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1 Clinical decision making,
prognosis and modeling

Clinical decision making is concerned with choices made for individual patients, with
a focus on diagnosis, therapy and prognosis. These choices can be supported by
empirical research. Diagnostic research includes the assessment of test characteristics,
such as sensitivity and specificity, while therapeutic research is preferably performed in
randomized clinical trials. Both diagnostic and therapeutic decisions aim to improve the
prognosis for the patient. Prognosis is therefore at the heart of clinical decision making'.

1.1 Prognosis

Prognosis refers to all medical outcomes that may occur during the patient’s disease
process, for example mortality, complications of therapy, reoperations after surgery, or
complete recovery from disease. These outcomes have to be viewed in a time-
perspective. The time-perspective may be short-term, for example the occurrence of
surgical mortality, or long-term, like long-term survival, With a short-term perspective,
prognostic estimates can readily be interpreted, for example ‘this patient has a 5% risk
of surgical mortality’. With a long-term perspective, prognostic estimates have to be
more carefully described. For example, long-term survival is for any patient 0% if
follow-up is sufficiently long. A commonly used time perspective in oncology is 5 years,
although longer perspectives may be required for cancers that may recur during later
years. To assess prognosis quantitatively, we may think of the patient’s life-expectancy
as a summary measure. The life-expectancy is defined as the area under the survival
curve. Apart from duration, we may also want to incorporate the quality of the patient’
health status in a prognostic qualification. This may be attempted with the construction
of a quality corrected life-expectancy, expressed as quality adjusted life years ("QALYS").

Estimates or predictions of prognosis can be made in several ways. A treating
physician may rely on his pathophysiologic knowledge and previous experience with
more or less similar patients, either in an informal way (‘intuitively’ or using ‘expert
opinions’} or in a formal way (5 of my 48 patients died after surgery’). The treating
physician may also use published patient series from the medical literature to estimate
prognosis. From these series, general knowledge on the disease course may be derived.
For example, for patients with metastatic testicular cancer, it can be stated that the
prognosis is generally good {long term cure rate of 80%). In case of individual patients,
more specific patient and disease characteristics should preferably be taken into account.
For example, in the treatment of metastatic testicular cancer, the choice between
standard or more intensive chemotherapy is based on the prognostic classification of
patients. The distinction is often made between ‘good prognosis’ and ‘poor prognosis’,
based on multiple disease characteristics, such as tumor marker levels and the extent of
disease”. Such a classification is often used in the selection of candidates for clinical trials.
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Prognostic estimates can also be based on statistical models, which may combine
multiple patient and disease characteristics to estimate prognosis quantitatively, For
example, such models may estimate the surgical mortality of a 70-year-old patient with
an aortic aneurysm and no major comorbidity as 2%, which may be interpreted as that
on average 2 out of every 100 of this type of patients will not survive surgery. Statistical
models can most support clinical decision making in situations where the benefits of
treatment do not clearly outweigh the risks. For example, surgery may be contemplated
for ann 80-year-old patient with an abdominal aortic aneurysm of 5 cm, or for a 60-year-
old patient with an artificial heart valve with a small risk of mechanical failure.

Statistical models make quantitative estimates available for patients with quite diverse
patterns of characteristics. This feature makes statistical models a powertful tool for the
physician to benefit from the experience with previous patients. The use of statistical
models in clinical practice has, however, several risks’, The prognostic estimates may for
example not be reliable or may not incorporate important prognostic characteristics of
individual patients. The role of prognostic models in clinical decision making can
therefore only be supportive, with the aim to assist rather than to take over the
responsibility of the treating clinician,

1.2 Prognostic modeling: clinical applications

This thesis contains several prognostic models, which were developed for application in
three clinical decision problems. These three problems illustrate the practical side of
progrnostic modeling. The first problem concerns decision making on patients with
testicular cancer, the second on patients with an aortic aneurysim, and the third on
patients with a mechanical heart valve.

1.2.1  Residual masses in testicular cancer
Patients with a non-seminomatous tumor in one of the testicles are usually first treated
with orchidectoiny to remove the testicle with the primary tumor. The primary tumor
may have caused spread of the disease through the body. Metastases most commonly
arise in the abdomen, in the retroperitoneal lymph nodes. Other sites include the lung,
mediastinal or supraclavicular lymph nodes, the liver, the brain and the skeleton. If
metastases are present, cis-platin-based chemotherapy is administered, usually in four
cycles of about three weeks each. The success of this treatmnent can be monitored by the
shrinkage of the metastases and the normalization of tumor matkers in the blood. After
completion of the chemotherapy courses, remnants of the initial metastases may remain,
while tumor markers have normalized. These remnants are called residual masses and
can be detected by radiographic methods, especially computer tomography (CT)
scanning, These residual masses may contain one of three histologies:
* totally benign tissue (necrosis/fibrosis)
* potentially malignant tissue (mature teratoma)
» residual malignancy of the metastases (viable cancer cells)

The decision problem is whether residual masses have to be surgically removed
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(under the condition that surgical resection is considered techanically feasible).
Alternatively, the mass may be observed regularly during follow-up, without active
treatment. In principle, we may think of a third possibility, i.e., additional chemotherapy
to treat the residual mass. This strategy is not considered seriously nowadays in patients
with normalized tumor markers; one argument against it is that mature teratoma does
not respond to further cytostatic treatment.

The two alternatives are thus resection and observation. For example, we may
consider a male patient, 25 years of age with a retroperitoneal residual mass of 10 mm
{Figure 1). The resection is a laparotomy in this case, which is a major procedure.

If resection is performed, the patient risks surgical mortality and morbidity. A total
lymphadenectomy may frequently cause ejaculation problems. Hospital admission for
several days is required, with a subsequent period of further recovery. In case of necrosis
or mature teratoma in the residual muass, the patient is considered cured and no
additional therapy is given. If residual malignancy is found, additional chemotherapy is
administered to improve the patient's prognosis, since small amounts of residual
malignancy may still be present at other sites as well,

Observation may look interesting, since the probability of totally benign tissue
{necrosis) is high in small residual masses, e.g. over 70% in masses < 10 mm, In the case
of necrosis, resection has no therapeutic value. On the other hand, if residual mature
teratoma or malignancy is still present, the prognosis for the patient is jeopardized by a
higher risk of relapse, which is associated with a poor survival,

Resection - Surgical mortality, morbidity, hospital stay
- Histology Is necrosis or mature teratoma: cured
- Histology is malignancy: additional chemotherapy

Man, 25 years

I
residual mass

of 10 mm

- Probably, histofogy is necrosis: already cured

, - i histelogy is teratoma or malignancy:
Observation higher risk of relapse

Figure 1 Schematic representation of the decislon problem in a testicular cancer patient, 25 years of age,
with a residual mass of 10 mm after chemotherapy treatment for metastatic disease,
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A crucial factor in this decision making process is the probability of each of the three
histologies. Several chapters in this thesis address the prediction of the residual histology,
which may, strictly speaking, be considered a diagnostic problem with prognostic
implications rather than a pure prognostic problem.

1.2.2  Elective aortic anetirysm surgery
The second clinical decision problem concerns the choice between elective surgery and
observation in patients with an abdominal aortic aneurysm. As an example, a female
patient is considered, 80 years of age, with an aneurysm of 5 em (Figure 2). Such an
aneurysm may for example have been detected by the patient herself, or during 2
diagnostic evaluation for another disease, or during specific screening for aneurysms, If
elective surgery is performed, the patient risks surgical mortality, and morbidity, needs
several days of hospital admission and requires a period of reconvalescence. I the peri-
operative period is survived, the patient is cured from the aneurysm problem.
Alternatively, observation of the aneurysm may be considered, which carries the risk of
rupture of the aneurysm. If rupture occurs, the risk involved with acute surgery is much
higher than that with elective surgery. Moreover, many patients do not reach the
hospital in time for acute surgery. On the other hand, the patient may die of other
causes before the rupture occurs, which is not unlikely at the age of 80.

Essentially, the risk of elective surgery has to be weighed against the cumulative risk
of rupture with its consequences. Estimation of surgical risk thus is only one of the
factors in this decision problem; a prognostic model to estimate this risk is presented.

Elective surgery | . surgical mortality, marbidity, hospital stay
- If surgery Is survivad: cured of aneurysm

Woman, 80 years,
asymptomatic s

abdominal
aortic aneurysm
of 5¢cm

- Risk of rupture, with very high mortality
- May dle of other causes before rupture occurs

Obsgervation

Figure 2 Schematic representation of the decision problem in a female patient, 80 years of age, wilh an
asymptomatic abdominal aorlic aneurysm of & om.
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1,2.3  Replacement of mechanical heart valves
The third clinical decision problem concerns patients with artificial heart valves with an
increased risk of mechanical failure (Bjork-Shiley convexo-concave heart valve), For
example, we may consider a male patient, 40 years of age with a specific type of such
a valve (Figure 3). The valve may be replaced by another valve electively. The elective
surgery is associated with a risk of surgical mortality, a risk of morbidity, and with a
hospital stay and a period of reconvalescence. If surgery is survived, the patient will live
with another artificial heart valve, which may have different hemodynamic
characteristics than the original valve. Alternatively, the patient may be observed during
follow-up. This choice implies that the patient may suffer the consequences of
mechanical failure of the valve. On the other hand, the patient may die from other
causes before mechanical failure occurs, since the yearly failure risk is small. Finally,
future studies may revise the estimates of the failure risk, thus refining the indication for
surgery in this patient.

Prognostic estimates are required for four factors in this problem:
* the risk of elective surgical mortality
* the survival with another artificial heart valve
* the risk of mechanical failure
* the mortality associated with acute failure
Prognostic models are developed to provide these estimates, which are used in a formal
decision analysis to indicate which patients may benefit from elective replacement.

Elective surgery | . Surglcal montality, morbidity, hospital stay
- If surgery is survived, survival with other arlificial valve

Man, 40 years,
no comorbidity, )

29 mm, 60° BScc
mitral valve

- Risk of failurs, with very high mortality
- May die of other causes before failure occurs
Observation - Estimates of failure risk inay bae refined in the future

Figure 3 Schematic representatlon of the dacision problem in a male pattent, 40 years of age, with no
major comaorhidity and a Bj#rk-Shiley convexo-concave valve in the mitral position, 29 mm in size
and an opening angte of 60°,
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1.3 Qutline of this thesis

This thesis addresses the development of prognostic models for application in clinical
practice. The first part considers theoretical aspects of predictive modeling. These aspects
deserve explicit consideration, since it has been noted that the “aim of prognostic
modeling requires a change from traditional biostatistical ‘explanatory’ enterprises of
estimation and hypothesis testing”’, Chapter 2 focuses on different sources of
overoptimism on the performance of prognostic models. Overoptimism refers to the
phenomenon that prognostic models perform better on the patients used to derive the
prognostic models than on new patients. It is shown that commonly used statistical
methods such as stepwise selection greatly contribute to this problem. Suggestions for
improvement are given. Chapter 3 introduces a new method for prognostic modeling,
which explicitly considers literature data in the model-building process,

Part two of this thesis describes several applications of prognostic models for clinical
practice. Chapters 4 to 8 relate to the prognostic aspects in the treatment of metastatic
testicular cancer, Chapter 4 is a study of prognosis {especially 5-year relapse-free
percentage) after surgery for residual masses. Chapters 5 to 8 relate to the histological
content of residual masses, which may, broadly speaking, be benign or malign in a 50:50
ratio, A meta-analysis of 19 studies indicated that several characteristics are related to the
histology of residual masses (Chapter 5). A subsequent analysis used these characteristics
to predict the histology of residual masses with multivariate logistic regression analysis.
Cooperation with several study groups was sought, which resulted in over 500 patients
for the analysis of abdominal muasses {Chapter 6) and over 200 patients for lung masses
(Chapter 8). [t appeared that the use of the predictive model for abdominal masses could
substantially improve the selection of patients for surgery, which means that more
patients with benign histology would be spared surgery while at the same time more
patients with residnal malignancy would undergo resection (Chapter 7).

Chapter 9 describes the development of & prognostic score chart to estithate elective
surgical mortality of abdominal aneurysm surgery, which may be highly relevant for
decision making when the risks and benefits of surgery are not obvious. The analysis is
based on the theory described in Chapter 3, Chapters 10 and 11 address the replacement
of risky artificial heart valves. Chapter 10 is a decision analysis, where prognostic iodels
are used to estimate survival, the risk of mechanical failure and surgical mortality.
Chapter 11 shows that the key results of the decision model can adequately be shown
graphically or described with a ‘meta-mode!’ formed with linear regression analysis. This
thesis ends with a discussion of the theoretical and practical results.
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2 Theoretical aspects of prognostic
modeling: a critical review

This chapter addresses theoretical aspects of progrostic modeling for medical decision
making. Prognostic models may predict outcomes of various types, such as continuous
outcomes (e.g. blood pressure), discrete outcomes with or without an ordening (e.g.
benign histology, potentially malign, cancer) or dichotomous {e.g. alive/dead).
Reegression analysis is the most frequently used statistical method to relate prognostic
characteristics of patients to these outcomes. The issues in this chapter focus on logistic
regression analysis for dichotomous outcomes', but many concepts apply to other types
of regression modeling which are frequently used in the medical field (ordinary least
square regression, Cox proportional hazards regression, Poisson regression”).

The regression analyses considered here relate the outcome or transformations of the
outcome to a linear combination of predictors x; .... %;. In the case of linear regression
the outcome is simply ¥, the expected value of the outcome y:

F=Bo+Brexy . +Box

In the case of logistic regression analysis, the outcome is the logit of the dichotomous
otitcome:

lég\at(y) =B+ By e x4+ B x,

The term f3, is the intercept of the model and the terms P, ... B, are named regression
coeflicients. Regression analyses thus estimate coefficients for each variable (or predictor)
in relation to the outcome. The outcomes are in this context labeled ‘dependent
variables’ and the predictors are often labeled ‘independent variables’. The regression
coefficient of an independent variable has a direct interpretation: with one unit increase
in its value, the dependent variable increases with the value of the regression coefficient.
This ease of interpretation has certainly contributed to the popularity of regression
modek. In the case of logistic regression analysis with a single predictor, the odds ratio
(OR) of the predictor can be calculated as the exponential of the regression coefficient
and is equivalent to the OR as calculated from the cross-table of the predictor with the
outcome, The OR is often interpreted as a relative risk. Mathematically, the OR i
similar in magnitude to the relative risk if the risk is small (e.g. << 10%) or if the OR
is near to one.

Regression analyses may contain a single predictor {'univariate’ analysis) or multiple
predictors {‘multivariate’ or ‘multivariable’ analysis). In a multivariate analysis, the
regression coefficients of the predictors are corrected for the prognostic contribution of
each other. Multivariate coefficients are therefore often referred to as ‘adjusted’
coefficients. The multivariate coefficient of a predictor generally differs from the
univariate coefficient, if this predictor is correlated with one or more other predictors
that are also correlated with the outcome. Most often, the predictors are positively
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correlated with each other and with the outcome, and the multivariate coefficients are
smaller than the univariate coefficients.

We consider the construction of multivariate logistic regression models on the basis
of patient data with the aim to predict a dichotomous outcome in future patients, The
modeling process should result in quantitative predictions, based on a set of predictors.
This aim of predictive modeling is in contrast to the epidemiological aim of identifying
{potentially) etiologic variables. In epidemiology, the prognostic value of one or more
individual variables is mainly of interest, similarly to the treatment effect in a randomized
clinical trial. Correction for confounding variables is important in this context, In
contrast, prognostic models for medical decision making should aim to maximize the
prognostic value of a combination of variables, while the specific variables with their
coefficients are of lesser importance,

A common prognostic modeling strategy is currently as follows. A clinician has
gathered a data set with patient characteristics that may be related to an outcome, for
example surgical mortality. In cooperation with a methologically skilled investigator,
e.g. a biostatistician, a prognostic model will be developed which uses the patient
characteristics in the data set. There are no strong pre-specified hypotheses about the
prognostic importance of these characteristics, which are candidate variables for
inclusion in the model. Some characteristics may have been reported in the medical
literature as relevant, some may be plausible predictors because of pathophysiologic
mechanisms, others may have a special interest of the clinician, The first step in the
modeling process will be to obtain an impression of the data set under study, for
example by simple frequency tables and cross-tabulations of the predictors and the
outcome. Further, continuous variables may be classified with different cut-off values
and categories of nominal variables may be collapsed to define ‘optimal’ arrangements
of the predictors. Next, a set of variables is selected for the prognostic imodel, frequently
based on an automatic stepwise selection procedure {either forward, backward or in a
combined forward/backward way). In this procedure, variables are selected based on the
prognostic importance of a variable in addition to a set of other variables in the model.
The resulting model after stepwise selection may be modified to some extent based on
typical or implausible findings, and the effect of specific combinations of variables nay
be evaluated (interaction terms}, Model performance may be examined with goodness-
of-fit tests and measures of discriminative ability, The final model is usually presented
as a table showing the selected predictors, the regression coefficients, and the
cortesponding confidence intervals and p-values, For application in clinical practice, the
regression formula is usually presented.

In this illustration of prognostic modeling, the data set is used for far more than the
estimation of the regression coefficients, This common modeling strategy is shown
schematically in Table 1.
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Table 1 Schematic overview of a common prognostic modeling strategy.

Modeling phase Method
Selection of variables
Classification of variables Univariate analysts; optimal classification
Inciusion of variables Stepwise selection, p<.05
Inctusion of Interaction terms Multivariate analysis
Estimation of regression coefficients Multivariate analysis
Evatuation of mede} performance Discriminative ability and goodness-of-fit
Presentation of model Regression formtla

Decisions that are based on the findings in the data set include the classification of
variables, the incluston of variables and the inclusion of interaction terms, The model
developed in this way may perform well on this data set, but much poorer for future
patients®. In the following, several issues related to this overoptimism are critically
discussed. The issues discussed are:

* assumptions of regression modeling

+ the selection of variables

» the estimation of the regression coefficients

+ the evaluation of prognostic models

+ validation and re-sampling methods

+ the presentation of prognostic models for application in clinical practice

This chapter ends with a number of practical considerations and conclusions.

2.1 Assamptions of regression modeling

Regression models are valid under a number of assumptions, which will briefly be
mentioned here. First, it is assumed that the patients in the data set is a random sample,
Technically speaking, the sample should be random conditionally on the values of the
predictors. In most regression models it is further assumed that the patients may be
considered as independent observations.

Second, the distribution of the regression residuals needs to have certain properties,
In the case of ordinary linear regression, the residuals are assumed to have a normal
distribution. In the case of logistic regression, the assumption on the residuals might be
formulated as that they are binomial distributed. This assumption is fairly natural, as the
data are binary (0/1).

Third, the relation of a continuous predictor to the outcome variable has a certain
shape. In the case of linear regression, this shape is a straight line. In the case of logistic
regression, the 0 to 1 outcome scale is transformed by a the logit transformation (or
In{Odds)) to a scale ranging from minus infinity to plus infinity. Linearity of continuous
predictors is assumed on this scale. Shown as a probability, the shape is a characteristic
sigmoid curve, which approximates zero with lower values of the predictor, rises
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Figure 1 The relation between the logit transformation and the probability of the outcome (coded 0/1).

through the value 0.5 and then flattens to the value 1 with high values of the predictor
(Figure 1),

This linearity assumption implies that a change of one unit on the continuous
predictor has identical effects over the whole range of values of the predictor, This
assumption can statistically be tested. A general method is the addition to the regression
model of transformations of the continucus predictor. Simple transformations for a
predictor like the age of a patient (in years), may include age?, ¥ (age), 1/age, In(age),
e*®, More general transformations can for example be formed with restricted cubic
splines™. These functions describe the relation between a continuous predictor and the
outcome with a flexible and smooth curve, while estimates of statistical significance of
the non-linearity can readily be obtained with all standard computer software
packages”™, The statistical power of a such test for non-linearity will be strong, since the
continuous character of the predictor is maintained. Another alternative is to add a
categorized version of a continuous predictor to a model with the original continuous
predictor already included to indicate non-linearity of the predictor.

Fourth, regression models make assumptions on the combination of predictors
{additive or multiplicative). The regression models considered here are additive in their
linear form®, In the case of logistic regression, the linear form is the logit of the outcome
(Figure 1). When combining predictors, a prognostic index can be calculated. In
additive models, the prognostic index is the summation of the coefficients multiplied by
the values of the predictors. Confusingly, calculation with the Odds Ratios (e™
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thus involves a multiplication, For example, a patient with two independent prognostic
characteristics, both with an OR_ of 3, has an OR. of 9 (3#3=e™®"" compared to a
patient without these characteristics. The additivity of predictors can statistically be
tested by the evaluation of interaction terms between predictors’.

2.2 Selection of variables

The selection of variables for prognostic models is 4 complex issue. Many potentially
predictive patient characteristics may be available for a prognostic model (possibly 50-
200), and it may seem both impractical and unnecessary to use all these available
characteristics, Selection of a limited number of patient characteristics is related to the
general scientific principle of parsimony: theories with simpler or easier explanations are
considered more plausible than more complex theories. In statistical models this
translates to the use of a limited number of variables. Further, there may be a concern
that a model with many predictors leads to overfitting of the data and hence a poor
petformance of the model in future patients. Also, the interpretation of the regression
coefficients in a model with a limited number of strong predictors may be easier than
the interpretation of a model with many variables, in which some regression coefficients
have a counterintuitive sign. Finally, selection of a limited number of variables leads to
a higher precision of the predictions. _

Strategies for selection of variables are discussed below. Special attention i$ given to
stepwise selection. :

2.2.1  Stepwise selection
Stepwise selection of variables is probably the most widely used selection strategy
nowadays. Stepwise selection may be applied in a forward, a backward or combined
backward-forward way. The usual significance level for selection of a variable in the
model is 5%, which is identical to the significance level commonly used for hypothesis
testing, The significance is vsually calculated from the amount of variance (or related
measures like the log-likelihood) explained by the variable, although measures based on
the posterior probabilities may be more appropriate'®'% An extension of the stepwise
sclection strategies (forward, backward, combined backward-forward) is “all possible
subsets regression’. With this method, every possible combination of predictors is
examined to find a best fitting model. The advantage of this method is that it nay
identify combinations of predictors not found by stepwise selection strategies, since all
combinations are considered. This advantage holds especially against forward stepwise
selection, where correlated variables may only appear prognostically important when
considered together. In the following, ‘all possible subsets’ regression will be considered
as a specific form of stepwise selection methods. '
Advantages of stepwise selection methods are that they lead to a limited number of
variables in a prognostic model, and that they are widely available in most standard
statistical computer packages, The methods also nicely correspond to the concept that
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once a limited number of predictors is included in the model, the remaining variables
add nearly no additional prognostic information.

The fundamental problem of stepwise selection is however that the regression
coeflicients are biased to more extreme values. This bias is caused by the fact that
coeflicients that are -by chance- more extreme, are more likely to be selected than
coefficients that are less extreme, since the more extreme coefficients are associated with
lower p-values. ‘This is illustrated in Figure 2 and 3. Figure 2 shows the distribution of
the regression coeflicient of a random, noise variable with mean zero and standard error
1.5, The value of 0.5 is the asymptotically calculated standard error in a sample with size
64, where the distributions of both the outcome variable and a dichotomous variable are
optimal (50%:50%). The use of the standard significance level of 5% results by definition
in a risk of 5% of falsely selecting the random variable as a predictor {(shaded areas, alpha
€rror).

Figure 3 shows the distribution of the regression coeflicient of a predictor with mean
1 and the same standard error as the random variable in Figure 2 (0.5). The probability
of selecting this predictor is 52% (shaded ared). This probability is known as the power
(or 1-beta error) in statistical test theory. In the context of clinical trials, statistical power
is nowadays explicitly considered in sample size calculations before the start of the trial.
A common requirement is that the power to detect an important treatment effect should
exceed 80%. In studies of prognosis, sample size calculations are unfortunately rarely
performed.

Figure 3 also shows the consequence of the selection of only about half of the
regression coefficients of the predictor. The mean of the regression coeflicients is 1.39
in the samples where the predictor was selected. This is equivalent to a bias of +0.39 in
the estimated coeflicient,

Table 2 shows the power (1-beta) of logistic regression analyses with several sample
sizes and coefficients of a single predictor. A coefficient of 0.5 corresponds to an Odds
Ratio of 1.65, 1.0 to 2.72, and the extreme coefficient of 2.0 to an OR of 7.4, The
distributions of both the outcome variable and the dichotonious predictor were
optimized (50%6:50%). It appears that the power is low for small regression coeflicients,
even with a sample size of 256 patients. In contrast, a very large regression coeflicient
will almost always be found significant, Correspondingly, the bias in the coefficients of
the selected predictors is large for a small coefficient and minimal with large coefficients.
The power and the bias are thus favorably influenced by larger sample sizes, Note that
medical studies may rarely have the optimal distribution used in Table 2 and that sample
sizes are often less than 250 patiénts. The regression coefficients of interest may however
be in the range of 0.4 to 1.1 (Odds Ratio 1.5 to 3). Therefore, the estimated regression
coefficients will currently be biased substantially when the standard p-value of 5% is
applied in stepwise selection procedures.
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Figure 2 Effect of selection with a significance level of 5% on a random, non-predictive variable with a
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In practice, the magnitude of the two errors alpha and beta will depend on the
sample size and the distribution of both the predictor and the outcome variables, but
also on the exact selection strategy applied {forward/backward, levels of p-values for
entry/removal), and the number of important and unimportant predictors in the data
set. It has been found that if many prognostically unimportant variables are present, the
likehihood of selecting one of these is much higher than when only a minority of the
variables is randomly associated with the outcome®. This finding is explained by the fact
that multiple comparisons are made, which increases the overall risk of falsely selecting
at least one unimportant variable to considerably higher levels than the nominal

p-value’,

Table 2 Power for selection of a predictor and resulting blas in the coefficients of the selected predictors.
Legistic regression coefficionts were 0.5, 1 and 2 and alfa was 5%. The standard errors of the
cosefficient were 0.50, 0.35, and 0.25, correspoending to sample sizes of N=64, N=128, and N=256,

True regresston coefficient

N= 0.5 1.0 2.0
Powar 64 17% 52% 98%
iz28 29% 81% 99.9%
256 48% 98% 100%
Mean of sefected coefficients 64 i.25 1.39 2.03
128 0.92 1.12 2.00
256 0.69 1.01 2.00
Bias 64 0.75 0.39 0.03
128 0.42 0.12 0.00
256 0.19 0.01 0.00

The above described phenomena are well-known in the theory of interim analyses
of clinical trials". At each interim analysis, a statistically significant effect may be
observed in favor of a treatment, while this effect may have occurred by chance only.
It would not have been observed at a later moment in time of the trial progress.
Moreover, the treatment effect estimated at an interim analysis is biased to more
extreme values®,

Stepwise selection may use other significance levels than the conventional 5% level,
since this 5% level is arbitrary and has no direct relation to clinical importance',
Alternative criteria might for example be 20% or 50%. With these more liberal
significance levels, more variables will be included in the prognostic models, Among
these additional variables will be some prognostically important variables, and relatively
more noise variables which are randomly associated with the outcome". The inclusion
of noise variables causes a loss of precision in model predictions. On the other hand, the
bias decreases with more liberal selection criteria. The choice of a particular significance
level (.01/.05/.10/.20/.50/1.0) therefore poses a type of bias/precision dilemma®™. In
small studies, the use of the standard significance level of 5% leads to inclusion of a
limited number of predictors, which will predict the outcome with a reasonable
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precision, On the other hand, the bias will be relatively large and many important
predictors will be excluded from the model because of a lack of power (Table 2). The
balance between bias and precision might positively be influenced by a considerably
more liberal significance level in smaller studies, for example 50%,

In summary, drawbacks of standard stepwise selection methods include the frequent
inclusion of random, non-predictive variables, the exclusion of progunostically important
variables and bias in the estimated regression coeflicients. Moreover, the selection is
unstable, in the sense that the addition of deletion of a few patients may change the set
of predictors selected™?'. Therefore, one nmuay doubt the validity of the resulting
model: the variables selected, the order of selection, nor the p-values associated with the
regression coefficients are reliable!*?!,

2,2,2  Alternative strategies

Alternative selection strategies have been proposed in the literature to dirninish the
above mentioned problems of automatic selection of variables. Generally these strategies
aim at variable reduction with as limited as possible use of the regression results in the
data set under study, An obvious step is the limitation of the number of potential
predictors to be assessed". This can for example be achieved by critically reviewing the
plausibility of the proghostic importance of the candidate variables using clinical
knowledge of the disease or related diseases. Other criteria may include the cost or
reliability of the potential predictor and the number of missing values.

Variable reduction can also be based on a review of the findings in other studies.
Such a review may take the formal statistical form of a meta-analysis (‘analysis of
analyses”). All predictors which are significant in the meta-analysis might then be
selected for the prognostic model. This strategy has the advantage that the number of
variables in the prognostic model will be limited, and that the estimates of the regression
coefficients will not be biased by selection from the data under study. However,
selection based on the literature may lead to inclusion of highly (positively} correlated
variables, some of which will have no prognostic value as such. In the statistical
literature it is well known that so called multi-collinearity of variables causes unstable
estimates of the regression coefficients”. In predictive prognostic models we are
however not primarily interested in the regression coefficients of individual variables,
but in the prognostic performance of the whole model. Theretore, selection based on
univariate literature data is only problematic if variables are really very strongly
correlated, since in this case no additional prognostic information comes available once
one of the positively correlated variables is included.

“In contrast to positive correlation, some predictors may be correlated negatively. If
two predictors, both with a positive association with the outcome, are correlated
negatively, both predictors may appear as unimportant predictors in the literature, and
therefore not be selected from a meta-analysis. Fortunately, such a negative correlation
between predictors is less common than a positive correlation in medical data sets.

Further variable reduction may be achieved by clustering of variables in related
groups™®, Formal clustering techniques may be used to define the clusters, in
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combination with medical knowledge. The prognostic weight of the variables should
ideally be determined without using the data under study. Physicians may rate the
prognostic importance in a few categories {e.g. 1, 2, or 3 points), or, even simpler, all
variables in each cluster might be given equal prognostic weight. This relatively rough
weighting has the advantage that the relations of each characteristic with the outcome
are not used at this stage. On the other hand, this rough weighting may lead to
underestimation of the weight of important variables and to overestimation of the
weight of unimportant variables. It may therefore be tested if the weight (or regression
coeflicient) has to be markedly different from the initial weight for one or more of the
variables in the cluster, In the regression analysis, the sumscores of each cluster are
subsequently used as predictors.

A variation of this clustering strategy is to use principal components analysis to derive
scores™, This technique summarizes the variance in the predictors, without taking into
account their relation with the outcome. Empirical results with this technique have been
favorable®. A disadvantage of principal components analysis is however that no clear
relation can be identified between the patient characteristics and the outcome. Further,
a hypothetical example can be formulated where the first principal component would
fail to distinguish patients with and without the outcome,

2.2.3  Otlher aspects

Thus far, this discussion of selection strategies has focused on potentially predictive
characteristics. If some of these characteristics are continuous variables, linearity has also
to be assessed. Adjustiment of the shape of a4 continuous variable so that it fits the data
well again harbors the risk of a too favorable performance of the prognostic model on
the data under study. Choosing an ‘optimal’ cut-off point for continuous variables may
evenl be more dangerous. It has been shown that this practice can lead to an actual rate
of falsely declaring a random variable significant of 40%, using the standard 5%
significance level®. This again illustrates that multiple testing may lead to overoptimistic
results. Further, interzctions between predictors have to be considered. Assessment of
such model assuniptions is necessary, although it may contribute to the overoptimism
of prognostic models. Some methods automatically incorporate interaction in the
modeling strategy, such as classification and regression trees (CARTY or variations
on this method™”, These approaches also typically include the optimization of cut-off
values for continuous variables.

2.3 Estimation of regression coefficients

Extensive and complicated theoretical statistical research has shown that regression
models tend to ovetestimate the regression coefficients, even when a fixed set of
predictors is used without selection on the same data’", This overestimation may be
interpreted as related to regression to the mean®. The bias increases when the number
of variables is larger or when the number of patients {or number of events) is relatively
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small, It can even theoretically be shown that model performance decreases when many
variables are added to a model, even if all variables have prognostic value®"*.

For logistic regression analysis, the bias in the coefficients can be corrected by
multiplication with the following heuristic shrinkage factor™:

X2 (k1)
cheur:"—__—z'— (1)
X
m
, where ¥° is the log likelihood of the model and % the number of variables in the
meodel. This formula helps to correct the regression coeflicients for overoptimism by
shrinking them towards zero.

The correction of coefficients by equation 1 is applicable to a predetermined set of
variables, which is fitted on the data without sefection of variables based on the data.
Interestingly, it seems also possible to correct the regression coeflicients with the above
shown formulas in the case of stepwise selection, The number of variables (B) is then
based on the number of candidate variables for the regression equation rather than the
number of finally selected variables™". It must be feared that many prognostic models
would have a shrinkage factor near zero if this rule were applied, leaving no prognostic
value for the model. Indeed, in situations without strong predictors, it has been
suggested that a model without any predictors and only an intercept may perform better
than a model with a few predictors selected from a large number of candidate variables™.

Other methods have been developed to estimate the logistic regression coefficients
in such a way that they lead to better predictions. For example, the principle of ridge
regression has been applied to obtain biased but more stable parameters in the situation
that the number of variables is relatively large compared to the number of patients®,
Penalized likelihood methods have been applied in the modeling of ordinal categorical
predictors™, Another method is outlined in Chapter 3, which combines data from the
literature and from the data set under study to obtain more stable estimates of the
multivariate regression coefficients.

2.4.  Evaluation of prognostic models

Two aspects of the prognostic performance of logistic regression models for
dichotomous outcomtes are usually distinguished: reliability and discriminative ability.
These aspects of model performance are discussed below.

2.4.1  Reliability

Reliability or calibration refers to the characteristic that the predicted probabilities
correspond to the actual probabilities®. Por example, if the predicted mortality is 10%,
on average 10 out of every 100 patients are expected to die. Reliability may be assessed
by goodness-of-fit tests. For logistic regression, the Hosmer-Lemeshow test is frequently
used”. This test compares the observed and expected frequencies of the outcome in
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groups, which are formed by pooling according to the predicted probabilities.
Commonly, 10 groups are formed by deciles of the predicted probability. A chi-square
test is then perforimed which gives a p-value that may indicate a good or poor fit of the
model. Several graphical methods have also been proposed to examine the fit of a
prognostic model, Kernel methods have been used™ as well as purely non-parametric
methods™. A drawback of these methods is that they are insensitive to differences within
the pooled groups. To overcome this drawback, a goodness of fit test has been
developed based on smoothing of the standardized residuals ¥,

Simple overall checks on the goodness-of-fit can also be thought of for logistic
regression models®. First, the average of the predicted probabilities should be equal to
the observed average (‘calibration in the large’). Also, the prognostic index can be used
as a predictor, in which case the corresponding regression coefficient should be equal
to 1. Logistic regression models fulfill both requirements by definition when evaluated
on the same data set as the regression analysis was performed upon.

2.4.2  Discriminative ability
Discrimination refers to the ability to distinguish patients with and without the outcome
from each other. Discriminative ability may generally be measured by an index of
concordance™. In the case of logistic regression, the index of concordance corresponds
to the area under the receiver operating characteristic (ROC) curve™ . The ROC
methodology stems from psychophysics and has been applied in signal processing for
radar detection. The ROC curve gained interest in the 1980 as summary measure of
diagnostic test performance. In a ROC curve, the true-positive rate (or sensitivity) is
plotted against the false-positive rate {or 1 minus specificity). The area under the ROC
curve for sensible models varies between 0.5 (a useless model) and 1.0 (a perfect model).
The statistical interpretation of the area is that it indicates the probability that for a
randomly chosen pair of patients, one with the outcome and one without, the patient
with the higher probability is the one with the outcome. This interpretation is not
directly applicable to clinical situations, since it is unlikely that clinicians are ever asked
to classify ewo patients in this way, The valuation of the magnitude of the area under
the ROC curve depends on the clinical situation. In the comparison of different
prognostic models, misleading conclusions on the superiority of a model can be drawn
if the shapes of the ROC curves differ™. '

An interesting observation is that well discriminating models may be constructed in
a simple and naive way, namely with prognostic models assuming conditional
independence between the predictors®*, In these independence models, the univariate
Odds Ratios are simply multiplied with each other for multivariate prediction. The
method may thus be seen as a simple application of Bayes theorema to calculate
posterior probabilities, Because of the naiveness it is sometimes labeled “Idiot’s Bayes”.
It hag however been shown that the conditional independence is a sufficient, but not a
necessary condition for validity of the independence model, which may explain its
sometimes respectable performance”. The method may be useful in situations where
only literature data are available to construct a discriminative model. An example of such
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an application is the selection of ankle trauma patients for X-ray evaluation® or the
detection of normal pressure hydrocephalus in demented patients”, An improvement
of the method is the use of an ‘overall association factor’ to correct for dependence
between the predictorssn. Of course, this factor is less refined than the correction for
interdependence obtained with logistic regression analysis,

2.4.3  Sununary measures

Summary measures have been developed for predictive performance, such as the mean
squared error: 1 X (x, - p)Y, which can be decomposed into aspects of reliability and
discrimination®'. An alternative error measure is the mean minus log-likelihood error:
n!t ¥ (Ylog(p) + (1-Y)log(1-p))*". This measure is closely related to the likelihood
function used to estimate the logistic regression coeflicients. Although these measures
have theoretical value, especially when comparing alternative models developed on the
same data set, they have not been used often in the medical field.

2.4.4  Hlustration: peptic ulcer

The effects of overoptimism in the selection of variables and the estimation of the
regression coefficients on model performance have been illustrated on medical data. In
an example of the prediction of peptic ulcer, four modeling strategies were followed in
a random sample of 117 patients with dyspepsia, of whom 41 had a peptic ulcer™.
Thirteen variables were available which were judged reasonable predictors from a
clinical point of view. The strategies were stepwise selection with the traditionat
regression coeflicients, selection of all potential predictors with either the univariate
regression coefficients {conditional independence model), with the traditional
multivariate logistic regression coefficients, or with shrunk multivariate logistic
regression coefficients using the formula of Copas™. These four strategies were evaluated
in a test set of 993 patients (411 with ulcers). Tt appeared that the discriminative ability
of a model with stepwise selected predictors discriminated worse than the models with
all 13 potential predictors (area under the ROC 0.71 versus 0.79-0.81). Calibration was
best for the model with shrunk coefficients, less for the traditional multivariate
coefficients in the full model, and worst for the model with univariate regression
coefficients. Hence, inclusion of all potential predictors and shrinkage of the regression
coeflicients was the best strategy in this study.

2.4.5  Mlustration: residual mass histology

We further investigated these prognostic modeling strategies in a database of testicular
cancer patients, where six binary predictors were related to the histology found at
resection (necrosis vs other histology). These six predictors were found as significant
predictors in a meta-analysis of the literature (Chapter 3). As a selection strategy, we
compared stepwise forward selection with a p-value less than 5% to selection of all six
predictors without consideration of the statistical significance of the individual
predictors. For the regression coefficients, we compared the traditional regression
coefficients to coefficients shrinked with equation 1 and the simple univariate
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coefficients. Shrinkage of the coefficients in the stepwise models was performed with the
number of selected variables in the equation (k = # selected) and with the number of
candidate variables (k = 6). These strategies were followed in each of five research
groups which participated in this study (I from New York, USA, 1 from Oslo, Norway
and 3 from The Netherlands). Patients from a sixth study group (Indiana, USA) were
excluded because of a large number of missing values in one predictor (LDH elevated)
and zero cells for another predictor (residual mass size < 20mm).

The results obtained in each study were evaluated in the complete data set {including
all studies). The column 'total’ is included in Table 3 as a reference for the model
performance with availability of the total data set. The other columns (1-5) indicate the
results when each study would be the only source of data available. Stepwise selection
of variables in the complete data set led to inclusion of all six predictors. In the
individual studies, 2 to 4 variables were selected.

The overall goodness-of-fit was evaluated with the repression coefficient of the
prognostic index in the total data set of 502 patients. In the models based on the
complete data set this coefficient was by definition equal to 1 for the traditional
coefficients. A value lower than 1 indicates overoptimism of the regression coefficients
estimated in the studies. This overoptimism may be caused by overestimation of the
regression coefficients and by selection of variables with a relatively large eftect, if
selection of variables was performed. The traditional multivariate coefficients, as
estimated in the studies, appear to be overoptimistic to a considerable extent. The
coefficients of the prognostic index vary between 0.37 and 0.91, which corresponds to
an average overestimation of 10% to 270%. Remarkably, the overoptimism is similar or
even larger when stepwise selection is followed, compared to when the fixed set of 6
predictors is selected, If the coefficients are shrunk with formula 1, the overoptimism
decreases, Study 4, which contained only 33 patients, still suffers from considerable
overoptimism after shrinkage of the coeflicients. For the stepwise models, shrinkage
with the number of candidate variables as k in equation 1 performed generally better
than the use of the number of selected variables in the equation, These findings thus
support the suggestion that the number of candidate variables should be used in the
shrinkage formula (equation 1)”'. Finally, we found that the overoptimismi in the
coefficients is the largest if the univariate coefficients are used in the model,

We also evaluated the discriminative ability of the fixed and the stepwise models.
The area under the ROC curve was lower for all stepwise models in the individual
studies, The inclusion of more prognostically important variables greatly improved the
discriminative performance of the models. These results confirm the conclusion of the
previously mentioned study™ (section 2.4.4), i.e. that the performance of stepwise models
was less than the performance of models including all potential predictors with shrinkage
of the regression coefficients.
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Table 3 Performance of different selection strategies and estimation procedures for logistic regression
models in testicular cancer prediction study.

