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Summary
We observed survival after scheduled repair of abdominal aortic aneurysm in 1096 patients for a median (IQR

[range]) of 3.0 (1.5–5.8 [0–15]) years: 943 patients had complete data, 250 of whom died. We compared discrimina-

tion and calibration of an external model with the Kaplan–Meier model generated from the study data. Integrated

Brier misclassification scores for both models at 1–5 postoperative years were 0.04, 0.08, 0.11, 0.13 and 0.16, respec-

tively. Harrel’s concordance index at 1–5 postoperative years was 0.73, 0.71, 0.68, 0.67 and 0.66, respectively. Groups

with median 5-year predicted mortality of 40% (n = 251), 18% (n = 414) and 8% (n = 164) had lower observed

mortality than 114 patients with 70% predicted mortality, hazard ratio (95% CI): 0.58 (0.37–0.76), p = 0.0031; 0.30

(0.19–0.48), p = 1.7 9 10�12 and 0.19 (0.13–0.27), p = 1.3 9 10�10, respectively, test for trend p = 5.6 9 10�15.

Survival predicted by the external calculator was similar to the Kaplan–Meier estimate.
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Introduction
Scheduled surgery is unethical unless it follows

informed decision-making by a patient, supported by

clinicians, based upon the quantification of outcomes

with and without surgery, which the patient metamor-

phoses into harm and benefit through considering

their personal impact.

Scheduled repair of abdominal aortic aneurysms is

a case in point, the primary purpose of which is to

prolong survival. Ruptured aneurysms can kill but

despite follow-up extending beyond 10 years, no

randomised controlled trial has shown earlier

scheduled repair to improve survival, in patients with

aneurysm diameters less than 5.5 cm [1] or with a mean

(SD) diameter of 6.8 (1.0) cm [2]. Scheduled repair of

aneurysms continues in the UK and elsewhere without

the prediction of survival beyond one month [3–6].

Survival is usually reduced after major scheduled

surgery for more than one year. Researchers have

assumed that models of postoperative survival should

be derived from patients having surgery. This assump-

tion is logical but may be unnecessary and might

decrease the precision of the predicted survival. If one

accepts that surgery temporarily reduces survival
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compared with an equivalent non-surgical population,

one can reasonably estimate postoperative survival by

adjusting the survival exhibited by an appropriately

selected non-surgical population. There are a number

of advantages of using survival data from non-surgical

populations. Survival can be estimated for years when

long-term follow-up for numerous surgical populations

is unavailable. More precise survival can be predicted,

as data from national populations can be used, incor-

porating year-on-year changes in mortality. The pre-

dictive model is clearly separate from the population

to which it is applied. A peri-operative model, based

on non-surgical populations, could be broadly applied

potentially to any scheduled operation. Discrepancies

between the predicted and observed survival could be

used to improve the model but might also be informa-

tive, revealing prolonged effects of residual surgical

pathology, iatrogenic harm and previously unidentified

survival factors.

The primary purpose of this study was to establish

the discrimination and calibration of an external sur-

vival calculator based on general population survival,

compared with the Kaplan–Meier estimate after sched-

uled repair of abdominal aortic aneurysm. The external

calculator was independent of the survival observed in

the cohort.

Methods
We pooled anonymised data that four hospitals had

routinely recorded before scheduled repairs of abdomi-

nal aortic aneurysms: the Freeman Hospital, Newcastle

Upon Tyne Hospitals NHS Foundation Trust (2006–

2012); Northern General Hospital, Sheffield (2006–

2013); South Tees Hospital NHS Foundation Trust

(2008–2013); and Torbay Hospital, South Devon NHS

Foundation Trust (1999–2011). Each hospital deter-

mined survival through NHS databases. The last date

survival was checked was 5 July 2013 (Newcastle), 26

January 2015 (Sheffield), 20 March 2013 (South Tees)

and 12 January 2015 (Torbay). We did not seek ethical

approval for analysing routinely collected anonymised

data: these were released following approval by the

Caldicott Guardian of each hospital trust. The vari-

ables analysed against observed survival were: date of

operation; sex; age; height; weight; body mass index;

pre-operative haemoglobin concentration; pre-

operative creatinine concentration and three estimates

of the glomerular filtration rate; variables from cardio-

pulmonary testing (CPET), including peak power, peak

oxygen consumption, oxygen consumption and effi-

ciency of carbon dioxide excretion at the anaerobic

threshold; hospital; and type of aneurysm repair (open

or endovascular). Some of these data were components

of the independent calculation of expected survival up

to 15 postoperative years for patients from Newcastle,

Sheffield and Torbay (see below). Expected survival

was not generated for South Tees as the necessary

additional variables were unavailable (height, weight,

creatinine concentration).

