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explicitly modelled in our study. In this respect, it is important to note however that 
mechanical failure is only one of the dangers that threaten patients with artificial heart 
valves23. We demonstrated for instance that the life-expectancy of a 40-year-old patient 
with a BScc mitral valve withoftt any risk of valve fracture and, who does not have 
concomitant morbidity, is considerably lower than the life-expectancy according to the 
vital statistics of the general Dutch population (24.8 compared to 34.9 years). Finally, 
one has to account for the postoperative morbidity, which may interfere with a patient's 
norlllal activities of daily life during at least a few months. 

The results of the Dutch follow-up study allow recommendations for prophylactic 
replaeeluent of the BSec valves. The age thresholds presented in this study may serve as 
rough guidelines for patient selection but can never substitute definitive decision 111aking 
that should be based on an individual evaluation of the strut fracture rate (which may 
vary between countriesL the risks of surgery, the life-expectancy and the patients's 
attitude towards the alternative options. 

71lis study UHS SJlpportcd ill patt by a.l!ralltfiolll tile Netherlands' Health Research Prolllolioll Prograllllllc (SeQ). 
TIlc awll1m wish ttl thank .M.A. KMPlIJatl5dwp, Dcpt tifPllblic Hcalth, Erasllllls Unil1crsity Rotterdam,fin fljs 
collfriblltitm to tile c((lIIomic emfrllliioll, alld Profcssor J BCllbassat, rna/lty (if Hcalth SciCIICCS, Ben Guritlll 
Ullitlersity, Bccr SllCtI(l, Israel,fi'r IIis IIe1Jiflil COII/II/Cllis. 
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11 Prophylactic replacement of 
Bj ark - Shiley convexo-concave 
heart valves: an easy-to-use tool for 
decision support 
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By Heart J, a((epted/or pllblicatioll 

Abstract 

BackgroulId: Bjork Shiley convexo-concave heart valves have a considerable' risk of strut 
fracture, which is associated with a high lethality. If one considers prophylactic 
replacement of the valve, this fracture risk has to be weighed against the risks of 
reoperation. Estimates of strut fi-acture risk and reoperation mortality have recently been 
subject to revisions. 
O~;ectt'I'c: This study aimed to develop an easy-ta-use tool for decision making on 
prophylactic replacement of Bjork Shiley convexo-concave heart valves. 
iVletllOds: A decision analysis model was used to calculate the loss of life-expectancy 
caused by strut fi-acture and by elective prophylactic replacement. Quantitative estimates 
for the model were obtained from a large follow-up study in The Netherlands and 
recently published studies. 
Results: A simple graph was constructed that presents the loss of life-expectancy (LE) 
caused by strut fracture for combinations of basal LE (LE without strut fracture) and 
lethal fracture risk (strut fracture risk multiplied by lethality offracture). This loss ofLE 
can directly be compared with the loss caused by surgical nlortality. The calculations 
take individual patient characteristics into account, such as age, gender, cardiac 
comorbidity, position of the valve, and can easily be made by hand or with a simple 
computer application. 
C01'lclllshms: This decision support tool enables the direct estimation of the gain or loss 
of life-expectancy by replacement of a Bjork-Shiley convexo-concave heart valve. The 
tool may be useful for evaluation of individual patients as well as groups of patients, and 
<:tHows for easy incorporation of revisions of fracture risk estimates. 

AbbrC!liatio1lS: LE: life-expectancy; Bscc !'all,e: Bjork-Shiley COlweXO-COflCaJ'e valrle 
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11.1 Introduction 

Bjork Shiley convexo-concave (BScc) heart valves have a considerable risk of 
11lcchanical failure1

,2,J,4. Prophylactic replacement of a BScc valve may be considered to 
avert tills risk. We aimed to develop a simple tool that quantifies the gain or loss of life­
expectancy by replacement of a BScc valve. This tool should support decision making 
in individual patients. Moreover, it should assist the treating clinician in screening 
groups of patients on the consequences of recent and forthcoming revisions of fracture 
risks. 

BScc heart valves were withdrawn frotll the market in 1986 after reports of 
mechanical failure (outlet strut fracture). Fracture risk estimates were reported in several 
studies1

,2,3,4, The largest of these is a follow-up study of2588 BScc valves implanted in 
2303 patients3

, This study calculated the risk of strut fracture on the basis of valve 
characteristics (site of implantation, size of the valve, opening angle) and the patient's 
age at implantation. Recent revisionsS

/
i of the fi'acture risk esthnates include production 

characteristics such as weld date and 'remilling' status, thus distinguishing a large number 
of subgroups ofBScc valves. Also, the welder of the valve is considered a risk factor for 
strut fiacture7

, and the most recent estimates for 60° valves incorporate this 
characteristic6

• 

Two decision analyses~'') have quantitatively compared the risk of strut fracture, 
which accumulates over time if the valve is not replaced, with the elective surgical risk 
of prophylactic replacement. These decision analyses presented surgical risk thresholds8 

or age-thresholds'} below which elective replacement increases the life-expectancy. The 
published presentation of these analyses does not allow the calculation of the number 
of years expected to be gained or lost by replacement for individual patients with specific 
risk profiles. Moreover, both analyses used risk estimates that differ fmlll recent 
estitnates, both for fi'acture risk and surgical risk of reoperation JO

• We aimed to 
overcome these drawbacks with a flexible and easily applicable decision support tool. 
This tool quantifies the benefit of elective replacement compared with no replacement, 
taking into account individual fracture risk estimates, the patient's age, gender, position 
of the valve (aortic/mitral) and cardiac comorbidity. 

11.2 Methods 

11.2. 1 Loss of life-expectancy 
The loss ofHfe-expectancy caused by replacement and the loss caused by strut fracture 
were calculated with a previously published Markov 1110del'J,II. It is assumed that the 
replacing valve has the same hemodynamic characteristics as the BScc valve, but carries 
no risk of strut fracture. Further, it is assumed that the fracture risk is constant over time, 
in agreement with published figures thus fa[2,3.4. 

The loss of life-expectancy was calculated relative to the basal life-expectancy, which 
is the life-expectancy of a patient with a mechanical heart valve that is similar to a BScc 
valve, but has no risk of strut fi'acture, The loss oflife-expectancy caused by replacement 
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is by definition equal to the elective surgical nlOrtalit)~ The loss of life-expectancy 
caused by strut fracture depends on the combination of the yearly fracture risk and the 
lethality of fracture. Moreover, the fracture caused loss of life-expectancy decreases with 
decreasing basal life-expectancy, as the yearly lethal fracture risk is relatively less 
important if the basal life-expectancy is 10\v. We calculated the fi-acture caused loss of 
life-expectancy as a function of basal life-expectancy and the lethal fracture risk (yearly 
fracture risk multiplied by lethality of fracture). TIlls approach is based on the 
simplification that the loss is independent of the specific combination of fracture risk and 
lethality or specific determinants of basal life-expectancy. For example, a lethal fracture 
risk of 1 %/year is present in a valve with a fracture risk of 2% and a lethality of 50%, or 
in a valve with a fracture risk of 1 % and a lethality of 100%, And a life-expectancy of 
25 years may be estimated for a 40-year-old male patient with a mitral valve and no 
comorbidity, but also for a 48-year-old male patient with an aortic valve and no 
comorbidity. To evaluate the effect of this simplification, we varied the combinations 
of fracture risk, lethality, and basal life-expectancy and we found that the ~iflerences in 
life-expectancy were always very small «0.1 year). 

11.2.2 QlIalltijicatioll 
The presented estimates of basal life-expectancy and lethality of fracture were obtained 
from a large follow-up study in the Netherlands3

• Basal life-expectancy was dependent 
on age, gender, position of the valve and concomitant bypass surgery. The lethality of 
strut fi'acture was found to be 86% (6 died out of7, 95% confidence interval 47-99%) 
and 51% (18 died out of 35,95% confidence interval 34-69%) in case of aortic and 
mitral valves, respectively. 

Recently published revised estimates of fracture risk5
,(i include production 

characteristics such as weld date (5 periods for 60° aortic and 6 periods for 60° mitral 
valves), welder (group A, B or C for 60° valves), and 'remillingl status (for 70° valves). 
Other valve characteristics are site of implantation (aortic/mitral), size, and opening 
angle (60°/70°). Table 1 shows these recent risk estimates for the 49 aortic valve 
subgroups and 56 mitral valve subgroups. 

