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Abstract

OBJECTIVES: Progressive loss of calibration of the original EuroSCORE models has necessitated the introduction of the EuroSCORE II
model. Poor model calibration has important implications for clinical decision-making and risk adjustment of governance analyses. The
objective of this study was to explore the reasons for the calibration drift of the logistic EuroSCORE.

METHODS: Data from the Society for Cardiothoracic Surgery in Great Britain and Ireland database were analysed for procedures per-
formed at all National Health Service and some private hospitals in England and Wales between April 2001 and March 2011. The
primary outcome was in-hospital mortality. EuroSCORE risk factors, overall model calibration and discrimination were assessed over
time.

RESULTS: A total of 317 292 procedures were included. Over the study period, mean age at surgery increased from 64.6 to 67.2 years.
The proportion of procedures that were isolated coronary artery bypass grafts decreased from 67.5 to 51.2%. In-hospital mortality fell
from 4.1 to 2.8%, but the mean logistic EuroSCORE increased from 5.6 to 7.6%. The logistic EuroSCORE remained a good discriminant
throughout the study period (area under the receiver-operating characteristic curve between 0.79 and 0.85), but calibration (observed-
to-expected mortality ratio) fell from 0.76 to 0.37. Inadequate adjustment for decreasing baseline risk affected calibration considerably.

DISCUSSIONS: Patient risk factors and case-mix in adult cardiac surgery change dynamically over time. Models like the EuroSCORE that
are developed using a ‘snapshot’ of data in time do not account for this and can subsequently lose calibration. It is therefore important
to regularly revalidate clinical prediction models.
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INTRODUCTION

The EuroSCORE models have been the predominant risk-
prediction models used in European cardiac surgery since the
original additive version was published in 1999 [1]. They were
developed using a pan-European database that collected data for
a 3-month period in 1995 [2]. The additive model was initially
assessed in a number of different countries and found to be valid
[3–5]. Subsequently, the performance of the additive model, par-
ticularly for high-risk patients, was questioned. To address this
issue, the full logistic version of the EuroSCORE was published in
2003 [6]. The logistic model had the advantage of improved cali-
bration, particularly for high-risk groups [7].

Currently, both the additive and logistic EuroSCORE models sig-
nificantly over-predict the risk of in-hospital mortality for cardiac
surgery [8, 9]. A recent systematic review demonstrated that both
models were poorly calibrated, with an aggregated predicted mor-
tality double that of observed mortality [9]. This ‘calibration drift’ has
important implications for both clinical decision-making and clinic-
al governance analyses that utilize the original EuroSCORE models
[10]. To address this issue, EuroSCORE II has been developed using
data from 22 381 patients who underwent surgery during 2010 [11].
However, the systematic calibration drift of the original EuroSCORE
models has not been fully explored. The objective of this study was
to investigate the calibration drift of the original EuroSCORE models
as this may have important implications for the EuroSCORE II
model (and other similarly produced risk models).
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MATERIALS AND METHODS

Data collection, validation and cleaning

Prospectively collected data for all cardiac surgery procedures
performed in England and Wales between 1st April 2001 and
31st March 2011 were extracted from the Society for
Cardiothoracic Surgery (SCTS) in Great Britain and Ireland data-
base. Any records with the procedure date missing were
excluded. Duplicate records were removed, transcriptional dis-
crepancies re-coded and clinical and temporal conflicts resolved.
At this stage, and prior to analysis, data for the last 3 years were
returned to each contributing hospital for local validation. Data,
prior to 1st April 2008, were previously reviewed by contributing
hospitals for the preparation of the National Adult Cardiac
Surgical Database Report [12].

In-hospital mortality was defined as death due to any cause
during the base hospital admission for cardiac surgery. Missing
and conflicting data for in-hospital mortality status were back-
filled and validated via record linkage to the Office for National
Statistics (ONS) census database, which records details of all
deaths in England and Wales. Any remaining records with missing
in-hospital mortality status were excluded. Within-admission
re-do procedure records were also removed. Definitions of data-
base variables used for the study are available at http://www.ucl.
ac.uk/nicor/audits/Adultcardiacsurgery/datasets.