Study
Total 1 2 3 4 5
N=502  N=121 N=127 N=137 N=33 N=84
Number of variables
Six predictors 6 6 6 3] 6 6
Stepwise 8 4 3 4 2 2
Shrinkage factor (equa!r‘oh 1)
Six predictors: k=6 97 .88 .89 .80 76 75
Stepwise: k=# selected 97 92 .95 .84 94 91
k=6 a7 87 .88 .80 69 .55
Reliability: cosfficlent of Pl in folal data sst
Six predictors: unshrunk 1.0 a1 .82 74 37 .80
shrunk k=6 1.03  1.04 .92 82 A8 1.07
univariate 72 71 .58 78 48 73
Stepwise: unshrunk 1.0 .83 76 76 38 .89
shrunk k=#sel 1.03 90 .80 .81 41 .88
shrunk k=6 1.03 98 .86 .85 55 1.81
Diseriminative ability: ROC area in total data set
Six predictors: unshrunk/shrunk .80 80 79 78 75 .80
univariate .80 B0 7B .80 79 .78
Stepwise unshrunk/shrunk .80 76 75 76 .59 72

2.5 Validation and re-sampling methods

As indicated before, prognostic modeling involves several phases where overoptimistic
results are obtained if the same data set is used. These phases include the selection of
variables, the estimation of the regression coefficients and the evaluation of model
performance. The biases in each phase may be labeled selection bias, estimation bias, and
evaluation bias, respectively. Note that both selection bias and estimation bias lead to
overestimated regression coefficients.

2.5.1  Independent data sets

To eliminate these biases, it has been suggested that for each of the three phases an
independent data set might be used™. These three data sets might be obtained by
random selection from the original data set (‘split-sample approach’). The first data set
might be labeled the selection sample, the second the estimation sample and the third
the validation sample.

A simplification of this division in three samples is quite common nowadays, and
includes separation in two samples: a development or training sample and a validation
or test sample®*>*. Both selection of variables and estimation of the coefficients are
performed on the development sample. The validation sample can only be kept apart
if the original data set was relatively large. Another drawback is that the randomly
selected validation sample may show poor results of the model by chance only (‘bad
luck’). The analyst may in such # case be tempted to repeat the random selection of the
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validation sample until more favorable results can be shown. Further, the final
prognostic model is usually not based on all information available. The prognestic model
is merely checked on the validation data set, without using these data to improve the
final model.

2.5.2  Cross-validation

A more efficient use of the data can be made with cross-validation methods. Part of the
data is used for analysis and the results are evaluated on the other part. Examples of
cross-validation are the split-half or the split-quarter method. 'With the split-quarter
method, 25% of the data set is used to evaluate a modeling phase performed on 75% of
the data’set. This is repeated four times and gives an impression of the validity of that
modeling phase. The most extreme cross-validation method is to leave out a single
patient at a time for evaluation of 2 modeling phase which was performed on the
remaining N-1 patients (‘jack-knife method’). This procedure is repeated for all patients
(N times, resulting in N models).

2.5.3  Bootstrap re-sampling

An increasingly popular model evaluation method is the bootstrap re-sampling
procedure™, This procedure was developed by Efron and was originally presented as an
extension of the jack-knife method™*. The principle of bootstrapping is that random
samples are drawn with replacement from the total data set. These samples are labeled
bootstrap samples and may contain each patient 0, 1, 2, 3, ..., N times. These bootstrap
samples have a structure similar to the original data set. If many bootstrap samples are
drawn, the underlying structure of the population where the data were drawn from is
revealed, without using new data from this population. The more bootstrap samples are
drawn, the more stable become the estimates based on them. A minimum amount is 100
replications for most applications™’. Computer time may, even nowadays, be a limiting
factor for very high numbers of replications. The bootstrap is generally slightly more
efficient than the jack-knife method, as each bootstrap sample contains N patients,
compared to N-1 in the jack-knife samples, On the other hand, in small data sets
{IN<100), the jack-knife requires less computer time to obtain stable estimates.

The bootstrap re-sampling method can be used for selection of variables. As noted
before, stepwise selection procedures produce unstable results, in the sense that the
addition or deletion of & few patients may change the set of predictors selected. This
variability can excellently be illustrated with the bootstrapping technique®. The most
important prognostic variables should however be included in most bootstrap samples,
and the frequency of inclusion can thus be a criterion for selection'?*, In this way,
selection of variables can be made less dependent on idiosyncracies of the original data
set. On the other hand, the selection strategy still is stepwise and still uses information
from the data set under study.

The bootstrap has also been proposed to correct the regressmn coefﬁcxents for
overoptimism. The procedure is essentially a calibration procedure®. Bootstrap samples
are drawn from the original data set. A prognostic model is fit on each sample, and the
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prognostic index for each patient in the sample is calculated. This prognostic index is
then evaluated as the only independent variable in the original data set, resulting in a
regression coefficient which is the shrinkage factor for that particular bootstrap sample.
Averaging over a large number of replications yields an estimate of the shrinkage factor
for the original model. This estimate will in most instances be very similar to the
heuristic estimate shown in equation 1.

Finally, the bootstrap can be used to indicate the model performance in future
patients. Especially, discriminative ability can be evaluated easily, as discrimination only
depends on the ordering of the patients according to the prognostic index, and is thus
insensitive to values of the shrinkage factor. After fitting 2 fixed model in a bootstrap
sample, evaluation bias may be quantified as the difference between the performance of
that model (with the regression coefficients estimated from the bootstrap sample) in the
original data set and in the bootstrap sample®. If the prognostic model was developed
with selection of variables using the same data set, selection bias should also be assessed.
This can be achieved by applying the selection strategy in each bootstrap sample.

In conclusion, the bootstrap method provides a useful tool for model development
and validation. The method should become a standard procedure in prognostic
modeling, especially since modern computer facilities allow for an acceptable calculation
time, The bootstrap may especially help to reduce the bias in the estimated regression
coefficients, and to give an impression of the discriminative ability in future patients.
The bootstrap evaluation may however still underestimate the total overoptimism, if
data driven decisions were taken by the analyst in a way that cannot be simulated.

2.5.4  Internal and external validation

It should be realized that all validation methods that are based on {part of} the original
data set may only give an impression of internal validity. Internal validity of a prognostic
model refers to the prognostic value in the same type of patients as in the data set
analyzed. Internal validicy may be contrasted to external validity or generalizability,
which refers to the prognostic value in patients that may be slightly different than the
patients studied. For example, patients in other centers may have prognostically relevant
differences that are not taken into account in the model, or the definition of prognostic
variables may be different. The results of a2 model based on data from several centers may
therefore have more widespread validity than a singlecenter study. Also, a multicenter
study provides the possibility to assess external validity, by leaving out one of the centers
and evaluating the performance of the model built on the other centers on the data from
this center (see e.g. Chapter 6). More commonly, an external validation study is
performed totally independent from ‘the meodeling stage. Practical guidelines for
statistical evaluation of such studies have been described *. Bxternal validity of existing
progiostic models should gain more emphasis a5 a research goal, as the prognostic
performance of 4 model when applied by an outsider in a different clinical environment
is the ultimate yardstick for 2 prognostic model,
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2.6 Presentation of prognostic models

A prognostic model may aim to support decision making in clinical practice directly.
Clinical prediction rules, for example, may aim to help physicians to identify patients
who require diagnostic tests, treatment, or hospitalization™, In this situation, the
applicability of the prognostic model to the clinician’s specific patient population must
be evaluable. This means that general informatien needs to be available on the setting
and the patient population where the model was developed, and that outcome and
predictive characteristics are clearly defined. Further, an indication of model
performance is required and a description of the mathematical technique used to develop
the model®. The presentation of the model itself is another point of interest.

2.6.1  Muodel presentation

The results of prognostic models are often presented just as the regression equations
obtained from the statistical package used to estimate the equation. This presentation
may not be suitable for practical application, especially if variables were transformed
(quadratic, logarithmic, inverse transformation, spline transformmations’) or if the
predicted probabitity can only be calculated with transformations, like exponentials as
in logistic regression. A regression equation should therefore not be the only
presentation of the prognostic model. When presented in addition to a more practical
representation, the regression formula may aid those clinicians favoring the use of
computers over paper and pencil, since a regression formula can easily be implemented
in a simple computer application, like a spreadsheet, or 2 pocket calculator.

More practical presentations of the prognostic model include the construction of a
table with the predicted probabilities for all combinations of the predictors {see for
example Chapter 8). This presentation can however only be realized if the number of
predictors is limited and if no continuous predictors are involved. If the latter is the case,
an alternative presentation is as a prognostic score chart {see for example Chapter 6
and 9). A score chart lists the prognostic variables, their possible values, and their
corresponding scores in the prognostic model (rounded to whole integers). The relevant
scores are added in a sum score (the prognostic index) and the corresponding probability
may be read from a table or graph. This two step process is considerably easier to
perforn in clinical practice than the application of a formula. Moreover, this calculation
of the prognostic index gives a lucid insight in the quantitative weight of the predictors
involved. The prognostic index thus provides a attractive summary statement on the
predicted outcome®. To facilitate the interpretation of the scores in a score chart, it has
been proposed to use the *log scale (10¢°log of the regression coefficients) rather than
the ‘log (=In) form®. The advantage of this scale is that a doubling of the odds is
indicated with a score of 10 points.

2.6.2  Risk groups

Frequently, the results of prognostic models are grouped into risk groups (e.g. good,
intermediate, and poor risk). This grouping may facilitate the practical use of the model,
especially when the grouping is linked to the type of therapy. Further, the average
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prediction of a farger prognostic group will be more precise than the predictions in the
original, smaller, subgroups. Two objections can be formulated againse this grouping.
First, patients at the borders of the risk groups may be candidates for treatiment as in the
adjacent group because of center-specific or individual circumstances, These ‘threshold’
patients can be identified with a continuous predicted probability, where the threshold
for treatment is not superimposed by the analyst. Second, the aim to develop simple risk
groups based on only a few predictors may negatively influence the modeling process.
Prognostically important variables may be left out of the model for the sake of
simplicity. For example, the selection criterium for variables has in some applications
been lowered to p<0.01 to limit the number of predictors in the model®. This must be
considered a waste of prognostic information,

2.6.3  Prior probability
Another aspect of prognostic models is that they may require an estimate of the average
probability of an event, before the prognostic characteristics are considered (‘prior
probability’)*™. In some clinical problems, prognosis may differ considerably by patient-
independent characteristics. For example, mortality of elective abdominal aneurysm
surgery will be affected by the surgeon’s skill and the availability of technical facilities
(see e.g. Chapter 9). Such influences need to be incorporated in prognostic models in
addition to patient-dependent characteristics. To estimate the patient-independent
prognostic component in an average probability, the observed higher or lower prior
probability has to be corrected for the prevalence of risk factors, When the prevalence
of risk factors is similar between the modet development and validation environment,
a simple adaptation of the average probability may improve the calibrition of the
predictions™

Assessment of the patient-independent component may even be the aim of the
analysis, such as in the comparison of the quality of different institutions. It is clear that
this quality can only be properly ranked after correction for prognostic variables **%,
although this correction may be difficult in practice®,

2.7 Practical considerations and conclusions

As discussed in this chapter, prognostic models may show overoptimistic results, when
all three phases of modeling are performed on the same data set. The regression
coeflicients will be too extreme because of the selection strategies applied, and because
of bias in the estimation method. Model validation will show overoptimistic results if
the same data are used again.

2.7.1  Owveroptimism

The combined effect of selection and estimation bias leads to too large regression
coefficients and hence a overoptimistic expectation on model performance. It has been
noted that this overoptimism or ‘overfitting’ can be detected by a large variability in a
regression coefficient’. It is however evident that precisely estimated regression
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coefticients may also be overfitted, especially if the variables were selected from a large
number of candidate variables, On the other hand, if no selection of variables was
performed at all, the regression coefficients may be imprecise, but will show only
estimation bias which can largely be corrected with a shrinkage procedure.

In current practice, selection bias is probably the most important cause of overfitting.
As shown before, the commmion attempts to limit overfitting by stepwise selection of
predictors may merely aggreviate the problem instead of solving it.

The magnitade of the overoptimism in logistic regression models will depend on the
statistical strength of the data set relative to the number of predictors. For statistical
strength, the variance around the average of the outcome might be considered a proper
measure, As a practical rule it has been suggested that the number of candidate variables
should be less than 1/10 of the number of events’.

2.7.2  Lage data sefs ‘

If a Hmited number of predictors {e.g. <20) is used in a very large data set is (e.g.
N>5000) with a considerable number of events (e.g. >1000), the overoptimism will be
very limited (see for example®™™)), If stepwise selection is applied, it leads to the inclusion
of all variables with a substantial prognostic effect. Probably, these variables will have
small p-values (<0.001). Most variables with larger p-values will have a modest
prognostic importance (small Odds Ratios). The estimation bias in the regression
coefficients will be very small (resulting in a shrinkage factor somewhere between 0.990
and 0.999}. In such large data sets, a validation sample is often kept apart to evaluate the
results of the modeling procedure. This validation sample will however show practically
identical results as evaluation on the development sample, since the sefection bias and
estimation bias are limited. As noted before, this validation sample only indicates internal
validity, External validity in slightly different patients outside the sample is not yet
assessed in this way.

It might be concluded that the best way to develop a valid prognostic model is to
gather an enormous amount of high-quality data. The same statement has been
formmulated in the context of clinical trials, where ‘mega-trials’ are set up to answer
simple questions in a simple manner, but with a very large number of patients”>”. In the
medical setting, data acquisition on the individual patient level with sufficient quality
control is however expensive. Also, prognostic models for rare diseases cannot be
developed in thousands of patients. A promising approach is to perform prognostic
meta-analyses with individual patient data from several centers to obtain a sufficiently
high number of patients'®, Chapters 6 and 8 are illustrations of this approach.

2.7.3  Swmall data sets

The main difficulties for the development of prognostic models exist in relatively small
data sets. Selection of variables is the key problem here, as estimation bias and evaluation
bias can be corrected for relatively easily, for example with bootstrapping techniques.
It should be avoided as much as possible that selection is based on the same data as the
regression coefficients are estimated upon. ‘
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A relatively small data set may be analyzed while literature data on the relevant
prognostic variables can be found. A proposed modeling strategy is shown in Table 4,
In this situation, both selection of variables and estimation of the regression coefficients
may benefit from explicit analysis of the literature data, Chapter 3 discusses this method
in detail. The literature may further provide previously developed prognostic models,
which may be tested on the data set under study (external validation).- Modification of
the regression coeflicients and inclusion of additional variables might be considered as
a next step,

Table 4 Schematic overview of a proposed madeling strategy In the presence of literature data,

Modeling phase Method Data set
Selection of variables .
Classificaticn of variables Published ctassifications Literature
tnclusion of variables Meta-analysis Literature
Inclusion of interaction terms Multivariate analysis Study
Estimation of regression coefficients Adaptation of coelficients Lit. + study -
Evaluationi of model performance Discriminative abllity and goodness-of-fit  Study *
Presentation of model " Table or prognoslic score chart .

* The study dala can be used to evaluate a model with regression coefficients based on the same data;
if the regression coefficienis were based on the combination of the study data and the literature data,
the study data are less suitable for avaluation,

Another situation occurs when no supportive literature data are available. The first
option in this situation is to refrain from prognostic modeling. The data sét may then
be used for exploratory analyses about the relations between predictors and the
outcome, focusing on univariate analyses. If a prognostic model is desired, Table 5
shows a possible strategy in a small data set, without empirical evidence from other
studies. ‘

Table 5 Schematic overview of proposed modsling strategies in the absence of literature data.

Maodsling phase Method

Selection of variables ) )
Classification of variables Unlvariala analysis; conservative attitude
Inclusion of variabtes Clinical knowledge; clustering of related variables;

backward stepwise selection with p<.50 for inclusion

Inelusion of interaction terms Multivariate analysis

Estimation of regression coafficlents Multivariate analysis with shiinkage

Evaluation of mode! performance Discriminative abillty and goodness-of-fit

Presentation of model Table or prognostic score chart
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Selection of variables should not be based on automatic stepwise procedures with
low p-values for inclusion of variables. This would result in severe overoptimism. If a
higher p-value for inclusion is chosen, the selection bias decreases. The extreme is to use
a p-value of 1, which means that all variables are included and selection bias is minimal.
This extreme is only reasonable once the number of potential predictors is limited,
either by selection with clinical knowledge or by the formation of clusters of related
variables. If the number of candidate variables remains too large to be all included in the
prognostic model, backward stepwise selection with a p-value of 50% may be sensible.
This p-value is arbitrary, but may be a good compromise between bias reduction (higher
p-values) and precision (lower p-values). Bootstrapping techniques should be applied in
all three modeling phases (selection of variables, estimation of regression coefficients,
evaluation of mode! performance).

2.7.4  Final model and presentation

In data sets of any size, the final prognostic model should be based on all information
available, This means that if 2 model is tested in a validation sample, the final model
should be re-estimated on the total of the development and validation sample. The final
regression coefficients shotld be shrunk towards zero to correct for overoptimism of the
estimation procedure. Attention should be given to a practical presentation of the
prognostic model. With these guidelines, prognostic models may become less
overoptimistic and may more validly support clinical decision making,
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3 Prognostic models based on individual
patient data and literature data in
logistic regression analysis

E.1¥ Steyerberg, M.J.C. Eijkemans, J.D.E Habbema.
Partly presented in Theor Surg 1994; 9: 192 (abstracr)

3.1 Introduction

Quantitative approaches to clinical decision making are often based on prognostic
estimates for different patient profiles, which are defined by two or more crucial ¢linical
characteristics. The prognostic estimates may be obtained by regression analysis of a data
set with individual patient data. For dichotomous outcomes (yes/no), logistic regression
models are often used to provide probability estimmates of the cutcome in relation to a
number of patient characteristics. Such a multivariate logistic regression analysis can be
applied to a data set from a single center, but also to a larger but possibly more
heterogeneous data set containing patient data from several centers. The larger nuimber
of patients is advantageous for prognostic modeling: the statistical power for the
selection of predictive patient characteristics is higher since the variability of the
regression coefficients 1s smaller. Also, the generalizability may be better for a prognostic
model based on data from several centers.

In practice, several papers may have been published in the literature on the relation
between patient characteristics and the outcome of interest for a particular clinical
problem. If the published papers describe comparable patient series, a meta-analysis may
combine the available evidence quantitatively. The information in these papers is usually
only sufficient to calculate a univariate regression coeflicient for each of the patient
characteristics. Multivariate coefficients can only be estimated if individual patient data
are available from the published series. This may not be feasible especially for papers
published several years ago. Furthermore, this requires a substantial research effort,

In this chapter, we aimn to estimate the multivariate logistic regression coefficients as
would be obtained in the literature data, in case no individual patient data are available
for the published studies. These coefficients are traditionally estimated by the
multivariate coefficients in the individual patient data, while the univariate data from the
literature are ignored. We propose to estimate the multivariate coeflicients by adapted
univariate coefticients from -the literature with an adaptation factor. This adaptation
factor is calculated by comparing the univariate and multivariate regression analysis in
the individual patient data. Figure 1 schematically shows the data sources and analysis
techniques involved.
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Data source:
literature data +
individual patient data

Data source:

individual patient data

¥

Logislic regression analysis:

univariate and muflivariate
regression coefficients

Meta-analysis:
unjvariate regression coefficlents

¥
Adaptation:

adapted multivariate

regression coefficlents

Figure 1 Schematic ovarview of the adaptation method to combine the regression results from a data set
with individual patient data with those from a meta-analysis. The meta-analysis includes data from
published series and from the data set with individuat patient data.

3.2 Methods

We address the situation that a number of patient characteristics is considered as a set of
covariates in a logistic regression analysis with a dichotomous cutcome. Two sources of
data are available: individual patient data and literature data, The univariate and
multivariate regression coeficients are denoted as BUNI and BmMuLT. Note that the logistic
regression coefficient is equivalent to the natural logarithm of the Odds Ratio (In(OR)).
For the individual patient data these coefficients can both be calculated and are denoted
as BUNIIND and BMULTIIND. For the literature data, only the univariate coefficients can
directly be estimated (BUNIILIT}.

We assume that the individual patient data and the studies forniing the literature data
are both random samples from a common underlying patient population. Therefore, the
individual patient data may also be considered as a random subsample from the literature
data. Under this assumption, the multivariate coefficient in the individual patient data
(AMULTIND) is an asymptotically unbiased estimator of the multivariate coefficient in the
literature data {(BMULLILIT). This is the traditional calculation. The coefficient may
however be estimated more efficiently (i.e. with less variance) by combining the
evidence from the individual patient data and the literatare data.

3.2.1  Adaptation method ‘

Our adaptation methed is an extension of a method developed by Greenland to adapt
an unadjusted Odds Ratio for confounding': if one study is available which corrected
the logistic regression coeficient of an exposure variable (for example coffee
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consumption) for a confounder (for example alcohol consumption), the change from
unadjusted to adjusted logistic regression coefficient can be used to adapt the unadjusted
coefficients in an other study. This procedure was labeled ‘external adjustment of
coefficients’’. In our case of regression analysis on literature data and individual patient
data, the formula reads like:

BMULTILIT = BUNIILIT + (BMULTIIND - BUNIIIND). (1)

The term (BMULTIIND - BUNHIND) is interpreted as an adaptation factor (or ‘external
adjustment factor'). In case no other data are available than the individual patient data,
the literature data is equal to the individual patient data and the formula is self-evident.

In the following we will explore the conditions under which the variance of the
BMULTILIT is smaller than the variance of the BMULTIIND. If these conditions are fulfilled,
use of the univariate results from other studies (BunNiLIT) will be helpful in the estimation
of the multivariate coefficients (BMULTILIT).

We approximate the variance of the BMULTILIT as follows:

var(BMULTILIT) = var(BUNIILIT) + var(BMULTHND) + var(SUNIIIND}
+2+covariance(BUNIILIT,BMULTIIND) - 2scovariance(BUNILIT,BUNTIIND)

-2scovariance(BMULTIIND, BUNIIND). (2}

Since the individual patient data are assumed to form a random subsample from the
lterature, BUNILIT and BUNIIND are positively correlated. Moreover, it may safely be
assumed that

covariance(BUNIILIT, BMULTIIND) < covariance(BUNIILIT, BUNIIND), (3

Assumption (3) says that univariate coefficients are stronger correlated between the two
data sources than univariate and multivariate coefticients. Leaving out both of these
covariances may lead to a slight overestimation of the variance of the var(BMULTILIT),
since the larger term has a minus sign in (2);

var(BMULTILIT) = var(BUNIILIT) + var{BMULTIIND) + var(BUNIIND)
-2scovariance(SMULTHND,BUNIIND). 4

We investigate the conditions under which var(BMULHLIT) is smaller than
var(BMULFIIND), which is equivalent with that
covariance(BMULTHND,BUNIIIND} > 1/2 ¢ var(BUNIILIT) + 1/2 ¢ var{BUNIIND). (5)

Instead of with the covariance(BMULTIND, BUNHIND), we may prefer to define this
condition with the correlation coefficient p. Since p(BMULTIND, BUNIIND) =
covariance(BMULTHND, BUNHIND) / [SE(BMULTIND)*SE(BUNIIND)], it follows that

p(BMULTIND, BUNTIIND) > 172  var(BUmILIT) / [SE(BMULTIND)» SE{BUNIIIND )]
+ 1/2 « {SE(BMULTIIND) / SE(BUNIIIND)]. (6}
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The correlation coefficient p(BMULT |IND, BUNI|IND) is not directly estimated with
logistic regression analysis, in contrast to all other terms. Re-sampling methods such as
the jack-knife or bootstrap method may however be used to estimate this correlation.

Further, the literature data set will often contain many more patients than the data
set with individual patient data. In this case, the var(BUNIILIT) will be small, and the term
172 o var{BUNILIT) / [SE(BMULTIND) » SE(BumiiND}] may be negligible. The ratio
SE(BUNIIND) / SE(BMULTIIND) is influenced by the correlation between the covariates and
the strength of the multivariate relation of the covariates with the outcome. A positive
correlation between covariates increases the SE(BMULTIIND), while a strong multivariate
association between the covariates and the outcome decreases the SE(BMULTIND).
Conditjon . (6) indicates that the adaptation method will lead to a substantial
improvement of the regression coeflicients if the p(BMULTIIND, BUNIIND) is strong {close
to 1), the var(BUNIILIT) or the SE(RUNIIND) small or the SE(BMULTHND) relatively large.
In epidemiological terms, the adaptation method will work, if the confounding of risk
factors is not too strong,

3.2.2  Simulation

The adaptation method was evaluated by simulation to obtain an impression of the
magnitude of the improvement in the estimation of the multivariate coefficients
BMULTILIT. Four databases were constructed with two covariates and one database with
three covariates. All covariates and the dichotomous outcome had a 50%:50% ratio of
0 and 1 values. The associations between covariates and the outcome were varied, such
that the multivariate Jogistic regression coefficients varied between 1.0 and 2.3, The
correlation between covariates then determined the univariate coefficients. Without
correlation, the univariate and multivariate coefficients were identical. With a positive
correlation, the univariate coeficients were larger than the multivariate coefficients, This
is illustrated in Table 1, which shows the structure of the first and second database. In
both databases, two covariates had multivariate coefficients (SMULT) of 1.0 and 1.5. This
means that the probability of the outcome was identical in both databases for a patient
with given values of covariate 1 and 2. For example, a patient with varl=0 and var2=0
had a probability of 22.3%. Since no correlation was present between varl and var2 in
the first database, the univariate coefficients (BUNT) were 1.0 and 1.5 as well. The positive
correlation in the second database resulted in a BUNL.of 1.4 and 1.8 respectively.

Table 1 ilustration of the structure of the first and second hypothetical database for the simulaticn study.

Vari Var2 First database* Second database* Probability of the outcome*™
0 g 25% 33.3% 22.3% '
o 1 25% 16.7% 56.2%

1 0 25% 16.7% 43.8%

1 1 25% 33.3% 77.7%

*  percentage of palients with each combination of valuas for vart and var2 {total 100%).
**  parcentage of patients with the outcome, given the values of vari and var2.
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These databases may be interpreted as representing very large hypothetical patient
series from published papers. Random Monte Carlo samples of 100 patients were drawn
from the databases to represent the data set’ with individual patient data. Random
sampling was repeated 500 times, which sufficiently limited random noise,

The regression coefficients BUNIIND and BMULTIIND were calculated in each Monte
Carlo sample with logistic regression analysis. Subsequently, the coefficient BMULTILIT
was estimated with the adaptation method, using the univariate coefficients of the
complete database (BUNI). These estimates could be compared with the multivariate
regression coeflicients in the complete database {BMULI). As noted before, these
coeflicients are usually not available in practice. In the evaluation they served as the gold
standard.

Regression analyses tend to overestimate the true regression coefficients slightly®.
This bias will however be small compared to the variance in the estimates of the
coefficients. Qur evaluation therefore focused on the improvement in the variance of
the estimates achieved by the adaptation method. We calculated the percentage
reduction of the standard errot (SE) of the estimates with the adaptation method relative
to the SE of the traditional logistic regression estimates. The SE was calculated as the
standard deviation in the 500 replications of the estimates. Moreover, we calculated the
fraction of simulations where the adaptation method led to an improvement of the
multivariate regression coefficients. Improvement was defined as ‘positive’ if the adapted
regression coefficient was more than (.10 (in absolute terms) closer to the true
coefficient in the meta-analysis database than the traditional coeflicient, ‘negative’ if the
adaptation resulted in a coefficient more than 0.10 away from the true multivariate
coefficient, and equivalent in between. The values +0.10 and -0.10 were chosen
arbitrarily, but are intended in a way similar to the quantification of the presence of
confounding in etiological research’.

33 ‘Results - -

3.3.1 " Performance of the adaptation method

The adaptation method reduced the standard deviation by over 40% in all five databases
(Table 2). The improvement percentages varied between 50% and 70% compared to the
traditional method. The risk of adaptation of the regression coeflicients in the wrong
direction (further from the true coefficient compared to the traditional estimate) was
small in most simulations, and always less than 20%. In around 25% of the simulations,
the adapted coefficients were similar to' the traditional estimates (improvement T},
Within simulations, the percentage of improvement increased with magnitude of the
coefficients, The fifth database contained three covariates, resulting in similar
improvements as observed in the ‘first four databases with two covariates, In other
exploratory simulations, the relative improvement appeared independent of the sample
size (N=100, N=200 or N=400). '
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Table 2  Improvement by using the adaptation method instead of the traditional method In sstimating
multivariate regression coefficients. Simulation study with samples of 100 patlents.*

Meta Traditional Adaptation method - improvement

# Var BuN BMULT AMULTiND BMuLTiLT %SE + * -

1 Var1 1.0 1.0 1.03+.45 1.02:.17 © 62%  66% '25% 8%
Var2 1.5 1.5 1.57+.47 1.52+.12 74% 2% 24% 4%

2 Var1 1.4 1.0 1.041.49 089+21 | 57%: ¢ 64% ' 26% 9%
Var2 1.8 1.5 1.56£.50 - 151216  68% . . - 68%‘ 27% 6%

3 Vari 1.5 1.0 1.03+.50 1.00+.25 50% 56% 20% 15%
Var2 2.3 2.0 2.10+.54 2.02¢.15 71% 6B% 28% 4%

4 Vari 1.5 1.5 1.58+.57 1.53+.33 43% 60% 24% 16%
Var2 2.3 23 2.40+.680 2.34+.25 58% 68% 26% 6%
Vari 1.3 1.0 1.03+,65 f.01+.31 43% 58% 26% 16%

5 Var2 1.7 1.5 1.57+.57 1.53+.29 49% 61% ~ 27% 12%
Vard 22 20 2,11+,60 2,042.25 59% 66% . 23% 11%

*  For the five databases (#) with two or three covariates {Var), logistic regression cosfficients are shown
{Bunt and BMULT; mean + SE), the percentage reduction In standard error (%SE = 1 -
[SE ADAPTATION METHOD /SE TRADITIONALY), and the percentage of simuiations thal tha adaptation

method resulted in an improvemant (+/+/-}.

3.3.2  Performance on real medical data

The 3dapt1t1on method was further evaluated on a database of test:cuiar caticer patients,
where six binary predictors were related to the histology found at tesection (necrosis vs
other histology). We combined the data of five research gronps.which participated in
this study {1 from New York, 1 from Oslo, Norway and 3 ffom The Netherlands). The
results obtained with the complete data set were compared with the results in each study
individually, with or without the adaptation method (Table 3). It appears that the
adaptation method results in improved estimates of the multivariate regression
coeflicients in most instances (15 of 30 adaptations = 50%), but worsened the estimates
in 17% (5/30). This performance is somewhat less favourable than in the simulation
study. This may be caused by heterogeneity between the studies forming the meta-
analysis, in contrast to the strictly random selection of samples in the siulation study.

Table 3° Evaluation of the adaptation method In testicular cancer predlcuon siudy Study sizes were
N=121,N=127, N=137, N=33, N=84 (Meta N=602]. .

Meta Study # o ' Improvement

BUNI  RRULT 1 2 3 4 5 + .oz
Teratoma elements 1,14 1.02 _— - & + - 2 1 2
AFP normal 1.04 0.88 + £ + + o+ 4 1 0
HCG normat- - 071 070 + * - + & 1 -3
{.DH elevated 051 112 + + + - + 4 0 1
Postsize < 20mm 1.67 1.32 * + + . + 1 3 1
Change >70% 1.56 0.87 + + + + 3 2 4]
15 10 5
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3.3.3  Model perforimance and influence of selection

In addition to the estimation of the individual multivariate regression coefficients, we
studied the performance of the predictive model as a whole. Calibration and
discriminative ability were determined for models developed in each participating center
in the testicular cancer study when evaluated in the total data set consisting of all patients
from the five centers.

We compared the performance of models developed with a fixed set of covariates
with models developed with a comnon selection strategy for the covariates, i.e. forward
stepwise selection with the standard significance level of 5% for entry of variables. Thus
three methods could be evaluated:

+ fixed set of variables, traditional estimation of the coeflicients

s fixed set of variables, use of the adaptation method to estimate the coefficients

« stepwise selected set of variables, traditional estimation of the coefficients

The evaluation on the total data set will be slightly biased in favour of the adaptation
method, since information of the total data set (the univariate regression results) is used
in the estimation of the coefficients. This bias will however be very small, since the
number of coefficients is limited (IN=6) compared to the total number of patients
(N=502).

Overall calibration was studied by calculating a prognostic index (PI) for all patients
in the total data set with the regression coefficients of each of the three methods®, A
logistic regression coefficient of the PI smaller than 1 indicates that the applied method
Ieads to overoptimistic coefficients {too large in the study data set). Table 4 shows that
overoptimistic coefficients are estimated with all three methods. The coeflicient of the
PI is however closest to one with application of the adaptation method on a fixed set
of predictors for most studies. A considerable improvement is achieved relative to the
traditional calculation of regression coefficients, especially in study 1 and 2. Study 4
however showed a large overestimation of the regression coefficients, even with
adaptation of the coefficients. This may be explained by the small sample size (IN=33).
Stepwise selection led to inclusion of 2 to 4 variables in the study samples. The
regression coefficients are in most studies more overoptimistic than with the traditional
estimation of coefficients in the fixed set of 6 predictors, Forward stepwise selection thus
appears not to improve the calibration of the models.

Discriminative ability of the models was measured by the area of the ROC curve or
¢ statistic®, The absolute discriminative ability achieved with the models containing 6
predictors was around 0.8, and only the smallest study had a lower area under the ROC
curve (#4, N=33, ¢=.75). The adaptation method led to a slightly larger area in the first
three studies, and was more or less equivalent in the last two compared to the traditional
method. The area was much smaller when stepwise selection of variables was applied
as a modeling strategy.
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Table 4 Performance of different logistic regression models in testieular cancer prediction study. Study
sizes ware N=121, N=127, N=137, N=33, N=84,

Study .
1 2 3 4 5
Reliability: coefficient of PI
Six predictors: traditional 1 .82 74 37 80
adapted 1.00 .89 77 48 73
Stepwise: traditional 83 .76 .67 .38 .80
Discriminative ability: ROC area
Six predictors: traditional 795 .790 780 762 798
adapted 800 805 796 748 .800
Stepwise: traditional 763 753 762 691 719
3.4 Discussion

In this study we developed a new method to estimate logistic regression coefficients in
the presence of quantitative literature data. This method combines the results of a
univariate meta-analysis with the results of a univariate and multivariate logistic
regression analysis on individual patient data. It appears that this combination can result
in a substantial improvement of the estimates as compared to the traditional way of
estimating the regression coefficients (without explicit consideration of the literature).

The development of a prognostic logistic regression model would ideally take place
in a very large data base with individual patient data of high quality. In practice, this
ideal is seldom achieved and the data set of individual patient data is usually relatively
stnall. This has several disadvantages. First, it may be difficult to select predictors for the
proghostic model. Standard stepwise variable selection methods lead to overestimation
of the coefficients. Secondly, regression inodels inherently tend to estimate the
coefficients too extreme?, and this problem occurs especially in relatively small data sets
with a large number of predictors. Thirdly, the estimates of the regression coeffictents
will be imprecise with relatively large confidence intervals. Prognostic models are thus
often unreliable when developed in small data sets, since the regression coefficients are
both biased to more extreme values and imprecise,

This study shows that the reliability of a prognostic model can be improved in such
situations, if literature data are available that can be summarized quantitatively in a meta-
analysis. First, the selection of variables may be based on the meta-analysis, The higher
number of patients will indicate prognostically important variables more clearly than one
single study, Next, the univariate literature data may be used to improve the estimates
of the multivariate regression coefficients. In this study, we considered a simple
adaptation method. We defined the situations where the adaptation method would be
more efficient than the traditional method to estimate the multivariate regression
coefficients. In a simulation study, we found that the variance of the regression
coeflicients was substantially smaller with this adaptation method. Also, the systematic
overestimation of the coefficients appears smaller compared to the traditional method”.
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The better estimates of the regression coefficients are expected to result in improved
performance of a prognostic model, as distinguished in calibration and discrimination.
In a real medical data set, it was shown that calibration improved clearly. Discriminative
ability improved to a much lesser extent. This is in concordance with the finding that
the estimates of the regression coeflicients are not of major importance for
discrimination, In the context of diagnostic tests, the application of Bayes rule assuming
conditional independence (“ldiot's Bayes”) has sometimes resulted in good
discriminative performance®. Discriminative ability is however strongly influenced by
the selection of variables, We found that discrimination was much worse if a limited
nuimber of variables was selected with a standard forward stepwise selection method,
compared to a fixed set of predictors, which were all highly significant in the univariate
meta-analysis,

The proposed modeling method comprises a central role for the meta-analysis of
published literature data, A potential problem of meta-analyses is that publication bias
may have led to overestimation of the regression coefficients. The presence of
publication bias may however be detected by examination of the relation between study
size --, or more specific, the variance of the Odds Ratio,-- and the magnitude of the
Odds Ratio. If larger ORs are observed in smaller studies, this indicates publication bias.
Publication bias may partly be corrected by a regression model with the observed OR
as dependent variable and the variance of the OR as independent variable, using
modification of a previously described method’.

Further, the meta-analysis will only provide univariate statistics, which are influenced
by the correlations between predictors. In case of predictors that are positively related
with the outcome {OR>1), a positive correlation of a predictor with other predictors
will lead to a [arge univariate Odds Ratio and thus to inclusion in the prognostic model.
On the other hand, a predictor may seem unimportant in the meta-analysis because of
a negative correlation with other predictors. This predictor would falsely be excluded
from the prognostic model. Fortunately, clinical characteristics are more often positively
correlated than negatively in most medical data sets.

The central assumption in the adaptation method is that the data set under study is
a random subsample from the literature data, This implies that the relations between
predictors and the outcome are similar, and that the correlations between predictors are
similar in the individual patient data and in the literature data. Similarity of the relation
between predictors and the outcome can statistically be assessed by tests for
homogeneity. Unfortunately, similarity of the correlations between predictors cannot
be examined in most instances, since correlations between predictors are infrequently
published. The application of the here proposed adaptation method might be validated
better if publications included a small table with correlations between the predictors to
allow comparison between studies.

A final aspect of the adaptation method is that the estimation of the constant, or
intercept, in the prognostic model may be difficult. The constant might be re-calculated
in the data set with individual patient data, using the adapted regression coefficients in
a prognostic index and the average frequency of the outcome in this data set. An
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alternative approach is to calculate the intercept by assuming that the average frequency
of the outcome corresponds to 2 patient with average frequencies on all predictors. This
approach js mathematically incorrect, because of the non-linearity in the logistic
transformation of the prognostic index. A mathematically more correct calculation
might include likelithood ratios, which are by definition refated to the average frequency
of the outcome. An example of this approach is given in the estimation of mortality in
elective aortic aneurysm surgery (Chapter 9. In most situations, the difference between
the latter methods will be small.

We conclude that literature data should be considered explicitly for prognostic
modeling. The literature data may guide the selection of variables, as well as improve
the estimates of the regression coefficients. This modeling strategy will result in more
reliable logistic regression models than obtained with a strategy that considers a data set
with individual patient data as the sole basis for prognostic modeling.

We wonld like to thank Professor Hans van Howwelingen, PhD, and Ropald Brand, PiD, Dept of Medical
Statistics, University of Leiden, for many helpfil comments on a previons version of this chapter,
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Abstract

Following chemotherapy for metastatic nonseminomatous testicular cancer, 86 patients
with normal sertim markers AFP and HCG underwent resection of residual tumor
masses (63 laparotomy, 11 thoracotommy, 12 both). Prognostic factors for relapse and
survival were analyzed with Kaplin-Meier curves and Cox regression analysis. Putative
prognostic factors included age, the primary histology, prechemotherapy level of the
tumor markers AFP and HCG, the extent of disease {(lymph nodes, lung and hepatic
metastases} before and after chemotherapy, the histology of the resected material and the
completeness of the surgical procedure. Eleven patients relapsed during follow-up

{(median 47 months), accounting for a 5-year relapse free percentage of 87.4%. Adverse

prognostic factors were:

+ prechemotherapy level of HCG (= 10,000 1U/1)

* incomplete resection .

+ the extent of disease, especially of lung metastases (prechemotherapy number 3, 4-
19,. 220; or size after chemotherapy >1 cm; or presence of any residual lung
metastasis after chemotherapy without residual abdominal metastases)

The histology found at resection was not associated with the risk of relapse, which
might be explained by the effectiveness of postresection chemotherapy, which in the
majority of these patients was a salvage regimen rather than two further cycles of the
initial cytostatics. A good and a poor risk group were formed, based on HCG level and
completeness of resection. The effect of salvage chemotherapy after resection of viable
cancer cells needs further investigation.
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4,1 Introduction

Cisplatin  combination chemotherapy vyields a 60-80% cure rate in metastatic
nonseminomatous germ cell tumors (NSGCT) of the testis"*”. If residual masses are
detected after chemotherapy, surgical resection is usually performed®, although no
general agreement exists whether all patients should be operated on™’. Additional
chemotherapy is usually given if viable cancer cells are present in the resected specimens,
to kill remaining microscopic disease’, It has been suggested that the type of additional
chemotherapy should preferably be a salvage regimen, rather than two further cycles of
the initial chemotherapy®. -

The goal of this study was to analyze the prognosis of patients after resection of
residual masses detected on CT scan, while tumor markers were normal, Study
parameters were relapse of tumor and survival, Putative prognostic factors included the
patient’s age, the primary histology, prechemotherapy level of the tumor markers AFP
and HCG, the extent of disease (lymph nodes, lung and hepatic metastases) before and
after chemotherapy, the histology of the resected material and the completeness of the
surgical procedure. First, we investigated which factors univariately affected prognosis.
Further, we analyzed multivariately whether information obtained at resection
{completeness and histology) influenced the prognosis of the patient, Finally, we tried
to identify which factors were most important in predicting relapse, combining all
factors known after resection.