The estimates of elective surgical mortality in case of replacement were based on a 
recent analysis of 2246 prosthetic valve reoperatiolls in 1984 patients lO

• Twelve risk 
factors were distinguished in a logistic regression function to estimate surgicallllortality 
of reoperation. Only age, weight, NYHA class and number of previous operations are 
relevant for Illost BScc patients, assuming that the other risk ('lctors are absent lO

• 

11.3 Results 

Figure 1 forms the central element of the decision support tool. It shows the loss of life­
expectancy caused by fracture in relation to basal life-expectancy and lethal fi-acture risk. 
This loss can directly be compared with the surgical mortality of elective replaCelllent. 
We illustrate the practical use of the tool with a fictitious 40-year-old male patient 
without c01110rbidity, who is considered for elective replacement of a mitral BScc valve, 
opening angle 60°, size 29nu1l9

• 
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Table 1 Fracture risk estimates ('Ye/year) for BScc valves according to position, opening angle and size. 

Aortic 
valve size 

:<:21 mm 
23mm 
25mm 
27mrn 
29mm 
31 mm 
33mm 

Milral 
valve size 

:0:21 mm 
23mm 
25mm 
27mm 
29mm 
31 mm 
33mm 

Estimates for 60° valves were further subdivided by weld date and welder (group AlBIC, if 
available)6, Estimates for 70" valves were subdivided by ramilling status5

, 

Aortic BScc valves 

Opening angle 

600 70 0 

Valve weld date Remliling 

<1/80 1/80· 1/81· 7/82· >3/84 ramilled non-
12/80 6/82 3/84 remiUed 

,01 ,01 ,01 ,01 ,01 ,19 ,19 
,09 ,09 ,09 ,09 ,01 ,67 ,29 
,01 ,01 ,01 ,01 ,01 ,19 ,19 
,09 ,09 ,09 ,09 ,01 ,67 ,29 
,03 ,11 ,17/,21/,57 ,03 ,01 1.33 ,72 
,03 ,11 ,17/,21/,57 ,03 ,01 1.33 ,72 
,03 ,11 ,17/,21/,57 ,03 ,01 1.33 ,72 

Mitral BScc valves 

600 700 

Valve weld date Remitting 

<1/80 1/80· 1/81· 7/81· 7/82· >3/84 remiHed non-
12/80 6/81 6/82 3/84 ramiUed 

,01 ,01 ,01 ,01 ,01 ,01 ,19 ,19 
,09 ,09 ,09 ,09 ,09 ,01 ,67 ,29 
,01 ,01 ,01 ,01 ,01 ,01 ,19 ,19 
.09 ,09 ,09 ,09 ,09 ,01 ,67 ,29 
,13 ,11 ,19/,35/1,05 ,19/.35'/1.05 ,13 ,01 1,33 ,72 
.18/,71/,88 ,11 .43/,87/1,39 .43/,87/1,39 .18/,71/,88 ,01 2,25 1.36 
.46/1,36/2,82,11 1,28/1,36/2,82 1,28/1,36/2,82 .46/1,36/2,82 ,01 2,25 1.36 

Hypothetical patient (see text) 

Basal life-expectancy can be read from Table 2. The fictitious 40-year-old male 
luitral valve patient has a life-expectancy of25.0 years. Next, we calculate the loss of 
life-expectancy caused by replacement, Le. surgical mortality. Surgical mortality is 
presented in Table 2 according to combinations of age, number of previous operations, 
NYHA class and weight (60 kg may be considered as an average weight for females, 80 
kg for male patients). For the fictitious 40-year-old male patient we assume a weight of 
80 kg, NYHA class I and one previous open heart operation and estimate surgical 
mortality as 0.9%. 

The loss of life-expectancy caused by fracture is calculated in four steps. First, the 
yearly fracture risk has to be estimated, e.g. frol11 Table 15

,6. The mitral valve of our 
fictitious patient with an opening angle of 60°, size 29Ill11l, if produced in DeCeIllber 
1981 by a welder from group B, has an estimated fracture risk ofO,35%/year (Table I), 
Second, the lethality of fracture has to be estimated. Using the average lethality from the 
Dutch follow-up study yields 51% for mitral valves. Third, the lethal fracture risk is cal 
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Table 2 Estimation of the basal tife-expectancy9 (life-expectancy without fracture risk) and surgical 
mortalitylO of BScc valve replacement. 

Patient characteristics Basallife-expeclancy (years) 

Age 

Position, gender 30 40 50 60 70 80 90 

Aortic valve 
Male 38.2 31.0 23.9 17.6 12.1 8.0 4.8 
Female 41.9 34.3 26.9 20.1 14.1 9.4 5.6 

Mitral valve 
Male 31.3 25.0' 18.8 13.4 8.8 5.7 3.4 
Female 34.9 28.2 21.5 15.6 10.5 6.9 4.2 

Patient characteristics •• Surgical mortality (%) 

Age 

Reop #, NYHA, weight 30 40 50 60 70 80 90 

First reoperation 
NYHAciass 1, weight 60 kg 0.9 1.1 1.4 1.8 2.5 3.6 5.5 

1 80 kg 0.8 0.9' 1.2 1.5 2.2 3.1 4.8 
2 60 kg 1.6 1.9 2.4 3.2 4.4 6.3 9.4 
2 80 kg 1.4 1.6 2.1 2.7 3.8 5.4 8.2 
3 60 kg 2.8 3.3 4.2 5.5 7.5 10.6 15.5 
3 80 kg 2.4 2.9 3.6 4.7 6.5 . 9.3 13.6 

Second reoperation 
NYHA class 1, weight 60 kg 1.3 1.5 1.9 2.5 3.4 5.0 7.5 

1 80 kg 1.1 1.3 1.6 2.1 3.0 4.3 6.5 
2 60 kg 2.2 2.6 3.3 4.3 6.0 8.5 12.6 
2 80 kg 1.9 2.3 2.8 3.7 5.2 7.4 11.0 
3 60 kg 3.9 4.6 5.7 7.5 10.1 14.2 20.4 
3 80 kg 3.3 4.0 5.0 6.5 8.8 12.4 18.0 

Hypothetical patient (see text) 
It Is assumed that other patient characteristics are: a slable hemodynamic state, single valve 
replacement, no other comorbldity (chronic renal failure, tricuspid Incompetence, endocarditis), no 
concomitant procedures (repair of an ascending aortic aneurysm, resection of a left ventricular 
aneurysm, coronary artery bypass grafting)10. 

culated by multiplying the fracture risk and the lethality offracture: 0.35'51%=0.18% 
/year. Finally, we use Figure 1 to determine the fracture caused loss of life-expectancy. 
Our hypothetical patient with a basal life-expectancy of 25 years and a lethal fracture 
risk of . 18%/year, has an estimated loss of around 2.7%. 

Comparison of the fracture caused loss of life-expectancy (2.7%) with the surgical 
mortality (0.9%) reveals that replacement of this particular BScc valve yields a lower loss 
oflife-expectancy in this patient. The magnitude of this difference in years is calculated 
by multiplying the relative losses and the basal life-expectancy. The expected number 
of years lost due to surgery is 0.9%-25=0.23 year, while the loss due to strut fracture 
would be 2.7%'25=0.68 year. The advantage of surgery thus is relatively small: 0.68-
0.23=0.45 year. 
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Figure 1 Loss of life-expectancy caused by fracture in relation to basallife·expectancy and lethal fracture 
risk, The lethal fracture risk is calculated by multiplying the fracture risk (e.g. from Table 1) and 
the lethality of fracture (,51 for mitral valves and ,B6 for aortic valves). The loss of life-expectancy 
caused by fracture may direclly be compared with surgical mortality (e.g. from Table 2). 
Hypothetical patient (see text, .) 

Figure 1 can be used to evaluate one single patient at a titne. To evaluate groups of 
patients, we present fonnulas in the Appendix which can easily be implelnented in a 
compqter application. For example, we used a spreadsheet program to assess the 
conseq~ences of revisions of fi'acture risk for the BScc patients in our centre. We 
evaluated the patients with actual age, gender and sex-specific weight, but optimistically 
assuming no comorbidity. Subsequently, we performed a more detailed and 
individualized examination of those patients with a calculated benefit ofreplacelnent. 

11.4 Discussion 

In this paper we present an easy-to-use tool to calculate the life-expectancy of 
replacement or observation for patients with a BScc valve. This tool presents the output 
of a previously developed model9 in such a way that newly available fracture risk 
estimates and surgical risk estimates can easily be included in decision making in 
individual patients as well as in groups of patients. 

