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Introduction

Causal inference represents today one important trend of modern research in

statistical science. Causal inference is a general term to refer to statistical ap-

proaches that share the same underlying philosophy based on conterfactual. The

common aim of these techniques grounds on identifying assumptions needed to

estimate measures that quantify the strength of causal relations among vari-

ables.

Causal inference is an approach that has revealed to be successful in many ap-

plied research fields: economists, sociologists and psychologists are increasingly

using methods developed in this framework. These techniques have became very

popular also in the applied medical research field, for epidemiological and public

health studies.

Due to this connection between causal inference theory and medicine field, im-

portant epidemiological issues, such that of confounding, have been revised in

this new perspective. Often some of the results obtained through causal infer-

ence approach have revealed to be equal to ones obtained through traditional

statistic methods that have been used during the past decades. In other situa-

tions, the causal inference approach was able to show that the commonly used

measures did not have any causal meaning and other times these new methods

showed the assumptions under which traditional measures could have causal

interpretation.

Causal inference had the great merit of having formalized epidemiological con-

cepts that during the years had been developed with different notations in dif-

ferent research fields. In the same way as it was done for confounding, also issue
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Introduction 2

of moderation and mediation have been reread in this new approach.

In particular, causal inference has allowed a generalization of previous theoret-

ical results present in literature for mediation analysis. Mediation is an impor-

tant theme in sociological, psychological and medical research field and it arises

when we want to test if the effect of a treatment on a certain outcome goes

or not through pathways involving one or more other variables, called for this

reason mediators.

When dealing with mediation, most of the applied works were referring to the

influential paper of Baron and Kenny of 1986. However, the theory that the

authors developed is mainly focused on situations in which the outcome is linear

and in which there is no interaction between the treatment and the mediator

variable. An extension of this theory has been possible thanks to the formaliza-

tion through conterfactual notation of controlled and natural effects. Work of

authors like Pearl, Rubin and VanderWeele has allowed researchers to handle

situations in which treatment-mediator interaction is present or in which there

are dichotomous and survival outcomes.

The aim of this thesis is to use the recent development of this theory to answer a

relevant clinical question in the field of prostate cancer epidemiology. Prostate

cancer is one of the most common male cancer in USA and Europe and its

incidence has increased in all developed countries in the last decades. Prostate

cancer etiology has not been completely understood and the only well known

established factors are increasing age, ethnicity and heredity. These factors are

unmodifiable risk one, whose knowledge can help the physician to detect sub-

jects at higher risk and make earlier diagnoses through screening. However, it

would be important to identify modifiable life style factors that could be changed

in order to prevent prostate cancer onset.

A big debate has been going on in literature about the possible effect of physical

activity in preventing this tumor. Physical activity has indeed been found to

have positive effect on many cancers and there are plausible biological mecha-

nisms that could be involved also in prostate carcinogenesis.

It is well known that physical activity can affect hormonal metabolism. Physical
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activity decreases levels of serum testosterone and sex hormone binding globu-

lin, that in turn can affect the risk of prostate cancer development. However,

studies assessing the relationship of physical activity with prostate cancer risk

are inconclusive.

Similar pathways have been suggested also to explain a possible rule of waist-

to-hip ratio control in the tumor prevention. Abdominal adiposity affects levels

of testosterone and sex hormone binding globulin, increases levels of insulin and

leptin that, in turn, modifies hormonal metabolism. Results available in litera-

ture are however not consistent.

Our aim is to understand if physical activity effect on prostate cancer goes

through waist-to-hip ratio reduction. Consequently, the purposes of this in-

vestigation are to analyze the association of physical activity and waist-to-hip

ratio on prostate cancer and to analyze if waist-to-hip ratio can mediate the

effect of physical activity on prostate cancer incidence and mortality. Separated

analyses will be performed for total, low and high-risk prostate cancer. We will

study these associations among a cohort of 13.000 Swedish residents who were

followed up from 1997 to 2010.



Chapter 1

Causal Inference

1.1 The concept of cause

Before introducing causal inference, it is interesting to review the old ideas of

cause, a concept on which philosophers have been discussing for millennia. In

the Western philosophical tradition, Aristotle was one of the first who began a

discussion on this topic. In his theory on causation he listed four causes of a

thing in his physics: the material cause (that out of which the thing is made),

the formal cause (that into which the thing is made), the efficient cause (that

which makes the thing), and the final cause (that for which the thing is made).

His notion of efficient cause is the one that is close to the usual modern defini-

tion of cause. However, one of the biggest limitation of his theory was that he

defined cause without reference to any effect of the cause.

The concept of effect as a consequence of a cause was introduced only later, with

Locke in the 17th century. Locke introduced his own definitions on causality

and basic to his approach to the concept of causation was the idea of power. He

held the Aristotelian belief that causes are substantial powers put to work and

wrote “. . . power being the source from whence all action proceeds, the substances

wherein these powers are, when they exert this power into act, are called causes;

and the substances which thereupon are produced are called effects . . . ”.

A different approach to causation was proposed by Hume in the 18th century,

4



CHAPTER 1. CAUSAL INFERENCE 5

who introduced three basic criteria for causation: i) spatial/temporal contiguity,

ii) temporal succession, and iii) constant conjunction. Thus for Hume, in order

to show A causes B, it is necessary that i) A and B be contiguous in space

and time, ii) A precede B in time, and iii) A and B occur (or do not occur)

together.

Mill in the 19th century provided some ideas regarding how to discover causation

in practice. He described four methods: i) the method of concomitant variation:

if Y varies as A varies, A might be a cause of the change in Y ; ii) the method

of difference: the difference between Y when A happens and when B happens

indicates the cause; iii) the method of residuals: the effect of B on Y can be

observed by taking the difference between Y when A and B both happen and

that when only A happens; and iv) the method of agreement: if Y does not

change regardless of A or B happening, neither A nor B cause change in Y .

Reasoning on the concept of cause is still a topic in contemporary philosophy

and there has been an increasingly connection between philosophical and other

research fields. The concept of cause has interested not only philosophers but

also scientists whose aims is often that of identify relations among variable that

have a causal interpretation.

1.2 Rubin causal model

In the field of causal inference there are today two main competing approaches,

the counterfactual perspective and noncounterfactual perspective. One particu-

lar model based on the counterfactual perspective has been developed by Rubin

over the last 35 years [1] and today it is known as the potential outcomes frame-

work or the Rubin causal model.

This model has its roots in the philosophical work of Hume and it was developed

in the field of randomized experiment by Neyman [2] and Fisher [3] and only

successively it has been extended to observational context by Rubin [4].
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Potential outcome definition

Suppose the case in which there is a binary treatment variable A that for subject

i takes value equal to 1 if the individual receives the treatment and that takes

value equal to 0 otherwise. Let X represents a set of variables that take their

values before the treatment assignment or, more generally, that are not affected

by the received treatment. Let Y be the response variable, that is a variable of

scientific interest and suppose we are interested in how it is causally related to

variable A. For each individual i, it is possible to define Yi(0) and Yi(1) as the

values of response variable if subject receives respectively treatment 1 or 0.

In Rubin’s model only one of the two treatments can be applied, and only the

response to that treatment can be observed. Once treatment 1 is applied to

subject i, Yi(0) becomes a counterfactual since treatment 0 was not applied.

As a result, Yi(0) cannot be observed. Similarly, if treatment 0 is applied to

unit i, Yi(0) is observed and Yi(1) is the counterfactual. In other words, one of

the potential responses would become the actual response and the other would

become the counterfactual.

Most analyses, make the stable unit-treatment value assumption (SUTVA) [5],

meaning that the response of a subject i to treatment A is not affected by what

treatments other subjects receive. This means that if unit i receives the same

treatment a in two different assignments then, under SUTVA, Yi(a) would be

the same value regardless of how different are the treatment assignments for

other units. But it implies also that there are no hidden versions of treatments:

no matter how unit i received treatment 1, the outcome that would be observed

would be Yi(1) and similarly for treatment 0.

1.3 Causal effect

We say that the treatment A has a causal effect on outcome Y for subject i if

Yi(1) 6= Yi(0). The causal effect of treatment A on variable Y for subject i can

then be quantified by the following algebraic difference:
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τi = Yi(1)− Yi(0) (1.1)

Other types of expressions involving comparisons between two potential out-

come, such as the ratio between them, are meaningful measures of causal ef-

fects. Individual causal effects, however, cannot be estimated because of the so

called “Fundamental Problem of Causal Inference”. The fundamental problem

of causal inference states that it is not possible to observe both Yi(0) and Yi(1),

thus it is not possible to observe the treatment effect for subject i. In fact, for

subject i, only the counterfactual outcome that corresponds to the treatment

value that the subject actually was assigned becomes a factual. Each potential

outcome is observable, but we can never observe all of them. It is not possible

then to identify individual causal effects because of missing data.

Whereas it is not possible to estimate individual effects, it is possible to define

and estimate measures that quantify average causal effects. These measures are

not able to tell us anything about the effect of treatment A on subject i, but can

define and estimate average measures of causal effect on a defined population.

More in detail, we say that a treatment A has a causal effect on the outcome Y

on a certain population if the following statement hold:

E[Y0] 6= E[Y1] (1.2)

Measures involving comparisons between these two quantities can be then be

defined to quantify the causal effect on population level. Without any loss of

generality, we can assume, for example, Y to be a dichotomous variable and we

can define risk difference (RD), relative risk (RR) and odds ratio (OR) in the

following way:

RD = E[Y1]− E[Y0] (1.3)
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RR = E[Y1]− E[Y0] (1.4)

OR =
E[Y1]

1− E[Y1]
/

E[Y0]

1− E[Y0]
(1.5)

In literature, different estimation methods have been proposed. Very popular

are methods based on propensity scores [6]. A complete overview can be found

in D’Agostino [7].

The assignment mechanism

Let Ai indicate the assignment for unit i and define vector A as the vector

for all units assignments, that is A = (A1, . . . , Ai, . . . , AN )T . The assignment

mechanism gives the conditional probability of each vector of assignments given

the vector of covariates and vectors of potential outcomes:

Pr(A | X,Y (1), Y (0)) (1.6)

An example of an assignment mechanism is a completely randomized experiment

with N = 2n units. In this situation we have:

Pr(A | X,Y (1), Y (0)) =

{
1/CNn if

∑
Wi = n,

0 otherwise .

An “unconfounded assignment mechanism” is free of dependence on either Y (0)

or Y (1):

Pr(A | X,Y (1), Y (0)) = Pr(A | X) (1.7)

With an unconfounded assignment mechanism, at each set of values of Xi that



CHAPTER 1. CAUSAL INFERENCE 9

has a distinct probability of Ai = 1, there is effectively a randomized experiment.

That is, if Xi indicates sex, with males having probability 0.2 of receiving the

active treatment and females probability 0.5, then essentially one randomized

experiment has been done for males and another for females.

The assignment mechanism is “probabilistic” if each unit has a positive proba-

bility of receiving either treatment, that is:

0 < Pr(A | X,Y (1), Y (0)) < 1 (1.8)

A strongly ignorable treatment assignment is an assignment both unconfounded

and probabilistic.

The assignment mechanism is fundamental to causal inference because it tells

us how we got to see what we saw. Causal inference is basically a missing data

problem because at least half of the potential outcomes are not observed, and so

missing. Without understanding the process that creates missing data, we have

no hope of inferring anything about them. Without a model for how treatments

are assigned to individuals, formal causal inference, at least using probabilistic

statements, is impossible. This does not mean that we need to know the assign-

ment mechanism, but rather that without positing one, we cannot make any

statistical claims about causal effects, such as unbiasedness of estimates, confi-

dence coverage of intervals for effects, levels of tests of significance, or coverage

of Bayesian posterior intervals.

Randomization is an assignment mechanism that allows particularly straight-

forward estimation of causal effects. Therefore, simple randomized experiments

form the basis for inference for causal effects in more complicated situations,

such as when assignment probabilities depend on covariates or when there is non-

compliance with the assigned treatment. An unconfounded assignment mecha-
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nism, which essentially is a set of randomized experiments, forms the basis for

the analysis of an observational non randomized study by using the randomized

experiment as a template.

Estimating treatment effects

Relying only on a model for the assignment mechanism, we can make progress

on statistical inference for causal effects, even in observational studies, using, for

example, propensity scores [6] and all the related methods that were developed

after the explosion of recent literature on propensity scores in applied journals.

Propensity score methods were first introduced by Rosenbaum and Rubin [6].

Their success is due to the fact that there are many situations in which they

have been used to uncover answers similar to those in randomized experiments.

Propensity score methods have been used in all research fields, including the

economical, social and medical science ones.

A key idea with epidemiological data is to try to estimate the assignment mech-

anism assuming it is unconfounded. That is, try to estimate the “propensity

score”, the probability of being assigned the treatment as a function of all co-

variates (but not the potential outcomes, or their partially observed values).

Suppose to have a dichotomous treatment, then the propensity score e(X) is

then defined as:

e(X) = P (A = 1 | X) (1.9)

Having estimates of the propensity scores for all the subjects, it is possible to

form groups of treated or control units with approximately equal values of the

propensity scores. For example, one group could consist of all units with esti-

mated propensity scores between 0.2 and 0.3 (such a group will have relatively

more control than treated because the probability of being treated is less than
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0.5), but all units in that group will be estimated to be approximately equally

likely to be treated. Thus, in this group, assuming the assignment mechanism

was unconfounded given the observed covariates, a randomized experiment was

essentially done. An implication of this logic is that within a group of units

with nearly constant propensity score, the multivariate distribution of Xi will

be as in a randomized experiment, that is, approximately the same for treated

and control units. Thus, the following relation holds:

A ⊥ X | e(X) (1.10)

This proposition is very important practically because it is easily checked from

observed data on the covariates.

The problem of causal inference becomes that of finding the minimal set of

variables conditional on which the treatment assignment can be defined uncon-

founded.

1.4 Direct acyclic graphs

When reasoning on causal relations among a set of variables, some set of as-

sumptions need to be verified. Sometimes the assumptions of an analysis model

are clearly correct. However, most epidemiological research is plagued by un-

certainty about assumptions: in these cases it is important to recognize and

explicate fully the analysis model.