One author (JC) began developing the survival

calculator from 2006 with the purpose of generating

survival curves for individuals or for cohorts. The

author (JC) entered data for each patient into the

risk calculator to generate individual tabulated

expected survival data up to 15 postoperative years.

The calculation of the monthly mortality for an indi-

vidual begins with the year, and his/her age and sex.

These three characteristics are used to choose the

appropriate average mortality hazard for the UK

population [7] for that year, age and sex. The UK

Office for National Statistics publishes mortality haz-

ards as Excel spreadsheets, consisting of deaths over

a three-year period, so the desired year is matched

to the median of a triennium. The most recent

release (September 2014) is the triennium 2011–2013,

the median year of which is 2012, therefore mortality

hazards for 2013, 2014 and 2015 have to be inferred.

One can either assume mortality for 2013–2015 was

the same as in 2012, or one can assume that mortal-

ity has changed: the UK and most other developed

countries have reported year-on-year 1–3% relative

reductions in mortality for at least four decades. We

used a 1.5% relative reduction in mortality for these

years. The next part of the calculation determines

whether the patient is ‘average’. We increased the

starting monthly mortality hazard by 1.5 times for

each of the following diagnoses: peripheral arterial

disease; stroke; heart failure; and myocardial infarc-

tion [8–19]. In the absence of myocardial infarction

or stroke, diagnoses of angina and transient cerebral

event increased monthly mortality hazard by 1.2

times.
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Mortality hazard was increased if the Cockcroft-

Gault estimated glomerular filtration rate was less than

the expected value. The expected value (ml.min�1) was

determined by:

ð0:003� age� ageÞ � ð1:017� ageÞ þ 139:4

The observed value was determined from the cre-

atinine concentration by:

ðð140� ageÞ �mass� 1:04Þ � ½creatinine� for women;

ðð140� ageÞ �mass� 1:23Þ � ½creatinine� for men:

The monthly mortality was increased by 1.0085

times per 1 ml.min�1 that the estimated observed glo-

merular filtration rate was below the expected glomerular

filtration rate [20]. The estimated glomerular filtration

rates from the ‘modified diet in renal disease’ and the

‘chronic kidney disease’models were similarly compared

against the expected value to adjust monthly mortality.

Finally, the starting monthly mortality hazard was

adjusted for twomeasures of aerobic physical fitness: the peak

oxygen consumption (ml.kg�1.min�1) and the ventilatory

efficiency for carbon dioxide, measured as the ratio of minute

ventilation to carbon dioxide excretion (no units) at the

anaerobic threshold. Mortality hazard was increased if the

peak oxygen consumption was less than the expected value.

The expected value (mlO2.kg
�1.min�1) was determined by:

3� ð14:7� ð0:13� ageÞÞ � ðð3:6� ð0:037� BMIÞ
� ð0:004� ageÞ þ 0:18Þ � 2:61Þ for women;

3� ð18:4� ð0:16� ageÞÞ � ðð3:6� ð0:037� BMIÞ
� ð0:004� ageÞ þ 0:358Þ � 2:72Þ for men:

The monthly mortality was increased by 1.15

times per 3.5 ml O2.kg
�1.min�1 that the observed peak

oxygen consumption was below the expected value

[21–23]. Mortality hazard was increased if the ventila-

tory equivalent for carbon dioxide at the anaerobic

threshold was more than the expected value.

The expected value was determined by:

22:1þ ðage� 0:123Þ for women;

21:1þ ðage� 0:123Þ for men:

The monthly mortality was increased by 1.05

times per unit that the observed carbon dioxide

ventilatory equivalent was more than the expected

value (derived from local data).

