other studies comparing 
premounted with non-premounted stents related to congenital heart disease 
were not found. Premounted stents have now become standard in coronary 
heart disease. Schneider et al. [9] compared the use of premounted vs. nonpre-
mounted stents in acquired coronary artery stenosis. No significant differences 
in procedural success, restenosis, and complication rates were noted. Ease of 
use is the main reason for using premounted stents for coronary artery sclerosis. 
Ease of use explains the predilection for the larger premounted stents used in 
congenital heart disease as well.
	 Cheung et al. [10] advised against the use of self-expanding stents in grow-
ing children, in view of their significant neointimal ingrowth, unyielding design 
to over-dilation, and complications of distal migration. Accordingly, we found 
self-expanding stents almost exclusively implanted in patients older than 15 
years. This age bias may explain that complication rates in this study for self-
expanding stent and balloon-expandable stent did not significantly differ. Nearly 
all self-expanding stent-related complications were malpositioning, migration or 
embolization complications, thus supporting the findings of Cheung et al.
	 Subset analysis of the procedures that involved pulmonary artery stenting 
showed fewer overall complications with the use of premounted stents than 
with the use of nonpremounted stents, implying that premounted stents may 
be preferred for this patient group. Pulmonary artery stenting is nowadays pre-
ferred over balloon dilation alone, because of its higher immediate success rate 
and lower mid-term incidence of restenosis [11]. In this study, pulmonary artery 
stenting was the most common procedure. As with all stent implantations in 
growing children, the need for future stent enlargement should be anticipated. 
Stent re-dilatation in pulmonary arteries was found safe and effective for up to 
3 years [12,13]. A large single centre study by Vitiello et al. reported 22 compli-
cations (six major) in 162 pulmonary artery stent implantations [5]. Their 14% 
overall complication rate compares well with our 17% outcome when combining 
the left and right pulmonary artery groups. The major complication rates are 
comparable as well; 6% in our study vs. 4% in the Vitiello study.
	 Centre inexperience with stenting tended to be associated with a higher 
major complication rate. McMahon et al. in their 12-year retrospective, single-
centre study on pulmonary artery stenting did not observe any morbidity or 
mortality in the last 5 years of their experience [14]. The long time-frame, the 
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many different operators, and the introduction of new indications, like ductal 
stenting in more recent years, could explain that the effect of centre inexperi-
ence in our study is not more striking. Combining experience from interventional 
paediatric cardiologists may contribute to lower complication rates.
	 Subset analysis of the procedures that involved stenting of aortic coarcta-
tions showed no differences in outcome after stenting of native vs. recurrent co-
arctations. This may be due to the small number of procedures. Vessel dissection 
was found twice, both in recurrent coarctation sites. Historically, there is more 
concern about vessel dissection in native stenoses [15]. This is not supported by 
our study. Other studies focus mainly on results and complications for combined 
native and recurrent coarctation. Johnston et al [16]. demonstrated a low com-
plication rate for this combined group. With the introduction of newer, more 
flexible, round-edged stents over the past years, complication rates of stenting 
coarctations will probably further drop [17].
	 Stenting in pulmonary vein stenosis was documented five times only. As 
mentioned above, one of these implantations proved fatal as in-stent thrombo-
sis resulted in embolization of a middle cerebral artery. This outcome illustrates 
the necessity of weighing the benefits and adverse effects of stent treatment in 
individual cases, especially in this rare and frequently progressive disease.
	 Stenting for congenital heart disease is disadvantageous mainly in grow-
ing children. To accommodate for vessel growth over time, re-dilatation may be 
necessary. Proper stent selection is therefore crucial. Several reports of stent 

Table 7. Potential determinants of complications and death after stenting.

Complications 

OR (95% CI) P-value

Major compli-
cations
OR (95% CI) P-value

Death 

OR (95% CI) P-value

Experience 1.10 
(0.65–1.87) 

0.71 0.45 
(0.19–1.06)

0.07 0.32 
(0.10–2.11)

0.47

Premounted 
stent

0.56 
(0.29–1.08)

0.08 0.34 
(0.10–1.19) 

0.09 0.67 
(21.53 to 2.88) 

0.55

Age >1 year 0.61 
(0.32–1.19)

0.15 0.58 
(20.40 to 1.57) 

0.24 0.27 
(0.06–1.23) 

0.09

Self expand-
able stent

0.37 
(20.72 to 1.45)

0.51 0.51 
(0.06–4.19)

0.53 1.93 
(0.22–16.96)

0.55

Post-surgical 
vs. native

0.77 
(0.45–1.30)

0.32 0.43 
(0.18–1.08) 

0.07 0.25 
(21.26 to 1.76)

0.75
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re-dilatation [13,18] describe this intervention to be mostly effective and safe. 
However, fatal vessel rupture in re-dilatation may occur [19].
	 In this study, ‘parking’ of malpositioned or embolized stents at benign posi-
tions other than the indicated stenotic sites, was considered to be a minor com-
plication. Long-term complications in growing children, however, may be more 
severe, as they may need re-dilatation or possibly even surgical stent removal, 
even when these stents were implanted at an originally ‘benign’ site.

Study limitations
Retrospective studies of this kind carry the risk of underreporting of procedures 
and complications. Indeed, occasionally procedural information could not be re-
trieved. Also, complications like balloon rupture, haematoma, and arrhythmia 
without severe consequences are likely to have not been documented properly. 
Statistical analyses based upon group totals may have been biased by population 
subgroup differences as well. This is especially true for patient age, as certain 
implantation sites are fit for specific age ranges only. Sites therefore may dif-
fer in complication rates for this reason. Unfortunately, patient numbers in this 
study are too small to allow for multivariate analysis of potential risk factors for 
complications. Using the GEE method, we attempted to correct for multiple pro-
cedures in the same patient.
	 A final limitation of this study is its short-term approach. Apart from short-
term complications, stent implantation will most likely also carry a risk of long-
term complications. Restenosis, neointima proliferation, and stent fracture may 
occur [13,18,20]. Long-term complications were beyond the scope of our study, 
but definitely require further exploration.

Conclusions and recommendations
Current clinical practice should not underestimate complication rates of stenting 
in patients with congenital heart disease. It is difficult, however, to fully master 
every possible procedure seeing the vast diversity of indications combined with 
a relatively small population for stenting. Procedures therefore remain compli-
cation-sensitive. Our study nevertheless showed infrequent major complications 
and few fatal complications over a large variety of cases.
	 Especially, in these small patient groups with a wide range of diagnoses and 
anatomical substrates to be treated, adding on the experience of intervention-
al paediatric cardiologists may limit the number of complications. In addition, 
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more precise visualization of the morphology gained using MRI or multislice CT 
will improve our understanding of the anatomical substrate to be treated and 
will thus enable more precise selection of stents.
	 Because the use of non-premounted stents is associated with significantly 
higher complication rates, we recommend the use of premounted stents if an 
appropriate final diameter can be achieved. The industry should further expand 
the range of available premounted stents towards larger diameters, which could 
contribute to bringing down the incidences of stent migration and emboliza-
tion.
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Abstract

Objective
With a growing number of children with congenital heart disease (CHD) reaching adulthood, an 
extensive experience with cardiac surgery in adults with CHD is accumulating. To increase insight 
in this patient category we report our 17-year single centre experience including predictors for 
adverse outcome and EuroSCORE performance.

Methods
Patients and operative characteristics of all consecutive adult CHD patients operated upon be-
tween January 1990 and January 2007 were collected. Categorisation was done according to the 
EACTS/STS congenital database. Early and late morbidity and mortality were assessed with follow-
up extending up to 17 years. EuroSCORE performance was assessed.

Results
Nine hundred and sixty-three procedures were performed in 830 patients (mean age 39.3 years, 
50.3% male). A total of 49% were re-do procedures, frequent procedures were for left heart le-
sions (37%), right heart lesions (31%) and septal defects (8%). The 51% primary procedures largely 
consisted of less complex procedures but also included 1.4% of tetralogy of Fallot repairs, 4.1% of 
aortic coarctation repairs and 2.7% of Ebstein’s disease repairs. Thirty-day mortality was 1.5% (n 
= 14); predicted mortality by logistic EuroSCORE was 4.6%. c-index was 0.61 (95% CI 0.46-0.75). 
Major complications such as tamponade requiring intervention occurred in 3.2%, postoperative 
bleeding requiring re-exploration in 7.1% and renal insufficiency requiring dialysis in 4 (0.4%). Pul-
monary hypertension was a strong predictor for short-term mortality; impaired ventricular func-
tion and cyanosis for long-term mortality. Overall 17-year survival was 71% (95% CI 61%-82%). 
Eighty percent of patients were in NYHA class I at last follow-up, 17% in II, 3% in III, 0% in IV.

Conclusions
Surgery in adult CHD patients can be performed with low operative mortality and good clinical 
outcome. EuroSCORE is not a good model for risk assessment in this group of patients.
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Introduction

The innovations in cardiac surgery from the 1950s onward were crucial in the 
development of surgical treatment for congenital heart disease (CHD) patients 
towards it current status. Nowadays over 85% of children with CHD survive into 
adulthood, presenting themselves with various issues related to their disease. 
Problems such as degeneration of previously implanted prosthetic materials and 
residual defects occur. Management of this relatively new group of patients re-
quires special attention, not only limited to general cardiac care, but also during 
other situations that increase cardiac load, for example pregnancy and anaes-
thesia for non-cardiac surgery [1,2]. In this setting, centres that provide care for 
grown-up patients with congenital heart disease are emerging.
	 The group of adult CHD patients is steadily growing and is expected to be-
come, if not already, larger than the paediatric CHD population [3,4]. Based upon 
the vast diversity of diagnoses in CHD, it has been shown that larger patient load 
and surgical experience in paediatric cardiac surgery are beneficial for patient 
outcome [5]. This probably holds for adult congenital cardiac surgery as well. 
In daily practice, surgery in these patients is performed in a limited number of 
tertiary referral centres [1,6].
	 The number of reports on outcome of cardiac surgery in adults with CHD is 
limited, and most articles only provide a relatively short follow-up [7-12].
	 Although at paediatric age the Aristotle score and the RACHS-1 are being 
used for assessment of risk of mortality in paediatric congenital heart surgery, 
these models have not been validated in an adult congenital population, while 
the EuroSCORE has gained a widespread use for acquired heart disease in adults 
[13,14]. We sought to determine both shortterm and long-term predictors for 
adverse outcome, and assessed the performance of the EuroSCORE model in the 
adult congenital surgery population. In this light we report on our single centre 
experience, with a follow-up that extends up to almost 18 years.

Methods

Data were collected retrospectively and consist of all consecutive adult (age 18 
years and older at time of surgery) patients who had congenital cardiac surgery 
in a single tertiary care centre in the Netherlands between January 1, 1990 and 
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January 1, 2007. The adult congenital team meets weekly to discuss patients. 
During the 17-year period discussed in this article, this setup remained the 
same. Currently the team consists of dedicated congenital cardiothoracic sur-
geons treating both adult and paediatric patients and dedicated adult congenital 
cardiologists and paediatric cardiologists. Dedicated interventional cardiologists 
(collaborating paediatric and adult interventional cardiologists) are involved as 
well. A heart- and lung-transplant programme is available.
	 A database was designed in MicrosoftW Access 2000 (Microsoft Corpora-
tion, Redmond, WA) and contains data on demographics, preoperative risk fac-
tors, detailed surgical procedural information, in-hospital complications, and 
follow-up. Current survival status was collected from civil registries between No-
vember 7 and November 11 2007. Survival of the Dutch population was derived 
from the Central Bureau of Statistics (available at http://www.cbs.nl).

Figure 1. Number of annual procedures performed. The year 2007 was only included to show the 
rapidly growing number of procedures performed.
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	 A record of no-objection against the study was given by the Erasmus MC 
medical ethics committee.
	 Diagnoses, procedures and complications were classified according to the 
European Association of Cardio-Thoracic Surgery (EACTS) and Society of Tho-

Table 1. Patient characteristics.

Preoperative status Number (%) (n = 963)

Age at time of surgery 39.3  15.5 years (median 36, range 18.0-85.5)

Procedures per patient
   1 
   2 
   3 
   4 
   5 

720 (86.7%)
91 (10.9%)
16 (1.9%)
2 (0.2%)
1 (0.1%)

Male sex 417 (50.3%)

Sinus rhythm 741 (79.1%)

Ventricular function
   Good
   Impaired 
   Bad

754 (78.5%)
173 (18%)
15 (1.6%)

Pulmonary hypertension 36 (3.7%)

COPD 42 (4.4%)

Extracardiac arteriopathy 20 (2.1%)

Emergency procedure 13 (1.3%)

Cyanosis 87 (9.0%)

Smoking 98 (10.2%)

Diabetes 25 (2.6%)

Obesity 58 (6.2%)

NYHA
   I 
   II 
   III 
   IV 

298 (30.9%)
338 (35.1%)
174 (18.1%)
32 (3.4%)

Active endocarditis 22 (2.3%)

Creatinine > 200 mmol/l 5 (0.5%)

Previous congenital cardiac surgery 476 (49.4%)

Additive EuroSCORE 5.1±2.3 (median 5, range 2—14)

Logistic EuroSCORE 5.4%±5.32 (95% CI 5.0—5.7)
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Table 2. Original primary anatomic diagnoses, classified according to EACTS congenital database 
[15].

Anatomic diagnosis Number (%)
(n = 963)

Septal defects 
   Atrial septal defect, secundum 
   Ventricular septal defect 
   Atrio-ventricular septal defect, partial 
   Atrial septal defect, sinus venous 
   Ventricular septal defect + aortic coarctation 
   Atrio-ventricular septal defect, complete 
   Truncus arteriosus 

332 (34.5%)
196 (20.4%)
57 (5.9%)
56 (5.8%)
12 (1.2%)
3 (0.3%)
3 (0.3%)
5 (0.5%)

Left heart lesions 
   Aortic stenosis, valvar 
   Aortic stenosis, subvalvar 
   Aortic insufficiency 
   Aortic insufficiency & stenosis 
   Aortic stenosis, subvalvar + valvar 
   Mitral valve stenosis 
   Sinus of Valsalva aneurysm 
   Mitral insufficiency 
   Cardiomyopathy 

242 (25.1%)
162 (16.8%)
28 (2.9%)
18 (1.9%)
11 (1.1%)
7 (0.7%)
7 (0.7%)
5 (0.1%)
2 (0.2%)
2 (0.2%)

Right heart lesions 
   Tetralogy of Fallot 
   Ebstein’s disease 
   Pulmonary stenosis, valvar 
   Pulmonary stenosis, valvar + subvalvar 
   Pulmonary atresia, VSD including TOF/PA 
   Pulmonary atresia, IVS 
   Pulmonary stenosis, subvalvar 
   Double-chambered right ventricle (DCRV) 

194 (20.1%)
123 (12.8%)
31 (3.2%)
18 (1.9%)
8 (0.8%)
8 (0.8%)
3 (0.3%)
2 (0.2%)
1 (0.1%)

Thoracic arteries & veins 
   Aortic coarctation 
   Aortic coarctation + aortic valve stenosis 
   Aortic aneurysm 
   Anomalous origin of the left coronary artery from the pulmonary artery
   Coronary fistula 
   Coronary artery anomaly, origin 
   Patent ductus arteriosus 
   Vascular ring 

98 (10.2%)
43 (4.5%)
34 (3.5%)
3 (0.3%)
3 (0.3%)
3 (0.3%)
1 (0.1%)
6 (0.6%)
5 (0.5%)
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racic Surgeon’s (STS) congenital heart surgery nomenclature [15]. Classification 
of these was based upon the data entered by the attending surgeon. Data were 
collected using our hospital information system (HIS) and patient charts includ-
ing data sheets used during multidisciplinary preoperative patient evaluation.
	 Procedures or diagnoses checked to be not congenital, despite previous 
coding, were excluded.
	 Any additional congenital cardiac procedures that had been performed 
upon included patients, but in another institution, outside the study period or 
whenever the patient was under the age of 18, were only noted in terms of di-
agnosis requiring surgery; no additional procedural data were collected. 
	 Collected data included: clinical status, ventricular function as ejection frac-
tion (EF) assessed by angiography, magnetic resonance imaging or echocardiog-
raphy (classified as poor (EF <30%), moderate (EF 30-50%) or good (EF >50%)) 
[16]. New York Heart Association (NYHA) classification was collected when avail-
able or retrospectively classified according to information in patient records. 
Chronic obstructive pulmonary disease (COPD) was defined as longterm use of 

Table 2. Continued.

Anatomic diagnosis Number (%)
(n = 963)

Transposition of the Great Arteries (TGA) 
   TGA, IVS, including LVOTO 
   TGA, VSD, including LVOTO 
   Congenitally corrected TGA (ccTGA) 
   ccTGA, VSD, including LVOTO 

37 (3.8%)
17 (1.8%)
12 (1.4%)
4 (0.4%)
4 (0.4%)

Single ventricle 
   Tricuspid atresia 
   Double inlet left ventricle (DILV) 
   Mitral atresia 
   Double outlet right ventricle (DORV) 
   DILV & DORV 

35 (3.6%)
18 (1.9%)
8 (0.8%)
4 (0.4%)
4 (0.4%)
1 (0.1%)

Electrophysiologic 
   Arrhythmia, heart block, congenital 

16 (1.7%)
16 (1.7%)

Pulmonary venous anomalies 
   Partial anomalous pulmonary venous connection 
   Cor triatriatum 

7 (0.7%)
5 (0.5%)
2 (0.2%)

Miscellaneous 
   Aneurysm, atrial 

2 (0.2%)
2 (0.2%)
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bronchodilators or steroids for lung disease, diabetes when diagnosis was previ-
ously made, pulmonary hypertension (PHT) as systolic pulmonary artery pres-
sure >60 mmHg, extracardiac arteriopathy as any one or more of the following: 
claudication, carotid occlusion or stenosis >50%, and previous or planned inter-
vention on the abdominal aorta, limb arteries or carotids. 
	 Predicted additive and logistic EuroSCORE mortality rates were retrospec-
tively calculated from available variables [16,17]. Data on neurologic dysfunc-
tion, unstable angina and recent myocardial infarction were not collected. Miss-
ing data in any of the EuroSCORE variables were furthermore regarded as not 
having that particular risk factor to be able to calculate a score [17].
	 Outcome and complications during hospital stay were collected. Complica-
tions were classified as follows: arrhythmia as any cardiac rhythm other than 
sinus rhythm; heart failure as a clinical presentation of right or left heart failure; 
pericardial effusion as requiring intervention; prolonged ventilation as postop-
erative ventilation >2 days; infections as positive cultures from either superficial 
or deep wound swabs; postoperative bleeding as requiring surgical intervention; 
sternum left open; pneumothorax as requiring drainage; low output as cardiac 
output requiring inotropic medication; mechanical circulatory support as the 
need for postoperative mechanical circulatory support; pulmonary hypertensive 
crisis as systolic pulmonary arterial pressure > systolic systemic arterial pres-
sure.
	 Readmission and reason for readmission to any hospital within 30 days of 
the procedure was collected.
	 Collected follow-up data included NYHA class, arrhythmia (bundle-branch 
blocks were not regarded as arrhythmia), heart-transplant and pacemaker im-
plantation. All were collected at the latest follow-up date available.

Statistical analysis
Statistical analysis was done using SPSS 15.0 (SPSS, Chicago, IL). Continuous data 
are presented as mean  SD, and median with range. Categorical data are present-
ed as proportions. Completeness of follow-up was calculated according to Clark 
et al. [18]. Logistic regression was used to identify risk factors for early mortality, 
both 30-day and 1- year, and Cox regression analysis was used to identify risk 
factors for late outcome. Potential risk factors were entered into multivariate 
analysis if p > 0.10. For multivariate analysis backward conditional stepping and 
5-9 events per variable, as proposed by Vittinghoff and McCulloch were used 
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[19]. A p value < 0.05 was considered statistically significant.
	 Kaplan-Meier plots were used to demonstrate overall survival and survival 
of certain subgroups of diagnoses and procedures. Cumulative survival was anal-
ysed using the Kaplan-Meier method. For survival analysis of the overall cohort 
the survival of a patient started at the time of first operation and ended at the 
time of death (event) or at the last follow-up (censoring) (patient based). The 
survival analysis of subgroups started at the time of each procedure in that sub-
group and ended with patient death (event) or last follow-up (censoring) (proce-
dure based).
	 Discriminatory power of the EuroSCORE among this group of patients was 
assessed using the c-index (area under the receiver operating characteristic 
(ROC) curve) with 95% confidence intervals (95% CI).

Results

Procedural and patient characteristics
Nine hundred and sixty-three surgical procedures were performed in 830 pa-
tients. Figure 1 highlights the growing number of annual procedures. Age at time 
of surgery was 39.3±15.5 years (median 36, range 18.0-85.5). Preoperative pa-
tient characteristics are shown in Table 1.
	 Four hundred and eighty-seven (50.6%) of the procedures were primary 
and 476 (49.4%) had been preceded by at least one congenital cardiac surgical 
procedure. Four hundred and seventeen male (50.3%) and 413 female (49.7%) 
patients were included. Complete data on anatomic diagnosis and surgical pro-
cedures are listed in Tables 2 and 3.
	 Intensive care unit length of stay was 47.3±96 h (median 27 h, range 0-1514 
h). Hospital length of stay was 14.4±13.6 days (median 11 days, range 0-224 
days).
	 Thirty-three (3.4%) procedures included concomitant coronary surgery, of 
which 31 were planned and 2 were performed to correct damaged coronary 
arteries during the planned procedure. Extra-corporal circulation (ECC) was used 
during 869 (90.2%) procedures. Procedures without ECC included: aortic coarc-
tation repair, pacemaker procedures, vascular ring repairs and various shunt 
procedures.
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Table 3. Actual procedures performed, classified according to EACTS congenital database [15]. 
Concomitant procedures are shown in italic.