A serious drawback of common statistical models is that they embody many

parametric assumptions that are not known to be correct and may be incorrect.

Another drawback of common statistical models is that they cannot capture all

types of assumptions.

Causal diagrams are graphical models for causal relations that can serve a role

complementary to conventional models; such diagrams do not incorporate the

strong parametric assumptions of conventional models; instead, they display

assumptions about the web of causation that are not captured by conventional
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models.

For example, theoretical development on directed acyclic graphs (DAGs) has

been shown to be useful in the causal inference research field [8]. Their use

has indeed revealed fundamental to understand conditioning on which set of

covariates X a treatment assignment A can be defined unconfounded.

A DAG is a mathematical tool composed of nodes and directed edges between

nodes whose aim is to represent relations between interconnected objects. This

graph is directed because connections between two nodes are represented by

arrows, and acyclic, since following the arrows it is not possible to return to the

starting node.

Use of DAGs has become very popular in the epidemiological field to formalize

relations between observed and unobserved variables involved into a study. In

this situation, variables are represented by nodes.

Conditional independence

When dealing with DAGs, we define a path to be a route between two variables

passing through the arrows following or not their directions.

The ancestors of a variable V are all other variables which affects V either di-

rectly or indirectly.

The descendants of a variable V are all other variables affected by V , either

directly or indirectly.

If all paths between two variables are blocked by conditioning on a set of vari-

ables, then the two variables are said to be “conditionally independent” given

the set. On the contrary, if one open path exists, then the variables are condi-

tionally associated. To understand if two variables are independent given a set

of other variables, Pearl [9] developed the following algorithm: a path can be

blocked or open according to two very simple rules:

• a path is blocked if it contains a chain ← L → or a ← L → and we have

conditioned on the middle variable

• path is blocked if it contains an inverted fork → L ← and we have not
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conditioned on the middle variable or on any of its descendants (the middle

variable in an inverted fork is called collider)

In all the other cases, a path is open. Statistical associations among variables

can be determined either by blocked and unblocked paths.

To test assumptions of conditional independence Pearl [10] developed a graphical

criterion known as d-separation.

D-separation

A set S of nodes is said to block a path if either i) the path contains at least one

arrow-emitting node that is in S, or ii) the path contains at least one collision

node that is outside S and has no descendant in S. If S blocks all paths from

X to Y , it is said to d-separate X and Y and then, X and Y are independent

given S, that is X ⊥ Y | S.

Causal direct acyclic graph

When using DAGs for causal inference purposes, it is necessary to define the

concept of causal DAG. In a causal DAG directions of arrows have a precise

meaning since they give the direction of the possible causal relation from one

variable to another. Presence of arrows encodes assumptions: if an arrow from

L to A is absent then we believe that variable L does not affect variable A.

Thus we could say that causal assumptions are encoded not in the links but,

rather, in the missing links. An arrow indicates only the possibility of causal

connection, the strength of which remains to be determined from data.

When dealing with causal DAGs we assume that all common causes of pairs of

variables on the graph are themselves on the graph and in which we can assume

that any variable is a cause of its descendants. In doing that, causal DAGs

encode all the causal determinants of statistical associations.

DAGs thus help the researcher to distinguish between causal relationship among

variables and statistical associations that can arise, for example, when two vari-

ables share a common causes.
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Besides the concept of causal DAG, it is possible to define the concept of mini-

mal causal DAG. We say that a causal DAG is the minimal one if the graphical

representation involves only sufficient causes.

Minimal causal DAGs are strictly related to Rothmans sufficient-component

causes framework [11]. Within this framework, causation is conceptualized as a

series of different causal mechanisms, each sufficient to bring about the outcome.

These causal mechanisms are called by Rothman “sufficient causes”. Rothman

conceived of them as minimal sets of actions, events, or states of nature which

together initiated a process resulting in the outcome. For a particular outcome

there would likely be many different sufficient causes, that is, many different

causal mechanisms by which the outcome could come about. Each sufficient

cause involved various component causes. Whenever all components of a partic-

ular sufficient cause were present, the outcome would inevitably occur; within

every sufficient cause, each component would be necessary for that sufficient

cause to lead to the outcome.

It is sometimes an advantage to reduce a redundant set of sufficient causes to

a nonredundant set of minimal sufficient causes. This happens because if we

allow in the graph sufficient causes that are not minimally sufficient or redundant

sufficient causes or redundant minimal sufficient causes it is less straightforward

to highlight the conditional independence relations implied by the structure of

the causal directed acyclic graph.



Chapter 2

Mediation Analysis

2.1 The concept of mediation

Most of the research in the social, economical and medical fields focuses on

the relation between two variables. For example, we could be interested in the

causal effect of a treatment variable on an outcome. Let A be the treatment

variable and Y the outcome variable. The setting under study is diagrammed

in Figure 2.1.

This situation could be complicated by the presence of a third variable Z. Differ-

ent are the scenarios that could arise by introducing this new covariate. In this

paragraph we will present three important scenarios in which the third variable

under study leads to the situations of confounding, interaction and mediation.

Figure 2.1: DAG representing causal relationship between a treatment variable
A and outcome Y

15
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Figure 2.2: DAG representing causal relationship between a treatment variable
A and outcome Y , confounded by variable Z

Confounding

The first setting that we could imagine is the one in which variable Z affects both

variable X and variable Y : in this case, it would behave like a confounder and

not taking it into account when analyzing data would lead to biased estimates of

the causal relation between the treatment and the outcome. The setting would

be that shown in Figure 2.2.

Variable Z would act as a confounder since there is an open path from variable A

to variable Y . For this reason we must control for this variable when analyzing

data. In contrast with the classical definition of counfounder, we indeed refer to

Hernan [12] who writes: “One possibility would be to define a confounder as a

variable that, possibly in conjunction with other variables, can be used to ensure

all otherwise open backdoor paths between treatment and outcome are blocked”.

Moderation

The second scenario we could hypothesize is that in which Z acts as an moder-

ator, that is the relation between the treatment and the outcome changes as a

function of variable Z.

When dealing with moderator variables, the relation between the treatment and

the outcome can change not only for what concerns the strength of the relation

but also for what regards the direction.

The issue of moderation, also known as interaction, is a central one in both
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Figure 2.3: DAG representing causal relationship between a treatment variable
A and outcome Y , mediated by variable Z

social and epidemiological research and has been well developed in scientific lit-

erature. A landmark paper was published in 1986 by Baron and Kenny [13]: in

this article they analyzed possible possible scenarios in which moderation arises

and they considered specific analysis procedures for appropriately measuring

and testing hypotheses of moderation.

More in detail, they analyzed situation in which a) both the moderator and the

outcome are dichotomous b) the moderator is continuous and the outcome is

dichotomous c) the moderator is dichotomous and the outcome is continuous d)

both the moderator and the outcome are continuous. Possible settings in which

moderation arises are presented by Hernan [12].

Mediation

A third setting we could create is the one in which variable Z is on the causal

sequence between A and Y . In this case variable Z acts as a mediator.

The graphical representation is diagrammed in Figure 2.3. In this case we have

two paths going from treatment to outcome variable: the first one that is direct

and the second one that goes through a third variable M . For this reason the

latter is called the indirect, or mediated, path.

When the direct path is almost null, then we have evidence for a single and

strong mediator, otherwise multiple factors are probably acting as mediators.

Statistical methods to address mediation issue have become more popular after

the work of Judy and Kenny [14] and of Baron and Kenny [13]. Their work was
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in the psychological field but today mediation analysis plays a critical rule also

in social, economical and medical sciences since it helps understanding processes

that underlie the path between two variables. Thousands of hypothesis relating

to mediation issues are presented in literature and there is a growing demand

for methods that can address in an appropriate way complex questions.

Moderation and Mediation

In many situation, we could be interested in assessing if a mediation effect is

constant or changes depending on subgroups: for example, a certain variable Z

could mediate the relationship between an exposure A and an outcome Y only

for men but not women. We could also imagine that the intensity of a mediated

effect may depend on the value of a moderator Z in a linear way.

To test these hypotheses, researchers need appropriate statistical models. Even

if models assessing interaction have been always treated apart from models deal-

ing with mediation, this separation does not reflect real possible observational

situations, in which interaction and mediation can be found and combined to-

gether.

This issue has been well analyzed by Baron and Kenny [13] and between mod-

erated mediation and mediated moderation.

Moderated mediation

Moderated mediation is a term coined by James and Brett in 1984 [15]. The

moderator mediation setting is a simple scenario that deals with both mediation

and moderation issues. In this model, there is a mediation variable between the

treatment and the outcome variables, but the mediation intensity depends on

the values taken by a moderator variable. Thus, for subgroups of subjects we

have different mediation patterns.

Five different possible ways in which a mediated effect can be function of a

moderator variable have been proposed:

• the independent variable A functions as a moderator of the mediator-

outcome path
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• some fourth variable W1 affects the treatment-mediator path

• W affects the mediator-outcome path

• W affects the treatment-mediator path whereas another variable W2 af-

fects the mediator-outcome path

• W affects both the treatment-mediator and the mediator-outcome path

Mathematical details and graphical representations of the depicted scenarios

can be found in the work of Preacher [16].

Mediated moderation

Moderation may also involve a mediator variable [13, 15, 17]. In this case, the

interaction effect of the independent and moderator variables on the dependent

variable is transmitted through the mediator variable.

A prerequisite of mediated moderation is the occurrence of overall moderation

between the independent and dependent variables [13]. The effect of the inde-

pendent variable on the dependent variable must depend on the moderator vari-

able. There are at least three different types of mediated moderation: between

the independent and mediator variables, between the mediator and dependent

variables, or both [17].

Mediated moderation can be used to explain the causal relationship between

four variables. For instance, Scheufele [18] proposes that interpersonal discus-

sion of politics serves as a moderator in the relationship between hard news use

and political participation, and this moderation is further mediated by political

knowledge. For people with high levels of self-reported political discussion, hard

news use leads to increased political knowledge, which enhances political partic-

ipation. On the other hand, for people with low levels of self-reported political

discussion, hard news use has no significant influence on political knowledge or

participation.
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2.2 Continuous outcomes

The most famous approach to mediation analysis is the one developed by Baron

and Kenny [13] for continuous outcomes and it is based on linear structural

equation modeling. To present this approach to mediation, we first have to

define the following set of equation:

Y = α1 + cA+ ε1 (2.1)

Y = α2 + c′A+ bM + ε2 (2.2)

M = β + aA+ ε3 (2.3)

where Y is a continuous outcome variable, A is the treatment variable, M is

the mediator.

In Equation 2.1 the outcome variable is regressed on the treatment variable, in

Equation 2.2 the outcome variable is regressed on both the treatment and the

mediating variables and in Equation 2.3 the mediating variable is regressed on

the treatment variable. Equations can be also modified to account for nonlinear

effects and for interactions between the treatment and the mediator. To assess

the presence of mediation, Baron and Kenny developed a four steps approach.

After estimating the coefficient of the models proposed, it is necessary to find

a) a significant relation between the treatment and the outcome b) a significant

relation between the mediator and the outcome c) a significant relation between

the mediator and both the outcome and treatment variable. Moreover, the

relation between the treatment and the outcome has to be larger that the same

relation in the model containing also the mediator variable.

Difference and product method

To quantify the mediated effect, two different approaches are possible, the dif-

ference and the product method.

The difference method consists in estimating Equations 2.2 and 2.3 and calcu-

late the indirect effect as c − c′. The rationale behind this method is that we
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quantify the reduction of the relation between the treatment and the outcome

variable after introducing in the model the mediator variable. This method has

become very popular in the epidemiological field. The product method consists

in estimating Equations 2.2 and 2.3 and calculate the indirect effect as âb̂. The

reason for doing that is that mediation should depend on both how much the

exposure is able to influence the mediator as well on how much the mediator is

able to influence the outcome.

It has been shown that, when the outcome is continuous, âb̂ and ĉ− ĉ′ quantities

are equal if the mediation regression equations are estimated through ordinary

least squares regression and if the residual variance follows a normal distribution

[19]. This result is no longer true if we use logit or probit models or if we are in

the context of survival analysis.

Significance testing and confidence intervals

To compute the significance level, both the product or the difference quantities

can be divided by their standard error and the ratio is then compared to the

significance level of a standard normal distribution.

Many formulas have been proposed in literature for the standard error of the

mediated effect. When using the difference method standard error can be ob-

tained as:

σĉ−ĉ′ =
√
σ2
ĉ + σ2

ĉ′
− 2rσĉσĉ′ (2.4)

Most of the literature has focused on the standard error for the product quan-

tity. Assuming that the product follows a normal distribution, then the exact

standard error is the following one:

σâb̂ =
√
σ2
b̂
â2 + σ2

âb̂
2 + σ2

âσ
2
b̂

(2.5)

This formula was proposed by Arolan [20] but other authors found it through
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delta method and a second order Taylor series. When the term is sufficiently

small it can be omitted by formula and we obtain an asymptotic result that is

the same the Sobel [21] found through a first order delta method, that is:

σâb̂ =
√
σ2
âb̂

2 + σ2
b̂
â2 (2.6)

With the same consideration, we can build confidence intervals for the mediated

effect, that is:

CI1−α : âb̂± zα/2σâb̂ (2.7)

These procedures are very simple to apply but the problem associated with them

is that both hypothesis tests and confidence intervals are based on the assump-

tion that the distribution of the product is a standard normal. Many statistical

books have discussed the issue of the variance of the product of two independent

normal variables and it is known that the normal distribution for the product

is valid only in particular cases or if the sample is large enough, otherwise the

distribution will be kurtotic and positively skewed. For example, the product

of two standard normal variables has an excess kurtosis of six compared to the

kurtosis of a normal distribution. For this reason, methods based on normal

approximation are often inaccurate and it was shown that this results in not

inaccurate type I error rates and statistical power. If then accurate results are

needed other methods can be used. Among them one of the most popular is

bootstrapping or re-sampling. Bootstrapping requires to draw N units with

replacement from the original sample of size N . Thus the empirical distribution

obtained through sampling can be used to get asymmetric confidence intervals

that do not rely on the normality assumption.
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2.3 Non continuous outcomes

Under the assumptions before stated the results derived using difference and

product method coincide. As mentioned earlier, however, these results are no

more valid when using model that have dichotomous or time to event outcomes

variables.