Analysis

For the purpose of analysing trends, we assumed that a missing
record of a binary or categorical risk factor indicated that the
risk factor was not present, i.e. equivalent to the reference level.
For any record of missing patient age at the time of surgery, the
median patient age for the corresponding financial year was
imputed. The percentage of missingness year-on-year for each
risk factor in the logistic EuroSCORE was calculated as a general
indicator of data quality. In the case of some risk factor data, for
example, pulmonary hypertension, which is included in the
EuroSCORE models as a binary risk factor, continuous measure-
ments were not recorded. Instead, a nominal value is included
where it is considered to be normal.

Following this imputation-based approach, a time series of
mean observed and expected mortality was plotted for each
time quarter. Q1 denotes 1st January–31st March, Q2 denotes
1st April–30th June, Q3 denotes 1st July–30th September and Q4
denotes 1st October–31st December. Expected mortality is cal-
culated according to the logistic EuroSCORE [6]. The
Agresti-Coull approximation was used to calculate a 95% confi-
dence interval (CI) for the observed mortality during a single
period [13]. The linear trajectory of the observed and expected
mortality proportions against time is indicated by means of over-
laid fitted linear regression models (with time [annual quarter]
replaced by an integer sequence 0, 1, 2, …, 39). A non-
parametric locally weighted smoothing (LOESS) fitted curve was
used to examine the trend in observed-to-expected (O:E) ratios
over annual quarters [14]. Back-extrapolation of the linear regres-
sion fits was used to approximate when the O:E ratio was 1.

Discriminatory ability of the logistic EuroSCORE was measured
using the area under the receiver-operating characteristic (ROC)
curve (AUC). For each annual quarter, the AUC and its 95% CI was

calculated using the method of DeLong et al. [15]. An
AUC between 0.7 and 0.8 is generally considered to indicate good
discrimination, with AUCs >0.8 indicating excellent discrimination.
Time series plots of logistic EuroSCORE risk factor means

aggregated over annual quarters were produced with the excep-
tion of age, which was treated as a continuous variable and not
transformed as in the logistic EuroSCORE. Similarly, time series
were developed for four clinical classes of procedures collected
by the SCTS that affect the operative risk factors included in the
logistic EuroSCORE: coronary artery bypass graft (CABG) surgery,
valve surgery, major aortic surgery and other cardiothoracic
surgery. Here, other cardiothoracic surgery includes left ventricu-
lar aneurysmectomy, atrial myxoma surgery, pulmonary embol-
ectomy, epicardial pacemaker placement, pericardectomy, atrial
septal defect closure, procedure for congenital conditions,
acquired ventricular septal defect closure, pulmonary endarter-
ectomy, atrial fibrillation ablation, myomectomy, carotid end-
arterectomy, peripheral vascular procedures and any other
cardiothoracic surgery not listed above. Due to missing data in
procedure-specific fields, a refined trends analysis of actual pro-
cedures (e.g. mitral valve replacement) was inappropriate. Again,
LOESS curves were fitted to characteristic time series models to
extract and summarize general trends [14].
To gauge which of the risk factors contributed the most to the

change in logistic EuroSCORE prediction of in-hospital mortality
year-on-year, all other covariates were held at their Q2-2001
level to allow the variable of interest to change as observed over
time. This was measured by multiplying the static log odds ratio
(specified by the logistic EuroSCORE model) for the risk factor
by the arithmetic difference in means of the risk factor for each
time point with reference to Q2-2001. To gauge the loss in cali-
bration, for each annual quarter, a logistic regression between
the observed outcome and log-odds transformed logistic
EuroSCORE for each record is performed [16]. This yields an
intercept and slope coefficient for each time period. In the case
of perfect calibration, the intercept and slope will equal 0 and 1,
respectively. The intercepts, slopes and logistic calibration curves
(which are functions of the intercept and slope coefficients) are
plotted to identify any systematic trends.
All data cleaning and analyses were performed using the R

statistical computing software (http://www.R-project.org/)
Version 2.14.2 [17] and the ggplot2 package for exploratory data
analysis Version 0.9.2.1 [18].