Main procedures Number (%) 
(n = 963)

Left heart lesions 
   Aortic valve replacement, mechanical   10x LVOT, 3x VSD, 4x MVP, 3x MVR, 
      4x CABG, 3x ASD 
   Aortic valve replacement, homograft   5x LVOT, 1x CABG, 1x PAA 
   Ross procedure   2x PAA, 2x aorta plasty, 1x CABG, 2x LVOT 
   Aortic root replacement, mechanical (Bentall)   1x ASD, 2x LVOT, 1x MVR,
      2x pulmonary mechanical root, 3x PHG, 3x MVP, 1x CABG,
      2x prosthetic aortic arch
   Mitral valvuloplasty   5x ASD, 1x AHG 5x CABG, 1x PDA, 1x MAZE 
   Mitral valve replacement   7x ASD, 6x TVP, 1x AVSD, 2x aortic valve, 1x MAZE,
      2x CABG, 1x PDA 
   Subvalvular aortic repair   2x AVRM, 1x PHG, 1x VSD, 1x RVOT,
      1x Shunt takedown, 1x aorta plasty, 1x CABG 
   Aortic valve replacement, Bioprosthetic   2x MVP, 3x ASD, 1x CABG 
   Aortic valvuloplasty   1x PAA, 2x LVOT, 1x MVP 
   Sinus of Valsalva, aneurysm repair 
   Transplant, heart 
   Aortic root replacement, valve sparing   1x MVP 

366 (38%)
77 (8.0%)

67 (7.0%)
51 (5.3%)
46 (4.8%)

41 (4.0%)
31 (3.1%)

22 (2.3%)

17 (1.7%)
6 (0.6%)
3 (0.3%)
3 (0.3%)
2 (0.2%)

Septal defects 
   Atrial septal defect repair   7x MAZE, 15x CABG, 3x PAP, 13x MVP, 10x TVP,
      1x PVP 
   Ventricular septal defect repair   7x ASD, 7x PHG, 7x RVOT, 1x LVOT, 2x DCRV,
      2x AVRM, 1x CABG 
   Partial atrioventricular septal defect repair   1x LVOT, 4x TVP, 4x ASD, 1x AHG 

255 (26.5%)
176 (18.3%)

53 (5.5%)

26 (2.7%)

Right heart lesions 
   Pulmonary valve replacement   12x VSD, 30x RVOT, 7x PAP, 10x ASD, 2x AVRM,
      2x TVR, 10x TVP, 4x PM 
   Ebstein’s repair   2x Glenn, 11x ASD, 1x PM 
   Tricuspid valve replacement 
   Tetralogy of Fallot primary repair 
   Valvuloplasty tricuspid valve   4x ASD, 1x MAZE, 2x MVR, 1x MVP 
   RVOT procedure   2x ASD, 1x VSD, 1x LVOT, 1x DCRV 
   Pulmonary artery plasty 
   Double chambered right ventricle (DCRV) repair 
   Occlusion MAPCA(s) 

180 (18.8%)
121 (12.6%)

17 (1.8%)
12 (1.2%)
11 (1.1%)
8 (0.9%)
6 (0.6%)
3 (0.3%)
1 (0.1%)
1 (0.1%)

a Include 2 re-do for sclerosed homografts and 8 conversions (2 extracardiac and 6 lateral tunnel).
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Table 3. Continued.

Main procedures Number (%) 
(n = 963)

Electrophysiologic 
   Pacemaker procedure 

62 (6.4%)
62 (6.4%)

Thoracic arteries & veins 
   Coarctation repair, end-to-end 
   Coarctation repair, interposition graft 
   Coronary artery fistula ligation 
   ALCAPA   1x coronary fistula 
   PDA closure   1x TVP 
   Vascular ring repair 
   Aortic aneurysm repair 
   Coronary artery bypass for anomalous coronary artery 

58 (6.0%)
25 (2.6%)
17 (1.8%)
3 (0.3%)
3 (0.3%)
2 (0.4%)
3 (0.3%)
3 (0.3%)
1 (0.1%)

Single ventricle 
   Fontan, revision or conversion (re-do Fontan)a 
   Fontan, TCPC, Lateral Tunnel   1x MAZE, 1x PM 

14 (1.4%)
10 (1.0%)
4 (0.4%)

Palliative procedures 
   Glenn procedure   1x PDA, 2x Blalock takedown, 1x PM, 1x PAP 
   Shunt, modified Blalock-Taussig 
   Shunt, central 
   Shunt, ligation and takedown 

8 (0.8%)
3 (0.3%)
3 (0.3%)
1 (0.1%)
1 (0.1%)

Transposition of the great arteries 
   Atrial baffle procedure, Mustard revision   2x RVOT, 2x PM, 1x ASD 

8 (0.8%)
8 (0.8%)

Pulmonary venous anomalies 
   Partial anomalous pulmonary venous connection repair 
   Cor triatriatum repair 

6 (0.6%)
4 (0.4%)
2 (0.2%)

Miscellaneous procedures 
   Aneurysm, atrial, repair 
   Cardiac tumor resection   2x ASD 
   Pulmonary embolectomy, acute 
   Pulmonary embolectomy, chronic   1x ASD 

6 (0.4%)
2 (0.2%)
2 (0.2%)
1 (0.1%)
1 (0.1%)

ASD: atrial septal defect closure, VSD: ventricular septal defect closure, AVSD: atrio-ventricular 
septal defect repair LVOT: left ventricular outflow tract procedure, RVOT: right ventricular outflow 
tract procedure, PAA: prosthetic ascending aorta MVP: mitral valvuloplasty, MVR: mitral valve re-
placement, TVP: tricuspid valvuloplasty, TVR: tricuspid valve replacement, PVP: pulmonary valvu-
loplasty, PDA: patent ductus arteriosus closure, PHG: pulmonary homograft procedure, AHG: aortic 
homograft procedure, AVRM: mechanical aortic valve replacement PAP: plasty of the pulmonary 
artery(ies), ALCAPA: anomalous origin of the left coronary artery from the pulmonary artery, PM: 
pacemaker procedure. Individual combinations of concomitant procedures are not shown.
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Early outcome
Fourteen (1.5%) patients died within 30 days of the procedure (in the first 9 
years of the series the early mortality was 1.6% and in the last 8 years 1.3%). Two 
patients died intra-operatively, 11 patients died postoperative in-hospital and 
one died after discharge. Mortality occurred after three atrial septal defect (ASD) 
closure procedures (two isolated ASD closure procedures and one with con-
comitant mitral valve replacement), two pulmonary homograft procedures, two 
mechanical aortic valves, one aortic homograft, one autograft procedure, three 
Bentall procedures, one Ebstein’s disease repair, and one pulmonary thrombec-

Table 4. Postoperative complications.

Complications Number (%)
(n = 963)

Death (30-day) 14 (1.5%)

Arrhythmia 
   Atrial fibrillation 
   Atrial flutter 
   Supra-ventricular tachycardia 
   Ventricular tachycardia (including non-sustained) 
   Ventricular fibrillation 
   AV-block (3rd degree/complete only) 

175 (18.2%)
120 (12.5%)
5 (0.5%)
14 (1.5%)
9 (0.9%)
10 (1.0%)
7 (1.5%)

Heart failure 26 (2.7%)

Pericardial effusion/tamponade 31 (3.2%)

Prolonged ventilation (>2 days) 37 (3.8%)

Infections
   Deep 
   Superficial 
   Endocarditis 

39 (4.0%)
19 (2.0%)
9 (0.9%)
11 (1.1%)

Sternum left open 2 (0.2%)

Pneumothorax 23 (2.4%)

Bleeding 68 (7.1%)

Cardiac arrest 16 (1.7%)

Low output 14 (1.5%)

Mechanical circulatory support 0

Pulmonary hypertensive crisis 1 (0.1%)

Renal insufficiency 4 (0.4%)

Pleural effusion 23 (2.4%)

Pneumonia 8 (0.8%)
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tomy with tricuspid valve replacement and PFO closure. Causes of death in these 
patients were: heart failure (n = 4), cardiac tamponade (n = 2), suture dehiscence 
(n = 2), gastro-intestinal bleeding (n = 1), brain death (n = 1), low output due 
to a coronary anastomosis problem (n = 1), aspiration bronchopneumonia (n = 
1), persistent pulmonary hypertension (n = 1) and sepsis after gastro-intestinal 
ischaemia (n = 1).
	 One or more complications occurred after 319 (33.1%) procedures. Compli-
cation rates are presented in Table 4.
	 Logistic regression analysis results for 30-day (n = 14) and one-year mortal-
ity (n = 26) are shown in Table 5.
	 Readmission within 30 days of discharge was necessary in 72 patients (7.5%), 
mostly caused by late cardiac tamponade and arrhythmia (20% and 25.7%, re-
spectively). Other reasons were: congestive heart failure, coagulation problems 
and respiratory problems.

Late outcome
Mean follow-up was 6.8  5.1 years (median 6.3 years, range 0-17.8 years). Total 
follow-up was 6585 patient-years, potential follow-up was 7361 patient-years, 
the completeness of follow-up index is 0.89. 
	 Cox regression results for long-term mortality (n = 85) are shown in Table 5. 
Kaplan-Meier curves are shown in Figure 2. Figure 2a shows the overall group 
and the 18-year survival of the age-matched Dutch population, the latter being 
95.4%. Figure 2b shows various main groups of procedures.
	 Pre- and postoperative NYHA class distribution is shown in Figure 3.
	 A total of 8.5% of patients had any arrhythmia at followup. Three patients 
had a heart transplant and one patient had a heart-lung transplantation. A pace-
maker had been implanted in 9.8% of the patients at follow-up.

EuroSCORE performance
ROC curves were constructed to test EuroSCORE performance in the adult CHD 
patients. When used to predict 30- day mortality for the entire cohort, the c-
index was 0.586 (95% CI 0.451-0.720) for the logistic EuroSCORE and 0.599 (95% 
CI 0.468-0.730) for the additive EuroSCORE. When the EuroSCORE was used to 
predict 1-year mortality, c-indices were: 0.670 (95% CI 0.562-0.778) for the logis-
tic and 0.686 (95% CI 0.581-0.792) for the additive EuroSCORE.
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Discussion

This study demonstrates that a growing experience with adult congenital heart 
surgery is associated with a low mortality risk and acceptable risk of compli-
cations. Late survival however is markedly impaired compared to that of the 
general age-matched Dutch population, and varies widely between the different 
diagnoses. The EuroSCORE model did not adequately predict mortality.
	 It can be appreciated from Table 3 that a large diversity of procedures is per-
formed in adult congenital heart surgery and a major part of these procedures 
is accompanied by one or more concomitant procedures. This underlines the 
complexity of these patients.
	 Notable is the number of re-do procedures within this 17-year period; over 
11% of patients had two or more procedures as an adult.

Early outcome
Overall 30-day mortality was 1.5%. This is comparable to the results shown 
among the tertiary care adult congenital heart surgery centres study by Niwa et 
al. [20]. When comparing our results to the larger multicentre studies [9,11,12], 
it can be noted that early mortality is low, ranging from 1.7% to 3.1%. Individual 
centres in these multicentric studies show different results, with mortality rang-
ing from 0% to 15.3% in Stellin et al. [11]. No comment is made on these differ-
ences, but this may be partially related to the complexity of patients. Median 
number of procedures per centre in their study was 45 (range 11-202), indicat-
ing that some centres may lack a sufficient number of adult CHD patients to keep 
up experience which might contribute to different study results. Patient load and 
experience can be expected to influence results in this group of patients. This 
could suggest performing adult CHD procedures only in centres with an accept-
able number of procedures.
	 Only two patients died after procedures classified by the Aristotle scoring 
system as simple [14]. The other 12 deaths occurred after procedures that can 
be regarded as complex, ranging from an Aristotle score of 6.5 to 10.3 (on a scale 
of 1.5-15).
	 As seen in Table 5, predictors for mortality were preoperative pulmonary 
hypertension, non-sinus rhythm, impaired ventricular function, critical preop-
erative status, preoperative cyanosis and age at surgery. Pulmonary hyperten-
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sion was especially a strong predictor for early mortality, both 30-day and 1-year. 
Analyses however were done with limited number of events; the use of larger 
cohorts, and thus more events, may reveal additional predictors for mortality.
	 Postoperative complications occurred frequently, but largely consisted of 
relatively minor and (reversible) complications such as atrial fibrillation. Where 
atrial fibrillation may not necessarily be a surgical complication, it is the most 
frequent cardiologic reason for admission in CHD patients [21]. The number of 
major complications, such as (suspected) tamponade and persistent blood loss 
was limited.

Long-term outcome
Completeness of follow-up was 0.89, demonstrating adequately complete data 
on long-term survival.
	 Differences were observed regarding long-term survival among several sub-
groups. The excellent survival of the group of thoracic arteries and veins, com-
parable to that of the Dutch population, is striking. The largest groups, septal 
defects, right-heart lesions and left-heart lesions, show a good survival of over 
80% at 15 years. The other groups were small and were therefore not plotted. 
The impaired survival of various subgroups may be caused by the lack of an ac-
tual cure of the disease. Several defects cause abnormal volume, flow and pres-
sure conditions on the heart and great vessels. Lesion-specific post-treatment 
outcomes have been described elsewhere, with a majority of lesions, even af-
ter treatment, remaining at risk for arrhythmias, sudden death and (premature) 
atherosclerosis and heart failure [1].
	 Risk factors for long-term mortality were preoperative impaired ventricular 
function, arrhythmia, cyanosis, COPD and smoking. The first three are associated 
with the disease itself, whereas COPD and smoking are known factors for mortal-
ity.

EuroSCORE performance
The EuroSCORE system was not developed for adult congenital cardiac surgery, 
and included low numbers of congenital patients, ASD closure for example was 
performed in only 1.2% of the included patients. Jacquet et al. have previously 
tested EuroSCORE in predicting outcome in a group of adult CHD patients. The 
interquartile range (IQR) of both additive and logistic EuroSCORE in our study is 
comparable to the IQR in their study [22]. Their conclusion on the overestima-
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tion of the EuroSCORE in this particular patient group is supported by our data. 
Price et al. did a study in a similar population and found no statistical difference 
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Figure 2. Kaplan-Meier curves for survival: (a) entire cohort (solid line with 95% CI bars) and age-
matched Dutch population (dotted line) and (b) survival of the four largest subgroups of proce-
dures.
A&V = thoracic arteries & veins.
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between predicted and observed mortality, but did find an over-estimation in 
low-risk patients and an underestimation in high-risk patients [23]. Both Jacquet 
and Price did limited analysis in testing the performance of the EuroSCORE mod-
el in these patients, lacking discriminatory testing using the c-statistic.
	 The use of EuroSCORE is not useful in this particular group in predicting 
operative mortality; discriminatory power is lacking with 95% CIs of the c-index 
including 0.50. A c-index of 0.75 or larger is required for an accurate test. The 
lack of inclusion of an operative complexity parameter and the modest number 
of end points (low observed mortality) might contribute to this finding.

Clinical status at last follow-up
NYHA class distribution as a very basic measure of quality of life was improved 
by the surgical procedure in a majority of patients. NYHA class deterioration was 
found in few patients, suggesting good results not only in terms of survival but 
also in terms of symptoms. The less than 5% missing follow-up NYHA classes 
mostly consisted of information lacking to reliably classify those patients. Qual-
ity of life, in a subgroup of operated adult ventricular septal defect patients in 
our institution, was shown to be nearly equal to that of the general population 
[24]. Comparable positive results are shown in a more diverse adult CHD popula-
tion by Moons et al. [25]. The relatively low number of arrhythmias at follow-up, 
8.5%, might be due to paroxysmal nature of some of these arrhythmias.

Limitations
Limitations of this study arise from the retrospective single tertiary centre setup. 
There may be to some degree an underestimation of the preoperative risk fac-
tors and complications rates, death excluded. In addition bias may have occurred 
due to the 89% completeness of follow-up. A further limitation of our study is 
the inclusion of only the surgically treated patients, thus providing only a selec-
tion of the total group of adult congenital heart disease patients. 
	 NYHA classification was collected only at latest follow-up available and is 
therefore not completely comparable among the group, especially when the 
largest number of operations was done in the latter part of the study period, 
giving shorter follow-up and possibly showing better results before deterioration 
occurs in that group.
	 The lacking points of the EuroSCORE in unstable angina, recent myocardial 
infarction and neurological dysfunction are not expected to have changed the 
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Figure 3. NYHA-class distribution. In the left bar preoperative NYHA class and in the right bar NYHA 
at follow-up are shown. The percentages in the middle represent the redistribution from preop-
erative to follow-up NYHA class.

Pre-op
NYHA

Post-op
NYHA

NYHA class I

NYHA class II NYHA class IV

NYHA class III Class unknown

Deceased

5.8 % to class unknown
9.9 % to deceased
5.8 % to class III
10.2 % to class II
60.3 % to class I

3.1 % to class unknown
21.9 % to deceased
0 % to class III
9.4 % to class II
65.6 % to class I

6.3 % to class unknown
17.8 % to deceased
2.3 % to class III
15.5 % to class II
58.0 % to class I

4.1 % to class unknown
7.4 % to deceased
3.0 % to class III
19.8 % to class II
65.7 % to class I

4.4 % to class unknown
2.3 % to deceased
0.7 % to class III
11.4 % to class II
81.2 % to class I

121 (12.6 %)

32 (3.3 %)

174 (18.1 %)

338 (35.1 %)

298 (30.9 %)

659 (68.4 %)

153 (15.9 %)

23 (2.4 %)

82 (8.5 %)

46 (4.8 %)
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results substantially. If they would have been included, only a small number 
would be relevant because these factors are uncommon in adult CHD patients. 
Age distribution and low rates of diabetes and obesity make coronary lesions 
less likely and the low number of procedures with concomitant coronary surgery 
also reflects the low number of coronary lesions. The preoperative neurological 
dysfunction may again be expected to be very low, due to the low number of 
surgical procedures carried out in such patients.

Conclusions
Our results regarding surgery for adult CHD show that low mortality and limited 
serious morbidity can be achieved in the setting of a tertiary referral centre. 
The EuroSCORE is not a good predictor of mortality in this group of adult CHD 
patients.
	 Further research is necessary to address issues such as decision-making in 
this adult group of patients, optimal timing of intervention and improved predic-
tion models, despite the large variation of anatomic diagnoses and procedures.
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Abstract

Objectives
At this moment, no risk stratification models are available for adult congenital cardiac surgery. This 
study aims to identify a suitable stratification tool for the adult congenital heart surgery popula-
tion. Pediatric congenital cardiac surgery score models were therefore tested in an adult congeni-
tal population. In addition, an age component was added to these models and performance was 
compared with the original score systems.

Methods
The RACHS-1, Basic Aristotle Score, STS-EACTS Score and Comprehensive Aristotle Score were cal-
culated for all adult patients who underwent congenital cardiac surgery between January 1990 
and January 2007 in a single center (N=963). In addition, an age component was added to these 
models. Discrimination was then tested for all models with and without the age component. 

Results
Application of the original pediatric risk scores resulted in c statistics for 30 day mortality of 0.60, 
0.60, 0.60, and 0.66 respectively. Combining these models with the age component resulted in 
significantly higher c statistics of 0.69, 0.70, 0.69, and 0.76 respectively. Age as a sole predictor 
already resulted in a c statistic of 0.67. Comparable results were found for one year mortality.

Conclusions
The discriminatory power of the pediatric risk scores was suboptimal, but increased when adding 
age as a score component. The best performance was achieved by the combination of age and the 
Comprehensive Aristotle score, both for 30 day and one year mortality.
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Introduction

Risk stratification models play an important role in outcome assessment. With 
increasing numbers of adult congenital surgery patients, a proper risk stratifica-
tion tool should therefore be available for this heterogeneous and often complex 
patient group. At this moment however, no model is available for this popula-
tion.
	 For pediatric congenital heart surgery, two important risk stratification 
scores are available. 
	 In 2002, the Risk Adjustment in Congenital Heart Surgery (RACHS-1) system 
was published [1]. This score provides 6 risk categories based upon procedure 
complexity. A comparable approach was published in 2004: the Aristotle Score 
[2]. This score assigns points to each procedure type based upon mortality, mor-
bidity and technical difficulty. Points for this Basic Aristotle Score range from 1.5 
to 15. In addition, the Comprehensive Aristotle Score was presented. Ten extra 
points can be scored based upon several procedure dependent and procedure 
independent variables.
	 Both the RACHS-1 system and the Aristotle Score rely heavily upon expert 
opinion but have previously been validated with good results in pediatric con-
genital populations [3-7].
	 In 2009, a new score based upon 77,294 procedures from the Society of 
Thoracic Surgeons (STS) and European Association for Cardiothoracic Surgery 
(EACTS) congenital databases was presented as an alternative to the RACHS-1 
system and the Aristotle Score [8]. The main advantage of this STS-EACTS Con-
genital Heart Surgery Mortality Score (ranging from 0.1 to 5.0 points) is that it 
was developed using data instead of expert opinion. 
For adult cardiac surgery, a variety of risk stratification models are available 
[9-12]. Although based upon a majority of coronary surgery patients, the Euro-
SCORE is still a widely used risk stratification model for all types of cardiac sur-
gery, often including adult congenital procedures [9]. However, the EuroSCORE 
was already identified as a less suitable stratification tool for mortality after adult 
congenital surgery [13].
	 While the EuroSCORE does contain age as a model variable, this variable 
assigns additional risk to patients over 60 years only [14]. The Basic Aristotle, 
RACHS-1 and STS-EACTS score systems do not contain any age related variables 
suitable for an adult population [1, 2, 8]. The Comprehensive Aristotle Score for 
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example contains prematurity as an age related risk factor [2]. A logistic regres-
sion model provided by the RACHS-1 developers, includes age below 1 month as 
a model variable [1].
	 As age is generally considered an important risk factor in cardiac surgery, 
adding an age component to these congenital scoring systems might improve 
their performance in an adult population.
	 This study aims to identify a suitable stratification tool for the adult con-
genital heart surgery population. The discriminatory performance of pediatric 
congenital score models was therefore tested in a single center adult congenital 
surgery population. In addition, an age component was added to these models 
and performance was compared with the original score systems.

Materials and methods

Data
All adult (age 18 years and older at time of surgery) patients who underwent 
congenital cardiac surgery in the Erasmus University Medical Center between 
January 1990 and January 2007 were included in this study (N=963).
	 Mean patient age is 39.3 ± 15.5 years, with a median of 36 years and a range 
between 18.0 and 85.5 years. Detailed patient and procedural characteristics are 
previously described by Putman and colleagues [13].
	 The dependent variables in this study are 30 day mortality and one year 
mortality, regardless of patient location. Thirty day mortality is 1.5% (N=14), and 
one year mortality is 2.7% (N=26).

Score application
The RACHS-1, Basic Aristotle Score, STS-EACTS Score and Comprehensive Aristo-

Table 1. Age distribution and corresponding points.

Age in years Additional points Incidence (%)

18 – 29 1 327	 (34.0%)

30 – 39 2 226	 (23.4%)

40 – 49 3 180	 (18.7%)

50 – 59 4 106	 (11.0%)

60 and above 5 124	 (12.9%)
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tle Score were calculated for each patient. In addition, an age component was 
added to these scores. Table 1 provides the distribution of age and correspond-
ing points (range 1 – 5). To allow for an equal contribution to the combined 
scores, the age component was multiplied by a factor 0.6 for the RACHS-1 Sys-
tem, 1.5 for the Basic Aristotle Score, 0.5 for the STS-EACTS Score, and 2.5 for the 
Comprehensive Aristotle Score. As a result, the original score - age component 
ratio is 2:1 for all combined scores.
	 The EuroSCORE was calculated in a previous study based upon the same 
population [13].