Dichotomous outcomes

To present the approach to mediation analysis when dealing with dichotomous

outcomes, we present the example shown in Karlson and Anders [22]. Suppose

the outcome of interest is a dichotomous variable Y as, for example, passing

the admission university test. Let A be a continuous or categorical variable

measuring social origin and let Z be a measure of academic performance. In

order to perform mediation analysis, we can start thinking of variable Y as a

dichotomous version of a continuous latent variable Y ∗.

Y ∗ = α+ βA+ γM + υ (2.8)

where υ is a gaussian error with mean equal to 0 and variance equal to σ2
υ. In

the same way, suppose the following model for the mediator to hold:

M = µ+ θA+ ν (2.9)

where ν is a gaussian error with mean equal to 0 and variance equal to σ2
ν . We

cannot estimate parameters of model 2.8 since the outcome variable is latent.

However, we observe Y that is the result from the following process:

Y =

{
1 if Y ∗ > τ,
0 if otherwise .

(2.10)

Usually, τ is set equal to 0. Error υ can be rewritten as υ = σeω where ω is a
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logistic random variable with mean equal to 0 and variance equal to π2/3 and

σe is a scale parameter συ = σe(π/
√

3). The probability of Y in function of A

can be expressed as:

Pr(Y = 1) = Pr(Y ∗ > 0)

= Pr

(
u > −

[
α

σe
+

β

σe
A+

γ

σe
M

])
= F

(
α

σe
+

β

σe
A+

γ

σe
M

)

=
exp

(
α
σe

+ β
σe
A+ γ

σe
M
)

1 + exp
(
α
σe

+ β
σe
A+ γ

σe
M
)

(2.12)

where F (·) is the cumulative logit function. If we take the logarithm of the odds

then we get:

logit(Pr(Y = 1)) = a+ bA+ cM =
α

σe
+

β

σe
A+

γ

σe
M (2.13)

The parameters of the previous model are the same of the underlying linear

model except for the fact that they are divided by the residual deviation of

that model multiplied by a constant. Then, when using a logit model, we can

identify the underlying coefficients relative to a scale, function of the residual

standard deviation of the underlying linear model. Then, we have:

b =
β

σe
; c =

γ

σe

This fact, however, does not prevent us from decomposing a total effect in a

part due the mediator variable and to an other that is not attributable to it.
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All effects are measured on the same scale, making them directly comparable.

Following Karlson, we can decompose a total effect into a direct and indirect as

follows:

Direct : b =
β

σe
; c =

γ

σe

Indirect : c · θ =
γ

σe
=
θγ

σe

Total :
δ

σe
=

β

σe
+
θγ

σe
=
β + θγ

σe

Since these effects are expressed on the same scale, it is possible to compute

ratio that tell us about the relative magnitude of direct and indirect effects.

This can be done as follows:

Direct =
b

b+ c+ θ
=
β/σe
δ/σe

=
β

β + γθ

Indirect =
cθ

b+ cθ
=
γθ/σe
δ/σe

=
γθ

β + γθ

This method can be extended to control for confounding variable as shown in

Karlson [22].

Survival outcomes

For what regards survival outcomes, Tein and MacKinnon [23] proposed a simu-

lation study in which they examined if the same results present in literature for

a continuous outcome, apply also when the outcome is a time to event variable.

In this study the authors generated an independent treatment variable A and

a mediating variables according to model 2.2. Then they generated a time to

event variable T through the Weibull model:

log(Ti) = u+ c′Ai + βMi + σW (2.14)
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where the residual part σW is the product of an extreme value distribution W

and σ that is a scale parameter on which the shape of the hazard rate depends.

After generating data, the authors implemented both a log-survival time model:

log(Ti) = β0 + βi1X1 + . . .+ βikXk + σεi (2.15)

and a Cox proportional hazard model:

logλ(t) = logλ0(t) + β′i1X1 + . . .+ β′ikXk (2.16)

It has been shown that for Weibull model the relation β′j = βj/σ holds. When

using a log-survival time model, the mediation component is expressed in terms

of percent of increase (or decrease) of the expected survival time, while when

using Cox model the mediation component is expressed in terms of percent-

age change in hazard rate. Parameters of the log-survival time model were

estimated through maximum likelihood method while for Cox model maximum

partial likelihood was used. Data were generated without censoring, with no

ties of the events and with time invariant mediating variable.

Both the difference and the product method previously described for continu-

ous outcomes were applied for the log-survival time model and for log-hazard

model. Results show that, under the previous assumption, difference and prod-

uct method gave almost identical results when using log-survival time model.

Moreover, the estimated ĉ − ĉ′ and âb̂ are similar when simulation sample size

changes. However when using log-hazard model these two methods lead to dif-

ferent result and âb̂ quantity changed in absolute value and decreased when the

simulation sample size grew.

When analyzing confidence intervals and significance tests through the ratio

âb̂/σ̂ab results were almost comparable when using log-survival time model and

log-hazard model. Summarizing, the authors have proposed a scenario in which
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the theory that was developed by Baron and Kenny for continuous outcomes

cannot be applied in general to survival models and that further research is nec-

essary to understand mediation analysis when dealing with survival outcomes.



Chapter 3

Causal Mediation Analysis

3.1 Causal framework for mediation analysis

The concept of mediation is strictly related to the issues of causal inference.

When dealing with mediation we are indeed interested in understanding to which

extent the effect of a variable on an outcome is mediated by other variables, that

is we aim to quantify the causal effect of a variable on a intermediate one and,

in turn, the causal effect of the intermediate one on the outcome.

The aim of this chapter is to formalize mediation analysis in terms of potential

outcome framework and to understand which are the assumptions required for

the identification of causal mediation effects.

We present the approach based on the concepts of controlled and natural effects

proposed by Robins and Greenland [24] and we show the extent to which this

approach is related to the principal stratification framework proposed by Fran-

grakis and Rubin [25].

The conterfactual framework and notation can be extended to define causal me-

diation effects. Let M be a variable affected by A and that lies on the causal

pathway from A to Y . For example, as done by Imai et al. [26] in the JOBS II

study, we could be interested in studying if a job training program has an effect

on depression levels and in testing if this effect is mediated by the improved

self-confidence level of the worker in searching for a job or in completing the

28
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application request for the employment.

Let Mi be the observed level for subject i of job search efficacy: since this value

could be affected by the participation to the training program, we will have to

define two different potential values, that is Mi(1) and Mi(0). As in the classical

causal inference context, we will observe only one of the two potential valued,

the one corresponding to the real treatment received.

The concept of potential outcome has now to be redefined. In the classical causal

inference framework, potential outcomes are function only of the treatment, but

in the causal mediation analysis one potential outcomes depend not only on the

treatment variable but also on the mediator one. The notation Yi(a,m) then is

used for the potential outcome of subject i when jointly A = a and M = m.

Before proceeding we need the consistency and composition assumptions. Con-

sistency assumption states that potential outcomes Yi(a) and Mi(a) are re-

spectively equal to Yi and Mi observed on subject i where treatment A is

equal to a and mediator M is equal to m. Composition assumption states

that Yi(a) = Yi(a,M(a)).

As in Rosembaum and Rubin, moreover, we assume no between units interfer-

ence, that is we assume that the treatment status of a unit does not affect the

potential mediator values of an other one and that the mediator and treatment

values of a unit does not affect the potential outcomes of the others.

The terminology introduced so far allows us to present the two main approaches

at the problem of mediation that have been devolped in the causal inference

framework.

3.2 Controlled and natural effects

The terminology of controlled direct effect and natural direct and indirect ef-

fect was introduced by Pearl [27], building on concepts proposed by Robins and

Greenland [24].
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The controlled direct effect of treatment A on outcome Y is obtained setting

the mediator M to level m. Suppose that we are comparing treatment levels

A = a and A = a∗, then we say that there is a non-null controlled effect for

subject i if Yi(a,m) 6= Yi(a
∗,m) and we can quantify the controlled effect, for

example, as Yi(a,m)− Yi(a∗,m). The term “direct” refers to the fact that the

effect under study quantifies only the direct link between the treatment and the

outcome and it is not mediated by other covariates.

If we want to decompose an effect into direct and indirect components, then

controlled direct effects are not useful: indeed it is impossible to fix certain

variables values in order to measure the intensity of only the pathways that

circumvent the direct one between the treatment and the outcome. However, if

we are in the situation in which there is no interaction between variables A and

M then we can subtract from the total effect the controlled direct effect and

obtain a quantity that can be interpreted as an indirect effect [24].

For this reason, if we are interested in etiology studies, natural direct and in-

direct effects are more useful. We say that there is a non-null natural direct

effect for subject i if Yi(a,ma∗) 6= Yi(a
∗,ma∗). Natural direct effect can be then

been quantified, for example, as Yi(a,ma∗)−Yi(a∗,ma∗): the mediator variable

takes the value that it would have taken under reference treatment level a∗. A

non-null natural indirect effect exists for subject i if Yi(a,ma) 6= Yi(a,ma∗) and

it can be quantified, for example, as Yi(a,ma)− Yi(a,ma∗) and it measures the

effect of the mediator on the outcome, when treatment variable A takes value

equal to a.

Natural direct and indirect effect always sum up to a total effect, also when

interactions or non-linearities are present. Thus, if we suppose to have both

a dichotomous treatment and mediator variables A and M , than the following

expression always holds:
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Y (1)− Y (0) = Y (1,m1)− Y (0,m0)

= (Y (1,m0)− Y (0,m0)) + (Y (1,m1)− Y (1,m0)) (3.1)

This decomposition, however, is not the only possible one: in fact, we could

have also decomposed the total effect into a direct and indirect ones as follows:

Y (1)− Y (0) = Y (1,m1)− Y (0,m0)

= (Y (1,m1)− Y (0,m1)) + (Y (0,m1)− Y (0,m0)) (3.2)

Robins and Greenland [24] call the direct effect of the first decomposition “pure”

and the direct effect of the second decomposition “indirect”. In the same way,

they refer to the indirect effects of these two decomposition respectively as

“total” and “pure”. These two ways of decomposing the total effect differ in

the way in which they account for the interaction component. The total direct

or indirect effect in fact incorporates also the interaction part. It is possible to

choose a third decomposition in which the part due to interaction between the

treatment and the exposure represents a part on its own. The decomposition is

the following:

Y (1)− Y (0) = Y (1,m1)− Y (0,m0)

= (Y (1,m0)− Y (0,m0)) + (Y (0,m1)− Y (0,m0))+

(Y (1, 1)− Y (1, 0)− Y (0, 1) + Y (0, 0))(M(1)−M(0)) (3.3)

The third term of the decomposition is called mediated interactive effect and it

is equal to zero if the mediator has no effect on the outcome, that is:

M(1)−M(0) 6= 0 (3.4)
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or if there is no interaction between the treatment and the mediator variables,

that is:

Y (1, 1)− Y (0, 0) 6= [(Y (1, 0)− Y (0, 0)) + (Y (0, 1)− Y (0, 0))] (3.5)

Due to the fundamental problem of causal inference, it is impossible to estimate

individual controlled and natural effects. However, under certain assumptions,

we can estimate average effects. For example, we can identify an average con-

trolled effect as:

E[Y (a,m)− Y (a∗,m)] =
∑
c

{E[Y | a,m, c]− E[Y | a∗,m, c]}P (c) (3.6)

In the same way, we can define average natural direct effect as:

E[Y (a,Ma∗)−Y (a∗,Ma∗)] =
∑
c

∑
m

{E[Y | a,m, c]− E[Y | a∗,m, c]}P (m | a∗,m, c)P (c)

(3.7)

and average natural indirect effects as:

E[Y (a,Ma)−Y (a,Ma∗)] =
∑
c

∑
m

E[Y | a,m, c] {P (m | a, c)− P (m | a∗, c)}P (c)

(3.8)

Assumptions

To estimate average controlled and natural effects, assumptions are needed,

regardless of the measures chosen to quantify them.

The first assumption is that of no-unmeasured confounders for the relationship
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between the exposure and the outcome and it is the same assumption we do

in the general causal inference framework. Using mediation and conterfactual

notation, we can formalize it in the following way:

Y (a,m) ⊥ A | C (3.9)

and it holds for every c and for every m. This assumptions is not sufficient to

identify controlled effects: in this case, we should be sure that we have measured

all the confounders for the mediator-outcome relationship. This assumption had

been previously stressed by Jude and Kenny [14], but subsequent literature on

mediation has omitted this issue. It is then necessary that the set of C variables

contains all the covariates that confound the relationship between the mediator

and the outcome. This assumption can be expressed as:

Y (a,m) ⊥M | A,C (3.10)

and it holds for every a and for every m. There are some contexts in which it

is possible to identify mediator-outcome confounders that are affected by the

exposure. Let L be the set of these variables. Thus, equation 3.10 modifies to:

Y (a,m) ⊥M | A,C,L (3.11)

These first two assumptions are sufficient for the estimation of controlled effects

but for the identification of natural effects other two more assumptions are

needed. First, we have to assume that all the exposure-mediator confounders

have been measured that is:

M(a) ⊥ A | C (3.12)

for all a levels. The conditions so far shown are no-unmeasured-confounding as-
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sumptions. Thus, by collecting data on many variables, it is possible to hypoth-

esize that they hold. To estimate natural direct and indirect effects, however,

an additional assumption is required. In fact, it is necessary to assume that:

Y (a,m) ⊥M(a∗) | C (3.13)

for all a, a∗ and for all m levels. This assumption is more difficult to understand

but Pearl [27] showed that if condition holds and if it will generally be satisfied.

Moreover, this forth assumption can be omitted if assumptions 3.9 and 3.10 hold

and if we assume that the effect of modifying the exposure level when fixing M

to m value does not depend on m itself.