Selection of candidates for replacement can be based on the estimated fracture risks, 
with a closer examination of patients with valves of relatively high risks. The impact of 
a certain fracture risk depends however on individual patient characteristics, especially 
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age, as a higher age both increases surgical risk and diminishes life-expectancy. For 
example, Blackstone at a1. 13 considered two hypothetical female patients of 38 and 67 
years old, \vithout cOlllorbidity, with a fracture risk of 2% in a BScc mitral valve and a 
lethality of fracture of 50%. Their analysis indicated that the advantage of surgery in the 
67 old patient was minimal, and that the advantage in the 38 year old patiel1t was 
somewhat larger. Our decision tool confirms these findings qualitatively, but indicates 
that the magnitude of the aqvantage of replacement in the 38 year old female patient 
(assuming NYHA class 1, first reoperation, 60 kg) is as large as 4.3 years, which strongly 
supports replacement. We propose that the selection of patients for replacement should 
use tlus expected benefit as the starting point. This benefit can easily be calculated with 
our decision tool, either by hand (Figure 1) or computerized (formulas in Appendix). 

Considerable uncertainty may be present about the true values of estimates required 
for decision lllaking in BScc valves. The advantage of our tool is that the impact of 
variations in estimates can directly be explored. If, for example, the estimated fracture 
risk is varied to the extremes of a wide plausible range, the loss of life-expectancy 
corresponding to these extremes is directly available. 

Uncertainty in the estimates of fracture risks is firstly caused by underreporting, 
which leads to a systematic bias both in the reported fracture risks and the lethality of 
fi-acture_ Underreporting may especially be a problem in aortic BScc valves, as patients 
suffering frmu strut fracture usually die within 2 hours3

, without distinct symptoms of 
luechanical failure. Secondl)~ the estimates of strut fi-acture risks are uncertain because 
of the limited number of fractures available for multivariate statistical analysis_ Estimates 
of surgicalnlOrtality were taken from a large recently published series lO

, but may vary 
because of centre-specific circumstances or the presence of risk factors not considered 
in the model. Next, basal life-expectancy may be estimated lower than the figures in 
Table 23

, e_g. because of the presence of risk factors not considered '2 _ Further, the 
lethality of fracture may vary because of the patient's age, clinical condition, and 
feasibility and titne to reach medical facilities for urgent surgery. The effect of these 
uncertainties can directly be quantified by our tool. 

TillS analysis did not consider decision making in patients undergoing bypass surgery 
or in patients with aortic as well as mitral BScc valves, because no reliable data on basal 
life-expectancy and surgical nlOrtality were available for these types of patients. The 
approach is however identical to the approach followed in patients who are considered 
for elective replacement of one BScc valve, without concomitant bypass surgery. Again 
the surgical risk has to be weighed against the cumulative fi-acture risk. In patients 
undergoing bypass surgery, surgicall110rtality refers to the additional risk of valve surgery 
compared to bypass surgery alone and basal life-expectancy refers to the life-expectancy 
after successful bypass surgery. In patients with two BScc valves, surgical mortality of 
replacement of the aortic, the llutral, or both valves has to be weighed against the 
cumulative fracture risk of the aortic, the nutral or both valves respectively. 

Decision making in BScc valves is complex. The problem has been labelled 'tollgh,!3, 
since the risks of strut fracture ai-e relatively low, while a major heart reoperation is 
req~lired. In the future, the choice between prophylactic surgery and observatiol1 may 
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be extended with the option to screen patients for defects in ,mitral BSce valves 14
, 

Selection of patients for such radiographic screening might be helped by our tool to 
assess the impact on life-expectancy of a certain fracture risk. Besides life-expectancy, 
other aspects may be considered in the decision makin'g process. For example, 
neurological deficits Illay remain after reoperation (on average 1.1% in a recent analysis, 
correlating with estimated surgical risk'~. Such permanent tnorbidity nlaY however 
remain as well after strut fracture. Also, time-preference may playa [Qle. Most patients 
are risk averse and attach more value to nearby years than"'years in the distant future, 
TillS implies that replacClllCnt, which causes a short term risk, would be less attractive, 
Finally, the patient's personal preferences will influence in the decision making process. 
In this context, we expect that our tool can serve as a first step jn the decision making 
process by supplying information about the expected benefit or harm of prophylactic 
replacement. 

Appendix 

For computerized calculation of the relative loss of Iife~expectancy with snrgery or 
observation we derived the following fonmilas. The formulas for basal Hfe-expectancy 
and for the fracture caused loss oflife-expectancy use regression analysis ,techniques to 
create a 'meta-model' of original Markov model. 

Basal life-expectancy was calculated with the Markov model for male and female 
patients with mitral or aortic valves, not undergoing bypass surgery. We varied the 
patients age between 25 and 90 years, with steps of 5 year (Decision Maker soft\vare, 
version 7.0, New England Medical Centre, 1988). Linear regre,sion analysis was 
subsequently used to estimate the basal life-expectancy for' aortic and initral valve 
patients separately and as a ftlllction of age and gender (SPSS/PC+ statistical package, 
version 5.0.1). The regression models explained a very high proportion' of the 
variance (r'>.99), which indicated that the formulas closely describe the original 
estimates of the basal life-expectancy as calculated with the Markov.modeL 
Surgical mortality was estimated with the logistic regression formula fron~ the' paper 
by Pichler et al lO

, where also data are presented to estimate the confidence limits 
around the estimated surgical mortality. 
The fracture caused loss of life-expectancy (see Figure 1) was calculated for patients 
without comorbidity, with age between 25 and 90 years (steps of 5 year), average 
mortality of male and female patients, and average lethality of fracture (75%). Linear 
regression analysis was llsed to estimate the loss due to. strut fracture as a function of 
the combination of the lethal fracture risk and basal life-expectancy. Th.e regression 
model explained over 99% of the variance, indicating that the formula closely 
describes the curves in Figqre 1. .." . 

Using these formulas, the life-expectancies \vi~h surgery ~nd with observation Can be 
calculated. A spreadsheet program is available from the authors (E"mail: steyerberg 
@ckb.fgg.eur.nl), which includes the formulas presented below 
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Basal life-expectancy aortic valve patients :::; 
66.66 - 1.069' Age + 10.522' Age2yrs + 5.31 • Female - .04903.' Female' Age 
Basal life-expectancy mitral valve patients :::; 
57.65 - 1.002' Age + 11.038' Age2yrs + 5.10. Female - .04880' Female' Age 
Surgical mortality risk = e(PQ / [1 +e(P'1. where PI = 

-6.444 + .5744' NYHA + .5647 • Hdstate + .6427 • Age2yrs + .5270' InvWgtKg 
+ .8859 • Renal + .5088' Double + .8647 • TVlncomp + 1.1512. PVE + .3311 
• OpenNumb + 1.4985 • AAA + 1.9928 • LVA + .6005 • CABG 10 

% fracture caused loss of LE = 
.5134' LEbasal. LethFmc + .1591 • LEbasal. Sqrt(LethFrac) - 9.59.10-3

• LEbasa!' 
• LethFract + 5.69'10-3 

• LEbasal' • Sqrt(LethFract) 
LEsurgery = LEbasal • (1 - Surgical mortality risk) 
LEobservation = LEbasal' (100 - % fracture caused loss ofLE)/100 
Advantage of surgery =' LEsl1rgery - LEobservation 

where Age is expressed in years; Age2yrs is [patient's age (years)/50f; Female is 1 if female, 0 if male; 
NYHA is NYHA class in numerical terms (1 through 5); Hdstate is hemodynamic state (O=stable, 
1 =unstable, 4=cardiogenic shock); InvWgtKg is 70/[patient's weight (kg)]; Renal is 1 in case of chronic 
renal failure or creatinine> 2.5 mg/dl, 0 if not; Double is 1 in case of multiple valve disease, 0 if not; 
TVlncomp is 1 in case of present or previous tricuspid valve incompetence, requiring intervention, 0 
if not; PVE is 1 in case of active prosthetic valve endocarditis, 0 if not; OpenNull1b is number of 
previous open heart operations (1 for first reoperation); AAA is 1 in case of repair of an ascending aortic 
aneurysm, 0 if not; LVA is 1 in case of resection of a left ventricular aneurysm, 0 if not; CABG is 1 in 
case of coronary artery bypass grafting tn; Mitral is 1 if mitral valve, 0 if aortic; poorLV is 1 if left 
ventricular function (as classified from the right oblique view of the ventricular angiogram) is poor, 0 if 
good or reduced; LEbasal is expressed in years; LethFract is the lethality of fracture (.51 for mitral valves 
and .86 for aortic valves) multiplied by the annual strut fracture risk, expressed as a percentage. 
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General discussion 





12 Prognostic modeling for clinical 
decision making: discussion 

This thesis describes theoretical aspects of prognostic modeling for clinical decision 
making as well as several practical applications. In this chapter the theoretical aspects are 
recapitulated. Subsequently, the practical applications will be reviewed in the light of the 
theoretically desired properties, Other issues addressed are the evaluation of some of the 
prognostic models as clinical prediction rules, topics for further research, and the impact 
of prognostic lllOclels on clinical decision making. 