Once the monthly mortality hazard had been

calculated, the most similar monthly hazard was

selected from the UK life tables. The year-on-year

reduction in survival after this initial determination

of mortality hazard was populated from the adjacent

column in the UK life tables that lists the number

of survivors in subsequent years. However, the values

in a year sheet in the UK life tables are specific to

a single year and do not take into account cumula-

tive reductions in mortality and, therefore, more sur-

vivors. The surviving population was increased by

two mechanisms. First, the difference in the number

of survivors at a particular age was compared with

the preceding year: their ratio was used to increase

subsequent cohort survival. Second, the relative mor-

tality was reduced by 1.5% for each subsequent year

due to the observed year-on-year reduction in UK

mortality over the past four decades.

We increased the mortality hazard for one month

following surgery, which is a simplification of a more

prolonged elevation in postoperative cohort mortality.

After one month, survival was modelled parallel to the

pre-operative common underlying survival curve. In

the UK Small Aneurysm Trial [24], mortality was ten

times higher in the first month after open repair than

in the control group, while mortality after endovascu-

lar repair was 40% of open repair in the EVAR 1 study

[25], or about four times the rate that would be

expected in a control group. Individual predicted

patient survival curve probabilities were compared

with the observed survival rate, which generated con-

cordance indices and Brier scores (see below). The

median predicted survival curves were plotted for sub-

groups of patients to illustrate survival model discrimi-

nation and calibration (see below).

Hospitals had independently instituted pre-operative

CPET on cycle ergometers. Calibrated sensors measured

gas flow and oxygen and carbon dioxide content at the

mouth during supervised cycling, accompanied by con-

tinuous 12-lead ECGs and pulse oximetry, with or

without non-invasive blood pressure monitoring. These

variables were measured during 1–3 minutes’ rest,

followed by 2–3 minutes of unloaded pedalling after

which braking resistance was steadily increased. Tests
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were not standardised, although supervisors generally

intended patients to reach peak power over ten min-

utes of incremental braking. All hospitals used the

same type of cycle ergometer (Lode BV, Groningen,

Netherlands) and metabolic cart (Medical Graphics

UK, Gloucester, UK) except Sheffield, which used an

Ergoselect 150P cycle ergometer and Masterscreen cart

(CareFusion, San Diego, California, USA).

The peak oxygen consumption was analysed

without and with adjustment for body mass

(ml.kg�1.min�1) and for body size (ml.kg�0.83.min�1)

[26]. Continuous baseline data for different hospitals

were compared with one-way ANOVA, followed by

the Scheffe test for unequal sample sizes and the Sidak

test for multiple adjusted p values in the event of a

statistical difference (p < 0.05). Categorical hospital

baseline data were compared with Fisher’s exact test.

We used Cox regression to identify variables associated

with survival in univariable and multivariable analyses,

using the Efron method for ties. Three variables associ-

ated with survival in general populations were forced

into the multivariable model: date; age; and sex. Other

variables were sequentially included for the final multi-

variable model using the minimum Akaike information

criterion. We assessed the proportional hazards

assumption graphically with log-log plots and plots

combining the observed Kaplan–Meier survival and

predicted Cox regression curves. We tested the propor-

tional hazards assumption with Schoenfeld residuals.

The mortality hazard was smoothed using a Gaussian

kernel, width set at two and a half months.

The discrimination and calibration of the pre-

dicted survival against the observed survival was

assessed up to five postoperative years, when the num-

ber still at risk had fallen to 346 patients. Discrimina-

tion and calibration were assessed with: the Brier

score, which is a misclassification rate, calculated from

the weighted average of the squared distances between

the observed survival status and the predicted survival

probability, adjusted for censoring; the concordance

index, weighted by the inverse of the probability of the

Kaplan–Meier estimate to adjust for right censoring;

and hazard ratios for the population, grouped by the

15-year predicted area under the survival curve. Cali-

bration was assessed with calibration plots and against

the Kaplan–Meier estimated survival curves. We used

the ‘swaic’ package in STATA (intercooled version 12;

StataCorp LP, College Station, TX, USA) to select the

multivariate models from the observed data. We used

the ‘pec’, ‘rms’ and ‘survival’ packages in R [27] to

conduct discrimination and calibration analyses.

Results
We collected data for 1096 patients before scheduled

repair of an abdominal aortic aneurysm. Table 1 lists

patients’ variables. Predicted survival curves were not

generated for 153 patients who had missing data.