4.2 Patients and Methods

4.2,1  Patients studied

We reviewed the charts of 210 consecutive patients with first presentation of metastatic
nonseminomatous testicular cancer or seminoma with elevated tumor markers, referred
to three Dutch cancer centers. The patients were treated between July 1980 and June
1991, most of them in randomized trials of the EORTC, Treatment consisted of
cisplatin combination chemotherapy (Peckham 1988; Einhorn, 1990). After completion
of induction chemotherapy, the size of metastases was determined on CT scan. If
residual masses were detected (> 1 cm), resection was planned, provided that tumor
markers were normal. If tumor markers remained elevated, additional chemotherapy was
usually given until normalization of tumor markers, and subsequent resection was
performed of residual masses (n=5). In 99 patients residual masses were resected.
BExcluded were the following patients to prevent prognostic inhomogeneity: 7 patients
not treated according to standard protocol (e.g. treated with radiotherapy before
induction chemotherapy); 3 patients with extragonadal tumors; 3 patients who were
operated while tumor markers were above normal, After this selection 86 patients were
included in the analysis.
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4.2.2  Patient data

All patient data were updated until October 1991, The histological diagnosis of the
original testicular cancer was made in the participating hospitals and was reviewed for
patients in EORTC trials. In the analysis, the British classification’ was used. The disease
was staged according to the Royal Marsden Hospital classification’. Further, the
maximum transverse diameter of abdominal masses, the maximum transverse diameter
of pulmonary tumor nodules, and the number of lung metastases were determined on
computed tomographic (CT) scan before and after chemotherapy. ‘The highest serum
levels of AFP (ng/ml) and HCG (IU/1) prior to chemotherapy were recorded. The type
and number of chemotherapy regimens were registered, before and after resection, as
well as the completeness of resection as noted by the surgeon, and the type of histology
fn the resected material. The data were divided in 3 groups of potential prognostic
factors: factors known at the start of cytostatic treatment (‘prechemotherapy factors’),
factors known after chemotherapy but before resection (‘postchemotherapy factors’) and
factors known only after resection of the residual mass (‘resection factors’).

4.2.3  Patient characieristics

'Table 1 gives the characteristics of the patient population. For each participating center
the number of patients in this study and the period of accrual is presented. Median age
of the patients was 26.5 years. The primary histology of the testicular cancer was
predominantty MTI (teratocarcinoma, 48%) and MTU (embryonal carcinoma, 42%).
Abdominal metastases were present in 80 patients (93%), mediastinal metastases in 4
{5%), supraclavicular metastases in 8 patients (9%), and lung metastases in 43 (50%), of
whom 10 patients had a largest diameter = 3 em and 7 had = 20 lung metastases.
Hepatic metastases were observed in 7 patients (8%), and a metastatic inguinal node in
one patient. AFP serum values were elevated (> 16 ng/ml) in 63 patients, and higher
than 1000 ng/ml in 17 patients, HCG serum values were elevated (> 4 IU/1} in 60
patients with 10 over 10,000 IU/L. Standard chemotherapy changed during the last
decade from PVB to BEP or EP, alternating PVB/BEP and more recently alternating
to BOP/VIP regimens. After chemotherapy, a laparotomy was performed in the
majority of the patients in the study group (63 laparotomy only, 12 laparotomy and
thoracotomy). The procedure was a radical retroperitoneal lymph node dissection
{RPLIND) at the University Hospital Leiden (39 patients) and was limited to resection
of all pathological masses in the other centers (36 patients). The surgeons reported
incomplete resections in 8 patients (9%). Two of these patients had viable cancer cells,
Overall, the histology of the resected material was necrosis/fibrosis in 38 patients (44%),
mature teratoma in 32 (37%) and viable cancer cells in 16 (19%). The malignant cells
most often resembled the primary histology.
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Table 1 Characteristics of 86 patienis resected for a resldual mass after chemotherapy.

Factor Classification
Hospital*: RCl: 24, 1983-1990
n, period AZVU: 18, 1980-1980

Age: median, range
Primary histology

Tumor markers:
n elevated, median

Stage 1I**
Abdominal lymph node metastases

Stage H**
Mediastinal or supraclavicular metastases

Stage IV**
Lung metastases

Stage IV**
Other metastases

Chomotherapy ***;
n, type, period

Type of surgery

Complate resection

Histology at resection

AZL: 44, 1981-1991
26,5 yoar, 18-43

41 MTl  (teratccarcinoma)
36 MTU  (embryonal carcinomay)
5MTT
27D (teratoma differentiated)
2 Seminema (HCG 200 and 19.000 UM

AFP: 63, 117 ng/mi
BHCG: 60, 38 U/l

& none
i0A
33B
37C

74 none
3 Mt
1 M2
3N
SN2

43 none

24 L1
512

14 L3

78 noneg
7 H+
1 soft tissue

15 PVB, 1980-1982
14 EF, 1983-1984
33 BER, 1983-1991
8 PVB/BER,  1983-1987
6 ViR, 1987-1989
10 BOPNVIF, 1987-1990

63 laparotomy
11 thoracotomy
12 both

78 yes, 8 no

38 neerosis
32 mature teratoma
16 viable cancer cells

* RCI : Rotterdam Gancer Institute; AZVY: Free University Hospital Amsterdam; AZL: University Hospital
Leiden; ** Royal Marsden Classification; *** B = Bleomycin; E = Etoposide; | = lfosfamide; O = Vincristine
{Oncovin); P = Cisplatinum; V = Vinblastine (in PVB reglmen) / Etoposide (VP-16 in VIP regimen)
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4.2.4  Statistical analysis

The main endpoint in this study was the diagnosis of relapse of tumor. Relapse was
defined as a rise of AFP or HCG serum levels above normal levels, or, in the absence
of elevated markers, histological proof of malignancy. Growing mature teratoma
without viable cancer cells was not considered as.a relapse, because the patient's
prognosis is not directly jeopardized by this event. ‘The relapse free period was calculated
from the date of resection and ended by relapse in eleven patients. In the censored
patients the relapse free period ended by death due to surgery (2 patients), death to
unrelated causes (1 patient after 60 months), or the most recent visit to the hospital (72
patients; median follow-up 47.1 months; range: 5.2 - 127). Overall survival used the
endpoint death. Kaplan-Meier curves were used to describe the relationship of single
variables (Table 2) and the endpoint™ and groups were compared by the log-rank test'’.
Cox regression” was applied to model the simultaneous effect of several variables.
Significance for entry of variables was calculated from a Likelihood Ratio (LR)) statistic.
The additional prognostic influence of resection factors (histology, completeness) was
assessed by including these factors in Cox regression models which already contained
prechemotherapy and postchemotherapy factors. To identify the variables with the most
important effect on relapse, a forward stepwise selection method was used, with p<.05
as an entry criterion. The Hazard Ratios (HR) provided by these models may be
interpreted as relative risks. Continuous data from completely and incompletely resected
patients were compared by the Mann-Whitney test, which js the non-parametric
equivalent of the classical t-test.

Table 2 Potential prognostic factors for relapse.

Faclor coding and categorization
Prechemotherapy
Age at orchidectomy (continuous)
Primary histology main dlagnosis {MT! yes/no; MTU yes/no)
presence of elements {Seminoma yes/no; trophoblastic yes/no}
Extent of disease lymph node metastases size (< 2, 2-5, = 5 cm; <5, 5-10, > 10 om}

lung metastases size {none, < 3, > 3 cm} and

number {none or < 3, 4-18, > 20; < 20; > 20)

hepatic metastases {presence}

number of sites of metastases (0, 1, = 2)
Tumor marker levels AFP and HCG (elevated, conlinuous, discrete)

¢

Postchemotherapy
Extent of disease lymph node size (< 1 and lung = 1, > 1) decreass (continuous; yes/no)
lung metasfases size (< 1, > 1 ¢m) and decrease in size/number
Resection
Completeness (completefincomplete)

Histology at resection (necrosis/fibrosis, mature teratoma, viable cancer cells)
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4.3 Results

4.3.1  Relapse and survival

Overall survival is shown in Figure {. Ten patients died during follow-up: two shortly
after resection, seven after relapse and one at 60 months, due to unrelated causes. The
two patients who died shortly after operation account for a 2.3 % operative mortality.
One patient suffered from bleomyein toxicity, the other had postoperative cardiac
problems, and both had mature teratoma resected. Fvo years after resection 91.4% of
the patients were still alive (86.9% alive without relapse, 4.5% alive after relapse). After
five years 87.2% were alive: 85.4% and 1,8% without and after relapse, respectively,

-~ <o
< =]

% alive with or without relapse
(=23
(=)

0 12 24 36 48 60 72
Time after resection {months)

Figure 1 Survival after resection. Kaplan-Metler plot showing the percentage alive (upper line}
and the parcentage alive and relapse free (lower line).

Survival after relapse of the 11 patients who relapsed after resection is depicted in
Figure 2. Seven patients died {(median 14.6 months after relapse). If the relapse occurred
early (within 2 months), subsequent survival appeared poor (p=0.042, log-rank test).

Figure 3 shows the relapse free Kaplan-Meier plot of all 86 patients. The 5-year
relapse free percentage (5y-RF%) was 87.4 %, with a 95% confidence interval (95%-CI)
ranging from 78% to 93%. Most relapses (9/11) occurred within 12 months. One
patient relapsed after 26 months. One late relapse occurred after 123 months, while only
2 patients were still at risk at that time (not displayed in Figure 1 and 3, but used in
statistical analyses). This patient was incompletely resected in 1980 (histology: viable
cancer cells and mature teratoma) and he relapsed in 1990 with extensive masses in the
abdomen, liver and lung. Salvage chemotherapy was successful and the patient had no
evidence of disease ten months after the relapse.
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Figure 2 Survival after relapse {n=11), stratified for relapse fres period (< or = 2 menths, p=.042,
{og-rank test) )
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Figure 3 Relapse after ressction, censoring deaths wilhout prior relapse {two postoperalive
deaths, one at 60 months).
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4.3.2  Univariate relations with relapse

Univariate analyses revealed significant associations with Lehpse after resection {p <0.05,
log-rank test) for several of the potential prognostic factors of Table 2. These are shown
in Table 3. Of the prechemotherapy factors, age or primary histology were not
significantly related with relapse. The extent of lung metastases influenced the relapse
rate: size { > 3em, p=.047) and number, coded in two groups (< 20, » 20: p=.007) or,
more significantly, coded in three groups (< 3, 4-19, > 20: p=.003). The extent of
lymph node metastases, the presence of hepatic metastases or the number of sites had p-
values > 0.10. For example, of 15 patients with abdominal lymph nodes > 10 c¢m, 3
relapsed (5y-RF%: 80%). Of the 7 patients with hepatic metastases, only 1 relapsed (Sy-
RF%: 86%). Differences in relapse rate were observed according to the
prechemotherapy serum HCG values (0-999, 1000-9999, 210000, p=.014; 0-9999,
210000, p=.001), contrary to the prechemotherapy level of AFP {p > (110), It is of note
that of the ten patients with HCG > 10.000 IU/], three of four who relapsed, relapsed
with brain metastases,

Postchemotherapy lung metastases were prognostically important.  Adverse
characteristics were a postchemotherapy lung metastasis size > 1 cm (p=.003) or the
presence of any lung metastasis without detectable residual abdominal metastases
(p=.001). No difference in relapse rate was observed according to the decrease in size
or decrease in number of metastases.

The most significant factor for relapse was the completeness of resection (Table 3).
The 5y-RF% was only 50% in incompletely resected patients, compared to 92% in
completely resected patients (p=.0004). The histology of the resected material had no
significant relationship with relapse: 5y-RF% [95%-Cl] was 89% [73%-96%] (4 relapsed
of 38), 85% [64%-94%] {4 of 32) and 88% [59%-97%] (3 of 16) for necrosis, mature
tetatoma and cancer respectively (p=.89),

4.3.3  Prognostic influence of resection

The extent of disease was significantly correlated with the completeness of resection:
incomplete abdominal resections occurred more frequently in large lymph nodes {before
and after chemotherapy, p=.023 and p=.020, respectively, Mann-Whitney test) and
incomplete lung resections occurred more frequently if more residual nodules had to be
resected {p=.010, Mann-Whitney test). Because of this correlation, the additional
prognostic effect of the completeness of resection was explicitly studied while taking
into account the extent of disease, Also, correction was made for the prechemotherapy
HCG level and the center (Leiden or other) where the patient was resected, as the
technique of abdominal lymph node resection varied between the centers. It then
appeared that incompletely resected patients had a much poorer prognosis than
completely resected patients {Hazard Ratio > 5, p<.02). The histology at resection
provided no additional prognostic information {p > .20, Likelihood Ratio test),
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Table 3 Significant prognostic factors for relapse (from Table 2). N indicates the number of patients in
each category, with the observed 5 year relapse free percentage in the column 5y-RF%. P-values
. are calculated with the log-rank test.

Factor’ Categorization N 5y-RF%  p-value
Prechemotherapy
Number of lung melastases 0-3 67 94% 003
4-19 12 63%
: : > 20 7 57%
Highast HCG serum lavel {-9999 1UA 76 91% 001
> 10000 1UA 1¢  58%
Postchematherapy
Residual lung metastases lymph nodes >1cm, 77 91% O
without abdominal metastases lymph nodes <1cm and lung =1cm 9 58%
Size of lung metastases noneg of < 1 ¢cm 71 92% 003
> tem 15 87%
Rassction
Completeness of resection complete 78 92% 0004
’ incomplete 8 50%

4.3.4 " Multivariate prediction of relapse

Following a forward stepwise selection procedure (Table 4), the completeness of
resection {p=.004} and prechemotherapy HCG level {p=.006) appeared to be the most
important predictois of relapse. The Hazard Ratios were 8.8 and 7.9 respectively. The
third variable that entered the model was the presence of residual lung metastases
without abdominal metastases (HR=68, p=.02}, At step 3, neither the postchemo-
therapy size of lung metastases (< 1 em or > 1 cmy) nor the number of prechemotherapy
lung metastases (< 3, 4-19, > 20) improved the model significantly (p=.15 and p=.34
respectively, Likelihood Ratio test):

Table 4 Muitivariate analysis of prognostic factors for relapse, based on the univariately significant factors
from Table 3. P-values are calculated for the Likelihood Ratio (LR} statistic with 1 or 2 degrees
of freedom (df). Step 1, 2, and 3 refer to the inclusion of variables in the stepwise forward
selection procedure. : . r

Step  Vasiable (categorization) Co ' i LR statistic df p-value
1 Completeness of resaction (complets, incomplete) 8.3 1 004

2 Prechamotharapy HCG serum levet (0-9998, = 10.000 (U/) 7.6 1 0086

3 Residual lung nodules without abdominal masses {yes/no} 54 1 .02

3 Size of lung metastases (< 1 cm, > 1 cm) 21 1 A5

3 Number of lung metastases (<3, 4-19, 220) 22 2 .34
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We used the first two factors from the stepwise selection procedure to define a
sitnple prognostic classification. A good and a poor prognesis group were distinguished
based on the prechemotherapy level of HCG and the completeness of resection
(Figure 4). The good prognosis group was defined by prechemotherapy HCG values
urider 10.000 IU/I and a complete resection, and had an estimated 5y-RT% of 95%
{95%-CIL; 85%-98%). The majority of patients in this study {69/86=80%) had this very
favorable prognosis. The poor prognosis group was formed by patients with HCG >
10,000 TU/L and complete resection (5y-RF%: 65%), patients with HCG < 10,000 1U/1
and incomplete resection (5y-RF%: 57%) and patients with both HCG = 10,000 1U/1
and incomplete resection (relapsed: 1/1). This poor prognoesis group of 17 patients had
a 5y-RF% of 58% (95%-CI: 31%-77%).

00 p—
]
80
14 f}
80 ~{ 1}
b
1 i
{L.a,
o
@O S B ST
£ 60 1 L
o g e,
250 |
g
S
X! HOG:  <10,000 210,000 . <10,000 * 10,000
f .30 i : Resection: complele  complete Incomplete incomplate
20 I Relapsed:  9/69 39 417 1
1 1
10 - |
. B o T T T 1 T T T T T T L | T
4 0 12 24 36 48 60 72

Time after resection {months)

Figure 4 Relapse after resection, stratified for prechemotherapy HCG level and complelenass of
resection.
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4.4 Discussion

This paper describes the prognosis of 86 patients with NSGCT of the testis, who
underwent resection of residual masses after chemotherapy, while tumor markers were
normal. Residual masses had a minimum size of 1 em. These 86 patients make up 41%
of the total group of 210 patients who received chemotherapy during the study period
of approximately 11 years, Viable cancer cells were found in 16 patients (19%).

A recent review’ showed that the percentage of resected specimens containing viable
cancer cells is around 20%, and this percentage was also found in some other recent
publications''™" and in our series, However, the fraction of resected patients varies
widely between these studies, e.g. from around 20%">'% to over 85%'"*, The wide
variation in the fraction of patients in whom it was deemed necessary to undergo
resection may partly be explained by the heterogeneity of the patient groups, but also
reflects the lack of agreement on the selection criteria for surgery after chemotherapy.
For instance, there is disagreement in the definition of a postchemotherapy normal CT
scan, varying from “absolutely normal”’ to smaller than 2 em™", Further, it has been
advocated to perform a laparotomy in any patient with initial abdominal lymph nodes
> 3cm, even if no pathologic mass could be detected on postchemotherapy CT scan®™
Thus, the fraction of resected patients was as high as 51%" or, when resection was
performed in practically all patients with “absolutely normal” CT scans: 86%'®. Large
Furopean studies reported 31%'" and 20%", reflecting the policy to resect CT-
detectable residual masses only if these exceed an arbitrarily chosen size (> 1 em, 2 2
cmy). Further, subgroups of patients have been defined for whom the mortality and
morbidity of resection may not be balanced by the small risk of leaving tumor
unresected®’, ' '

QOur analysis of prognostic factors for relapse after resection showed (Table 3) that
significant prechemotherapy factors were the size (> 3 cm) and number of lung
metastases. Although the cut-off point for the prechemotherapy number of lung
metastases at > 20 is applied rather sharply in clinical practice, it is obvious that the
change in prognosis has a more gradual course; we found that a more accurate
categorization of the number of lung metastases is in three groups (<3, 4-19, 220). Also,
the initial serum value of the tumor marker HCG (> 10,000 IU/1) has major prognostic
impact. These factors were also found in other studies to predict relapse'”"**? or to
predict a complete clinical response after initial chematherapy™™?. Postchemotherapy
adverse prognostic factors were the size (> lcm} of lung'metastases, or the presence of
any residual lung metastasis without detectable residual abdominal lymph metastases.
Thus, the most important factors after cheniotherapy and before resection, were the
level of HCG and the extent of lung metastases.

The influence of the resection factors (completeness and histology) was studied in
detail. Incompletely resected patients had a poor prognosis (Sy-RF%: 50%), as was
found in other studies''*?, The size of retroperitoneal metastases and the size of lung
metastases were significantly correlated with the completeness of resection. However,
the adverse prognosis of incompletely resected patients was not explined by these
factors, nor the prechemotherapy HCG level, nor the center where the patient was
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resected. Thus, the patient had a poorer prognosis if the surgeon was unable to perform
a complete resection, independent of ather potential prognostic factors. An explanation
for this finding might be that intrinsic tamor characteristics, such as chemosensitivity"
or grade of malignancy of distinct tumor cell populations, are different in patients who
could not be resected completely. This explanation is supported by the observation that
of the five relapses in incompletely resected patients only one was definitely in the
resection area.

The histology at resection was not related to relapse in our patients, similar to one
other report®, but in contrast to the observations in several other studies™'>'**, The
observation in our study may be explained by lack of power to detect an existing
difference due to the relatively low number of relapses. A more interesting explanation
is that the additional treatment after resection has been more effective than in other
studies in controlling remaining microscopic disease, since a salvage chemotherapy
regimen was used rather than two further cycles of the initial chemotherapy in ten of
the 16 patients with viable cancer cells resected. The other six patients received two
further cycles of the initial regimen (n=4), radiation therapy after eight courses of
chemotherapy before resection (n=1), or no further treatment of a mesenchymal tumor
(n=1). This observation supports the recommendation to change the chemotherapy
regimen after resection®. ' '

The question rises whether incompletely resected patients might also benefit from
a salvage regimen immediately after resection, even when no viable cancer cells are
found in the resected material. The following observation suggests that benefit of
additional chemotherapy might be obtained in these patients: six of the eight
incompletely resected patients had no residual malignancy diagnosed {one necrosis, five
mature teratoma). Five of these did not receive any additional chemotherapy after
resection, and four relapsed. The other three patients received additional chemotherapy
(one mature teratoma and two viable cancer cells resected). Of these, only one relapsed
(123 months after resection), '

According to our simple prognostic model (Figure 43, a poor prognosis is expected
in patients with prechemotherapy HCG values over 10,000 IU/1 or an incomplete
resection. The poor prognosis of patients with a high prechemotherapy level of HCG
is already. being recognized by a number of treatment groups™*** and these patients are
candidates to receive more intensive induction chemotherapy. Improvement of the
prognosis of incompletely resected patients might be obtained by the administration of
salvage chemotherapy after resection, although further research has to confirm this
suggestion. The use of a salvage regimen after resection rather than two further cycles
of the same chemotherapy is also subject to further investigation as well as more detailed
recommendations for the selection of patients who would benefit from surgical
resection.

14 would Tike to thark Jo Hermans, PhD, Dept. of Medical Statistics, University of Leiden, for statistical support,
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5 Predictors of residual mass histology
following chemotherapy for metastatic
nonseminomatous testicular cancer: a -
quantitative overview of 996 resections
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Abstract

Following chemotherapy for metastatic nonsi:lminomatous testicular cancer, surgical

resection may demonstrate that residual masses contain purely benign tissue (necrosis),

or potentially mahgmnt tissues (histologically viable cancer cells or mature teratoma).

The morbidity, mortality and costs of resection demand that resection is based on

empirical data rather than on subjective judgments, We reviewed 996 resections from

19 studies to quantify predictors of the histology at resection. Predictors were analyzed

for each study and combined in a pooled Odds Ratio (OR). Predictors of necrosis were:

* ateratoma negative primary tumor (OR=5.1) ' ’

+ normal tumor markers before chemotherapy (AFP: OR=2.8; HCG: OR=1.9; both
AFP and HCG: OR=5.7) _

* a smaller postchemotherapy abdominal mass {e.g. < 20mm: OR=3.7)

¢« alarge shrinkage (> 70%: OR=3.1)

* lung resections versus abdontinal resections (OR=1.7)

Cancer was found in only 4% of residual retroperitoneal masses < 20mim. Further

research may combine the primary tumor histology, marker level and mass size to

improve clinical guidelines, which define subgroups of patients for whom the benefits

of resection do_not outweigh the risks. ' ‘

r
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5.1 Introduction

Surgical resection is widely accepted as the treatment of choice in the presence of
residual masses following chemotherapy for metastatic testicular nonseminomatous germ
cell tumors (NSGCT)" * Resection provides the histological diagnosis of the residual
mass, which may be purely benign with necrotic and/or fibrotic remnants only
{'necrosis’), may contain mature teratoma elements (‘mature teratoma’), or viable cancer
cells/active malignancy (‘cancer’). Resection of muasses containing necrosis only is
assumed to have no therapeutic benefit and is usuafly not followed by additional
treatment. Resection of mature teratoma or cancer is considered to be heneficial as it
prevents growth of (potentially) malignant cells®. Finalty, the presence of viable cancer
cells in the residual mass directs the decision to administer additional chemotherapy®.
The prognosis after resection is generally favorable, with 5 year relapse free survival over
85% after resection of necrosis or mature teratoma™**", and between 50%™% and
80%"*' after resection of cancer followed by additional chemothierapy. Another aspect
of resection is that incompletely resected patients have a poor prognosis™”,

As the benefit of resection depends on the histology present in the residual mass,
attention has been paid to factors associated with the histology at resection >'H12131413.1€
These analyses have focused on groups of patients with a high probability of necrosis,
in whom resection might be omitted. In the present study, we analyzed both the
probability of necrosis and the probability of cancer, as both are important in the
decision to perform a surgical resection. For example, it is clear that a patient with
probabilities of 90% necrosis, 1% mature teratoma and 9% cancer should more definitely
undergo resection than a patient with probabilities of 90% necrosis, 9% mature teratoma
and only 1% cancer, as leaving cancer unresected may be considered more serious than
leaving mature teratoma unresected, ‘

Recommendations for resection of abdominal residual masses vary to a considerable
extent, For example, the size of the residual mass influences the decision to perform
resection, but recommendations vary from laparotomy in any patient with initial
abdominal lymph nodes > 3 cm, even if no pathologic mass could be detected on the
postchemotherapy CT scan’, to resection of residual abdominal masses only if they
exceed 20mm®, Other factors which have been considered for patient selection include
the presence of teratoma elements in the primary tumor'™'*", the reduction in size of
the mass (‘shrinkage’)"’, and the prechemotherapy level of tumor markers like alpha-
fetoprotein (AFP) and human gonadotrophin (HCGY".

The associations of these factors with the histology at resection have been observed
in relatively small studies. In the present paper, we therefore have combined the data
from several published studies to obtain larger numbers and hence more precise
estimates of the predictors. Moreover, the published studies differ with respect to the
selection of patients and the chemotherapy regimens used. The predictive value of
factors may depend on these study characteristics (heterogeneity of effect). This potential
heterogeneity is explicitly analyzed in this study, For example, we investigate whether
the effects of predictors are different in lung and abdominal resections, or different in
more recently published studies, where newer chemotherapy regimens were applied.
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5.2 Patients and Methods

5.2.1  Predictors

Associations with the histology at resection (‘effects’) were quantified using techniques
of meta-analysis'™®. The following factors (or predictors) were considered: primary tumor
histology, tumor markers before chemotherapy, abdominal mass size, shrinkage during
chemotherapy, and type of resection. The primary tumor histology was defined as
teratoma-positive or teratoma-negative™"!, indicating whether mature teratoma elements
were present. The highest tumor marker level of AFP and HCG before chemotherapy
was classified as elevated or normal, although normal values differed between studies
(e.g. AFP < 5 ng/ml® or < 20 ng/ml'**). The effects of primary histology and tumor
marker level were analyzed in studies including laparotomies or thoracotomies only, or
both. In'those studies which included laparotomies only, associations with the histology
at resection were quantified for pre- and postchemotherapy mass size as measured on
CT scan, and for the reduction in size of the mass during chemotherapy (‘shrinkage’).
A large shrinkage has been defined as a reduction of more than 90% in area’. The
corresponding reduction in one dimension is around 70% (exact: 68.4%), which was
used if only measurements in transversal direction were available. The factor ‘type of
resection’ indicated if abdominal or lung masses were resected. The histology of the
resected material was classified according to the worst histologic element, either as
cancer, mature teratoma, or necrosis, Thus, ‘mature teratoma’ refers to masses which
contained mature teratoma and possibly also necrosis/fibrosis, but no viable cancer cells,
and ‘cancer’ refers to masses which contained viable cancer cells and possibly mature
teratoma and/or necrosis.

52,2 Study selection

Studies were selected using MEDLINE medical database and via references in articles.
The studies had to contain frequency data on the association of a factor with the
histology found at resection, either in tables or mentioned in the text. From some
authors additional information on their patient series was obtained (Dr G. Pizzocaro,
Milan, Italy, and Dr PEA. Mulders, Nijmegen, The Netherlands). Further, data were
inicluded from a series of 86 patients resected in three Dutch centers between July 1980
and June 1991, Details on the treatment of these 86 patients were described elsewhere®,
The data used from each study are listed in the Appendix,

5.2.3  Statistical analysis

The probability of necrosis and the ratio of cancer and mature teratoma were related
with factors known before resection (Figure 1). The Odds Ratio (OR) was used as the
measure of association in 2 x 2 tables. The OR. is the ratio of the odds of necrosis or
cancer in one category divided by the odds in the other category. The OR may be
interpreted as a relative risk, when the probabilities are small {e.g. < 10%). When the
probabilities are larger, the OR is larger than the relative risk, An OR of more than one
for a category of patients means that the odds (or risk) is increased compared to the
other category. Contrary, an OR smaller than one indicates a lower risk. ORs were
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Figure 1 Schematic presentation of the statistical analysis of the histology at resectien. A denotes the
probability of necrosis at resection; B denotes the ratio of cancer and mature teratoma, or the
relative probability of cancer, .

calculated within each patient series (study OR) and subsequently pooled (pooled OR)
using the Mantel-Haenszel method (StatXact version 2, CYTEL Software Corporation,
Cambridge, MA, USA). The 95%-confidence intervals (95%-CI} of the pooled ORs
were calculated with the éxact variance estimate of Robins et al”, In studies with a zero
cell frequency the variance and study OR. were estimated by the procedure of Peto™.
Factors have statistically mgmﬁcmt effects (p < (.05} if the 95%-CI of the pooled OR
does not include one.

Since the studies differed with respect td a number of relevant characteristics, it was
investigated whether the effect of the predictors dépended on any of these characteristics
(heterogeneity of effect'®). The following study characteristics were considered (see
Table 1): the selection of patients (type of resection, markers at resection, size of resected
masses), the time of treatment, which is refated to the type of chemotherapy regimen
used, and study size. The characteristic ‘study size’ is used to detect publication bias, i.e.
the phenomenon that statistically significant results have a higher chance of being
published than insignificant results, leading to on average higher effect estimates in
smaller studies. The heterogeneity of effect was tested for statistical significance by fitting
a veighed linear regression equation of In(study OR) on the study characteristics,
‘where each study OR was weighed by the reciprocal of its variance. If significant
hetérogeneity existed (p < 0.10"), the pooled OR was cqlcuhted for each category of
the study characteristic.
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Table 1 Study characteristics considerad for heterogeneity of effect of the associations with the histology
at resection. The codes of each characterislic are listed with the studies In Figure 2, Table 2 and
the Appendix.

Characteristic Coding

Type of. resaction 1. abdominal resections only;
2. lung resections only;
3. both abdominal and lung resections or unclear
Markers at resection 0. markers normal before resection;
1. some patients with elevated markers;
2. unclear
Size of the resected masses 0, smalt masses only {CT normal / < 20mmy};
1. larger masses only (CT abnormal / » 20mmy);
2. both small and larger masses
Time of treatment Year of publication
Study size Number of patients

5.3 Results

The analysis included 901 resections from 18 articles™ % 11213.14.15,16,17.22.23.24,25,26,27,28.29

published between 1983 and 1992 and 95 (75 abdominal, 20 lung) from a Dutch series”.
Table 2 shows that the overall distribution of the histologies at 996 resections was
necrosis in 480 (48%), mature teratoma in 361 (36%) and cancer in 155 (16%).

5.3.1  Probability of necrosis

The relation between the finding of necrosis only in the resected material and the
primary tumor histology was described in many publications. Figure 2 depicts the OR
for each study with the corresponding 95%-confidence intervals (95%-Cly and the
pooled OR. with its 95%-CI. The effect of teratoma elements in the primary tumor is
consistent in all analyses; no heterogeneity of effect was found in relation to any of the
study characteristics. The pooled OR. was 5.1 (Figure 2, Table 3), which means that
patients without teratoma elemients in their primary tumor {teratoma-negative) have
more often necrosis in their residual masses (see Appendix: 289/451=64%), compared
to patients with teratoma elements in their primary tumor (126/438=29%).

Stmilarly, the associations of other factors with the finding of necrosis only at
resection were summarized. As no heterogeneity of effect was found, one pooled CR.
is presented for each factor in Table 3. Patients with normal tumor markers AFP or
HCG, or both AFP and HCG before chemotherapy had necrosis more often at
resection. Smaller abdominal masses before chemotherapy had a higher probability of
necrosis (p > 0.10). Smaller postchemotherapy masses (normal CT scan or £10mm,
<15mm, <20mm, <50mm} contained necrosis more often than larger masses (abnormal
CT scan or >10mm, >15mm, >20mm, >50mm, resp.). A large shrinkage indicated a
higher probability of finding necrosis only. The type of resection was associated with the
probability of necrosis: necrosis was found more often at lung resections (p=0.04).
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Table 2 Distribulion of the histology at resection for the studies analyzed. The first column {'Code")
indicates the major study characteristics, as shown in Table 1. The siudies are ordered according
to these study characteristics and year of publication. ‘Ref' denctes the reference number, ‘N’ the
total number of resections in the patient series, 'Ne¢' necrosis, ‘“Ter’ maturé teratoma and 'Can’

cancer.
Code Author Ref  Year N Nec Ter Can
i00  Bracken et al 27 1983 22 14 64% 3 14% 5 23%
100  Gelderman et al 22 1986 24 17 M% 7 29% 0 0%
100 Fossdetal 13 1089 37 24 B5% 12 32% 1 8%
100  Fossé et al 14 1992 76 51 67% 22 29% 3 4%
101 Bracken et al 27 1983 22 8 36% 7 32% 7 32%
102  Stomperetal 15 1985 30 12 40% 10 33% 8 27%
102  Donohus st al 11 1987 80 35 44% 33 4% 12 15%
102  Sagalowsky etal 16 1990 15 8 40% 5 33% 4 27%
102 Mulders et al 26 1990 34 20 59% 11 32% 3 9%
102  Toneretal 3 1990 122 57 47% 48 39% 17 14%
102  Steyerberg et al 8 1993 75 31 41% 30 40% i4 19%
112  Carteretal 23 1987 28 7 27% 10 38% 9 35%
122 Suurmeijer et al 28 1984 33 20 61% 12 36% 1 3%
202 Bracken et al 27 1983 15 5 33% 4 27% 6 40%
202 Mulders et al 26 1990 8 5 63% 2 25% i 18%
202  Toneretal 3 1990 39 25 64% 10 26% 4 10%
202  Steysrberg st al 8 1993 20 12 60% 8 30% 2 10%
302  Gelderman et al 17 1988 35 15 43% 16 46% 4 11%
302 Harding ot al 9 1989 39 17 44% i4 36% 8 21%
312  Garnick et al 28 1983 29 9 31% 13 45% 7 24%
312 Taitetal 5 1984 73 25 3% 32 44% 16 22%
312 Pizzocaro et al 24 1985 34 14 41% 10 289% 10 29%
312 Fossdetal 12 1989 92 47 51% 34 37% 11 12%
322  Dexeus etal 25 1989 16 4 25% 10 63% 2 13%
Totat 996 480 48% 361 36% i55 16%

5.3.2  Ratio of cancer and mature teratoma

The probabilities of cancer and mature teratoma have a ratio of 1:2 on average in the
studies analyzed. It was investigated which factors were associated with this ratio
(Table 3). Heterogeneity of effect was found for the primary histology and the
prechemotherapy HCG level in relation to the type of resections included in the study
(abdominal/abdominal and lung/lung resections only). For these factors, a pooled OR
is presented per category of the study characteristic.

In abdominal resections, the ratio of cancer and mature teratoma did not differ
clearly between patients with a reratoma-negative or a teratonma-positive primary tumor
{see Appendix: 83:44 vs 108:47). In lung resections, a teratoma-negative primary tumor
was strongly related to the finding of cancer at resection. In 37 teratoma-negative
patients who underwent lung resection, no mature teratoma (0%} was found and cancer
in 9 (24%), compared to 22 (49%) and 4 {9%) respectively in 45 teratoma-positive
patients. Further, a normal prechemotherapy level of HCG was associated with a
relatively higher risk of cancer in lung resections.
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Figure 2 The relation of a teratoma-negative primary tumor and the probability of necrosis at
resection. Studies are ordered according to the study characteristics as shown in Table 1,

No significant heterogeneity of effect was found for the other factors (normal AFP
before chemotherapy, smaller pre-or postchemotherapy masses, a large shrinkage, lung
resection compared to abdominal resection). Smaller pre- or postchemotherapy
retroperitoneal masses were statistically significant associated with a lower relative
probability of cancer,

5.4 Discussion

This study is the first quantitative overview of predictors for the histology at resection
of residual masses in patients with NSGCT. Reesults from 19 published studies were
summarized with statistical techniques. In 996 resections, necrosis was found in 48%,
mature teratoma in 36% and cancer in 16%. In a recently published large study™ the
frequency of cancer was comparable {21%). The frequency of necrosis was however
somewhat lower {22%) and the frequency of mature teratoma was somewhat higher
(579%), probably reflecting the selection policy for resection (masses > 20mm®).

Predictors for necrosis did not significantly depend on study characteristics like the
selection of patients or the time of treatment. Predictors for cancer, however, appeared
to have different effects in lung and abdominal resections. Heterogeneity based on study
size was not found, indicating that no major publication bias was present in the articles
analyzed.
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Table 3 Pooled Odds Ratics with the corresponding 95% confidence intervals for the factors described in
the literature combined with own data. An OR > 1 indicates that the probability was higher in the
first category of a factor, e.9. the probability of necrosis was higher if the primary histology was
teratomna-negative {OR=5.1).

OR [95%-Cl)] OR [95%-Cl]
Factor Necrosis vs other Cancer vs Teratoma
Primary tumor histology abdominal: 1.1[.63-1.8]
Teratoma-nagative vs positive 5.1 [3.8-6.9) lung+abd.: 2.1[1.1-4.2]
lung; 25 [5.6 - 96}
Prechemotherapy markers
AFP normal vs elevated 28[1.7-4.8) 1.04[0.45 - 2.4]
abdominal: .67 [.19 - 2.4}
HCG normal vs elevated 1.911.2- 3.0 lung+abd.: 4.3([1.6-12)
. lung: 5.0[.15 - 99)
Both AFP and BHCG normal vs 57125-13] 2.70[.62 - 11}
one or both efevated
Retroperifoneal mass slze
Prechemctherapy size*:
< 20mm vs > 20mm 1.3 (0.54 - 3.1] 0.29[.04 - 2.3)
< 50mm vs > 50mm 1.6(0.81-3.3) 0.24 .07 - .83]
Posichemotherapy size*:
< 10mm vs > 10mm 3.6(2.1-5.9) 1.04 [41-2.7)
< 16mm ve > 15mm 8.4(32-22] 14529 -7.1]
< 20mm vs > 20mm 3.7(2.0-6.8) 0.20{.05-.77]
< 50mm vs > 50mm 4.3[2.0-9.1] 0.52(.21-1.3]
Shrinkage:
> 70% vs < 70% 3.1[2.0-4.8) 1.49 (.67 - 3.2)
Tvpe of resection
Lung vs abdominal 1.7(1.0-27) 1.12[53-2.4]

*  Note that the ORs calculated at the different cut-off points are not tetally independent, as the same
observations of some studies were used in multiple calculations.

The predictor of necrosis which appeared from this analysis as the most important
is the absence of mature teratoma elements in the primary tumor. The fact that this
primary histology is related to the finding of necrosis at resection was already evident
from many individual studies, but the magnitude of the association could now be
estimated more precisely (pooled Odds Ratio: 5.1, 95%-~CI: [3.8-6.9]). Secondly, in this
meta-analysis normal levels of tumor markers AFP and/or HCG before chemotherapy
were clearly associated with a higher probability of necrosis at resection. Note that this
association was statistically significant in two out of seven individual studies only ( >**
and '“*), Thirdly, the analysis indicated that smaller residual retroperitoneal masses
contained necrosis more often at resection. Assoclations of similar magnitude were
found for several cut-off points (10mm, 15mm, 20mm or 50mm). Finally, other
predictors for necrosis were a large shrinkage (= 70%) and the location of the muass:
resection of pulmonary nodules versus retroperitoneal masses.
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Predictors for cancer were not considered explicitly in any previous publication, as
it has been argued that both patients with mature teratoma or cancer in a residual mass
require resection’, However, the consequences of leaving viable cancer cells unresected
are not ecquivalent to the consequences of leaving mature teratoma unresected.
Resection of residual cancer is usually followed by two additional chemotherapy
courses, which is effective in the majority™’ of these patients. A much lower efficacy
may be expected in these patients if they relapse, due to development of drug resistance
and a more extensive tumor bulk. Although the risks of leaving mature teratoma
unresected include a more difficult resection after a rapid growth of the mass and
malignant change’, most patients with mature teratoma may presumably be resected
successfully at a later date. Thus, a higher risk of leaving mature teratoma unresected
might be accepted compared to the risk of cancer. The probability of cancer therefore
requires explicit analysis.

Remarkably, the association of the primary tumor histology with the probability of
cancer appeared different in lung and abdominal resections, At lung resection, the
absence of maturé teratoma elements in the primary tumor was found related to a higher
probability of necrosis, but also to a higher relative probability of cancer. This implies
that the risk of mature teratoma is low in lung metastases, if the primary tumor is
teratoma-negative. The same observation was made for a normal prechemotherapy level
of HCG. The explanation for this association is unclear and might be explained by
coincidence, because of the large number of tests for heterogeneity that were performed,
Further empirical or histopathological research is therefore required that may confirm
or explain for example that no mature teratoma elements are found in lung masses of
patients with initially teratoma-negative tumors.

Smaller pre- or postchemotherapy abdoininal masses were associated with a lower
relative probability of cancer, especially residual masses < 20mm. This is illustrated by
the absolute frequencies of the histology at resection in our series™ necrosis 57%, mature
teratoma 43%, and cancer in 0% of 23 retroperitoneal masses < 20mm after chemo-
therapy. Combining these data with some recent publications presenting data on the
histology found in small residual masses (< 15mm’, < 20mm", < 20mm®) leads to the
following distribution for the total of 155 small masses: necrosis 71%, mature teratoma
25% and cancer 3.9% (6/155). The policy to resect residual abdominal masses only if
they exceed 20mm® thus implies that masses will be left unresected which have a risk
of circa 25% of containing mature teratoma, but a risk of only 4% of containing cancer.

This analysis identified no single factor that indicated subgroups with,3.probability
of necrosis only as high as 80% or 90%, nor were factors identified which excluded the
finding of residual cancer. Presently, the size of the residual mass is the foremaost
important factor to select patients for resection™. This analysis confirms that several
other factors might be taken into account when considering resection, especially the
absence of teratoma elements in the primary tumor. The association of the primary
tumor histology with the finding of cancer at resection may however be markediy
different in lung resections. This illustrates that selection guidelines for laparotomy may
not apply to thoracotomy.



80 Chapter 5

The combination of factors will possibly allow the definition of subsets of patients
in whom resection might be omitted. Fossi'! found necrosis only in 15 patients with
residual masses smaller than 2 cm, with MTU (embryonal carcinoma} in their primary
tumor and with both AFP and HCG normal before chemotherapy. In our study group
of 75 patients, only 2 fulfilled these criteria and 1 had necrosis and 1 had mature
teratoma at laparotomy. Donchue" found necrosis only in 15 patients who showed a
shrinkage over 90% in volume and without teratoma elements in their primary tumor.
Five of our patients met these criteria: 4 had necrosis and 1 had cancer at laparotomy.
Thus, attempts to define groups of patients who will not have mature teratoma or cancer
based on a few factors are not very reliable sofar and include a siall fraction cm[y of the
total number of patients with CT scan detected residual masses. :

It may be expected that refinement and extension of the number of factors can make
more accurate predictions of the histology at resection than the above mentioned
studies'™™. Therefore, we initiated a collaborative effort with other research groups to
perform a multivariate analysis, using primary tumor histology, the levels of tumor
markers before chemotherapy (AFP, HCG, LDH’), mass size after chemotherapy and
shrinkage of the mass to estimate the probability of necrosis, mature teratoma and cancer
at resection. These multivariate estimates may guide the decision to resect a residual
mass. Optimal treatment is then determined on a more individual basis by weighing the
benefits of resecting mature teratoma or eancer against the morbidity, mortality, financial
costs and the patient’s personal preferences.