12.1 Theoretical aspects of prognostic tnodeling 

Prognostic modeling is a complex issue, of which some theoretical aspects were 
addressed. Especially problematic is the selection of variables to be used as predictors in 
a regression equation. It was shown in chapter 2 that the use of standard stepwise 
selection methods carries a high risk of leading to unreliable nlOdels in smail data sets 
with many potentially predictive variables: the regression coefficients are imprecise and, 
more important, they are biased to larger values. Alternative selection strategies were 
discussed, including the use of a higher p-value in stepwise selection (e.g. 50%), 
selection of variables' on the basis of the literature (preferably in a formal review or 
'meta-analysis'), and the clustering of related variables in groups. It may be concluded 
that variable selection should be based as limited as possible on the regression results 
obtained in a relatively smail data set. 

A second point of interest is the estimation of the regression coefficients in a fixed 
set of predictors. The statistical fitting procedures lead to a slight overestimation of the 
regression coefficients: This overoptimism can he corrected with a shrinkage factor. In 
chapter 3, a new method is described to obtain more precise estimates by combining 
literature data and individual patient data. 

It was noted that the selection bias and the estimation bias in the regression 
coefHcients afe especially relevant in small data sets. In large data sets these biases are 
much less a problem. 

Model performance is usually distinguished in reliability and discriminative ability. 
Reliability or 'goodness-of-fit' is determined by the correctness of the t110del 
specification (fulfillment of assumptions) and by the values of the regression coefficients. 
Discriminative ability was shown to he less sensitive to the values of the regression 
coefficients. Discrimination was relatively poor if a limited number of variables was 
selected by standard stepwise selection methods. When discrimination is the main 
objective of the model, the selection of predictors thus merits primarily attention and 
the exact values of the regression coefficients are less important. 

Further, validation was discussed, which relates to an unbiased assessment of 
modeling steps and model performance. Several approaches were reviewed, including 



184 Chapter 12 

the split-sample approach, cross-validation and the bootstrap re-sampling lucthod. It was 
noted that these methods generally address only internal validity (performance within 
the same patient population), in contrast to external validity (performance in slightly 
different patients, e.g. other centers, other interpretations of predictive characteristics). 

Finally, the presentation of prognostic models deserves attention, especially if the 
prognostic models are intended as tools for busy clinicians. Suggested presentations 
include the construction of a table or score chart to facilitate practical application. 

12.2 Applications and theory 

In this section, the prognostic modeling strategies as applied in the practical applications 
will be reviewed in the light of the theoretical desired properties. Some discrepancies 
between theory and practice are described. These are partly explained by the :specific 
objectives of the prognostic model. Further, the development of a prognostic model is 
a team effort, with input from both methodologists and clinicians. The merits of a 
prognostic model should therefore not be judged by methodological standards alone. 

12.2.1 Prognosis qfter resection ill testicular cat/cer 
The first application of a prognostic model concerned the prediction of relapse of 
malignant disease after resection of a residual mass in testicular cancer patients. Standard 
forward stepwise variable selection was used to identity the most important predictors 
for relapse. A prognostic classification was subsequently proposed, using only two of the 
three selected predictors (HCG level and completeness of resection, but not a variable 
related to the presence of residual lung metastases). It may be anticipated that the 
selection strategy has led to overestimated regression coefficients, the identification of 
a randonl variable as an important predictor, and to the exclusion of some important 
predictors. Previous research had however often shown that the first two of the selected 
variables were prognostically important. The clinical implication of the analysis is that 
additional chemotherapy is indicated in those patients with incomplete resection. This 
predictor was highly significant (p= .004, see section 4.3,4), Moreover, later publications 
have confirmed the iIllportance of incomplete resection as a predictor ofre1apse l

,2, 

12,2,2 Prediction (if residllal mass histology ill testicular catlcer 
The second research topic in testicular cancer concerned the prediction of residual mass 
histology, The histology can be distinguished in three groups: purely benign (necrosis/ 
fibrosis), mature teratoma (potentially malignant tissue) and cancer (viable cancer cells). 
This is essentially a polychotomous outcome. The histology was analyzed with two 
outcome definitions: one distinguishing necrosis from other tissue, and a second 
distinguishing cancer frol11 teratoma. Alternatively, the histology might have been 
analyzed as mature teratoma versus necrosis and cancer versus necrosis, for example with 
polytOIllous logistic regression, 

Several advantages can be formulated for the chosen type of analysis. The distinction 
of necrosis versus other tissue is clinically the IllOst relevant, since both mature teratoma 
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and cancer should preferably be resected while necrosis should not. The regression 
results for the distinction of necrosis from other histology are Hirectly interpretable. 
Next, the presentation of a polytomous model for the histological probabilities would 
have been more cOlnplex than the presentation of two models. Further, the variables 
used to distinguish between the histologies need not be identical in both nlOdels. Three 
predictors with a trivial association with the ratio of cancer versus nlature teratOlna 
(p> .50) were excluded from the second, while they were included in the first model. 

A disadvantage of the second model is that it is not readily interpretable, since the 
probability of cancer is calculated conditional on the probability of necrosis. Tilis 
disadvantage would have been overCOlne by a direct calculation of the absolute 
probability of cancer. This could be achieved by defining the outcome as cancer or 
other histology. If regression models were constructed for cancer versus other histology 
and necrosis versus other histology, we found, unfortunately, that sonle cOlnbinations 
of predictors led to a sum of probabilities larger than 1. Therefore, the chosen 
classification may be judged an optimal combination of mathematical correctness and 
clinical interpretability. 

The steps taken in the modeling process for the retroperitoneal residual mass 
histology come close to the theoretical ideal. First a meta-analysis was perfonned on the 
published literature to explore the value of potential predictors of the histology at 
resection. Since sever.l1 strong predictors could be identified, cooperation with other 
centers was sought to obtain a large data set with individual patient data, where reliable 
multivariate prognostic models could be developed. The regression coefficients were 
only based on the latter data base, because inclusion of patients in this analysis could 
better be controlled than in the meta-analysis. The meta-analysis for example included 
some patients with elevated tumour markers at resection, or patients with pure 
seminoma. The multivariate analysis used a p-value of 50% for inclusion of variables. For 
the model predicting necrosis at retroperitoneal resection, the chosen p-value would not 
have affected the selection of variables, as all variables had p-values less than 1 % (sectioll 
6.3.3). For the nlOdel distinguishing cancer from teratoma, the standard p-value would 
have led to inclusion of one predictor only (LDH, p=.02). In the prediction of the 
histology at pulmonary resection, several variables would have been excluded at the 5% 
level,. Two strong interaction terms were found and included in the prognostic nlOdel 
for necrosis at pulmonary resection. Bootstrapping techniques were used to correct the 
regression coefficients for overoptimism, and to estimate model performance in future 
patients. External validity of the model for the histology at retroperitoneal resection was 
assessed by leaving each participating center out once. For the thoracotomy nlodel, 
external validity could not be assessed since most centers contained a too limited number 
of patients. The final prognostic models were presented as a prognostic score chart 
(retroperitoneal resection) or table (pulmonary resection) to facilitate practical 
application. 

The prognostic models for the residual mass histology are intended to improve the 
selection of patients for surgery. It was shown in chapter 7 that selection for 
retroperitoneal resection would considerably improve if the model were applied 
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compared to several current selection policies. If the prognostic model was simplified 
by categorizing the predictors, the performance was still substantially better than most 
current policies. These findings were theoretically expected, since discriminative ability 
of a prognostic lllOclel depends largely on the predictors included and less on the specific 
regression coefficients of the predictors (section 2.4.4). 