3.3 An illustration: odds ratio decomposition

An example of direct and indirect effect decomposition with a dichotomous out-

come has been proposed by VanderWeele [28]. Suppose to have a dichotomous

treatment variable A and let odds ratio (OR) be the measure that we choose

to quantify the causal relationship with a treatment variable A. Then the total

effect (TE), conditional on a vector of variables C = c, can be defined as:

ORTE =
P (Y (a) = 1 | c)/P (Y (a) = 1 | c)
P (Y (a∗) = 1 | c)/P (Y (a∗) = 1 | c)

(3.14)

This measure compares the odds of outcome Y = 1 when treatment is equal,

respectively, to a and a∗. First, we can define a conditioned controlled direct

effect (CDE) fixing variable M to a specific value m:

ORCDE(m) =
P (Y (a,m) = 1 | c)/P (Y (a,m) = 1 | c)
P (Y (a∗,m) = 1 | c)/P (Y (a∗,m) = 1 | c)

(3.15)

To decompose the total causal effect in direct and indirect components, we have

to use concepts of natural direct and indirect effect. In the same way done by



CHAPTER 3. CAUSAL MEDIATION ANALYSIS 35

Pearl [27] for risk difference measure, we can decompose the total causal OR

into direct and indirect ORs. If there is not any significant interaction between

treatment variable A and outcome Y then the controlled direct effect will be

equal to the natural direct effect (NDE), otherwise they will be different for

every fixed m.

The natural direct effect on the ratio scale can be defined as:

ORNDE =
P (Y (a,Ma∗) = 1 | c)/(1− P (Y (a,Ma∗) = 1 | c))
P (Y (a∗,Ma∗) = 1 | c)/(1− P (Y (a∗,Ma∗) = 1 | c)

(3.16)

In a similar way we can defined the natural indirect effect (NIE) on the odds

ratio scale as:

ORNIE =
P (Y (a,Ma) = 1 | c)/(1− P (Y (a,Ma) = 1 | c))
P (Y (a,Ma∗) = 1 | c)/(1− P (Y (a,Ma∗) = 1 | c)

(3.17)

It can be shown that on the odds ratio scale, a multiplicative decomposition

holds, that means that on the log odds ratio scale we have:

log(ORTE) = log(ORNDE) + log(ORNIE) (3.18)

and this allows us to define a proportion of the mediated effect (PM) as:

PM =
log(ORNDE)

log(ORTE)

If the assumptions stated in the previous paragraph hold, then we can estimate

natural direct and indirect ORs. Suppose that the following model for the

outcome holds:

logit(P (Y = 1 | a,m, c)) = θ0 + θ1a+ θ2m+ θ3am+ θ
′

4c (3.19)
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and the following model for the mediator holds:

E[M | a, c] = β0 + β1a+ β
′

2c (3.20)

where the error is supposed to be with mean equal to 0 and variance equal to

σ2. Then natural direct and indirect log ORs can be estimated as:

log(ORNIE) ≈ (θ2β1 + θ3β1a)(a− a∗) (3.21)

log(ORNDE) ≈
{
θ1 + θ3(β0 + β1a

∗ + β
′

2c+ θ2σ
2)
}

(a−a∗) + 0.5θ23σ
2(a2−a∗2)

(3.22)

where ≈ holds for rare events and where σ2 is the variance of the gaussian error

term in model 3.20. The proof can be found in Vanderweele [28].

After point estimation, it is possible to estimate confidence interval for the con-

trolled, direct and indirect effects [28]. Suppose to have estimated parameters of

models 3.20 and 3.19 and suppose that the estimates have covariances matrices:

Σβ =

 σβ00 σβ01 σβ02
σβ10 σβ11 σβ12
σβ20 σβ21 σβ22

 (3.23)

Σθ =


σθ00 σθ01 σθ02 σθ03 σθ04
σθ10 σθ11 σθ12 σθ13 σθ14
σθ20 σθ21 σθ22 σθ23 σθ24
σθ30 σθ31 σθ32 σθ33 σθ34
σθ40 σθ41 σθ42 σθ43 σθ44

 (3.24)

Σσ2 = (σσ
2

11 ) (3.25)
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then it is possible to use Delta Method and compute standard errors of the log

of the controlled direct effect and of the natural indirect and direct effects as:

√
ΓΣΓ′ | a− a∗ | (3.26)

where for the log of the controlled direct, natural indirect and natural direct

effects, it holds, respectively:

Γ ≡ (0, 0, 0′, 0, 1, 0,m, 0′, 0)

Γ ≡ (0, θ2 + θ3a, 0
′, 0, 0, β1, β1a, 0

′, 0)

Γ ≡ (θ3, θ3a
∗, θ3c, 0, 1, θ3σ

2, β0+β1a
∗+β′2c+θ2σ

2+θ3σ
2(a+a∗), 0′, θ3θ2+0.5θ23(a+a∗))

and where Σ is defined as:

Σ =

 Σβ 0 0
0 Σθ 0
0 0 Σσ2



After computing standard errors for the log of the effect, it is straightforward

to compute the confidence interval for the effect, by exponentiating the upper

and lower extremes obtained for the log scale measures. It is worth noting that

standard errors can be computed also through other methods, like bootstrap-

ping. In the same way we can proceed for estimating confidence interval for the

mediated proportion.



Chapter 4

Causal Mediation Analysis
With Survival Data

4.1 Total, direct and indirect effect

In the causal medation framework, decomposition with survival outcomes has

been formalized. However, only few papers are available in the survival analysis

literature, mainly from Lange [29] and VanderWeele [30]. In this Chapter we

will present their approach.

Let A be a treatment, T a time-to-event outcome, M a mediator, and C a set of

variable. We denote with Ta the counterfactual event time if A had taken value

a and with Tam the counterfactual event time if A had taken value a and M had

taken value m. As we previously did, we can define the following conterfactual

TaMa∗ , which denotes the event time when the exposure is set to a, but the me-

diator is set to the value it would have had if the exposure had been set to a∗.

Again, we state composition assumption, that is TaMa=Ta. For a time-to-event

variable V , we denote with SV (t) = P (V ≥ t) the survival function at time

t. Likewise, we define the the survival function conditional on covariates C as

SV (t|c)=P (V ≥ t|c). We use λV (t) and λV (t|c) for the hazard and conditional

hazard at time t.

When dealing with survival data, different decomposition of a total effect into
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direct and indirect effects are possible, in relation to the adopted scale. For

example, it is possible to show that on the hazard scale, total effect can be

decomposed in natural direct and indirect effects in the following way:

λTa
(t)− λTa∗ (t) = [λTaMa

(t)− λTaMa∗
(t)] +

[λTaMa∗
(t)− λTa∗Ma∗

(t)] (4.1)

where, the first expression is the indirect effect and the second the direct effect

on the hazard scale. Moreover we could have chosen a three-way decomposi-

tion to highlight pure direct effect, pure indirect effect and the component due

to the interaction between the treatment and the mediator. In this case, the

decomposition would have been:

λTa(t) − λTa∗ (t) = [λTaMa∗
(t)− λTa∗Ma∗

(t)] +

[λTa∗Ma
(t)− λTa∗Ma∗

(t)] +

[λTaMa
(t)− λTaMa∗

(t)]−

[λTa∗Ma
(t)− λTa∗Ma∗

(t)] (4.2)

In the same way, we could consider decomposition on the difference scale in

terms of survival functions or in terms of mean survival times, as follows:

STa(t)− ST∗a (t) = [STaMa
(t)− STaMa∗

(t)] +

[STaMa∗ (t)−STa∗Ma∗
(t)] (4.3)

E(Ta)− E(Ta∗) = [E(TaMa)− E(TaMa∗ )] +

[E(TaMa∗ )− E(Ta∗Ma∗ )] (4.4)
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In certain contexts, decomposition on the log-hazard scale can be useful. In this

case we have:

log
{
λTaMa

(t)
}
− log

{
λTa∗Ma∗

(t)
}

= [log
{
λTaMa

(t)
}
− log

{
λTaMa∗

(t)
}

]+

[log
{
λTaMa∗

(t)
}
− log

{
λTa∗Ma∗

(t)
}

]

(4.5)

which can also be expressed as:

λTaMa
(t)/λTa∗Ma∗

(t) = λTaMa
(t)/λTaMa∗

(t)×

λTaMa∗
(t)/λTa∗Ma∗

(t) (4.6)

The advantage of decompositions on difference scale is that it make possible to

compute a mediation proportion by taking a ratio of the natural indirect effect

to the total effect. Of course, measures of the proportion mediated may vary

across scales. Moreover, the decomposition into direct and indirect effects may

be analytically tractable on certain scales but not on others, depending on the

survival model chosen.

Before proceeding and identifying direct and indirect effects we have to state

the same assumptions of non-survival context. We then have to assume i) no

unmeasured confounding of the exposure-outcome relation ii) no unmeasured

confounding of the mediator-outcome relation iii) no unmeasured confounding

of the exposure-mediator relation iv) no variable that is affected by A and that

affects both M and T . This assumption then ensures that the exposure affects

the outcome through two different pathways.

4.2 Aalen additive hazard model

The Aalen additive hazard model is a flexible semiparametric model for survival

data. Contrary to the widely used Cox model, Aalen models the rate as a func-
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tion of exposure A, mediator M and other baseline variables C in the following

way:

λ(t) = λ0(t) + λ1(t)a+ λ2(t)c+ λ3(t)m (4.7)

where λj are time-dependent coefficient functions. Moreover, we assume the

mediator M to be normal and to be related to exposure A and covariates C

through the following classic linear regression model:

M = α0 + α1a+ λ2c+ e (4.8)

where e is a gaussian error with mean equal to 0 and variance equal to σ2.

The indirect effect is the number of deaths that can be attributed to mediation

through the mediator, whereas the direct effect is the number of deaths that

can be attributed to a direct path (or to other mediators not included in the

analysis). The total effect is the number of deaths caused by changing the ex-

posure and it is equal to the sum of the direct and indirect effects.

If the assumptions (i)−(iv) hold, it can be shown that direct and indirect effects

can be expressed in the following way:

λTaMa
(t)− λTaMa∗

(t) = λ1(t)(a− a∗) (4.9)

λTaMa∗
(t)− λTa∗Ma∗

(t) = λ3(t)α1(a− a∗) (4.10)

When exposure and mediator are supposed not to be time-dependent then equa-

tions can be substituted by:

λTaMa
(t)− λTaMa∗

(t) = λ1(a− a∗) (4.11)

λTaMa∗
(t)− λTa∗Ma∗

(t) = λ3α1(a− a∗) (4.12)
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It possible to get estimates of direct and indirect effects and of the mediation

proportion replacing λ1, λ3 and α1 in equations by their estimates λ̂1, λ̂3 and α̂1.

Under regular assumptions the random variables generated by these estimates

are asymptotically normally distributed with the following covariance matrix:

Ω =

 ω11 ω12 0
ω21 ω22 0
0 0 ω33

 (4.13)

All elements of the covariance matrix are available from standard software.

Direct effect is then asymptotically normal and also the indirect effect, being the

product of two uncorrelated normal random variables. It follows that also total

effect is normally distributed. Confidence interval for direct effect is immedi-

ately available, while for the indirect and total effect and for the mediation ratio

confidence intervals can be obtained using delta method or through simulations.

The limitations of this method is that we have assumed a normal distributed

mediator and we have made the assumption of no exposure-mediator interaction.

4.3 Cox proportional hazard model

Decomposition in natural indirect and direct effects is still possible when using

well known Cox proportional hazard model: in this case, additive decomposition

can not be done on the hazard scale but on the log-hazard one. When using

Cox survival model, decomposition can account also for interaction between the

exposure and the mediator variables. However, this decomposition is valid only

if the studied outcome is rare, that is if λT (t | 0, 0, 0) is small.

Thus, if we consider Cox survival model:

λT (t | a,m, c) = λT (t | 0, 0, 0)eγ1a+γ2m+γ3am+γ
′
4c (4.14)

and if we suppose the following linear regression model for the mediator to hold:
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M = β0 + β1a+ β
′

2c+ ε (4.15)

where the error ε is supposed to be follow a normal distribution with mean equal

to 0 and variance equal to σ2, then we can decompose total effect into direct

and indirect effects on the log-hazard scale as follows:

log
{
λTaMa

(t | c)
}
− log

{
λTaMa∗

(t | c)
}

= (γ2β1 + γ3β1a)(a− a∗) (4.16)

log
{
λTaMa∗

(t | c)
}
− log

{
λTa∗Ma∗

(t | c)
}

=
{

(γ1 + γ3(β0 + β1a
∗ + β′2c)γ2σ

2)
}

(a− a∗) + 0.5γ23σ
2(a2 − a∗2)

(4.17)

This means that the ratio between and the sum of and represents a measure of

the proportion of the effect of the exposure mediated by the intermediate on

the log-hazard scale. Again, we need simulations to get confidence intervals for

the indirect and total effects and for the mediation proportion.

Decomposition without interactions

If there is not exposure-mediator interaction and the outcome is rare, it can

be shown that estimates of direct and indirect effects are equal to the effects

we would have estimated through difference or product method, whose results

coincide in this particular context. This means that if we estimate the following

model:

λT (t | a,m, c) = λT (t | 0, 0, 0)eγ1a+γ2m+γ
′
4c (4.18)

and then we estimate the same model, omitting the mediator variable M :

λT (t | a, c) = λT (t | 0, 0)eθ1a+θ
′
4c (4.19)
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then the indirect effect can be computed as θ1 − γ1 = γ2β1 and this holds for

rare outcome. The proof of this can be found in Vanderweele [30].