Statistical analysis
Continuous data are presented as mean ± 1 standard deviation, and median with 
range. Categorical data are presented as proportions.
	 To evaluate the performance of the risk scores, performance was tested by 
assessment of discrimination only. Calibration was not assessed in this popula-
tion.
	 Discriminatory power was assessed using the c-index (area under the re-
ceiver operating characteristic curve) with 95% confidence limits (CI). A c-index 
of 1.0 would indicate perfect discrimination, whereas a c-index of 0.50 indicates 
total absence of discrimination. A value between these extremes is the quantita-
tive measure of a model’s ability to distinguish between survivors and non-survi-
vors. To demonstrate significant differences between c-indices, a bootstrapping 
cycle of 2000 runs was performed [15]. Tests between c-indices were 2 sided 
with p<0.05 considered to be a significant difference. 
	 R version 2.9.0 (R Foundation for Statistical Computing, Vienna, Austria) was 
used for bootstrapping, all other statistical analyses were performed with SPSS 
version 16.0 (SPSS, Chicago, Illinois).

Results

RACHS-1 distribution
The numbers of patients corresponding with each RACHS-1 risk category are 
presented in Table 2. Please note that category 3 is by far the largest category, 
while no patients were assigned to category 5 or 6. Mean of the RACHS-1 is 2.1 ± 
0.9, median 2 (range 1 – 4). In combination with age, mean is 3.6 ± 1.2, median 
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3.6 (range 1.6 – 6).

Basic Aristotle Score distribution
Mean of the Basic Aristotle Score is 6.4 ± 2.3, median 6.5 (range 1.5 – 10.5). 
In combination with age, mean is 10.0 ± 2.8, median 10.3 (range 4.5 – 16.3). A 
more detailed distribution is presented in Table 3. The complexity distribution 
is comparable to the RACHS-1 distribution; no patients are found in the most 
complex regions, while the majority of patients reside in the medium complex-
ity regions.

STS-EACTS Score distribution
Mean of the STS-EACTS Score is 0.5 ± 0.3, median 0.4 (range 0.1 – 2.1). In combi-
nation with age, mean is 1.7 ± 3.4, median 1.5 (range 0.6 – 4.2). A more detailed 
distribution is presented in Table 4. As with the RACHS-1 and Basic Aristotle 
Score distributions, no patients are found in the most complex regions.

Comprehensive Aristotle Score distribution
Table 5 provides the incidence of the procedure independent factors used by the 
Comprehensive Aristotle Score. Factors are scored according to the published 
Aristotle Score definitions, unless stated otherwise. Mean of the Comprehensive 
Aristotle Score is 7.6 ± 2.9, median 8.5 (range 3.0 – 20.5). In combination with 
age, mean is 13.8 ± 4.0, median 13.5 (range 5.5 – 30.0).

Discriminatory performance
The discriminatory power of all score systems is presented in Table 6. For the sake 
of clarity, results of the EuroSCORE model are included in this table as well. 
	 Age as a single predictor for both endpoints already outperforms the logistic 
EuroSCORE, the RACHS-1 system, the Basic Aristotle Score and the STS-EACTS 
Score (all p<0.001).
	 Adding the age component to the Basic Aristotle Score or the Comprehen-
sive Aristotle Score results in a c-index increase of 0.10, for both 30 day as one 
year mortality (p<0.001). The combinations age and the Basic Aristotle Score, 
RACHS-1 system, or STS-EACTS Score however show a comparable discrimina-
tory power as age alone.
	 The combination of age and the comprehensive Aristotle Score had the 
highest discriminatory ability of all approaches (p<0.001 when compared to any 
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other approach), in both 30 day as one year mortality. 

Discussion

This study has tested the RACHS-1, Basic Aristotle Score, STS-EACTS Score and 
Comprehensive Aristotle Score in an adult congenital population with subopti-
mal results in terms of discrimination.
Results were suboptimal for all score systems. When adding an age component 

Table 2. Distribution of RACHS-1 risk categories.

RACHS-1 risk category Number of patients (%)

1 286	 (29.7%)

2 259	 (26.9%)

3 412	 (42.8%)

4 6	 (0.6%)

5 0	 (0%)

6 0	 (0%)

RACHS = Risk Adjustment in Congenital Heart Surgery

Table 3. Distribution of Basic Aristotle points.

Basic Aristotle Score Number of patients (%)

1.5 – 3 240	 (24.9%)

> 3 – 4	 30	 (3.1%)

> 4 – 5 6	 (0.6%)

> 5 – 6	 56	 (5.8%)

> 6 – 7	 262	 (27.2%)

> 7 – 8	 156	 (16.2%)

> 8 – 9	 156	 (16.2%)

> 9 – 10	 6	 (0.6%)

> 10 – 11	 51	 (5.3%)

> 11 – 12	 0	 (0%)

> 12 – 13	 0	 (0%)

> 13 – 14	 0	 (0%)

> 14 – 15	 0	 (0%)
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to these scores, a significant increase was found in discriminatory power for all 
three models. C-indices for the Basic Aristotle Score and Comprehensive Aristo-
tle Score increased by 0.10 when assessing 30 day mortality.
	 Combining the Comprehensive Aristotle Score and age resulted in the best 
discriminatory performance of all approaches (p<0.001).

Additional variables
Adding several variables to the RACHS-1 system, the Basic Aristotle Score or the 
STS-EACTS Score has previously been studied in pediatric populations and re-
sults in a better discriminatory performance for this patient group [8]. A logistic 
regression model provided by the RACHS-1 developers that includes the com-

Table 4. Distribution of STS-EACTS Score points.

STS-EACTS Score points Number of patients (%)

0.1 – 0.5 762	 (79.1%)

> 0.5 – 1.0 152	 (15.8%)

> 1.0 – 1.5 27	 (2.8%)

> 1.5 – 2.0 21	 (2.2%)

> 2.0 – 2.5 1	 (0.1%)

> 2.5 – 5 0	 (0%)

STS = Society of Thoracic Surgeons, EACTS = European Association for Cardiothoracic Surgery

Table 5. Incidence of risk factors of the Comprehensive Aristotle Score.

Additional factors Number (%)

Mechanical cardio-pulmonary support	 18	 (1.9%)

Myocardial dysfunction 15	 (1.6%)

Mechanical ventilation 18	 (1.9%)

Pulmonary hypertension* 35	 (3.6%)

Endocarditis 22	 (2.3%)

Renal dysfunction 6	 (0.6%)

Diabetes mellitus** 25	 (2.6%)

Redo sternotomy 476	 (49.4%)

* 	 Replaces ‘Elevated lung resistances’
** 	 Both insulin and non-insulin dependent types score 1 point
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plexity score and a few other risk factors also showed an increased performance 
in their study population [1]. This model was not assessed in this study because 
the majority of variables in this model are present in pediatric patients only.
	 Including additional risk factors to the RACHS-1 model will likely improve 
results in an adult congenital population as well, comparable to the Comprehen-
sive Aristotle Score. 

Complexity of adult congenital surgery
As one can appreciate from Table 2, RACHS-1 categories 4, 5 and 6 are not well 
represented. Although this effect can be seen in the higher Aristotle Score and 
STS-EACTS Score points as well, they offer a larger variety of risk categories. Pro-
cedures assigned to these higher RACHS-1 categories are obviously generally 
performed in childhood. This results in a sub-optimal classification for adult con-
genital patients, possibly contributing to the limited performance of this score. 
A revision of these complexity based categories might improve results. This also 
goes for the STS-EACTS Score.

Calibration
Calibration was not assessed in this study. For all pediatric scores included in 

Table 6. Discrimination for all risk scores.

Score 30 day 
mortality
c-index 95% CI

1 year 
mortality 
c-index 95% CI

Logistic EuroSCORE [13] 0.59 0.45 – 0.72 0.67 0.56 – 0.78

Age 0.67 0.54 – 0.80 0.66 0.56 – 0.76

RACHS-1 0.60 0.45 – 0.75 0.59 0.47 – 0.70

RACHS-1 + Age 0.69 0.54 – 0.84 0.66 0.56 – 0.77

Basic Aristotle 0.60 0.44 – 0.76 0.56 0.44 – 0.68

Basic Aristotle + Age 0.70 0.53 – 0.86 0.64 0.53 – 0.76

STS-EACTS 0.60 0.44 – 0.76 0.57 0.46 – 0.68

STS-EACTS + Age 0.69 0.54 – 0.84 0.67 0.57 – 0.77

Comprehensive Aristotle 0.66 0.54 – 0.79 0.65 0.54 – 0.75

Comprehensive Aristotle + Age 0.76	 0.62 – 0.90 0.74 0.65 – 0.84

RACHS = Risk Adjustment in Congenital Heart Surgery, STS = Society of Thoracic Surgeons, EACTS = 
European Association for Cardiothoracic Surgery
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this study, the risk of mortality corresponding with the resulting scores and cat-
egories has been reported, but these risks differ greatly from our adult popu-
lation.  These risks clearly depend on the selection of the reference data set.  
For example, it has been reported that in a specific pediatric data set, RACHS-1 
categories 2 and 3 have a mortality of respectively 3.8 and 9.5%. As thirty day 
mortality in our study is 1.5% while most patients reside in categories 2 and 3, 
testing calibration is futile.
	 As this is a single center study, no efforts have been made to construct score-
mortality conversions and validate these conversions. Due to lower mortality 
rates it is likely that all complexity based scores developed for pediatric patients 
require recalibration when used in an adult congenital population [13, 16].

Limitations
Limitations of this study are the single center approach and the modest cohort 
size. Differences in patient selection and surgical skills may cause results to vary 
from those in other centers. For this reason, analyses are limited to validation 
of an existing model in combination with age; no new model was derived from 
this study cohort. For the sake of parsimony, the age component in this study 
consists of a linear relation between age and points, while in real life a more 
exponential relation might be found.

Conclusions and recommendations
Although general applicability of results from this study remains undetermined, 
the encouraging results of the inclusion of age should incent the EACTS and STS 
database committees to explore these findings in a larger adult congenital popu-
lation or – if necessary– to start collecting additional variables to enable such 
investigations. Furthermore, just like unification of the Aristotle Score and the 
RACHS-1 for pediatric purposes was suggested by those that developed them 
[17], a combined effort for the adult congenital population might be considered 
as well.
	 A combination of procedure complexity and known adult surgery risk fac-
tors, including age and for example smoking history and preoperative renal dys-
function, will probably result in a well performing risk stratification model for 
adult congenital heart surgery. Ideally, this model will truly be based upon an 
adult congenital heart surgery patient cohort. This way, risk factors that might 
be specific to adults with congenital heart disease, such as the number of repeat 

Thesis.indb   160 8-3-2011   20:43:36



Risk stratification for adult congenital heart surgery 161

sternotomy, can be examined further [18].
	 Until dedicated prediction models for adult congenital surgery are available, 
the simple combination of the Comprehensive Aristotle Score and age appears a 
promising risk stratification alternative in this population.
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Abstract

Background
The SYNTAX score, a comprehensive angiographic scoring system, was recently developed as a tool 
for risk stratification during the SYNTAX trial (randomized trial comparing coronary artery bypass 
grafting with percutaneous coronary intervention). We applied the SYNTAX score in patients with 
left main coronary artery disease who underwent coronary artery bypass grafting to examine its 
role in predicting incidences of major adverse cardiac and cerebrovascular events (MACCE) within 
30 days and 1 year. 

Methods
One hundred forty-eight patients were studied. Their angiograms were scored according to the 
SYNTAX score. The MACCE-free survival curves were estimated by the Kaplan–Meier method. Uni-
variate and multivariate analyses determined risk factors for MACCE. Performance of the SYNTAX 
score was studied with respect to discrimination by receiver-operating characteristic curves with 
their area under the curve (c-index). Classification and regression tree analysis was performed to 
identify the best outcome predictors and develop a risk stratification model. 

Results
Overall SYNTAX score ranged from 11 to 53 (mean, 24±9). At 30 days and 1 year, 15 (10%) and 
19 (13%) patients experienced MACCE. Patients with a higher SYNTAX score had a significantly 
(p < 0.0001) poorer MACCE-free survival. In multivariate analysis, SYNTAX score, female sex, and 
incomplete revascularization were associated with a higher rate of MACCE in 30 days. The SYNTAX 
score was the single predictor for MACCE in 1 year. The c-index of the SYNTAX score was 0.88 for 30 
days and 0.90 for 1 year, respectively. The SYNTAX score was the best single discriminator between 
patients with and those without MACCE, with a discrimination level of 36.5. 

Conclusions
The SYNTAX score is the first coronary vasculature complexity score predictive for postoperative 
outcome in patients with left main coronary artery disease undergoing coronary artery bypass 
grafting. The outcomes of the ongoing SYNTAX trial will definitively define the role of the SYNTAX 
score in predicting short-term and long-term incidence of MACCE.
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Introduction

Coronary artery bypass graft surgery (CABG) is considered the standard of care 
for the treatment of left main coronary artery disease [1–4]. However, continued 
technical evolution of percutaneous coronary intervention (PCI), including the 
introduction of drug-eluting stents, has renewed the interest for the percutane-
ous treatment of left main coronary artery disease [5–7]. In addition, whereas 
PCI has improved, CABG has also progressed with better perioperative manage-
ment, more frequent use of arterial grafting, and improved techniques with min-
imally invasive and off-pump surgery as options [8, 9]. As a result of continually 
improving the treatment strategy in patients with coronary artery disease, the 
SYNTAX (Synergy Between Percutaneous Intervention With TAXUS Drug-Eluting 
Stent and Cardiac Surgery) trial has recently been initiated [10, 11]. In this pro-
spective randomized trial, consecutive patients with de novo three-vessel dis-
ease or left main coronary artery disease (isolated, or in combination with one-, 
two-, or three-vessel disease) are randomly assigned to either PCI or CABG, if 
both can achieve comparable revascularization. The SYNTAX score is a compre-
hensive, angiographic scoring system, aiming to assist in patient selection and 
risk stratification. It merges several previously validated angiographic classifica-
tions based on morphology and location of coronary artery lesions within the 
coronary tree. Recently, the predictive value of the SYNTAX score was assessed 
in patients who underwent PCI [12]. A validation of this angiographic classifica-
tion tool is lacking for patients undergoing CABG. We applied the SYNTAX score 
in patients with left main coronary artery disease (isolated, or in combination 
with one-, two-, or three-vessel disease) who underwent primary CABG to exam-
ine its role in predicting short-term and long-term incidences of major adverse 
cardiac and cerebrovascular events (MACCE).

Material and Methods

Study Design and Patient Population
Retrospectively, the medical records of 148 patients who underwent primary 
CABG for left main coronary artery disease at the Department of Cardio-Thoracic 
Surgery of the Erasmus MC Rotterdam between January 1, 2001, and March 31, 
2004, have been reviewed. The Ethics Committee of the Erasmus MC Rotterdam 

Thesis.indb   167 8-3-2011   20:43:36



Chapter 10168

has approved the study. Individual consent for the study was waived. Patients 
were followed up with regular visits to the outpatient clinic. Surgical risk profile 
of all patients was scored according to the EuroSCORE [13] and the Parsonnet 
score [14]. The patient’s angiograms (coronary vasculature complexity) were 
scored according to the SYNTAX score [10, 11].

SYNTAX Score and Angiographic Analysis
Each coronary lesion producing 50% or greater luminal obstruction in vessels 1.5 
mm or greater was separately scored and added to provide the overall SYNTAX 
score. The SYNTAX score was calculated using dedicated software that integrates 
the number of lesions with their specific weighting factors based on the amount 
of myocardium distal to the lesion according to the score of Leaman and col-

Table 1. Baseline characteristics of the study population .

Characteristic SYNTAX score p value

≤ 19
(n= 49)

> 19 – 25
(n= 48)

> 25
(n= 51)

Age (years) 62 ± 9 63 ± 9 67 ± 10 0.028

Female sex 4   (8%) 10   (21%) 9   (18%) 0.199

Body mass index (kg/m2) 27 ± 4 27 ± 4 27 ± 4 0.703

Diabetes 7   (14%) 10   (21%) 15   (29%) 0.183

   Insulin dependent 2   (4%) 1   (2%) 4   (8%) 0.389

Hypertension 13   (27%) 23   (48%) 25   (49%) 0.038

Hypercholesterolemia 35   (71%) 29   (60%) 36   (71%) 0.435

Smoking 14   (29%) 8   (17%) 11   (22%) 0.367

Left ventricular ejection fraction (%) 57 ± 8 56 ± 11 52 ± 10 0.042

Chronic obstructive pulmonary disease 4   (8%) 3   (6%) 5   (10%) 0.811

Peripheral vascular disease 8   (16%) 3   (6%) 13   (26%) 0.034

Prior myocardial infarction 13   (27%) 15   (31%) 27   (53%) 0.014

Unstable angina 21   (43%) 18   (38%) 22   (43%) 0.816

Intra-aortic balloon pumping support 6   (12%) 9   (19%) 8   (16%) 0.676

Urgent surgery 3   (6%) 7   (15%) 3   (6%) 0.225

Prior percutaneous coronary intervention 10   (21%) 7   (15%) 8   (16%) 0.717

Prior cerebrovascular accident 3   (6%) 1   (2%) 3   (6%) 0.575

Chronic renal failure 5   (10%) 5   (10%) 4   (8%) 0.888

EuroSCORE 3.1 ± 3.1 3.8 ± 3.2 4.8 ± 3.4 0.035

Parsonnet Score 5.0 ± 6.9 7.1 ± 6.8 9.3 ± 7.5 0.016
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Figure 1. SYNTAX score of a patient with left main coronary disease in combination with three-
vessel disease.
LAD = left anterior descending coronary artery; LCX = left circumflex coronary artery; LM = left 
main coronary artery; RCA = right coronary artery.
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leagues [15] and the morphologic features of each single lesion, as previously 
reported [11]. An example of the SYNTAX score calculation in 1 patient is shown 
in Figure 1. The patient’s SYNTAX score was stratified into SYNTAX score tertiles 
[12]. All diagnostic angiograms were scored by one experienced investigator 
(Ö.B.) who was blinded as to procedural data and clinical outcome.

Study Objectives and End Points
The primary objective of this study was to analyze the value of the SYNTAX score 
in predicting short-term and long-term outcomes in patients with left main coro-
nary artery disease who underwent primary CABG. The primary end point was 
the incidence of MACCE, defined as a composite of all-cause death, cerebrovas-
cular events, myocardial infarction, and repeat revascularization by either PCI or 
CABG. We report the incidence of the primary end point at 30 days and 1 year.

End Point Definitions
Death from all causes was reported. A cerebrovascular accident is any acute 
event related to the impairment of the cerebral circulation that lasts more than 
24 hours and results in irreversible brain damage or permanent body impair-
ment. Myocardial infarction was considered if there was documentation of new 
abnormal Q waves and a ratio of serum creatinine kinase-MB isoenzyme to total 
cardiac enzyme that was greater than 0.1 or a creatinine kinase to creatinine 

Table 2. Angiographic and procedural characteristics of the study population.

Characteristic SYNTAX score p value

≤ 19
(n= 49)

> 19 – 25
(n= 48)

> 25
(n= 51)

Left main stenosis (%) 75 ± 13 74 ± 14 73 ± 11 0.775

Isolated left main disease 14   (29%) 0 0 < 0.001

Left main + one-vessel disease 24   (49%) 20   (42%) 2   (4%) < 0.001

Left main + two-vessel disease 11   (22%) 16   (33%) 13   (26%) 0.461

Left main + three-vessel disease 0 12   (25%) 36   (71%) < 0.001

Type of graft

   Total arterial 9   (18%) 9   (19%) 2   (4%) 0.047

   Arterial and venous 37   (76%) 37   (77%) 44   (86%) 0.350

   Total venous 3   (6%) 2   (4%) 5   (10%) 0.524

Complete revascularization 44   (90%) 44   (92%) 40   (78%) 0.111
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kinase-MB value that was five times the upper limit of normal [10]. Serum creati-
nine kinase and creatinine kinase-MB isoenzyme concentration were measured 
6, 12, and 18 hours after operation. All repeat revascularization procedures by 
either PCI or CABG were recorded. Events were counted from the time of opera-
tion.

Statistical Analysis
Discrete variables are displayed as proportions, continuous variables as mean 
± standard deviation unless specified otherwise. The X2 (whenever n > 5 in all 
groups) or Fisher’s exact test was used to analyze the categorical data. Differenc-
es between continuous variables were analyzed using one-way analysis of vari-
ance. When comparing three groups, a probability value of less than 0.0167 was 
considered significant (alpha correction according to Bonferroni). The MACCE-
free survival curves were estimated by the Kaplan–Meier method. Differences 
in survival were compared using the log-rank test. Univariate and multivariate 
logistic regression analysis determined risk factors for MACCE within 30 days. 
Univariate and multivariate Cox proportional hazard analysis determined risk 
factors for MACCE within 1 year. A probability value of less than 0.05 was con-
sidered significant. The multivariate analyses were performed with a stepwise 

Table 3. Thirty-day and one-year outcome.

Characteristic SYNTAX score p value

≤ 19
(n= 49)

> 19 – 25
(n= 48)

> 25
(n= 51)

30 days

   MACCE 0 3  (6%) 12  (24%) 0.0001

   Death 0 1  (2%) 6  (12%) 0.014

   Myocardial infarction 0 3  (6%) 6  (12%) 0.038

   Cerebrovascular accident 0 0 2  (4%) 0.329

   Revascularization 0 1  (2%) 0 0.324

1 year

   MACCE 0 3  (6%) 16  (31%) < 0.0001

   Death 0 1  (2%) 8  (16%) 0.002

   Myocardial infarction 0 3  (6%) 6  (12%) 0.038

   Cerebrovascular accident 0 0 3  (6%) 0.106

   Revascularization 0 1  (2%) 1  (2%) 0.770
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backward regression model in which each variable with a probability value of 
less than 0.20 in the univariate analysis was entered in the model. Relative risks 
are reported with 95% confidence intervals. Performance of the SYNTAX score 
was studied with respect to discrimination (resolution). Discrimination refers to 
the ability to distinguish patients with MACCE from those without. It was as-
sessed by receiver operating characteristic curves with their areas under the 
curve (c-index) with 95% confidence limits. A c-index of 1.0 would indicate per-
fect discrimination, whereas a c-index of 0.5 indicates total absence of discrimi-
native power.
	 All variables associated with the incidence of MACCE at 1 year at a probabil-
ity value of 0.10 in the Cox proportional hazard analysis were subjected to clas-
sification and regression tree analysis to identify the best outcome predictors 
and develop the risk stratification model [16]. This method is based on recursive 
partitioning analysis and involves the segregation of different values of classifica-
tion variables through a decision tree composed of progressive binary splits. This 
approach has the advantage of uncovering possible interactions among predic-
tors.
	 Descriptive statistical analyses were performed with SPSS 15.0 for Windows 
(SPSS, Chicago, IL), and R version 2.5.1 (R Foundation for Statistical Computing, 
Vienna, Austria) was used for calculating c-indices with 95% confidence limits, 
constructing receiver-operating characteristic curves, plotting Kaplan–Meier 
survival curves, and performing classification and regression tree analysis.