Of the remaining 943 patients, 250 died during a med-

ian observational period (IQR [range]) of 3.0 (1.5–5.8

[0–15]) years. The Revised Cardiac Risk Index was not

analysed as it is a composite score of variables with

different independent mortality hazards in the general

population.

There was no difference in postoperative survival

between hospitals (Fig. 1), p = 0.19. Figure 2 shows

that the mortality hazard decreased after open aneu-

rysm repair up to one postoperative year, after which

it increased (mortality rate increases with time as a

general adult population ages). After four postoperative

months the mortality hazard in patients who had

endovascular aneurysm repair exceeded that of patients

who had open repair, with the survival curves crossing

at two postoperative years (Fig. 3). The mean (SD) of

some baseline variables indicated that the endovascular

cohort had a higher background mortality: they were

2.65 (0.43) years older, p < 0.00001; their eGFR was

no different, but expected values were 1.47

(0.48) ml.kg�1.1.73 m�2 lower, p = 0.002; they had

lower oxygen consumptions, by 1.48 (0.24) and 1.05

(0.15) ml.kg�1.min�1 at peak and anaerobic threshold,

respectively, p < 0.00001 for both.

Figure 4 shows the observed and median predicted

survival curves for: (a) Newcastle patients; (b) Torbay

patients; and (c) Sheffield patients. Peak oxygen

consumption was higher in Sheffield than the other

three hospitals while the anaerobic threshold was simi-

lar to that in Newcastle and Torbay (Table 1 and

Fig. 5). The peak oxygen consumption in Sheffield

remained greater than that in Newcastle and Torbay

when allometrically scaled for body size. The higher

peak oxygen consumptions recorded by Sheffield

accompanied a survival curve that was coincident with
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an unadjusted prediction, which underestimated sur-

vival for Newcastle and Torbay that had reported

lower peak oxygen consumptions and higher ventila-

tory equivalents.

Table 2 contains the results of univariate analyses

for associations with mortality. The variable most

precisely associated with mortality was the survival

predicted by the calculator, despite the discrepancy in

peak oxygen consumption between Sheffield and the

other hospitals. Variables not associated with survival

included: sex, p = 0.09; ECG ischaemia during exer-

cise, p = 0.86; observed/expected peak oxygen con-

sumption, p = 0.61; and date of surgery, p = 0.55.

Type of surgery was not assessed with Cox regression

as the proportional hazard assumption was violated.

Table 3 presents the result of multivariate analyses

for association with mortality: (a) presents unadjusted

results, while (b) adjusts CPET data from Sheffield to

make them consistent with results from Newcastle and

Torbay. In both models, mortality was higher in Shef-

field than in Newcastle or Torbay, but with borderline

precision after adjusting the Sheffield CPET data.

Pre-operative haemoglobin concentration was indepen-

dently associated with survival when this model was

restricted to the two hospitals that reported it, mortal-

ity hazard ratio 0.85, p = 0.012.

Figure 6 shows the cumulative Brier score, the

integrated value of which was 0.16 over five years for

both the Kaplan–Meier estimate, derived from the

observed survival, and for the external prediction,

Table 1 Variables of 1096 patients before scheduled repair of abdominal aortic aneurysms in four hospitals. Values
are mean (SD) or number (proportion).

Newcastlea

(n = 283)
Sheffieldb

(n = 358)
South Teesc

(n = 153)
Torbayd

(n = 302)

p value

Total Intergroup

Age; years 74.3 (7.5) 73.5 (7.4) 74.0 (7.0) 72.6 (6.6) 0.028 0.023ad

Sex; male 253 (89%) 314 (88%) 136 (89%) 279 (92%) 0.25
Weight; kg 82.4 (16.0) 81.8 (15.9) – 82.3 (14.7) 0.88
Height; cm 171.9 (7.2) 172.1 (8.1) – 173.6 (7.5) 0.015 0.026ad