4.4 Accelerated time failure model

Suppose to have the following accelerated time failure model, where the expo-

sure, the mediator and an interaction between them are present:

log(T ) = θ0 + θ1a+ θ2m+ θ3am+ θ′4c+ νε (4.20)

and to have the following model for the mediator:

M = β0 + β1a+ β
′

2c+ ε (4.21)

where ε is supposed to be normally distributed with mean equal to 0 and variance

equal to σ2 then the natural direct and indirect effect, conditional on C = c,

log {E(TaMa
)(t | c)} − log {E(TaMa∗ )(t | c)} = (θ2β1 + θ3β1a)(a− a∗) (4.22)

log {E(TaMa∗ )(t | c)} − log {E(Ta∗Ma∗ )(t | c)} =
{

(θ1 + θ3(β0 + β1a
∗ + β′2c)θ2σ

2)
}

(a− a∗) + 0.5θ23σ
2(a2 − a∗2)

(4.23)

Decomposition without interaction

Suppose the following model assuming no interaction between the exposure and

the mediator can be used:

log(T ) = θ0 + θ1a+ θ2m+ θ′4c+ νε (4.24)
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and suppose also that the same model holds when there is no mediator variable,

that is:

log(T ) = θ0 + θ1a+ θ2M + θ′4c+ κε (4.25)

then product and difference methods gave same results. In fact, it is true that:

E[log(T )|a, c] = θ0 + θ1a+ θ′4c+ κE[ε] (4.26)

Moreover:

E[log(T )|a, c] =E[E[log(T )|a,M, c]]

=θ0 + θ1a+ θ2E[M |a, c] + θ′4c+ νE[ε]

=θ0 + θ1a+ θ2 {β0 + β1a+ β′2c}+ θ′4c+ ν + E[ε]

= {θ0 + θ2β0}+ {θ1 + θ2β1} a+ {θ′4 + θβ′2} c+ ν + E[ε] (4.27)

since this relation holds for every a, then we have θ1 = {θ1 + θ2β1} and then

θ1 − γ1 = γ2β1.



Chapter 5

Prostate Cancer

5.1 Epidemiology

Prostate cancer is one of the most common solid tumor in Europe and its in-

cidence rate is 214 cases per 10.000 men every year. Prostate cancer affects

more often elderly men then it has become a serious health concern in devel-

oped countries. Data show that 15% of male cancers are prostate cancer in

developed countries compared with 4% of male cancers in developing countries.

There are large regional differences in incidence rates of prostate cancer with a

range from 68.8 in Malta to 182 in Belgium [31].

The factors that increase the risk of developing prostate cancer are not well

known, although three well-known risk factors have been identified that is in-

creasing age, ethnicity, and heredity.

If one first-line relative has the disease, the risk is doubled. If two or more

first-line relatives are affected, the risk increases 5 to 11 fold [32]. About 9% of

individuals with prostate cancer have true hereditary prostate cancer, defined as

three or more relatives affected or at least two who have developed the disease

before the age of 55 years.

Prostate cancer screening

There is currently no evidence for introducing widespread population-based

screening programs for early prostate cancer detection. To evaluate the efficacy
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of prostate cancer screening, two large randomized trials have been published:

the Prostate, Lung, Colorectal, and Ovary (PLCO) trial in the United States

and the European Randomized Study of Screening for Prostate Cancer (ER-

SPC) in Europe [33, 34].

The PLCO cancer screening trial assigned 76.693 men to receive either annual

screening with prostate-specific antigen (PSA) and digital rectal examination

(DRE) or standard care as the control. The follow-up was 7 years long and the

incidence of prostate cancer per 10.000 person-years was 116 in the screening

group and 95 in the control group. The incidence of death per 10.000 person-

years was 2.0 in the screened group and 1.7 in the control group. The PLCO

project team concluded that prostate cancer related mortality in screening de-

tected individuals was not significantly different between the two study groups.

The ERSPC trial included a total of 162.243 men between 55 and 69 years of

age. The men were randomly assigned to a group offered a screening or to an

unscreened control group. During a median follow-up of 9 years, the cumulative

incidence of prostate cancer was 8.2% in the screened group and 4.8% in the

control group. This resulted in an absolute risk difference of 0.71 deaths per

1.000 men. This means that 1.410 men would need to be screened and 48 addi-

tional cases of prostate cancer would need to be treated to prevent 1 death from

prostate cancer. The ERSPC investigators concluded that PSA based screening

reduced the rate of death from prostate cancer by 20% but was associated with

a high risk of over-treatment.

Both trials have received considerable attention and comments. In the PLCO

trial, the rate of compliance in the screening arm was 85% for PSA testing and

86% for DRE. However, the rate of contamination in the control arm was as

high as 40% in the first year and increased to 52% in the sixth year for PSA

testing and ranged from 41% to 46% for DRE. Furthermore, biopsy compliance

was only 4052% versus 86% in the ERSPC. Thus the PLCO trial will probably

never be able to answer whether or not screening can influence prostate cancer

mortality.



CHAPTER 5. PROSTATE CANCER 48

In a recent retrospective analysis of prostate cancer incidence, prostate cancer

metastasis and cause of death were evaluated for a group of 11.970 men who were

included in the intervention arm of the ERSCP trial and a control population

of 133.287 unscreened men during an 8 years observation period [31]. The

relative risk of prostate cancer metastasis in the screened population compared

with the control population was 0.47 (p-value < 0.001). The RR of prostate

cancer-specific mortality was also significantly lower in the screening arm. The

absolute mortality reduction was 1.8 deaths per 1.000 men. Based on these

data, the real benefit of the ESRPC trial will only be evident after 1015 years of

follow-up, especially because the 41% reduction of metastasis in the screening

arm will have an impact. Furthermore, time is needed to assess the economic

burden and the side effects resulting from more intensive screening. Based on

the results of these two large randomized trials, most if not all of the major

urologic societies have concluded that at present widespread mass screening for

prostate cancer is not appropriate. Rather, early detection should be offered to

the well-informed man. Two key questions remain open and empirical: a) at

what age should early detection start? b) what is the interval for PSA and DRE?

The decision to undergo early PSA testing should be a shared decision between

the patient and his physician based on information balancing its advantages

and disadvantages. A baseline PSA determination at 40 years of age has been

suggested on which the subsequent screening interval may then be based. A

screening interval of 8 years might be enough in men with initial PSA levels 1

ng/ml. Further PSA testing is not necessary in men with age >75 years and

a baseline PSA 3 ng/ml because of their very low risk of dying from prostate

cancer [35].

Diagnosis of prostate cancer

The main diagnostic tools to diagnose prostate cancer include DRE, serum con-

centration of PSA, and transrectal ultrasound guided biopsies. In about 18 % of

all patients, prostate cancer is detected by a suspect DRE alone, irrespective of

the PSA level. A suspect DRE in patients with a PSA level of up to 2 ng/ml has
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a positive predictive value of 530% [36]. A threshold level of PSA that indicates

the highest risk of prostate cancer needs to be defined.

Method comparisons between the traditionally calibrated Hybritech PSA and

free PSA (fPSA) assays and the new “standardised” World Health Organisation

calibrated Access assays yielded results that are approximately 25% lower for

PSA and fPSA. A PSA cut-off of 3 or 3.1 mg/l should be considered for WHO-

calibrated assays to achieve the same sensitivity/ specificity profile as with a

cut-off of 4 mg/l in traditionally calibrated assays.

TRUS or a transperineal laterally directed 18-gauge core biopsy has become the

standard way to obtain material for histopathologic examination. The need for

prostate biopsies should be determined on the basis of the PSA level and/or

a suspicious DRE. The patients biologic age, potential comorbidities, and the

therapeutic consequences should also be considered. The first elevated PSA

level should not prompt an immediate biopsy, but it should be verified after a

few weeks by the same assay under standardized conditions except for high PSA

values >20 ng/ml once prostatitis has been excluded.

The Gleason score is recommended for grading prostate cancer. According to

current international convention, the Gleason score of cancers detected in a

prostate biopsy consists of the Gleason grade of the most extensive carcinoma

component plus the highest grade, regardless of its extent (no 5% rule). In

radical prostatectomy specimens, both the primary and the secondary Gleason

grade should be reported. The presence of the tertiary grade and its approxi-

mate proportion of the cancer volume should also be reported.

Staging of prostate cancer

The TNM classification is used to stage prostate cancer. It describes the extent

of the primary tumor (T stage), the absence or presence of spread to nearby

lymph nodes (N stage) and the absence or presence of distant spread, or metas-

tasis (M stage). The clinical stage is determined from information that is avail-

able without surgery. The pathologic stage is based on the surgical removal and

histological examination of the entire prostate gland, the seminal vesicles and
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surrounding structures and, if relevant, pelvic lymph nodes. The management

of prostate cancer will depend on the TNM stage of the disease as well as both

biochemical information, like PSA, and pathological information, like Gleason

score, which have prognostic value. The optimum treatment for a man with

prostate cancer requires an assessment of the risk of metastatic spread as well

as the risk of local recurrence. For this, the results of imaging can be assessed

in the light of information from clinical nomograms.

A nomogram is a statistically derived tool which is used to describe the likely

course of a disease using known variables such as diagnostic findings, age and

treatment options. Nomograms have been developed from outcome data on

large groups of men with prostate cancer. Using predictive factors such as T-

stage, Gleason score, PSA and histology results they can be used to estimate

the risk of metastatic spread, lymph node involvement or recurrence following

treatment. There is a wide variation in incidence rates between countries so

that a nomogram developed in a screened population in the USA may not be

wholly relevant to an unscreened population in an other country and therefore

need to be used with caution.

Men newly diagnosed with prostate cancer can initially be stratified into those

for whom radical treatment is a possibility and those for whom it is not ap-

propriate. The decision about treatment intent will be based on the mans life

expectancy, his values, and the anticipated clinical course of the prostate cancer.

High vs. low risk prostate cancer

Several factors have been shown to predict the risk of recurrence after treatment

of prostate cancer as the Gleason score, the serum PSA level, and the T-stage.

These predictive factors have been used to classify prostate cancer into risk

groups. Different criteria are present in literature regarding how to do this

classification. The assessment of risk at the diagnosis based on clinical data is

fundamental since on that depends then the choice of the treatment. Since not

all the diagnosed prostate cancers need to receive a treatment, it is crucial to

understand which cancers need to be treated and which ones need only active
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surveillance.

Active surveillance identifies a subgroup of men with prostate cancer expectantly

with curative intent. Men are then carefully selected and subsequently actively

observed in order to receive deferred curative treatment once the tumor seems

to progress. Active surveillance is a strategy different from watchful waiting.

Watchful waiting entails a strategy for all men who are managed expectantly,

while active surveillance focuses on men for whom therapy is delayed until the

tumor becomes progressive and curative treatment can be offered. This offers

an attitude of active control over the cancer diagnosed for patients and their

doctors. The stage migration that screening provides has resulted in an over-

representation of low-risk cancers. Literature supports today the important rule

of active surveillance for mean with low risk cancer. In this way, over-treatment

and all the related side effects are avoided. Usually, patients with a Gleason

score lower than 6, a clinical stage not higher than T2a and PSA lower than 10

ng/ml are classified as low-risk patients.

5.2 The role of physical activity

Physical activity plays a very important role in the prevention of a high number

of diseases, improves quality of health and reduces the burden of chronic illness.

Research and studies on cancer etiology conducted in the last 30 years have

shown how physical activity and exercise can be important in the prevention of

the development of tumors. The role of physical activity in reducing the risk of

tumor has been studied for different type of cancer and the strongest evidence

are relating breast and colorectal cancer.

To understand if physical activity is a factor that could have an impact on

prostate cancer development, it is necessary first of all to understand natural

history of prostate cancer. Natural history of this tumor is not well clear, how-

ever it is certain that prostate cancer has often a long phase in which the tumor

is non symptomatic. Based on autopsy studies it has been estimated that in
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the USA about 30% of men over 45 years of age has developed a latent prostate

cancer. It has not been understood yet if it exists a type of prostate cancer

that is entirely innocuous and it is also not clear if the factors that initiate the

disease are the same that are responsable for the development of the disease

from latent to clinical stage.

Even if many aspects of prostate cancer etiology are unclear, it has been proved

that hormonal issues play an important role in determining its risk. Differ-

ent levels of androgens can affect prostate gland functioning and its growth.

Men who have very low levels of androgens, like castrated men, never develop

prostate cancer and, in the same way, castration or estrogen therapy are impor-

tant for the treatment of metastatic prostate cancer. Moreover, too high levels

of androgens are associated with higher risk of developing prostate cancer. For

example, black men in the USA have higher levels of testosterone than white

men and have also higher risk of prostate cancer. Androgens could play a role

in the initiation of the disease but hormone metabolism is involved also in the

progression of the tumor. Since prostate cancer seems to have strong relations

with hormonal issues, it is clear that one of the reasons for which physical activ-

ity could affect prostate cancer risk is through the hormonal changes. Indeed,

physical activity induces changes for what regards hormone metabolism since

it decreases levels of testosterone. For example, athletes have lower levels of

testosterone and also persons who exercise experiment a temporary decrease in

serum testosterone levels. However, how important can be the effect of these

hormonal changes remains unclear.

Physical activity could have influence on the risk of prostate cancer also through

its effect on body mass index (BMI). BMI has been found to be in turn an im-

portant and independent predictor of serum testosterone. BMI affects hormonal

aspects since it has been shown that obesity leads to increment of testosterone

levels due to a reduction of levels of sex-hormone binding globluline. More-

over, high levels of body fat stores results in increased androgens to estrogens

conversion, that in turn could convert to dangerous carcinogens. Low fat in

conjunction with a diet rich in fiber is effective in reducing circulating levels of
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testosterone, thus physical activity, BMI control and a fiber diet can influence

prostate cancer development.

So far, only biological mechanisms involving hormonal paths have been men-

tioned. However, physical activity could play a role in prostate cancer etiology

also through other paths. Physical activity is indeed to known to increase

the number of natural kills cells and to improve immune function by inducing

changes in the activity also of neutrophils and macrophages. Since relations

between immune functions and cancer etiology have been studied, it is possible

that physical activity could affect prostate cancer risk also through this path.

Lastly, physical activity could affect prostate cancer etiology by affecting free

radical levels. It has been shown indeed that free radical production could be

increased by acute physical exercise, but chronic one should improve free radical

defenses activating free radical scavenger enzymes.

The association between physical activity and prostate cancer was studied as

well through large epidemiological studies. Results available in the medical liter-

ature do not converge to a unique answer. Two main reviews on this topic have

been published: the first was published by Friedenreich and Thune [37] in 2001

and the second one was published by Young-McCaughan [38] in 2011. In their

works all relevant publications were identified through Pubmed and results were

summarized. Studies used different designs and among the considered studies

there were prospective or retrospective cohort, case-control, nested case-control

studies.