Results

Patient Characteristics
Of the 148 patients included in this analysis, 125 (85%) were men and 23 (15%) 
women. The mean age at time of surgery was 64±9 years (range, 32 to 83 years). 
Eightyseven patients (59%) presented with stable angina and 61 patients (41%) 
with unstable angina. The patient’s preoperative characteristics stratified accord-
ing to SYNTAX score tertiles are outlined in Table 1. The rate of a prior myocar-
dial infarction and the Parsonnet score were significantly higher in the patients 
within the third tertile, whereas no difference was seen in the rate of all other 
preoperative characteristics.
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SYNTAX Score and Procedural Characteristics
The overall SYNTAX score ranged from 11 to 53, with a mean of 24±9. The overall 
EuroSCORE ranged from 0 to 15 (mean, 4±3) and the overall Parsonnet score 
ranged from 0 to 35 (mean, 7±7). Fourteen (10%) patients had isolated left main 
disease, 46 (31%) patients had left main disease with one-vessel disease, 40 
(27%) patients had left main disease with two-vessel disease, and 48 (32%) pa-
tients had left main disease with three-vessel disease. Elective surgery account-
ed for 82% of the procedures, with 18% being urgent. In 23 patients (16%) pre-
operative intraaortic balloon pumping support was applied. Revascularization 
with arterial grafts only was performed in 20 patients (14%) while 10 patients 
(7%) were treated with venous grafts only. The majority (118 patients, 80%) was 
treated with a combination of arterial and venous grafts.
	 Complete revascularization was achieved in 128 patients (86%). Baseline 
angiographic and procedural characteristics of the study population stratified 
according to SYNTAX score tertiles are presented in Table 2. The patients within 
the first tertile mainly had isolated left main disease or left main with one-vessel 
disease, whereas the patients within the third tertile mainly had left main with 
two- or three-vessel disease.

Thirty-Day Outcome
At 30 days, 15 (10%) of the patients experienced MACCE. Thirty-day outcome of 
the study population stratified across SYNTAX score tertiles is illustrated in Table 
3. Overall hospital mortality was 5% (7 of 148 patients). None of the patients 
within the first SYNTAX score tertile experienced MACCE. The patients within 
the third tertile showed the highest rate of MACCE. This difference of MACCE 
was mainly driven by a higher rate of postoperative deaths within the third ter-
tile. When evaluating risk factors in the univariate analysis, the SYNTAX score, 
female sex, number of diseased vessels, and incomplete revascularization sig-
nificantly predicted the rate of MACCE (Table 4). In multivariate analysis, SYNTAX 
score (relative risk, 1.2; 95% confidence interval, 1.1 to 1.3), female sex (relative 
risk, 6.6; 95% confidence interval, 1.5 to 29.7), and incomplete revascularization 
(relative risk, 4.7; 95% confidence interval, 1.1 to 20.8), were associated with a 
higher rate of MACCE (Table 4).
	 On the basis of the discriminatory performance of the SYNTAX score a re-
ceiver-operating characteristic curve was generated (Figure 2A). The correspond-
ing c-index of the SYNTAX score was 0.88 (95% confidence interval, 0.79 to 0.97), 
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demonstrating an excellent discriminatory performance of the SYNTAX score.

One-Year Outcome
At 1 year, 19 (13%) of the patients experienced MACCE. The distribution of 
MACCE according to SYNTAX score tertiles is illustrated in Table 3. All 4 MACCE (2 
deaths, 1 revascularization, and 1 cerebrovascular accident) that occurred after 
30 days occurred in the patients within the third tertile. The MACCE-free survival 
curves according to SYNTAX score tertiles are illustrated in Figure 3. Survival of 
the patients within the third tertile was significantly poorer than patients within 
the first tertile (p < 0.0001) and patients within the second tertile (p < 0.002). No 
significant difference (p = 0.08) was seen between patients within the first and 
those within the second tertile. In univariate analysis, the SYNTAX score, female 
sex, number of diseased vessels, and incomplete revascularization significantly 
predicted the rate of MACCE (Table 4). In multivariate analysis, only the SYNTAX 
score (relative risk, 1.2; 95% confidence interval, 1.1 to 1.2) was associated with 
a higher rate of MACCE (Table 4).
	 The c-index of the SYNTAX score was 0.90 (95% confidence interval, 0.82 to 
0.97), demonstrating an outstanding discriminatory performance of the SYNTAX 
score (Figure 2B).
	 By evaluating all variables related to 1-year MACCE at a p value of 0.10 or 
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Figure 2. Receiver-operating characteristic curves for discriminatory performance of the SYNTAX 
score at 30 days (A) and 1 year (B).
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less at univariate Cox proportional hazard analysis (Table 4), the classification 
and regression tree method confirmed the SYNTAX score as the best single dis-
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Figure 3. Major adverse cardiac and cerebrovascular event (MACCE)-free survival according to 
SYNTAX score tertiles.

Figure 4. Based on classification and regression three analysis, the SYNTAX score emerged as the 
best single discriminator between patients with and those without major adverse cardiac and 
cerebrovascular events (MACCE) in 1 year, with a discrimination level of 36.5.
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criminator between patients with and those without MACCE, with a discrimina-
tion level of 36.5 (Figure 4). When stratified into the discrimination level sug-
gested by classification and regression tree analysis, the adjusted relative risk for 
MACCE was 21.5 (95% confidence interval 8.3 to 55.9; p < 0.0001) for patients 
with a high versus low SYNTAX score.

Comment

Despite a continuous effort to detect new and progressively more predictive 
markers of prognosis in patients with coronary artery disease, implementation 
of unconventional and expensive risk stratification algorithms in the clinical set-
ting remains problematic. So far, prognostic scoring systems, which are used 
in clinical practice, such as the EuroSCORE and the Parsonnet score, consist of 
patient-related and operation-related risk factors. The SYNTAX score, which is 
a comprehensive, angiographic scoring system, was recently developed in an 
attempt to assist in patient selection and risk stratification of patients with ex-
tensive coronary artery disease undergoing revascularization of the left main 
coronary artery or the three main coronary arteries [10, 11]. Higher SYNTAX 
scores, indicative of more complex coronary artery disease, are assumed to rep-
resent a bigger therapeutic challenge and to have worse prognosis. A recently 
published study evaluating the predictive value of the SYNTAX score in patients 
who underwent PCI showed that the SYNTAX score had the greatest discrimina-
tory ability for incidence of MACCE [12]. To obtain some insights into the perfor-
mance of the SYNTAX score in patients who underwent CABG, 148 patients who 
underwent primary CABG for left main coronary artery disease were studied. In 
our study, the SYNTAX score performed significantly better than the EuroSCORE 
and Parsonnet score in terms of prognostic accuracy. The discriminatory perfor-
mance of the SYNTAX score was outstanding with a c-index of 0.88 for incidence 
of MACCE in 30 days, and a c-index of 0.90 for incidence of MACCE in 1 year. The 
classification and regression tree analysis confirmed the SYNTAX score as the 
best single discriminator between patients with and those without MACCE, with 
a discrimination level of 36.5. Our findings demonstrate that the SYNTAX score 
may be a suitable tool to stratify risk in early and late outcomes in this subset of 
patients.
	 Most prognostic models proposed thus far have been derived from an origi-
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nal dataset from a large-scale registry or a randomized controlled trial [17]. In this 
context, a vital aspect of prediction is to consider whether such a model is ap-
plicable to similar patients in another setting. A model that is found to pass such 
a test is said to have been validated [18]. The SYNTAX score was created by an 
international group of expert interventional cardiologists and cardiac surgeons 
by merging together and tailoring several previously proposed coronary artery 
disease scoring systems based on personal expertise [11]. The ultimate goal is 
to create an angiographic tool grading the complexity of coronary artery disease 
and obtain evidence-based guidelines for selecting the optimal technique of 
revascularization (CABG or PCI). The present report is the first evaluation of the 
predictive value of this recently developed angiographic scoring system in pa-
tients undergoing CABG. However, the SYNTAX score cannot be considered fully 
validated because this is the only data set of patients undergoing CABG in which 
the model has been tested. As such, it remains unclear whether and to what 
extent our present findings can be reproduced in a different group of patients 
with left main coronary artery disease. The outcomes of the SYNTAX trial, which 
is ongoing at the present time, in which the SYNTAX score will be used to predict 
clinical outcomes at 1 month, and 1, 3, and 5 year after the procedure will most 
likely define the role of the SYNTAX score in predicting clinical outcomes after 
CABG or PCI [10, 11].
	 Interpretation of diagnostic angiograms, as any clinical tool, is subject to 
some intraobserver and interobserver variability. A limitation of the present 
study is that one experienced investigator scored the angiograms, whereas in 
a prospective randomized controlled trial the angiograms are scored by a local 
heart team (composed of both a cardiothoracic surgeon and an interventional 
cardiologist), and as a consequence probably will decrease the interobserver 
variability. The present study is performed in a relatively small number of pa-
tients. Therefore, some covariates, such as age and urgent surgery, which have 
been shown to affect outcome in earlier studies, might have been excluded from 
the multivariate model.
	 In conclusion, the SYNTAX score is the first coronary vasculature complexity 
score predictive for postoperative outcome in patients with left main coronary 
artery disease (isolated, or in combination with one-, two-, or three-vessel dis-
ease) undergoing CABG. The outcomes of the ongoing SYNTAX trial [19] will de-
finitively define the role of the SYNTAX score in predicting short-term and long-
term incidence of MACCE.
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Abstract

Background
Renal dysfunction is an important variable in the EuroSCORE (European System for Cardiac Opera-
tive Risk Evaluation) model and is currently defined as ‘creatinine >200 μmol/l’. The aim of this 
study was to examine whether using other definitions of renal dysfunction could improve the 
predictive ability of the EuroSCORE.

Methods
Between January 2004 and January 2006, 1205 patients underwent cardiac surgery. Their preop-
erative glomerular filtration rate and EuroSCORE were calculated. Four recalibrated EuroSCORE 
models were constructed using (1) creatinine as a binary variable, (2) creatinine as a continuous 
variable, (3) glomerular filtration rate as a categorical variable, or (4) glomerular filtration rate as a 
continuous variable. The predictive ability of these models was assessed using receiver operating 
characteristic curve analysis.

Results
Hospital mortality was 4% (n=47). Receiver operating characteristic curve values were: 0.78 for 
the original EuroSCORE, 0.80 for the recalibrated binary creatinine model, 0.83 for the continuous 
creatinine model, 0.83 for the categorical glomerular filtration rate model, and 0.82 for the con-
tinuous glomerular filtration rate model.

Conclusion
The use of creatinine as a continuous variable or glomerular filtration rate as a categorical or con-
tinuous variable improves the predictive accuracy of the EuroSCORE model for hospital mortality. 
Given the increasing incidence of preoperative renal dysfunction and its impact on hospital mor-
tality, future risk stratification models should include continuous creatinine or glomerular filtration 
rate rather than creatinine as a binary variable.
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Background

Inclusion of binary variables and thereby ease of usage was one of the main 
objectives during the development of the EuroSCORE (European System for 
Cardiac Operative Risk Evaluation) model [1]. In 1999, this resulted in a simple 
additive model based upon 17 independent predictors. Shortly after, studies 
however showed that the additive EuroSCORE model overestimates mortality 
in low-risk patients, while it underestimates mortality in high risk patients [2, 3]. 
For this reason, the logistic EuroSCORE model was published and recommended 
to be used instead of the additive model [4]. Although this model indeed dem-
onstrated an improved performance, it nowadays proves to generally overesti-
mate mortality [5]. Recently, plans were released to develop a new EuroSCORE 
model that reflects contemporary practice (http://www.euroscore.org/Euro-
SCORE2008.htm). 
	 To produce a more accurate EuroSCORE model, existing binary variables 
could be replaced by continuous ones. One of these variables is renal dysfunc-
tion, defined in the original EuroSCORE model as serum creatinine exceeding 
200 μmol/l. As renal dysfunction is an important predictor of mortality and mor-
bidity after cardiac surgery [6-9], replacing this binary variable may improve Eu-
roSCORE performance in particular.
	 Several studies claim that glomerular filtration rate (GFR) is a better pre-
dictor than creatinine as an independent risk factor for adverse outcome after 
cardiac surgery [10, 11]. This could imply that EuroSCORE performance improves 
further when GFR replaces the binary creatinine variable.
	 We sought to determine whether the replacement of ‘creatinine >200 
μmol/l’ by continuous creatinine, categorical GFR, or continuous GFR improves 
the performance of the EuroSCORE model to predict hospital mortality after car-
diac surgery.
 

Materials and methods

Study design and data collection
Data were collected prospectively on all patients undergoing adult cardiac sur-
gery in our hospital between January 2004 and January 2006. All collected vari-
ables were compliant with published EuroSCORE model variable definitions [1]. 
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Whenever patients underwent multiple operations within one month or during 
the same hospital admission, only the first (index) procedure was included. No 
restrictions on type of surgery were applied. The dependent variable (outcome 
of interest) was in-hospital mortality, defined as all cause mortality during hos-
pital admission.

Analysis plan
Four models based upon the EuroSCORE model were created. The first was con-
structed by recalibrating the logistic EuroSCORE to fit our population, still using 
the original ‘creatinine >200 μmol/l’ variable. Three additional recalibrated Eu-
roSCORE models were constructed; in one model creatinine as a binary variable 
was substituted by creatinine as a continuous variable, in another  model by GFR 
as a categorical variable and in the last model by GFR as a continuous variable. 
Recalibration was performed by re-estimating all model coefficients (including 
intercept) using logistic regression analysis.
	 Finally, performance of the original and the recalibrated EuroSCORE models 
was compared.

GFR calculation
Preoperative GFR was calculated according to Cockcroft and Gault [12]. The fol-
lowing equation was used for men:

GFR = ((140 – age in years) * bodyweight in kilograms) / (0.81 * serum crea-
tinine in μmol/l)

As the female body generally has a lower percentage of muscle mass, the calcu-
lated GFR was multiplied by 0.85 in female patients, as determined by Cockroft 
and Gault  [12].
	 In one of the produced models, GFR was inserted as a categorical variable; 
values were categorized according to the five stages of chronic kidney disease 
according to the Kidney Disease Outcome Quality Initiative [13]. These stages 
are shown in Table 1.

Statistical analysis
Continuous data are presented as mean ± 1 standard deviation, and median. 
Categorical data are presented as proportions.
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	 The study population was compared with the EuroSCORE population for 
prevalence of risk factors. Chi-square testing was used for comparison of cate-
gorical variables. Continuous variables were assessed using the Student’s t-test. 
P-values under 0.05 were considered significant.
	 Univariable logistic regression was used to identify potential risk factors for 
hospital mortality. Predictors with p-values below 0.10 were entered into a mul-
tivariable regression model using backward conditional stepping and limited by 
5-9 events per variable, as proposed by Vittinghoff and McCulloch [14]. Predic-
tors with a p-value below 0.10 were considered significant. To assess risk-factor 
weightings, odds ratio (OR) values were calculated for all significant predictors.
The fit of the logistic regression model was measured in terms of its discrimina-
tion and calibration. Discrimination, which is measured using the c-index (area 
under the receiver operating characteristic curve) with 95% confidence limits 
(CI), captures the model’s ability to distinguish between patients who die in the 
hospital and patients who are discharged alive. It is defined as the proportion of 
the time that a patient who survives is assigned a higher probability of survival 
than a patient who dies in the hospital. A value of 1.0 is perfect, and a value of 
0.5 denotes only random ability to distinguish between deaths and survivors.
To demonstrate significant differences between c-indices, a bootstrapping cycle 

Table 1. National Kidney Foundation Kidney Disease Outcomes Quality Initiative Classification, 
Prevalence, and Action Plan for Stages of Chronic Kidney Disease.

Stage Description GFR, mL/min 
per 1.73 m2

Action

1 Kidney damage with normal or 
increased GFR

≥90 Diagnosis and treatment; treat-
ment of comorbid conditions; 
slowing progression; CVD risk 
reduction

2 Kidney damage with mild de-
creased GFR

60–89 Estimating progression

3 Moderately decreased GFR 30–59 Evaluating and treating complica-
tions

4 Severely decreased GFR 15–29 Preparation for kidney replace-
ment therapy

5 Kidney failure <15 (or dialysis) Kidney replacement (if uremia 
present)

CVD = Cardiovascular Disease; GFR = Glomerular Filtration Rate.
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of 2000 runs was performed [15]. Tests between c-indices were 2 sided with 
p<0.05 considered to be a significant difference. 
	 Calibration was evaluated by the Hosmer-Lemeshow goodness-of-fit test 
(H-L) and graphically by a calibration plot. The smooth curve in a calibration plot 
reflects the non-parametric relation between observed mortality and predicted 
probability of mortality. Perfect calibration is represented by the straight dotted 
line through the origin. Triangles are based on quintiles of patients with similar 
predicted probabilities. Spikes at the bottom of a calibration plot represent the 
distribution of predicted probabilities. Models with Hosmer-Lemeshow p-values 
above 0.05 were considered to be well calibrated.
	 Basic statistical analyses were performed with SPSS version 15.0 (SPSS, Chi-
cago, Illinois). R version 2.5.1 (The R Foundation for Statistical Computing) was 
used for bootstrapping, calculating c-values with 95% CI, Hosmer-Lemeshow p-
values and constructing receiver operating characteristic (ROC) curves and cali-
bration plots.

Results

Study population
A total of 1205 patients were included in the study and their overall in-hospital 
mortality was 4% (N=47). Mean patient age was 62 years (range 18-87 years). 
Patient characteristics are presented in Table 2.
	 Isolated coronary surgery was performed in only 36% (n=440) of the proce-
dures, while this was 64.% for the EuroSCORE population. Combined coronary 
and valve surgery was performed in 14% (n=172), isolated valve surgery in 40% 
(n=488), and 9% (n=105) were other procedures.
	 Table 2 reveals several other evident differences between the study popula-
tion and the EuroSCORE population. Chronic pulmonary disease and pulmonary 
hypertension were more prevalent in our population and more of our patients 
underwent surgery on the thoracic aorta or had previously undergone cardiac 
surgery.

Independent risk factors for hospital mortality
Four separate logistic regression analyses were undertaken. Each analysis in-
cluded all collected EuroSCORE variables, but only one of the investigated renal 
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dysfunction variables at the time. Continuous GFR and both binary and continu-
ous creatinine were significant independent predictors of hospital mortality (OR 
1.02 (95%CI 1.01-1.03), OR 3.78 (95%CI 1.08-13.19) and OR 1.005 (95%CI 1.002-
1.007) respectively). Categorical GFR was also a significant independent predic-
tor of hospital mortality: compared to the reference group with a normal GFR 

Table 2. Prevalence of risk factors in our population and the EuroSCORE population.

Rotterdam (%) EuroSCORE (%) p-value

N= 1205 19030 [21]

Age 62.0 (SD 14.1, 18-87) 62.5 (SD 10.7, 17-94)

Female 31.1 27.8 0.003

Chronic pulmonary disease 8.5 3.9 0.000

Extracardiac arteriopathy 8.3 11.3 0.001

Neurological dysfunction
disease

0.7 1.4 0.058

Previous cardiac surgery 12.7 7.3 0.000

Renal function
    Serum creatinin >200 μmol/l
    Serum creatinin mean
    Calculated GFR mean
    Calculated  GFR
        ≥90
        60–89
        30–59
        15–29
        <15

1.9
98.6 (SD 52.0, 32-896)
81.6 (SD 31.0, 7.5-208.1)

34.1
39.7
24.3
1.5
0.4

1.8 0.788
-
-

-
-
-
-
-

Active endocarditis 2.2 1.1 0.001

Critical preoperative state 6.7 4.1 0.000

Unstable angina 6.5 8.0 0.057

Poor LV function (EF <30%) 4.4 5.8 0.042

Recent myocardial infarct 9.5 9.7 0.785

Pulmonary hypertension 3.7 2.0 0.000

Emergency 6.1 4.9 0.072

Other than isolated CABG 63.5 36.4 0.000

Surgery on thoracic aorta 6.9 2.4 0.000

Postinfarct septal rupture 0.2 0.2 0.798

CABG = Coronary Artery Bypass Grafting; EF = Ejection Fraction; GFR = Glomerular Filtration Rate; 
LV = Left Ventricular; SD = Standard Deviation.

Thesis.indb   189 8-3-2011   20:43:39



Chapter 11190

(≥90), patients had an increasing higher risk of hospital mortality with decreas-
ing GFR: GFR 60-89 OR 1.53 (0.63-3.67), GFR 30-59 OR 3.89 (1.70-8.91), GFR 15-
29 OR 10.00 (2.41-41.52), and GFR<15 OR 12.50 (1.25-124.7).

Model performance: discrimination
C-statistics were: 0.78 for the original logistic EuroSCORE, 0.80 for the recali-
brated EuroSCORE, 0.83 for both the recalibrated EuroSCORE with continuous 
creatinine as with categorical GFR, and 0.82 for the recalibrated EuroSCORE with 
continuous GFR. These results are listed with 95% CI’s in Table 3. A graphic rep-
resentation in the form of ROC curves is presented in Figure 1.
	 The recalibrated EuroSCORE models with continuous creatinine, categorical 
GFR or continuous GFR all showed a better discriminatory performance than 
the original EuroSCORE (p=0.001, p=0.040 and p=0.006 respectively). The recali-
brated EuroSCORE (creatinine still as a binary variable) c-statistic was not signifi-
cantly different from the original EuroSCORE.
	 While the recalibrated EuroSCORE with creatinine as a continuous variable 
had a significantly higher c statistic than the recalibrated EuroSCORE with crea-
tinine as a binary variable (p=0.01), the discriminatory advantage of the recali-
brated EuroSCORE models with continuous or categorical GFR over the recali-
brated EuroSCORE with creatinine as a binary variable is not significant.

Model performance: calibration
All recalibrated models show a better calibration than the original EuroSCORE 

Table 3. model performance.

Logistic EuroSCORE model Predicted 
mortality

Discrimination Calibration

AUC 95% CI Hosmer-
Lemeshow

Chi-
Square

Original EuroSCORE 6.4% 0.77 0.72  -  0.84 0.034 18.09

EuroSCORE binary creatinin 4.2% 0.80 0.74  -  0.86 0.35 10.05

EuroSCORE continuous creatinin 4.2% 0.83 0.78  -  0.89 0.66 6.75

EuroSCORE categorical GFR 4.1% 0.83 0.78  -  0.88 0.58 7.52

EuroSCORE continuous GFR 4.0% 0.82 0.77  -  0.87	 0.73 6.11

AUC = Area Under Curve; CI = Confidence Interval; EuroSCORE = European System for Cardiac Op-
erative Risk Evaluation; H-L = Hosmer-Lemeshow.
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(see Table 3). When comparing the four recalibrated models mutually, the mod-
els with creatinine as a continuous variable, GFR as a categorical value or GFR as 
a continuous variable show higher Hosmer-Lemeshow p-values than the model 
with creatinine as a binary variable. The calibration plots (see Figure 2) confirm 
these findings.

Discussion

This study has shown that the ability of the EuroSCORE model to predict hospital 
mortality increases when its binary creatinine variable is replaced by creatinine 
as a continuous variable, by GFR as a categorical variable or by GFR as a continu-
ous variable.