The authors would like to thank Dr Liesbeth Besgmian, Rotterdam, The Nethedands, for helpful comments; Dr
Cees | van Groeningen, Amsterdant, The Nethelands, for assistance in data colfection; Dr G. Pizzocaro, Milan,
Italy and Dr Peter EA. Mulders, Nijiegen, The Netherlands, for supplying additional data of their published
patient series for the meta-analysis; and Dr Saphie D. Fossd, Oslo, Nonway for checking her data.

Appendix

Distribution of the histology at resection according to the predictors analyzed. The first column (‘Code’)
indicates the major study characteristics, as shown in Table 1. The studics are ordered according to these
study characteristics and year of publication. ‘N’ denotes the number of resections, ‘Nec” necrasis, ‘Ter’
mature teratoma‘and ‘Can’ cancer.

Prechemotherapy highest AFP level: AFP niormal : AFP elevated

Code Author ' Year N Nec Ter Can N Nec Ter Can
100 Fossd et al 1992 35 7% 1% 6% 41 59% 39% 2%
102 Mulders et al 1950 13 77% 23% 0% 19 47% 37% 16%
102 Steyerberg et al 1993 16 63% 25% 13% 59 36%  A44% 20%
202  Sfeyerberg et al 1993 "7 7i%  14%  14% 13 54% 38% 8%
312  Garnick et al 1983 16 31% 38% 3% 10 30% 40% 30%
312 ‘Tait et al 1984 16 56% 31% 13% 58 28% 45% 28%
312 Pizzocar et al 1985 0 70% 20% .10% 24 29% 33% 38%

Total 113 65% 24% 12% 224 39% 41% 20%
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Prechemotherapy lughest HCG level: HCG normal

N Nec Ter Can

HCG elevated

N Nec Ter Can

35 83% 17% 0%
[t 55% 36% 9%
23 57% 30% 13%
6 67% 1% 17%
3! B5%  18% 27%
18 33% 22%  44%
9 3% 22%  44%

41 54% 39% 7%
22 3% 2% 9%
52 35% 44% 2%
14 57% 36% T
18 17%  56% 28%
55 35% 49%m  16%
25 44%  32%  24%

Code Author Year
100  TFossi et al 1992
102 Mulders et at 1990
102 Steyerberg et a| 1993
202  Steyerberg et al 1993
312 Garnick et al 1983
312 Taiceral 1984
312 Pizzocaro et al 1985
Total

227 41% 42% 16%

Prechenio highest AFP and HCG:

113 59% 23% 18%

AFP & HCG normal
N Nec Ter Can

AFP or HCG elevated
N Nec Ter Can

24 92% 8% 0%
67% 334 0%
75%  13%  13%

100% 0% 0%
57% 0% 43%

0% 0% 0%

W N oy

T 52 5o 38% 6%

27 56% 33% 11%
67  37% 43% 19%
i8 56U 3% 11%
22 23% 59% 18%
31 35% 32% 32%

Code Author Yeéar
100 Possi et al 1992
102 Mulders et al 1990
102 Steyerberg et al 1993
202 Steyerberg et al 1993
312  Garnick et at 1983
312 Pizzocaro et al 1985
Total

50 82% 10% 8%

217 44% 40% 16%

Primary tumor histology:

Teratoma‘l,-negative
N Nec Ter Can

Teratotma-positive
N Nec Ter Can

Code Author Year
100 Bracken et al 1683
100 Gelderman et al 1986
100 - Fossi et al 1989
101  Bracken et al 1983
102  Donochue et al 1987
102 Sagalowsky et'al 1990
102  Maulders et al 1990
102 ‘Toner et al [990
102 Steyerberg et al 1993
112 Carteretal 1987
122 Suurmeijer et a 1984
202  Bracken etal 1983
202 Mulders et al 1990
202  Toner et al 1990

202 Steyerberg et al 1993
302  Gelderman et al 1988

302 Hardingetal .. 1989
312 Garnick et al 1983
312  Taitetal T 1984
312  Pizzocarg et a 1985
312 Fossietal | £989
322 Dexeusctal 1989

17 71% - &% 24%
10 100% 0% 0%
23 Ta% 22% 4%
16  50% 25W 25%
48  60M 27% 3%
6 67% 17% 1%
i8 83 6% [t
75 55 33%  12%
35 54% 40% &%
13 '54% 23% 23%
11 82% 18% 0%
7 43% - 0% 57T%
3 67% 0% 33%
18 83% 0% 17%
9 89% 0% 11%
o 70% 10% 20%
18 . 67% 22% 11%

15 4T% 0 27% - 27%

34 56%  24%. 21%
19 68% 16% 16%
39 74%° 15%  10%
7 3% 43%  14%

5 40%  40%  20%
14 50% 50% O%
14 50% 50% O%
6 0% 50% - 50%
32 19% 63U 19%
9 22U 4% 33%
la  31% 63% 6%
46 33% 50% 17%
40 30% 40% 30%
13 0% 54%  46%
22 50% 45% 5%
8 25% 500 25%
5 60%  40% 0%
21 48% 48% 5%
11 36% 55% 9%
25 32% 60% 8%
21 24%  48%, 29%

A4 % 6d% 21%
S 39 15% 62U 23%

15 7% 47% 47%
53 34% 53% 13%
9 1% 78% 11%

Total

451 64% 22% 14%

438 20% 53% 18% - ..
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Prechemotherapy maximum transversal abdominal lymph node size

Code Author Year Category N Nec TFr Can
100  Fossd et al 1992 < 20 mm 13 54% 38% 8%
> 20 mm 63 0% 27% 3%

102 Mulders et al 1990 20 - 49 mm 4  T% 29% 0%
= 50 mm 20 50% 35% 15%

102 Steyerberg et al 1993 < 20 mm 10 40% 60% 0%
21 - 49 mm 24 50% 42% 8%

> 50 mm 15 3% 34%  29%

312 Pizzocarc et al . 1985 < 20 mm | 100% 0% 0%
21 - 49 mm : 6 3% 33% 33%

2 50mm 27 41%  30% 30%

Postchemotherapy maximum transversal abdominal lymph node size

Code Author. Year Category N Nec Ter Can

100  Fossi et al 1992 0-10 mm : 49 - 71U 2% &%

11 - 20 mm 27 5% 41% 0%

[02 . Bracken etal 1983 Clinical complete resp. 22 64% 14% 23%

Reesidual mass 22%  36%  32%  32%

102 Stomperetal * 1985 11 - 20 mm 17 5% 35% 6%

' ’ 21 - 50 mm 10 50% 30%  20%

> 5(h mm 18 33% 39% 28%

102  Toner et al 1990 0 - 15 mm 39 79% 3% 8%

‘ > 15 mm 60 32% 48%  20%

102 Mulders et al 1990 0 - 10 mm 9 89% 11% 0%

: 11 -20 mm 8 88% 13% (0%

21 - 50 mm 11 45% 36% i8%

‘ > 50 mm . 6 0% 83% 7%

102 Steyerberg et al 1993 10 - 20 mm 23 57% 43% 0%

21 - 50 mm 38 39% 37% 24%

: > 50 mm 4 21% 43% 36%

312 . Garnick et al 1983 CT normal 7 43%  43%  14%

. CT abnormal ) 15 27% 33% 40%

312 Fossietal 1989 CT normal 34 79% 18% 3%

. CT abnormal - 58 3% 48% 17%

312 Pizzocaro et al 1985 0+ 10 mm . 8  75% 13% 13%

: 11 - 20 mm 4 50%  25% 25%

21 - 50 mm 7 43% 29% 2%

> 50 mm 15 20% 40% . 40%

Type of resection: - © Lung reséction Abdominal resection

Code Author Year N Nee Ter Can - N~ Nec Ter Can

302  Bracken etal 1983 15 33%_' 2%  40% L 22%  36%  3i%  32%

302 Mulders et al 1990 8 . 63%.25% 13% 34 59% 32% 9%

302 Toneretal 1990 39 64% 26% 10% 122 4de%  40% 1‘4%

302  Steyerberg et-al 1993 20 60% 30% 10% 75 41% - 400 19%
312  Fossd etwal 1989 - 9. - Be% - 33%. 11% 92 51%. 47% 12%

Total 91 57% 27% 15% 345 47% 38% 15%

* N indicates in this study the number of residual masses
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Shrinkage of the mass: Shrinkage = 70% Shrinkage < 70%

Code Author Year N  Nec Ter Can N Nec ‘Ter Can

100 Fossd et al 1992 .- 34 7I% 24% 6% 42 64 33% 2%

102 Stomperetal* - 1985 10 70% 10% 20% 21 57 29% 14%

102  Donohue etal ' 1987 24 T 25 4% 56 32U 48%  20%

102 Sagalowsky et at 1990 7 40% 40%  60% 10 40%  30%  30%

102 Mulders et al 1990 2 83% 7% O 22 45% 41%  14%

102 'Toneretral {990 25 T2% 16%  12% 60 39% 44%  16%

102 Steyerbergetal - 1993 I 73% 9% 18% 64 36% 459 19%

312 Pizzocaro et al 1985 13 69% 15% 15% 21 24%  38%  38%

Total 134 71% 19% 11% 297 4% 41% 17%

* N indicates the number of residual masses;

' reduction over Y0 in volume was used as a criterium for large reduction in size’
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Abstract

Purpose! To develop a statistical model which predicts the histology (necrosis, mature
teratoma or cancer) of residual retroperitoneal masses following cisplatin-based induction
chemotherapy for metastatic nonseminomatous germ cell tumor.

Patients and Methods: We have collected an international data set comprising individual
patient data from six study groups, Logistic regression analysis was used to estimate the
probability of necrosis and the ratio of cancer and mature teratoma.

Results: Of 556 patients, 250 (45%) had necrosis at resection, 236 (42%) mature
teratoma, and 70 (13%) cancer. Predictors of necrosis were the absence of teratoma
elements in the primaty tumor, prechemotherapy nornial AFP normal HCG, elevated
LDH, a small pre- or postchemotherapy mass, and a large shrinkage of the mass during
chemotherapy. Multivariate combination of predictors yielded reliable models
(goodness-of fit tests: p > .20), which discriminated necrosis well from other histologies
{area under the receiver operating characteristic curve .84), but which discriminated
cancer only reasonably from mature teratoma (area .66). Internal and external validation
confirmed these findings,

Conclusions: The validated models estimate the histology at resection, especially necrosis,
with high accuracy, based on well-known and readily available predictors. The predicted
probabilities may help to choose between immediate resection of a residual mass or
follow-up, tzking into account the expected benefits and risks of resection, feasibility of
frequent follow-up, the financial costs and the patient’s individual preferences,



86 Chapter &

6.1 Introduction

Surgical resection is a generally accepted treatment for residual retroperitoneal masses
following chemotherapy for metastatic testicular nonseminomatous germ cell tumor
(NSGCT)". Resection may reveal necrosis/fibrosis, mature teratoma or cancer. As
these three histologies are not considered to have a similar necessity of resection,
attempts have been made to predict the postchemotherapy histology™**. For patients
with a very high likelihood of necrosis the risk of leaving mature teratoma or cancer
unresected might not be balanced by the disadvantages of resection (morbidity,
mortality, financial costs).

The decision to perform surgical resection is especially difficult in patients with small
residual masses. In some centers resection is performed if the residual mass exceeds an
arbitrarily chosen size (e.g. 20 mm®, 10 mm™), arguing that the probability of cancer or
mature teratoma is very low in smaller masses. In case no pathologic mass can be
detected on the postchemotherapy CT scan, some still advocate mesection: if a
teratomatous component was present in the primary tumor’, if a prechemotherapy
abdominal lymph node metastasis exceeded 30mm in size’, or if resection is performed
as a principle in all patients". The fraction of resected patients varies in accordance with
the selection criteria from around 25% (masses > 20 mm®) to 86%'°. Also, the extent of
surgery is debatable: some excise only visible abnormal masses®, while others perform
a more extensive retroperitoneal lymph node dissection’

Besides the size of the residual mass, other characteristics may be considered in the
decision to resect a residual mass, Previously recognized'? predictors of necrosis include
the absence of teratoma eclements in the primary tumor®*3#5H IS
prechemotherapy tumor marker levels (AFP®, HCG®, LDH?), prechemotherapy and
postchemotherapy mass size*>*'™™ and shrinkage during chemotherapy®***. The same
predictors may help to distinguish cancer from teratoma. In this analysis our aim is to
estimate the probabilities of necrosis, mature teratoma and. cancer in residual
retroperitoneal masses, based on these well-known and readily available predictors. To
obtain a sufficiently high number of patients for statistical analyses, we have collected an
international data set comprising data from six study groups. -

6.2 Patients and Methods

6.2.1  Inclusion criteria ‘

The international data set consisted of patients with metastatic nonseminomatous
testicular cancer, including patients with histologically seminoma and elevated
prechemotherapy tumormarkers, who underwent resection of retroperitoneal residual
masses after indiiction chemotherapy with cisplatin-based chemotherapy Excluded were
patients with elevated rumor markers AFP or HCG at the time of surgery, patients with
extragonadal tumors, patients with pure seminoma (normal prechemotherapy AFP and
HCG) and patients resected after relapse of tumor following initial chemotherapy.
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6.2.2  Study descriptions -

Individual patient data were 1etr1eved according to a data form, which included basu:
patient identification, year and type of treatment, histology, and information on
predictors: presence of teratoma elements in the primary tumor, prechemotherapy
tumor marker levels (AFP, HCG, LIDH), and pre- and postchemotherapy mass, size.
Consistency of the data was checked with the participants (agreement with. published
figures, completion of missing values as far as possible). The studies are numbered 1 to
6 (Table 1) and briefly described in the following, while details of treatment and
resection policy can be found in the original publications. Study #1° included 122
patients who all fulfilled the inclusion criteria. Study #2>*" included 149 patients of
whom 22 were excluded (11 extragonadal tumors, 10 elevated postchemotherapy
markers (AFP/HCG) and 1 both characteristics). Study #3%*** contained 137 patients.
Study #4” included 49 patients, of whom 15 were excluded (11 pure seminomas, 4
elevated markers before surgery). Study #5° contained 80 cases with. initial stage B3
disease (palpable prechemotherapy mass > 10 cm}). Excluded were 17 patients who
underwent salvage chemotherapy for recurrent disease, 5 with pure seminoma and 1
with elevated postchemotherapy AFP. OFf the 51 remaining patients, 50 missed the
prechemiotherapy LDH value. Study #6 included 85 Dutch patients, all fulfitling the
inclusion criteria. All European centers participated in consecutive EORTC or MRC
telals, In total 556 patients were included in the analysis,

Table 1 Characteristics of the six participating study groups.

4 Principal investigator Hefarence Study group * ' . ‘ N

1 Toner 3 MSKCC, New York o 122,
2 Fossh 5,13,14 Norweglan Radium Hospital, Oslo 127
3 Sleljfer 9,15,20,21  UH, Groningsn 137
4 Mulders ' 8 UH, Nijmegen _ aa
5 Donohus 4 Indiana university, Indlanapolis " -51

6 Steyerberg . . 7 UM, Leiden: RC!, Rotterdam; FU, Amsterdam . 85

* MSKCC: Memorial Sloan- Keltenng Cangcer Center; UH: university hospllal RGI: Ratterdam Cancer
Institute; FU: Fréa University

6.2.3  Definitions of predictors and histology )

The primary tumor histology was defined as teratoma-positive or teratoma-negative™,
indicating whether teratomatous ¢lements were present, The tumor marker levels of
AFP, HCG and LDH before chemotherapy were classified as elevated or nofinal using
the normal values of each center. Higher cut-off points and transformations (square root,
log) were evaluated™ for the absolute values of AFP and HCG, and for standardized
values of LDH (LDH value divided by normal value per study). Prechemotherapy and
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postchemotherapy mass size were measured in transversal direction on CT scan.
Shrinkage was calculated as the percentage reduction in size: 100#{Presize-Postsize)
/Presize. Shrinkage was 100% if the postchemotherapy CT scan did not show any
residual mass, Various cut-off values and transformations (square root, log) were
assessed”. ‘

The histology of the resected material was classified according to the worst histologic
element, either as cancer, mature teratoma, or necrosis. Thus, ‘mature teratoma’ refers
to masses which contained mature teratoma and possibly also necrosis/fibrosis, but no
viable cancer cells, and ‘cancer’ refers to masses which contained viable cancer célls and
possibly mature teratoma and/or necrosis.

6.2.4  Missing values

Of the 556 included patients, 429 had complete values for all predictors. Instead of
discarding the 127 patients with any missing value, missing values were filled in (or
imputed) in 115 patients missing one single value, discarding only 12 with two or more
missing values. Imputation was based on the correlation between each variable with
missing values and the other predictors®. The correlation was estimated from the 429
complete cases. The method is described in detail in the Appendix. The results of this
analysis were compared with the results obtained when complete cases only were
considered.

6.2.5  Stadistical analysis

The histology at resection (necrosis, mature teratoma, cancer) was predicted using two
statistical models. The first model estimated the probability of necrosis by comparing
patients with necrosis at resection with patients showing other histologies (teratoma or
cancer). The second model aimed to distinguish between cancer and teratoma in the
patients who did not have necrosis at resection, This second analysis estimated the ratio
of cancer and teratoma or the relafive probability of cancer, The use of these two miodels
agrees with the clinical notion that the probability of necrosis is of predominant
importance for the decision to resect a residual mass® and that the ratio of cancer and
teratoma is a second consideration.

The probability of necrosis and the relative probability of cancer were related to
factors known before resection {predictors). The Odds Ratio (OR) was used as the
measure of association. Relations between predictors and outcomes were first estimated
univariately within each study. If a test for homogeneity indicated no major
heterogeneity (p>.10) of the relations, the data were pooled using the Mantel-Haenszel
method (EGRET statistical package®). Predictors have statistically significant effects
(p<0.05) if the 95%-CI of the OR does not include the value one. Multivariate fogistic
regression analysis was applied to estimate the probability of necrosis and the relative
probability. of cancer based on the combination of predictors. As the aim of this analysis
is prediction, all variables contributing information should preferably be included in the
models™. The multivariate analyses therefore included all predictors with p-values below
0.50 in the univariate analysis. Of the three variables related to mass size (prechemo-
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therapy size, postchemotherapy size and shrinkage), the postchemotherapy size and
shrinkage were candidates for use in the multivariate models. It was checked if the
coeflicients of the predictors differed between the studies by adding interaction terms
of the predictors and study number. Also, it was checked if the relations were constant
in time by adding interaction terms of the predictors and year of treatment.

6.2.6  Evaluation of model performanee
Predictive accuracy of the multivariate models can be distinguished in reliability (or
calibration) and discrimination. Reliability refers to the amount of agreement between
predicted and observed outcomes. Tf, for instance, patients with certain characteristics
are predicted to have a 70% chance of necrosis at resection, then 70% of such patients
should actually have necrosis at resection. A graphical impression of reliability was
obtained by plotting observed frequencies of the outcome (neerosis/cancer) against
predicted probabilities. Reliability was tested by the Hosmer-Lemeshow goodness-of-fit
test® (BMDP module TR”), which evaluates the correspondence between a models
predicted probabilities and the observed frequencies over groups spanning the entire
range of probabilities. _ ‘

Discrimination was assessed using receiver operating characteristic (ROC) analysis,
The ROC curve is a plot of the true positive rate {sensitivity) versus the false positive
rate (1 -specificity) evaluated at consecutive cut-off points of the predicted probability.
The area under the ROC curve forms a suitable single number to summarize the
discriminative ability of a predictive model™*’, The area represents, for all possible pairs
of patients, the proportion in which the patients with that outcome (necrosis/cancer)
had a higher probability than the patients without the outcome. A useless predictive
model, such as a coin flip, would yield an area of 0.5. When the area is 1.0, the model
discriminates perfectly. For our prediction problem, a value over (.6 may be interpreted
as reasonably, over 0.7 as satisfactory and over 0.8 as good with respect to discriminative
ability.

Validity of model performance was distinguished in internal and external validity.
Internal validity indicates if the results of the analysis hold for the data under study.
Internal validity was assessed with bootstrapping techniques®. Random bootstrap
samples were drawn with replacement from the full sample consisting of all patients (200
replications). Models were estimated on these bootstrap samples and evaluated on the
full sample. In this way, the discriminative ability of the models in future but similar
patients is estimated, Moreover, bootstrap estimates were used to derive the final
predictive models by correcting the logistic regression coefficients for overoptimism®'.

External validity refers to the validity of the results of this analysis when applied to
patients in other centers. To assess externat validity, each study was left out of the full
sample once. The models were fit on the remaining studies. Discriminative power was
tested on the study not included in the fitting procedure (test sample).



Table 2 Patient characteristics per study group.

#1 #2 #3 #4 #5 #6 TOTAL
N=122 N=127 N=137 N=34 N=51 N=85 N=556
Frimary tumor histology L -
Teratoma-positive 46 {38%) 76 (60%) 84 (B1%) = 16(47%) 26 (51%} 45 (53%) 293/555 (53%)
Prechemotherapy markers o '
AFP elevated . 72 (59%) 73 (58%) 97 (71%) = 19 {59%) 33 (72%) 65 (77%) 359/548 (66%)
median (ng/ml} - . - s 134 44 48 28 - 121 © 89
HCG  elevated . B7 (55%) 71 (56%) 91 {66%) 22 (67%) 34 (74%) 58 (68%) 343/550 (62%)
median {IU/) 2 18 5 15 - 42 11
LDH elevated 93 (76%]) 86 (68%) 93 (8% 17 (52%) 1 () 32 {71%} 322/465 {69%)
median (U/} - 357 496 285 542 - 203 399
Prechemotherapy mass size
0- 20 mm 9 (8%) 21 (17%) 18 {13%) 1 (3%} - {0%) 12 (13%) 61/542 (11%)
21- 50 mm 61 (54%) 61 (48%) (50%) 13 (38%) - (0%) 34 (40%) 237/542 (44%)
51 - 100 mm - 33 {29%) 34 {27%) 40 (29%) 16 (47%) 10 (21%) 33 (39%) 166/542 (31%)
> 100 mm 9 (B%) 11 (8%). 11 (8%) 4 (12%) 37 (79%) 8 (7%) 78/542 (14%)
Postchemotherapy mass size
0- 10 mm 30 (30%) 54 (43%) 55 {40%) 9 (27%) - (0%) 14 (17%) 162/532 (31%)
11 - 20 mm . : 19 (18%) 31 (24%) 25 (18%) . 8 (24%}) - {0%) 30 (36%) 113/532 (21%)
21- 50 mm ) - 32(32%) 26 (21%) 41 (30%) 11 (32%) - (0%) 23 (27%) 133/532 (25%}
51100 mm - ’ 17 (17%) 2 (9%) 14 (10%) 4 {12%) 8 (16%) 15 (18%) 70/532 (13%)
> 100 mm 1 (1%} 4 (3%) 2 (2%) 2 {8%) 43 (84%) 2 (2%) 54/532 (10%)
Shrinkage
=70% - ‘ - 30 ({33%) 49 (39%) 50 (37%) 12 (35%) - {0%) 14 {17%) 155/521 (30%)
50 - 69% 21 (23%) 35 (28%) 45 (33%) 9 (27%) - {0%) 28 (33%) 138/521 (27%)
30 - 49% . 17 {19%) 15 {12%) 8 (8%) 4 (12%) 3 (6%) 15 (18%) 62/521 (12%)
0-29% . 13 (14%) 23 (18%) 18 (14%) 5 (15%) 35 (74%) 25 (30%:} 120/521 (23%)
< 0% (increase) C 11 (12%) 5 {4%) 15 {11%) 4 (12%) T 9 (19%) 2 (2% 46/521 (9%)
Year of treatment :
1975 - 1980 . 16 (13%) 7 (6%). 22 (16%) 3 (9%) 11 (22%) 3 (4%) 62/556 (11%)
1981 - 1985 : 83 (68%) 67 (53%) 48 (35%) 21 (B2%) 34 (67%) 32 (38%) 285/556 {51%)
1986 - 1893 . 23(19%) 53 (42%) 67 (49%) 10 (29%) B (12%) (59%) 208/556 {38%)
Histology at resection . -
Necrosis 57 (47%) - 66 (52%) 81 (45%) 20 (59%) 10 (20%) 36 {42%) 250/556 (45%)
Mature teratorna - ) 48 {39%) 51 (40%) 70 (51%) (32%) 23 {45%) 33 (38%) 236/556 (42%)
Cancer ] ) 17 (14%) 10 (8%) 6 (4%) 3 (9%) 18 (35%) 16 (19%) 70/556 (13%)
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Table 3 Relations of predictors with the histology at resection.

Necrosis Teratoma Cancer OR Necrosisvs  p-value OR Cancervs p-value
N=250 (45%) N=236 (42%) N=70 (13%) Other Teratoma
Primary tumor histology
Teratoma-negative 155 (60%) 78 (30%) 29 (11%) 3.35[2.3-5.0] p < .001 -t -
Teratoma-positive 94 (32%) 158 {54%) 41 (14%}
Prechemotherapy markers i
AFP normal 116 (61%) 56 (30%) ~ 7 (9%) 274[1.8-41] p < .001 1.06 [.52-2.1] p=.87
elevated 130 (38%) 176 (49%) 53 (15%)
HCG normal 119 (58%) 67 (32%) 21 (10%) 217 [1.5-3.2] p < .001 117 [.61-2.3] p=.60
elevated 128 (37%) 166 {48%) 49 (14%)
LBH elevated 185 (51%) 120 (37%) 37 (12%) 1.69 [1.2-2.7] p=.011 2.6211.1-6.4] p=.020
normal 56 (39%) 78 (55%) g (6%)
Prechemotherapy mass size Trend: Trend:
0- 20 mm 35 {57%) 23 (38%) 3 (5%) 1.0 (rc)* p =.008 1.0 (re)” p=.16
21- 50mm 120 (51%) 98 (41%) 9 (8%) .76[41-1.4] 1.32 [.31-6.5]
51-100 mm 66 (40%) 74 (45%) 26 (16%) .51120-1.1] 2.21 [2-7F
> 100 mm 24 (31%) 36 (46%) 18 (23%) .34 [?-7F 1.87 [P
Postechemotherapy mass size 7 Trend: Trend:
0- f0mm 117 (72%) 38 (24%) 7 (4%) 1.0 (rc)* p<.001 1.0 (re)” p=.46
11- 20 mm 62 (55%) 43 (38%) B8 (7%) .45[.26-.80] 1.00 [.254.0]
21- 50mm 42 (32%; 69 (52%) 22 (17%) .17 [.08-.29] 1.27 [42-4.0]
51-100 mm 11 (16%) 47 (67%) 12 (17%) .05[.03-.17} 0.991.38-5.1]
> 100 mm 10 (19%) 25 {45%) 19 {35%) .08[2-7F 2.96 77
Shrinkage - Trend: Trend:
»=70% 114 (74%) 33 (21%) 8 (5%) 1.0 {rc)” p <.001 1.0 (re)” p=.19
50 - 69% 72 (52%) 51 (37%) 15 (11%) .42 [.25-.72) 1.03 [.32-3.4]
30 - 49% 28 (45%) 26 (42%) 8(18%) _24{.14-.59] .69 [.15-3.0]
0-29% 26 (22%) 69 (58%) 25 (21%) .09 [2-7F .86 [2-7F
< 0% ({increase) - (0%) 38 (83%) 8(17%) .01[?-7F .35 [2-7F

#
*

re: reference category
$

The Odds Ratios were significantly heterogenous between the 6 studies (p=.016}

The 95%-confidence intervals could not be calculated because of empty cells in some studies

ASojopsiy ssei Jonpisas fir doynpag

16



92 Chapter 6

6.3 Results

6.3.1 Patient characteristics

Table 2 shows the distribution of patient characteristics in each of the 6 study groups.
Overall, half of the patients had a teratoma-positive primary tumor histology (53%)..
Timor markers AFE, ITCG and LDH were clevated before chemotherapy in about two
thirds of all patients (66%, 62% and 69%). Half of the patients had a prechemotherapy
mass size < 50 mm (55%), a postchemotherapy mass size < 20 mm (52%), or a shrinkage
in mass size during chemotherapy > 50% (56%). A minority of the patients was treated
before 1981 (11%). The histology at resection was 45% necrosis, 42% mature teratoma
and 13% cancer. The relative probability of cancer was 70/{(70+236)=23% on average,
Study #5 contained patients with larger masses compared to the other studies, with less
shrinkage during chemotherapy and with necrosis in 20% only and cancer in 35%.

6.3.2  Univariate analysis

Table 3 shows the results of the univariate analyses. Odds Ratios (ORs) for necrosis
were reasonably homogenous between studies: all tests for homogeneity had p-values
>0.15. All predictors had significant relations with the finding of necrosis at resection,
Patients with a teratoma-negative primary tumor histology had necrosis at resection in
60% of the cases, compared to 32% in patients with teratoma-positive primary tumor
histology, Prechemotherapy tumormarkers were related to the finding of necrosis at
resection: normal AFP, normal HCG, or elevated LDH. Smaller pre- or
postchemotherapy masses contained necrosis more often, as well as masses that reduced
largely in size during chemotherapy (large shrinkage), An increase in mass size during
chemotherapy precluded the finding of necrosis (0 out of 46 patients}).

Cancer could be distinguished from teratoma by a higher prechemotherapy LDH
level (Table 3, p=.020}. The QR of the primary tumor histology was significantly
heterogenous (p=.016): The OR was larger than one in studies #1 to #4 and smaller
than one in study #5 and #6. Therefore the primary tumor histology cannot be used
to distinguish between cancer and teratoma. Prechemotherapy AFP and HCG were
excluded as predictors in the multivariate models (p>.50). Note that cancer was found
in 4% (7/162) only of the patients with residual masses < 10 mm and in 5% (8/155) of
the patients with a shrinkage > 70%,.
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6.3.3  Multivariate analysis

The multivariate model for necrosis included 544 patients, where 115/3264 (3.5%) of
the values were imputed {Table 4). All predictors for necrosis were significant (p<.003)
as well as the multivariate model as a whole (p<.0001}. Dichotomous characteristics
(present/not present) which predict necrosis were a teratoma-negative primary tumor
histology, normal AFP and normal HCG. Three other predictors were used as
continuous variables. The natural logarithm (In) appeared to be the optimal
transformation of standardized LDH (LDH,). The square root (sqrt) was taken of the
residual mass size. Shrinkage of the mass during chemotherapy was used as a continuous,
untransformed variable and the OR. was calculated per 10% decrease. Thus, a decrease
of 10% indicates a circa 1.2 times higher probability of necrosis compared to no
decrease, simultaneously adjusting for the other predictors.

The multivariate model for the relative probability of cancer included 299 patients
(77/897=8.6% missing values imputed). Prechemotherapy LDH, postchemotherapy
mass size and shrinkage were used as predictors, resulting in a significant model
{p=.003). The relations of the predictors did not vary significantly with study nor year
of treatmient in both multivariate models (p>.10).

Table 4 Results of the logistic regression analysis.

Necrosis vs Other Cancer vs Teratoma
N=544 N=299
Primary tumour histology
Teratoma-negalive vs positive 2.46(1.6-3.7]
Prechemotherapy markers
AFP normal vs elevated 2.49[1.6-3.9] -
HCG normal vs elevated 2.22[1.4-35] -
LDH: In{LDH}* 2.76[1.8- 4.2 1.58 [.93-2.7)
Postchemotherapy mass size :
Sqrt({transversal diameter)* 744 [.63 - .87} 11799 -1.4)]
Shrinkage
Per 10% decrease* 117 1.1 -1.3] 1.06 [.95 - 1.2)

* Continuous predictors

6.3.4 Model evaluation

Reeliability of the multivariate models is shown in Figure 1. Overall, the correspondence
between observed and expected probabilities is good. In patients with a predicted
probability of necrosis over 80%, the observed probability was 66/77=86%. The
goodness-of-fit tests indicated no lack of fit of the models (necrosis p=.59, cancer
p=.34). Discriminative ability of the nltivariate models is shown in Figure 2. Clearly,
discrimination of necrosis from other histology is much better feasible than
discrimination of cancer from teratoma.
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Figure 1 Reliability of the models predicting necrosis and distinguishing cancer from teratoma,
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Figure 2 ROC curves of the models predicting necresis and distinguishing cancer from teratoma,
indicating discriminative ability. The areas under the curves are 0.839 and 0.661.
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Validity of the models is shown in Table 5. Assessment of internal validity indicates
that overall discriminative ability of the model for necrosis is expected to be good in
similar patients (area=.83). The models for cancer will have less discriminative ability
{area=.66). The external validation procedure mimics the situation that one of the
studies would not have been included in the analysis. Table 5 shows that the necrosis
model discriminates well in all studies, with some higher discrimination in study #4 and
some lower discrimination in study #6. The second model discriminates reasonably in
study #3 to #6.

Table 5 Internal and external validation of ihe models predicting necrosis and distinguishing cancer from
teratoma (areas under the ROGC curve).

Necrosis vs Other Cancer vs Teratoma

Internal validation

Bootstrapping 83 (N=544) 65 (N=299)
External validation

Study #1 .83 {N=121) 58 (N=65)

Study #2 85 (N=127) 55 (N=61)

Study #3 B4 (N=137) 60 (N=76)

Study #4 91 (N=33) 53 (N=14)

Study #5 85 (N=42) 67 {N=34)

Study #6 75 (N=B4) 64 (N=49)

When the multivariate analysis is restricted to the patients with complete values only,
the necrosis model remains very similar with respect to both the ORs and model
performance. The model distinguishing between cancer and teratoma has a smaller OR
for LDH in the complete case analysis (OR. 1.50 vs OR. 1,58, Table 4} and its
discriminative ability is inferior to the model with some imputed missing values
{area=.60 vs area=.65).

6.3.5  Practical application

Finatly, the two multivariate models are presented in a prognostic score chart (Table 6).
This score chart is intended to facilitate the estimiation of the probabilities of necrosis,
mature teratoma and cancer at resection in clinical practice, using the final models.
Scores for each predictor were derived from the logistic regression coeflicients, which
were reduced by a correction for overoptimism {multiplied by 0.955 in the necrosis
model and by 0.870 in the cancer model), and subsequently multiplied by 10 and
rounded to whole numbers. Ten points on the score chart correspond to an OR. of
e' = 2.72; an OR of two (doubling of the odds) is obtained by a score of 7 points.
Values for continuous predictors are given with such intervals that the scores show small
steps, but scores for intermediate values may well be estimated by linear interpolation.
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Table 6 Prognostic score chart for the probability of necrosis and the relative probabifity of cancer at
reseciion of residual masses in NSGCT patients with normal tumormarkers AFP and HCG before

rasection,
Predictor -~ Value Neacrosis Cancer
Primary tumour histology
Presence of teratoma elements i negalive +9
Prechemotherapy markers '
AFP li nermal +9
HCG It nermal +8 -
LDH,, (= LCH / normal value} 05 -5 -2
| 0.8 -2 -1
' 1.0 0 0
1.2 2 +1
1.6 +4 +2
20 +7 +3
3.0 +11 +4
4.5 +15 +6
7.0 +19 +8
Postchemotherapy mass size
Transversal diameter 2 mm* -4 +2
5mm -6 +3
10 mm -9 +4
15 mm -1t +5
20 mm -13 16
30 mm -16 +7
50 mm -20 +10
70 mm -24 +11
100 mm -28 ~+14
Shrinkage |
100+ (Prasize-Posisize)/Presize -50% -7 -3
: 0% 0 0
50% +7 +3
75% +11 +4
100% +15 +5
Constant -10 -24
Sumscore: add relevant scores** L
*  f no mass Is detectable on the postchemotherapy GT scan, a size of 2 mm is assumed,
** The exact formulas to calculate the sumscores are:
Sumscora(MNecrosis): -9.78 + B.58+'teratoma-negalive'+ 8.70+AFPnormal'+ 7.61¢«'HCGnormal’
‘ + 9.69:In(LDH,,} - 2.83+Sqrt(postsize) + 0.147+shiinkags;
Sumscore{Cancer). -24.18 + 3.95+n(LDH,)) + 1.36+Sqrt(postsize) + 0.053+shrinkags,

where the variables ‘leratoma-negative', '"AFPnormal' and 'HCGnormal' are 1 If true, 0 if false, In(LDH,)
is the natura! logarithm of LDH/normal value, postsize is oxpressed in mm and shrinkage is expressed

as %.
The correspondmg probablllues aro calculated with the formufas:
Frobability(Necrosis): 1 1 [{ oy Sumscoreiiecrosis}ioy)

. Probability(Cancar): [1 Probability{Necrosis)] s [1!(1+e*s”"‘“°‘5‘°“““')“°5)}

Probability{Teratoma}: - [Probability{Necrosis}+Probabitity{Cancer}]
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Figure 3 Predicted probabilities corresponding to the sumscores as ¢alculated with the prognostic score
chart (Table 6; see text). For example, a sumscore of +15 corresponds to a probability of 82%.

For individual patients, the scores corresponding to the values of the predictors can
be filled in on the score chart. An individual sumscore consists of the sum of all scores
and a constant which represents the score if all values were zero. Figure 3 shows the
probabilities corresponding to this sumscore.

The use of the score chart is illustrated with two patients {Table 7). Patient 1 had a
teratoma-tiegative pritnary tumor, normal AFP and normal HCG before chemotherapy,
LDH three times the normal level, a residual mass of 10 mm, which measured 50 mm
before chemotherapy (shrinkage (50-10)/50 = 809%). Patient 2 had a teratoma-positive
primary tumor, elevated AFD but other characteristics as patient 1. The sumscores for
patient 1 are +30 and -12 (necrosis and cancer respectively), and for patient 2 +12 and
-12. The corresponding probabilities can be read from Figure 3. Patient 1 has a
probability of necrosis of 95%, leaving around 5% for the sum of the probabilities of
teratoma and cancer. His relative probability of cancer is 27% (Figure 3). This means
that the absolute probability of cancer is around 27%s5% = 1.35%, and complementary,
the probability of teratoma is around 3.65%. Alternatively, the exact probabilities can
be calculated using the formulas below Table 6: necrosis: 94.6%, teratoma 4.1%, cancer
1.3%. The probabilities for patient 2 are 75.5%, 18.5% and 6.0% respectively.
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Table 7 Ilustration of the application of the prognostic score chart in two hypothetical patients.

ptt pt2 nec, nec, can, can,
Primary tumour histology -
Presence of teratoma elements neg. pos. +9 Q -
Prechemotherapy markers
AFP normal  elev. +9 0
HCG normal normal +8 +8 - -
LDH,, (rLDH/normal valus} 3.0 3.0 +11 +1 +4 +4
Postchemotherapy mass size
Transversal diameter 10mm 10 mm -9 -9 +4 +4
Shirinkage
t00+(Presize-Postsize)/Presize 80% 80% +12 +12 +4 +4
Gonstant -10 -10 -24 -24
Sumscore: add relevant scores +30 +12 -12 12
Probabilities
Using Figure 3 95% = 75% = 25% = 26%
Using formulas : :
Necrosis 94.6%. 75.6%
Teratoma 4.1% 18.5%
Cancer 1.3% 6.0%
6.4 Discussion

We developed two models to predict the histology of residual retroperitoneal masses in
patients who were treated with cisplatin-based chematherapy for metastatic NSGCT
and who obtained normal values of AFP and HCG before resection. The first model
aimed to predict the finding of necrosis only, while the second model was developed
to separate cancer ffom mature teratoma in patients without necrosis. Individual patient
data from six study groups ***7*15202! wwere ayailable, providing the largest data set
of this type of patients thus far.

The model predicting necrosis consisted of six predictors, which were highly
significant when analyzed alone (univariately) or combined {multivariately). Predictors
for necrosis were a teratoma-negative pritary tumor, normat prechemotherapy AFP or
HCG, elevated prechemotherapy LDH, a relatively small residual mass, and a large
shrinkage of the mass during chemotherapy. The model distinguishing cancer from
teratoma consisted of three predictors,. which together constituted a statistically
significant multivariate model. Cancer was found relatively more often if
prechemotherapy LDH was elevated, the residual mass was larger, and if a large
shrinkage of the mass occurred during chemotherapy. :

It thus appears that higher values of prechemotherapy LDH are related \Vlth a higher
probability of necrosis but also with a higher relative probability of cancer. This implies
that the probability of mature teratomna decreases with higher prechemotherapy LDH
values. The absolute probability of cancer is lowered by higher LDH values in most
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patients, as the multivariate Odds Ratio of LDH for cancer is smalier than for necrosis
(Table 4). In agreement with previous statements’, a prechemotherapy higher LDH thus
is a fortuitous prognostic sign in patients with normal tumormarkers AFP and HCG
after chemotherapy. On the other hand, higher LDH has been found to indicate a lower
probability of complete response™* and a worse survival'® in patients with metastatic
disease, analyzing from the start of primary chemotherapy. It may therefore be
postulated that patients with residual masses and responding to chemotherapy (as
indicated by normalization of AFP/HCG) form a favorable subgroup of patients with
prechemotherapy high LDH.

The two models were reliable, which means that the observed probab1ht1es agreed
with predicted probabilities. Internal and external validation procedures showed that
necrosis could well be discriminated from other histologies, but that cancer could only
reasonably be distinguished from teratoma. It should be realized that the probability of
cancer strongly depends on the probability of necrosis, as estimated with the first model.
For example, if the estimated probability of necrosis is very high, e.g. 95%, the
probability of cancer can never be higher than 5%. If we use the average relative
probability of cancer (23%) instead of the second model, this results in a risk of cancer
of only 23%¢5%=1.2%. Thus, even when no predictors for the ratio of cancer and
mature teratoma are used, the risk of cancer will be very low once the probability of
necrosis is high.