Each study assessed physical activity in a different ways: through mailed ques-

tionnaires or direct interviews, subjects were asked to report information about

their main daily occupation, the duration and intensity of recreational activities,

type of performed sports, time spent in different daily activities. Some studies

were able to quantify physical activity performed during life and evaluated then

also the effect of exercise performed in the early stages of life.

Most of the studies quantified physical activity in Metabolic Equivalent of Task

(MET): MET is a physiological measure expressing the energy cost of physical
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activities and is defined as the ratio of metabolic rate (and therefore the rate of

energy consumption) during a specific physical activity to a reference metabolic

rate. MET are expressed in kcal/kg/hour. The MET concept was primarily de-

signed for epidemiological studies in which it is required to quantify time spent

for specific physical activities.

Friedenreich and Thune review conlcusions were that “the epidemiologic evi-

dence is currently inconsistent and the magnitude of the risk reduction observed

is small”. Results obtained by Young through his review does not change con-

sistently their previous results: risk reduction evidence remains small. However,

Young results show that a trend suggesting a protective role of physical activity

persists. Summarizing results from these two reviews, for a total of 40 studies,

55% found that physical activity reduces prostate cancer risk, 35% found that

there is no significance association between the studied exposure and outcome

and 10% showed an increase risk of prostate cancer due to physical activity.

Moreover, in the 22 studies reporting a protective effect, 64% reported a small

effect. In the same way, studies taht reported an increased effect, showed mainly

small effects. It is also worth noting that evidence regarding physical activity

decreasing prostate cancer risk is stronger when dealing with vigourous activity

performed during adolescence or in the years immediately after.

Thus, the entity of the association between physical activity and prostate cancer

has not been clarified yet but more than 30 years of research has shown that

there could be a possible link between them.

5.3 The role of waist-to-hip ratio

Waist-to-hip ratio is a measure of central obesity, that has been suggested to be

a potential risk factor for prostate cancer. Mechanisms through which increased

central obesity might be linked to prostate cancer risk are still not well under-

stood and several possible theories have been proposed. One hypothesis suggests

that larger abdominal adiposity tends to lower the levels of free and total testos-
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terone, as well as sex hormone binding globulin and that these alterations may,

in turn, stimulate disease development. However, the influence of androgens

alone does not fully explain the relationship, as evidenced in a study by Platz

[39] who reported that an increase in total testosterone resulted in a decrease in

the risk of high-grade prostate risk and in an increase in low-grade cancer risk.

These findings suggest that the relations between the androgen pathway and

prostate cancer is not direct and that disease pathogenesis is likely dependent

also on tumor type and grade and other factors.

A second explanation for the underlying mechanisms related to prostate cancer

development is based on the resulting effects of visceral adiposity on metabolic

indicators as insulin resistance, regulation of leptin and lipid levels and release

of free fatty acids [40]. These factors, alone or in conjunction, have been sug-

gested to influence risk. Moreover, diet and lifestyle factors, hormonal changes,

and genetic and environmental interactions play a role in the pathway between

abdominal adiposity and prostate cancer. More research is needed to make clear

the mechanisms contributing to the etiology of prostate carcinogenesis.

Results from studies analyzing the relation between waist-to-hip ratio and prostate

cancer are not consistent. Several studies have indicated that waist-to-hip ratio

is not associated with the development of prostate cancer, whereas others have

reported a significant positive association [40]. Although some studies support

the relationship between higher waist-to-hip ratio measurements and increased

prostate cancer risk regardless of disease severity, the association has been shown

to be stronger among those with advanced, high-grade disease [41, 42].

A large prospective study of more than 129.000 men from 8 European countries

reported a significant association of waist-to-hip ratio with advanced prostate

cancer but not low-grade cancer [41]. Similarly, the North Carolina Louisiana

Prostate Cancer Project, which included 1.049 African-American men and 1.083

Caucasian-American males, found that men with a waist-to-hip ratio > 0.98

(compared with men with a waist-to-hip ratio < 0.90) had an increased risk of

highly aggressive disease [42]. However, when the data were stratified by race,
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the results showed that larger waist-to-hip ratio was not related to prostate can-

cer risk in men of African origin but was significantly associated with aggressive

cancer in men of European descent.

Findings from the North Carolina Louisiana Prostate Cancer Project suggest

potential differences in the relationship between body size and prostate cancer

among different racial groups. The majority of studies were conducted in pri-

marily European-derived populations, only one additional study assessed the

relationship between waist-to-hip ratio and prostate cancer risk in a population

of primarily African descent.

The hospital-based case control study conducted by Jackson and colleagues [43]

found that Jamaican men with waist-to-hip ratio ≥ 0.95 had a double fold in-

creased risk of high-grade disease compared with men in the reference range of

waist-to-hip ratio and a significant association between waist-to-hip ratio and

prostate cancer was reported among all cases, regardless of disease grade.

The Prostate Cancer in a Black Population study provides further support for

an association between waist-to-hip ratio and prostate cancer risk, with more

than a 2 fold increased risk for men in the fourth quartile of waist-to-hip ratio

compared with those in the first quartile. This result was significant for all cases

combined, as well as those in the high-grade subgroup alone.

It is worth noting that most of the investigations that found a positive associ-

ation between waist-to-hip ratio and prostate cancer risk reported the finding

only among men with advanced or aggressive disease. Interestingly, while most

of these studies were conducted in European-derived populations, the 2 studies

including Afro-Caribbean men found a significant relationship among all cases,

regardless of disease severity.

It is unclear whether this discrepancy is the result of actual differences between

Afro-Caribbean men and other groups or whether the finding is confounded by

other factors [40].



Chapter 6

The Swedish Health Care
System

6.1 General overview

Sweden has a population of around 9.000.000 subjects, almost exclusively Cau-

casian. Approximately 90% of the population resides on less then 30% of the

area. More than 80% live in urban areas. Less than 5% of the working popu-

lation are occupied within the agricultural sector. Wealth is unusually evenly

distributed in Sweden: there are for instance no population strata that for eco-

nomic reasons cannot get access to the best medical services available. The

average life expectancy at birth is 78.8 for men and 83.6 for women: 1.53 mil-

lion (17.2%) of the population are older than 64 years.

Since 1947, all Swedish residents have unique, 10-digit national registration

number (NRN), which contains the date of birth and an additional 4 digits.

The 9th digit can be used for gender identification. The 10th digit is a check

sum which protects against incorrect data entries in computerized registers. The

NRN is assigned to the individual immediately after birth, or after immigration.

The NRNs are used extensively, both by official authorities and by health care,

banks and businesses. Consequently, knowledge of the NRN is more or less

a necessity for every Swedish resident and there are very few people who are
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ignorant of their NRNs and who fail to give their correct NRNs upon request,

e.g. in connection with health care visits.

Sweden is divided into 24 counties, the administrations of which bear respon-

sibility for the maintenance of continuously updated, computerized registers,

which in turn are compiled in central registers of the total population. In these

registers, the NRNs are the unique identifiers. Since the administration of so-

cial insurance, health care, and pensions, among other things, is based on this

registers, it is in the society’s as well as in every person’s own interest to keep

the population registers updated. Thus, the registers receive immediate noti-

fications upon birth, death, marriage, and relocation. Hence, the population

registers are virtually 100% complete and entirely up-to-date.

With the exception of a small number of private practitioners who provide out-

patient services, and a few very small private hospitals mainly devoted to minor

surgery, the Swedish health care system is entirely public. It is organized by the

county administrations under supervision of the National Board of Health and

Welfare. Each county typically has 2-4 local hospitals and one county hospi-

tal, which serves as a first instance referral center and is capable of treating all

but a few specialized cases. Basically, the catchment areas of the hospitals are

mutually exclusive. The counties are organized in 6 health care regions, each

containing one academic referral hospital. Technical facilities and management

practices are uniform throughout the country, and there is practically no vari-

ation in health care quality between the counties. Every patient is obliged to

use the hospital with the catchment area within which he/she resides (except

for emergencies occurring outside the country). Thus, medical services are, in

effect, population-based and referable to the county of residence.

All Swedish residents are covered by the mandatory social insurance, which

reimburses the health care providers for all but a small part of the costs for

both outpatient and inpatient care. Thus, Swedish health care is characterized
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by excellent availability, high and uniform quality throughout the country, and

low cost for patients. The fees are kept low enough to permit all residents equal

access to public health care. There are no restrictions or barriers neither for

socioeconomically unprivileged nor for ethnic minorities or women.

6.2 The Swedish National Registries

The Swedish Cancer Register

A nation-wide cancer register is in operation in Sweden since 1958. Both clin-

icians and pathologists/cytologists are required by law to notify the regional

cancer register whenever a malignant condition is diagnosed, also autopsy. The

notifications are checked extensively, including the NRNs, at the regional can-

cer registers. The national register is created annually at the National Board

of Health and Welfare by merging of data from the 6 regional cancer registers.

The cancer register is then linked to the death register to include dates and

causes of death. In the register, all cancers are recorded with the coding system

in current use along with a translation into ICD-7. Thus, until 1968 there was

only ICD-7 coding, between 1968-1987 there was both ICD-7 and ICD-8 coding,

and between 1987-1993 there was ICD-7 and ICD-9 coding. From 1993 onwards

there is ICD-7 and ICD-0 coding. There is a special code for benign tumors,

which are also reported to the register. There is a code for the basis for diag-

nosis, and a special code to indicate if a tumor was first detected at autopsy.

Histological confirmation of tumors has varied over time and with tumor site,

but is generally high and increasing with time: in a study of esophageal carci-

noma, the percentage of cases verified by histology increased from 89% in 1960

to 98% in 1987, and in a study of cardiac cancer the percentage increased from

89% in 1970 to 97% in 1985. With respect to different histological cancer types,

a special PAD coding and a SNOWMED classification have been in use since

1958.

The Cancer Register covers the entire Swedish population. Compliance with
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the reporting requirements is excellent, and the register has been found to be

more than 98% complete. With strictly equal access to health care for all pop-

ulation strata, including women and minorities, and almost complete reporting

of incident cases to the cancer register, it can be safely concluded that the cov-

erage is as complete for women and minorities with cancer as it is for all other

population groups. Since the NRNs are carefully checked, the proportion with

incorrect NRNs (including gender and birthdate) is negligible.

The Cancer Register provides cancer incidence data based on the experience

of the entire general population, by calendar year, gender, five-year age-group,

health care region, and site/type of cancer (on the three- or four-digit level of the

ICD-7 classification). Further, corresponding incidence data can be generated

for combinations of cancer site (according to ICD-7) and historical type (PAD

code, see above). Incidence data can be obtained with or without inclusion

of cases first detected at autopsy, and for first cancers only or for all cancers

occurring in the population. For the former case, we have developed methods

for estimating the prevalence pool of cancer in the Swedish population (which is

not at risk and should be excluded from the denominator). Thus, we can provide

exact estimates of the incidence of first cancers in Sweden. This information

allows us to compute standardized incidence ratios in addition to relative risks

based on internal comparisons within the cohort.

The population-based Inpatient Register

In 1964-1965, the National Board of Health and Welfare began collecting data

on individual hospital discharges in the Inpatient Register. At discharge from

hospitals, a specific form is completed for each patient, without exception. These

forms are computerized locally, and the data are first stored in administrative

registers held at the hospitals and the county administrations until delivery

once a year to the National Board of Health and Welfare. Each record repre-

sents one in-hospital episode. In addition to the NRN and some administrative

information, including admission and discharge dates, hospital and department
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codes, and social insurance office code, it contains medical data such as up to

10 surgical codes (coded according to the Swedish Classification of Operations

and Major Procedures), anesthesiological procedures, and 1-8 discharge diag-

noses, coded according to the 10th revision of the International Classification of

Diseases (ICD-10). The register has had nationwide coverage since 1987. Each

year, the Inpatient Register includes approximately 1.7 million instances of hos-

pital care.

As there are no restrictions with regard to availability of public health care

services for any population group, and since all patients admitted to the par-

ticipating hospitals are registered, there is no systematic underreporting of hos-

pitalizations of any minority, and women of all age groups are included in the

study population.

The proportion of patients with erroneous NRNs has varied with time, county,

and diagnosis. This proportion was highest during the 1970s, and it has dropped

substantially during more recent years. In a study performed by the National

Board of Health and Welfare, the overall proportion of incorrect or missing

NRNs was 7% in 1977, but it dropped to less than 2% in 1983. The proportion

of records excluded due to obvious errors of the NRNs, NRNs that cannot be

found in any other population register, or inconsistencies revealed during the

linkage procedures which imply that the NRN is likely to be incorrect (date

of birth after entry, death date before entry or before an in-hospital episode,

different gender codes at successive hospitalizations) has ranged between 1 and

4% during the most recent years. In an analysis of a peptic ulcer cohort the

percentage excluded was 2.4%, and in a study of hip replacement surgery, the

proportion was 7%.

The proportion with invalid diagnostic codes or procedure codes (codes not

listed in the code books) increased from 0.4% in 1964-1969 to 0.5-1.7% during

the 1970s.
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A few attempts have been made to quantify the underreporting to the Inpatient

Register. The results are basically encouraging. In one study of hip fractures,

underreporting was found to occur in less than 2% overall. In a study from 1994,

the case records pertaining to a random sample of 900 in-hospital episodes were

scrutinized, and the diagnoses made by an expert panel based on the case records

were compared with the Inpatient Register data. In this stringent analysis, only

main diagnoses were considered (thus, if the correct main diagnosis was entered

as a co-diagnosis, this would be classified as incorrect coding in spite of the fact

that such a patient would have been included in the correct cohort anyway).

False negative cases of traumas, ischemic heart disease, and malignant tumors

was found in 5, 7, and 3%, respectively. Underreporting of surgical procedures

was noted in 8%, but in 3% these were only minor auxiliary procedures. False

positive cases were found in 1,2, and 2% among diagnoses of trauma, ischemic

heart disease, and malignant tumors, respectively. In a recent small validation

study of hemochromatosis, we found no false positive cases. The reasons for

errors in the Inpatient Register are transfer errors in less than 1%, coding er-

rors (correct diagnosis in the case record, but incorrect code given) in 6% and

incorrect diagnoses in 8-11%.