12.2.3 IHortality ofelectfllc aortic allcllrysm surgery 
The third problelll concerned the prediction of surgical rnortality in elective abdominal 
aortic aneurysm surgery. The Inethod applied was described in chapter 3. Literature data 
and individual patient data were combined, which resulted in substantially smaller 
confidence intervals around the regression coefficients than when only individual patient 
data were used. A major challenge was the estimation of the constant or intercept in the 
prognostic rHodel, which involved calculations with likelihood ratios. For application 
in clinical practice, it may as a standard be assumed that the center-specific surgical 
mortality is 5%. In a highly specialized center, the risk may be lower, e.g. 3%, while a 
non-specialized setting luay be associated with a higher risk, e.g. 8%. A proper 
assessment of the center-specific risk is difficult. In the presence of empirical data, this 
risk may be calculated while correcting for the prevalence of prognostic factors in the 
patient population in the center. 

The performance of the model has not yet been evaluated and merits attention. It 
is presllmed that the presented model, which incorporates literature data, will perform 
better than the multivariate regression model based solely on the individual patient data. 

12.2.4 Rcplaccment of medumical heart lIa/lles 
The fourth problem concerned decision making in patients with a Bjork-Shiley 
convexo-concave heart valve, a mechanical valve with increased risk of failure. Three 
prognostic nlOdels were developed: one for the risk of failure, a second for the survival 
of patients with a mechanical valve, and a third for surgicaltllortality. The focus of the 
first model was to estimate the risk of failure as accurately as possible. The stepwise 
selection strategy followed led to inclusion of all plausible predictors. The prognostic 
value of one of these variables (age at valve implantation) has not been reconfirmed in 
other analyses. The focus of the other two models was to derive estimates for patients 
with a good risk profile, which means for patients without major comorbidity. The 
estimates were used in a decision analysis model to calculated age-thresholds, below 
which prophylactic surgery might be contemplated, and above which. surgery would 
lead to a lower life-expectancy than an expectant management. If more risk factors had 
been used in the estimation of survival and surgical mortality, the thresholds would have 
been sOlllewhat lower. 

In recent years, many more models have been developed for the risk of mechanical 
failure, incorporating more characteristics of the valve than previously available, such as 
production date and welder informationJ·4. The modeling strategies applied are however 
dubious. The categorization of variables seems severely based on the observed failure 
rates, as well as the inclusion of numerous interaction terms. The risk of reoperation was 
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recently analyzed in a large multicenter study, which may provide better estiInates for 
the decision analysis than previously used5

• 

Based on the essence of the decision analysis, we developed a graphical tool that 
allows for an easydncorporation of the new prognostic estimates (chapter 11). We also 
used regression analysis to derive a meta-model of the decision analysis. This 1110del has 
the special characteristic that the variables influencing the model outcome are known 
a priori. For example, it could analytically be derived that the model should have no 
intercept. Variable selection aspects hence only related to non-linearity and additivity 
(inclusion of interaction terms). 

12.3 Evaluation of clinical prediction rules 

Several prognostic models were presented as clinical prediction rules (chapter 6: 
prediction of retroperitoneal mass histology; chapter 8, prediction of lung ll1ass 
histology; chapter 9, prediction of mortality fr0111 elective aneurysm surgery). 
Methodological standards have been described before that can be used to evaluate these 
prediction rulest'i. The results are shown schematically in Table I, 

Table 1 Evaluation according to quality criteria for clinical prediction rules·, 

Aneurysm 
Retroperitoneal Lung mass operative 

Methodological standard mass histology histology mortality 

Definition of outcome + + + 
Definition of predictors + + + 
Patient characteristics + + + 
Study site described + + + 
Accuracy, e,g. misclassification rate +/- +/-
Effects on patient care prospectively measured +/-
Mathematical technique described + + + 

+: standard was fulfilled; -: standard was not yet evaluated; +/-; preUmlnary evaluated 

The first methodological standards relate to a clear definition of the outCOl11e and the 
predictors. All rules fulfilled these criteria. Further, the applicability of the prediction 
rule may depend on the patient population llsed to derive the rule. This may be read 
from patient characteristics like age and sex. For the testicular cancer prediction studies, 
all patients were (obviously) male, Age was not described in these papers, since age has 
never been found as an important predictor of residual mass histology. Age and other 
characteristics like the specific type of chemotherapy were described in the original 
publications frol11 the participating centers. It was further proposed that the accuracy of 
the prediction rule should be determined6

• In the prediction rules for testicular cancer, 
the :area under the ROC curve was used as the measure for discriminative ability, For 
the model predicting aneurysm mortality, discriminative ability could not be reported 
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for the finalulOdel. Next, it was stated that model perfOIlllanCe should preferably be 
determined in an independent data see'. This has not yet been pct{ofmcd for any of the 
prediction rules. Neither have the rules been evaluated prospectively for their effects on 
patient care. A retrospective comparison was however performed (chapter 7) between 
the retroperitonealmJss histology model and current selection guidelines, which showed 
that the prediction rule would improve patient care considerably. Finally, the 
mathematical technique should be described. All prediction rules fulfilled this criterium. 

12.4 Further research 

Several methodological aspects of prognostic modeling require further study. Further 
evaluation is required of the adaptation method to cOlubine literature data and individual 
patient data. Evaluation might be performed in a large multi-institutional data set with 
individual patient data available. Criteria for performance might include the estimates 
of the coefficients, and the discriminative ability. The technique was described here for 
logistic regression analysis, but application might probably be easily extended to survival 
analysis nlOdels like Cox or Poisson regression. 

Further research is also required on variable selection strategies. A comparison 
between strategies might include bootstrapping as a method for variable selection, while 
using stepwise selection. The frequency of obtaining a difierent selection of variables 
than with the original selection strategy is anticipated to be rather low, except when the 
choice of the last selected variables is rather arbitrary. Other variable selection strategies 
will probably appear preferable, such as variable clustering or selection on the basis of 
a literature review7

• The preference for a strategy should be investigated in relation to 
the sample size. 

Further research on the prognostic models presented in the applications should focus 
on external validation. External validation includes evaluation of the models on patients 
not included in the modeling phase, preferably also from other centers than those 
participating in the development phase. We may expect two problems with the transfer 
of the prognostic modeIsH

• First, the prevalence of the outcome may be different in 
another setting, even after correction for the prognostic ['tctors. This means that other 
variables, which are not considered among the prognostic factors, are relevant. In the 
prediction of surgery from elective aneurYS111 surgery, such variables may include the 
degree of specialization of the hospital and the individual surgeon. The second problem 
may relate to the definition and scaling of the predictors. For example, nonnal values 
for laboratory test results should match before the prognostic nlOdel is applied. 

Patient groups for external validation may retrospectively be identified from existing 
databases, or frol11 prospective research. In the case of testicular cancer, a validation study 
for the retroperitoneal histology has been set lip. This study will include recently 
operated patients, who were not included in the previous analyses. Initial results are very 
L1Vorable. Prospective validation will take place with patients included in a recently 
started randomised trial (protocol MRC-EORTC 30941). Over 700 patients will be 
included in this trial, of which around 200 are expected to be operated on. 
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For the prediction of mortality from aortic aneurysm surgery, retrospective 
evaluation might be performed in patients operated on in the Rotterdatn Dijkzigt 
hospital during recent years. Also, a randomised trial has started which may allow for 
prospective validation. 

12.5 Itnpact on clinical decision tllaking 

It can be concluded from the applications that prognostic models may provide 
information to clinicians on treatment decisions in a wide variety of situations. This 
information is meant to support the clinician in the decision Inaking process. It may not 
be expected that decision making is based solely on the prognostic models. First, the 
models Inay not include all relevant prognostic characteristics. For example, a very 
infi:equent condition may influence decision making strongly, while such a characteristic 
may not be included in the prognostic model. Further, reliability of the Inodelmay be 
insufficient, as discussed before. Nevertheless, the support of the treating clinician by a 
prognostic model is expected to result in better decision making than is possible \vithout 
this support. 