Recalibration
All recalibrated EuroSCORE models performed better than the original Euro-
SCORE model. No relevant conclusions can be drawn from this comparison as 
they have been adjusted for our population, and thereby also corrected for a 
decade of improved care (the EuroSCORE is based upon a cohort from 1995). A 
comparison of discrimination and calibration of the four recalibrated EuroSCORE 
models with each other has to be made to evaluate which variable improves the 
EuroSCORE most.
	 More valve surgery patients were present in our cohort than in the Euro-
SCORE population, perhaps also affecting results. A relative decrease of coro-
nary surgery of over 10% throughout Europe since 1995 might partly explain this 
difference [16].

Mild renal dysfunction
When using the original EuroSCORE model to predict hospital mortality, in-
creased risk related to renal dysfunction is assigned to patients with high serum 
creatinine levels only. Previous studies demonstrated that mild renal dysfunc-
tion (with creatinine levels as low as 130 μmol/l) is a risk factor for adverse out-
come after coronary surgery as well [17, 18]. A significant increase in the need 
for mechanical renal support, total postoperative stay, duration of special care 
and short term mortality was found in these patients [18]. With continuous crea-
tinine levels incorporated in the EuroSCORE, these higher risk patients should be 
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better identified. 

Categorical glomerular filtration rate approach
The use of continuous variables in risk stratification models usually outperforms 
the use of binary or categorical variables. Calculated GFR values based upon 
creatinine (like the Cockroft and Gault equation) are accurate enough to success-
fully assign patients to the correct stage of kidney disease. They may however 
not be precise and accurate enough (especially in the normal range of GFR) to 
directly use as a continuous variable [11]. For this reason, a model with a cat-
egorical GFR variable was examined as well.
	 In this study, patients without kidney disease are assigned to the stage I 
category. When looking at the five stages of kidney disease however, even stage 
I is defined as disease being present. Results are not influenced by assigning 
these patients to stage I, as only patients with a GFR of at least 60 (stage II and 
onwards) are considered at increased risk [13]. 

Glomerular filtration rate versus creatinine as a predictor
According to the STS database, preoperative renal dysfunction (assessed using 
GFR) is a common finding and a powerful predictor of mortality and morbidity 
[9]. This study supports this finding, both when GFR was used as an independent 
predictor as when used as part of a EuroSCORE model. The predictors them-
selves were not compared in this study, only the risk models they were incorpo-
rated in.
	 Wang et al. have previously compared creatinine level and GFR as predictors 
for adverse events after cardiac surgery. They found that GFR was a better pre-
dictor than creatinine level, particularly in patients with normal creatinine levels 
[10]. 

Renal dysfunction incorporated in the EuroSCORE model
The effect of replacing creatinine by binary or continuous GFR in the EuroSCORE 
model was investigated in a previous study [19]. In that study, GFR-models per-
formed better than the binary creatinine model when looking at discrimination 
alone. Significant differences were not tested. More recently, Jin et al. also rec-
ommended the use of (estimated) GFR instead of creatinine as a risk factor in 
risk models [20].
	 In this study, the EuroSCORE models with GFR (categorical or continuous) 
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were not superior to the EuroSCORE model with continuous creatinine, despite 
better results in previous studies. This could be explained by combining the Eu-
roSCORE model and the Cockroft-Gault equation. When comparing GFR and 
creatinine when incorporated in the EuroSCORE model, overlapping variables 
should be taken into account. The possible advantage of GFR over creatinine as 
an independent risk factor is partially eliminated, since 3 out of 4 Cockroft-Gault 
variables are incorporated in the EuroSCORE as well. Age, female sex and (con-
tinuous) creatinine form the base of the calculated GFR, resulting in bodyweight 
and the interdependent relation of these variables as the only new aspects of 
GFR incorporation in the EuroSCORE.

Limitations
When interpreting the results from this study, one should keep in mind that data 
was used from a single center. Hospital and surgeon related factors might there-
fore have resulted in study results that are not applicable to other European 
centers or a future model based upon data from these centers.

Implementation
Optimal implementation of risk models in clinical practice, serving the clinic 
rather than increasing its work load, is a key factor for success and will result in 
continuous quality improvement. As optimal implementation also comprises a 
periodical update of the model, the new EuroSCORE model is eagerly awaited.
Whether or not neural networking, submodel usage (for coronary surgery, valve 
surgery and combined coronary and valve surgery), additional variables, differ-
ent endpoints or other improvements will be applied, the use of continuous vari-
ables will most likely improve model performance on their own.
Our modest cohort already reveals positive results, thus contributing to this hy-
pothesis.

Conclusion
Given the high incidence of preoperative renal dysfunction and its impact on 
hospital mortality, future risk stratification models like a new EuroSCORE should 
include GFR or continuous creatinine rather than creatinine as a binary vari-
able.
	 Apart from the inclusion of additional procedural variables and possibly the 
use of submodels, implementation of a minor modification as demonstrated in 

Thesis.indb   194 8-3-2011   20:43:39



Impact of the definition of renal dysfunction on EuroSCORE performance 195

this study will provide European surgeons with a much improved tool for bench-
marking and prediction of mortality after cardiac surgery.
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Parsimony and Performance

Dr Mehta and colleagues [1] provided an informative overview of incidence, risk 
factors, time trends, and outcomes regarding reoperations for bleeding after 
coronary surgery.
	 In addition, they performed a logistic regression analysis to provide a model 
that predicts the risk of reoperation for bleeding. The resulting model was de-
rived from an impressive database and consists of 19 variables. With a c statistic 
of only 0.60, this model showed a very modest discrimination. A c statistic of 1 
indicates perfect discrimination while 0.5 equals flipping a coin. Generally, pre-
diction models with a c statistic of at least 0.75 are considered to discriminate 
well.
	 A more parsimonious bedside tool was also constructed based upon the 
derived model. The number of variables was reduced to 12, but discriminatory 
performance was not reported. 
	 As the study performed by Dr. Mehta and colleagues already contains most 
known important preoperative variables that influence bleeding, perhaps pre-
operative variables only play a limited role in predicting the risk of reoperation 
for bleeding. When keeping the tradeoff between parsimony and performance 
in mind, either discriminatory performance should be better or the level of par-
simony of both model and bedside tool should be higher to justify their imple-
mentation in clinical practice. 
	 One of the variables used is serum creatinin level. As this is a continuous 
variable, readily available, and a well known predictor for many adverse out-
comes, we chose to construct a model that predicts the risk of reoperation for 
bleeding based upon this variable alone. Between January 2003 and January 
2008, 1873 patients underwent coronary surgery in our center, of which 108 
(5.8%) required a reoperation for bleeding. We used 80% of the cohort for the 
development of the model and the remaining 20% of the cohort for model vali-
dation. The derived model already obtained a c statistic of 0.63 when applied to 
the validation cohort.
	 Although these results are from a cohort of different size and characteris-
tics, comparable results are likely to be obtained when applying this approach to 
the dataset used by Dr Mehta and colleagues.
	 In other words: the simple clinical rule that increased serum creatinin levels 
result in a higher risk of reoperation for bleeding could well have a discrimina-
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tory capability comparable to the model described by Mehta et al.
What are in Dr Mehta’s study the discriminatory results for the bedside tool and 
what c statistic is obtained when (for example) only serum creatinin is used in 
the model?
	 In any case one can argue that with a c statistic of only 0.60 common clinical 
sense will likely outperform preoperative models that predict the risk of reop-
eration for bleeding after coronary surgery in terms of parsimony and discrimi-
nation.
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Abstract

Background
Prediction models are often used to benchmark center and surgeon performance and to support 
clinicians in treatment selection and patient counseling. They can also be used to predict length 
of stay (LOS) in the intensive care unit after cardiac surgery. This study explores the use of models 
to predict LOS in the intensive care unit for adult patients requiring CABG and/or valve replace-
ment during the preoperative planning process.

Methods
A regression tree model and a linear regression model were constructed using a cohort of 2540 
patients to identify potential predictors. Performance of these models was assessed by calculat-
ing the total reduction of under- and overestimated days in a validation cohort (N=948). Results 
in terms of under- and overestimation were then compared for each model and with results from 
an approach without a model. 

Results
Procedure type, critical preoperative state, serum creatinin level and patient age were identified 
as the most important predictors of increased LOS in the study cohort. All variables present in 
the regression tree are also found in the linear regression model. A decrease in underestima-
tion and overestimation of length of stay was achieved by both the tree model (6 and 225 days 
respectively) and the linear regression model (20 and 194 days respectively).

Conclusions
Predictions models using individual patient data can be used to predict LOS in the intensive 
care unit after cardiac surgery. This study demonstrates that a decrease in underestimation and 
overestimation of LOS can be achieved by using them. When taking its simplicity into account, 
constructing a regression tree seems an ideal first step when implementing a model to predict 
LOS.
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Introduction

Available intensive care unit (ICU) capacity is among the hospital resources that 
greatly influence patient planning for cardiac surgery [1]. Apart from the number 
of beds and nursing staff availability, ICU capacity also depends upon the length 
of stay (LOS) of the postoperative patients. As ICU capacity is limited, optimal 
patient planning is required to maximize its use.
	 By preoperatively predicting individual patient LOS, the operating schedule 
can be adjusted accordingly to support an effective throughput of patients in 
the ICU. For instance, patients who are likely to occupy an ICU bed for a longer 
period, can be spread over time (and should preferably not be operated upon 
when few ICU beds are available). Planning is further improved when an an-
ticipated date at which an ICU bed will once again become available is known. 
In addition, preoperative information on expected LOS facilitates scheduling of 
individual surgical procedures on specific dates.
	 Nowadays, the use of clinical prediction models in cardiac surgery is com-
mon practice. These models are most often used to benchmark center and sur-
geon performance and to support clinicians in treatment selection and patient 
counseling. With the importance of optimizing ICU capacity in mind, it seems 
natural to also integrate results from prediction models based upon patient and 
procedural factors in preoperative patient planning.
	 This study aims to explore the possibility of using prediction models to op-
timize patient planning and maximize ICU capacity. An easy to interpret and 
implement regression tree model was therefore constructed to predict LOS. In 
addition, a linear regression model was constructed for the same purpose. The 
potential gain of these models was then tested in a validation cohort. Results in 
terms of under- and overestimation of LOS were compared mutually and with 
results from an approach in which no model was used.
 

Methods

Data
All adult patients who underwent elective coronary artery bypass grafting, valve 
surgery, or a combination of these procedures in the Erasmus University Medi-
cal Center between January 2003 and January 2007 were included in the study 
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development cohort (N=2540). 
	 Patients undergoing concomitant procedures were excluded. Patients un-
dergoing emergency procedures were also excluded; a reservation policy for 
patients undergoing emergency procedures is assumed. Whenever patients 
underwent multiple operations within one month or during the same hospital 
admission, only the first (index) procedure was included. Patient and procedural 
characteristics are presented in Table 1. Thirty-nine (1.5%) patients died within 

Table 1. Patient and procedural characteristics.

Development Cohort 
(N=2540)

Validation Cohort 
(N=948)

p-value

Age, mean (SD) 63.9 years 	 (12.0) 65.5 years	 (11.7) < 0.001

Female sex 29.6% 		  753 31.6%		  300 0.270

Diabetes 17.9% 		  455 23.6%		  224 < 0.001

Previous cardiac surgery 8.7% 		  221 8.2% 		  78 0.707

Serum creatinin, mean (SD) 95.7 umol/l 	 (48.0) 98.6 umol/l	 (71.7) 0.214

Cerebrovascular accident 4.0% 		  101 3.5% 		  33 0.563

Infectious endocarditis 1.1% 		  27 1.4% 		  13 0.599

COPD 8.3% 		  212 9.0% 		  85 0.606

Extracardiac arteriopathy 9.1% 		  230 9.5% 		  90 0.739

Neurological dysfunction 0.5% 		  13 0.5%          	 5 0.835

Procedure type
	 Coronary surgery 
	 Valve surgery
	 Valve + coronary

55.6% 		  1412 
30.9% 		  784 
13.5% 		  344

56.8%		  538
27.7%		  263
15.5%		  147

0.565
0.080
0.153

Recent MI (<90 days)	 10.2% 		  258 15.7%		  149 < 0.001

Unstable AP 6.2% 		  158 6.2% 		  59 0.940

Pulmonary hypertension 3.1% 		  79 1.9% 		  18 0.096

Systolic left ventricular 
function
 	 Good
	 Moderate
 	 Poor

84.4% 		  2143
12.6% 		  321
2.9% 		  73

84.3%		  799
11.9%		  113
3.8% 		  36

0.991
0.607
0.199

Critical preoperative state 3.2% 		  81 3.5% 		  33 0.746

AP = angina pectoris; COPD = chronic obstructive pulmonary disease; MI = myocardial infarction; 
SD = standard deviation.
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30-days of the index procedure.
	 The department of cardiac surgery has 10 ICU beds and 4 operating rooms.
The outcome variable of the present study was LOS, defined as the time in days 
between admission and discharge from the ICU. For patients discharged to the 
ward and readmitted to the ICU, the intervening stay on the ward was excluded 
in the LOS.
	 All variables were collected prospectively according to the EuroSCORE defi-
nitions [2], with age and serum creatinin level as unmodified continuous vari-

Table 2. Linear regression analysis results for LOS in the ICU.

Univariable Multivariable

Coefficient (95% CI) p-value Coefficient (95% CI) p-value

Critical preoperative 
state

0.900 (0.749 – 1.050) < 0.0001 0.765 (0.622 – 0.908) < 0.0001

Procedure type: valve + 
coronary surgery

0.504 (0.428 – 0.581) < 0.0001 0.438 (0.364 – 0.511) < 0.0001

Infectious endocarditis 0.653 (0.389 – 0.916) < 0.0001 0.389 (0.142 – 0.636) < 0.0001

Previous cardiac 
surgery

0.266 (0.171 – 0.362) < 0.0001 0.329 (0.238 – 0.420) < 0.0001

Pulmonary hyperten-
sion (>60 mmHg)

0.480 (0.325 – 0.635) < 0.0001 0.309 (0.165 – 0.453) < 0.0001

Recent MI 0.133 (0.043 – 0.222) 0.004 0.105 (0.022 – 0.188) 0.013

Female sex 0.060 (0.001 – 0.119) 0.047 0.083 (0.028 – 0.139) 0.003

Age (continuous) 0.008 (0.006 – 0.011) < 0.0001 0.007 (0.005 – 0.009) < 0.0001

Serum creatinin level 
(continuous)

0.003 (0.002 – 0.003) < 0.0001 0.002 (0.002 – 0.003) < 0.0001

Poor systolic left ven-
tricular function

0.354 (0.192 – 0.516) < 0.0001 -

Cerebrovascular ac-
cident

0.123 (-0.016 – 0.262) 0.082 -

Extracardiac arteri-
opathy

0.120 (0.025 – 0.214) 0.013 -

COPD 0.100 (0.002 – 0.198) 0.045 -

Unstable AP 0.110 (-0.002 – 0.222) 0.055 -

Model intercept - -0.420

AP = angina pectoris; COPD = chronic obstructive pulmonary disease; CI = confidence interval; MI 
= myocardial infarction.
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ables.
	 Continuous data are presented as mean ± SD, the median is also given for 
non-normal distributions. Categorical data are presented as proportions.

Data preparation: LOS distribution, variance stabilizing
Given the inherently skewed distribution of LOS, a natural log transformation 
(ln[LOS]) was applied prior to model construction [3]. The skewed distribution 
of LOS in the study population was confirmed by the Kolmogorov-Smirnov test 
(p < 0.001).
	 For a regression tree analysis, there is no a need to consider transforms of 
the predictor variables as the classification and regression tree (CART) algorithm 
examines only the rank order of the predictors and not their values; no assump-
tions are made regarding the underlying distribution of values of the predictor 
variables. This however does not hold true for the dependent variable as splits 
are assessed based on their ability to reduce within-node variance in the de-
pendent variable. Stabilizing variance using the natural log transformation was 
therefore used for the endpoint in the regression tree analysis as well.
	 After construction of the models, a smearing factor to correct the natural 
logarithmic ‘back transformation’ bias was needed to obtain the estimated LOS 
[4]. 

Tree model construction
Collected variables in the development cohort were subjected to classification 
and regression tree (CART) analysis to identify the most important outcome 
predictors and to develop a regression tree. This method is based on recursive 
partitioning analysis and involves the segregation of different values of variables 
through a decision tree composed of progressive binary splits [ref Statpage Wu] 
+ [5]. The binary splits in this tree resulted in the formation of several groups 
with a different mean LOS (ln [LOS]).
	 The number of cross validations used to create the CART model was set to 
10. The full tree, that might be overfit, was then pruned according to the optimal 
complexity parameter [6].
	 The primary split of the tree indicates the variable that is the most impor-
tant predictor for increased LOS.
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Linear regression model construction
To place the tree model results into perspective, a conventional univariable lin-
ear regression analysis using identical data was undertaken to test which of the 
variables contributed to LOS with p < 0.10. Significant variables in the univariable 
analyses were entered as potentially prognostic variables into a backward, step-
wise selection procedure to construct a multivariable linear model that provides 
a natural logarithm transformed prediction of LOS (ln [LOS]). A p value below 
0.05 was used to retain variables in the model. The predictive power of the mod-
el was expressed as the percentage explained variation (R2). This is a measure 
of the global fit of the model and represents the proportion of variability in LOS 
that may be attributed to the combination of the model variables.
	 Tree modeling was performed with R version 2.9.0 using the RPART library 
(R Foundation for Statistical Computing, Vienna, Austria). Calibration plotting 
was also performed with R version 2.9.0. All other analyses were performed with 

Figure 1. Cumulative distribution of LOS in days.
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SPSS for Windows (release 16.0; SPSS Inc, Chicago, Illinois).

Model application
After internal validation of the models, the potential gain in terms of usage in 
routine clinical practice was assessed in a second cohort. This cohort consisted 
of patients that underwent elective coronary artery bypass grafting, valve sur-
gery, or a combination of these procedures in the Erasmus University Medical 
Center between January 2007 and July 2008. Exclusion criteria were identical to 
those used for the development cohort. This validation cohort consisted of 948 
patients. Patient and procedural characteristics are presented in Table 1.
Differences between cohort characteristics were assessed using the Pearson Chi-
square test for categorical variables and the Mann-Whitney test for continuous 
variables (skewed distributions confirmed by the Kolmogorov-Smirnov test). Pa-
tients in the validation cohort were slightly older and more suffered from diabe-
tes and recent myocardial infarctions. No other differences were found between 
the two cohorts.
	 The prediction models were assessed by comparing the total overestima-
tion and underestimation of the required ICU days if the mean LOS was used 
(no model) with the total overestimation and underestimation of the required 
ICU days if the prediction models were used (tree model, the primary split of 
the tree model only, and the linear regression model). The overestimation and 
underestimation for the no model approach were calculated by subtracting the 
observed LOS from the mean LOS. The overestimation and underestimation for 
the model approaches were calculated by subtracting the observed LOS from 
the predicted LOS. The mean LOS was used rather than the median LOS, be-
cause use of the median would favour the prediction model because the LOS is 
skewed. Therefore, use of the mean LOS will result in a more conservative gain 
in comparison with the median LOS.
	 Each approach has three possible outcomes: negative, indicating that the 
ICU bed was reserved for too long and that the number of ICU days was overes-
timated; zero, indicating perfect prediction; or positive, indicating that the ICU 
bed was reserved for an insufficient period and that the number of ICU days was 
underestimated.
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Results

Study  population
Cumulative distribution of LOS is presented in Figure 1. Mean LOS was 2.3 (5.6) 
days, median LOS was 1.1 days. Of all 2540 patients, 780 (30.7%) patients were 
discharged from the ICU within 1 day, 1996 (78.6%) patients were discharged 
within 2 days, and 2236 (88.0%) were discharged within 3 days.

Regression tree 
The derived regression tree is presented in Figure 2. The variables procedure 
type (valve surgery, coronary surgery or both), serum creatinin level (binary), 
critical preoperative state, previous cardiac surgery and age (binary) are includ-
ed in the final tree. The R2 for the entire tree model was 10%. Mean predicted 
LOS was 2.1 (0.8; median 1.6) days.
	 The primary split of the regression tree was procedure type. Mean predicted 
LOS of the primary split according to the primary split only was 1.9 (0.4; median 
1.8) days. The R2 for the primary split was 8%.

Linear regression model
Results for the univariable and multivariable linear regression analyses are pre-
sented in Table 2. 
	 Based upon their coefficients, critical preoperative state, combined valve 
and coronary surgery, active endocarditis, previous cardiac surgery and pulmo-
nary hypertension were the variables that contributed most to the increase in 
LOS for the linear regression model.

Table 3. Model application results: underestimated and overestimated LOS in the validation cohort 
(N=948) using either the primary tree split model, the full tree model or the linear model.

No model Primary 
tree split

Tree model Linear 
model

Patients with underestimation (n) 131 206 180 181

Total underestimated days 830 876 824 810

Patients with overestimation (n) 817 742 768 767

Total overestimated days 894 610 669 700

Reduction of underestimated days - -46 6 20

Reduction of overestimated days - 284 225 194
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	 All variables that were used by the tree also proved to be significant in the 
linear regression analysis.
	 The R2 for the linear regression model was 13%. Mean predicted LOS was 
2.1 (1.1) days, median predicted LOS was 1.8. 

Model application
Table 3 presents the assessment results (under- and overestimation of LOS) of 
all models in the validation cohort of 948 patients. Observed mean LOS in this 
cohort was 2.2 (5.6) days, median LOS was 1.1 days. For example, when using 
no model (prediction based upon mean LOS of the development cohort), 131 
out of 948 patients had an observed LOS longer than predicted (underestima-
tion of 830 ICU days), and the remaining 817 had an observed LOS shorter than 
predicted (overestimation of 894 ICU days). 
	 As can be deducted from Table 3, the total underestimation of ICU days de-
creased by 6 when using the tree model and by 20 when using the linear model. 
The total underestimation of ICU days increased by 46 when using the primary 
split only. The total overestimation of ICU days decreased by 284 when using the 
primary split only, by 225 when using the tree model and by 194 when using the 
linear model.
 
Discussion

This study aimed to explore the possibility of preoperatively using (patient data 
driven) prediction models to optimize ICU capacity. The developed predictive 
models both identified procedure type, critical preoperative state, serum creati-
nin level and age as the most important predictors of increased LOS in the study 
cohort. All models enhanced the accuracy of estimated LOS after cardiac surgery 
compared to the no model approach; a decrease in underestimation and over-
estimation of LOS was achieved by both the tree model and the linear regression 
model over an 18-month period. 
	 Only a few other prediction models to determine risks for prolonged LOS 
after cardiac surgery have previously been developed or tested [7-10]. In these 
studies the investigators developed or tested a logistic regression model, with 
risk for prolonged LOS as the main outcome. This outcome measure is claimed 
to improve planning and therefore cost-effectiveness of hospitals. However, the 
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results from these studies are less suitable for scheduling of individual patients 
in the ICU as they only provide the risk for prolonged LOS given a certain cut-
off point. In contrast, the modeling approach proposed here permits individual 
patient scheduling in the ICU in daily clinical practice by providing an estimated 
number of days a patient will reside in the ICU.