BMI; kg.m�2 27.8 (4.7) 27.5 (4.6) – 27.2 (4.1) 0.30
CPET
Peak _VO2

; ml.kg�1.min�1 14.7 (3.6) 17.8 (3.8) 13.3 (3.6) 15.7 (3.7) < 0.0001 0.003ac ad

< 0.0001ab bc bd cd

AT; ml.kg�1.min�1 11.6 (2.6) 11.5 (2.4) 9.4 (2.3) 11.0 (2.3) < 0.0001 < 0.0001ac bc cd

0.017ad

_VE= _VCO2
37.2 (6.2) 34.1 (5.5) 36.8 (5.9) 37.5 (7.0) < 0.0001 < 0.0001ab bc bd

Peak power; W 91.7 (30.5) 104.4 (31.3) – 99.5 (33.0) < 0.0001 < 0.0001ab

0.013ad

Peak heart rate; min�1 113.2 (21.4) 124.1 (25.2) 112.8 (23.4) – < 0.0001 < 0.0001ab bc

Peak _VO2
; ml.kg�0.83.min�1 30.9 (7.5) 37.4 (8.0) – 33.2 (7.9) < 0.0001 0.001ad

< 0.0001ab bd

*Peak _VO2 ; ml.kg�0.83.min�1 30.9 (7.5) *31.3 (6.4) – 33.2 (7.9) 0.0001 0.001ad

0.002bd

Peak _VO2
: observed/expected 0.81 (0.21) 0.98 (0.27) – 0.82 (0.21) < 0.0001 < 0.0001ab bd

_VE= _VCO2
: observed/expected 1.23 (0.20) 1.12 (0.18) – 1.24 (0.23) < 0.0001 < 0.0001ab bd

Creatinine; lmol.l�1 113.7 (59.4) 93.2 (42.1) – 108.5 (69.5) < 0.0001 < 0.0001ab

0.003bd

eGFR; ml.min�1.1.73 m�2 63.2 (26.5) 76.9 (27.2) – 70.0 (25.4) < 0.0001 0.006ad

< 0.0001ab

0.003bd

Haemoglobin; g.l�1 13.8 (1.6) – – 14.0 (1.3) 0.08
Repair; EVAR 162 (57%) 120 (34%) 92 (60%) 109 (36%) < 0.0001
Average predicted survival; years 8.8 (3.7) 10.1 (3.3) – 8.9 (3.9) < 0.0001 < 0.0001ab bc

*Sheffield data adjusted.
ab, Newcastle vs Sheffield; ac, Newcastle vs South Tees; ad, Newcastle vs Torbay; bc, Sheffield vs South Tees; bd, Sheffield vs Tor-
bay; cd, South Tees vs Torbay. CPET, cardiopulmonary exercise testing; _VO2 , oxygen consumption; AT, anaerobic threshold;
_VE= _VCO2 , efficiency of carbon dioxide excretion; eGFR, estimated glomerular filtration rate; EVAR, endovascular aneurysm repair.
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derived from independent general population survival.

Figure 7 is the concordance index for the external

model. Figure 8 shows calibration plots for one (a) to

five (e) postoperative years for the Kaplan–Meier

estimate and for the external model. Figure 9 com-

pares Kaplan–Meier with external model survival

curves for patients grouped by areas under the pre-

Figure 1 Kaplan–Meier survival estimates following scheduled repair of abdominal aortic aneurysms in 1096 patients
in four hospitals: Newcastle ( ); Sheffield ( ); Torbay ( ) and South Tees ( ). There was no overall difference
between survival curves. The tabulated numbers are patients at risk.

Figure 2 Smoothed mortality hazards following open
( ) or endovascular ( ) abdominal aortic aneurysm
repair: hazards of 0.05 and 0.1 indicate mortality rates
of 5% and 10% of the remaining cohort per year,
respectively. The point of interest is that the mortality
hazard was initially higher in the cohort that had open
repair, but after four months was higher in the cohort
that had endovascular repair. Patients in the two
cohorts differed in ways other than method of repair
(see text).

Figure 3 Observed Kaplan–Meier survival after sched-
uled open ( ) or endovascular ( ) abdominal aortic
aneurysm repair for 936 patients, with the survival
curves predicted by the calculator, ( and respec-
tively). The point of interest is that the observed cross-
over of survival curves two years after surgery was also
generated by the calculator. Shaded areas = 95% CI.
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dicted survival curve at 15 years, the hazard ratios of

which are in Table 4.