The prognostic models may also be useful in the communication between a clinician 
and his/her patient, and the attitudes and behavior of the patient. For example, 
knowledge of a good or poor prognosis after resection Illay influence short-term 
decisions of a testicular cancer patient like plans for holidays, or long-term personal 
decisions like l11arriage and procreation. A high probability of totally benign tissue after 
chemotherapy may be sufficient for a testicular cancer patient to refi'ain from surgery, 
while a high risk of malignancy may convince a reluctant patient that resection is 
necessary. Other examples can be imagined in aortic aneurysms, where an SO-year-old 
patient with a small aneurysm and comorbidity might initially like to be operated on to 
get rid of the risk of rupture of the aneurysm. After being told that the surgery would 
have a considerable risk, he would probably reconsider his preference. In contrast, a 
healthy 70-year-old patient might be reassured by knowing that surgery in his case is 
expected to bear a risk of around 2%. Finally, patients with a Bjork-Shiley convexo­
concave valve may feel reassured once told that the cumulative risk of mechanical £1i1ure 
is very low and does not warrant prophylactic surgery. 

We might wonder whether the developed prognostic models have indeed supported 
decision making by clinicians. In general, it is known that conclusive clinical trials have 
a more direct impact than decision analyses or epidemiological studies. The decision 
analysis on elective replacement of Bjork-Shiley convexo-concave valves certainly did 
have an impact on decision making at the Thoraxcenter Rotterdatll. Patients were called 
back for further physical examination and discussion on the basis of the model results. 
The model was used again with inclusion of the ul'dated surgical risk estimates from the 
physical examination. Also, more detailed evaluations, especially sensitivity analyses, 
were performed. Of course, the model results often agreed with the clinical impression 
regarding the benefit of replacement. Definitive decision making was left to the treating 
physicians (cardiologist and surgeon) and the patient. 
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The direct impact of the testicular cancer and aneurysm models is not known, but 
is probably smaller. In the case of testicular cancer, the suggestion of administering 
additional chemotherapy to patients with an incomplete resection will probably be 
followed in the future, especially if clinical studies keep confirming the poor. prognosis 
after incomplete resection. The lllOdels for retroperitoneal and lung histology should 
lead to a revision of the resection policies in many centers. Demonstration of validity 
in new patients, and in other centers may prOlllotc more widespread application of these 
prognostic lllOdels in clinical practice. We are also working on a decision analysis 
concerning the question which slllall residual masses (:0:; 20111m) should be resected and 
which might safely be observed. 

The prediction nlOdel for elective surgical mortality of aneurysm surgery was 
intended to contribute to decision making on surgery in patients with small aneurysms, 
in patients with a high surgical risk, and in patients with a limited life-expectancy. For 
this purpose, the risk estimates have been incorporated in a decision analysis model 
developed at the Leiden University Hospita19

• This model will be llsed in the near future 
to advise on the advantage of elective surgery in individual patients, and may thus 
directly afiect decision making. Like in the case of replacement of a risky heart valve, 
final decision making is left to the treating physician and the patient. 

In conclusion, the developed models have probably contributed to prognostic 
knowledge in the diseases involved, which is useful for both clinicians and patients. The 
prognostic models may have supported decision making in some cases directly. Further 
proof of the validity may enhance more widespread use of prognostic models, which 
will improve clinical care. 
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Appendices 





Summary 

The determination of the prognosis for a patient is central to clinical decision making, 
since all diagnostic or therapeutic interventions eventually aim to influence the patient's 
disease process in a favorable way. Prognosis may refer to severalmcdical outcomes, like 
11lortality, complications, or complete recovery from disease. 

Estimates or predictions of prognosis can be based on statisticalillodeis (Chapter 1). 
These models often use the technique of regression analysis to predict the outcome of 
the disease process on the basis of a number of patient characteristics. Such a regression 
analysis can be perfonned on a data set where, for each patient, a number of potential 
predictive characteristics (predictors) is registered in combination with the outcOlne of 
the disease. A regression coefficient which quantifies the prognostic value can be 
estimated for each predictor. Several theoretical aspects of this prognostic modeling 
process are discussed in this thesis, as well as a number of clinical applications. 

I Theory 

Theoretical aspects of prognostic modeling are discussed in Chapfer 2 of tllis thesis, 
starting with the basic assumptions underlying regression analysis. These assumptions 
include the mathematical form of the relationship of the predictors with the outcome, 
linearity of continuous predictors, and additivity of the predictors in the prognostic 
model. Attention is given to 'overoptimism', which is here defined as the phenomenon 
that a prognostic model tend~ to pet{onn better on the data set which was used to derive 
the model than on a new data set. Causes of overoptimism may be found in three 
modeling phases: selection, estimation and evaluation. 

The first phase concerns the selection of predictors for the prognostic model. It is 
shown that standard stepwise selection methods have a high risk of leading to 
overoptimislll. The main problem is that the regression coefficients of the selected 
predictors are biased to more extreme values, especially in relatively small data sets with 
a large number of potential predictors. Alternative selection strategies are discussed; these 
try to limit the dependence of the selection of predictors on the regression result.., in the 
data set under study. For ex'ample, the predictors may be selected on the basis of a 
systematic literature review (,meta-analysis'). The second modeling phase may also 
contribute to overoptinlism. Even when a fixed set of predictors is used in a regression 
analysis, the coefficients are biased to inore extreme values. This bias is however 
neglectable in large data sets with a limited number of predictors. The third phase, the 
evaluation of tnodel performance, may show overoptil1listic results with regard to the 
discriminative ability and calibration of t,he model predictions. 

Several validation procedures, which aim to limit the biases in these three modeling 
phases (selectiori, estimation, evaluation), are discussed. Re-sampling techniques like the 
bootstrap procedure may be helpful, especially to limit the overoptimism in phases two 
and three, arid are therefore advocated for routine use in prognostic modeling. Finally, 
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alternative presentations of a prognostic model are suggested, such as the construction 
of a table or score chart to facilitate the clinical application of the prognostic model. 

In elzapter3, a new method for prognostic modeling is presented. This entails logistic 
regression analysis, in the situation that a data set with individual patient data is available 
together with one or morc comparable patient series in the literature. Multivariate 
regression coefficients can be estimated in the individual patient data, in contrast to the 
literature data, where only univariate coefficients can be estimated. Following this 
method, predictors are selected with a formal meta-analysis of the literature data 
combined with the own data. The univariate regression coefficients for single predictors 
can be estimated more reliably with this meta-analysis than froru the data set under study 
alone, since a larger number of patients is analyzed. The univariate regression coefficients 
from the literature are usually ignored for further tuodeling in the data set under study. 
It was however shown that it is sensible to combine the regression results from the 
literature with those fi'om the data set under study, since this combination generally 
leads to more precise estimates than obtained without the literature data. Statistical 
requirements for the data set under study were formulated. These requirements can be 
checked empirically with re-sampling methods like the bootstrap procedure. 

II Applications 

The clinical applications in this thesis relate to three clinical decision problems: patients 
with testicular cancer, patients with an aortic aneurysm, and patients with an artificial 
valve which has an increased risk of mechanical failure. 

Residual masses ill fes/imlar [(wcer 
The first application concerns patients with metastatic (non-seminomatous) testicular 
cancer. After hemi-orchidectomy of the testicle with the primary tumor, these patients 
are usually treated with several courses of chemotherapy. After chemotherapy. remnants 
of the tuetastases may still be present. These so-called residual masses can effectively be 
removed by a surgical resection. In Chapter 4, we analyze the long-term prognosis after 
such a resection, which appears very good: 87% of the patients was free of relapse after 
5 years. A siluple prognostic classification was proposed, using two predictors (level of 
the tumormarker HCG and completeness of resection). Finally. it was suggested that 
patients with an incomplete resection benefit from additional chemotherapy. 

Cllapters 5 to 8 address the prediction of the histology of residual masses. Three 
histologies can be distinguished: totally benign tissue (necrosis/fibrosis). for which 
resection implies no therapeutic benefit; potentially malignant tissue (mature teratoma), 
which should be removed since it may grow and become harder to resect; and residual 
malignancy (viable cancer cells), which should be removed since a) growth and further 
metastasizing are prevented, and b) further t'herapy can be given which treats remaining 
malignancy at other sites. Chapter 5 contains a meta-analysis of predictors for the residual 
mass histology. Several strong predictors are identified, especially for distinguishing 
necrosis from other histology. These predict~rs are subsequently used in a prognostic 
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model for the probability of each of the three histologies in residual masses in the 
abdomen (Chapter 6) and in the lung (Chapter 8). International cooperation was sought 
to obtain a sufficient number of patients for statistical analyses. The models performed 
well with regard to their ability to differentiate between patients with totally benign 
tissue and patients with mature teratoma or viable cancer. Chapter 7 compares the 
statistical model for residual abdominal masses with several current policies. It was 
showIl that the statistical model would lead to a better selection for resection than most 
current policies. If the model had been used, resection would have been avoided more 
often in patients with totally benign tissue, while at the same time more patients with 
malignancy would have undergone resection. 