The observation that mature teratoma can difficultly be dlstmgulshed from cancer
may partly be explained by the fact that the histological distinction between cancer and
mature teratoma is less clearly made than the distinction between purely benign tissue
(necrosis/fibrosis) and other tissue. For example, one study' described that the
histological classification changed in a substantial proportion of the patients, when
reviewed with the Indiana criteria™ for the diagnosis of ‘cancer’: in 5 patients (12%), the
diagnosis changed from cancer to atypia and in 3 (7%) from other diagnosis to cancer',

The final models were presented in a prognostic score chart, which use was
illustrated in ewo patients, both with residual masses of 10 mm. Taking into account all
prognostic factors, the probability of necrosis was very high in the first patient (95%),
and somewhat lower (76%) in the second patient. The probabilities for cancer and
teratoma were 1.3% and 4.1%, and 6% and 18% respectively. Should both patients
undergo laparotomy? Or more in general, can we define thresholds for the decision to
resect a residual mass? Should resection not be performed if the probability of necrosis
exceeds e.g. 80%, or is the threshold as high as 90%7 And what should we accept as the
risk of cancer?

‘These thresholds need to be determined by the balance between the expected
benefits and risks of resection. The risks of resection include surgery caused long-term
morbidity, especially ejaculation problems®****, which depend on the size and location
of the residual mass and the extent of surgery”’. Short-term morbidity consists of hospital
stay itself, and complications like hemorrhage, renal failure and lymphocele™. The
mortality of Japarotomy is low, presumably below 1% in most experienced centers, but
risk estimates may sometimes be higher for individual patients.
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If mature teratoma or cancer is present in the residual mass, the patient is expected
to benefit from resection, The prognosis then is generally favorable, with 5 year relapse
free survival over 85% after resection of mature teratoma®'® and 50961633990 ¢
80%™" after resection of cancer, Resection of viable cancer cells is usually followed by
two additional cycles of chemotherapy. It has been suggested that this postresection
chemotherapy should preferably be a different regimen than before resection™. Yet, an
expectant policy after complete resection of cancer has also been followed (Horwich A.,
personal communication 1992). .

If resection is not performed, masses containing mature teratoma may start to grow
during a follow-up of months, or even years (‘growing teratoma syndrome’)*.
Reesection may then be more complicated than it would have been shortly after the end
of chemotherapy. Although residual mature teratomas have a less abnorimal karyotype
than the primary tumor®, a risk of malignant transformation has been reported™#»#4,
Leaving masses with residual cancer unresected is considered to harbour a serious risk.
It is however uncertain how many of the patients with histologically viable cancer cells
will eventually relapse. It may be hypothesized that the risk of relapse also depends on
the extensiveness of cancer cells in the residual mass, with a low probability of retapse
if only small foci of malignancy remain. No data are currently available about this
relation. When relapse of malignancy occurs after not resecting mature teratoma or
cancet, salvage chemotherapy will be given. However, these regimens have rather
limited efficacy (around 25%"***).and late relapses frequently have a high degree of
chemotherapy resistance.

Given these uncertainties in the benefits of resection, it is difficult to indicate
thresholds for the probability of necrosis and cancer. These thresholds may also depend
on country or center specific circumstances, like the feasibility of frequent follow-up
visits with high-quality CT scanning of the abdomen’. If frequent follow-up is
impossible, any residual mass should be resected. Finally, in a health care environment
with limited resources, financial costs of surgery and subsequent hospital stay may argue
against resection in patients with a high probability of necrosis or a low probability of
cancer.

In conclusion, the histology at resection, especially necrosis, can be predicted with
high accuracy: the models predict reliably and discriminate rather well. The models
cannot exclude the presence of cancer, but the probability is very low in some patients,
The predicted probabilities are easily calculated with the prognostic score chart and may
help to choose the optimal treatment, taking into account the potential benefits,
morbidity and mortality of resection, feasibility of frequent follow-up, the financial costs
and the patient’s individual preferences.

We would fike to thank Nancy L. Geller, PhD, Biostatistics Research Brancl, National Heart, Lunyg, and Blood
Instituite, Bethesda, for statistical discussions and René Eijkemians, Center for Clinical Decision Seicnces, Erastitus
University, Rotterdam_for mathematical suppont,



Drediction of residual mass histology 101

Appendix

The missing values are filled in (or imputed) assuming random missingness. Regression
models for the variables with missing values were estimated on the complete cases.
Multiple linear regression models were estimated for the continuous predictors mass size
{on the pre- or postchemotherapy CT scan) and prechemotherapy marker values (AFD,
HCG, LDH,, where LDH, means the LDH value divided by the normal level). All
continyous predictors had skewed distributions, which became more normally
distributed by log-transformation. Independent variables were selected in a stepwise
manner, with p<.05 for entry of variables and p<.10 for removal of variables. A logistic
regression model was used to estimate the presence of teratoma elements in the primary
tumor. ‘

The correlation matrix between the predictors is shown below (Table A1), It appears
that strong correlations exist between several predictors, and thus imputation based on
the values of the other predictors is attractive.

Tabte Al Gorrelations hetween predictors. All continucus predictors are log-transformed,
PRESIZE POSTSIZE AFP HCG LDH,, TERATOMA

PRESIZE 1.00

POSTSIZE B+ 1.00

AFP B g 1.00

HCG 22* 20" 24* 1.0

LDH, S 23 20 eq* 1.00

TERATOMA 10 22t 04 A3 -07 1.00

2-tailed Significance: *-.01 ** - .G01

Table A2 shows the independent variables used to impute the missing values, as
estimated from the complete cases. Missing values were imputed in 115 cases. For the
patient with missing primary histology, the predicted probability was 0.20, and hence
the value '0' was imputed (no teratoma). The cases with imputed values were assigned
a weight less than the cases with complete values for all predictars (downnwveighted). This
weight is calculated as 1 - pzly.,, where pzw,s is the partial correlation of the predictor
with missing values and Y given the other predictors. The partial correlation was
approximated by the ratio of the Wald statistic and -2 times the log likelihood of a base
model that contains only the intercept in the logistic regression models predicting
necrosis and cancer respectively.
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Table A2 Regression models for imputation of missing values, estimated from the complete cases.
Dependent Independent r N wiNec wCan
PRESIZE AFPB, LDH,, POSTSIZE 50 7 881 997
POSTSIZE  AFP, LDH,, PRESIZE a7 23 985 997

AFP HCG, PRESIZE, POSTSIZE 15 1 979 -

HCG AFP, LDH,,, TERATOMA 13 0 o84 -

LDH,, HCG, PRESIZE, POSTSIZE, TERATOMA 27 83 kel 892
TERATOMA HGG, LDH,, POSTSIZE - 1 974

Dependent: {log-transformed) dependent variables; Independent: Independent variables in the regression
equations used to impute missing values; r* adiusted multipla correlation coefficient, indicating the variance
explained by the modsl; N: Number of cases where values were imputed; wiNec: welght in logistic regression
model predicling necrosis; wCan: weight in logistic regression mode! distinguishing cancer from teratoma.
if shrinkage could not be calculated because of missing presize, the weight of presize was used,
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7 Resection of residual retroperitoneal
masses in testicular cancer: evaluation
and improvement of selection criteria
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Abstract

Background: Most patients with metastatic non-seminomatous testicular cancer can
currently be cured with cisplatin based chemotherapy. After a successful response to
chemotherapy {as apparent from normal tumor markers AFP and HCG), retroperitoneal
Iymph nodes may harbour residual tumor or totally benign tissue (necrosis/fibrosis).
Surgical resection is an effective way to remove these residual masses, but the selection
criteria vary widely between centers. These criteria were evaluated in this study.
Methods:  Individual patient data were available from 544 patients, who had
retroperitoneal lymph nade dissection of residual masses. Six currently applied resection
policies were identified from the literature’ and were evaluated in this data set. Two
alternative policies were developed, based on logistic regression analysis with well-
known predictors of the histology at resection. Evaluation of the policies included the
true positive rate (resection in case of tumor), and the false positive rate (resection in
case of necrosis).

Resulis: Most current policies use the size of the residual mass (> 10mm/> 20mn) as the
predominant selection criterion, This results in high true positive rates (most >90%), but
false positive rates between 37% and 87%, The alternative strategy included five well-
known predictors of necrosis in addition to residual mass size (primary tumor histology,
prechemotherapy levels of the three tumor markers AFB, HCG and LDH, and mass
shrinkage during chemotherapy). This strategy resulted in improved true and false
positive rates, even when categories of the predictors were simplified for practical
application, Moreover, the alternative policies allow for the choice of a center-specific
combination of the true and false positive rate, based on the relative weight of missing
tumor versus unnecessary resection of necrosis.

Conclusion: A simple statistical model, based on a limited number of patient
characteristics, provides better guidelines for patient selection than those currently used
in clinical practice. This implies that guidelines for resection of retroperitoneal residual
masses may need to be reconsidered. Further validation of the statistical models is
required to confirm the findings.
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7.1 Introduction

Testicular cancer is the most comimon malighancy among men in the age between 20
and 35. Fortunately, even metastatic disease can currently be cured in the majority (60-
80%) of patients with nonseminomatous germ cell tumor since the introduction of
cisplatin based chemotherapy"?. After chemotherapy, surgical resection is a generally
accepted treatment to remove tesidual retroperitoneal lymph node masses, since these
masses still harbour residual tumor in about half of the patients. Alternatively, patients
may be treated conservatively, which includes follow-up with regular blood tests and
CT scans of the abdomen. A uniform approach to the selection of patients for resection
is lacking®*>*"*” and percentages of surgically treated patients vary between 20%"" and
86%'". Therefore, several large cancer centers cooperated to evaluate the selection for
resection.

Resection of residual masses provides the histological diagnosis, which may be purely
benign with necrotic and/or fibrotic remnants only {necrosis), or residual tumor (mature
teratoma or viable cancer). In case of viable cancer, two additional courses of
chemotherapy are usually recommended'™", This additional therapy probably reduces
the risk of relapse, in addition to the resection itself. Resection of mature teratoma
prevents growth of the residual mass'®. In contrast, resection of benign masses has no
therapeutic benefit, An ideal resection policy would therefore result in surgical removal
of all masses with residual tumor (mature teratoma or cancer) and in a conservative
treatment of all masses with necrosis,

Currently used selection policies were evaluated in an international data set from 6
study groups. A statistical model was developed from this same data set, using several
well-known predictors of the histology of residual masses™***'%514718 Fagy_to-_use
alternative selection criteria were based on this analysis and compared with the current
policies.

7.2 Patients and Methods

7.2.1  Patients
An international data set was collected, consisting of patients with metastatic
nonseminomatous testicular ¢ancer, including patients with pure seminoma and elevated
levels of prechemotherapy tumor markers, who underwent resection of retroperitoneal
residual masses after induction chemotherapy with cisplatin based chemotherapy".
Excluded were patients with elevated tumor markers AFP or HCG at the time of
surgery, patients with extragonadal tumors, patients with pure seminoma and patients
resected after relapse of tumor following initial chemotherapy. This selection resulted
in a reasonable homogeneous patient group with respect to the decision to resect
retroperitoneal masses.

Individual patient data included basic patient identification, histology at resection,
and the following predictors: presence of teratoma elements in the primary tumeor,
prechemotherapy tumor marker levels {(AFP, HCG, LDH), and prechemotherapy and
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postchemotherapy mass size. Patients were included from Memorial Sloan-Kettering
Cancer Center {(MSKCC)’ (N=12i), Norwegian Radium Hospital (NRH)***
(N=127), Indiana University Hospital (IUH)" (N=42), University Hospital Groningen
(UHG)*?## (N=137), and four other Dutch centers (University Hospitals of
Nijmegen®, Leiden, Amsterdam, Rotterdam’: N=117), Most European patients were
treated according to trial protocols of the EORTC and MR.C. In all centers, patients
with residual abnormalities on radiologic studies were recommended to undergo
resection. Adherence to this recommendation was not evaluated in this study. In
addition, patients with initial bulky retroperitoneal disease {diameter >30 mmy) were
candidates for resection at MSKCC?, as well as UHG-patients with teratoma elements
in their primary tumor from 1988 omwards®. At NRH, resection was performed
routinely in all patients with retroperitoneal lymph node enlargement at diagnosis''. The
51 patients included in this analysis from Indiana (IUH) all had a palpable
prechemotherapy mass larger than 10 cm®. This series thus represents a small part only
of the experience at IUH with resection of residual masses. 544 patients were available
for analysis: 245 (45%) with necrosis and 299 (55%) with residual tumor. 68 of the latter
299 patients had cancer (23%) and 231 had mature teratoma (77%). Patients were treated
between 1975 and 1993, with 4 minority (11%) treated before 1981, and most between
1981 and 1985 (51%).

7.2.2  Methods

Currently used resection policies were evaluated in the international data set, The
probabilities of each residual histology (necrosis, mature teratoma, viable cancer) were
calculated in masses that would be selected for resection and in masses that would be
treated conservatively according to each policy. Implicitly, the currently used policies
uses cut-off values for the probability of necrosis below which resection is performed.
These cut-offs were approximated with logistic regression analysis models including the
predictors in the policy considered.

The policies were further evaluated as diagnostic tests, using the histology at
resection as the gold standard diagnosis™. The true positive rate (or sensitivity) of a
policy referred to the fraction of resected patients among those with residual tumor. The
false positive rate (or 1 minus specificity) referred to the fraction of patients who would
undergo resection among the patients with necrosis. A perfect resection policy would
have a true positive rate of 100% and a false positive rate of 0%. Areas under the receiver
operating characteristic (ROC) curve were estimated to facilitate comparison of the
diagnostic quality of the policies, assuming a logistic distribution of the data®. An area
of 0.5 would arise if patierts with and without residual tumor were equally likely to
undergo resection. An area of 1.0 corresponds to a perfect policy.

Alternative resection criteria were developed with logistic regression analysis
(SPSS/PC+ v5.01 software; SPSS Inc, Chicago, 1L, USA, and SAS v6.04 software; SAS
Institute Inc, Cary, NC, USA). The probability of necrosis was estimated for
combinations of characteristics known before resection {predictors). A previous analysis
of the data set showed that important predictors of necrosis were: the absence of
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teratoma elements in the primary tuimor, prechemotherapy normal AFE normal HCG,
high LDH, a small postchemotherapy mass size and a large shrinkage during
chemotherapy", The latter three predictors were modeled as continuous variables,
including transformations of postchemotherapy size (square roat) and prechemotherapy
LDH ({logarithmic}. This model showed good results with extensive validation
procedures, including bootstrapping” and leave-one-study-out evaluations”. 'To
facilitate application in clinical practice, we simplified the analysis by categorizing the
prechemotherapy LDH value (elevated versus normal}, postchemotherapy size (0-9 mm,
10-19 mm, 20-29 mm, 30-49 mm, 250 mm) and shrinkage (<0%, 0-69.9%, =270%).
Both for the original and the simplified model, we calculated areas under the ROC
curve®®, True and false positive rates were calculated with increasing cut-off values for
the probability of necrosis,

7.2.3  Comparisen of policies

The diagnostic quality of the policies could be compared with the area under the ROC
curve, with larger areas indicating better policies. A limitation of the area under the
ROC curve is however that it does not consider the frequency of the outcome (necrosis
/ tumor at resection) nor the relative importance of misclassifications®. We therefore
calculated a weighted classification error. The relative immportance {or weight) of missing
residual tumor was set as I, 2, 4, 8 and 16 times that of unnecessary resection. The
weighted classification error was expressed as the number of unnecessary resections of
necrosis and was calculated as:

{(# unnecessary resections) + (weight ¢ # missed resections of tumor).

McNemar’s test for paired observations was used for statistical comparisons between
the policies™, Since the test assumes equal weights for false positive and false negative
misclassifications, fair comparisons could only be made if one policy dominated, i.e. had
both a higher true and a lower false positive rate.

7.2.4  Verification bias

In this analysis, data are only available from patients where the residual histology was
verified by resection. These patients were selected from the total population of patients
with normal tumor markers after chemaotherapy according to the center-specific
selection policies. Verification bias is therefore likely, which would lead to overestimated
true and false positive rates, but to largely unbiased predicted probabilities of necrosis™ .
Correction for verification bias in the international data set was difficult, since six
different centers participated, Fortunately, in one center resection was performed
routinely (NRH, N=127)", such that virtual absence of verification bias might be

assumed here, The policies were therefore also evaluated separately in these 127 patients,
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7.3 Results

7.3.1  Current policies

Table | shows the currently used resection policies that were evaluated. The histological
distribution is shown in masses that would be resected or treated conservatively
according to each policy. The first policy (resection of all masses > 10 mm) has widely
been applied in Buropean centers™, Masses 210 mm are generally detected on CT
scans, and this practice thus corresponds to resection if residual masses are detected on
CT scans. It can be read from Table 1 that the probability of necrosis was 38% in masses
> 10mum, in contrast to 72% in masses < 10mm. The second policy {resection of masses
> 20mm) has especially been used in British centers®'®, Tt would leave masses
unresected with a low risk of viable cancer {4%0), but a considerable risk of mature
teratoma (30%). Policy 3 to 5 use one or more patient characteristics in addition to
residual mass size. If resection is performed in all patients with a teratoma positive
primary tumor (policy 3%, the risk of leaving tumor unresected reduces to 23%
(15%18%) compared to 28% with policy 1. Policy 4° leads to a similar risk of missing
residual tumor compared to policy 1 (30% vs 28%). Policy 5° consists of resection in all
patients, except a small subgroup with residual masses < 20mm and three favorable
characteristics (pritnary tumor teratoma negative and prechemotherapy AFP and HCG
normal). This stringent practice does not guarantee that no tumor is missed, but the risk
is low (6%+6%=12%). Policy 6" consists of conservative treatment of patients with a
shrinkage over 70% and a teratoma negative primary tumor. Residual tumor was found
in 24% (17%+7%) of these patients.

Table 1 Resection policies and the histclogy of residual masses. All patients had normal tumor markers
AFP and HCG after chemotherapy for metastatic non-seminomatous testicular cancer.

Total Necrosis Teratema  Cancer
R/ N=544 N=245 N=231 N=68

Policy Resgction if ct 100% 45% 43% 13%
. R 437 38% 47% 14%
1. Residual masses > 10 mm C 107 700 a9, &%
; R 313 29% 52% 19%
2. Residual masses = 20 mm c 231 67% 30% 4%
3. Residual masses » 10 mm or primary R 482 % 46% 13%
tumor taratoma positive c 62 7% 15% 8%
4. Residual masses > 10 mm ar R 480 42% 45% 14%
prechemotherapy mass > 30 mm Cc 64 T0% 25% 6%

5. Residual masses » 20 mm or primary o o o,
tumor teratema positive or prechemo- 2 522 gg;’ 42,? 12#’
therapy AFF/HCG elevaled ° ° ?
6, Shrinkage In size < 70% or primary R 456 39% 47% 14%
tumor teratoma positive C a8 76% 17% 7%

*  R: patients fulfilling resection criteria; C: patients fulfiling consarvative treatment criteria
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7.3.2  Alternative rescction policies

Alternative resection policies were based on statistical analysis of the international data
set. The results of an analysis with continuous predictors are presented in Table 2'°, The
probability of necrosis corresponds to the sum score and can readily be calculated for
individual patients. Exact formulas to calculate the probability of necrosis, mature
teratoma and cancer are presented in the Appendix.

Tahle 2 Prognostic score chart to estimate the probability of necrosis in residual retroperitonsal masses.

Predictor Value Score

Primary tumor histology

Teratoma-negative -
Prechemotherapy markers

MNormal AFP 9
Normal HCG 2
LBH/normal value** 8 8 1.0 15 20 3.0 4.5

Score -5 -2 0 +4 +7 +11 +15 L.
Posichemotherapy mass size

Transversal diameter (mm)** 2* 5 10 20 30 50 100

Score -4 -6 -9 13 -16 -20 28 L.
Shrinkage

100+{presize-postsize)/presize** -50 0 50 75 100

Score -7 Q +7 +1 +5 L
Estimated individual probability of necrosis Sum score (add) ...
Sum score 10 15 20 25 3¢ 35 40
Probabifity (%) 5 63 74 82 88 93 95

*  If no mass is detectable on the posichemotherapy CT scan, a size of 2 mm is assumed.
**  Continuous variables; scores for intermediate values can be estimated with linear interpolaticn

A simplified model used categories instead of the continuous predictors in the
original model. It was anticipated that the performance of this model would only be
shghtly worse than the original model, while the application in clinical practice would
be facilitated. The categorized predictors as shown in Table 3 were analyzed
simultaneously with residual mass size, All five predictors had similar Odds Ratios
(Table 3: range 2.2-2.8). Therefore, a ‘simple score’ was constructed by counting the
number of favorable characteristics.

Next, we used the two models (Table 2 and 3) to derive alternative resection
strategies. These alternative strategies use a cut-off value for the probability of necrosis.
If the predicted probability of necrosis is lower than the cut-off value, resection is
performed; if not, conservative treatment will follow. The choice of the cut-off values
was based on the estimated cut-off values for the currently used policies. With 60% and
90% as extremes of the probability of necrosis, two areas with a clear treatment advice
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evolve, If the probability of necrosis is less then 60%, resection should follow; if the
probability exceeds 90%, conservative treatment is advised. In between is a grey area,
where the decision to resect a residual mass depends on the cut-off value applied (60%,
70%, 80% or 90%). Table 4 shows the resection strategies for the simplified model from
Table 3. It can for instance be read that the probability of necrosis is less than 60% in
patients with a residual mass 250 mm, in patients with a mass that increased during
chemotherapy, in patients with a low score (0 or 1 point), in patients with a mass of 20-
29 mm and a score of 2 peints, and in patients with a mass of 30-49 mm and a score of
3 points.

Tabhle 3 Calegorized predictors of necrosis in addition 1o residual mass size. Odds Ratios and 95%
confidence intervals were calculated with logistic regression anatysis (N=544).

Characteristic CR 95%-Cl Scare
Primary tumour teratoma-negative 2.7 {1.8-4.2} o/t
Prechemotherapy AFP normal 24 [1.5-3.9} 0/
Prechemotherapy HCG normal 2.2 [1.4-3.4] 0/1
Prechemotherapy LDH efavated 28 [1.6-4.7] o/t
Shrinkage in mass size > 70% 22 [1.3-3.9] o1,
Simple score 0-5

Table 4 Resection policles with cut-off values for the probabitity of necrosis of 60%, 70%, 80% and 90%."

Mass size Simple scors

0 1 2 3 4 5
I § Conservative

- treatment

G-9 mm
10-19 mm

20-29 mm

30-49 mm Resectlion

= 50 mm or {Nec < 60%)
increased mass

*  The prebabllity of necrosis is estimated by the simple score (Table 3) and residual mass size. Resection
is advised if the probability is lowsr than 60% and conservalive treatment if the probability exceeds 90%.
it 8.g. a cut-off value of 70% is applied, a predicted probability lower than 70% Implies resection and
a probability over 70% implies conservative treatment.

**  Nec: Predicted probability of necrosis
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7.3.3  Evalnation of policies

Table 5 shows the results of the evaluation of the currently used policies, the alternative
policies, and the extreme policy of resection in all patients, Figure 1 displays the results
graphically. The true positive (TP) rate of the currently used policies (except policy 2}
exceeds 90%. This means that over 90% of the patients with residual tumor would be
resected with these policies and that less than 10% of the masses with tumor would be
missed. The false positive (FP) rate varies between 37% and 87%, which means that a
large proportion of the patients with necrosis would undergo resection unnecessarily.
Policy 2 is remarkable, as both the TP and FP rate are relatively low (74% and 37%). For
the alternative policies (7 and 8), it is clear that an increase of the cut-off values for the
probability of necrosis, leads to a arger fraction of resected patients and to higher TP
and FP rates. Thus, the higher the required probability of necrosis for conservative
treatment, the lower the risk of missing tumor, but the higher the risk of unnecessary
resection, The diagnostic performance of the policies was further compared by the areas
under the ROC curve. The performance of policy 1, 2, 3, 4 and 6 was more or less
similar (area .72, .74, .75, .69 and .75). Policy 5 had a better diagnostic ability, similar
to the alternative resection policies (7 and 8},

True Positive rate

0.1 — Current policies Original mode! Simplified model
[

0 Y —r——pr—r—r——1——rr1
0 01 02 03 04 05 06 07 08 09 1
False Positive Rate

Figure 1 ROC curves of the original and simplified mode! to distinguish non-benlgn from benign tissue. The
dots (#) indicate the true and false positive rates of the current policies.
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7.3.4  Dominance and cut-off values

For the alternative policies, cut-off values for the probability of necrosis could be found
where these policies dominated over the current policies except policy 5. For example,
a cut-off value of 70% with policy 7 resulted in a higher TP rate and a Iower FP rate
than policy 1 {p<.001). Similar comparisons were made betsveen the alternative policies
and the current policies 2, 3, 4 and 6, which were statistically significant (p<.05). A cut-
oft value of 90% leads to a similar performance as policy 5.

The misclassification error shown in Table 5 indicates that the optimal cut-off value
for the probability of necrosis in policy 7 and 8 increases with the relative weight of
missing tumeor. For example if 2, 4 or 8 unnecessary resections are judged to be worth
1 case of tumor, optimal cut-off values are 70%, 80% and 90% respectively. If the ratio
is incréased to 16:1 or higher, resection in all patients (policy 9) is the optimal strategy,
since this strategy then has the lowest misclassification error among the policies.

Evaluation of the ‘policies in the 127 largely unselected patients confirms that
verification bias is present in the true and false positive rates (Table 6}, As expected, the
true and false positive rate are lower than when evaluated on the total data set for most
policies. The areas under the ROC curve are however comparable to the initial
estimates. Also, the alternative policies 7 and 8 still dominate over the other policies
{higher FP and lower FP), except policy 5. Therefore, verification bias does not
influence our main findings substantially.

7.4 Discussion

In this study we evaluated several selection policies for surgery in patients who were
successfully treated for metastatic testicular cancer, as apparent from normal tumor
markers after chemotherapy. In 45% of these patients resection was unnecessary, since
only totally benign tissue was present. We found that currently used policies would lead
to resection in between 37% and 87% of these patients. This variation is explained by
the patient characteristics considered for selection and the varying degree of certainty
that tumor is not missed. Alternative strategies were developed that combine more
characteristics than most current policies and hence have a better inherent diagnostic
ability (area under the ROC curve). Moreover, the degree of certainty that tumor is not
niissed can be decided on by weighing the relative importance of missing tumor against
unnecessary resection. :

Currently used resection policies are mainly based on a single characteristic, i.e. the
size of the residual mass. The policy to resect CT scan detected masses of 10 mm or
larger is probably the most frequently used nowadays. Some strategies include additional
characteristics for the selection of patients. Indeed, our previous analyses'™" indicate that
other equipotent predictors include the absence of teratoma elements in the primary
tumor, prechemotherapy tumor marker levels (AFE HCG, LDH), and shrinkage.
Therefore, alternative criteria for resection can be developed, so that small residual
masses (< 10mm) are resected if an unfavorable combination of other characteristics is



Tables Evaluation of résection policies. For each policy, the table shews the cut-off value for the probability of necrosis, true-positive (TP) zate, the false-postive
“FP) rate, the area under the ROC curve AUC) the percentage of patients undergomg resectmn and the number of weighted misclassifications resection

_of tumer: resectlon of necrosis). - -

Policy

. - ~

Qut—off*

Classification ‘error

_Selection criteria ] TP FP AUC  %%Resected  1:1 2:1 %1 81 16:1
1. . Residual masses 210 mm _  62%. °0% 69% ° 72 80% 198 228 288 408 648
2, _Residual masses 320 mm . 49% 74% 3% 74 58% 168 245 389 707 1323
3. -Residual masses >10 mm or primary ter+ 73% 95%  80% .75 89% 211 225 253 309 421
4. “Residual masses 10 mm or presize >30 mm - 59% 94%  82% B9 . 88% 219 288 276 352 504
5. Residual masses =20 mm o primary ter+or -~ 85% 98.7% 87% 84 93% 217 221 229 ?45 277
- _prechemotherapy AFP or HC_G olevated . : :
6. . Shrinkage-<70% or primary-ter-# 72% 93% 73% 75 B84% 199 220 262 346 514
7. Table 2: original model 60% B3%  38% B4 64% 136 180 268 444 796
RS - . 70% 92% 52% : T4% 153 178 228 328 - 528
80%, 96% 73% 86% 190 201 223 267 355
o 90% 98.7% 89% 94% 222 226 234 250 282
8. Table 4: simplified model 60% 79% 30% a2 57% 138 202 330 586 1098
) .7 - 70% 91%  55% 74% 162 _ 190 246 358 582
80% 97%  76% . BB% 197 207 227 267 347
90% 99.7% 94% 7% 231 232 234 238 246
8. All panents 100% 100% 100% 5 100% 245 248 245 245 245

*

Cut-off estl mated with Iogss'oc regressuon models comalmng the predxctors of each policy

til

2 4apdvy



Table 6 Evaiuation of resection policies in 127 largely unselected patients from the Norwegian Radium Hospital, Oslo, Norway.”

Classification error

Policy Selection criteria TP FP AUC YResected 11 2:1 4:1 &1 161
1. Residuatl masses =10 mm 80% 53% .70 - B66% 47 59 83 131 227
2. Residual masses 220 mm 57% ' 17% .78 36% 37 83 115 219 427
3. Residual masses =10 mm or primary ter+ 93% 70% 77 B81% 50 54 62 78 110
4. Residual masses =10 mm or presize >30 mm 89% 65% 72 T6% 50 57 71 98 155
5. Residual masses =20 mm or primary ter+ or 100% 76% 1.0 87% 50 &C 50 50 50
prechemotherapy AFP or HCG elevated :
Shrinkage <70% or primary ter+ ©89%  T0% .69 79% 53 &0 74 102 158
7. Table 2: probability of necrosis; sum score .86
<60%; < 13 - 84% 31% 59% 34 44 64 104 184
<70%: = 18 - : - 93%  49% 70% 36 40 48 84 98
<80%; = 23 98%  70% 84% a7 48 50 54 82
£90%; < 32 100% 91% 95% 60 &0 60 &0 60
8. Table 4: probability of necrosis 82
_s60%- B69% 20% 43% 32 51 89 185 317
s70% : 84%  50% 66% 43 53 73 113 193
s80% 95%  73% 84% 51 54 60 72 98
s90%. - - o 100% 88% 94% 58 58 58 58 58
9. All patiénts : . - 100%  100% 5 - 100% 66 66 66 66 B6

*  For each policy, the table shows the true-positive (TP) rate, the false-postive (FP) rate, the area under the ROC curve (AUC), the percentage of patients
undergoing resection, and the classification error for varying weights (non-resection of tumor: resection of necrosis) of misclassification.

samjod wogpasa fo vopnpag
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present and, on the other hand, larger masses (e.g. 10-19 mm or 20-29 mum) are treated
conservatively if other predictors are favorable.

The diagnostic performance of the policies was evaluated with false positive (FP) and
true positive (TP) rates, the area under the ROC curve (AUC) and the classification
error. The FP rate should be low (no resection of necrosis) and the TP should be as high
as possible {resection of residual tumor), resulting in a large AUC. The AUC indicates
the diagnostic ability of a selection strategy, but does not consider the prevalence of the
residual histologies (necrosis or tumor) nor the relative importance of benéficial and
unnecessary resections”. These two considerations are taken into account in the
weighted classification error, ‘ _

Most of the currently used policies lead to resection in the majority of patients with
residual tumor (TP rates > 90%). Resection of masses = 20 mm {policy 2) however
resulted in a relatively low TP rate (74%), which meant that 26% of the masses with
residual tumor were left unresected. If the latter error is more important than
unnecessary resection, policy 2 has to be rejected, although the diagnostic ability as
measured by the ROC curve was reasonable (area .74). Further, a slightly less favorable
performance was observed with the policy to resect small residual masses if the initial
mass was relatively large (>30 mm)®. This is explained by the finding that a large
shrinkage is 2 predictor of necrosis (multivariate p-value: 0,003}, rather than a predictor
of tumor, The most stringent currently applied selection policy (# 5)°, resulted in a
combination of the FP and TP rate similar to the use of a high cut-off for the probability
of necrosis in the alternative policies (>>90%). The similar diagnostic ability is explained
by the fact that the three predictors used in this policy in addition to mass size (primary
tumor teratoma negative, prechemotherapy AFP and HCG normal), were also used in
the alternative strategies. At lower cat-off values, these alternative strategies had better
TP and FP rates than the other currently used policies. For example, the policy to resect
masses 210 nun is dominated by using Table 2 or Table 4 with a cut-oft value of 70%
for the predicted probability of necrosis {p<..001).

Although the alternative selection strategies have better diagnostic properties than
most currently used policies, a dilemma remains on the optimal cut-off value for the
probability of necrosis, which is determined by the relative importance of missing tumor
and unnecessary resection, The disadvantages of unnecessary resection include short-
term and long-term morbidity (especially retrograde or angjaculation®”), mortality, and
financial costs. Residual mature teratoma or viable cancer may grow, and increase the
risk of relapse®'*. These risks cannot be quantified easily to derive a cut-off value for the
probability of necrosis in the alternative selection policies. On the other hand, a plausible
estimate may be that missing residual tumor is at least 4 times as important as an
unnecessary resection. This leads to an optimal cut-off value of at least 80% for the
probability of necrosis with the alternative criteria. If frequent follow-up is difficult’, the
risk of missing tumor may be worth 8 or even 16 unnecessary resections, which leads
to more aggressive selection with a cut-off value of 90% or resection in all patients as the

preferred strategy.
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Another consideration is the probability of cancer, which can be estimated with the

- formulas in the Appendix™. If the probability of cancer exceeds 5%, resection may be

indicated, although this implies a value judgement for resection of cancer relative to
teratoma and necrosis.

Two limitations of this study have to be considered. First, only operated patients
were included and these patients were selected with different criteria in the six
participating centers. Evaluation on a subsample without selection showed that this
verification bias had resulted in overestimated true and false positive rates. The areas
under the ROC curve were however largely unaffected, resulting in the same ordering
of the diagnostic performance of the policies. Second, the alternative resection policies
have not yet been wvalidated on a new, independent data set. Although several less
rigorous validation procedures showed only minor overoptimism of model
performance", further conformation is required.

We conclude that a policy that takes into account all currently known predictors may
result in improved selection of patients for resection. This means that the balance
between the number of beneficial and unnecessary resections will favorably be
influenced by the clinical application of such a policy.

The ReHi'T {‘Re-analysis of histology in testicdar cancer’} study group consists of E.V Steyerberg, MSt, and
Prof JD.F Habbema, PhD, Erasmus University, Rotterdam; H.J. Keizer, MD, University Hospital, Leiden;
D.T. Sleiffer, MD, and Prof H. Schraffordt Keops, MD, University Hospital, Groningen; REA. Mulders,
MDD, University Hospital, Nijmegen; Prof G, Stoter, MD, Rotterdmy Caneer Institute, The Netherdands;
Prof S.D, Fossd, MD, The Norwegian Radium Hospital, Osle, Nomwy; G.C. Toner, MD, Peter MacCallunt
Cancer Institute, Melbaurne, Australio; D.F Bajerin, MD, Prof G.J. Bosl, MD, Menwrial Shan Kettering
Cancer Center, New York; [ E. Messemer, BSt, K. Ney, MD, and Prof [ B Donohue, MD, Indiana University
Selrool of Medicine, Indianapolis, USA

Appendix

The formulas to calculate the probability of each histology are shown below. These
formulas are implemented in a simple spreadsheet program available from the authors
(E-mail: steyerberg(@ckb.fgg.eur.nl).

Sumscore(Necrosis): -9.76 + B.58+'teratoma-negative’ + B.70+'AFPnormal' + 7.61<'HCGnormal’ +
9.69:In(LDH,,} - 2.83+Sqrt(postsize) + 0.147+shrinkage
Sumscore{Cancar): 24,18 + 3.954n{L DH,,) + 1.36+Sqrt{postsiza) + 0.053+shrinkage

The variables teratoma-negative', 'AFPpormal’ and 'HCGnormal' are 1 1f true, 0 if false, In(LDH,) is the
natural logarithm of LDH/normal valus, postsize is expressed in mm and shrinkage is expressed as %.

The corresponding probabilities are calculated with the formulas:

Probability(Necrosis);  1/}14griSumsenreifiscrasisyityy
Probability{Cancer): [1 - Probability(Necrosis)] » [1/(1+g18umscersiCanoeniicly)
Probability{Teratoma): 1 - [Probability(Necrosis)+Probability(Cancer)}
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Abstract

Purpose: The goal of this analysis was to predict the histology (necrosis, mature teratoma
or cancer) of residual pulmonary masses and to support decision making on the need and
sequence of thoracotomy and retroperitoneal lymph node resection,

DPattents and Metheds: Individual patient data were available of 215 patients who had a
thoracotomy following cisplatin-based induction chemotherapy for metastatic testicular
nonseminomatous germ cell tumor. Logistic regression analysis was used to estimate the
probability of necrosis, mature teratoma and cancer in relation to predictors known
before resection.

Results: Of the 215 patients, 116 (54%) had necrosis at thoracotomy, 70 (33%) mature
teratoma, and 29 (13%) cancer. Necrosis was found at thoracotomy in 89% of the
patients with necrosis at retroperitoneal lymph node dissection (RPLND). Other
predictors included the primary tumor histology, prechemotherapy tumor marker levels,
change in mass size during chemotherapy, and the presence of a single, unilateral mass.
Multivariate combination of predictors yielded reliable models {(goodness-of-fit tests:
p>.20), which discriminated necrosis well from other histologies, espectalty if RPLND
histology was available (area under the receiver operating characteristic (ROC)
curve ,86).

Conclusions: This analysis indicates subgroups of patients with a high probability of
necrosis and a low risk of cancer, where close follow-up of the residual pulmonary mass
might be considered. In most patients, a RPLND should be performed before a
thoracotomy is considered, since the probability of necrosis is generally higher at
thoracotomy than at RPLND and the histology at RPLND is 2 strong predictor of the
histology at thoracotomy:.
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8.1 Introduction

Surgical resection of residual masses is a generally accepted treatment after chemotherapy
for metastatic testicular nonseminomatous germ cell tumor (NSGCT)'. A thoracotomy
to resect residual pulmonary nodules is performed in about 10% of the patients***6"8*10,
while retroperitoneal lymph node dissection is the more common procedure (frequency
between 25%'! and 86%") and resection of other sites (liver, neck, bone, brain) is less
frequent. The histology of the resection specimen may reveal necrosis/fibrosis, mature
teratoma or cancer. Resection of necrosis (totally benign tissue) is considered to have
no therapeutic benefit, in contrast to resection of mature teratoma or cancer. Therefore,
attempts have been made to identify patients pre-operatively with necrosis only at
thoracotomy, who might be spared the burden of an unnecessary resection™*",

The selection of patients for pulmonary resection is generally based on the presence
of persisting lung nodules after chemotherapy, while serum tumor markers have
normalized. However, subgroups might be defined where the risk of leaving mature
teratoma or cancer unresected is so small that it does not outweigh the disadvantages of
resection (morbidity, mortality, financial costs). These subgroups might be defined by
previously recognized predictors of necrosis™, such as the absence of teratoma elements
in the primary tumor***¢82IET and prechemotherapy tumor marker levels
(AFP'®" HCG'"™", LDH?). Also, the histology as found at RPLND has proved to be
a strong predictor of the histological content of pulmonary masses'">"™!”.

In this analysis our aim is to estimate the probabilities of necrosis, mature teratoma
and cancer in residual pulmonary masses, based on these predictors. We will consider
both the situation that a RPLND was performed before thoracotomy and the situation
that the RPLND histology is not available at the time when the decision to perform a
thoracotomy is made, To obtain a sufficiently high naumber of patients for statistical
analyses, we have collected an international data set comprising data from several study

groups.

8.2 Patients and methods

8.2.1  Patients

The international data set consisted of patients with metastatic nonseminomatous
testicular cancer, including patients with histologically pure seminoma and elevated
prechemotherapy serum tumor markers, All patients underwent resection of residual
tung masses after induction chemotherapy with cisplatin-based chemotherapy. Exclusion
criteria were: elevated levels of tumor markers AFP or HCG at the time of
thoracotomy; extragonadal primaries; pure seminoma; resection after relapse of tumor
following initial chemotherapy. ‘ _ _

Seven study groups contributed individual data on 215 patients. The numbers of
patients in each study group were as follows: group I (Memorial Sloan Kettering Cancer
Center}, N=39", group 2 (Norwegian Radium Hospital), N=22", group 3 (University
Hospital Groningen), N=23%, group 4 (University Hospital Nijmegen), IN=7 %, group 5
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(Indiana University Medical School), N=71", group 6 (University Hospital Munich),
N=26", group 7, N=27 (University Hospitals Leiden, Rotterdam, Amsterdam)'®, The
numbers of patients in studies #2, #3, #6 and #7 were extended since the original
publications. Study #5 contained all patients with both RPLND and thoracotomy at
Indiana between 1977 and 1994,

The individual patient data consisted of basic patient identification, year of treatment,
information on potential predictors and the histological outcome of pulmonary
resection. The predictors included the primary tumor histology (teratoma-positive or
teratoma-negative®™), prechemotherapy tumor marker levels of AFP, HCG and LDH
(elevated or normal according to normal values of each center), prechemotherapy and
postchemotherapy maximum transversal size as measured on C'T scan, location and
number of metastases, and the histology of retroperitoneal lymph node dissection
(RPLND), if performed shortly before or after the pulmonary resection. The pulimonary
histology was classified according to the worst histology, either as cancer, mature
teratoma, or necrosis. If multiple thoracotomies were performed, the first one only was
considered for analysis.

8.2.2  Missing values

Missing values were present in a large number of the patients (190/215). Group 5
missed prechemotherapy LDH values in the majority of cases (68/71), and had
registered the location (unilateral/bilateral) and number (single/multiple} of lung
metastases instead of size. Group 1 to 4 had registered the prechemotherapy and
postchemotherapy size (in mm) of lung masses, which were used to calculate the
shrinkage of the mass, but not the location nor number of lung metastases. Group 6 and
7 had registered both size, location and nutnber. Primary histology was missing in 4
patients and prechemotherapy AFP and HCG in 9. The RPLND histology was available
for all patients from group 5 and 6. RPLND was not performed in 56 of the 118
patients in the other studies.