Regression tree or linear regression?
The focus of this study lies on the construction and performance of simple mod-
els that predict LOS and provide insight in important factors influencing LOS. 
Because regression trees are easy to construct, interpret and implement, using 
them seems an ideal approach. As long as performance is adequate, they can 
serve as an alternative for linear regression models for planning purposes and 
the exploration of challenges in the planning process.
	 In the present study, procedure type was identified as the most important 
factor (primary split) increasing LOS, followed by critical preoperative state and 
serum creatinin level.
	 Although the linear regression model (Table 2) provides insight in factors 
influencing LOS as well, they are presented in a less intuitive way. 
	 For example, procedure type is clearly presented as the primary (hence 
most important factor) split in the regression tree. According to the linear re-
gression model, critical preoperative state has the highest coefficient (strong 
predictor), but has a low incidence (3.2%) and therefore a limited influence in 
the entire population. A more difficult procedure type however affects more 
patients (13.5%), therefore taking a more prominent place in the tree. In other 
words, factor weights and incidences are presented in a combined fashion in a 
tree model while for linear regression models, incidences need to be deducted 
from the confidence intervals of the model coefficients.

Preoperative approach
The R2 values reveal a considerable variation for all approaches and confirm that 
preoperative LOS predictions are very difficult and can only partly be made pre-
operatively. Although it is possible that not all preoperative variables that in-
fluence LOS were collected, further predictive improvements are most likely to 
arise from the inclusion of peri- and post-operative variables. Examples are ICU 
nursing staff availability fluctuations during the day or the occurrence of adverse 
events that are not directly related to a patient’s preoperative status. 
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	 A similar study as the present study involving oesophagectomy patients 
demonstrated that a model using intra-ICU variables as well performed better 
than a model based solely upon preoperative variables [11].

Implementation
Since this study shows that the use of simple predictive models can substantially 
increase ICU capacity, the next logical step seems to be the development of a 
simple planning tool that incorporates such a model, and thus allows for optimal 
planning of elective adult cardiac surgery patients.
	 A recent study successfully modeled logistics planning/optimization in our 
cardiac surgery department up to a certain level [1]. No patient specific infor-
mation however was entered into that model apart from procedure type. By 
combining that model with the approach used in this present study (along with 
peri- and postoperative model variables), resource optimization might be im-
proved beyond LOS in the ICU alone.
	 Usually, the patient flow in a cardiac surgery department consists of sched-
uled patients (elective patients) and non-scheduled patients (emergency pa-
tients requiring immediate surgery) [1].
	 Preoperative prediction models like those in the present study can only be 
used to predict ICU bed usage by elective patients. Determining a reservation 
policy for emergency patients is therefore an essential part of the implementa-
tion of these preoperative models. Although emergency patients usually only ac-
count for a limited percentage of all cardiac surgery patients, they can influence 
the entire planning process.
	 In clinical practice, patients in a ‘critical preoperative state’ often require 
surgery on short notice. Even if they are not labeled as emergency patients, they 
cannot always be scheduled in advance. This might also influence model imple-
mentation.
	 Cardiac surgery planning involves different resources such as operating 
theatre time, ward beds, ICU beds and nursing staff. In the daily practice the 
planning usually focuses on optimal use of operating theatre time, though the 
performance of a department as a whole is often more limited by these other re-
sources. Apart from individually optimizing usage of these resources as well, one 
should furthermore take into account dependencies and interactions between 
these resources. For instance, patients are usually not transferred from the ICU 
to the ward during the night, as the nursing staff is not fully available at that mo-
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ment. As a result, patients might reside in the ICU for some extra hours.
	 Final implementation depends upon the hospital, its performance and its 
resource capabilities. All models constructed in the present study consist of vari-
ables that are well known to predict adverse events and prolonged length of stay 
in the ICU in other populations as well [9, 12, 13]. However, general applicabil-
ity of our models is limited because of the single center setup of this study. For 
instance, the percentage of valve procedures, the primary split of the tree in this 
study, varies greatly from center to center. We therefore encourage other cen-
ters to construct their own trees for planning purposes. Instructions, advantages 
and disadvantages of tree modeling are discussed further in the StatPage [ref 
Statpage Wu]. 

Limitations and other considerations
Although calculating the over- and underestimated ICU days does not simulate 
reality accurately, this simplified application gives an indication of performance 
of the proposed planning strategies. Ideally, one should use a more accurate 
model of reality, including day/night shift patterns, weekends, and other re-
source dependencies as described above.

Conclusion
Predictions models using individual patient data can be used to further opti-
mize ICU capacity by predicting LOS after cardiac surgery. Although the predic-
tive ability of these preoperative models is limited, this study demonstrates that 
by using them, a decrease in underestimation and overestimation of LOS can 
be achieved. When taking the simplicity of the regression tree into account, it 
performed well enough to not only use it for exploration challenges in optimiza-
tion of procedure planning but to justify implementation in the planning process 
itself as well. For purposes that require more accurate predictions, such as sur-
geon and center benchmarking, conventional regression analyses will however 
provide more accurate predictions.
	 Optimal implementation requires full integration of these models along with 
other resource related models and models containing peri- and post- operative 
information. Until then, this study demonstrates how to easily construct a model 
that will provide planners with a tool to predict the LOS in the ICU after cardiac 
surgery, thereby (contributing to) optimizing ICU capacity.
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Abstract

Background
Excessive blood loss after cardiac surgery is a health burden for the patient and a logistic nuisance 
and costly complication for the institution. The goal of this study is to measure the effectiveness 
of a newly introduced, guideline based, multimodality protocol to reduce blood loss after adult 
cardiac surgery in comparison to previous separate interventions.

Methods
Blood loss (within 12 hours after surgery) and related adverse outcomes (blood product adminis-
tration, need for re-exploration) during a period after the introduction of the new protocol (De-
cember 2008– June 2009) were compared with data from a previous period (January 2008–July 
2008). Protocol implementation included deployment of e-learning modules and a clinical deci-
sion support system. In addition, the effect of the level of adherence to the new protocol was 
investigated.

Results
Data of 948 patients were analyzed. The introduction of the new protocol was associated with less 
blood loss (668 versus 759mL;p=0.038) and less red blood cell (RBC) unit (2.3 versus 2.8;p=0.01) 
administration. Less patients required RBC transfusion (66.1% versus 76.8%;p<0.001).
More protocol violations (≥2) were associated with more blood loss (893 versus 605mL;p<0.001), 
more RBC and platelet unit administration (2.8 versus 2.1 and 0.9 versus 0.7 respectively;p=0.045 
and p=0.021), and more re-explorations (19.1% versus 7.6%;p<0.001).

Conclusions
Blood loss after adult cardiac surgery can be decreased by the introduction of a guideline based, 
multimodality protocol focused at reducing blood loss. In addition, the degree of protocol adher-
ence is associated with the amount of blood loss. To successfully improve the quality of care and 
reduce the costs of care and resource utilization, an important part of the implementation of a 
protocol consists of ensuring an adequate level of adherence.
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Introduction

Excessive blood loss after cardiac surgery is a health burden for the individual 
patient and a logistic nuisance and costly complication for the institution, in par-
ticular when a surgical re-exploration is required. Approximately 3% of patients 
undergoing isolated coronary surgery require re-exploration due to excessive 
blood loss [1, 2]. Excessive blood loss during and after cardiac surgery is an es-
tablished marker of increased hospital mortality and morbidity, and longer In-
tensive Care Unit (ICU) and hospital length of stay [2-6]. 
	 Causes of excessive blood loss in adults undergoing cardiac surgery are 
multifactorial, and can be categorized into patient-related variables, procedure-
related variables and process-related variables [7]. Current guidelines recom-
mend a systematic approach to reduce postoperative blood loss that focuses on 
adequate preoperative assessment of bleeding risk, optimal use of blood con-
servation techniques (drugs, devices, interventions), consensus of participating 
disciplines with common goals for limiting postoperative blood loss, and a mul-
timodality approach to blood conservation combining all of the above in a con-
tinuous quality assurance approach [7, 8].
	 Several medical interventions that prove to be effective in reducing postop-
erative blood loss can be employed in patients undergoing cardiac surgery [7, 
9-13]. Recently, in our center these interventions were incorporated in a mul-
timodality protocol, involving a multidisciplinary team consisting of clinicians 
involved in the care for patients who undergo cardiac surgery, and experts in 
the field of clinical epidemiology, clinical decision making, cost-effectiveness and 
medical informatics. To facilitate implementation of this protocol, e-learning 
modules and a clinical decision support system (CDSS) were made available. 
	 The goal of this study is to measure the effectiveness of a new integrated 
protocol in comparison to previous separate interventions to reduce blood loss 
in adult cardiac surgery. This was done by (1) comparing blood loss amounts 
since the introduction of a new multimodality protocol with previous results and 
(2) investigating whether the level of adherence to the new protocol influences 
blood loss.
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Figure 1. In this clinical decision support system screenshot, thromboelastography (TEG) results 
can be entered for a given patient. An explanation of TEG results is avalaible on request.

Figure 2. Based upon provided data, the clinical decision support system now provides an advice 
for this patient, thereby guiding the physician through the transfusion algorithm. Meanwhile, data 
is collected for study analyses.
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Methods

Protocol
The introduced protocol was based upon recent literature and guidelines [7, 14-
24] and contains only those measures that were supported by the multidisci-
plinary team. The protocol can be found in Appendix I.
	 The new protocol was presented to all medical professionals –nurses, perfu-
sionists, anesthesists, intensivists, residents and surgeons– in our center respon-
sible for cardiac surgery patients. In addition, referring centers were notified of 
changes in preoperative workup.

E-learning modules and CDSS
E-learning modules were deployed to help in correctly following the new proto-
col guidelines. To further facilitate implementation of the new protocol, a rule 
based CDSS was developed and made available to guide clinicians through the 

Table 1. Incidence of violation types.

Violation Incidence 
(N=534)

Clopidogrel not discontinued in time before surgery when indicated 16 (3.0 %)

Aspirin not discontinued in time before surgery when indicated 41 (7.7 %)

Coumarin derivatives not discontinued in time before surgery 0 (0 %)

Not enough tranexamic acid used during surgery 65 (12.2 %)

Baseline TEG not made 33 (6.2 %)

Autologous blood was not taken when indicated 6 (1.1 %)

Ht dropped below 0.20 during hyperdynamic hemodilution 0 (0 %)

Follow up TEG was not made after procedure 73 (13.7 %)

Patient was not warmed up properly at the end of the procedure 159 (29.8 %)

Hemofiltration was not performed when indicated 0 (0 %)

Perfusion stopped at poor Hb or Ht levels 0 (0 %)

Lab results were not available in the ICU 0 (0 %)

Protamine was not provided (or inadequate dose) in ICU when indicated 32 (6.0 %)

Tranexamic acid was not provided (or inadequate dose) in ICU when indicated 25 (4.7 %)

Any of the above violations 304 (56.9 %)

TEG = Thromboelastography, Ht = hematocrit, Hb = hemoglobin, ICU = Intensive Care Unit.
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postoperative transfusion algorithm. Both the e-learning modules and the CDSS 
are web-based and available on each computer attached to the hospital intra-
net.
	 Figures 1 and 2 are screenshots of the CDSS. Protocol violations were simul-
taneously registered by the support modules. At the same time, the clinician 
could explain why the protocol violation was deemed necessary.

Study cohorts and data collection
Data were collected on (1) patient, procedure and process characteristics, in-
cluding the multidisciplinary protocol components throughout the entire chain, 
starting at the preoperative outpatient clinic until discharge from the hospital, 
and (2) patient blood loss, need for reintervention due to blood loss, mortal-

Table 2. Key characteristics of the control cohort and the study cohort.

Control cohort (N=414) Study cohort (N=534) p

Age 65      	 (64-66) 64      	 (63-65) 0.315

Female sex 31.2%	 (129) 28.3%	 (151) 0.200

Serum creatinin level 96      	 (90-101) 96      	 (91-101) 0.252

Type of surgery*
	 Coronary +/- concomitant
	 Valve +/- concomitant
	 Valve + coronary +/- conc
	 Other**

51.4% 	 (213)
32.4% 	 (134)
11.4% 	 (47)
4.8% 	 (20)

48.5%	 (259)
32.4%	 (173)
13.7%	 (73)
5.4% 	 (29)

0.368
0.992
0.287
0.679

Logistic EuroSCORE 6.8     	 (6.0-7.7) 6.8     	 (6.0-7.6) 0.674

Diabetes 19.8%	 (82) 21.8%	 (109) 0.461

Previous CVA 3.6%  	 (15) 3.6% 	 (18) 0.985

COPD 10.4%	 (43) 13.6%	 (68) 0.139

Previous cardiac surgery 9.9%  	 (41) 6.7% 	 (32) 0.077

Critical preoperative state 6.5%  	 (27) 6.8% 	 (34) 0.867

Emergency procedure 5.1%  	 (21) 5.0% 	 (25) 0.400

N or 95% CI in brackets
Mann-Whitney or Chi-square tested
CVA = CardioVascular Accident, COPD = Chronic Obstructive Pulmonary Disease
*	 Concomitant: Maze surgery, Atrial Septal Defect (ASD) closure, Ventricular Septal Defect 	
	 (VSD) closure, aortic surgery
**	 Myxomectomy, isolated Maze surgery, dissection, ASD closure, VSD closure
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ity, use of blood products. Data obtained from two patient cohorts were com-
pared.
	 The first patient cohort contained retrospective data of all consecutive adult 
patients who underwent cardiac surgery between January 2008 and July 2008. 
This was the control group.
	 The second patient cohort consisted of all consecutive adult patients who 
underwent cardiac surgery between December 2008 and June 2009. All patients 
in the second cohort were treated according to the multimodality protocol as 
described in Appendix I. This protocol was introduced in September 2008. 
	 Patients who underwent cardiac transplantation, ventricular assist de-
vice implantation or percutaneous valve implantation were excluded from this 
study.
	 Study approval was obtained from our institutional review board. The need 
for informed consent was waived.

Endpoints
The primary endpoint of this study is postoperative blood loss (drain production 
in mL) during the first 12 postoperative hours. Secondary endpoints are: use of 
platelet, plasma and RBC transfusion within 24 hours prior to surgery and 48 
hours after surgery, need for reintervention due to blood loss (including cardiac 
tamponade), and mortality at thirty days.
	 A power calculation was performed indicating that 143 patients in each 
group would be required to detect a decrease in blood loss of at least 50 mL 
(alpha 0.05; power 0.80).
	 The number of and reasons for protocol violations in the study group were 
studied to determine whether adherence to the protocol influences study end-
points.

Protocol adherence
Of the possible protocol violations listed in Appendix I, the violations presented 
in Table 1 were considered important enough for additional evaluation. The sum 
of these protocol violations was calculated for each patient.

Statistical methods
Continuous data are presented as mean (95% confidence interval; median) and 
were compared using the unpaired T-test. When data were not normally distrib-
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Table 3. Control versus control cohort results.

Control cohort (N=414) Study cohort (N=534) p

Blood loss (mL; 12 hours) 759 	 (699-818; 525) 668 	 (626-708; 525) 0.038

RBC units (275 mL) 2.8 	 (2.5-3.1) 2.3 	 (2.0-2.5) 0.010

Plasma units (325 mL) 3.4 	 (3.0-3.8) 3.4 	 (3.2-3.7) 0.117

Platelet units (250 mL) 0.7 	 (0.6-0.8) 0.7 	 (0.6-0.8) 0.091

Re-explorations for blood loss 8.9%	(37) 10.1%	 (54) 0.542

30 day mortality 2.2%	(9) 1.3%	(7) 0.306

N or 95% CI + median in brackets
Mann-Whitney or Chi-square tested
RBC = Red Blood Cell

Table 4. Key characteristics of patients with 0-1 protocol violations versus patients with ≥2 proto-
col violations .

0-1 violations (N=419) ≥2 violations (N=115) p

Age 64      	 (63-66) 64      	 (63-65) 0.217

Female sex 31.6%  	 (125) 24.8%	 (26) 0.172

Serum creatinin level 94      	 (89-99) 103   	 (89-118) 0.416

Type of surgery*
	 Coronary +/- concomitant
	 Valve +/- concomitant
	 Valve + coronary +/- conc
	 Other**

48.9% 	 (205)
32.9% 	 (138)
12.9% 	 (54)
5.3% 	 (22)

47.0%	 (54)
30.4%	 (35)
16.5%	 (19)
6.1%  	 (7)

0.708
0.612
0.315
0.726

Logistic EuroSCORE 6.9     	 (6.1-7.8) 6.4     	 (4.4-8.4) 0.275

Diabetes 21.3%	 (84) 23.8%	 (25) 0.575

Previous CVA 3.8%  	 (15) 2.9%  	 (3) 0.646

COPD 14.4%	 (57) 10.5%	 (11) 0.293

Previous cardiac surgery 7.6%  	 (30) 1.9%  	 (2) 0.034

Critical preoperative state 6.8%  	 (27) 6.7%  	 (7) 0.951

Emergency procedure 5.1%  	 (20) 4.8%  	 (5) 0.900

N or 95% CI in brackets
Mann-Whitney or Chi-square tested
CVA = CardioVascular Accident, COPD = Chronic Obstructive Pulmonary Disease
*	 Concomitant: Maze surgery, Atrial Septal Defect (ASD) closure, Ventricular Septal Defect 	
	 (VSD) closure, aortic surgery
**	 Myxomectomy, isolated Maze surgery, dissection, ASD closure, VSD closure
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uted (Kolmogorov-Smirnov test) the Mann-Whitney U-test was used. Categori-
cal data are presented as frequencies and were compared using the Chi-Square 
test or the Fisher Exact test where appropriate. All tests were 2-sided, with an 
alpha level of 0.05. 
	 Spearman’s correlation tests were used to determine if there was a signifi-
cant correlation between blood loss and blood product transfusion.
	 A classification and regression tree (CART) analysis was performed to deter-
mine at which number of protocol violations a split results in the largest differ-
ence in postoperative blood loss [25]. This method is based on recursive parti-
tioning analysis and involves the segregation of different values of classification 
variables through a decision tree composed of progressive binary splits.
	 Linear regression was used to identify risk factors for blood loss. Potential 
risk factors were entered into multivariate analysis if p < 0.10. For multivariate 
analysis backward conditional stepping and 5-9 events per variable, as proposed 
by Vittinghoff et al., were used [26]. A p-value < 0.05 was considered statistically 
significant.

Results

Protocol effect: study cohort versus control cohort
Data of a total number of 948 patients were analyzed. Patient and procedure 
characteristics are presented in Table 2. No significant demographic differences 

Table 5. Results for patients with less than two violations versus patients with ≥2 violations.

0-1 violations (N=419) ≥2 violations (N=115) p

Blood loss (mL; 12 hours) 605 	 (566-645; 475) 893 	 (773-1014; 675) < 0.0001

RBC units (275 mL) 2.1 	 (1.9-2.3) 2.8 	 (2.3-2.4) 0.045

Plasma units (325 mL) 3.3 	 (3.0-3.6) 4.0 	 (3.2-3.7) 0.141

Platelet units (250 mL) 0.7 	 (0.6-0.7) 0.9 	 (0.7-1.1) 0.021

Re-explorations for blood loss 7.6%	(32) 19.1%	 (22) < 0.0001

30 day mortality 1.2%	(5) 1.7%	(2) 0.649

N or 95% CI + median in brackets
Mann-Whitney or Chi-square tested
RBC = Red Blood Cell
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Figure 3. Distribution of blood loss and used blood products before and after protocol introduc-
tion.

were found between the study group and the control group.
	 Results regarding blood loss, blood products used, re-exploration for exces-
sive blood loss and mortality are presented in Table 3. A significant decrease in 
blood loss and RBC unit administration after introduction of the new protocol 
was found. In addition, significantly fewer patients required RBC transfusion; 
66.1% (353) versus 76.8% (318) (p<0.001). No difference was found between 
plasma and platelet transfusion, mortality and re-explorations for blood loss. A 
positive correlation was found between blood loss and RBC units, plasma units, 
platelet units, and re-explorations (all p<0.001). Distributions of blood loss and 
used blood products are shown in Figure 3.

Influence of protocol violations
Table 1 presents how often the protocol was violated. No protocol violations 
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Figure 4. Distribution of blood loss and used blood products in the study group for 0-1 versus 2+ 
violations.

were found in 230 patients (43.1 %). One violation took place in 189 patients 
(35.4 %), two in 88 patients (16.5 %), three in 24 patients (4.5 %), four in 2 pa-
tients (0.4 %), and five in 1 patient (0.2 %).
	 The CART analysis revealed that the greatest difference in postoperative 
blood loss was between patients who had no or one protocol violations and 
patients who had two or more protocol violations.
	 Table 4 provides the characteristics for these two patient groups. Apart from 
the fact that the incidence of previous cardiac surgery was lower in the ≥2 viola-
tions group there were no differences between the two groups.
	 Results regarding blood loss and the other study endpoints for these two 
groups are presented in Table 5. In the group of patients who had less than two 
protocol violations there was a significantly lower amount of blood loss and RBC 
and platelet unit transfusion compared to the group of patients who had two 
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or more protocol violations. In addition, more re-explorations were performed 
in the group of patients with two or more protocol violations. Distributions of 
blood loss and used blood products are shown in Figure 4.

Reasons for protocol violations
For most protocol violations, no reason was given. However, reasons for deviat-
ing from the protocol by not discontinuing clopidogrel or aspirin preoperatively 
could successfully be collected (Figure 5). Among the reasons for not discontinu-
ing these drugs were rescheduled procedures not related to urgency and poor 
instructions by referring hospitals.

Protocol violations (≥2) as an independent predictor for blood loss
Univariate linear regression analysis for ‘≥2 protocol violations’ as a predictor 
for blood loss reveals a coefficient of 288 (95% CI 191-385; p < 0.001). A mul-
tivariate linear regression analysis including all variables from Table 1 and all 
individual EuroSCORE variables –significant in univariate linear regression analy-
ses– revealed ‘≥2 protocol violations’ as an independent predictor for blood loss. 
Detailed analysis results are presented in Table 6. Given the skewed distribution 
of blood loss, the regression analyses were repeated with natural logarithmic 
transformed values to confirm the results from Table 6. The included model vari-
ables were identical and coefficients were comparable after natural logarithmic 
‘back transformation’. 

Discussion

This study demonstrates that blood loss after adult cardiac surgery in our center 
can be reduced by the introduction of a multimodality protocol. After protocol 
introduction, less RBC units were administrated and fewer patients received RBC 
units.
	 Furthermore, the level of adherence to this new, multimodality protocol 
influenced blood loss as well. Patients for whom the protocol was violated twice 
or more had more blood loss, received more RBC and platelet units, and had to 
undergo a re-exploration for blood loss more frequently.
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Reasons for protocol violations
Although the establishment of a protocol is an essential first step, results maybe 
disappointing if adherence is lacking. Research has shown that clinical protocols 
are often violated, thereby limiting their full potential [27, 28]. Known reasons 
for decreased guideline adherence are: out-of-date guidelines, lack of aware-
ness, agreement, or self-efficacy, lack of outcome expectancy, the inertia of pre-
vious practice, and external barriers [29]. These reasons undoubtedly also apply 
to guideline-based protocol adherence.
	 Apart from preoperative protocol violations regarding discontinuing antico-
agulant drugs, the reasons for most protocol violations were not documented 
well. As can be deducted from Figure 5, a number of protocol violations are pre-
ventable. When rescheduling patients for example, patients who preoperatively 
use aspirin or clopidogrel should be given enough time to discontinue.