RESULTS

In total, there were 318 679 records from 37 hospitals matching
the geographical and temporal inclusion criteria. Of these
records, 207 were excluded due to missing data on whether
the patient was alive at discharge, and a further 1180 records ex-
cluded on the basis that they corresponded to within-
admission re-do procedures. In total, there remained 317 292
records available for this study. The overall degree of missingness
in the EuroSCORE risk factors was 1.7%. The greatest degree of
missingness during any annual quarter was for pulmonary hyper-
tension during Q2-2001 (10.6%). As shown in Fig. 1, the degree
of missingness for all EuroSCORE risk factors has remained con-
sistent or decreased overall with the notable exception of recent
myocardial infarction. There were only nine missing records of
patient age during the entire study period (<0.003%).
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During Q2-2001, the observed mortality was 4.1% (95% CI
3.6–4.6%) and the expected mortality was 5.6%, giving an O:E
ratio of 0.73. At the time of the publication of the logistic
EuroSCORE (Q2-2003), the observed mortality proportion was
3.5% and the expected mortality was 5.9% (O:E ratio 0.60). For

the final time period included in this study (Q1-2011), the
observed mortality was 2.8% (95% CI 2.4–3.2%) and the expected
mortality was 7.6% (O:E ratio 0.37). As shown in Fig. 2 (top
panel), the observed and expected mortality have been diver-
ging at an approximately linear rate (observed mortality slope =
−2.08 × 10−4 [P < 0.001]; expected mortality slope = 6.01 × 10−4;
[P < 0.001]). Furthermore, the magnitude of the trajectory is
greater for the expected mortality than for the observed mortal-
ity (absolute ratio of slopes for O:E mortality 2.89).
Back-extrapolation estimated Q2-1996 as the period where the
logistic EuroSCORE was on average perfectly calibrated, coincid-
ing approximately with the EuroSCORE data collection period.
The overall O:E for each annual quarter, as shown in Fig. 2
(bottom panel), demonstrates that the O:E curve has been lin-
early decreasing to approximately 2007, at which point the rate
of O:E decline slows. Model discrimination has consistently been
‘excellent’ over time, as shown in Fig. 3; the minimum AUC was
0.79 (Q2-2002) and the maximum was 0.85 (Q4-2001).
The trends for the EuroSCORE risk factors by annual quarter

demonstrate a notable degree of noise; however, the overlaid
LOESS smoothing curves demonstrate that there have been
changes to most of the risk factors over time (Figs 4 and 5).
Average patient age at the time of the procedure has increased
linearly over the study period by a total of 2.6 years (mean of
64.6 years in Q2-2001 to mean of 67.2 years in Q1-2011). There
have also been approximately increasing linear trends in the
proportion of female patients, patients with chronic pulmonary
disease, active endocarditis, critical preoperative state, neuro-
logical dysfunction and recent myocardial infarction. There has
been a decreasing linear trend in the proportion of emergency
procedures. Non-linear and non-monotonic trends were
observed for previous cardiac surgery, unstable angina requiring
intravenous nitrates, serum creatinine >200 μmol/l and poor left
ventricular function. It should be noted that not all changes are
of clinical significance, regardless of whether they are statistically
significant, and care should be taken in reading the scale of the

Figure 1: Percentage of missing data year-on-year for each EuroSCORE risk factor. LV: left ventricular; MI: myocardial infarction; CABG: coronary artery bypass
graft; VSD: ventricular septal defect.

Figure 2: (Top) The observed mortality proportion and expected mortality
proportion according to the logistic EuroSCORE. (Bottom) O:E mortality ratio
(as determined by the logistic EuroSCORE model) ratios calculated for each
annual quarter.
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ordinate axes. As shown in Fig. 6, over the study period, there
has been an increase in the proportion of valve procedures that
involve major aortic surgery and surgery that involves other car-
diothoracic procedures. In contrast, the proportion of isolated
CABG procedures has decreased (from 67.5 in Q2-2001 to 51.2%
in Q1-2011).