The Death Register

The National Death Register is held by Statistics Sweden and is updated with

about the same delay (2 years) as the Cancer Register. Besides date of death,

the Death Register also holds information on underlying and contributory causes

of death based on the International Classification of Disease codes.

For every deceased person a death certificate must be issued before burial is

permitted. The death certificates are filled in by the physicians or surgeons

in charge of the patient during the last hospitalization, or, for those few who

die outside hospitals, by a family physician or a specialist in forensic medicine.

Thus, there is no reason to believe that women or minorities are systematically

excluded from the mechanism.

The national registration numbers are carefully checked by Statistics Sweden
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before the data are entered into the register. The Death Register enables us

to calculate expected numbers of deaths from specific causes by calendar year,

gender, and 5-year age group.

The Register of the Total Swedish Population

This continuously updated register holds information on all individuals who are

residents in Sweden. Linkage of the Inpatient Register to the Register of the

total Swedish Population enables removal of all individuals not available for

any follow-up from any particular cohort; they can be readily identified as those

who are neither registered as dead or emigrated, nor as still alive and resident

within Sweden. The Register of the Total Swedish Population is reliable and

practically without erroneous NRNs.

The Register of Population Changes

Linkage to this register enables identification of all those individuals who have

emigrated from Sweden to another country and in whom diagnosed cancer is

thus unlikely to be reported to the Swedish Cancer Registry. When analyzing

data, follow-up of these individuals is censored from the date of emigration.

The National Quality Registers

A system of National Quality Registries has been established in the Swedish

health and medical services in the last decades. The National Quality Reg-

istries have been developed to fill the gap left by the lack of primary monitoring

systems. The quality registries collect information on individual patients prob-

lems, interventions, and outcomes of interventions in a way that allows the data

to be compiled for all patients and analyzed at the unit level. Since the reg-

istries are national, the entire country is in agreement on what indicates good

care. This also makes it possible to compare different units. Currently there

are 56 national quality registries in health care, 55 of which receive funds from

the Executive Committee for National Quality Registries. In the areas where

National Quality Registries have been established, the tools are available for
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any unit that wants to participate to continuously monitor their effectiveness

and the benefits that they create for patients.

The vision for the quality registries and the competence centers is to constitute

an over-all knowledge system that is actively used on all levels for continuous

learning, quality improvement and management of all healthcare services.

A catalog that describes the National Healthcare Quality Registries in Sweden

was published 2007. The catalog also describes the organization of the Quality

Registries and the Swedish Health Care system. A new catalog was published

in Sweden 2010 but it is only in Swedish.

Eight competence centers for the National Quality Registries has been estab-

lished. In a competence center, several registries share the costs for staff and

systems that a single registry could not bear. Hence, a continued development of

the registries can be assured although the system follows a decentralized model,

i.e. each register is governed by a professional collaboration.

Competence centers aim to promote the development of new registries, create

synergy effects by collaboration among registries (for example in technical op-

erations, analytical work, and use of registry data to support clinical quality

improvement), and helping to make registry data beneficial for different users.

6.3 National Prostate Cancer Register

Prostate cancer is one of the most common male cancer in Sweden, accounting

for the 36% of new male tumors. Incidence of prostate cancer in Sweden has

been increasing in the last decades, and the aged-standardized incidence rate

doubled in the period 1990-2005. Mortality for prostate cancer has increased

as well, even if not as quickly as incidence has done: in the period 1990-2004

the age-standardized rate passed from 67.2 to 71.5 every 100.000 persons years.

Moreover, after 1980 an increasing number of localized prostate cancer were

detected, due to the introduction of new detection methods. However, new di-

agnostic tools utilization varied largely across different part of Sweden. The

higher number of detected localized prostate cancer also increased the devel-
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opment of new curative treatments. Also new treatment utilization was not

uniform around Sweden.

For these reasons, the need for urologists to have a database to collect data

about new diagnosed prostate cancer became vital. This would have allowed

also epidemiologists to evaluate if there was different incidence rate for different

stages of the disease, to produce surveillance statistics and predict treatment

outcomes. In the same time, urologists would have had an evidence based sup-

port for choosing the better treatment in relation to the characteristics of the

patient.

In 1987 the first Prostate Cancer Register was set up: the register collected

information about the characteristics of the primary tumor, the serum level of

PSA and the treatment received by the patient. This register was set up in

the south-east region of Sweden and in 1996 it was merged with three similar

registers that after 1992 were set up in northern and southern regions of Sweden

and in the regions of Uppsala/rebro. In 1997 and 1998 also the western and the

Stockholm/Gotland region joined the register. The coverage of the register be-

came than complete and National Prostate Cancer Register. National Prostate

Cancer Register is one of the National Quality Register.

Today the register contains information regarding the following variables: date

of diagnosis, diagnosing unit, cause of diagnosis, Gleason tumor grade, tumor

stage according to the TNM classification, serum PSA level at the diagnosis,

treatment received within 6 months after the diagnosis. Moreover, in the reg-

ister are collected information also about the biopsy procedure and surgical

treatment, as well as tumor extension in biopsies and surgical specimens. Re-

garding the TNM classification, only the major categories were used and no

changes were made for them from the setting of the register.

New cases of prostate cancer are first reported by urologist or register nurses
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to the respective regional register. Regional register are then linked with re-

gional cancers registers to identify missing cases and search for them. Every

regional oncology center validates and check for completeness data from re-

gional prostate cancer registers. Once every year data are then reported to the

National Prostate Cancer Register, based in the Uppsala/Orebro regional oncol-

ogy center. Only from 2007 NPNs have been included in the National Prostate

Cancer Register.

The National Prostate Cancer Register is administered by a team made up of

two urologists from each of the Swedish healthcare regions, one oncologist, one

pathologist and three members from three regional oncology centers.

The National Prostate Cancer Register is founded by the National Board of

Health and Welfare and by the Association if the Swedish Counties. Every

year the Registers publishes online annual reports. Detailed information on the

Register can be found in Adolfsson [44].



Chapter 7

Physical Activity and
Prostate Cancer

7.1 Introduction

High levels of physical activity are associated with a reduced risk of several can-

cers including colon and breast [45]. Physical activity has been suggested to have

a role also in the development of prostate cancer: possible biological mechanisms

justifying this relation include hormonal changes induced by physical exercise.

It has been shown that physical activity decreases serum testosterone levels and

sex hormone binding globulin, that in turn can affect the risk of prostate can-

cer development [37]. However, studies assessing the relationship of physical

activity with prostate cancer risk are inconclusive. Besides physical activity,

abdominal adiposity also affects levels of testosterone and sex hormone binding

globulin, increases levels of insulin and leptin that, in turn, modifies hormonal

metabolism. Some studies have analyzed relationships between waist-to-hip ra-

tio and prostate cancer risk. Results are inconsistent, but more evidence has

been collected for aggressive prostate cancer [40].

Consequently, in a cohort of 13.000 Swedish men followed for 13 years, we inves-

tigated the association of physical activity and waist-to-hip ratio with prostate

cancer and analyzed if waist-to-hip ratio could modulate the effect of physical

activity on prostate cancer incidence/mortality. More in detail, we a) performed
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analyses to quantify the causal relationship between different types of physical

activity and prostate cancer risk b) analyzed the potential role of waist-to-hip

ratio as a mediator in order to better understand the biological mechanisms

from physical activity to prostate cancer.

Separated analyses were performed for total, low and high-risk prostate cancer.

7.2 Materials

The National March Cohort Data

In September 1997, the Swedish Cancer Society organized a four-day national

fund-raising event, the National March, in almost 3.600 cities and villages

around the country. In conjunction with this event, we established the Swedish

National March Cohort. Participants in the march were expected to be partic-

ularly motivated to provide valid information. They were invited to fill out a

32 pages questionnaire.

Three pages were devoted to physical activity. Both previously validated and

newly developed questions were used in order to estimate energy expenditure

and to distinguish between constant low-level activity and short-term peak ac-

tivity. We used a new rating scale for self-reports of time spent on different

intensity levels of physical activity (and inactivity) during a typical day, allow-

ing estimation of total energy expenditure on an interval scale level.

Seven pages contained questions about diet, using a 106-item validated semi-

quantitative food frequency questionnaire that allows estimation of total energy

intake and calorie adjustment. Supplementary questions were asked about in-

take of fried food, detailed pattern of alcohol intake, dietary supplements and

use of health food preparations. Two pages had questions about anthropomet-

ric measures, including height, weight (birth weight, current weight, and weight

fluctuations), waist and hip measures (allowing calculations of BMI and waist-

to-hip ratio).

Further, three pages were allocated to questions about various background and

possibly confounding factors such as country of birth, environment during child-
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hood and adolescence, birthplace of parents, own education, type of employ-

ment.

Two pages were about smoking (including passive smoking) and snuff dipping

habits. One page was dedicated to vaccination history, two pages to medical

history (including questions about allergies, asthma, acne, type 1 and type 2 dia-

betes, hypertension, lipid abnormalities, myocardial infarction, angina pectoris,

claudicatio intermittens, stroke, rheumatoid arthritis, cancer, MS, inflamma-

tory bowel disease, fractures), and two pages to pharmacological history. Two

pages were about sun and UV exposure and type of complexion.

Five pages were spent on questions concerning the psychosocial history, includ-

ing validated sets of questions about demands and autonomy at work, life events,

self-perceived health, social support, as well as duration and quality of sleep.

Sleep disturbances were assessed using a modified version of the Karolinska

Sleep Questionnaire (KSQ), a widely used tool to assess quality and restora-

tive function of sleep. One page was about the use of mobile telephones. Two

pages were devoted to questions specific for women (age at menarche, parity,

infertility, menstruation, menopause, use of oral contraceptives and hormone

replacement therapy).

Due to the open nature of the National March, the total number of individuals

who in reality were given a questionnaire could not be assessed. In total, 43.880

men and women completed the questionnaire. Data cleaning led to an unusually

low number of exclusions; four questionnaires were found to be returned totally

incomplete and 13 had incorrect national NRNs. Moreover, upon the initial

linkages to Swedish demographic registers, 4 and 11 individuals were shown to

have dates of emigration and death, respectively, prior to date of enrollment,

leaving 43.848 analyzable subjects in the National March Cohort. More infor-

mation on the cohort and on the used instruments can be found in Lagerros

[46].
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Exposures, covariates and outcomes

Data collected during the National March Cohort were linked with the following

national registers through the PNR: Statistics Sweden Register of the Total Pop-

ulation and Population Changes, Patient Register, Cancer Register, and Causes

of Death Register. Finally, linkage with Prostate Cancer Quality Register was

performed.

Baseline measurements

Exposure and covariate data were based on self-reported information collected

in the questionnaire given at cohort enrollment. We collected information on

total, occupational and leisure physical activity, waist and hip circumference,

alcohol consumption, smoking status, educational level and diagnosis of dia-

betes. Waist-to-hip ratio was calculated as the ratio of waist circumference to

hip circumference.

An index of frequency of physician contacts was created assessing if the subject

during his life had contacted a doctor for one of the following reasons: allergic

skin problems, allergic nasal catarrh, acne, contact eczema, psoriasis, asthma,

heart attack, high blood pressure, angina pectoris, lipid disturbance, stroke,

rheumatoid arthritis, tuberculosis, wrist fracture, multiple sclerosis, Crohns

disease, ulcerative colitis. Tertiles were created on the basis of the number

of diseases reported.

We created this index because a subjects who often contacts the healthcare sys-

tem, has higher probability of being screened for other diseases.

Physical activity during a typical day was estimated using a validated Energy

Expenditure Questionnaire (EEQ). EEQ comprise nine physical activity steps

grading physical activity according to intensity levels. Each step illustrates

common activities and is assigned a value expressed as a multiple of metabolic

energy turnover (MET). MET, as defined earlier, is computed as the ratio of

work metabolic rate to a standard resting metabolic rate, it is expressed in

kcal · (kg · hour)−1, with 1 MET equivalent to sitting quietly. The MET values
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assigned to the nine different steps ranged between 0.9 and 8.0 METs. Partici-

pants were instructed to report the time spent on each intensity level during a

typical day and night. Hence, the total physical activity time ought to add up

to 24 hours, allowing for an estimate of MET-hours per day (METh/day).

Occupational physical activity was assessed through the question “How phys-

ically demanding has your daily work/occupation been during the past 12

months?”. Possible answers were “light, mostly sitting”, “light, moving around”,

“rather physically demanding” and “very physically demanding”. An index of

low/high muscular or locomotive activity during daily working hours was also

created.

To assess leisure physical activity, participants were asked to report the time

spent on different exercise/outdoor life activities in both summer and winter

times during the previous 12 months. Participants were also asked how many

hours they devoted every week in activities like walking and/or biking to work,

by weekly cleaning, gardening or the alike. Each activity was assigned a MET

value. Hence, leisure physical activity time was obtained as an average of MET-

hours per day spent in leisure activities involving physical activity. Separated

indexes of low/high light (taking a walk), moderate (speedy walking, jogging,

swimming) and vigorous (hard training or competition) leisure physical activity

were also created.

A continuous index of physical activity across the lifespan was computed assess-

ing the number of times the subject had been exercising weekly during different

ages (10-19, 20-29, 30-49 and more than 50 years old).

Follow-up

The cohort was followed-up for 13 years and 3 months, starting on October

1, 1997. When analyzing incidence data, follow-up ended at time of prostate

cancer diagnosis, death due to prostate cancer, emigration or December 31, 2010,

whichever occurred first. Incidence data were obtained through linkage with the

Swedish National Cancer Register, estimated to be almost 100% complete.
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Low-risk tumors were defined as having a T lower than 3, Gleason sum score

lower or equal to 7 and serum PSA lower or equal to 20 ng/ml. Subjects who had

T higher or equal to 3, or Gleason sum score higher then 7, or serum PSA higher

than 20 ng/ml, or lymph nodes involvement, or presence of distant metastasis

were classified as high-risk cancers.