Individual protocol violation analysis
In general, the inclusion of protocol items should mainly depend upon guideline 
recommendations with a high level of evidence. Once protocol items are select-
ed, knowing the effect of each individual protocol violation on blood loss could 
substantially contribute to future protocol development and allow for a more 
fair comparison of protocol violations as well. For instance, failing to cease cou-
marine derivatives in time is likely to be a more severe protocol violation than 
not providing a preoperative thromboelastography (TEG) measurement. This 
study was however not designed and insufficiently powered to calculate signifi-
cance or weights for each individual protocol violation. Under the assumption 
that each protocol violation is important, the combination of protocol violations 
(two or more violations) however was tested and proved to be an independent 
predictor for increased blood loss.

Table 6. Independent predictors of postoperative blood loss.

Model variable Coefficient 95% CI p

≥2 protocol violations 271 173-368 < 0.001

Urgent procedure 203 21-385 < 0.001

Male sex 231 144-317 0.029

Model constant 664 611-716 -

CI = Confidence Interval 
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Protocol quality
Besides protocol adherence, results obtained from this study depend upon the 
quality of the tested protocol. The protocol that was investigated in this study is 
largely based upon published guideline recommendations. Some recommenda-
tions were however modified or not incorporated in the protocol because no 
consensus could be formed in the multidisciplinary team or because of technical 
limitations. For this reason the effect of the used protocol might be limited.
Periodic protocol updates based upon new evidence are warranted to allow for 
inclusion of new insights in blood reduction and management. 

Protocol implementation
We chose not to conduct a randomized trial at the time of introduction, since 
the introduction of a multimodality approach in clinical practice usually has an 
important effect (Hawthorne effect) on standard care: the exposure of health 
care workers to the multidisciplinary approach will affect their standard behav-
ior [30]. An organizational change is hence best investigated in a before-after 
design. 
	 Further measures to monitor protocol adherence and effectiveness will be 
scheduled, assuming that periodic feedback to all involved personnel reinforces 
protocol adherence. Ideally, a full continuous quality improvement (CQI) pro-
gram should be implemented.

Surgical aspects
Of all precautions and instructions incorporated in the introduced protocol, sur-
gical aspects are almost absent. When creating the protocol, the surgeons were 
considered to limit blood loss during surgery in all possible ways. It is self ex-
planatory that no consensus on each possible surgical technique can be formed 
and included in the implemented blood reduction protocol. To a certain extent, 
the surgeon is regarded as a ‘black box’ during surgery. As the surgical team 
remained unaltered during the entire study time frame, the influence of the 
surgeons on the study results is limited.
	 No reason was found to explain the fact that the incidence of previous car-
diac surgery was lower in the ≥2 violations group. It could be speculated that 
more caution was taken with patients who underwent a reoperation.
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Figure 5. Reasons for protocol violations regarding clopidogrel and aspirin .
DE = Drug Eluting
*   	 Contains no rescheduled procedures based on urgency
** 	 Main stem stenosis (N=1); severe three vessel disease (N=1); recent transient ischemic at	
	 tacks (N=1) 
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Costs
A simple cost reduction example can be calculated based upon decreased blood 
product usage since protocol introduction exclusively. According to our hospital 
management system, one RBC unit costs at least € 300.00. A decrease of 0.5 RBC 
unit per operated patient therefore on average results in an annual cost reduc-
tion of € 150,000.00 based upon 1,000 operated patients (300*0.5*1000).
	 As suggested by the lower incidence of re-explorations for excessive blood 
loss in the group of patients with less than two protocol violations, an additional 
reduction of costs could be achieved by increasing the level of protocol adher-
ence. These costs and potential cost reduction were not calculated. One should 
however keep in mind that the costs of a re-explorative operation include not 
only the re-intervention and prolonged and more complicated hospital stay (es-
timated to be 1 extra ICU day and 1.5 days extra in the general ward [4]), but also 
include costs associated with the surgical treatment delay of other patients. 

Timing of re-exploration for blood loss 
The decision to re-operate a patient for excessive blood loss is influenced by 
many factors. The introduced protocol does not provide instructions for the 
moment of reoperation. Consensus during protocol development could not be 
formed as team members tend to accept different amounts of blood loss and 
base the timing of re-explorations on other circumstances, including logistics, 
as well. 
	 Certain items regarding the timing of re-explorations could however be in-
cluded in a blood loss reduction protocol. For instance, literature shows that 
when all TEG values are normal, a surgical focus is present in 90% of the patients 
[21].

	 In conclusion, blood loss after cardiac surgery can be decreased by the intro-
duction of a multimodality protocol aimed at blood loss reduction. Protocols to 
reduce postoperative blood loss should ideally be implemented in every depart-
ment of cardiac surgery to achieve less postoperative morbidity and mortality, 
shorter length of ICU and hospital stay, a decrease in the utilization of platelet, 
plasma and erythrocytes transfusion, and a concomitant reduction in societal 
costs. Ensuring a high level of protocol adherence appears to be a vital aspect of 
implementation. Ideally, a blood loss reduction protocol should be part of daily 
practice through implementation in the patient information system and the in-
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stitution of a continuous quality assurance system for excessive blood loss.
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Appendix 1

Preoperative section
The surgeon assesses hemoglobin (Hb), hematocrit (Ht) and platelet count when 
accepting the patient and treats underlying disease.

Prior to admission, the secretary or referring hospital instructs elective patients 
to discontinue:
•	 Clopidogrel 4 days prior to surgery;
	 •	 unless a drug eluting coronary stent was implanted recently (within 6 	
		  months);
•	 Aspirin 3 days prior to surgery;
	 •	 unless a coronary stent was implanted (bare metal and drug eluting);
•	 Coumarin derivatives 2 days prior to surgery.

During admission, the ward nurse checks if these drugs are discontinued prop-
erly. Heparin is started (20,000 IE/24h) for patients that normally use coumarin 
derivatives if:
•	 international normalized ratio (INR) < 3.0 and mitral valve replacement in 	
	 history;
•	 INR < 2.0 and atrial fibrillation in history;
•	 INR < 2.5 for all other indications.

Perioperative section
The tranexamic acid dose used during the entire procedure is 50-100 mg/kg.
A baseline thromboelastogram (TEG) is made prior to initiating cardiopulmonary 
bypass.
Autologous blood is taken if the patient has a good left ventricular function and 
Hb is above 8.5 mmol/L.
Red cell saving devices are used during each procedure.
A follow up TEG is made after ending cardiopulmonary bypass.
If a hyperdynamic hemodilution approach is used, Ht levels are kept 0.20 L/L or 
higher.
The patient is re-warmed to at least 35.5 degrees Celcius (rectal or bladder tem-
perature) at the end of the procedure.
Hemofiltration is performed if Ht is below 0.20 L/L and an adequate volume is 
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available.
The patient is weaned from cardiopulmonary bypass only if Hb is above 4.5 
mmol/L and Ht is above 0.20 L/L.

Postoperative section
Ringer’s lactate can be administered to a maximum of 2 L per 24 hours.
The patient is actively rewarmed further with an air warming blanket. 

Transfusion algorithm

Blood loss > 200 mL/h without known TEG or lab results and no clot formation 
in the drains:
•	 2,500 IE protamine is administered.

No or moderate blood loss (< 100 mL/h), but with abnormal lab results:
•	 if fibrinogen < 1.5 g/L => 5 mL/kg fresh frozen plasma (FFP);
•	 if platelet count < 50,000 => 1 unit platelet transfusion;
•	 if activated partial thromboplastin time (aPTT) > 50s, but < 65s => 2,500 IE 	
	 protamine;
•	 if aPTT > 65s => 5,000 IE protamine.

Blood loss > 100 mL/h:
•	 if R/Rheparinase in TEG > 50% prolonged => 2,500 IE protamine;
•	 if R/Rheparinase in TEG > 100% prolonged => 5,000 IE protamine;
•	 if aPTT > 40s, but < 50s => 1,000-2,500 IE protamine;
•	 if aPTT > 50s => 5000 IE protamine;
•	 if prothrombin time (PT-INR) > 18s (50% prolonged) or R in TEG> 10 min => 	
	 5 mL/kg FFP;
•	 if PT-INR > 22s (80% prolonged) or R in TEG > 14 min => 10 mL/kg FFP;
•	 if mean amplitude (MA) in TEG < 45 or platelet count < 100,000 => 1 unit 	
	 platelet transfusion;
•	 if MA in TEG < 45 and platelet count > 100,000 => 0.4 mcg/kg 
	 desmopressin acetate (DDAVP);
•	 if platelet count < 100.000 and recent aspirin or clopidogrel => 1 unit plate	
	 let transfusion followed by 0.4 mcg/kg DDAVP;
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•	 if fibrinogen < 1.5 g/L => 10 mL/kg FFP;
•	 if Ht < 0.25 L/L => erythrocyte transfusion until Ht is 0.26-0.28 L/L;
•	 if LY30 in TEG >7.5% => 2 g tranexamic acid.

Blood loss > 200 mL/h:
As with ‘blood loss > 100 mL/h‘ plus:
•	 use blood products only instead of plasma expanders if filling is required 	
	 based upon hemodynamics;
•	 alternating transfusion of 2 platelet units and 1 FFP unit;
•	 after every second FFP unit (=every 6th unit) => 0.5 g CaCl2 slow IV;

Blood loss > 300 mL/h or persisting blood loss:
•	 if blood loss is more than 200 mL/h for 2 hours or more the surgeon is noti	
	 fied;
•	 if blood loss is more than 400 mL/h, more than 300 mL/h for 2 hours, or 	
	 more than 200 mL/h for 3 hours and lab and TEG values are normal and no 	
	 clots formation in the drains:
•	 2 g tranexamic acid;
	 •	 treat hypertension if existent;
		  •     the surgeon decides if a re-exploration is indicated.
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General discussion
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Systematic reporting of early complications after cardiovascular interventions, 
systematic assessment of potential determinants of adverse outcomes (early 
morbidity and mortality), and the use of risk stratification systems provide us 
with powerful tools to measure, weigh and value the burden of complications af-
ter cardiac interventions, identify potentially modifiable risk factors and reduce 
the occurrence and costs of complications.
	 This thesis shows that there is room for improvement regarding outcome 
assessment and risk stratification approaches for conventional and emerging 
cardiovascular interventions. It also illustrates that the application of risk strati-
fication models and outcome improvement programs offers opportunities to in-
crease the quality of care associated with these procedures.
	 In this chapter, results from the studies in this thesis are discussed in the 
light of the research questions posed in Chapter 1.

Optimization of risk stratification models for cardiac sur-
gery and transcatheter interventions

Risk factors differ from patient group to patient group depending for example on 
patient selection, case mix and background population. As set out in Chapters 
1 and 2, the predictive validity of a model in a population that differs from the 
intended population can therefore be limited. For example, although a number 
of important variables, such as age, are risk factors for both coronary surgery 
and valve surgery (and many other procedures), other risk factors differ [1, 2]. 
For obvious reasons, risk stratification models for valve surgery often include 
variables regarding valve position or replacement versus repair, while these are 
absent in models developed to stratify coronary surgery.
	 It is therefore not surprising that a model dedicated to valve surgery has 
a higher predictive ability for valve surgery outcomes than the EuroSCORE, a 
general cardiac surgery model that was built using a database in which 65% of 
the patients underwent coronary surgery exclusively. This finding, presented in 
Chapter 3, was recently included in a meta-analysis, confirming the low discrimi-
natory ability of the EuroSCORE for valve surgery [3]. 
	 Given these observations, the question remains to what extent models 
should be developed specific to the intervention that will be carried out. Ac-
cording to the Society of Thoracic Surgeons (STS) database committee, separate 
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models for different valve procedures are not more accurate than one model 
for all surgical valve procedures despite differences in pathophysiology and out-
comes [2]. This seems like the best approach for benchmarking purposes, but for 
research or clinical purposes more detailed sub models are desirable. Separate 
models for isolated valve surgery and valve with concomitant coronary surgery 
were however derived from both the STS database and the New York State Car-
diac Surgery Reporting system [1, 4]. The characteristics of these patient groups 
differ substantially and this separate model approach is therefore still favored 
by the STS database committee [1, 2, 5]. Currently, several valve dedicated risk 
stratification models are available (see Table 1 of Chapter 2). Risk stratification 
of patients undergoing valve surgery should ideally be performed using one of 
these models. 

In clinical practice, classification as ‘high risk’ according to surgical risk stratifica-
tion models is taken into account when patients are considered for transcatheter 
valve implantation, a novel percutaneous approach to treat severe aortic steno-
sis. However, existing surgical risk stratification models overestimate mortality 
in high risk patients undergoing aortic valve replacement [6-8]. This “outlier” 
population of patients that until recently were not even considered for aortic 
valve replacement differs too much from the population that has been used to 
develop the surgical risk models to reliably estimate early outcome. Results from 
Chapter 5 demonstrate that this also applies to the population that is currently 
offered transcatheter valve implantation. It is therefore likely that existing surgi-
cal risk models will not perform well when applied to the current transcatheter 
valve intervention population. 
	 Chapter 6 describes that both the logistic EuroSCORE and the STS score are 
inadequate to (1) guide patient selection and (2) to predict outcome after tran-
scatheter valve implantation. For these two objectives, no adequate models are 
yet available but are urgently needed for this fragile population. These models 
could respectively be derived from a group of high risk patients that underwent 
isolated surgical aortic valve replacement and a large population of patients that 
underwent transcatheter valve interventions. Although dedicated models for 
isolated aortic valve surgery –sub models of valve surgery models– are not fa-
vored by the STS database committee, they will likely be necessary for transcath-
eter procedures.
	 Results from surgical risk stratification models applied to the transcatheter 
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population should in the mean time be interpreted with great caution. Clinical 
judgment and patient-tailored decision-making by a team of surgeons and car-
diologists plays a key role in selecting patients for transcatheter valve implanta-
tion. 
	 As can be appreciated from Chapter 4, a considerable number of patients 
are denied referral for surgery based upon incorrect risk assessment. Interdisci-
plinary team discussions between cardiologists and surgeons should be encour-
aged to optimize patient selection for both transcatheter valve implantation and 
surgical valve replacement.
	 Improved awareness of the opportunities that transcatheter valve treat-
ment offers for severe aortic valve stenosis may also lead to a better understand-
ing of risks of and indications for surgical valve replacement, ultimately resulting 
in an increased referral for invasive treatment of aortic valve stenosis in patients 
who are currently managed conservatively.

Congenital cardiac surgery and transcatheter interventions

Although potential complications after cardiovascular procedures are well known 
for most conventional procedures, knowledge of complications and their deter-
minants after emerging or infrequently performed procedures is incomplete. 
In this light, complications and their determinants were investigated for stent 
deployment in patients with congenital heart disease and for adult congenital 
cardiac surgery.
	 The large diversity of interventions in patients with congenital heart dis-
ease (CHD) and the widely varying severity of CHD complicates the study of as-
sociated risks. This contributes to the current situation, where knowledge on 
outcomes and risk stratification is not in line with emerging techniques such as 
stenting and surgery in the growing adult CHD population.
Knowledge on outcomes is the first step in risk assessment and subsequently 
allows for future risk model development efforts.
	 In this thesis it was shown that complications are common after stenting for 
CHD in both children and adults. The diversity of the underlying pathology com-
bined with limited experience due to a relatively small patient population makes 
these procedures sensitive to complications. Fortunately, little major complica-
tions and few fatal complications were found. Increased operator experience 
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combined with technical improvements such as premounted stents for greater 
vessel diameters may reduce the risks of stenting in congenital heart disease. In 
addition, a European registry should be set up to further increase knowledge on 
determinants of complications of these procedures.
	 In recent years, more and more children with CHD are reaching adulthood, 
frequently requiring cardiosurgical (re-)interventions. Cardiac surgery in adult 
CHD patients can be performed with low operative mortality and good clinical 
outcome (Chapter 8). For this population, a concentration of knowledge and ex-
perience is also indicated. 
	 The EuroSCORE is often used to stratify adult CHD surgical procedures but 
performs inadequate in this group of patients. The Aristotle Score and the RA-
CHS-1 score [9, 10], both developed for pediatric congenital cardiac surgery, were 
therefore applied to this population. These models also had a poor discriminato-
ry ability (Chapter 9). After studying all model variables, it became apparent that 
patient age was not properly represented for this population. In the EuroSCORE, 
age below 65 years does not affect predicted outcome, while in the pediatric 
models, increased age is not a risk factor. This led to the explorative approach 
of simply adding points for increased age to the standard pediatric congenital 
risk scores. Consequently, the discriminatory ability of these models increased 
greatly. This ‘proof of concept’ hopefully stimulates large database committees 
to further investigate risk stratification for this growing patient group.

As goes for outcome assessment of all interventions, CHD patients that were 
denied an intervention are not included in the analyses. These patients –who 
usually have extensive co-morbidity or are in a clinically critical condition– might 
have influenced outcome in a negative way had they been treated.
	 When interventional outcome is good for a particular institution, this might 
therefore be biased by a conservative approach. As selection and execution of 
treatment for congenital patients is often complex, this aspect of outcome as-
sessment should not be overseen. 
	 With increasing experience and improvement in techniques, updates of 
guidelines and risk stratification models for congenital surgery are needed on a 
regular basis. Professional organizations like the European Association for Car-
dio-Thoracic Surgery (EACTS) database may play a pivotal role in this respect.
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Aspects of the role of predictive factors in risk stratification 
models

Coronary anatomy: adds value in addition to patient and procedural predictive 
factors
Most risk stratification models combine patient and procedure related risk fac-
tors, with little attention for variables based upon anatomical characteristics of 
the lesion(s) to be treated. In contrast, the SYNTAX Score describes the anato-
my and complexity of coronary lesions exclusively [11]. Ultimately, the SYNTAX 
Score can be used to support treatment selection for patients with coronary 
artery disease who require an intervention by providing a complexity score that 
predicts adverse outcome.
	 The higher tertiles of the SYNTAX Score proved to be associated with an 
increase of major adverse cardiac and cerebrovascular events (MACCE) after PCI 
in the SYNTAX trial [12]. According to the results presented in Chapter 10, the 
SYNTAX Score can also accurately predict an increased risk of serious morbidity 
or death in a high risk surgical population.
	 Combining anatomical variables with important patient and procedure 
related variables might further increase accuracy of present risk stratification 
models. The SYNTAX Score could for example be combined with a number of 
other variables such as age and renal function (as for example in the ACEF score 
[13]) or fractional flow reserve (FFR; the ratio of maximal blood flow in a stenotic 
artery to normal maximal flow) values [14].

Renal dysfunction: choosing the most appropriate definition
Selection and definition of variables is important when evaluating the variables 
in risk stratification models. Chapter 11 focuses on renal dysfunction and how 
to optimally incorporate this risk factor in a risk stratification model. Model per-
formance improved when renal dysfunction as a binary variable is replaced by a 
categorical or continuous variable. In addition, the measure to represent renal 
dysfunction also influences prediction results. According to previous studies, the 
estimated glomerular filtration rate is a more adequate measure to reflect renal 
dysfunction than serum creatinine level [15-17]. Results from Chapter 11 sup-
port these findings, although the improvement of discriminatory ability was not 
significant. These results illustrate the importance of careful consideration of the 
approach to convert risk factors to variables in risk stratification models.

Thesis.indb   251 8-3-2011   20:43:44



Chapter 15252

	 When developing models for use in the current era, the use of a parsimo-
nious approach to facilitate implementation rather than increasing workload 
should be pursued as long as model performance is not compromised in an un-
acceptable way. Fortunately, the widespread availability of computers has de-
creased the need to deprive models from additional information on important 
risk factors. 

The case for parsimony: keep it simple!
In Chapter 12, the use of a risk stratification model using re-exploration for per-
sistent blood loss as outcome measure is questioned. Mehta et al. chose to pub-
lish this model, despite its poor discriminatory ability [18]. If one chooses to 
accept implementation of a model with such poor performance, a more parsi-
monious approach might prove to work equally well; using renal function as a 
sole variable appears to provide a comparable discriminatory performance as 
the model proposed by Mehta et al based upon the STS database [18]. It may 
be speculated that a combination of a few core variables from their database 
predicts comparably mediocre as does this more complex model.
	 Risk stratification models, even a simple model as suggested in Chapter 12, 
might produce an acceptable predictive validity for groups of patients. Current 
models however are not sophisticated enough to direct treatment for individual 
patients. Unless frailty or an extensive list of risk factors, including rare comor-
bidities, are incorporated, clinical prediction models are to be used as tools only 
when used for patient education. Patients should be informed that percentages 
given by a model are based upon a grouped data of patients that are comparable 
with the patient in question and that a certain degree of uncertainty is involved. 
One should be aware of medical illiteracy and limited numeracy in many pa-
tients; adequate time and tools should be employed to ascertain that patients 
are well-informed [19].
	 Until now, no model has adequately incorporated patient frailty. This would 
require a model to contain all comorbidities, traumas and life events, as well as 
a functional performance evaluation. With this in mind, clinical judgment is still 
the best way to assess frailty. 

Continuous quality improvement of risk stratification models
In the ever-changing field of cardiac surgery and interventions, continuous re-
finement and updating of risk stratification models is necessary to provide valid 
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estimates of outcome. Potential predictors should be evaluated on a regular 
basis and the weighing and methods of inclusion should be reassessed alike. 
Models that are not updated on a regular base are at risk to, for example, over-
estimate outcome as they have not been corrected for improved quality of care. 
When a model that generally overestimates mortality is used to assess observed 
mortality, results appear fine even when they are below par. This can lead to 
complacency and acceptance of current results when there is definite room for 
improvement. A frequently used risk stratification model that is known to over-
estimate outcome, is the EuroSCORE [8, 20]. This was among the reasons for 
recalibrating this model prior to substitution and investigation of renal dysfunc-
tion variables (Chapter 11). Data inclusion for the first EuroSCORE update started 
early 2010 [21], while data used for the original model dates back to 1995 [22]: 
a gap of 15 years. Had this model been updated on a more regular basis, perfor-
mance might have even been acceptable in a valve surgery population as well 
(Chapter 3).