Discussion
We have assessed the performance of a survival calcu-

lator that uses variables available before surgery against

observed survival following scheduled repair of abdom-

inal aortic aneurysms, using recommended methods

[28]. The discrimination and calibration of the calcula-

tor, which was independent of observed survival, were

similar to the Kaplan–Meier estimates that were

derived from observed survival.

We think that the survival calculator should be

used to inform patients considering whether or not to

proceed to scheduled repair of an abdominal aortic

aneurysm. It might also be used for men considering

screening for abdominal aortic aneurysm. It is ill-con-

ceived to embark upon repair or screening in patients

whose survival is more likely to be shortened than

extended by surgical repair. On the other hand, the

surgical ‘threshold’ for aneurysm diameter in men

(5.5 cm) and women (5.0 cm), below which surgery is

rarely contemplated, could be challenged, on general

principles of survival rather than characteristics specific

to the aneurysm (rate of growth or shape). The abso-

lute mortality risk of surgery always increases with age,

unless counteracted by reductions in other risk factors.

Patients with particularly low mortality risk might

benefit from scheduled repair when the aneurysm is

smaller. The small aneurysm studies showed that on

average, survival was not extended by early surgery:

this leaves scope for harm in some and benefit in oth-

ers, a theoretical discrimination that can be made pre-

dictable by the calculation of survival curves with and

without surgery.

The performance of the calculator can be

improved by continuously comparing observed-to-

expected survival. In the Newcastle and Torbay

cohorts, the expected curve appeared to underestimate

survival with time. This is possibly the consequence of

inaccurate fitness measurements. Higher peak oxygen

consumptions and lower ventilatory equivalents during

CPET in Sheffield patients accounted for most of the

disparity in expected survival curves. The higher peak

oxygen consumptions appeared real: the mean peak

power and heart rate achieved by the Sheffield cohort

(b)

(a)

(c)

Figure 4 Observed ( ) Kaplan–Meier survival and
predicted survival, adjusted for BMI ( ) or not ( ),
in: (a) Newcastle; (b) Sheffield and (c) Torbay. Num-
bers are patients at risk. The point of interest is that
the BMI-adjusted lines fitted the Newcastle and Torbay
best but the unadjusted line fitted the Sheffield data
best. Shaded areas = 95% CI.
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Figure 5 Ordered graph of observed-to-expected ratios for peak oxygen consumption (solid lines) and carbon dioxide
ventilatory equivalent at the anaerobic threshold (dashed lines). Data are displayed for Newcastle ( and ), Sheffield
( and ) and Torbay ( and ). The axes intersect at a ratio of one on the vertical logarithmic scale and at the med-
ian value of 0.5 on the ordered horizontal scale. Data would all lie on the intersection of the axes if all patients exhibited
their expected values. A normal population would exhibit normal deviation around the expected values, which would gen-
erate a line that passed through the intersection of the axes, from bottom left to top right, approximated by the peak oxy-
gen consumptions measured in Sheffield ( ). Peak oxygen consumptions above the horizontal axis and ventilatory
equivalents below the horizontal axis indicate fitness better than expected. The point of interest is that patients in Newcas-
tle and Torbay exhibited very similar values while patients in Sheffield appeared fitter: very similar anaerobic thresholds in
the three hospitals suggest that this is incorrect – patients in Sheffield probably had the same distribution of fitness but
tried harder at higher ramps.

Table 2 Univariate analyses of pre-operative variables associated with postoperative survival in 1096 patients who
had scheduled repair of abdominal aortic aneurysms. Values are number (95% CI).

Number of
patients Hazard ratio

Standard
error z p value

Age; years 1096 1.075 (1.054–1.098) 0.011 7.19 3.3 9 10�11

Weight; kg 943 0.978 (0.968–0.988) 0.005 �4.40 6.4 9 10�06

Height; cm 943 0.965 (0.948–0.982) 0.009 �3.98 8.0 9 10�05

BMI; kg.m�2 943 0.947 (0.915–0.981) 0.017 �3.07 0.0015
Creatinine; lmol.kg�1 943 1.003 (1.001–1.004) 0.001 2.03 0.043
eGFR; ml.min�1.1.73 m�2 943 0.979 (0.973–0.985) 0.003 �6.63 4.3 9 10�10