Electille aortic aneurysm surgcIY 
The second clinical application concerns the prediction of surgical mortality in elective 
abdominal aortic aneurysm surgery (Chapter 9). When deciding on surgery, this risk has 
to be weighed against the cumulative risk of rupture of the aneurysm and its associated 
very high lethality. A prognostic model is developed to estimate this risk using the 
method presented in Chapter 3. Publications in the literature comprised a large number 
of patients (N= 17000), in contrast to 238 patients in the data set under study with 
complete individual patient data. These two sources of data were combined to derive 
a presumably IHore reliable predictive model than a model based on the 238 patients 
only. 

Replacement of mechallical IIeart "alves 
The third decision problem concerns patients with a Illechanical heart valve with an 
increased risk off.1ilure (Bjork-Shiley convexo-concave valve). Acute failure Illay occur 
by fracture of the strut supporting the disk in this valve. When considering replacement, 
the elective surgical risk has to be weighed against the cumulative risk of failure of the 
valve with its associated high lethality. Three prognostic models were developed for this 
decision problem: one for the risk of f.'lilure, a second for the survival of patients with 
a m.echanical valve, and a third for elective surgical mortality. The prognostic estimates 
were used in combination in a decision analysis tHodel to calculate age-thresholds, below 
which prophylactic surgery might be contemplated, and above which surgery would 
lead to a lower life-expectancy than conservative treatment (Chapter 10). 

The prognostic estimates used in a decision analysis.will be subject to discussion, 
especially when empirical evidence arises from new studies. Therefore, the essential 
weighing in the decision analysis was implemented in a graphical tool that allows for an 
easy incorporation of alternative prognostic estimates (Chapter 11). Further, a 'nleta­
model' was derived by regression analysis on the results of the original decision analysis. 
This meta-model can easily be implemented in a spreadsheet programme for an efficient 
evaluation of a larger number of patients. 
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Conclusion 

This thesis aims to contribute to knowledge on prognostic modeling by addressing a 
number of theoretical aspects and by illustrating the practical usefulness in a number of 
clinical problems. Chapter 12 contains a general discussion of the theoretical results and 
their application in the three clinical decision problems. It is noted that several issues 
require further study. Theoretical issues include the proposed method for combining 
literature data and individual patient data, and alternative strategies for selection of 
predictors in a prognostic model. The developed prognostic models should be validated 
on new patients, also fi"Olll centers not involved in the model developlucnt phase. 
Further proof of validity may contribute to a more widespread use of prognostic 1110dels 
to support clinical decision making, resulting in improved clinical care. 



Samenvatting 

Het bepalen van de prognose van cen patient bekleedt een centrale positic in de 
klinische besliskunde, aangezicn het doel van aIle diagnostische of thcrapeutische 
handelingen uiteindelijk is om de prognose van cen ziekteproces in gunstige zin te 
belnvloeden. De prognose kan betrekking hebben op geheel verschillende medische 
uitkomsten, zoals korte- of lange-termijnsterfte, het optreden van complicaties, of 
compleet hers tel. 

De prognose kan worden voorspeld 111Ct behulp van statistische modeUcn 
(I/OOJdstflk 1). Deze l110dellen maken vaak gebruik van regressieanalyse 0111 de uitkoIllst 
van een ziekteproces tc voorspellen op basis van cen aantal patientkenmerkcn. Met deze 
analyse worden in cen dataset regressiecoefficienten bepaald die veer elk kenmcrk de 
prognostische waarde weergeven. Zo ontstaat een regressievergelijking, waarlllee voor 
nieuwe patienten een kwantitatieve prognose kan worden gegeven. In ho~rdstf.lk 2 ell 3 
van dit proefSchrift worden theoretische aspecten van dit modelleringsproces besproken. 
Daarna volgen toepassingen van prognostische modellen bij drie klinische 
beslissingsproblelllen. 

I Theorie 

Enige theoretische aspecten van prognostische lllOdellering worden besproken in 
hoifdstllk 2, beginnend met de aannames die ten grondslag liggen aan regressieanalyse. 
Deze aannames bevatten de mathematische vorm van de relatie tussen de voorspellers 
en de uitkomst, lineariteit van continue voorspellers, en optelbaarheid van verschillende 
voorspellers. Verder wordt veel aandacht gegeven aan 'overoptilllisme', dat hier 
gedefinieerd wordt ais het verschijnsel dat een prognostisch model de neiging heeft beter 
te voldoen in de dataset die werd gebruikt onl het 1l1Odel te construeren dan in een 
nieuwe dataset. Overoptimisme kan optreden in drie fasen van lnodellering: selectie, 
schatting, en evaillatie. 

De eerste fase bij 1l1Odellering is het selecteren van variabelen om te gebruiken ais 
voorspellers in het prognostische model. Het blijkt dat een veelgebruikte selectie­
methode, nl. stapsgewijze selectie, substantieel bijdraagt aan overoptiInisme van een 
prognostisch model. De regressiecoefficienten van de geselecteerde voorspellers worden 
systematisch overschat, met name in relatief kleine datasets met een groot aantal 
potentiele voorspellers. Daarom worden alternatieve selectieprocedures besproken, die 
als karakteristiek hebben te proberen de selectie van voorspellers zo min mogelijk te 
baseren op de resultaten in de bestudeerde dataset. De voorspellers kunnen bijvoorbeeld 
worden geselecteerd op basis van een systernatische litel'atuttrstudie ('meta-analyse'). 
Overoptimisme kan ook ontstaan in fase twee: schatting van de regressiecoefficienten. 
Het blijkt dat overschatting van de coefficienten zeUs optreedt \Vanneer selectie van 
voorspellers geheel onafhankelijk van de eigen dataset plaatsvindt. Deze overschatting 
is groter naarmate de dataset kleiner is, en het aantal voorspellers groter. Ten derde kan 
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bij evaluatie van het nlOdel overoptimismc optreden W3nueer dezelfde dataset wordt 
gebruikt als waarmee het model werd geschat. 

Een aantal validatieprocedures warcit besproken, dat kan worden gebruikt om het 
optreden van Qveroptimismc te voorkomen of te corrigeren. HerbeUlOllsterings­
techniekcn zoals de 'bootstrap'-methode kunnen hicrbij nuttig zijn. met name om 
overoptimisme in fase twce en drie te beperken. Deze techniek verdient claaronl 
aanbeveling am aIs standaardmethode bij prognostische nlOdellering toe tc passell. 

Tenslotte wordt een aantal suggestics gedaan voar de presentatie van prognostische 
moclellen, zoals het construeren van cell scoretabel (toegepast in 'JO~fdsttik 6 en 9) of cell 
tabelmct voorspelde kansen (toegepast in l/(l~fdslllk 8). Deze presentatie kan de klinische 
toepassing van een prognostisch model aanzienlijk vergemakkelijken. 

In "o~fds/llk 3 wordt een nieuwe methode gepresenteerd om de gegevens nit de 
literatuur te combineren met eigen gegevens in een logistisch regressiemodel. Hierbij 
wordt uitgegaan van de situatie dat een eigen dataset ter beschikking staat met de 
gegevens van individuele patienten, terwijl in de literatuur ook patH~ntengroepen 
beschreven zijn die vergelijkbaar zijn met de groep eigen patienten. In de eigen dataset 
kan een analyse worden uitgevoerd met steeds een voorspeller (univariate analyse), maar 
ook met meerdere voorspellers tegelijk, waarbij rekening wordt gehouden l11et de 
onderlinge afhankelijkheden tllssen voorspellers (multivariate analyse). De literatuur­
gegevens kunnen meestal aIleen gebruikt worden voor een univariate analyse. Met de 
hier voorgestelde methode worden voorspellers geselecteerd op basis van eell formele 
meta-analyse, uitgevoerd op de combinatie van literatllurgegevens en eigen gegevens. 
Deze 11leta-analyse schat de univariate regressiecoefIicienten voor elke voorspeller 
betrouwbaarder dan mogelijk is in de eigen dataset, aangezien grotere patientenaantallen 
worden gebruikt. Multivariate coefIicienten worden vervolgens geschat via een 
eenvoudige transformatie van deze univariate coefficienten, nl. door aanpassing met het 
verschil tussen univariate naar multivariate coefficient zoals waargenomen in de eigen 
dataset. De methode is aIleen valide indien de literatuurgegevens vergelijkbaar zijn met 
de eigen gegevens. Bovendien moet aall bepaaide statistische voorwaarden worden 
voldaan, hetgeen te controleren is met herbenlonsteringstechnieken, zoals de 
'bootstrap'-methode. In dat geval leidt de voorgestelde methode tot nauwkeuriger 
schattingen V;Hl de multivariate regressiecoefficienten. 