Cost reduction and quality improvement

As stated previously, the implementation of parsimonious prediction models to 
minimize an increased clinical workload is fine as long as performance of these 
models remains acceptable.
	 In the study presented in Chapter 13, variables are assessed that predict 
length of intensive care unit (ICU) stay. Although the models presented here per-
formed statistically moderately, a decrease in over- and underestimated length 
of stay could be established in practice. This subsequently can improve quality 
as a decrease in rescheduled procedures can be realized. A more efficient use of 
operating theatres and ICU units will also decrease costs. More advanced mod-
els containing information on multiple hospital processes and resources should 
be developed to decrease costs and improve quality further. Inclusion of patient 
characteristics in these models will likely improve results and should therefore 
be examined further.
	 The simple tree approach in Chapter 13 to stratify patients allows for quick 
implementation where current (digital) structures limit the implementation of 
more sophisticated models for optimization of resources. Regardless of model 
technique, predictions made in Chapter 13 are based upon preoperative vari-
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ables exclusively. Resource prediction models should be updated during the 
entire chain of care; such dynamic models allow for the inclusion of peri- and 
postoperative variables and improve accuracy of predictions for the remainder 
of the chain of care [23].
	 Although the emphasis in this thesis lies on the application of risk stratifica-
tion models, another approach to cost reduction and quality improvement is 
also investigated. The introduction of a guideline based, multimodality approach 
in combination with continuous feedback has successfully decreased costs and 
increased quality (less RBC transfusions equals less complications) and could 
serve as the basis for a quality improvement program. This approach and the 
combined feedback and data collection methods can be implemented for other 
aspects of care for cardiovascular patients. 
	 Compliance to a quality improvement program and systematic periodical 
review of performance and potential areas of improvement are essential to 
achieve progress. Results from Chapter 15 might therefore have been even bet-
ter had compliance been higher.

Conclusion, prospects and recommendations

From the studies in this thesis it has become clear that several improvements 
can be made to risk stratification and outcome assessment approaches for con-
ventional and emerging cardiac interventions in the current era. In line with the 
conclusions drawn in this thesis, several recommendations were formed.

Education of clinicians
Knowledge on outcome assessment and risk stratification is vital for clinicians 
performing interventions in the current era. Results from risk stratification mod-
els should be implemented with understanding of the fundamental aspects 
of model quality. Education of clinicians on the methodology of risk stratifica-
tion modeling is essential for successful and appropriate application in clinical 
practice. Interdisciplinary team discussions between cardiologists and surgeons 
should be encouraged to optimize treatment selection for valve interventions. 
Special attention should also be given to the education of general practitioners 
regarding the interpretation of risks involved with available cardiovascular inter-
ventions to enable improved referral behavior.
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Continuous quality improvement and proper implementation of models
Continuous refinement and updating of risk stratification models is necessary to 
provide valid estimates of outcome now and in the future. Database structures 
should allow for easy inclusion of additional variables.
	 Furthermore, risk stratification models are best suitable for the purpose or 
patient group they are used for and should be implemented accordingly. This 
includes recalibration at center level when used for patient counseling or clinical 
decision making [24]. 

Investments in models for emerging procedures
Risk models dedicated to new procedures or insights are not instantly available. 
To facilitate fast development of these models, data should be collected on a 
large scale as soon as new techniques emerge. There is a need for new large 
database initiatives for emerging procedures such as adult congenital surgery, 
transcatheter valve implantation and stent implantation. The importance of the 
modeling approach is secondary to this first step: data collection.

International collaborative efforts
Collaboration between research groups and database committees should be 
pursued to (1) share knowledge regarding outcome assessment and modeling 
approaches and to (2) increase database sizes. This allows for the development 
of reliable prediction models for less frequently performed procedures, such as 
aortic valve replacement in high risk patients or heart transplants.
	 The degree of model specificity should be assessed carefully for the de-
sired model purpose. Variables  and a variety of endpoints identified in the STS 
database should be included in new database initiatives to reflect the current 
standards of quality of care assessment [2, 5, 25]. This applies to both surgical 
procedures as catheter based procedures. 
	 The eagerly awaited EuroSCORE update will be performed by collecting data 
on consecutive surgical procedures during several weeks in 2010 in centers that 
have volunteered to participate. Although this update will undoubtedly improve 
the EuroSCORE, continuous data collection on a larger scale will likely provide 
even more accurate models. A European version of the STS database should 
therefore seriously be considered. Governments or professional organizations 
should enforce participation in audited national data registries. These datasets 
could then be merged into one large European database, supervised by the 	
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	 EACTS. The European Society of Cardiology (ESC) might play a similar role in 
the development of European interventional databases and models. When pos-
sible and appropriate, forces of surgeons and cardiologists should be joined as 
well.
	 Future research should furthermore focus on combining anatomical and 
physiological variables with important patient and procedure related variables.

Inclusion of patients that do not undergo invasive treatment
Until now, risk stratification databases and models contain data of patients that 
have been selected for and underwent treatment only. A major improvement 
would be to expand the current databases and include all symptomatic (or even 
non-symptomatic) patients that visit the cardiologist and their outcome. Patients 
that are currently denied surgery or interventional treatment should be included 
as well. Question is whether this tremendous effort is feasible. A challenging first 
step would be to overcome the reluctance to collect data for all cardiac patients. 
However, if implemented, this approach will greatly improve risk stratification 
for cardiac patients and ultimately provide patient-tailored state-of-the-art qual-
ity of care.
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Summary

Chapter 1 comprises the introduction of this thesis. The purposes of outcome 
assessment and risk stratification are set out in the light of quality of care. This 
chapter describes the current situation and poses several questions to introduce 
the goal of this thesis, which is to study aspects of morbidity and mortality after 
cardiovascular procedures in current clinical practice, with special emphasis on 
the role of risk stratification models to improve outcome assessment.
	 Chapter 2 provides an overview of currently available risk stratification mod-
els for valve surgery, describing potential applications and quality of these mod-
els. In addition, future directions are given for the development of heart valve 
surgery risk models in the context of emerging transcatheter valve therapies. 
The question whether valve surgery requires dedicated risk stratification models 
instead of general cardiac surgery models is addressed in chapter 3. Results from 
this study suggest that models developed specifically for valve surgery perform 
better in this patient group than general cardiac surgery risk models such as the 
EuroSCORE.
	 Guidelines have been developed to assist in treatment selection for patients 
with valve disease. In Chapter 4, the reasons why a considerable number of pa-
tients are nonetheless denied aortic valve surgery and how proper risk assess-
ment might influence these decisions is investigated
	 In chapter 5, differences between surgical valve replacement and transcath-
eter valve intervention patient cohorts are examined. Characteristics of these 
two patient cohorts differ too much to enable comparison or allow for the in-
troduction of a randomized trial. Chapter 6 then focuses on the aspects of risk 
stratification and treatment selection for transcatheter valve intervention pa-
tients. Both the EuroSCORE and the STS Score perform suboptimal in this patient 
group.
	 As little is known about the outcomes and risk factors of stent deployment 
in patients with congenital heart disease, complications and their determinants 
for this population are investigated in chapter 7. Stenting in this patient group is 
associated with a considerable amount of complications, although only a small 
proportion is permanent.
	 Outcomes of adult congenital heart surgery are investigated in chapter 8, 
along with the use of the EuroSCORE risk stratification model in this population. 
The EuroSCORE is not suitable for this patient group. Chapter 9 further examines 

Thesis.indb   261 8-3-2011   20:43:44



Chapter 16262

risk stratification in this patient group. The use of risk stratification systems for 
adult congenital heart surgery is explored in this chapter. A combination of cur-
rent pediatric congenital models and age seems to be a promising combination 
for this patient group.
	 For coronary surgery, many clinical prediction models are available. None 
of these models however include detailed anatomical variables. Recently, a con-
sensus based risk stratification score using anatomical variables exclusively was 
developed for transcatheter coronary interventions and coronary surgery (the 
SYNTAX Score). Performance of this score is evaluated for a surgical population 
in chapter 10 with good results.
	 An important variable in many risk stratification models for cardiac surgery 
is renal dysfunction. Serum creatinine was incorporated as a binary variable in 
the EuroSCORE to reflect renal dysfunction. In chapter 11, the performance of 
the EuroSCORE is assessed when different definitions of renal dysfunction are in-
corporated. Results from this study suggest that the current way to reflect renal 
dysfunction in the EuroSCORE can be improved.
	 In chapter 12, a risk stratification using reoperation for bleeding as outcome 
measure is briefly discussed. What level of performance justifies clinical imple-
mentation of a risk stratification model? The level of parsimony is also addressed 
in this chapter.
	 Clinical prediction models can be used to predict length of stay, allowing 
for improvements in resource management. Two approaches to preoperatively 
predict intensive care unit length of stay after cardiac surgery are evaluated in 
chapter 13; a conventional approach and a tree model. They both appear to 
predict length of stay better than a prediction simply based on mean length of 
stay.
	 In chapter 14, the results of a multidisciplinary blood loss reduction program 
are evaluated. This program is implemented using a clinical decision support 
system and e-learning modules. The amount of lost blood and the use of blood 
products after introduction of this program are compared with a preceding time 
period. It appears that blood loss after cardiac surgery can be decreased by the 
introduction of a guideline based, multimodality protocol and that a higher de-
gree of protocol adherence is  associated with less blood loss.
	 Finally, in the general discussion in chapter 15 the results of the studies in 
this thesis are evaluated and conclusions are drawn. An outline for future stud-
ies is proposed.
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Samenvatting

Hoofdstuk 1 is de introductie van dit proefschrift. In dit hoofdstuk wordt het nut 
van outcome assessment en risicostratificatie voor cardiovasculaire interventies 
beschreven, onder andere in het kader van de kwaliteit van de zorg. De huidige 
situatie wordt beschreven en het doel van dit proefschrift wordt uiteengezet:de 
bestudering van morbiditeit en mortaliteit bij cardiovasculaire ingrepen in de 
hedendaagse praktijk, met  speciale aandacht voor de rol van risicostratificatie-
modellen om outcome assessment te verbeteren.
	 Hoofdstuk 2 geeft een overzicht van de beschikbare risicomodellen voor 
hartklepchirurgie en de mogelijke toepassingen en kwaliteit van deze modellen 
wordt besproken. Daarnaast worden aanwijzingen gegeven voor de ontwikke-
ling van risicomodellen voor het plaatsen van hartkleppen middels catheters, 
een procedure die momenteel in opkomst is. Hoofdstuk 3 behandelt de vraag 
of er specifieke risicomodellen nodig zijn voor hartklepchirurgie in plaats van 
algemene hartchirurgische risicomodellen. De resultaten uit dit hoofdstuk sug-
gereren dat een model als de EuroSCORE (een algemeen hartchirurgisch risico-
model) in een populatie patiënten die hartklepchirurgie ondergaat minder goed 
voorspelt in vergelijking met een model dat speciaal voor de hartklepchirurgie-
populatie is ontwikkeld.
	 Voor de behandeling van patiënten met hartkleplijden zijn richtlijnen be-
schikbaar. In hoofdstuk 4 worden de oorzaken onderzocht waarom een aan-
zienlijk patiënten die volgens deze richtlijnen in aanmerking komen voor aor-
taklepchirurgie toch niet geopereerd worden. Hierbij wordt ook de rol van 
risicostratificatie bestudeerd..
	 In hoofdstuk 5 worden de verschillen onderzocht tussen een patientenpo-
pulatie die chirurgische aortaklepvervanging heeft ondergaan en een patien-
tenpopulatie die een implantatie van een aortaklep middels een catheter heeft 
ondergaan. Deze verschillen blijken erg groot te zijn en de groepen zijn dan ook 
niet goed vergelijkbaar. Slechts een klein deel van deze populaties zou eventueel 
geschikt zijn voor inclusie in een gerandomiseerde trial. Hoofdstuk 6 richt zich 
vervolgens op de aspecten van risicostratificatie bij hoog risicopatiënten met 
aortakleplijden. Momenteel zijn juist dit de patiënten die in aanmerking komen 
voor het plaatsen van een hartklep middels een catheter. Het lijkt erop dat zowel 
de EuroSCORE als de STS Score niet goed presteren in deze populatie.
	 Aangezien er weinig bekend is over de resultaten van en risicofactoren bij 
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het plaatsen van stents bij patiënten met een aangeboren hartafwijking, zijn 
complicaties en determinanten daarvan onderzocht in hoofdstuk 7.Hoewel er 
een aanzienlijke hoeveelheid complicaties bij deze procedures ontstaat, kan 
het merendeel van deze complicaties goed verholpen worden zonder blijvende 
schade.
	 De resultaten van hartchirurgie bij volwassenen met een aangeboren hartaf-
wijking is onderzocht in hoofdstuk 8. De EuroSCORE lijkt niet geschikt te zijn voor 
deze patiëntengroep. Risicostratificatie in deze populatie wordt verder onder-
zocht in hoofdstuk 9. Het gebruik van risicomodellen wordt verder bekeken en 
een combinatie van huidige risicomodellen voor hartchirurgie bij kinderen met 
een aangeboren hartafwijking waaraan de factor leeftijd is toegevoegd geeft een 
betere voorspelling van vroege sterfte na hartchirurgie bij volwassenenen met 
een aangeboren hartafwijking.
	 Voor coronairchirurgie zijn vele risicomodellen beschikbaar. Deze model-
len bevatten echter geen gedetailleerde anatomische variabelen. Onlangs is een 
risicomodel ontwikkeld dat exclusief anatomische variabelen bevat voor pati-
ënten met coronairlijden. In hoofdstuk 10 wordt dit model onderzocht in een 
chirurgische populatie en met goede resultaten.
	 Een belangrijke variabele in veel risicomodellen is verminderde nierfunctie. 
Ook in de EuroSCORE is creatinine (serum) opgenomen als binaire variabele om 
een verminderde nierfunctie te reflecteren. In hoofdstuk 11 wordt de presta-
tie van dit model onderzocht wanneer een verminderde nierfunctie op andere 
manieren wordt geïncludeerd in dit model. Op basis van de resultaten van dit 
onderzoek blijkt dat de huidige aanpak voor verbetering vatbaar is.
In hoofdstuk 12 wordt een risicomodel besproken dat de kans op een reoperatie 
als gevolg van overmatig bloedverlies kan voorspellen. Hierbij is zowel aandacht 
voor het gebruikersgemak als de prestaties van dit model.
	 Voorspellende modellen kunnen ook gebruikt worden om de opnameduur 
in een ziekenhuis na een bepaalde procedure in te schatten. Hiermee kan bij-
voorbeeld beter gepland worden om zo het gebruik van resources te optimali-
seren. In hoofdstuk 13 worden twee manieren bestudeerd om preoperatief de 
verwachte opnameduur na hartchirurgie te voorspellen; een conventionele aan-
pak en een beslisboom. Beide methoden lijken de daadwerkelijke opnameduur 
beter te kunnen voorspellen dan voorspellingen op basis van een gemiddelde 
ligduur maar presteren gelijkwaardig ten opzichte van elkaar.
	 In hoofdstuk 14 worden de resultaten van de introductie van een multidis-
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ciplinair protocol ter vermindering van postoperatief bloedverlies na volwassen 
open hartchirurgie geëvalueerd. Dit protocol is geïmplementeerd met behulp 
van e-learning modules en een clinical decision support system. De invoering 
van dit protocol heeft geleid tot een afname van de hoeveelheid bloedverlies. 
Daarnaast blijkt met name de mate van protocoltrouw van invloed te zijn op 
bloedverlies; het nauwgezet volgen van het protocol is geassocieerd met minder 
bloedverlies.
	 Ten slotte worden in hoofdstuk 15 de resultaten van alle studies in dit proef-
schrift besproken en worden conclusies getrokken. Daarnaast worden sugges-
ties gegeven voor verder onderzoek. 
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Dankwoord

Toen ik in 2007 de mogelijkheid kreeg om na mijn co-schappen promotieonder-
zoek te gaan doen, moest ik even goed nadenken. Na jaren studeren mocht ik 
dan eindelijk echt als dokter aan het werk en het verlaten van de kliniek leek dan 
ook een grote stap. Gelukkig bleek al snel dat ik omringd was door mensen die 
het promoveren tot een zeer aangename bezigheid maken. Dankzij hen kan ik 
nu terugkijken op een mooie periode en heb ik er geen seconde spijt van gehad 
dat ik deze weg ben ingeslagen. Een aantal mensen wil ik dan ook in het bijzon-
der bedanken voor hun bijdrage aan dit proefschrift.

Ten eerste mijn promotor, professor Bogers. Hartelijk dank dat u mij de mogelijk-
heid tot het voltooien van mijn proefschrift binnen –en nu en dan ook buiten– 
de afdeling Thoraxchirurgie heeft geboden. Het is bewonderenswaardig hoe u 
naast uw werkzaamheden in de kliniek en als afdelingshoofd nog zoveel tijd kunt 
vrijmaken voor de wetenschap. Met hoge snelheid komt elk manuscript weer 
retour afzender en zijn niet alleen alle puntjes op de i gezet, maar ook inhoude-
lijk zeer relevante opmerkingen geplaatst. De kalmte en rust waarmee dit alles 
gepaard lijkt te gaan, heeft een erg aangename werksfeer gecreëerd.

Mijn copromotoren, Pieter Kappetein en Hanneke Takkenberg. Beste AP, als Se-
cretary General lijkt het vaak nodig te zijn om van OK naar vliegtuig te rennen 
en weer terug. En precies op die momenten moest ik natuurlijk mijn slag zien te 
slaan om het één of ander te bespreken, wat gelukkig altijd wel even mogelijk 
bleek. En meestal was er dan op het vliegveld wel tijd om plannen voor een 
grondige revisie door te mailen zodat ik voorlopig weer van de straat was. Harte-
lijk dank voor de vele goede ideeën en kritische blik op mijn brouwsels.
Beste Hanneke, zelfs vanuit Amerika was samenwerken met jou altijd een enorm 
plezier. Hoewel de colleges statistiek tijdens mijn studietijd compleet aan mij 
voorbij zijn gegaan, heb ik me door jouw enthousiasme met veel plezier door 
alle vraagstukken heen kunnen werken. Al snel bleken vele statistische vraag-
stukken van een probleem naar een uitdaging en uiteindelijk naar een eitje te 
gaan. Ik wil je niet alleen bedanken voor jouw kundige begeleiding, maar ook 
voor de vrolijke manier waarop je dat altijd hebt gedaan. Nu mijn proefschrift is 
afgerond, kan ik eindelijk de noodzaak van de oprichting van PENA rustig here-
valueren. Hopelijk zijn we nog op tijd…
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Professor Boersma, professor Klautz, en professor Steyerberg, de leden van mijn 
leescommissie. Mijn dank dat u allen bereid bent geweest om zitting te nemen in 
mijn promotiecommissie en de wetenschappelijke waarde van het proefschrift 
heeft willen beoordelen.
Beste professor Steyerberg, dank voor de nimmer aflatende interesse en bereid-
heid tot hulp tijdens de totstandkoming van dit proefschrift. Er liggen nog vele 
interessante ideeën op de plank dus ik verwacht dat ik binnenkort weer voor de 
deur sta om de nieuwste R-trucjes af te kijken.
Professor Roos-Hesselink en professor Klein: dank dat u bereid was in de grote 
promotiecommissie plaats te nemen.

Maarten Witsenburg, mijn begeleider bij mijn afstudeerscriptie, destijds nog 
bij de kindercardiologie. Hier is mijn interesse in onderzoek eigenlijk onstaan. 
Dankzij de zeer prettige begeleiding heb ik toen mijn eerste publicatie weten te 
voltooien, waarvoor mijn dank. Wellicht kunnen we daar in de nabije toekomst 
eindelijk dat goede glas whisky nog op drinken. Dan kunnen we er meteen nog 
één achteraan doen op dit proefschrift.

Els Berenschot, Liesbeth Duininck, Ria Hussaarts, Marijke Rozema, Liz van der 
Velden, Angeliek Venema, dames van de onderzoeksgroep. Dank voor al jullie 
hulp bij het verzamelen van kostbare data en immer snelle aanlevering hiervan. 

Martijn van Geldorp. Beste Martijn, na je opleidingsplaats volgt ongetwijfeld 
snel ook jouw boekje. Ik hoop dat we ons daarna weer met belangrijke zaken 
kunnen bezighouden, zoals het restaureren van oldtimers onder het genot van 
een lekker biertje.

Helena Heuvelman, Mostafa Mokhles en Stuart Head, collegae promovendi. 
Dank voor de prettige samenwerking en veel succes met het completeren van 
jullie proefschrift. Ik ben benieuwd naar jullie resultaat.

Nicolo Piazza. Dear Nico, thank you for the excellent projects we did together. 
Your drive (and the Maggotbrain CD) really was an inspiration and working with 
you has always been a great pleasure. I wish you all the best, the completion of 
your thesis is just a matter of time. Have fun in Germany!
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Alle medewerkers van het secretariaat Thoraxchirurgie, hartelijk dank voor de 
ondersteuning en prettige samenwerking. Connie Wemelsfelder, helemaal ver-
stopt in de cardiologische gang, ook jij hartelijk dank voor het samenrapen en 
opschonen van de benodigde JANUS data.

Beste Jos Bekkers en Lex Maat, gedurende mijn tijd als jullie kamergenoot heb 
ik genoten van de levendige anekdotes uit de kliniek. Dank voor deze prettige 
afwisseling tijdens de keiharde analyses. Ik hoop dat jullie niet teveel hebben 
geleden onder mijn muziekinstallatie.

Robert van Thiel en Ard Struijs, hartelijk dank voor jullie intensieve hulp bij de 
DEBRIEF studie. Jan Hofland en alle andere anaesthesiologen, dames en heren 
van de perfusie, ook jullie hartelijk dank voor de hulp hierbij. Sietske Focking, 
Marja van der Jagt en alle andere verpleegkundigen. Dank voor het enthousi-
asme waarmee ook jullie data hebben verzameld en daarbij bijgedragen hebben 
aan de totstandkoming van dit proefschrift. Binnenkort zal ik weer eens een fijne 
bak met drop en chocolade afleveren.

Chirurgen, collega assistenten en nurse practitioners, bedankt voor de prettige 
werksfeer, gezellige momenten en alles wat ik van jullie leer. 

Arjan van Cappellen en Gerard Draisma, mijn paranimfen. Dank dat jullie mij 
terzijde willen staan tijdens de verdediging van mijn proefschrift. 

Onno, klein broertje, als vaste leverancier van arbeidsvitaminen heb je voor de 
nodige ontspanning gezorgd gedurende mijn gehele onderzoeksperiode. Daar-
naast zorg je al zolang ik me kan herinneren voor de nodige ontspanning door je 
briljante humor en sta je altijd klaar, waarvoor dank.

Pap en mam, dank voor alle steun die jullie mij mijn hele leven al gegeven heb-
ben. Nu ik ietwat ouder begin te worden, begin ik steeds meer te zien hoeveel 
jullie altijd voor ons gedaan hebben. Mijn dankbaarheid is dan ook groter dan ik 
hier met woorden kan weergeven.
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Lieve Nina, hoewel de eerste onderzoeksjaren heel veel vrije tijd boden, is dit de 
laatste maanden wel anders geweest. Zoals altijd wegen de laatste loodjes het 
zwaarst en dat bleek ook bij de voltooiing van dit boekje (in combinatie met kli-
nische werkzaamheden) het geval te zijn geweest. Hierdoor heb jij dikwijls niet 
de aandacht gekregen die je verdient. Dank je voor je begrip en steun gedurende 
deze periode. Vanaf nu weer méér tijd voor mooie dingen.
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