Expected eGFR; ml.min�1.1.73 m�2 1080 0.965 (0.951–0.978) 0.007 �5.42 6.0 9 10�08

Haemoglobin; g.dl�1 576 0.720 (0.645–0.805) 0.041 �5.8 2.4 9 10�08

CPET
Peak _VO2

; ml.kg�0.83.min�1 943 0.950 (0.933–0.967) 0.009 �6.61 3.9 9 10�11

Expected peak VO2; ml.kg�1.min�1 943 0.888 (0.855–0.922) 0.017 �6.22 8.4 9 10�09

Anaerobic threshold; ml O2.kg
�1.min�1 1096 0.880 (0.835–0.927) 0.024 �4.77 2.5 9 10�06

_VE= _VCO2
at the anaerobic threshold 1096 1.058 (1.039–1.077) 0.009 6.31 2.8 9 10�09

Peak power; W 932 0.983 (0.978–0.987) 0.003 �7.67 1.7 9 10�14

Hospital (compared with Newcastle)
Sheffield 358 1.150 (0.785–1.687) 0.224 1.06 0.29
Torbay 302 1.090 (0.747–1.590) 0.210 0.57 0.67
South Tees 153 1.666 (1.034–2.685) 0.406 2.1 0.036

Predicted survival* 936 0.846 (0.816–0.878) 0.016 �8.99 < 10�16

eGFR, estimated glomerular filtration rate; CPET, cardiopulmonary exercise testing; _VO2 , oxygen consumption; _VE= _VCO2 effi-
ciency of carbon dioxide excretion. *Area under the predicted survival curve during 15-postoperative years.
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were higher than in the other two hospitals. The

observed peak oxygen consumption matched the

expected, in that the mean (SD) observed-to-expected

ratio was 0.98 (0.27), while the ratios in Newcastle and

Torbay were 0.81 (0.21) and 0.82 (0.21). The simplest

explanation is that staff in Sheffield motivated patients

to pedal longer or used steeper power ramps than the

staff in the other two hospitals: the anaerobic thresh-

olds were similar in the three hospitals, implying that

patients' fitness was similar in the three hospitals.

Table 3 Multivariate analysis of pre-operative variables associated with postoperative survival in 936 patients who
had scheduled repair of abdominal aortic aneurysms, (a) without or (b) with adjustment for higher peak oxygen con-
sumption ( _VO2) and lower efficiency of carbon dioxide excretion ( _VE= _VCO2) measured in Sheffield. Missing data pre-
vented analysis of South Tees patients. Age, sex and date of surgery were forced into both models (data in boxes).
Values are number (95% CI).

Hazard ratio Standard error z p value

(a)
Age; years 1.049 (1.016–1.066) 0.012 2.99 0.0028
Female 0.939 (0.616–1.430) 0.202 �0.47 0.64
Date of surgery 1.000 (0.999–1.000) 0.000 �0.04 0.96
eGFR; ml.min�1.1.73 m�2 0.988 (0.981–0.996) 0.004 �2.71 0.0067
Peak _VO2

; ml.kg�0.83.min�1 0.961 (0.942–0.982) 0.010 �4.88 0.0000011
_VE= _VCO2 at the anaerobic threshold 1.033 (1.010–1.056) 0.012 2. 70 0.0069
Hospital (compared with Newcastle)
Sheffield 2.08 (1.37–3.14) 0.44 3.99 0.000067
Torbay 1.43 (0.90–2.26) 0.34 1.71 0.088

Age; years 1.041 (1.016–1.066) 0.013 3.00 0.0028
Female 0.936 (0.615–1.425) 0.201 �0.52 0.60
Date of surgery 1.000 (0.999–1.000) 0.000 �0.04 0.97
eGFR; ml.min�1.1.73 m�2 0.988 (0.981–0.996) 0.004 �2.73 0.0063
Peak _VO2 ; ml.kg�0.83.min�1 0.960 (0.939–0.980) 0.011 �5.03 0.00000049
_VE= _VCO2

at the anaerobic threshold 1.031 (1.010–1.053) 0.011 2.65 0.0081
Hospital (compared with Newcastle)
Sheffield 1.48 (1.00–2.19) 0.30 2.31 0.0216
Torbay 1.44 (0.91–2.28) 0.34 1.76 0.078