The measure of contribution of each EuroSCORE risk factor to
the overall trend of increasing expected mortality is shown in
Fig. 7 and demonstrates that two of the risk factors have a stron-
ger association with the increase in risk score than the others,
namely age and ‘procedures other than isolated CABG’.
However, even the largest change (for patient age) only yields

an increase of approximately 0.15 to the risk score, which corre-
sponds to an increase of 0.16 and 0.76% for patients with an
initial risk of 1 and 5%, respectively. This would imply drift is
either independent of risk factor dynamics or stems from a com-
pounding effect. Decreasing trends in both the calibration inter-
cept and slope coefficients are shown in Fig. 8 (left panels). It is
useful to note that the change in intercept coefficients is mea-
sured on the same units, as shown in Fig. 7. Over the study
period, the intercept fell from −0.41 to −1.36 (a decrease of
0.95). At the start of the study period, the slope was 0.99,

Figure 3: AUC for the logistic EuroSCORE over time (95% CI, vertical black lines).

Figure 4: Time series (red lines) and fitted trend curves (blue curves) to
patient characteristic risk factors included in the logistic EuroSCORE.

Figure 5: Time series (red lines) and fitted trend curves (blue curves) to
patient characteristic risk factors included in the logistic EuroSCORE. LV: left
ventricular; MI: myocardial infarction; CABG: coronary artery bypass graft;
VSD: ventricular septal defect.
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dropping to 0.91 (a decrease of 0.08) at the end of the study period.
The calibration curves (Fig. 8; right panel) confirm that model
calibration has progressively departed from optimum calibration.

DISCUSSION

This study demonstrates that there has been a systematic deteri-
oration in the calibration of the logistic EuroSCORE model for
cardiac surgery in England and Wales. While the ability of the

model to discriminate between patients of low and high risk has
remained very good, the calibration of the model has drifted
such that, for all cardiac surgery in 2011, the logistic EuroSCORE
predicts more than double the observed in-hospital mortality.
This finding is consistent with a recent systematic review of
EuroSCORE performance [9]. The systematic drift in calibration is
a result of a steady fall in the observed mortality despite signifi-
cant changes in the incidence of several important risk factors
contributing to the original logistic EuroSCORE calculation. These
findings have important implications for the use of cardiac

Figure 6: Time series (red lines) and fitted trend curves (blue curves) to procedure classes that affect the operative risk factors included in the logistic EuroSCORE.

Figure 7: Change in EuroSCORE logistic regression linear determinants demonstrating that patient age and surgery other than isolated CABG have a stronger asso-
ciation with the increase in risk score than the others. LV: left ventricular; MI: myocardial infarction; CABG: coronary artery bypass graft; VSD: ventricular septal
defect. Age is recorded as per the EuroSCORE transformation.
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surgery risk models for patient consent, clinical decision-making
and governance processes.

Over the past 10 years, there have been important changes to
both cardiac surgery patient risk factors and the case-mix facing
cardiac surgeons. Some of these trends are approximately linear,
while others are non-linear. There has been a steady rise in the
mean age of patients undergoing cardiac surgery, which is now
67.2 years. Increases in the frequency of certain risk factors may
represent an increased willingness of cardiac surgeons to take on
higher-risk patients because of improvements in anaesthetic, sur-
gical and postoperative critical care. With regard to the case-mix,
the proportion of isolated CABG procedures has fallen by an
absolute value of 16% and now represents just over half of all
procedures performed. The year-on-year decrease in the pro-
portion of CABG surgery is likely to be a direct result of the in-
crease in the use of percutaneous coronary interventions [19].
Alongside the fall in the proportion of CABG surgery, there has
been an associated rise in the proportion of valve surgery, major
aortic surgery and other cardiothoracic procedures.

Despite the changes in case-mix and patient risk factors
indicating that, relative to the original EuroSCORE data, there has
been an increase in the number of higher-risk patients and
procedures, the observed mortality has significantly fallen. This
has contributed to the calibration drift because the logistic
EuroSCORE model’s intercept parameter has remained static.
There are multiple potential reasons for this improvement in
observed mortality, including the measurement and publication
of UK cardiac surgery outcomes that has occurred during the
study period. The SCTS has published named mortality rates for
cardiac surgery by hospital since 2001 and by surgeon since
2005 [20]. There is evidence that such publications drive
improvements in healthcare [21, 22]. Improvements in training,
anaesthesia, critical care and surgical techniques will also have
played a vital role in improving the safety of cardiac surgery and
contributing to the fall in observed mortality.