Missing values were imputed with regression techniques, using the correlation of the
variable with missing values and other predictors®™?. Linear tegression was used for
continuous predictors, e.g. tumor marker levels, and logistic regression for dichotomous
predictors, e.g. presence of teratomatous elements in the primary tumor (SESS/PC+
software; SPSS Inc, Chicago, IL). It appeared that the prechemotherapy LDH level was
significantly correlated with prechemotherapy HCG levels and the presence of teratoma
elements in the primary tumor. The presence of a single, unilateral metastasis was
negatively correlated with prechemotherapy HCG levels. No predictors correlated with
an increase in size during chemotherapy. Therefore, the mean prevalence of an increase
in size was imputed if no size measurements were available. Teratomatous elements
were found more often in the primary tumor if AFP was elevated. No attempt was
undertaken to impute the RPLND histology wvalues in the 56 patients where no
RPLND was performed.

Excluded from multivariate analysis were those patients with all three
prechemotherapy tumor markers missing (both AFP, HCG and LIDH missing, N=9).
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In the remaining 206 patients, LDH levels were imputed in 83, ‘increase’ in 69,
‘location and number of metastases’ in 97 and primary tumor histology in 4. 110 cases
had imputation of one value, 70 of 2 values and 1 of 3 values.

8.2.3  Statistical analpsis

The histology at resection (necrosis, mature teratoma, cancer) was predicted using two
statistical models. The first model estimated the probability of necrosis by comparing
patients with necrosis at resection with patients showing other histologies (teratoma or
cancer). The second model aimed to distinguish between cancer and teratoma in the
patients who did not have necrosis at resection, This second analysis estimated the ratio
of cancer and teratoma or the relative probability of cancer, The combination of the
estimates of the two models results in predicted probabilities for necrosis, mature
teratoma and cancer at thoracotomy. ‘

The probability of necrosis and the relative probability of cancer were related to
patient characteristics known before resection (predictors). The Qdds Ratio (OR) was
used as the measure of association. Univariate relations between predictors and ontcomes
were estimated within each study and pooled using the Mantel-Haenszel method,
provided that no major heterogeneity between studies was found (test for homogeneity
p>0.10). Predictors have statistically significant effects (p<0.05) if the 95% confidence
interval (CI) of the OR does not include the value 1. Logistic regression analysis was
apphied to estimate the prognostic effect of combinations of predictors, with the study
munber as the grouping variable in conditional logistic regression analyses (EGRET
statistical package; Statistics and Epidemiology Research Corporation, Seattle, WA).
Selection of variables was based on statistical grounds {p-value and magnitude of OR.
in univariate and multivariate analyses), the number of missing values, and agreement
with a previous analysis on retroperitoneal mass histology®'. A conservative attitude was
taken towards the inclusion of interaction terms in the models. We considered the
overall p-value of all two-way interaction terms of the predictors in a model (criterium
p<0.10) and of specific two way interaction terms (criterium p<0.05),

Since the rumber of missing values was substantial, we made a comparison with an
alternative analysis using no imputed values at all. In this analysis, we calculated
univariate and multivariate logistic regression coeflicients in subgroups of patients with
complete values for a set of predictors. The changes in coefficients were subsequently
used to adapt the original univariate coefficients™. The analysis with imputed values
yielded more conservative estimates (ORs closer to 1) and was therefore preferred over
this alternative method. Also, the correlations between most predictors were relatively
small (Pearson correlation coefficients <0.20). The multivariate ORs were therefore
expected to be close to the univariate ORs, which was indeed found in the analysis with
imputed values.
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8.2.4  Evaluation of model performance

Predictive accuracy of the multivariate models can be distinguished in reliability (or
calibration) and discrimination. Reliability refers to the amount of agreement between
predicted and observed outcomes, If, for instance, patients with certain characteristics
are predicted to have a 70% chance of necrosis at resection, then 70% of such patients
should actually have necrosis at resection. Reliability was tested by the Hosmer-
Lemeshow goodness-of-fit test™ (BMDP module LR; BMDP statistical software, Inc.
Los Angeles, CA),

Discrimination was assessed using the area under the receiver operating characteristic
{(ROC) curve, which forms a suitable single number to summarize the discriminative
ability of a predictive model™*. A useless predictive madel, such as a coin flip, would
yield an area of 0.5. When the area is 1.0, the model discriminates perfectly,. We
interpret a value over 0.6 as reasonable, over 0.7 as satisfactory and over 0.8 as good, An
indication of the discriminative ability of the models in future patients was obtained with
bootstrapping techniques”. Random bootstrap samples were drawn with replacement
from the full sample consisting of alt patients (200 replications). Models were estimated
on these bootstrap samples and evaluated on the full sample. With the same procedure,
a correction for overoptimism™ was estimated for the logistic regression coefficients in
the full sample. Correction of the coefficients for RPLND histology was excluded
because of the strong predictive value of RPLND histology, which was already known
before this analysis'™">"™"”,

8.3 - Results

A detailed overview of the distribution of patient characterjstics in each of the 7
participating study groups is shown in the Appendix. The differences between the
studies were relatively small. Table 1 shows predictors considered in the analysis and the
relation of the predictors with the histology as found at pulmonary resection. Overall,
nearly half of the patients had a teratoma-negative primary tumor (95/211=45%).
Prechemotherapy AFE, HCG and LDH tumor markers were elevated in over two thirds
of the patients (69%, 74% and 72%). Around 40% had lung masses < 20mum on pre-
chemotherapy CT scan, or £ [0 mm on postchemotherapy CT scan. A major reduction
in size (2 70%) occurred in 20% of the patients, while in 11%, the mass increased during
chemotherapy. One thitd of the patients had a single, unilateral residual mass after
chemotherapy (30%). A RPLND was performed in 159 patients, showing necrosis in
34%, mature teratoma in 52% and cancer in 14% of the patients. At pulmonary
resection, these histologies were found in 54%, 33% and 13% respectively, Necrosis thus
was more frequent and mature teratoma less frequent at thoracotomy than at RPLND
(54% vs 34% and 33% vs 52%, p<.001). The relative probability of cancer was
29/(29--70)=29% on average at thoracotomy. :
Table 2 shows the results of the univariate analysis of the relations of the predictors
with the histology of pulmonary nodules. Odds Ratios (ORs} were calculated with
aggregated categories of a predictor if the ORs between categories were similar, or if the
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Table 1  Overview of the predictors considered and the relations with the histolegy at pulmonary resection.

Necrosis Teratoma Cancer Total
N=116 (54%}  N=70 (33%) N=29 (14%) N=215 (100%)

Primary tumour histology

Teratoma-negative 63 (66%) 16 (17%) 16 (17%) 951211 (45%)
Teratoma-positive 50 (43%) 53 (46%) 13 (11%) 116/211 (55%)
Pre-AFP normal (ng/mt) 42 (67%}) 13 (21%) 8 (13%) B83/206 (31%)
norm-100 13 (43%) 15 (50%) 2 (7%} 30/206 (15%,)
100-1000 36 (55%) 22 (34%) 7 {11%) 85/206 (32%)
>1000 21 (44%) 17 (35%) 10 (21%) 48/208 (23%)
Fre-HCG normal {IUNY 24 (44%) 20 (37%) 10 (19%) 54/206 (26%)
norm-100 21 (44%) 23 (48%) 4 (8%) 48/206 (23%)
100-1000 16 (50%) 12 (38%) 4 (13%) 32/206 (16%)
1000-10000 20 (59%) 8 (24%) 6 (18%) 34/206 (17%)
>10000 31 (82%) 4 (11%) 3 (8%) 38/208 (18%)
Pre-L.DH normal (UA) 14 (40%) 18 (B1%) 3 {9%) 35/126 (28%)
1 -2 x normal 16 (52%) 10 {32%) 5 (16%) 31/126 (25%)
2 - 4 x normal 17 {63%) 5 {19%) 5 (19%) 27/126 (21%)
> 4 x normat 22 (67%) 7 {21%) 4 (12%) 33/126 (26%)
Prachemotherapy sfze
0-20 mm 22 {41%) 23 (43%) 9 (17%) 54/138 (39%)
21 - 50 mm 42 {71%) 12 (20%) 5 (9%) 58/138 {43%)
> 50 mm 14 {56%) 8 (32%} 3 {(12%}) 25/138 (18%)
Poslchemotherapy size
0- 10 mm 33 (57%) 16 (28%} 9 (16%) 58/140 {41%)
11-20mm 27 (61%) 13 (30%) 4 (9%} 44/140 (31%)
=20 mm 19 (50%) 15 (39%) 4 (11%) 38/140 {27%)
Shrinkage
> T0% 15 (56%) 7 (26%) 5 (19%) 27/138 {20%)
0-69% 80 (63%) 27 (28%) 9 (9%) 96/138 (70%)
< 0% {increase) 3 (20%) 9 (60%) 3 (20%) 15/138 (11%)
Location and number of mets
Unilateral, single 21 (60%) 13 {37%) 1 {3%) 38117 (30%)
Unilateral, multiple 7 {29%) 12 (50%) 5 (21%) 24117 (21%)
Bilateral 34 (59%) 14 (24%) 10 (17%) 58117 (50%)
Histology at RPLND
necrosis 48 (B9%) 4 (7%} 2 (4%) 54/159 (34%)
mature teratoma 31{38%) 42 (51%) 9 (11%) 82/159 (52%)
cancer 7 {30%) 5 (22%) 11 {48%) 23/159 (14%)

number of patients in a category was very small. All ORs were reasonably homogenous
between studies (p>0.10). If the primary tumor was teratoma-negative, thoracotomy
showed mature teratoma infrequently (Table 1: 17%). Hence, both necrosis and cancer
were found more often compared with patients with teratoma-positive primary tumors
{OR 2,58 and OR 3.84, respectively). In case of a normal prechemotherapy level of
AFP, both necrosis and cancer were found slightly more often than with elevated levels
of AFP. Higher prechemotherapy values of HCG or LDH showed a clear relation with
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Table 2  Univariate analysis of the relations of predictors with the histology at pulmonary resection,

OR Cancer vs p-value

OR Mecrosisvs  p-value
Teratoma {95% CIJ*

Other {85% CH*

Primary tumour histology

teratoma-negative 2.58 [1.4-5.0 p = .001 3.84 [2,4-29) p=.004
teratoma-positive 1.0
Pre-AFP normal 1.90 [.98-3.8] p=.045 1.85 [1.0-13] p=.28
elevated 1.0 1.0
Pre-HCG norm-1000 U1 1.0 p<.001 1.0 p=.10
1000-10000 1.89[.78-4.5] }
»>10000 542 [2.0-16) 222 [72-11)
Pre-LDH normal 1.0 p=.,018 1.0 p=.18
1 - 2 % normal 1.61(.87-12] 2.70 [.66-352)
2 - 4 x normal 2.23[.60-8.9}
> 4 x normal 367[7-7] 201(7-7
Prechemotherapy size p=.08 p=.80
0-20mm 1.0 1.0
21-50mm 3.39[1.5-9.0| 1.70[.23-13})
» 50 mm 1.49 [.46-5.2] 1.03 [.09-10}
Postchemotherapy size p=.41 p=.46
g-10mm 1.0 1.0 :
11-20mm 1,10 [43-2.8} 39 [.04-2.2]
> 20 mm .65 [.24-1.7} 49 (.06-2.7]
Shrinkage =0 1.0 p=.003 i.0 P98
< 0% {increass) 0.13[.02-.62) 97 [.16-6.0]
Location and number of mals .
Unllateral, single 1.51[.62 -3.7) p=.32 0.12{.01-1.1] p=.036
Unli/bilateral or multiple 1.0 1.0
Histology at RPLND p <.001 p=.001
necrosis 1.0 1.0
malure teratoma .07 {.03-.24) 1.0
cancer .03{.01-.28} 15,6 [3.3 - 133)

Abbreviations: OR, Odds Ratio; 95% Cl, 95% confidence interval

¥ Some studies had empty cells, which made the computation of the confidence Intervals impossible for
some of the predictors (95% Cl indicated with [?-?]) and made the upper (imits of the confidence
intervals irrealisticatly high for some other predictors,

a more frequent finding of necrosis at resection (p<0.001 and p<0.018 respectively), but
also with a relatively more frequent finding of cancer (p=0.10 and p=0.18 respectively).
Neither prechemotherapy size nor postchemotherapy size showed a clear association
with the histology, but an increase in size indicated a low likelihood of necrosis at
resection (OR=0.13). A unilateral, single metastasis had a slightly higher probability of
necrosis (60% vs 50%) and a much lower risk of cancer (3% vs 18%), compared to
patients with multiple or bilateral metastases. The histology as found at RPLND proved
to be the strongest predictor of the histological content of a residual pulmonary mass,
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Of 54 patients with necrosis at RPLND, 48 (89%) also had necrosis at thoracotomy. In
case of mature teratoma or cancer at RPLND, only 38% or 30% had necrosis at
thoracotomy respectively. In 101 patients (64%), the histology at RPLND and at
thoracotomy were identical.

The results of the multivariate logistic regression analyses are presented in Table 3.
Models were constructed with and without available RPLND histology. The model
predicting necrosis without knowledge of the RPLND histology included 5
characteristics: primary tumor histology, prechemotherapy AFP prechemotherapy
HCG, increase in size, and number and location of residual metastases. The
prechemotherapy LDH level was not included in the model as LDH level was of minor
prognostic importatice once the HCG level was taken into account (p>0.50}. Inclusion
of the RPLND histology substantially hmproved the model (p<0.001). Statistically
significant interaction was found between the RPLND histology and the predictors
‘prechemotherapy HCG level’ and ‘hnumber and location of residual metastases’ {both
p<0.001). If teratoma or cancer was found at RPLND, the probability of necrosis clearly
increased with higher HCG levels or in the presence of 4 single, unilateral metastasis
(Table 3: OR=5.5 and OR=8.1 respectively). i necrosis was found at RPLIND, these
variables had no incremental effect on the (already high) probability of necrosis. Once
the RPLND histology was known, the predictive value of a teratoma-negative primary
tumor decreased, which is explained by its correlation with the finding of necrosis at
RPLND?, Prechemotherapy AFP level was left out of the model because of its
neglectable predictive influence once the RPLND histology was known.

Table 3 Mullivariate analysis of the relatiens of predictors with the histology at puimonary resection,

Necrosis vs Other Cancer vs Teratoma

Without With Without With

RPLND RPLND RPLND RPLND

N=206 N=150 N=94 N-68

Predictors*
RPLND histology teratoma - 0.02[.01-.08 - -
cancer - 0.01[.00-.08] - 9.6 [1.9- 49

Primary lumour lar.-negative vs positive 3.6 [1.8-7.1] 2.2[.81-56.9] 4.4(1.6-13] 1.7 [.41-6.8]
Prachemotherapy AFP norm. vs alev. 1.7[.85-35] - 1.4(43-44} -

Prechematherapy HCG high vs fow * 3.0{1.8-4.9] 55{25-12]" 28[78-10] 4.5(93-22)

Increase in size vs decrease/same size .12 [.03-54} 2403 - 1-3!‘ -
Single metastasls vs multip'e/bilaterat  3.1[1.1-8.5]  8.1[2.2-30] A3001-1.3]  .23(.02-24]

Model performance :
Goodness-of-fit* p-value .39 p-value .98 p-value .52 p-value .93
Discriminative ability area .77 area .86 area .73 area .75
Corraction factor for overoptimism 90 86 g7 ‘ .79

*  The multivariate Cdds Ratios are shown with the corresponding 95% confidence Intervals for the models
predicting necrosis and distinguishing cancer from teratoma, both with and without RPLND histology.

¥ For necrosis model ceded as 0 (normal to 1000 IUA), 1 (1000 to 16000 1UA), 2 (>10,000 IU/3; for cancer
made) coded as 0 {normal to 1600 UM, 1 {1000 IU/); ** Odds Ratlo in patients with teratoma/cancer
at RPLND; * Hosmer-Lemeshow test; % Area under the ROC curve
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The relative probability of cancer was related to the primary tumor histology,
prechemotherapy AFE prechemotherapy HCG, and number and location of residual
metastases. Knowledge of the RPLND histology improved the model significantly
{p=0.007). )

Goodness-of-fit was ‘!adequate for all models (Table 3: p>0.20). Discriminative ability
was expressed as the area under the ROC curve. Discrithinative ability is expected to
be good for the model predicting necrosis including the RPLND histology (area 0.86),
while the model without this predictor is expected to perform satisfactory (area 0.77).
The models for cancer vs teratoma are also expected to perform satisfactory, with a
modest improvement in prediction by knowledge of the RPLND histology (area
increases from 0.73 to 0.75).

Table 4 presents the estimated probabilities of necrosis, matuare teratoma and cancer
for all combinations of predictors, provided that the lung metastases did not increase in
size during chemotherapy. In case of an increase, the probability of necrosis is generally
low (<60%). The probabilities were calculated with the multivariate ORs as shown in
Table 3, which were multiplied by correction factors to compensate for overoptimism
of the, models. The presented probabilities have a range of uncertainty, which
necessitates a cautious interpretation. Table 5 shows the 95%-confidence intervals for
the predicted probabilities of necrosis in the various subgroups. Some subgroups contain
a small number of patients (e.g. only 10 patients had HCG >1000 FU/L and a single,
unilateral residual nodule), which is reflected in the relatively wide confidence intervals,
Despite these limitations, Table 4 provides a simple way to estimate the histological
content of residual lung masses. For example, it ‘can be read that a patient with a
decrease in size of the mass, a teratoma-negative primary tumor, prechemotherapy AFP
elevated, HCG <1000 IU/L, and a single metastasis after chemotherapy, has predicted
probabilities of necrosis, mature teratoma and cancer of 76%, 20% and 4% respectively.
These probabilities change to 93%, 6% and 1% if necrosis was found at RPLND, From
Table 5 it may be read that the initial estimate of a 76% chance of necrosis is very likely
between 57 and 87%, while the 95% confidence interval for the estimate after finding
necrosis at RPLND (93%) ranges from 82 to 97%.



Table 4 Predicted probabilities of necrosis, mature teratora and cancer at resection of residual lung metastases, which did not increase during chemotherapy.

Primary tumor histelogy Teratoma-positive ‘ C ) Teratoma-negative
Prechemotherapy HCG <1000 “10G0-10000 >10000 1UN <1000 10C0-10000 >10000 U/t
Single, unilatesal residual nodule? Y N Y N Y N Y N 7Y N Y N
Nec 1% 36% 81% 60% 92% 80% 83% 64% 93% 83% 87% 93%
Prechemotherapy AFP normal Ter 36% 46% C16% 21% T% 10% 13% 16% 4% 5% 2% 2%
Can 3% 18% 3% 19% 1% 9% 3% 20% 3% 13% 1% 5%
Nec 48% 26% 72% 48% 87% T1% 76% 53% 89% 75% 96% 89%
Prechematherapy AFP elevated Ter 48% 56% 24% 31% 1% 17% - 20% 24% 7% 8% 3% 4%
Can 3% 18% 4% 21% 2% 12% 4% 23% 3% 17% 1% 8%
Nec 87% 87% 87% 87% B87% 87% 93% 93% 93% 93% 93% 93%
RPLND: necrosis Ter 12% 11% 11% 8% 11% 8% 6% 5% 5% 3% 5% 3%
Can 1% 2% 2% 5% 2% 5% ' 1% 2% 2% 4% 2% 4%
Nec - 47% 13% 79% 39% 94% 73% 64% 22% 88% 55% 97% B84%
RPLND: mature teratoma Ter 7 50% 72% 17% 36% 5% 16% 33% 59% 9% 22% 2% 8%
Can 3% 15% 4% 25% 1% 11% 3% 19% 3% 23% 1% 8%
Nec 31% 7% 66% 24% B89% 58% 47% 13% 79% 35% 94% 73%
RPLND: cancer Ter 49% 41% 15% 15% . 5% 8% 33% 30% 7% 8% 2% 4%
Can  20% 52% 19% 61% 6% 34% 20% 57% 14% 53% 4% 23%
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Table 5 Predicted probabilities of necrosis with 95% confidence intervals.

Primary tumeor histology

Teratorna-positive

Teratoma-negative

Prechemotherapy HCG <1000 1000-10000 =10000 1U/1 <1000 1000-10000 >10000 U/
Single, unilateral residual nodule? Y N Y N Y N Y N Y N Y N

Nec 61% 36% B1% 60% 92% 80% 83% 64% 93% 83% §7% 93%

Prechernctherapy AFP normal 95%-Cll 41-78 21-57 61-92 43-76  83-98 62-90 T72-94 42-83 82-98 72-91 92-100 84-97

Nec 49% 26% T2% 48% 87% 71% 76% 53% 89% 75% 96% 89%

Prechemotherapy AFP elevated [95%-Cl}  31-68 16-38  52-85 34-61 67-96 49-86 57-87 368-67 68-95 60-85 87-99 76-95

Nec 87% 87% 87% 87% 87% 87% 93% 93% 93% 93% $3% 93%

RPLND: necrosis [85%-Cl] 69-95 69-95 68-95 69-95 69-95 69-95 8297 82-97  82-97 82-97 82-97 82-87

Nec 47% 13% 79% 39% 94% 73% 84% 22% 88% 55% 97% 84%

RPLND: mature teratoma [85%-C1]  26-89 5-25 56-90 24-57  85-98 48-89 36-84 9-45 59-99 42-68 B86-100 58-85

) Nec 31% 7% 66% 24% 89% 58% 47% 13% 79% 39% 94% 73%

RPLND: cancer [85%-Cl]  14-60 2-26 34-89 8-48 57-99 43-72 24-71 4-27 54-91 22-60 §3-29 46-80
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8.4 Discussion

In this study, we analyzed over 200 testicular cancer patients undergoing thoracotomy
to remove residual lung nodules after cisplatin-based chemotherapy. The histology at
resection was estimated using several well-known predictors in statistical models. The
large number of patients enabled an accurate definition of subgroups with a high
likelihood of necrosis at resection and/or a low risk of cancer.

The predictors included the absence of teratoma elements in the primary tumor,
prechemotherapy tumor marker levels, increase of the mass during chemotherapy, the
presence of a single, unilateral residual mass, and the histology at RPLND (if available).
The relations of the predictors with the histology were in general similar to our previous
amalysis on retroperitoneal mass histology”. For example, predictors for necrosis were
a teratoma-negative primary tumor, normal prechemotherapy AFP elevated LDH. Also,
an increase in size during chemotherapy indicated a low likelihood of necrosis
{(3/15=20%). This predictor was not as strong as in case of retroperitoneal residual
disease, where an increase excluded the finding of necrosis {0742}, Reemarkably, the size
of the nodules (prechemotherapy or postchemotherapy) was not related to the histology.
This is in contrast to retroperitoneal masses, where postchemotherapy size is a strong
predictor’’, but in agreement with a previous analysis®. Probably the small size of most
nodules (96% of residual masses < 50mmy} also accounts for the absence of a clear
association, Prechemotherapy high values of HCG were a strong predictor of necrosis
(p<0.001), but the effect was opposite to that in case of RPLND?'. This discrepancy
miay partly be explained by the higher frequency of high HCG levels in the
thoracotomy patients (18% vs 7% with values >10.000 [U/L). Upon re-examination of
the RPLNID data we found a slightly higher probability of necrosis in patients with
HCG >10.000 1U/L compared to patients with HCG between 1000 and 10.000 1U/L.
The magnitude of the effect in this group was however so small (O 1.3), that it was
not considered previously in the classification of HCG values (nornal versus elevated)®.
A fortuitous sign was the presence of a single, unilateral residual lung nodule, which was
both associated with a higher probability of necrosis as well as with a lower probability
of cancer. The strongest predictor of the pulmonary histology was the histology as found
at RPLND. If RPLND showed necrosis only, the probability of necrosis at thoracotomy
was 89%. If RPLND showed mature teratoma or cancer, this probability was much
lower {38% and 30% respectively).

The results of the statistical analyses were tabulated in such a way that the probability
of necrosis, mature teratoma, and cancer could be determined easily (Table 4),
Subgroups with a high likelihood of necrosis can directly be distinguished in this table.
If the RPLND histology was necrosis and the primary tumor was teratoma-negative,
the predicted probability of necrosis at thoracotomy is as high as 93%. In case of a
teratoma-positive tumor, the probability is slightly lower (87%). The actually observed
frequencies largely agree with these predictions: 4% (30/32) and 82% (14/17).
Previously, careful analysis of a small number of patients already led to the hypothesis
that those patients with necrosis at RPLND and a teratoma-negative primary tumor
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formed a favorable subgroup'. The present analysis confirms this hypothesis on 2 much
larger number of patients, providing strong argument for debate on the need of resection
in this subgroup. Other subgroups with a high likelihood of necrosis could be defined
even among those patients with mature teratoma or cancer at RPLND. These
subgroups are infrequent, making the predictions uncertain. The infrequency also limits
the relevance for clinical practice in general. On the other hand, if a thoracotomy is
considered in a patient from such a rare subgroup, the predictions may play a role in the
decision making process, especially if surgical risk is increased or the procedure is
technically difficult. ‘

In the situation where RPLND is not performed before thoracotomy, the order and
necessity of these two procedures merits attention. For thoracotomy, a few favorable
subgroups can be indicated without availability of the RPLND histology by
combinations of predictors such as a teratoma-negative primary tumor, elevated HCG,
a single metastasis, or normal AFP® (Table 4). For RPLND, the predicted probability of
necrosis can be estimated with the prognostic score chart as presented before *', In most
patients, the likelihood of necrosis at RPLND is lower than at thoracotonmy. This
logically leads to the general rule that a RPLND should be performed before a
thoracotomy is considered. If the RPLND shows necrosis only, the need of
thoracotomy can be reconsidered, while teratoma or cancer at RPLND argue for
thoracotoniy in most instances. If the order of procedures is reversed, RPLND cannot
be omitted safely in most patients, even if necrosis is found at thoracotomy", Thus, the
advantage of performing a RPLND first is that the patients with necrosis at RPLND
might be spared a thoracotomy. Note that this advantage is missed if a thoracotomy is
combined with a RPLIND in one session.

Three exceptions on this general gnideline can be thought of. Firstly, the risk of
missing teratoma or cancer at thoracotomy may be judged too high, even if RPLND
would show necrosis. In this case, the arder of the procedures can freely be decided on
by the treating physicians, and a combined procedure for RPLND and thoracotomy
might be considered. Secondly, some patients may have a higher predicted probability
of necrosis at RPLND than at thoracotomy. As an example, we may think of patients
with a teratoma-negative primary tumor, normal postchemotherapy CT abdemen, but
multiple residual lung metastases on CT thorax. In such patients, thoracotomy might
be preferred as the first procedure. Finally, both RPLND and thoracotomy may be
considered unwarranted. This may for example be the case in a patient with a teratoma-
negative primary tumor, a normal postchemotherapy CT abdomen, and a single residuat
lung mass on CT thorax. With respect to the order of RPLND and thoracotomy it can
thus be concluded that the procedure with the lowest likelihood of necrosis should be
performed first, unless both or none of the procedures are considered necessary.

Thus far, subgroups of patients were described according to the probability of
necrosis. However, the relative risks of cancer and mature teratoma should also be
considered. For example, if RPLND showed necrosis and the primary tumor was
teratoma-negative, Table 4 shows that the probability of necrosis is 93%, while the risk
of cancer may vary between 1 and 4%, depending on the values of other predictors.
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Obviously, a thoracotomy may more readily be omitted in the patient with the lower
risk of cancer.

The exact thresholds for resection (iminimuum probability of necrosis, maximum risk
of cancer) are difficult to determine, but should weigh the expected benefits, risks and
financial costs of resection compared to an observation strategy with frequent follow-up
{physical examination, tumor marker measurements, CT scanning). The risks of
thoracotomy include short-term morbidity (hospital stay and complications like
pneumothorax, pneumonia) and mortality {around 1%, The benefits of thoracotomy
relate to the patients with mature teratoma or cancer. If resection is performed, the
prognosis generally is favorable with 5 year relapse free survival over 85% after resection
of mature teratoma #1011 and 50%>H 123 o 70/80% ™" after resection of cancer.
If resection is not performed, masses containing mature teratoma may start to grow
during a follow-up of months, or even years (‘growing teratoma syndrome’)”, Also, a
risk of malignant transformation has been reported™” ™. Leaving masses with residual
cancer unresected is considered to increase the risk of relapse substantially. Malignant
relapses can be treated with salvage chemotherapy regimens, which have rather limited
efficacy (around 25%"*****). Moreover, salvage treatment may be even less effective in
patients presenting with pultmonary metastases, since a 5-year survival of only 6% has
been reported for this group of patients™. Other considerations include technical aspects
of surgery, the patients personal preferences and country- or center-specific
circumstances like the feasibility of frequent follow-up visits with high-quality CT
scanning™.

In conclusion, this analysis may assist in decision making on the necessity and order
of pulmonary residual mass resection. The necessity of thoracotomy is doubtful in a
numnber of subgroups where the probability of necrosis is high and the risk of cancer is
low. Patients in these subgroups might benefit more from close follow-up than
resection. With respect to the order of sequential resections, RPLND should generally
be performed before a thoracotomy is considered, because a purely benign histology at
RPLND is highly predictive for necrosis in residual lung nodules. Decision making on
residual mass resection however remains complex, as it should take into account the
potential henefits, technical feasibility, morbidity, and mortality of resection, feasibility
of close folow-up, financial costs, and the patient’s individual preferences.
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Appendix
Table A Patient characteristics per sludy group.
group1 greup 2 group3  groupd  group5  group 6 group 7 TOTAL
N=39 N=22 N=23 N=7 N=71 N=26 N=27 N=215
Primary fumour histology
Teraloma-posiive 21 (55%) 11 (50%) 7{30%) 2(29%) 35 (49%) 10 (43%) 13{48%)  95/211 (45%)
Prechemotherapy markers )
AFP elevated 25 (64%) 16 (73%) 20 (87%) 5 (83%) 43 (68%) 19 (73%) 16 (56%) 143/206 (69%)
median {ng/ml} 78 200 130 434 - 80 159 120 ng/ml
HCG elevated 24 (62%) 15 (68%) 18 (718%) 4 (67%) 50 (79%) 24 (92%) 17 (63%)  152/206 (74%)
madian {IUA} 6 44 1 L3 - 44000 120 48 IUA
LDH elevated 27 (69%) 16 (73%) 12 (52%) 1 {17%) 3(100%) 16 (94%} 16 (100%)  91/125 (68%)
- median {UA) 431 806 243 231 . 63t 252 431 UA
Prechemotherapy size .
0-20mm 14 (38%) B (36%) 12 (52%) 3 {43%) - 6(23%) 19(48%) 547138 (35%)
21 - 50 mm 13 (35%) 6(27%) 9{39%) 4{57%) - 15(58%) 12 (52%) 597138 (43%)
> 50 mm 10 (27%) B(36%) 2 (9%) - 5(19%) - 251138 (18%)
Postchemotherapy slze
0-10mm 14(36%) 9 (41%) 13(57%) 4(57%) < 11(42%) 7(30%)  58/440 (41%)
11+ 20 mm 12 (31%) 8 (36%) 4(17%) 2(29%) 8 (319%) 10 (44%) 447140 (31%)
> 20 mm 13 (34%) 5(23%) . 6(26%) 1 (14%) 7 (27%) 6 (26%) 381140 (27%)
Shrinkage .
»=70% 7(I0%) 5(23%) 5(22%) 2(20%) - B(23%) 2 (8%)  27/138 (20%)
0-69.9% 26 (70%) 16 (73%) 14 (61%) 3 (43%) - 18 (73%) 18 (78%)  96/138 (70%)
< (% (Increass) 4{11%) 1 {4%) 4(17%) 2(206%) 1 (4%) 3 (13%) 16/138 {11%)
Localion and number of mels
Unilateral, single - 21(30%) 6 (23%) 8 (40%) A5/117 {30%)
Un#ateral, mutiple S 11{18%)  8(31%) 5(26%) 247117 (21%)
Bilateral - 39(55%) 12(46%) 7(35%)  B8/117 (50%)
Hislology at RPLND
Necrosls 13{(67%) 5(50%) 5(33%) 1(33%) 17(24%) 8(31%) 5(46%) 54159 (34%)
Malure teratoma B(35%) 5 (50%) 10(67%) 1{33%) B36(51%) 16(62%) 6(55%) 82150 (52%)
Cancer 2 (9%) 0 (0%) 0 (0%) 1(33%) 18(25%) 2 (8%} O (0%)  23/159 (14%)
Histotogy at thoracotemy .
Necrosls 25 (64%) 12 {556%) 7(30%}) b5 (71%) 34 {48%) 16(62%} 17 (63%) 116/215 (54%)
Mature teratoma 11{28%) 4(18%) 13(57%) 2(29%) 25(35%) B(31%) 7(26%)  70/215(33%)
Cancer 3 (8%) 6(27%) 3{13%) 0 (0%} 12{i7%) 2 (8%} 3(11%)  29/215(13%)
Year of reatment :
1877 - 1980 9(23%) I{14%%} 3(13%) O (%) 9{13%) 1 (4%} 1 {4%)  26f215(12%)
1981 - 1985 24 (62%) 14{64%) 6(26%) 6 (86%) 34{48%) 11 (42%) 7 (26%) 102/215{47%)
1986 - 1994 5{23%) 14 (61%) 1(14%) 28 (39%) 14 (64%) 19{70%) '87/215{41%)

8 (15%)
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9  Perioperative mortality of elective
abdominal aortic ancurysm surgery:
a clinical prediction rule based on
literature and individual patient data

B W Steyerberg, . Kievit, | C.A. de Mol van Otterloo, JH. van Bockel,
M.J.C. Eijkenans, J.D.F Habbema.
Arch Int Med 1995; 155; 1998-2004

Abstract

Background: Abdominal aortic aneurysm surgery is a major vascular procedure with a
considerable risk of (mainly cardiac) mortality.

Objective: To estimate elective perioperative mortality, we aimed to develop a clinical
prediction rule based on several well established risk factors: age, gender, a history of
myocardial infarction (M), congestive heart failure (CHF), ischemia on the
clectrocardiogram (ECG), pulmonary impairment and renal impairment.

Methods: Two sources of data were used: 1) Individual patient data from 246 patients
operated at the University Hospital Leiden and 2) Studies published in the literature
between 1980 and 1994, The Leiden data were analyzed with univariate and multi-
variate logistic regression. Literature data were pooled with meta-analysis techniques.
The clinical prediction rule was based on the pooled Odds Ratios from the literature,
which were adapted by the regression results of the Leiden data,

Results: The strongest adverse risk factors in the literature were CHF and cardiac
ischemia on ECG, followed by renal impairment, history of Ml, pulmonary impairment
and female gender. The literature data further showed that a 10-year increase in age
more than doubled surgical risk. In the Leiden data, most multivariate effects were
sthaller than the univariate effects, which is explained by the positive correlation
between the risk factors. In the clinical prediction rule, cardiac, renal and pulmonary
comorbidity are the most important risk factors, while age per se has a moderate effect
on mortality. For practical application, a center specific average surgical risk can be taken
inte account.

Conelusions: A readily applicable clinical prediction rule can be based on the combination
of literature data and individual patient data. The risk estimates may be useful for clinical
decision making in individual patients.

Abbreviations: CHE congestive heart failure; ECG, electrocardiogram; ML, myocardial infarction,
OR, Odds Rativ; LR, likelihood ratio; CI, confidence interval
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9.1 Introduction

Elective surgery is the preferred therapy for abdominal aortic aneurysms, as until now
reconstructive vascular surgery is the only effective prevention of rupture. Generally, the
cumulative mortality risk of rupture js much higher than the risk of elective surgery™?,
A conservative policy may however be considered in case of small aneurysms, where the
risk of rupture is low™*’, in older patients who suffer fiom cardiac, pulmonary or renal
comorbidity, and in patients who have a short life-expectancy because of a
malignancy®’. In these categories of patients the mortality risk of elective surgery may
exceed the cumulative mortality risk of aneurysm rupture. Therefore, reliable estimates
of surgical mortality are crucial for clinical decision making,

In the literature numerous studies can be found that relate surgical mortality to a
single patient characteristic"®>'*"V>1 %% Rop example, by comparing the surgical
mortalities in patients with and without congestive heart failure (CHF), the univariate
eftect of CHF on mortality can be determined. Such literature data may be pooled using
meta-analysis techniques, resulting in more precise estimates of the univariate effect of
risk factors. However, as risk factors tend to occur in association, the combination of
univariate risk factor effects generally leads to a falsely high mortality estimate,

Surgical risk estimates based on combinations of characteristics are rare'®, One well-
known multifactorial risk estimator is the Goldman index!™®. However, this index was
not developed specifically for aneurysm surgery and predicts cardiac mortality rather
than surgical mortality as a whole. To relate the mortality of aortic aneurysm surgery to
combinations of characteristics, one possibility is to analyze individual patient data with
multivariate statistical techniques. Traditionally, such an analysis igirores data from the
literature, because univariate data from the literature cannot be combined directly into
a multivariate analysis. This approach has the disadvantage that small numbers lead to
wide confidence intervals of risk factors and unreliable risk estimates, Moreover, variable
selection may be difficult™?, e.g. for infrequent patient characteristics.

In this article, we introduce a method to combine results from literature data and
individual patient data. The risk estimates can thus be based on a larger number of
patients than available from one single institution. We present the results of the analysis
as & clinical prediction rule that estimates the mortality of elective aneurysm surgery in
the individual patient.

9.2 Material and Methods

9.2,1  Leiden data

We collected individual patient data on 246 consecutive patients, who underwent
primary elective surgery for abdominal aortic aneurysm at the University Hospital
Leiden between 1977 and 1988%. Preoperative examination consistently comprised
history, physical examination and standard resting ECG. Standard registration forms
were used, and all data collection was supervised by one of the authors (J.C.A.M.Q.).
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All patients were examined prior to operation by the same physician (JDM Feuth, MD),
who also reviewed all ECGs (blinded to surgical outcome).

Surgical or perioperative mortality was defined as in-hospital mortality, independent
of duration of hospital stay, or death within 30 days after surgery, when the patient was
discharged earlier. OFf the 246 patients who underwent elective surgery, 18 died {7.3%).
Nine (50%) of these patients died within 14 days, six (33%) between 14 and 30 days,
and 3 (17%) died in hospital 34, 39 and 95 days after surgery. Most patients
(11/18=61%) died of cardiac causes,

9.2.2  Literature data

Published studies were selected using MEDLINE medical database, from 1980 up to
July 1994, and via cross-references between articles. The selection was limited to English
language studies, which had to contain frequency data on the association of a potential
risk factor and surgical mortality, either in tables or mentioned in the text (see Appendix
1). Further on, analysis of the literature data refers to the analysis of these published
studies combined with the Leiden data.

9.2.3  Definitions of risk factors

Risk factors considered were age, gender, and cardiac, renal or pulmonary comorbidity.
Cardiac comorbidity consisted of three factors, 'History of MI' was defined as a
docamented history of a myocardial infarction, regardless of findings on the present
preoperative ECG. Congestive heart failure ('CHF') was defined as cardiogenic
pulmonary edema and/or jugular vein distension, or presence of a gallop rhythm
regardless of treatment. 'ECG: Tschemia’ was present if ST-depression was over 2 mm
on the standard resting ECG. Renal function used the cut-off value of 160 punol/l or
1.8 mg/dl for the preoperative creatinine level, Pulmonary comorbidity was present if
patients suffered from COPD, emphysema or dyspnoea, or had undergene previous
pulmanary surgery. Definitions of renal and pulmonary impairment varied to some
extent in the literature (see Appendix 1).

9.2.4  Deftnitions of effect measures

The Odds Ratio (OR) and the Likelithood Ratio (LR} were used as effect measures of
the risk factors for surgical mortality. The OR. indicates to what extent the risk in
patients with a risk factor is higher than in those without. The OR_is calculated as the
ratio of the mortality odds in categories of patients with and without a risk factor being
present. Likelihood Ratios {LRs) indicate to what extent the average or prior surgical
risk has to be corrected to a higher or a lower probability in the presence or absence of
a risk factor. Likelihood ratios can be calculated for the presence (LR +) and absence
(LR.-) of dichotomous risk factors. The LR+ is the probability of the presence of a risk
factor in the patients who died divided by the probability of the presence of that risk
factor in the patients who survived: LR+ = p(+|died} / p{+|survived). The LI~ is
defined analogously, with absence of the risk factor instead of presence, The relation
between the LR+, LR~ and the OR is straightforward; OR=LR+/LR-.
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9.2.5  Statistical analyss

In the Leiden data both univariate and multivariate ORs were determined using logistic
regression analysis”. All risk factors that were significant in the meta-analysis were
included in the mulivariate model, as emphasis is on the combined effect of the risk
factors and not on statistical significance of individual factors*. A graphical impression
of the goodness-of-fit of the multivariate model was obtained by plotting the observed
versus expected cumulative number of deaths®. Goodness-of-fit was tested by the
Hosmer-Lemeshow test” (BMDP module LR, which evatuates the correspondence
between a model’s predicted probabilities and the observed frequencies over groups
spanning the entire range of probabilities.

Literature data were summarized using techniques of meta-analysis. For the
dichotomous (+/-) characteristics gender, history of MI, CHE ECG: Ischemia,
pulmonary impairment and renal impairment, ORs were calculated within each study
{study OR) and pooled subsequently (pooled OR) using exact methods™*. Factors have
statistically significant effects (p < 0.05) if the 95%-CI of the pooled OR. does not
include 1. An exact test for homogeneity was used to test if one pooled OR across
studies might be assumed”, Pooled Likelihood Ratios were calculated, using the method
described by Simel”.