Figure 6 Cumulative Brier scores to five postoperative
years for the Kaplan–Meier estimate derived from the
observed data ( ) and for the external prediction
derived from the general population calculator ( ).
The area under the line is the ‘integrated Brier score’ or
‘cumulative ranked probability score’: perfect prediction
is a value of zero. The values at one, two, three, four and
five postoperative years were 0.04, 0.08, 0.11, 0.13 and
0.16, respectively. A point of interest is that during the
first three postoperative months the error rapidly
increased for both the Kaplan–Meier and external
survival models: this might have been consequent on
modeled surgical mortality’s being concentrated in,
and restricted to, the first postoperative month.

Figure 7 Concordance index for the external model.
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Another factor might be the different cycle ergometer

and metabolic cart used in Sheffield, although all hos-

pitals maintained the calibration of their equipment.

The matching of expected to observed survival curves

was improved by adjusting for body mass indices in

Newcastle and Torbay. This was done in the belief that

there is an independent mortality hazard associated

with being underweight and a survival benefit – up to

a point – to being overweight. Although this belief

might be correct, it seems likely that the improved

performance of the calculator with ‘adjustment’ for

body mass index was a coincidence. The calculator

(a) (b)

(c)

(e)

(d)

Figure 8 Calibration plots of predicted versus observed survival, at 1–5 (a–e) postoperative years, for the Kaplan–
Meier estimate ( ) and for the external model ( ). A perfect model would align along the diagonal ( ). The
range of predicted survival extends with time and shifts from all patients alive (a proportion of one on the right) to
the left (fewer survivors). Both models tend to underestimate survival with increasing time (line above the diagonal),
except in a subgroup with ‘medium’ risk (lines below the diagonal).
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underestimated survival for underweight as well as

overweight patients in Torbay, so the calculator needs

adjustment on a basis other than body mass, with the

CPET measurements the most likely candidate.

Another source for discrepancy was the way in which

the continuous year-on-year mortality reduction in the

UK population was accommodated. The calculator

used a cumulative year-on-year reduction in mortality

of 1.5%; if this were increased to 2–2.5%, the expected

curve would more closely match the observed curve.

The methods used to assess discrimination and

calibration of the external model is adjusted for right-

censored data. However, these methods are more reli-

able with less censoring. Over two thirds of the cohort

was alive when survival was last checked. Therefore,

our results are likely to change when follow-up is more

complete and censoring is diminished. The discrepan-

cies between observed and predicted survival are

due to inaccuracies in both the predictive model and

follow-up, in that the databases against which survival

in different hospitals were checked might not be

current.

In conclusion, we believe that the calculator per-

formed sufficiently well to inform patients considering

whether to proceed to scheduled repair of abdominal

aortic aneurysms or to enter the ultrasound screening

programme. The calculator could be continuously

updated and improved in the light of new evidence on

general population survival: it might be used as the

basis for predicting survival in patients undergoing any

operation.
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Figure 9 Comparison of Kaplan–Meier estimates, derived from observed survival (solid lines), with predicted sur-
vival, derived from an independent external model (dashed lines), for patients grouped by predicted mortality risk
(see Table 4): lowest risk, hazard ratio 0.19 ( ); low-medium risk, hazard ratio 0.30 ( ); medium-high risk, hazard
ratio 0.58 ( ); highest risk, hazard set to one ( ). Error bars = 95% CI.

Table 4 Ratios of mortality hazard for patients predicted to be less likely to die compared with 114 patients with the
highest risk (area under the 15-year curve less than 4.5 years). Figure 9 illustrates their Kaplan–Meier and externally
predicted survival curves. Values are number (95% CI).

Risk group Area under 15-year curve Hazard ratio Standard error z p value*

Medium-high 4.5–8.5 (n = 251) 0.58 (0.37–0.76) 0.17 �3.21 0.0013
Low-medium 8.5–13.0 (n = 414) 0.30 (0.19–0.48) 0.17 �7.06 1.7 9 10�12

Lowest > 13.0 (n = 164) 0.19 (0.13–0.27) 0.26 �6.42 1.3 9 10�10

*p = 5.6 9 10�15 for trend across the predicted risk groups.
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