II Toepassingen 

De klinische toepassingen in dit proefSchrift hebben betrekking op drie beslissings­
problemen: het opereren van restmassa's bij de behandeling van patienten lllCt 
testiscarcinoom, het electief opereren van patienten met een verwijding (aneurysma) van 
de grote lichaamsslagader (aorta), en ten derde het vervangen van een risicodragende 
mechanische hartklep. 
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Rcsimassa's bij tcstiscarcifloom 
De eerste toepassing betreft patienten met een gemetastaseerd (uitgezaaid) 
testiscarcinool11. Bij deze patii:~nten wardt eerst de zaadbal met de primaire tunlOr 
verwijderd. Vervolgens wordt de patient behandeld met chemotherapiekuren, waarna 
nog restmassa's aanwezig kunnen zijn van de metastasen. Deze restmassa's kunnen 
effectief worden verwijderd met een chirurgische ingreep. In I/{)(~fdsttlk 4 wordt de lange­
termijnprognose geanalyseerd na opera tie van een restmassa. Het bleek dat de prognose 
zeer goed was: 87% van de patientell was na 5 jaar nog ziektevrij. De totale groep 
patienten kon worden onderscheiden in een groep met een hoog en een met een laag 
risico, op basis van twee kenmerken: hoogte van een tumonnarker en volledigheid van 
de operatie. Verder werden aanwijzingen gevonden dat patienten met een onvolledige 
resectie baat hebben bij additianele chemotherapie na de opera tie. 

Hocifdstflk 5, 6, 7 C11 8 hebben betrekking op het voorspellen van de histologie in de 
restmassa. Drie celtypes kunnen worden onderscheiden: geheel goedaardig wee6;eI 
(necrose en/of fibrose), in potentie maligne weefsel (matuur teratoOln), en tmllorcellen 
(meestal van hetzelfde type aIs de primaire tumor). Voor patienten met alleen goedaardig 
weefSel is een operatic onnodig: de patient wordt nodeloos blootgesteld aan de risko's 
van de operatie (ziekenhuissterfte, complicaties) en aan een extra ziekenhuisopnalne van 
ongeveer een week, met een daaropvolgend herstelproces van enkele weken tot 
maanden. Voor patienten met (in potentie) maligne weefSel is opereren weI no dig, 
aangezien de restmassa zou kunnen gaan groeien of aanleiding zou kunnen geven tot 
nleuwe metastasering.- Aan patienten met tU1l1orcellen in de restmassa wordt bovendien 
additionele chemotherapie gegeven, hetgeell de prognose positief bei'nvloedt. 

Hocifdstllk 5 geeft een systematisch overzicht van de literatuur met betrekking tot 
voorspellende kell1llerken voor de histologie van restmassa's. Er werd een aantal sterke 
voorspellers gevonden) met name om geheel goedaardig weef.'iel te onderscheiden van 
(in potentie) kwaadaardig weefSel. Deze voorspellende kenmerken werden vervolgens 
gebruikt in een aantal prognostische modellen, waarmee de kans op elk van de drie 
celtypes kan worden geschat. Hocftlstttk 6 beschrijft nlOdellen voor restmassa's in de buik 
en Iwifdstttk 8 voor restmassa's in de longen. Er werd (inter)nationaal samengewerkt met 
een aantal ziekenhuizen om voldoende aantallen patienten te verkrijgen voor de 
complexe statistische analyses. Met de 1110dellen kon vrij goed onderscheid worden 
gemaakt tussen patienten met goedaardig en kwaadaardig wee&el. In Iwifdstllk 7 worden 
de statistische modellen voor restmassa)s in de buik vergeleken met een aantal in de 
huidige praktijk gehanteerde selectiestrategieen. Het bleek dat de statistische modellen 
leidden tot een betere selectie van patienten die voor opera tie in aanmerking komen. 
Dit betekent dat, indien gebruikt gemaakt ZOU zijn van het ontwikkelde model, er 
enerzijds minder patienten met goedaardig weefsel ten onrechte zouden zijn geopereerd 
en er anderzijds meer patienten met kwaadaardig weefsel zouden zijn geopereerd. 

ElcctiCIJc t1oria{c t1l1clIl'ysmaopemtie 

De tweede klinische toepassing betreft het risico op operatiesterfte bij een electieve 
(geplande) opera tie van een aneurysma van de abdominale aorta (hoardsfllk 9). Bij de 
beslissing on1 te opereren of af te wachten moet dit risico worden afgewogen tegen het 
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cl1lllulatieve risko van bars ten van het aneurysma met cen zeer hoge acute sterfte. Voor 
de operatiesterfte werd cen prognostisch nlOdel ontwikkeld lllet de in iJOojdstllk 3 
beschreven methode. Er was een zeer groat aantal paticnten beschreven in de literatuu[ 
(N= 17000), in tegenstelling tot een relatiefklein aantal patienten (N=238) in de eigen 
dataset met complete gegevens op individueel niveau. Deze twee informatiebronnen 
werden gecOlubineerd am een zo betrouwbaar Illogelijk lHodel te verkrijgen voar het 
schatten van de mortaliteit voor individuele patienten. 

TifYl'(lllgeu Ilall median/selIe hartldeppell 
Het derde beslissingsproblecm betreft patienten met een mechanische hartklep met cen 
risko op breuk (Bjork-Shiley convexo-concave hartkleppen). W.111llcer vervangen van 
deze klep overwogen wordt, moeten de risico's van electief vervangen (m,n, de 
operatiemortaliteit) worden afgewogen tegen het cumulatieve risico op breuk met de 
bijbehorende hoge acute sterfte. Voor dit probleem werd een beslissingsanalyse 
uitgevoerd, waarvoor dde progllostische lllOclelien werden ontwikkeld: een vqor het 
risko op breuk, een tweede voor de overleving van patienten met eell mechanische 
hartklep, en een derde voor de electieve operatiesterfte, De resultaten van de 
beslissingsanalyse werden gepresenteerd als leefiijdsdrempels (hoofds/tlk 10). Bij een 
patient lllet een leeftijd onder deze drempelleidt vervanging van de hartklep tot een 
hogere levensverwachting dan een afwachtend beleid, 

De prognostische schattingen zoals gebruikt in een beslissingsanalyse kunnen tel' 
disc lissie staan, met llame indien nieuwe gegevens beschikbaar komen. Deze nieuwe 
informatie moet bij voorkeur kunnen worden gebruikt in de beslissingsanalyse, DaarOlll 
werd in "o(~fdstllk 11 de afweging van dit beslissingsprobleem weergegeven op een 
manier die het moge1ijk maakt actuele, 20 individueel mogelijke, prognostische 
schattingen direct te incorporeren. Een grafische weergave werd ontwikkeld voor 
toepassing op een patient per keeL Bovendien werd een zgn. 'llleta-tllOde!' ontwikkeld 
door een regressieanalyse uit te voeren op de resultaten van het oorspronkelijke modeL 
Dit llleta-lllodel kan worden geautomatiseerd (bijvoorbeeld in een 'spreadsheet'), zodat 
evaluatie van grotere aantallen patienten op cen efficiente manier mogelijk is. 

Conclusie 

Dit proef.'ichrift poogt bij te dragen aan kenllis over prognostische modellering door een 
aantal theoretische aspectell te bespreken en door de praktische bruikbaarheid van 
prognostische lllodellell te illustreren aan de hand van concrete klillische beslissings­
problemen, De theoretische en praktische resultaten worden besproken in Hocifdslllk 12, 
Verder theoretisch onderzoek is gewenst naar de voorgestelde methode om literatuur­
gegevens te combineren met inclivicluele patientgegevens, en naar alternatieve tnethoclen 
voor het selecteren van voorspellers in een prognostisch modeL Verder praktisch 
onderzoek is nodig naar de validiteit van de ontwikkelcle prognostische moclellen, 
Empirische ondersteuning van de validiteit zal zeker bijdragen aan een breder gebrllik: 
van prognostische modellen onl klinische besluitvorming te ondersteunen, hetgeen zal 
Ieiclen tot betere klinische zorg. 
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