The univariate effect of age as a continuous variable could not be estimated directly
from the literature, as age is typically reported in categories {e.g. <70 vs >70, or <60,
60-80, >80 years). For quantitative analysis, numeric values have to be assigned to the
categories, e.g. the mean of the category®”. Mean age was estimated using study-specific
descriptions of the age distribution {mean and standard deviation, or mean only, using
standaid deviations of the Leiden data). Logistic regression analysis was used to estimate
the effect of age on mortality. ‘

9.2.6  Clinical prediction nile

A clinical prediction rule was developed for the estimation of elective surgical risk in
individual patients. The development of the prediction rule involved four steps, as
shown in Table 1. In step la, the univariate and multivariate logistic regression
coeflicients (In(OR.,) and In{OR,,,,)) are calculated from the individual patient data,
i this case the Leiden data'. Step 1b involved the caleulation of an adaptation factor for
each risk factor, i.e. the difference between the univariate and multivariate logistic
regression coefficients®”. In the second step, pooled ORs and pooled LRs were
calculated from the literature data {containing both published studies and individual
patient data). In the third step, the results of the univariate literature data analysis and
multivariate individual patient data analysis were combined. The natural logarithms of
the pooled ORs (In(OR,, ) were adapted with the adaptation factor for each risk
factor. Pinally, adapted In{LR)s or 'adapted weights' were calculated by using the ratio
of the pooled In(LR+) and the pooled In{LR-). These adapted weights allow the
estimation of the risk of a base-line case {a patient without comorbidity) in the clinical
prediction rule. 95% confidence intervals (95%-CI) were calculated for the adapted
ORs. The calculation is described in detail in Appendix 2,
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Table 1 Derivation of the clinical prediction rute.*

Step Data Technique Caleulation

1a+1b Individual patient  Logistic regression  Adaptation factor = In(OR,,,} - In(OR,.)

2 Literature Meta-analysls ORpesiest LR+ogpegs LR-pogreq
3 LitHndividual pt Adaptation of OR  IN{OR ,4,004) = IN(ORp,4) + Adaptation factor
4 Literature Ratio of LR+ and  In(LR4ppppe) = N(ORgpp100) /

LR- (1 (I{L Rpegreg MIN(L R+ pgie ]

IN(LR- pgappea) = IN{OR o) /
[{In(LR+pooeal IN{LR-pogreat}-11

* Literature and Individual patient data are combined in step 3, under the assumplion that the change in
logistic regression coefficient in the individual patient data may be applied to the literature data.

The development of the clinical prediction rule involved the following assumptions.
Birst, it is assumed that the logistic regression model with multiplicative effects
adequately models the surgical mortality as & function of the risk factors. Reliability or
goodness-of-fit of the multivariate model on the own data was therefore assessed”?,
The meta-analysis assutned fixed effects of the risk factors across studies, This assumption
was assessed by tests of homogeneity. In the third step, the meta-analysis results were
adapted, based on the difference in uni- and multivariate results of the individual patient
data, This assumed that the correlation between factors in the individual patient data was
similar to the correlation between factors in the studies. We therefore compared the
correlation between the risk factors in the individual patient data (Table 3) to the
correlation (as far as reported) in the literature, We also assessed whether the correlation
between univariate and multivariate regression coefficients was so strong that the
adaptation method was expected to result in better estimates of the multivariate
regression coefficients (Appendix 2}. Finally, adapted weights were calculated, assuming
that the ratio of the weights in the univariate meta-analysis ave equal to the ratio of the
weights in the multivariate analysis. This final assumption also underlies other methods
that estimate multivariate weights for the presence and absence of risk factors™.

9.2.7  Prognostic score chart

We present the resulting clinical prediction rule as a prognostic score chart with rounded
values of 10¢In(OR ,...,.0) as scores. Before an individual mortality risk can be quantified,
an average hospital mortality has to be estimated', We assume that surgical mortality
is around 5% nowadays for a patient population with an average prevalence of risk
factors, If a higher or lower average surgical mortality is observed at a particular
institution, this may be explained by a different prevalence of risk factors, which is
related to patient selection. If this explanation is insufficient, a different center specific
average surgical risk has to be considered in the clinical prediction rule, which is
determined by factors not considered here (e.g. definition of surgical mortality, hospital
volume, experience of surgeon’®),
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9.3 Results

9.3.1 Leiden data

The results of the analysis of our individual patient data are shown in Table 2. Of 246
elective patients, 238 had no missing value on any of the risk factors. Uni- and
multivariate analyses were based on these 238 patients, If the multivariate ORs are
smaller than the univariate ORs, the adaptation factors are negative. This is the case for
all risk factors except gender. A large, negative, adaptation factor was found for each of
the factors related to cardiac comorbidity (history of MI, CHF and ECG: itschemia),
which is explained by the positive correlation between these risk factors (Table 3). Also,
the OR of age was reduced considerably, because age was significantly associated with
the presence of cardiac comorbidity (lable 3). The model as a whole was significant
(model %* 25.3, df 7, p < 0.001). Goodness-of-fit was adequate (Figure 1, Hosmer-
Lemeshow test: p=.79), indicating that the multivariate logistic regression model reliably
fitted the Leiden data.

Table 2 Results of the univariate and multivariale analysis of the Leiden data.*.

Prognostic factor OR,, [95%-Cl} OR,,., [95%-Cl} Adaptation factor [95%-Cl]
Age {per decade} 2,67 [1.3-5.7] 1.79 [.83-3.9] -0.40 [-.80--.01]
Femate gender 1,32 [.28-6.2] 1.34 [.25-7.3] +0.02 [-.90 - +.94]
History of M 4.48 [1.7-12] 2,07 {69-6.4] 077 [1.4--13]
CHF 5.94 [2.0-17] 2.83 [.89-9.0) -0.74 [-1.3--.17]
ECG: Ischemia 5,67 {1.9-16] 2.73 [.80-9.1} -0.71 [-1.5 - +.04]
Impalred renal funiction 3.47 [.88-14] 3.07 [.68-14) -0.12 [-.98 - +.74)
Impaired pulmonary function 2.32 [.82-6.6) 1.83 [.58-5.8] -0.23 {-.84 - +.38)

* Odds Ratios with 95%-confidence intervals were caloulaled by logistic regressien analysis. The adapiation
factor was calculated as the dilfsrence in mullivariate and univariate regression coefficient: In{OR,,,) -
In{OR,,,). The 95%-confidence Intervals for the adaptation factor were based on 500 bootstrap samples.

Table 3 Correlation betwesn risk factors in the Leiden data (N=238).

Age Female gender Ml CHF ECG: Isch.  Renal Pulm. funstion
Age 1.00
Female gender 05 1.00
History of Ml A7 -.04 1.00
CHF 20" -.00 26" 1.00
ECG: ischemia .16* -0 45" 32+ 1.00 .
Renal function .01 -02 .05 14* 03 1.00

Pulm. function .10 00 08 43 03 o 100

2-failed Significance: *-.01 **-.001
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Observed cumulative number of deaths

0 2 4 6 8 10 12 14 {6 18
Expected cumulative number of deaths

Figure 1 Reliability curve of the multivariate logistic regression analysis of the Leiden data, 18
patients died after surgery. The chserved curve closely follows the ideal straight line.

9.3.2  Literature data

The studies forming the literature data are shown in Table 4. Fifteen published studies
and one thesis were identified, which presented data on the relationship between at least
one of the risk factors and surgical mortality"8%101L2DIBIMRBIIE Hhepails gre shown
in Appendix 1. From the largest study included (N=8185"), only the effects of age and
gender were analyzed. The definitions of other variables (e.g. renal failure} in this study
were considered incompatible with the definitions used in the meta-analysis, This
incompatibility was confirmed by tests for homogeneity. Overall, mortality was 6.8%
(1171/16067) in the studies included in the meta-apalysis. ,

The effect of age was estimated from fourteen studies (Table 4), in which patients
had a mean age of 69,2 years, A ten-year increase in age more than doubled surgical risk
(OR 2.20 per decade), with a narrow confidence interval ({1.9-2.5]) because of the large
namber of patients analyzed (N=13336). The effects of the other characteristics are
shown in Table 5. A smaller number of studies was available
(Appendix 1)V101M203MI iy wwhich the average prevalence of risk factors was
between . 15% and 25%. The strongest adverse risk factors in the literature were CHF
and ischemic changes on the preoperative ECG, followed by an impaired renal function,
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history of MI, impaired pulmonary function and female gender. We found no
indications for heterogeneity of effects (all tests for homogeneity: p>.10).

Table 4 Studies Inciuded in the mata-analysis of preoperative characteristics and elective surgical

mortality,
First author Reference Study period N Mortality OR,."
Lundell 8 1971-80 35 5 (14%) 1.2
Noppeaney e 1984-86 100 2 (2.0%) 1.3
Morishita 10 1968-90 110 3 (2.7%) 0.74
Chang 32 1973-77 120 11 (9.2%]) 25
Fielding ' 1 1960-79 202 18 (8.1%) 1.8
Da Mol Van Otterloo 21 1977-88 246 18 (7.3%) 2.7
AbuRahma 33 1983-87 332 7 (2.1%) -
Dighl i1 1974-78 350 18 (7.3%) 4.4
Bosman 34 1958-78 360 30 (8.3%) 1.5
McCabe 12 1972-77 364 9 (2.5%) 5.5
D'Angelo 13 1966-20 590 27 (4.8%) '0.87
Johnston 35 1986-86 666 32 (4.8%) 2.2
Paty 14 1878-91 699 16 {2.3%) 1.1
Akkersdijk 15 1990-90 1289 ' 88 (6.8%) 2.8
Hannan 30 1985.87 3570 273 (7.7%) 2.2%
Katz 31 © o 1880-90 8185 614 (7.5%) 23
Total 16067 1171 (6.8%) 2.2

* Qdds Ratlo of age (per decade); ! Analysis with stratification in threa reported time-periods;
* Reported logistic regression result; not used in meta-analysis of the effect of ags

Table 5 Meta-analysis of literature data, with pooled Qdds Raties and poolad Likelihood Rafios,

_Prognostic factor ORpooreg [95%-Cl] LR+pygtea LB pogeq” Average*
Age (psr decade) . 2.20{1.9-2.5] - - 6.92+.63
Female gender 1.44 [1.2 - 1.7} 1.34 0.96 19%
History of Ml 2.80[1.6-4.7] 2142 0.76 ‘ 22%

' CHF 48924 - 9.8} 2.74 0.70 15%
ECG: Ischemia 4.681{2.4 - 8.8] 2585 - 0.62 20%
Impaired renal function 3.75[2.3-8.1} 2.35 0.85 17%
impaired pulmeonary function 2.43[1.6 - 3.8] 1.76 .79 L 25%

* Averages of the risk factors In the studied population (mean + standard deviation or prévalence).

92.3.3  Clinical prediction mile

Table 6 shows the adapted ORs and TRs for the clinical prediction rale. Remarkably,
the adapted OR of a history of MI appeared to be close to one (OR,, . ,~1.31),
indicating that the additional'risk due to a history of a myocardial infarction is small
when the other risk factots are taken into decount. The small adapted OR s explained
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by the fact that a large reduction in the OR was observed in the Leiden data (Table 2:
OR;,;=4.48, OR,,=2.07), and the fact that the pooled OR in the meta-analysis was
not very large (Table 5: OR,,.,=2.80). For the same reason, the adapted multivariate
effect of age is relatively small (OR,,, .., =1.47 per decade).

Table 8 Resulls of the derivalion of the clinical prediction rule.*

Prognostic factors ORpyapteg [95%-Cl| LR+ paptea LB-pgapaa
Age {per decads) 147 {1.0-21] - .
Female gender 147 [53-4.0) 1.40 0.95
History of Ml 1.31 [.63-2.7} 1.22 0.93
Congestive heart failure (CHF) 233 [1.0-52] 1.86 0.80
ECG: ischemia 222 [.95-5.2) 1.69 0.76
Impalred renal function 332 [1.4-7.7) 2,73 0.82
Impaired pulmonary function 193 [91-41) 1.59 0.82

* The adapted Odds Ratios are calculated from the resuits of the meta-analysis (Tabla 5) combined with the
adaptation factor, as calculated from the Leiden data {Tabla 2). Adapted Likelihood Ratlos are calculated
using the ratic of the {natural logarithm of the) pooled LRs (Table 5}.

9.3.4  Prognostic score chart

The clinical prediction rule is presented as a score chart (Table 7), based on the adapted
ORs. First, a center specific average surgical mortality has to be estimated. A score of
0 points corresponds to an average risk of 5%. Next, we defined a base-line case as a 70-
year-old male patient without comorbidity. The score of this patient is set at 0, which
corresponds to a risk of 1.9%. Older patients attain a higher score (1 point per 2.5 year),
as well as female patients and patients with cardiac, pulmonary or renal comorbidity.
Patients with cardiac comorbidity may have any combination of MI, CHF and ECG:
Ischemia. The scores add up to a sumscore and the corresponding individual surgical risk
can be read from the final part of Table 7.

The use of the score chart is illustrated with a 80-year-old male patient, who has
congestive heart failure and renal impairment, but no other comorbidity. The score of
this patient is +4 for age, +8 for CHE and +12 for renal impairment, which adds to 24
points. If this patient is operated in a center with an average surgical mortality of 5%, the
sumscore is 24 points and corresponds to a risk near 19%. If this patient is operated in
a center that attains an average surgical mortality of 5% in patients 72 years of age (£2.5
years older than the mean of 69.2 years found in this analysis), the center specific surgical
risk is 1 point lower. This 80-year-old patient then has a score of +23 points, or a risk
of +16%.



148 Chapter 9

Table 7 Score chart for mortality of elective abdominal acrlic aneurysm surgery.*

1. Center specific average surgical mortality

% 3% 4% 5% 6% 8% 2%

Score -5 -2 0 +2 45 +10 | ...
2. Individual prognostic factors

Age 60 70 80

Scare -4 0 +4

Gender female

Score 2
Cardiac comorbidity Mi CHF ECG: ischemia

Score +3 +8 B
Renal comorbidity impairment

Score +z ]
Pulm. comorbidity impairment

Score 2 R
3. Estimated indlividual surgical mortality Sumscore (add)** ..

Sumscore -5 0 5 10 15 20 25 30 35 40
Probability 1% 2% 3% 5% 8% 12% 19% 28% 39% 51%

' After estimation of the average surgical mortafity {1.), Individual patient characteristics are taken into
account {2.). The resulting sumscere Is ranslated into a probability (3.).
**  The formula to calculate the mortality risk is: 1/}1+exp{-({sumscare/10)-3.95))]

9.4 Discussion

In this paper we present a clinical prediction rule to estimate perioperative mortality of
elective abdominal aortic aneurysm surgery, Risk factors were identified both from
individual patient data collected in one institution (University Hospital Leiden) and from
the literature. Rsk factors comprised demographic data {age, gender) and comorbidity

(cardiac, pulmonary or renal). We used a new statistical methodology to quantify the
combined effect of these risk factors on surgical mortality.

A number of problems arose in the analysis of the literature data. First, the relation
of risk factors to surgical mortality was described in a number of papers, but definitions
were not consistent (see Appendix 1). For example, pulmonary function was defined by
different criteria, and an impaired renal function was defined at different cut-off values
of the creatinine level. Despite these differences in definition, one single effect could be
assumed for each risk factor across the studies (tests for homogeneity). The analysis of
the continuous variable age was based on a large number of patients (N=13336), but the
analysis was hampered by the fact that mortalities were described in relatively large age-
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intervals, e.g. younger or older than 70 years. For logistic regression analysis, we
estimated the average ages in these age-intervals using study-specific descriptions as far
as available, The effect of age would have been estimated more accurately if smaller age-
intervals had been reported and more study characteristics had been described in the
publications.

_ Ideally, risk estimates for different centers are obtained by multivariate analysis of the
original individual patient data from published series. In the absence of these data, only
the published figures can be used for a univariate meta-analysis, To adapt for the
associations between risk factors, we used an adaptation factor, which was obtained from
the Leiden data. This method has several advantages over using the Leiden data only.
First, the literature provides a much larger number of patients than available from one
single institution, making the estimates more precise and variable selection more
straightforward. Moreover, the estimates represent the experience of several centers and
hence are more generally applicable.

Disadvantages of the method are that publication bias may be present when assessing
the literature, i.e. the phenomenon that the relation of a risk factor with mortality has
only been reported when found significant. Publication bias leads to higher effect
estimates in smaller studies, Examination of Table 4 or Appendix 1 shows no clear
relation between study size and effect size, suggesting that no strong publication bias is
present in this meta-analysis, Next, the correlation of risk factors in the Leiden data may
be different from the correlation in the literature. For example, in one series” female
patients were 3 vears older age than male patients, while the age difference was only
2 months in our patient series (correlation +.05). Such differences in correlation
between risk factors lead to inaccurate adaptations of the meta—analysis by the Leiden
data.

The resulting clinical prediction rule quantifies the prognostic impact of age, gender,
and cardiac, renal, and pulmonary comorbidity. The most important risk factors are
renal function, CHF and ischemic changes on the ECG. Age has a limited eftect on
mortality, when corrected for cardiac, renal and pulmonary comorbidity (OR 1.47 per
decade).

Average risk of elective surgery was found to be 6,8% (1171/16067) in the studies
included in the meta-analysis. This figure is dominated by three large studies'*",
which are all population-based. On the one hand, a clear reduction of elective surgical
mortality has been shown during the past decade™**'%, [eading to a lower average
mortality estimate nowadays, e.g. 5%. On the other hand, considerable variation is
found in elective mortality between studies and centers. For example, an enquiry in
district hospitals in the UK. revealed a mortality rate up to 16%. Variation in reported
surgical mortality may be explained by several factors™. Firstly, patient selection
influences reported figures, as some high risk patients will be operated on in some
centers but not in other centers. Patient selection may however not be sufficient to
explain differences in average mortality between centers. Another factor is that most
centers define surgical mortality as mortality within 30 days, while others also included
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in-hospital deaths after 30 days', which is preferred in our view. Finally, hospital volume
and experience of the surgeon have been found as important risk factors™”',

The large variation in average surgical risk has to be taken into account when making
predictions for individual patients'®. We assumed a center specific risk of 5% for a
population of patients with the characteristics as found in the meta-analysis. Higher or
lower average risks, if not explained by patient selection, can easily be accounted for in
the prognostic score chart.

Qur score chart enables the estimation of surgical risk for individual patients. This
risk estimate has to be viewed with some caution. First, the limited number of patients,
especially in the Leiden data, causes uncertainty in the estimates. Prospective validation
of the prediction rule is therefore necessary. Further, statistical modeling can never
completely substitute for definitive clinical judgment, which may involve specific patient
characteristics that were not considered in the model®. However, the score chart is
helpful in identifying high risk patients, who may be candidates for further diagnostic
work up, like coronary angiography, and subsequent therapy like CABG™. The risk
estimates can also be applied int decision making in situations where the risk of elective
surgery may exceed that of follow-up, e.g. in small aneurysms. According to one
model’, early surgery is preferred in male patients with aneurysms 40-49 mm in size
until the age of 93, assuming an age-independent surgical mortality of 4.6%. According
to our score chart, surgical risk may vary between 4.4.% and 75% for a 93-year-old
patient, assuming a center specific mortality of 5% and depending on the presence of
comorbidity. Obviously, this individualized surgical risk estimate may direct optimal
treatment of a particular 93-year-old patient (surgery or follow-up). Note that age-
thresholds for early surgery depend on the presence of comorbidity, because of a higher
perioperative mortality, but also because of a lower life-expectancy’.

In conclusion, our clinical prediction rule estimates surgical mortality based on the
combination of literature data and data collected in one institution using a multivariate
statistical model. This method may also be useful in other clinical fields where prediction
is at issue and patient series are published in the literature which are comparable to the
own series. The resulting score chart is expected to be easy to use in daily clinical
practice. Firstly, because the risk factors are all standard diagnostic examinations or
readily available patient characteristics, Secondly, because the individual patient scores
cant simply be added in a score chart and the corresponding risk estimate can be read
from a table, taking into account center specific surgical risk.

13 would fike to thant J DM, Feuth, Departntent of Swrgery, University Hospital Leiden, The Netherlands, for
assistance with data collection and Howke M. Klomp, Departowent of Sugery, University Hospital Rotterdawm, for
helpful comments
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Appendix 1

Surgical mortality in relation to the preoperative characteristics gender, renal function, pulmonary
function, history of MI, CHF and ECG: Ischemia. Published studics and Leiden data (De Mol Van
Otterloo) are shown, ordered according to study size.

Gender: Women Men

First author Dead N Dead N OR
De Mol Van Otterloo 9.5% 21 7.1% 225 [.4
AbuRahma 5.3% 76 1.2% 256 4.5
Bosman 2.4% 41 9.1% 320 25
MecCabe 3.7% 54 2.3% 310 1.7
Hannan 8.5% 778 7.4% 2792 1.2
Katz 10.6% 1469 6.8% 6716 1.6
Renal function: Impaired Unimpaired

First author Dead N Dead N OR
Morishita # 2.4% 42 2.9% 68 0.8
e Mol Van Otterloo ** 20% i5 6.7% 223 3.5
Bosman ** 25% 8 6.6% 319 4.7
McCabe * 6.7% 45 1.8% 319 3.7
Diehl #* 19% 31 4.6% 521 5.0
Johnston #** 9.9% 223 2.9% 350 3.7

# Creat > 2.0 mg/ml and clearance < 50 ml/min, or a PSP (15 min) < 25%; # Creat >2.0mg/dl; *
Creat > 1.8 ing/dt or BUN > 40 mg/d}; ** Creat 2 1.8 mg/dl (> 160 ymol/l); *** Creat > 1.25 mg/dl

Pulimonary function: Impaired Unimpaired

First author Pead N Dead N QR
Morishita # 8,3% 36 % 74 «
De Mol Van Otterloo ** 13% 47 6.0% 169 2.3
Diehl * 6.5% 77 2,7% 222 2.5
Bosman ** 11% 71 7.0% 287 1.7
Johnston #k 8.2% 184 3.2% 475 2.7

# BEV1 < 70% or VC < 80%; * FEV1 < 60%; ** COPD or emphysema or previous pubmonary surgery
flobectomy/pneumectomy) / dyspnoea; ¥** COPD or abnormal PO, PCO, or FEV1

History of MI: MI No MI

First author Dead N Dead N OR
Ficlding , 15% 26 7.1% 196 2.4
De Mol Van Otterloo 17% 58 4.3% 188 4.7

Johnston _ 8.1% 160 3.8% 506 23
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Congestive Heart Failure: CHF No CHF

First author Dead N Dead N OR.
De Mol Van Otterloo 16% 81 3.0% 165 6.1
Johnston 15% 54 3.9% 6i2 4.3
Electrocardiogram: Ischemia No Ischemia

First author Dead N Dead N OR
De Mol Van Otterloo 15% 85 3.1% [56 5.6
Johnston 13% 92 3.5% 574 4.2

Appendix 2

The adaption method calculates the adapted multivariate regression coefficients as
BMULTILIT = BUNIILIT + (BMULTIND - BUNIIND) ).
The variance of the adapted multivariate regression coefficients can be formulated as

var(BMULTILIT) = var{BUNIILIT) + var(BMULTIIND) + var(BUNIIIND}
+2ecovariance(BUNILIT, AMULTIIND) ~2ecovariance(BUNIILIT, BUNIIIND)
-2scovariance(BMULTIIND, BUNIIIND) {2).

Since the individual patient data set is a random sample from the literature, it may be assumed that a
positive correlation exists between BUNIIND and BUNIILIT. Moreover, it may be assumed that

covariance(BMULTIND,BUNILIT) < covariance(BUNHIND, BUNIILIT) 3.

Leaving out both covariances leads to a stight overestimation of the variance of the var(BMULTILIT),
since the Jarger term has a minus sign in (2).

The covariance(BMULTIIND, BUNIILIT) can be written as
P(BMULTIND, BUNIIND) « (SE(BUNIIND}SE(BMULTIIND)}.

‘This ieads to
var(BMULTILIT) = var{BUNIHLIT) + var{BMULTIIND) + var(BUNIIND}
~ 20 p(BMULTIIND, BUNIIND)*(SE(BUNIIIND}s SE(BMULTIIND))  (4).

Table Al shows the variances of the coefficients involved, which are all expressed as standacd
errors (SE). The p(BMIT, BUIL) was estimated from 500 bootstrap samples of the Leiden data set with
individual patient data and was large for alt prognostic factors. The SE(BMILIT) was calculated with
formula (4). The SE{BMILIT) is smaller than SE(BMHND?) for all prognostic factors.
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Table A1 Standard errors and correlation of prognostic factors.
Prognostic factor SE(BUILIT) SE(BMIND) SE(BUIND) p(Bmin,Bull) SE(BMILIT)
Age {per decade) .06 39 .38 91 A7
Female gender .08 .86 79 .81 51
History of Ml 27 57 50 .88 38
CHF 33 .59 .55 41 A1
ECG: lschemia 31 62 .55 .87 A3
Impaired renal function .25 77 70 85 43
Impalred pulmenary function .23 58 .53 .80 38
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10 Age thresholds for prophylactic
replacement of Bjork-Shiley
convexo-concave heart valves:
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Abstract

Background: Bjérk-Shiley convexo-concave heart valves have an increased risk of
mechanical failure. One might consider prophylactic re-replacement as a preventive
measure to avert the disastrous consequences of these failures. We investigated the effect
that prophylactic re-replacement has on survival of mdividual patients and on the
medical costs.

Metheds: Quantitative estimates for the surgical risks of prophylactic replacement of
Bjsrk-Shiley valves, long-term survival and the risk of cutlet strut fracture were as much
as possible derived from a detailed analysis of a follow-up study conducted in The
Netherlands, including 2303 patients with a mean follow-up of 6.6 years. On the basis
of these estimates, we calculated the life-expectancy with and without prophylactic
replacement. For the various valve types, age thresholds were determined, below which
re-replacement prolongs the (discounted quality-adjusted) life-expectancy. We also
calculated the cost per year of life gained as a function of age.

Results: The age thresholds below which prophylactic re-replacement increases life-
expectancy {expressed in simple future years of life) for male patients without
comorbidity, if the surgical mortality after re-replacement is equivalent to that of
primary replacement, are 27, 48, 51 and 65 years, for small and large 60° and for small
and large 70° mitral valves, respectively. For aortic valves these age thresholds lie
somewhat higher: 39, 52, 56 and 76 years, respectively. Reepeat analyses indicated that
for females all aga thresholds lie about one or two years higher. These age thresholds
decrease considerably if the surgical mortality after re-replacement is considered to be
higher after prophylactic re-replacement than after primary replacement, or if
comorbidity is present. The costs per discounted and quality-adjusted year of life gained
depend on type and position of the Bjérk-Shiley convexo-concave heart valve and rise
steeply as the patient's age approaches the threshold for re-replacement.
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Conclusions: The results of the Dutch follow-up study allow guidance for prophylactic
replacement of the Bjork-Shiley convexo-concave valve on an individual basis.
Re-replacement compares favorably with expectant management in some patient
subgroups with both 60° and 70° valves. Age thresholds may serve as a first step to
identify patients in whom re-replacement might be beneficial.

10.1 Introduction

The Bjérk-Shiley convexo-concave heart valve was withdrawn from the market in 1986
after repeated reports of mechanical failure. This type of heart valve had been developed
in the early 1970s by Shiley Inc. as an improvement on the spherical disc valve, About
86,000 patients had received the Bjork-Shiley convexo-concave (BScc) valve
worldwide: about 82,000 with an opening angle of 60° and about 4,000 with an
opening angle of 70°. By November, 1991, 466 outlet strut fractures had been reported
to Shiley, which has to be considered as an underestimate of the true incidence'.

IXecently, the results of a retrospective cohort study were reported that provided
detailed information on all patients in The Netherlands with a BScc valves’. It describes
the experience of 2588 BScc valves implantated in 2303 patients between 1979 and
1985, followed-up for a mean of 6.6 years. Information on vital status was obtained
from: municipality registers and information about the cause and mode of death was
obtained from the patient’s general practitioner or retrieved from clinical records. The
yearly risk of strut fracture appeared to be constant over time. It was demonstrated that
the risk was greater for larger valves (229 mm), for valves with an opening angle of 70°,
for valves implanted in the mitral position and for valves of younger patients.

Prophylactic replacement of BScc valves is generally not recommended™*®. It has
only been suggested for patients with early production 70° BSce valves with a diameter
> 29mm (group I valves), which are known to be especially vulnerable®. The findings
in the Dutch follow-up study however show that a high risk of strut fracture is not
limited to these early production series of the 70° valves.

In this study, we evaluate the effects of prophylactic re-replacement using prognostic
information obtained from the Dutch follow-up study. For each valve type, the age of
the patients is determined, below which re-replacement is beneficial. Further evaluation
included the cost-effectiveness of re-replacement as a function of the patient’s age.

10,2  Mathods

10.2.1 Structure

The structure of the problem is represented by the decision tree in Figure 1. The model
contains four health states {‘alive with a BScc valve’, ‘alive without a BScc valve’, ‘alive
with severe morbidity without a BSce valve’ and ‘death’). A Markowv process was applied
to calculate the patient’s life-expectancy®. In a Markov process the patient's prognosis
is represented as a sequence of particular states of health and the possible transitions
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among them during fixed time intervals (Markov cycle)’. The duration of the Markov
cycle in the present model is one year. The crux of this approach is that we estimate
after each subsequent year the probability that a patient is in one of the defined health
states; in other words, we construct hypothetical survival curves. These sarvival
estimates allow us now to calculate the expected lifetime a patient will spend in each of
the health states. The calculations were performed with the Decision Maker computer
software (New England Medical Center, 1988),

monality w
outlat strut
fraclare 1 permanent m”’bid““’{alivewim marbldity [

without BSce

NO RE-REPLACEMENT no comptications

alive without BSce

no fracture - -
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BSce valve
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y dead alive with BSce

,L:ermanenl morbldity [ative with morbldity ative without BSce
RE-REPLACEMENT without BSce

no comptications
]'alive without BSce

|-

Figure 1 Dacision iree for prophylactic replacement of a BSce valve. A representation of the four possibie
health states and the transitions among them is given on the right.

10.2.2 Probability estimates

The probability estimates required for this analysis were 1) the surgical mortality and
morbidity after prophylactic re-replacement, 2) the age-specific annual risk of death,
3) the annual risk of strut fracture and 4) the mortality and morbidity after strut fracture,
If possible, these probabilities were derived from the Dutch follow-up study, including
2303 patients with a mean duration of follow-up of 6.6 years®. We re-analyzed the data
from this study using logistic regression and Poisson regression to derive prognostic
models for the surgical mortality, age-specific risk of death and the risk of fracture,
Variable selection was performed with a forward stepwise procedure based on the
significance level of the partial likelihood ratio test (limit for significance to enter 0.10).
In the first place, we will estimate the efects of prophylactic re-replacement for patients
without comorbidity. Later we will also explore to some extent the effect of
comorbidity, such as a poor ventricular function.
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10.2.3  Susgical mortality and morbidity

Data about the risks associated with prophylactic replacement of artificial valves is
scarce®”. It has been emphasized that, when estimating the risks of prophylactic re-
replacement, one must not only take into account the increased hazard for death during
the early post-operative period (for example the first 30 days after surgery), but also the
increased hazard during the entire first postoperative year’. This opinion however is not
supported by the observation that mortality after re-replacement, for other reasons than
an increased risk of mechanicat failure, seems to decline rapidly to a constant level
already after two weeks', Therefore, we defined surgical mortality of re-replacement
as that occurring during the first 30 days after surgery. Furthermore, we assumed it to
be equivalent with the 30-day mortality after primary valve replacement.

Surgical mortality after re-replacement is then estimated with a logistic model
derived from the Dutch follow-up study. Surgical mortality for a 40-year-old patient
without any risk factor is 1.5% (odds 0.015). Age (OR 1.022, 95%CI 1.000 - 1.044, for
each additional year), a BScc in the mitral position (OR. 2.6, 95%CI 1.6 - 4.1},
concomitant bypass surgery during valve replacement {OR 1.5, 95%CI 1.0 - 2.5), acute
endocarditis (OR. 2.2, 95%CI 1.2 - 4.4}, a poor ventricular function {OR 2.9, 95%CI
1.5 -5.7) and valve replacement as emergency treatment (OR 6.3, 95%CI 2.6 - 15.5)
are incremental risk factors. In the Dutch cohort study the left ventricular function was
classified from the right oblique view of the left ventricular angiogram as good, reduced
or poor’,

For example, the surgical mortality of 2 50-year-old male patient with a large mitral
BScc valve without comorbidity can be estimated as 4.6%. (odds 0.015 x 1.022Y x 2.6).

Information on the risk of permanent morbidity after valve surgery is derived from
the results of a follow-up study on neurological complications of coronary bypass
surgery by Shaw and coworkers'!, In this study four of the 304 patients who survive
surgery were considered to have severe permanent newrological disability. Thus the risk
of permanent severe morbidity is estimated to be 1.3%.

10.2.4 Age-specific annual risk of death

In general, the life-expectancy of patients with mechanical valves is lower than that of
the general population'", To obtain age-specific mortality rates we carried out Poisson
regression for death after primary valve replacement. Patients with strut fractures were
considered as censored observations, Patients who did not survive the first year were left
out, because of the reported higher mortality during the first post-operative year
{compared with mortality during later years) after primary valve replicement (see also
above)®, The annual mortality rate for a female patient younger than 40 without any risk
factor is 0.0061 (annual risk of death is 1-exp(-0.0061)=0.6%), Age (hazard ratios for
patients between 40 and 49 1.26, 95%CI 0.66-2.44, between 50 and 59 2.16, 95%Cl
1.23 - 3.79, between 60 and 69 3.64, 95%CI 2.08 - 6.37 and between 70 and 79 7.32,
95%CI 3.94 - 13.60), concomitant bypass surgery (HR 1.45, 95%CI 1.14 - 1.84), a
BScc valve in the mitral position (HR 1.62, 95%CI 1,26 - 2.08) and male gender (HIX
1.29, 95%CI 1.00 - 1.67) are incremental risk factors. From this Poissonn model we
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approximated the age-specific annual risk of death for patients after valve replacement.
This approximation is based on the assumption that mortality after the operative period
depends on the attained age and the condition of the patient rather than on the time
elapsed since valve replacement. The age-specific hazard rates were assumed to be
constant for patients younger than 35, while those for patients older than 80 were
estimated on the basis of exponential extrapolation. The age-specific annual risks of
death are based on the condition of the patient at the time of primary valve replacement
and the present age. For example, the annual risk of death for a 20-year-old male patient
with a large mitral BSce valve without comorbidity is 1-exp(-0.0061x1.62x1.29)=1.3%,;
for a 65-year-old female patient with a small aortic BScc valve this risk is T-exp(-
0.0061x3.64)=2.2%.

Table 1 Poisson regression model of strut fracture of Bjork-Shiley convexo-concave heart valves.*

Risk factor Rate Ratio

Age at valve implantation (years)

40-50 0.42 (0.017-1.05)

> 50 0.30 (0.015-0.59)
Position of BSce valve

mitrat vs aortic 3.25(1.3-8.3)
Valve glze

z 29mm vs < 28mm 3.75(1.6-8.7)
Opening angle

70° vs 60° 5.82 (3.1-11)

* Values in parentheses are 95% confidence intervals

10.2.5 Annual visk of outlet strut fracture

The resuits of the Dutch follow-up study indicated that the annual risk of strut fracture
is constant over time and depends on valve characteristics and age at implantation. We
performed Poisson regression to estimate these effects on the annual risk of valve fracture
(see Table 1). The baseline risk of strut fracture was 0.09%/year (95%-CI: 0.03-
0.22%/year} for patients younger than 40 years with a 60° aortic valve < 29mm. Table
1 can be used to calculate the risks for patients of other ages with other types of valves.
For example, the annual risk of strut fracture for a 20-year-old male patient with a large
60° mitral valve, who was 12 at implantation, is 1 ~ exp(~0.0009+3.75¢3.25)=1.1%
{(95%-C1L: 0.6-2.1%); for a 65-year-old female patient with a small aortic 60° valve, who
was 57 at implantation, this risk is I-exp{-0.0009¢0.030)=0.03% (95% CI. 0.01-0.06%).
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Table 2 Observed and expectad 8-year probabitities of outlat strut fracture for the various Bjérk-Shiley
convexo-concave valve types.*

. 8-year %
Valve type Observed Expected
milral valves .
small 60°  (n=305) 0.0 (0.0-1.5) 0.9
large 80°  (n=677) 4.2 (2.7-6.5) 3.3
small 70°  (n=55) 7.2 (3.4-21) 5.8
large 70°  (n=93) 17.3  (9.1-32) 19.8
aortic valves
small60°  (n=1241}) 0.2 (0.0-0.8) 4.3
large 60°  {n=86) 0.0 (0.0-5.1) 1.5
small 70°  {n=115} 3.7 (t.2-11) 1.7
large 70°  (n=16) 8.3 (1.2-46) 8.1

*Values in parentheses are 95% confidence intervals

We present the observed 8-year risk of strut fracture in Table 2 together with the
predicted 8-year risk for the various valve types. The predicted probabilities were
calculated with the split-quarter method. This implies that the cohort was randomly split
into four groups of equal size and that 2 model was estimated on three of the four
groups (training set), The fourth group (test set) was then used to predict the annual
fracture risk. This was repeated four times so that all four groups served as a test set
once, The results of this cross-validation procedure indicate that the performance of this
prognostic model is adequate.

10.2.6 Mortality and morbidity after fracture
A patient sustaining an outlet strut fracture of a mechanical valve may die immediately
or after an attempted emergency valve replacement, The mortality after aortic strut
fracture is high: in the Dutch cohort study, 6 out of 7 reported patients died (86%).
Mortality after mitral strut fracture was lower: of the 35 reported patients 18 died (51%).
These mortality rates were adopted in the present analysis.

It is assumed that 50% of the survivors of an outlet strut fracture will have severe
permanent morbidity. This estimate is based on an evaluation of the functional status of
the Dutch patients who survived the outlet strut fracture.

10.2.7 Ontcones

We calculated life expectancy with and without replacement of the BScc valve. To
account for the fact that most patients are risk averse (in other words, they attach more
value to nearby life years than to life years in the distant future) we investigated the
effects of discounting future life years at 5% per year™ (this implies that the value of each
additional year decreases with 5%) and also the effects of adjusting for the quality of life
by weighing the time spent with severe permanent morbidity from valve surgery or
outlet strut fracture with a quality adjustment factor of 0.5 {each year for a patient with
severe morbidity is worth half a year in full health).



Replacement of Bfork-Shiley convexo-concave valpes 161

We represent the direct medical costs for re-replacement and expectant management
in 1990 Datch guilders ()™ (1 US Dollar was approximately 2 Dutch guilders). The
costs of prophylactic re-replacement are estimated to be f20,000.- (angiography,
surgery, 3 days intensive care and 10 days low care). The costs of an outlet strut fracture
amount to 15,000, for a patient who dies after admission to hospital (surgery and 5
days intensive care). Furthermore, it is assumed that 50% of the patients who die after
an outlet strut fracture die outside the hospital. The costs for patients who survive after
an outlet strut fracture are f45,000.- {surgery for valve replacement, 5 days intensive
care and 20 days low care followed by surgery for removal of the fractured strut, 1 day
intensive care and 12 days low care). Future costs were discounted to present value at
a 5% per year discount rate.

10.2.8 Simplifications
Our analysis was subject to the following simplifying assumptions: 1) the surgical
mortality of prophylactic re-replacement is equivalent to the 30-day mortality after
primary valve replacement; 2) survival of patients with an artificial valve is determined
by their attained age and clinical condition and not by the time elapsed since primary
valve replacement; 3) replacement of the BScc valves obviates the risk of strut fracture
without affecting long-term mortality and morbidity; 4) the annual risk of strut fracture
is constant over time; 5) mechanical heart valves have an infinite life span, except for the
risk of strut fracture in BScc valves.

We calculated the (discounted and quality-adjusted) life-expectancy of patients with
one BScc walve; the effects of prophylactic valve re-replacement in patients with more
than one artificial valve have not been dealt with.

10.3 Results

The effects of prophylactic re-replacement on the life-expectancy of patients with BScc
valves are first presented for a fictiticus 40-year-old male patient with a 29 mm 60°
mitral BSce valve and no comorbidity. According to the prognostic models presented
earlier we estimated for this patient the annual risk of strut fracture to be 1.1%, surgical
mortality 3.7% and the "basal life-expectancy”, that is the life-expectancy, if the strut
fracture risk is assumed to be zero, 25.0 years. The life-expectancy of this patient
increases from 23.1 to 24.1 years if prophylactic re-replacement is performed. So,
prophylactic re-replacement adds 1.0 years (or 4.3%) to the life-expectancy. Expressed
in terms of loss, prophylactic re-replacement gives rise to a 53% reduction of the loss in
life-expectancy that is attributable to outlet strut fracture (1.0 from 1.9 years),
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Figﬁrez Sensitivity analysis of the difference in life-oxpactancy with and without prophylaclic re-
replacement for a 40-year-cld mals patisnt with a 29mm 80° mifral BScc valve.

To investigate how semsitive these results are to variations in the quantitative
estimates, we varied each estimate one by one over wide ranges. In Figure 2 we show
the effects of these variations on the difference in life-expectancy. A positive difference
indicates that prophylactic re-replacement results in an extension of the life-expectancy.
‘This Figure demonstrates that all estimates have a substantial independent effect on this
difference. Re-replacement gives the higher lfe-expectancy in the 40-year-old patient,
taken as an example, if the surgical mortality after valve re-replacement is 7.7% or less,
if the basal life-expectancy is 10.3 years or more, if the annual risk of strut fracture is
0.50% or more, or if the mortality after strut fracture is 23,9% or more.
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Figure 3 Sensitivity analysis for variation in the yearly discount rate of future life-years and in the quality
adjustment factor for parmanent morbidity caused by prophylactic re-replacement or strut fracture.
Same patient as Figure 2,

In Figure 3 we present the effects of variations in the preferences for the length and
quality of life. The difference in discounted life-expectancy decreases to zero if the
discount rate of future years of life increases from 0% to 10%. If the quality adjustinent
factor decreases from one {morbidity is equivalent with full health) to zero (morbidity
is equivalent with death) the advantageous effect of re-replacement increases.