Differences between the observed and expected mortality
based on the EuroSCORE models, described here as calibration
drift, have been extensively noted in the literature [9]. This study
demonstrates that, by the time, the logistic EuroSCORE had been
published in 2003, a significant calibration drift had already

occurred in England and Wales and, therefore, the model may
have inappropriately over-predicted risk since its publication.
This is perhaps not surprising, given that the development of the
additive and full logistic EuroSCORE model was based on a
‘snapshot’ of patient and operative characteristics in Europe
during 1995 [2]. There is already some evidence that the
EuroSCORE II may already over-predict mortality for isolated
CABG surgery [23].
Calibration drift has important implications for clinical practice

even if model discrimination remains acceptable. A risk-prediction
model that over-predicts risk may result in falsely reassuring con-
clusions about performance [10]. A model that over-predicts risk
may also result in an inappropriate (and excessive) risk for conven-
tional surgery being quoted to patients, leading to a choice of
novel treatments such as transcatheter aortic valve implantation. It
is possible that patients may even be denied surgery because of
an overstated perception of high surgical risk. As logistic
EuroSCORE and EuroSCORE II are both general cardiac surgery
models, trends were studied in the general cardiac surgery popu-
lation. However, it may be the case that trends are being driven by
dynamics within the specific population subgroups, for example,
procedure types or patient characteristics.
This study has been performed using a national clinical

dataset that includes all National Health Service hospitals and
some private hospitals, performing cardiac surgery in England
and Wales. The data included are validated on a regular basis by
each contributing hospital. As with the majority of clinical
studies, some data were missing, which is a limitation of this
study. At the start of the study period, database missingness was
more common and, therefore, the intra-risk factor variation for
some variables might be heterogeneous.
A further limitation of this study was that observed noise in

the database was not studied. The decision to aggregate time
into annual quarters as opposed to months was made to reduce
variation from low-incidence risk factors. The remaining variation
might be explained by a multitude of factors including missing
data, errors in the data inputting or upload and seasonal or
natural variation within a homogeneous population. No obvious
seasonality pattern was apparent from this analysis; however, it
has recently been shown that there may be a seasonal effect in

Figure 8: (Left) Time series plots (red lines) of calibration intercept and slope parameters and fitted trend curves (blue curves). (Right) Calibration curves for each
annual quarter. Black dashed line shows perfect calibration.
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the EuroSCORE II model [24]. The intra-quarter, intra- and inter-
hospital variation were not quantified, but this was beyond the
scope of the present study. The contribution of risk factors con-
ditional upon patient subgroups was also not studied. This is
because the EuroSCORE models do not include any interaction
terms, meaning that the contributions of risk factors are equal
across all patient subgroups.

To the authors’ knowledge, this is the first in-depth analysis of
the changes in the logistic EuroSCORE risk factors and model per-
formance over time. Although the logistic EuroSCORE has now
been replaced by the EuroSCORE II and is no longer recom-
mended for contemporary cardiac surgery, this study has import-
ant implications for EuroSCORE II and other risk models derived
from ‘snapshots’ of data. If the dynamic trends demonstrated in
this study for cardiac surgery continue then it is inevitable that
EuroSCORE II will also become miscalibrated for all cardiac
surgery over the coming years. It is therefore essential that static
models for clinical risk prediction should undergo regular revalid-
ation to ensure acceptable contemporary calibration, and when
this calibration crosses predefined thresholds, model update
methodology be applied. Alternative statistical approaches for
clinical risk prediction that might be considered in the future.
Such as machine learning, artificial neural networks and data
querying methods over arbitrary periods of time will not be
immune to a dynamical data-generating mechanism. A Bayesian
dynamical modelling approach is one approach that would be
adaptive to the issue of calibration drift and could replace the
default method of periodic recalibration; however more research
is required before any recommendations can be made.
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