In Figure 4 the age thresholds for prophylactic replacement of BScc valves are shown
for patients without comorbidity. For each valve type we calculated age thresholds,
firstly using simple future years of life, secondly using discounted years of life and thirdly
using discounted and quality-adjusted years of life. To account for the statistical
uncertainty we indicated confidence intervals for these age thresholds using the upper
and lower limits of the 95% CI interval of the estimated strut fracture risk, Tt can be read
from the upper panel in Figure 4 that the life-expectancy (in simple future years of life)
for male patients with a small 60° mitral valve s higher with than without prophylactic
re-replacement if they are younger than 27 years. For male patients with a'60° Jarge
mitral BScc valve this age threshold is 48 years, The age thresholds are considerably
higher for valves with an opening angle of 70°: 51 and 65 years for small and large
mitral valves, respectively. The age-thresholds for aortic valves are somewhat higher
than for mitral valves. They are 39 and 52 years for small and large 60° aortic valves, and
56 and 76 years for small and large 70° BSce aortic valves, respectively. For ferale
patients all age thresholds lie one or two years higher (lower panel in Figure 4),
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The effect of discounting future years of life and adjusting for the quality of tife on
the age thresholds is relatively small for most valve types. Only for small 60° valves
efther in the mitral or aortic position, the age thresholds decrease considerably when
discounted future years of life are used.

The age thresholds presented so far are based on the assumption that the surgical
mortality for prophylactic re-replacement is the same as that following pritnary valve
replacement. In the upper panel of Figure 5 we present the age thresholds for male
patients without comorbidity, if 1% or 3% is added to the surgical mortality as well as
to the risk of permanent morbidity after prophylactic re-replacement. If 3% is added to
these surgical risks, prophylactic re-replacement always gives a lower life-expectancy for
male patients with small 60° mitral valves. With this increase of 3%, the age thresholds
(based on simple future years of life} decrease with approximately 5 years for the other
valve types in the mitral position. For smalt 60° aortic valves, the life-expectancy with
prophylactic replacement is always lower than with an expectant management. For the
other valve types in the aortic position, the effect of an increase in the surgical risks is
somewhat larger than for mitral valves: the age thresholds decrease with about 8 years
for large 60° and small 70° valves and with 16 years for large 70° valves.

The lower panel of Figure 5 demonstrates the effect of a poor left ventricular
function on the age thresholds for prophylactic re-replacement (a poor ventricular
function is an increasing risk factor for surgical mortality; Odds Ratio 2.9). The age
thresholds (based on simple future years of life) decrease with at least 13 years for the
mitral valves and with at least 8 years for the aortic valves,
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Figure 6 Costs per discounted and quality-adjusted life-year gained, according to age for male patients
with {arge 60° {dashed line), small 70° (dolted line) and large 70° (continuous line) BScc valves.
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Figure 6 shows the marginal cost-effectiveness of prophylactic re-replacement for
male patients without comorbidity as a function of age for the various valve types, The
costs per discounted and quality-adjusted life-year gained depend upon valve type and
position. Replacement of mitral BSce valves produce lower cost-effectiveness ratios than
replacement of aortic valves, indicating that re-replacement is more cost-effective. The
costs per discounted and quality-adjusted life-year gained rise steeply as the patient's age
approaches the threshold for re-replacement. Repeat analyses for females gave similar
results.

10.4 Discuassion

Until recently, prophylactic replacement of BSce valves was recommended only for
patients with large (> 29 mm) 70° BScc valves of an early production series (group I
70° BScc valves)’. Our study indicates that also patients with other BScc valve types
may benefit from prophylactic re-replacement, Prophylactic replacement of BScc valves
may increase the discounted and quality-adjusted life-expectancy in patients without
comorbidity with large 60° mitral and aortic BSce valves, if they are younger than about
45 and in patients with small 70° mitral and aortic valves, if they are younger than about
50. The age thresholds for prophylactic replacement are high for aortic BScc valves,
considering the relatively low strut fracture risk is taken into account. The explanation
for this result is the high mortality following aortic strut fracture on the one hand and
the relatively low surgical risks and high life-expectancy in patients with aortic valves
on the other. The slightly higher age thresholds that we established for female patients
can be explained by the higher basal life-expectancy of female patients. The cost-
effectiveness of prophylactic re-replacement depends strongly on age, valve type and
valve position. This is to be expected, because these factors determine the extent of the
survival advantage of valve replacement.

If the surgical risks after prophylactic re-replacement are thought to be higher than
after primary replacement however, the age thresholds, below which prophylactic re-
replacement prolongs the discounted and quality-adjusted survival, decrease considerably
for the large 60° and small 70° aortic valves and to a lesser extent for the large 60°
mitral BScc valve. Conceivably, the age thresholds for prophylactic replacement are also
significantly lower, if the presence of a comorbid factor, such as a poor left ventricular
function, is present. For patient with a large 70° BSce valve however with its high risk
of strut fracture the effect of comorbidity on the age thresholds is small,

Inn a recent study Bitkmeyer and coworkers reported the operative risk thresholds
below which replacement of a BScc valves increases life-expectancy expressed in simple
future years of life”’, The estimates of the fracture rate in this study were derived from
Dutch and Swedish follow-up stadies and from an international multi-institutional
follow-up study of patients with 70° BScc valve®™'®, The strut fracture risks they used
for the 70° mitral valve were on average about 40% lower than we used in our study
and their fracture risks for 60° aortic valves were more than twice as high as ours. Their
recommeéndations for re-replacement agree with ours to a large extent. The operative
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risk thresholds they present in their study however are, even for the 70° mitral valves,
rather high, For example, according to their study, replacement of larpe 70° mitral BScc
valves seems advantageous in patients up to 70 years of age {the operative risk thresholds
are 5.3% and 6.7% for male and female patients, respectively). For patients with small
70° mitral BScc valves re-replacement seems beneficial in patient up to 50 years of age
(operative risk thresholds are 5.0% and 5.9% for male and female patients, respectively).
Their results indicate that for large 707 aortic BSce valves replacement is advantageous
in patients of even older age (operative risk thresholds are 4.1% and 5.6% for 80-year-
old male and female patients, respectively). Furthermore, this study confirms our
conclusion that re-replacement of the large 60° mitral valves may be advantageous in
patients without comorbidity up to 45 years old. The high operative risk thresholds for
older patients in the study of Birkmeyer and coworkers can partly be explained by their
assumption that the strut fracture rates are age-independent, whereas the Dutch follow-
up study indicated a strong decrease of the strut fracture rates with age at implantation.

In our study we derived the quantitative estimates from a detailed multivariate
analysis of the Dutch follow-up study. This allowed us to develop prognostic models for
valve fracture as well as for surgical mortality and life-expectancy. Another reason for
not using the results of studies from different countries on the strut fracture rate are
indications that the fracture rate depends on batch-related manufacturing deficiencies
and that different countries have received different production series'". This implies
in our view that reconmendations on prophylactic re-replacement have to take into
account the batch-specific strut fracture risk estimates.

When interpreting the results of the present study one must also take into account
that 2 number of strut fractures have remained undetected™, thereby leading to an
underestimate of the risk of strut fracture as well as of the mortality of strut fracture.
Another element of uncertainty in this respect is the risk of strut fracture in the distant
future. Our estimations of the effect of re-replacement are based upon a constant
fracture risk over time, which is supported by the observations during the follow-up
period and also by the metallurgical investigations, which indicated fatigue at the
welding sites of the outlet strut as a possible cause of fracture™”, If however a distinct
rise or fall of the number of strut fractures is observed in the future, the indications for
replacement of the BScc valves have to be adjusted accordingly. It is shown in our study
that variations in the annual risk of strut fracture have a considerable effect on the
indication for prophylactic re-replacement (see Figure 2},

When considering prophylactic replacement of BScc heart valves, the patient and his
or her doctor have to balance the consequences of cardiac surgery against the possibility
that a struc fracture may occur at some moment in the future with its associated high
mortality. In general, most patients tend to be risk averse and consider current benefits
preferable to future benefits”. In other words, they consider life during the next few
months more important than during later years. We estimated therefore also the age
thresholds discounting future years of life. Next to this attitude towards the surgical risk,
a patient may wish the BScc valve to be replaced, because of the fear and anxiety evoked
by the possibility that the artificial valve may fail mechanically, This risk attitude is not
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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
valves™. We demonstrated for instance that the life-expectancy of a 40-year-old patient
with a BScc mitral valve without 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
normal activities of daily life during at least a few months.

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

This stndy sas supported in part by @ grand from the Nethelands’ Health Research Promotion Pregranime (SGQ).
The authors wish o thank M.A. Keopmanschap, Dept of Public Health, Erastus University Rotterdam, for his
contribution to the econowrie evaluation, and Professor J. Benbassat, Facwity of Health Scicnces, Ben Gurion
Ultversity, Beer Sheva, Tsrael, for his helpfill comments,
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heart valves: an easy-to-use tool for
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Abstract

Background: 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 fracture risk and reoperation mortality have recently been
subject to revisions.

Objective: This study aimed to develop an easy-to-use tool for decision making on
prophylactic replacement of Bjdrk Shiley convexo-concave heart valves.

Methods: A decision analysis model was used to calculate the loss of life-expectancy
caused by strut fracture 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 of fracture), This loss of LE
can directly be compared with the loss caused by surgical mortality. 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,

Conclusions: This decision support tool enables the direct estimation of the gain or loss
of life-expectancy by replacement of a Bjérk-Shiley convexo-concave heart valve, The
tool may be useful for evaluation of individual patients as well as groups of patients, and
allows for easy incorporation of revisions of fracture risk estimates.

Abbreviations: LE: life-expectancy; Bsce valve: Bidrk-Shiley convexo-concave valve
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11.1  Imtroduction

Bjérk Shiley convexo-concave (BScc) heart valves have a considerable risk of
mechanical failure"**!, Prophylactic replacement of a BScc valve may be considered to
avert this risk. We almed to develop a sitnple tool that quantifies the gain or loss of life-
expectancy by replacement of a BSce 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 from the market in 1986 after reports of
mechanical failure (outlet strut fracture). Fracture risk estimates were reported in several
studies”**, The largest of these is a follow-up study of 2588 BScc valves implanted in
2303 patients®. 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’
age at implantation. Recent revisions™ of the fracture risk estimates include production
characteristics such as weld date and ‘remilling’ status, thus distinguishing a large number
of subgroups of BScc valves. Also, the welder of the valve is considered a risk factor for
strut fracture’, and the most recent estimates for 60° valves incorporate this
characteristic®,

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 thresholds®
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 from recent
estimates, both for fracture risk and surgical risk of reoperation'. 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 of life-expectancy caused by replacement and the loss caused by strut fracture
were calculated with a previously published Markov model™!. It is assumed that the
replacing valve has the same hemodynamic characteristics as the BSce 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 far™*.

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 fracture. The loss of life-expectancy caused by replacement
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is by definition equal to the elective surgical mortality. 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 [ife-expectancy is low. We calculated the fracture 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). This 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 19/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 differences in
lite-expectancy were always very small {(<0.1 year),

11.2.2 Quantification

The presented estimates of basal life-expectancy and lethality of fracture were obtained
from a large follow-up study in the Netherlands®, Basal life-expectancy was dependent
on age, gender, position of the valve and concomitant bypass surgery. The lethality of
strut fracture was found to be 86% (6 died out of 7, 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 risk™ 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 'remilling' 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 reoperations in 1984 patients®. Twelve risk
factors were distinguished in a logistic regression function to estimate surgical mortality
of reoperation. Only age, weight, NYHA class and number of previous operations are
relevant for most BScc patients, assuming that the other risk factors are absent'®,

11,3 Results

Figure 1 forms the central element of the decision support tool. It shows the foss of life-
expectancy caused by fracture in relation to basal life-expectancy and lethal fracture risk,
This loss can directly be compared with the surgical mortality of elective replacement.
We illustrate the practical use of the tool with a fictitious 40-yesr-old male patient
without comorbidity, who is considered for elective replacement of a mitral BScc valve,
opening angle 60°, size 29mm”,
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Table t  Fracture risk estimates (%/year) for BSce valves according to position, opening angle and size.
Estimates for 60° valves were further subdivided by weld date and welder (group A/BIC, if
avaitable)®. Estimates for 70° valves were subdivided by remilling status®,

Aortic BSce valves

Opening angle

60° 70°

Valve weld date Remilling
Aortic <1/80 1/80- 1/81- 7/82- »3/84 remilled non-
valve size 12/80 6/82 3/84 remifled
<21mm .01 Ru| .01 .01 .01 A9 A9
23 mm .09 09 .09 .09 .01 .67 .29
25 mm .01 .01 .01 .01 .o 19 19
27 mm 09 .09 .09 .09 .01 87 .29
29 mm .03 11 A71.21457 03 o 1.33 72
31 mm .03 A1 171214567 .03 o1 1.33 72
33 mm .03 11 171.21/.57 03 o1 1.33 72

Mitral BScc valves

80° 70°

Valve weld date Remilling
Mitral <1/80 180- 1/81- 7/81- 7/82- »3/84 remilled non-
valve size 12/80 6/81 6/82 3/84 remilled
21mm .0t 0t .01 .0t .01 .01 19 19
23 mm .09 .08 .09 .09 .09 .01 67 29
25 mm .0t 01 o1 .01 .01 .M 19 19
27 mm .09 £8 .09 .09 .09 .0t B7 .29
28 mm 13 11 19/.35/1.05  .19/.35%1.05 .13 01 1.33 72

31 mm .18.71/88 1t 43,.87/1.39 43/.87/1.39 .18/71/88 .01 2,25 1.36
33 mm 46/1.36/2.82.11  1.28/1.36/2.82 1.28/1.36/2.82 .46/1.36/2.82 .01 2.26 1.36

*  Hypothetical patient (see text)

Basal life-expectancy can be read from Table 2. The fictitious 40-year-old male
mitral valve patient has a life-expectancy of 25.0 years. Next, we calculate the loss of
life-expectancy caused by replacement, i.e. 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. from Table 1*¢, The mitral valve of our
fictitious patient with an opening angle of 60°, size 29mm, if produced in December
1981 by a welder from group B, has an estimated fracture risk of 0.35%/year (Table 1).
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 life-expectancy® (life-expectancy without fracture risk) and surgical
mortality'® of BScc valve replacement,

Patient characteristics Basal fife-expectancy {years}
Age
Pasition, gender 30 40 &0 60 70 80 90
Aartic valve
Male 38.2 31.0 239 17.6 12.1 8.0 4.8
Female 418 34.3 26.9 20.1 14.1 9.4 58
Mitral valve .
Male 313 25.0° 18.8 13.4 8.8 5.7 3.4
Female 34.9 28.2 215 16.6 10.5 6.9 4.2
Patient characteristics ** Surgical mortality (%)
Age
Reop #, NYHA, weight 30 40 50 60 70 80 90
First reoperation
NYHA class 1, weight 60Kkg 0.8 t.1 1.4 1.8 25 3.6 5.5
1 80 kg 0.8 0.9* 1.2 1.5 2.2 34 4.8
2 60 kg 1.6 1.9 2.4 3.2 4.4 6.3 94
2 80 kg t.4 1.6 21 27 3.8 5.4 8.2
3 60 kg 28 33 4.2 55 7.5 10.6 15.5
3 80 kg 24 29 3.6 4.7 65 83 13.6
Second reoperation .
NYHA class 1, weight 60kg 1.3 1.5 1.9 2.5 34 5.0 7.5
1 80 kg 1.1 1.3 16 241 3.0 4.3 6.5
2 60 kg 2.2 2.6 3.3 4.3 6.0 85 12.6
2 80 kg 1.9 2.3 2.8 3.7 5.2 7.4 11.0
3 60 kg 3.9 46 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) '

** |t is assumed that other patient characleristics are: a stable hemodynamic state, single valve
replacement, no other comorblidity (chronic renal failure, tricuspid incompetence, endocarditis), no
concomitant procedures (repair of an ascending aortic ansurysm, resaction of a left ventricular
anourysm, coronary artery bypass grafting)™®.

culated by multiptying the fracture risk and the lethality of fracture: 0.35¢51%=0.18%
/vear, 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%/vear, 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
of life-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 smali: 0.68-
0.23=0.45 year.
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Figure 1 Loss of life-expectancy caused by fracture in refation 1o basal life-expectancy and lethal fracture
risk. Tho lethal fracture risk is calculated by mulliplying the fracture risk (e.g. from Table 1) and
the lethality of fracture (.51 for mitral valves and .86 for aoriic valves). The loss of life-expectancy
caused by fraclure may direcily ba compared wilh surgical moriality (e.g. from Table 2).
Hypothetical patient {sea text, )

Figure 1 can be used to evaluate one single patient at a time. To evaluate groups of
patients, we present formulas in the Appendix which can easily be implemented in a
compyter application. For example, we used a spreadsheet program to assess the
consequences of revisions of fracture 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 a2 more detailed and
individualized examination of those patients with a caleulated benefit of replacement,

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 model’ 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 risk®. 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 al." considered two hypothetical female patients of 38 and 67
years old, without comorbidity, 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 patient was
somewhat larger. Our decision tool confirms these findings qualitatively, but indicates
that the magnitude of the advantage of replacement in the 38 year old female patient
(assiiming N'YHA 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 this 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 making 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 2 systematic bias both in the reported fracture risks and the lethality of
fracture. Underreporting may especially be a problem in aortic BScc valves, as patients
suffering from strut fracture usually die within 2 hours®, without distinct symptoms of
mechanical [ailure, Secondly, the estimates of strut fracture risks are uncertain because
of the limited number of fractures available for multivariate statistical analysis. Estimates
of surgical mortality were taken from a large recently published series'®, 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 2°, e.g. because of the presence of risk factors not considered". Further, the
lethality of fracture may vary because of the patient’s age, clinical condition, and
feasibility and time to reach medical facilities for urgent surgery, The effect of these
uncertainties can directly be quantified by our tool.

This 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 basat
life-expectancy and surgical mortality 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 fracture risk, In patients
undergoing bypass surgery, surgical mortality 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 mitral, or both valves has to be weighed against the
cumulative fracture risk of the aortic, the mitral or both valves respectively.

Decision making in BScc valves is complex. The problem has been labelled ‘tough’™,
since the risks of strut fracture are relatively low, while a major heart reoperation is
required. In the future, the choice between prophylactic surgery and observation may
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be extended with the option to screen patients for defects in mitral BScc valves™.
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 making process. For example,
neurological deficits may remain after reoperation (on average 1.1% in a recent analysis,
correlating with estimated surgical risk'®). Such permanent morbidity may however
remain as well after strut fracture. Also, time-preference may play a role. Most patients
are risk averse and attach more value to nearby years than years in the distant future.
This implies that replacement, 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 in 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 life-expectancy with surgery or

observation we derived the following formulas. The formulas for basal life-expectancy

and for the fracture caused loss of life-expectancy use regremon analysis- techmques 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 software,
version 7.0, New England Medical Centre, 1988). Linear regression analysis was
subsequently used to estimate the basal life-expectancy for aortic and mitral valve
patients separately and as a function of age and gender (SPSS/PC+ statistical package,
verston 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 from the- paper
by Piehler et al'”, where also data ate presented to estimate the confidence limits
around the estimated surgical mortality,

+ The fracture caused loss of life-expectancy (see Figlll'e 1) was caicuiated 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 used to estimate the loss due to strut fracture as a function of
the combination of the lethal fracture risk and basal life-expectancy. The regression
model explained over 99% of the variance, indicating that the formula closely
describes the curves in Figure 1.

Using these formulas, the life- expectancms with surgery md with observatlon can be

calculated. A spreadsheet program is available from the authors (E-mail: steyerberg

@ckb.fgg.cur.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 = ™ / [1+e®™], where PI =
-6.444 + 5744 « NYHA + 5647 » Hdstate + .6427 ¢ AgeZyrs + 5270 « IangtKg
+ .8859 « Renal + 5088 « Double + .8647 « TVIncomp + 1.1512 « PVE + 3311
s OpenNumb + 1.4985 » AAA + 1.9928 » IVA + .6005 » CABG "
* % fracture caused loss of LE = o
.5134 » LEbasal # LethFrac + .1591 s LEbasal » Sqrt(Letthc) 9.59+107 ¢ LEbasal®
s LethFract + 5.69¢107 ¢ LEbasal® » Sqrt(LethFract)
* LEsurgery = LEbasal » (1 - Surgical mortality risk)
LEocbservation = LEbasal + {100 - % fracture caused loss of LE)/100
Advantage of surgery = LEsurgery - LEobservation

where Age is expressed in years; Age2yrs is [patient's age (years)/50]% Female is | if female, 0 if male;
NYHA is NYHA class in numerical terms (1 through 5); Hdstate is hemodynamic state {0=stable,
1=unstable, 4=cardiogenic shock); InvWgtKy 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 | in case of multiple valve disease, O if not;
TVIncomp 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, O if not; OpenNumb is number of
previous open heart opemtions (1 for first reoperation); AAA is | in case of repair of an ascending aortic
aneurysm, 0 if not; IVA is | in case ofresectlon of a left ventricular aneurysm, O if not; CABG is 1 in
case of coronary artery bypass grafting '; Mitral is 1 if mitral valve, 0 if aortic; poorlV is [ if left
ventricular function {as classified from the nght 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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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 medels as clinical prediction rules, topics for further research, and the impact
of prognostic models on clinical decision making.

12,1 Theoretical aspects of prognostic modeling

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 models in small 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 small 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 coeflicients. This overoptimism can be corrected with a shrinkage factor. In
chapter 3, a néw method is deseribed 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
coefticients are 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 model
specification (fulfillment of assumptions) and by the values of the regression coefficients.
Discriminative ability was shown to be 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
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the split-sample approach, cross-validation and the bootstrap re-sampling method. 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 thespecific
objectives of the prognostic model. Further, the development of a prognostic model is
a team effort, with input fiom both methodologists and clinicians. The merits of a
prognostic model should therefore not be judged by methodological standards alone.

12.2.1 Prognosis affer resection in testicular cancer

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 identify 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 random 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 importance of incomplete resection as a predictor of relapse"”.

12.2.2 Prediction of residual mass histology in testialar cancer
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 from teratoma. Alternatively, the histology might have been
analyzed as mature teratoma versus necrosis and cancer versus necrosis, for example with
poelytomous logistic regression.

Several advantages can be formulated for the chosen type of analysis. The distinction
of necrosis versus other tissue is clinically the most 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 directly interpretable.
Next, the presentation of a polytomous model for the histological probabilities would
have been more complex than the presentation of two models. Further, the variables
used to distinguish between the histologies need not be identical in both models, Three
predictors with a trivial association with the ratio of cancer versus mature teratoma
(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. This
disadvantage would have been overcome by a direct caleulation 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 some combinations
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 performed on the
published literature to explore the value of potential predictors of the histology at
resection. Since several 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% (section
6.3.3). For the model distinguishing cancer from teratoma, the standard p-value would
have led to inclusion of one predictor only {LDXH, 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 model
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 model,
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 maost
current policies. These findings were theoretically expected, since discriminative ability
of a prognostic model depends largely on the predictors included and less on the specific
regression coeflicients of the predictors (section 2.4.4).

12.2.3 Mortality of elective aortic anerysm stirgery
The third problem concerned the prediction of surgical mortality in elective abdominal
aortic aneurysm surgery. The method 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 individaal patient
data were used. A major challenge was the estimation of the constant or intercept in the
prognostic model, which involved calculations with likelihood ratios. For application
in clinical practice, it may as a standard be assumed that the center-specific surgical
mottality is 5%, In a highly specialized center, the risk may be lower, e.g. 3%, while a
non-specialized setting may 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 presumed 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 Replacement of mechanical heart valves

The fourth problem concerned decision makmg in patients with a Bjork-Shiley
convexo-concave heart valve, 2 mechanical valve with increased risk of failure. Three
prognostic models were developed: one for the risk of failure, a second for the survival
of patients with a mechanical valve, and a third for surgical mortality. 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 mode] 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 somewhat 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 information™. 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 estimates for
the decision analysis than previously used’.

Based on the essence of the decision analysis, we developed a graphical tool that
allows for an easyrincorporation of the new prognostic estimates (chapter 11). We also
used regression analysis to derive a meta-mode] of the decision analysis. This model 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 mass
histology; chapter 9, prediction of mortality from elective aneurysm surgery).
Methodological standards have been described before that can be used to evaluate these
prediction rules®. The results are shown schematically in Table 1.

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

Ansurysm

Retroperiloneal  Lungmass  operative
Methodologicat standard mass histology  histolegy mortality
Definition of outcome + + +
Definition of predictors + + +
Patient characteristics + + +
Study site described + + +
Accuragy, e.g. misclassification rate +H- +- -
Etfects on palien! care prospectively measured +- - -
Mathematical technigue described + + +

* 4+ standard was fulfilted; - standard was not yet evaluated; +/-: preliminary evaluated

"The first methodological standards relate to a clear definition of the outcome and the
predictors. All rules fulfilled these criteria. Further, the applicability of the prediction
rule may depend on the patient population used 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 from the participating centers. It was further proposed that the accuracy of
the prediction rule should be determined®. 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 aneurysim mortality, discriminative ability could not be reported
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for the final model. Next, it was stated that model performance should preferably be
determined in an independent data set®. This has not yet been performed 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 retroperitoneal mass 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  Purther research

Several methodological aspects of prognostic modeling require further study. Further
evaluation is required of the adaptation method to combine literature data and individual
patient data. Evaluation might be performed in alarge multi-institutional data set with
individual patient data available. Criteria for performance might include the estimates
of the coeflicients, and the discriminative ability. The technique was described here for
logistic regression analysis, but application might probably be easily extended to survival
analysis models 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 different 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 review’. 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 models®. First, the prevalence of the outcome may be different in
another setting, even after correction for the prognostic factors. This means that other
variables, which are not considered among the prognostic factors, are relevant. In the
prediction of surgery from elective aneurysm 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, normal values
for laboratory test results should match before the prognostic modet is applied.

Patient groups for external validation may retrospectively be identified from existing
databases, or from prospective research. In the case of testicular cancer, a validation study
for the retroperitoneal histology has been set up. This study will include recently
operated patients, who were not included in the previous analyses. Initial results are very
favorable. 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 Rotterdam Dijkzigt
hospital during recent years. Also, a randomised trial has started which may allow for
prospective validation.

12,5 Impact on clinical decision making

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 making process. It may not
be expected that decision making is based solely on the prognostic models. First, the
models may not include all relevant prognostic characteristics. For example, a very
infrequent condition may influence decision making strongly, while such a characteristic
may not be included in the prognostic model. Further, reliability of the model may 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 without
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 may influence short-term
decisions of a testicular cancer patient like plans for holidays, or long-term personal
decisions like marriage and procreation. A high probability of totally benign tissue after
chemotherapy may be sufficient for a testicular cancer patient to refiain 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 80-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-
corcave valve may feel reassured once told that the cumulative risk of mechanical failure
is very low and dees not warrant prophylactic surgery.

We might wonder whether the developed prognostic models have indeed supported
decision making by clinicians. Inn 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 Bjsrk-Shiley convexo-concave valves certainly did
have an impact on decision making at the Thoraxcenter Rotterdam, 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 updated surgical risk estiniates 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 models 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 promote more widespread application of these
prognostic models in clinical practice. We are also working on a decision analysis
concerning the question which small residual masses {< 20mm) should be resected and
which might safely be observed,

The prediction model 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 anatysis model
developed at the Leiden University Hospital’. This model will be used in the near future
to advise on the advantage of elective surgery in individual patients, and may thus
directly affect 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 seme cases directly. Further
proof of the validity may enhance more widespread use of prognostic models, which
will improve clinical care.
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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 several medical outcomes, like
mortality, complications, or complete recovery from disease,

Estimates or predictions of prognosis can be based on statistical models {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 performed on a data set where, for each patient, a number of potential
predictive characteristics (predictors) is registered in combination with the outcome of
the disease. A regression coefficient which quantifies the prognostic value can be
estimated for each predictor. Several theoretical aspects of this prognostic medeling
process are discussed in this thesis, as well as 2 number of clinical applications.

I Theory

Theoretical aspects of prognostic modeling are discussed in Chapier 2 of this 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 mode] tends to perform better on the data set which was wsed 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
overoptimism. The main problem is that the regression coeflicients of the selected
predictors are hiased to more extreme values, especially in refatively 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 results in the
data set ander study. For example, the predictors may be selected on the basis of a
systematic literature review (‘meta-analysis’). The second modeling phase may also
contribute to overoptimisim. Even when a fixed set of predictors is used in a regression
analysis, the coefficients are biased to more extreme values. This bias is however
neglectable in large data sets with a Hmited number of predictors. The third phase, the
evaluation of model performance, may show overoptimistic results with regard to the
discriminative ability and calibration of the model predictions. '

Several validation procedures, which aim to limit the biases in these three modeling
phases (selection, estimation, evaluation), are discussed. Re-sampling techniques like the
bootstrap procedure may bé helpful, especially to limit the overoptimism in phases two
and three, and are therefore advocated for routite 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 Chapter 3, a new methoed for progiostic 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 more comparable patient series in the Hterature. 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 from the data set under study
alone, since a larger number of patients is analyzed. The univariate regression coeflicients
from the literature are usually ignored for further modeling in the data set under study.
It was however shown that it is sensible to combine the regression results from the
literature with those from 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.

I 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 incressed risk of mechanical failure,

Residual sasses in testiclar cancer

The first application concerns patients with metastatic (non-seminomatous} testicular
cancer. After hemi-orchidectomy of the testicle with the primary tumeor, these patients
are usually treated with several courses of chemotherapy. After chemotherapy, remnants
of the metastases may stil 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 simple 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.

Chapters 5 fo 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 therapy 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 predictors 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 nunber 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
shown 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.

Elective aortic anenrysim siigery

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 more reliable predictive model than a model based on the 238 patients
only.

Replacement of mechanical heart valyes

The third deciston problem concerns patients with a mechanical heart valve with an
increased risk of failure (Bjork-Shiley convexo-concave valve). Acute failure may occur
by fracture of the strut supporting the disk in this valve. When considering replacement,
the clective 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 failure, a second for the survival of patients with
a mechanical valve, and a third for elective surgical mortality. The prognostic estimates
were used in combination in a decision analysis model 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 (Chaprer 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 'meta-
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
requite 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 prognestic models should be validated
on new patients, also from centers not involved in the model development phase.
Further proof of validity may contribute to a more widespread use of prognostic models
to support clinical decision making, resulting in improved clinical care.



Samenvatting

Het bepalen van de prognose van cen patiént bekleedt een centrale positie in de
klinische besliskunde, aangezien het doel van alle diagnostische of therapeutische
handelingen uiteindelijk is om de prognose van een ziekteproces in gunstige zin te
beinvloeden. De prognose kan betrekking hebben op geheel verschillende medische
vitkomsten, zoals korte- of lange-termijnsterfte, het optreden van complicaties, of
compleet herstel.

De prognose kan worden voorspeld met behulp van statistische modelien
{hoofdstuk 1). Deze modellen maken vaak gebruik van regressieanalyse om de uitkomst
van een ziekteproces te voorspellen op basis van een aantal patiéntkenmerken. Met deze
analyse worden in een dataset regressiecoéfficiénten bepaald die voor elk kenmerk de
progunostische waarde weergeven. Zo ontstaat een regressievergelijking, waarmee voor
nietwe patiénten een kwantitatieve prognose kan worden gegeven. In hoofdstuk 2 en 3
van dit proefschrift worden theoretische aspecten van dit modelleringsproces besproken.
Daarna volgen toepassingen van prognostische modellen bij drie klinische
beslissingsproblemen.

I Theorie

Enige theoretische aspecten van prognostische modellering worden besproken in
hoofdstuk 2, beginnend met de aannames die ten grondslag liggen aan regressieanalyse.
Deze aannames bevatien 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 ‘overoptimisme’, dat hier
gedefinieerd wordt als het verschijnsel dat een prognostisch model de neiging heeft beter
te voldoen in de dataset die werd gebruikt om het model te construeren dan in een
nieuwe dataset. Overoptimisme kan optreden in drie fasen van modellering: selectie,
schatting, en evaluatie.

De eerste fase bij modellering is het selecteren van variabelen om te gebruiken als
voorspeliers in het prognostische model. Het blijkt dat een veelgebruikte selectie-
methode, nl. stapsgewijze selectie, substantieel bijdraagt aan overoptimisme van een
prognastisch model. De regressiecoéfliciénten van de geselecteerde voorspellers worden
systematisch overschat, met name in relatief kleine datasets met een groot aantal
potentiéle voorspellers. Daarom worden alternatieve selectieprocedures besproken, die
als karakteristiek hebben te proberen de selectie van voorspeHers zo min mogelijk te
baseren op de resultaten in de bestudeerde dataset. De voorspellers kunnen bijvoorbeeld
worden geselecteerd op basis van een systematische literatuurstudie (‘meta-analyse’).
Overoptimisme kan ook ontstaan in fase twee: schatting van de regressiecogfticiénten.
Het blijkt dat overschatting van de coéfliciénten zelfs optreedt wanneer 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 evaluatic van het model overoptimisme optreden wanneer dezelfde dataset wordt
gebruikt als waarmee het model werd geschat,

Een aantal validatieprocedures wordt besproken, dat kan worden gebruikt om het
optreden van overoptimisme te voorkomen of te corrigeren. Herbemonsterings-
technieken zoals de ‘bootstrap’-methode kunnen hierbij nuttig zijn, met name om
overoptimisme in fase twee en drie te beperken. Deze technick verdient daarom
aanbeveling om als standaardmethode bij prognostische modellering toe te passen.

Tenstotte wordt een aantal suggesties gedaan voor de presentatie van prognostische
modellen, zoals het construeren van een scoretabel (toegepast in hoofdstuk & en ) of een
tabel met voorspelde kansen (toegepast in hoofdsiik 8). Deze presentatie kan de klinische
toepassing van een prognostisch model amnzienlijk vergemakkelijken.

In hoofilstuk 3 wordt een nieuwe methode pepresenteerd om de gegevens uit 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 patiénten, terwijl in de literatuur ook patiéntengroepen
beschreven zijn die vergelijkbaar zijn met de groep eigen patiénten. In de eigen dataset
kan een analyse worden uitgevoerd met steeds één voorspeller (univariate analyse), maar
ook met meerdere voorspellers tegelijk, waarbij rekening wordt gehouden met de
onderlinge afhankelijkheden tussen voorspellers (multivariate analyse). De literatuur-
gegevens kunnen meestal alleen gebruikt worden voor een univariate analyse. Met de
hier voorgestelde methode worden voorspellers geselecteerd ap basis van een formele
meta-analyse, uitgevoerd op de combinatie van literatuurgegevens en eigen gegevens,
Deze meta-analyse schat de univariate regressiecoéfficiénten voor elke voorspeller
betrouwbaarder dan mogelijk is in de eigen dataset, aangezien grotere pati€ntenaantallen
worden gebruikt. Multivariate coéfficiénten worden vervolgens geschat via een
cenvoudige transformatie van deze univariate codfficiénten, nl. door aanpassing met het
verschil tussen univariate naar multivariate coéfliciént zoals waargenomen in de cigen
dataset. De methode is alleen valide indien de literatuurgegevens vergelijkbaar zijn met
de eigen gegevens. Bovendien moet aan bepaalde statistische voorwaarden worden
voldaan, hetgeen te controleren is met herbemonsteringstechnieken, zoals de
‘bootstrap’-methode, In dat geval leidt de voorgestelde methode tot nauwkeuriger
schattingen van de multivariate regressiecoéfticiénten.

II Toepassingen

De klinische toepassingen in dit proefsichrift hebben betrekking op drie beslissings-
problemen; het opereren van restmassa’s bij de behandeling van patiénten met
testiscarcinoom, het electief opereren van pati#nten met een verwijding (aneurysma) van
de grote lichaamsslagader (aorta), en ten derde het vervangen van een risicodragende
mechanische hartklep.
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Restmassa’s bif testiscarcinoom

De eerste toepassing betreft patiénten met een gemetastaseerd (vitgezaaid)
testiscarcinoom, Bij deze patiénten wordt eerst de zaadbal met de primaire tumor
verwijderd, Vervolgens wordt de patignt behandeld met chemotherapiekuren, waarna
nog restmassa’s aanwezig kunnen zijn van de metastasen. Deze restmassas kunnen
effectief worden verwijderd met een chirurgische ingreep. In foofdsink 4 wordt de lange-
termijnprognose geanalyseerd na operatie van een restmassa, Het bleek dat de prognose
zeer goed was: 87% van de patiénten was na 5 jaar nog ziektevrij. De totale groep
pati®nten kon worden onderscheiden in een groep met een hoog en één met een laag
risico, op basis van twee kenmerken: hoogte van een tumormarker en volledigheid van
de operatie. Verder werden aanwijzingen gevonden dat patiénten met een onvoliedige
resectie baat hebben bij additionele chemotherapie na de operatie.

Hoofdstuk 5, 6, 7 en 8 hebben betrekking op het voorspellen van de histologie in de
restmassa. Drie celtypes kunnen worden onderscheiden: geheel goedaardig weefsel
{necrose en/of fibrose}, in potentie maligne weefsel (matuur teratocom), en tumorcellen
(meestal van hetzelfde type als de primaire tumor). Voor patiénten met alleen goedaardig
weefsel is een operatie onnodig: de patiént wordt nodeloos blootgesteld aan de risico’s
van de operatie (zickenhuissterfte, complicaties) en aan een extra ziekenhuisopname van
ongeveer één week, met een daaropvolgend herstelproces van enkele weken tot
maanden. Voor patiénten met (in potentie) maligne weefsel is opereren wel nodig,
aangezien de restmassa zou kunnen gaan groeien of aanleiding zou kunnen geven tot
nietwe metastasering. Aan pati€nten met twinorcellen in de restmassa wordt bovendien
additionele chemotherapie gegeven, hetgeen de prognose positief beinvioedt.

Huoofdstuk 5 geeft een systematisch overzicht van de literatuur met betrekking tot
voorspellende kenmerken voor de histologie van restmassa’s. Er werd een aantal sterke
voorspellers gevonden, met name om geheel poedaardig weefsel te onderscheiden van
(in potentie) kwaadaardig weefiel. Deze voorspellende kenmerken werden vervolgens
gebruikt in een aantal prognostische modellen, waarmee de kans op elk van de drie
celtypes kan worden geschat, Hoofdstuk 6 beschrijft modellen voor restmassa’s in de buik
en hoofdstuk 8 voor restmassa’s in de longen. Er werd (inter)nationaal samengewerkt met
een aantal ziekenhuizen om voldoende aantallen patiénten te verkrijgen voor de
complexe statistische analyses. Met de modellen kon vrij goed onderscheid worden
gemaakt tussen patignten met goedaardig en kwaadaardig weefiel. In foofdstuk 7 worden
de statistische modellen voor restmassa’s in de buik vergeleken met een aantal in de
huidige praktijk gehanteerde selectiestrategieén. Het bleek dat de statistische modellen
leidden tot een betere selectie van patiénten die voor operatie in aanmerking komen.
Dt betekent dat, indien gebruikt gemaakt zou zijn van het ontwikkelde model, er
enerzijds minder pati€nten met goedaardig weefsel ten onrechte zouden zijn geopereerd
en er anderzijds meer patiénten met kwaadaardig weefsel zouden zijn geopereerd.

Electieve aovtale anenrysmaoperatie

De tweede klinische toepassing betreft het risico op operatiesterfte bij een electieve
(geplande) operatie van een aneurysma van de abdominale aorta (hoofdstuk 9). Bij de
beslissing om te opereren of af te wachten moet dit risico worden afgewogen tegen het
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cumulatieve risico van barsten van het aneurysma met een zeer hoge acute sterfte, Voor
de operatiesterfte werd een prognostisch model ontwikkeld met de in hoofdstuk 3
beschreven methode. Er was een zeer groot aantal patiButen beschreven in de literatuur
(N=17000}, in tegenstelling tot een relatief klein aantal patignten (N=238) in de eigen
dataset met complete gegevens op individueel niveau. Deze twee informatiebronnen
werden gecombineerd om een zo betrouwbaar mogelijk model te verkrijgen voor het
schatten van de mortaliteit voor individuele patiénten,

Vervangen van mechanische hartkleppen

Het derde beslissingsprobleem betreft patiénten met een mechanische hartklep met een
risico op breuk (Bjérk-Shiley convexo-concave hartkleppen). Wanneer vervangen van
deze klep overwogen wordt, moeten de risicos van electief vervangen (m.an. de
operatiemortaliteit) worden afgewogen tegen het cumulatieve risico op breuk met de
bijbehorende hoge acute sterfte. Voor dit probleem werd cen beslissingsanalyse
uitgevoerd, waarvoor drie prognostische modellen werden ontwikkeld: één voor het
risico op breuk, een tweede voor de overleving van patiénten met een mechanische
hartklep, en een derde voor de electieve operatiesterfte. De resultaten van de
beslissingsanalyse werden gepresenteerd als leeftijdsdrempels (hoofdstuk 10}, Bij een
patiént met een leeftijd onder deze drempel leidt vervanging van de hartklep tot een
hogere levensverwachting dan een afwachtend beleid.

De prognostische schattingen zoals gebruikt in een beslissingsanalyse kunnen rter
discussie staan, met name indien nieuwe gegevens beschikbaar komen. Deze nicuwe
informatie moet bij voorkeur kunnen worden gebruikt in de beslissingsanalyse. Daarom
werd in froofdstuk 11 de afweging van dit beslissingsprobleem weergegeven op een
manier die het mogelijk maakt actuele, zo individueel mogelijke, prognostische
schattingen direct te incorporeren. Een grafische weergave werd ontwikkeld voor
toepassing op één patiént per keer. Bovendien werd een zgn. ‘meta-model’” ontwikkeld
door een regressicanalyse uit te voeren op de resultaten van het oorspronkelijke model.
Dit meta-model kan worden geautomatiseerd (bijvoorbeeld in een ‘spreadsheet’}, zodat
evaluatie van grotere aantallen patiénten op een efficiénte manier mogelijk is,

Conclusie

Dit proefschrift poogt bij te dragen aan kennis over prognostische modellering door een
aantal theoretische aspecten te bespreken en door de praktische bruikbaarheid van
prognostische modellen te illustreren aan de hand van concrete klinische beslissings-
problemen. De theoretische en praktische resultaten worden besproken in Hoofdstuk 12.
Verder theoretisch onderzoek is gewenst naar de voorgestelde methode om literatuur-
gegevens te combineren met individuele patifntgegevens, en naar alternatieve methoden
voor het selecteren van voorspellers in een prognostisch model. Verder praktisch
onderzoek is nodig naar de validiteit van de ontwikkelde prognostische modellen,
Empirische ondersteuning van de validiteit zal zeker bijdragen aan een breder gebruik
van prognostische modellen om klinische besluitvorming te ondersteunen, hetgeen zal
leiden tot betere klinische zorg,
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