When analyzing mortality data, follow-up ended at time of death for prostate

cancer, death occurring for other causes, emigration or December 31, 2010,

whichever occurred first. Mortality data were obtained by querying the more

than 97% complete Swedish Death Registry.

7.3 Methods

Primary analyses

The distribution of total physical activity was categorized into low, medium and

high levels by dividing METh/day into tertiles, with cutoffs at 34.1 and 45.5

METh.

Occupational physical activity was categorized into low, medium and high ac-

cording to the fact that the subject had answered, respectively, “light, mostly

sitting / light, moving around” or “rather physically demanding” or “very phys-

ically demanding” to the question regarding physical strain at work.

The distribution of leisure physical activity was categorized into low, medium

and high levels by dividing METh/day concerning leisure activities into tertiles,

with cutoffs at 1.5 and 3.2 METh.

Pearson’s chi-squared tests and one-way ANOVA were used to compare the dif-

ferences between frequencies and means, respectively, among different levels of

waist-to-hip ratio and different levels of total physical activity.

Cox regression models were fitted to estimate hazard ratios and 95% confidence

intervals of prostate cancer incidence/mortality at different levels of waist-to-hip

ratio, total, occupational and leisure physical activity. Low waist-to-hip ratio

and low physical activity (total, occupational and leisure) were the referent cat-

egories. Interactions between total, occupational and leisure physical activity
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and waist-to-hip ratio were assessed by including the cross-product interaction

term with the main effect terms in the Cox regression model.

Statistical significance of interaction was obtained by comparing nested models

with and without the introduction of the interaction term with the likelihood

ratio test.

Ties were handled using the Breslow method. The proportional-hazards as-

sumption in the Cox regression model was tested by using Schoenfeld residuals.

In a first analysis we estimated age-adjusted hazard ratios. In a secondary anal-

ysis, the following potential confounders were adjusted for: alcohol drinking

(non-drinkers, low-drinkers, high-drinkers), smoking status (never, former, cur-

rent), level of education (<12 years, >12 years), diabetes (yes/no), frequency

of physician contacts (low, medium, high).

Sensitivity analyses were performed modeling waist-to-hip ratio and physical ac-

tivity (total and leisure) as continuous variables through restricted cubic splines.

Sensitivity analyses were also performed excluding the first 2 and 4 years of

follow-up. In this way we controlled for reverse causality, being physical inac-

tivity potentially related to sub-clinical disease.

Mediation analysis

To understand if waist-to-hip ratio could be considered a mediator in the relation

between physical activity and prostate cancer incidence/mortality we performed

a mediation analysis following the theory developed by VanderWeele and pre-

sented in Chapter 4.

We assumed that waist-to-hip ratio measure follows temporally physical ac-

tivity: this assumption was reasonable since the subject was asked about his

physical activity in the previous 12 months, while waist-to-hip ratio was mea-

sured at the recruitment of the cohort.

Thus, we decomposed the total effect of physical activity on prostate cancer

in a part that is due to the pathway through waist-to-hip ratio decrease and a

part that it is not due to this pathway. We verified that the assumptions for

estimating natural direct and indirect effects were satisfied and we assumed that
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there was no unmeasured confounding.

Among the possible survival model, we chose proportional Cox model that al-

lows a decomposition on the log-hazard scale. In this analysis waist-to-hip ratio

variable was used not as a categorical one but as a continuous one. The theory

developed by VanderWeele allowed to take into account potential interactions

between waist-to-hip ratio and physical activity.

We reported two sided P-values. All analyses were performed using Stata release

12 (StataCorp, College Station, TX, USA). For mediation analysis we used in

Stata a macro to compute punctual and interval estimation of total, direct and

indirect effects.

7.4 Results

Descriptive analyses

After applying exclusion criteria, our initial cohort comprised 13.109 men with

mean age equal to 55 years. Characteristics of the study population can be

found in Table 7.1. We report levels of physical activity stratified by level of

cohort characteristics: we observe that men in different total physical activity

categories were different in terms of educational level, alcohol consumption,

age, smoking status, frequency of physician contacts and physical activity. Men

who were healthy, young and less educated seemed to be more physically active

on average. In the same way, in Table 7.2 we report levels of waist-to-hip ratio

stratified by other baseline variables: the distribution was not statistically equal

among different classes and we observed that young and healthy men who did

not smoke, drink alcohol and with higher education level had lower levels of

waist-to-hip ratio.

Waist-to-hip ratio and prostate cancer

Results are displayed in Table 7.3. The interaction between total physical activ-

ity and waist-to-hip ratio was not statistically significant. Furthermore, there
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Table 7.1: Descriptive statistics stratified by Total Physical Activity

Total physical activity*
low medium high p-value

Age at baseline (mean, years) 56.23 54.75 54.35 <0.001

Waist-to-hip ratio (mean) 0.94 0.94 0.93 <0.001

Education level (>12 years, %) 30.97 29.95 15.30 <0.001

Physician contact (%) <0.001
low 44.60 49.07 51.17

medium 28.84 29.02 27.39
high 26.57 21.91 21.44

Smoke (%) <0.001
non smoker 57.81 60.87 62.67

former 35.03 33.34 31.10
current 7.16 5.79 6.23

Diabetes (yes, %) 4.51 3.26 3.53 0.007

Alcohol (%) <0.001
low 9.44 9.20 10.29

medium 34.04 34.89 38.25
high 56.52 55.91 51.46

*Total pa. low (<34.2 METh/day) medium (>34.2 < 45.9 METh/day )
high (>45.9 METh/day)
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Table 7.2: Descriptive statistics stratified by Waist-to-hip ratio

Waist-to-Hip Ratio*
low medium high p-value

Age at baseline (mean, years) 54.26 58.93 58.54 <0.001

Total physical activity (mean, METh/day) 44.50 43.37 41.90 <0.001

Education level (>12 years, %) 30.00 23.65 22.28 <0.001

Physician contact (%) <0.001
low 52.23 46.83 43.31

medium 28.27 29.48 28.38
high 19.50 23.69 28.31

Smoke (%) <0.001
no 67.02 58.87 53.49

former 28.00 34.98 40.71
current 4.99 6.15 5.80

Diabetes (yes, %) 2.61 3.76 5.23 <0.001

Alcohol (%) <0.001
low 10.65 10.94 9.64

medium 38.56 33.83 32.99
high 50.80 55.23 57.37

*Waist-to-hip ratio: low (<0.85) medium (>0.85 <0.90) high (>0.90))
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was no evidence of deviation from proportionality assumption. We observed a

positive relationship between waist-to-hip ratio and prostate cancer: subjects

with waist-to-hip ratio higher than 0.85 seemed to be at higher risk of developing

prostate cancer. This result was seen both in the age and in the multivariable

adjusted models; the estimated hazard ratio was statistically significant only for

the category of men with waist-to-hip ratio lower than 0.90 in the multivariable

adjusted model (HR 1.25; CI 1.02-1.54).

In a second analysis, we run the same adjusted model used before, but instead

of adjusting for total physical activity, we considered the physical activity com-

ponents due to daily work and to leisure exercise. Results are displayed in Table

7.4. Again, we observed the same trend and we obtained the significativity of

the results only for the second waist-to-hip ratio tertile (>0.85; <0.90) in the

multivariable adjusted model (HR 1.41; CI 1.11-1.78).

Data from National Prostate Cancer Register allowed us to perform subgroups

analyses for different type of tumors at diagnosis. We observed the same results

for both low and high-risk prostate cancer. Statistical significance was achieved

only for low-risk prostate cancer when considering second waist-to-hip ratio ter-

tile (HR 1.49; CI 1.06-2.09). See Table 7.4.

Additionally, sensitivity analyses were performed and we modeled waist-to-hip

ratio as continuous variables through restricted cubic splines. There were no

significant trends.

Results presented in Table 7.3 and Table 7.4 show that subjects in the second

waist-to-hip ratio tertile (>0.85; <0.90) had higher risk to die for prostate cancer

and this higher risk is with both age and multivariable adjusted models then

men in the lowest class (<0.85). This result, however, was not statistically

significant. Moreover, we did not observe any trend and men in the last tertile

did not have any increased risk compared with men with waist-to-hip ratio lower

than 0.85. No statistically significant evidence of interaction between waist-to-

hip ratio and total, occupational and leisure physical activity was found.

We repeated the analyses using restricted cubic splines for modeling waist-to-hip
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ratio. Results did not change.

Physical activity and prostate cancer

We found that there was no association between total physical activity and total

prostate cancer incidence. The absence of association was observed both when

we adjust only for age and when we adjust for all the others confounders (age,

education level, frequency of physician contacts, alcohol consumption, smoking

status, diabetes).

When analyzing occupational physical activity and total cancer incidence, a dif-

ferent trend was found. We observed that higher levels of occupational physical

activity were associated with a decrease in the risk of total prostate cancer in-

cidence and this trend remained valid after adjustment for all the confounders

considered in the analysis. Results were significantly significant when consider-

ing the highest level of occupational physical activity and only in the multivari-

able adjusted model (HR 0.70; C.I. 0.50-1.00).

No similar trend was observed when analyzing leisure physical activity. Interac-

tions between physical activity (total, occupational and leisure physical activity)

and waist-to-hip ratio were tested using likelihood ratio test, but they were not

statistically significant.

Results did not change if we use physical activity (total and leisure) as con-

tinuous variables, modeled through restricted cubic splines. When analyzing

low and high-risk prostate cancer separately, we observed no effect of leisure

and total physical activity, but occupational physical activity seemed to be pro-

tective for low-risk cancer in the multivariable adjusted model (HR 0.60; C.I.

0.36-0.98).

We performed further analyses both for occupational and leisure physical ac-

tivity. Regarding occupational physical activity, we analyzed separately the

locomotion and muscular component and we observed strong evidence only for

the former. The association was significant for both total (HR 0.62; C.I.0.42-

0.89) and low-risk (HR 0.51; 0.29-0.89) prostate cancer.

We repeated the previous analyses for both occupational and muscular activity
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after stratifying for level of education in order to ensure a better control for

social class level. The same trends were observable for both high (>12 years)

and low (<12 years) education, however significativity held only when analyz-

ing separately the effect of the muscular component in the low educated men.

These results were valid for both total (HR 0.65; C.I. 0.44-0.96) and low-risk

prostate cancer (HR 0.48; C.I. 0.27-0.92).

Regarding leisure physical activity, we analyzed separately the association with

light, moderate and vigorous leisure physical activity and cancer incidence. We

observed a non-significant reduction in prostate cancer incidence associated with

high levels of light physical activity but a significant increase of risk associated

with high levels of moderate physical activity for both total (HR 1.23; C.I. 1.02-

1.49) and low-risk (HR 1.34; C.I. 1.03-1.74) cancer incidence.

Finally, we run a further analysis on the subgroup population for which age at

the beginning of the study was higher than 30 years, to understand if leisure

physical activity performed before the age of 30 could affect prostate cancer

incidence. No associations were found (data not shown).

To avoid the risk of undiagnosed prostate cancer affecting physical activity, we

repeated analyses excluding the first 2 and 4 years of follow-up. The most

important difference that emerged in both these scenarios was the loss of the

significativity of the association between occupational activity and total and

low-risk prostate cancer incidence.

We found that higher levels of total and occupational physical activity were

associated with a decrease for prostate cancer mortality risk. Results are shown

in Table 7.3 and Table 7.4. Results were not statistically significant and do

not change when excluding the first 2 and 4 years of follow-up to avoid reverse

causality bias. No associations are found with leisure physical activity performed

during youth.
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Mediation analysis

Using mediation analysis, we were able to partition the total effect of physical

activity on prostate cancer incidence into natural direct and indirect effects

mediated through waist-to-hip ratio. Since strong and significant associations

were found only for occupational muscular activity in relation to total and low-

risk prostate cancer incidence, we performed a mediation analysis to test if this

effect could have been mediated by waist-to-hip ratio decrease. No interactions

between occupational muscular activity and waist-to-hip ratio was found. For

this reason, indirect effect reduces to the product of parameters γ2β1 of models

4.15 and 4.18. The direct effect is represented by parameter γ1 in model 4.18.

When computing these quantities for total prostate cancer incidence, we then

obtain a direct effect equal to 0.62 (C.I. 0.42-0.89) and an indirect effect equal to

0.99 (C.I. 0.98-1.01). When computing the same quantities for low-risk prostate

cancer incidence we then obtain a direct effect equal to 0.51 (C.I. 0.29-0.90) and

an indirect effect equal to 0.99 (C.I. 0.98-1.00).

7.5 Discussion

In this large prospective observational study, we found that total physical ac-

tivity was not associated with prostate cancer incidence and mortality: physical

active men had a comparable risk to develop or die from prostate cancer com-

pared to sedentary men.

While physical activity did not seem to be involved in prostatic carcinogenesis

and progression, a high waist-to-hip ratio represented a risk factor for low-risk

prostate cancer incidence and mortality.

Our results on physical activity are consistent with 35% of findings of studies

published on this topic. Two main reviews on the relation between physical

activity and prostate cancer have been published: the first was published in

2001 by Friedenreich and Thune [37] and the second one was published in 2011

by Young [38].

Summarizing results from these two reviews, 55% of the studies highlighted a
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protective role of physical activity for prostate cancer incidence, 10% had found

an increased risk of prostate cancer associated with physical activity and the

remaining had not shown any significant associations. Studies showing inverse

associations, often found small effects. Of these studies, some considered oc-

cupational and leisure physical activity separately. While only a minority of

studies highlighted a protective role of occupational physical activity, more ev-

idence was found for vigorous leisure physical activity performed during young

ages in terms of aggressive prostate cancer [38].

Our results showed a relation between highly demanding occupational physical

activity and low-risk prostate cancer: when stratifying on educational level the

association is no more significant, but association between heavy muscular ac-

tivity and low-risk prostate cancer incidence remains significant.

One possible explanation for this result could be residual confounding due to

socio-economical status. Low-risk prostate cancers are increasingly being dis-

covered through screening procedures. As it has been shown for other types of

cancers, screening coverage is not the same across different social classes [47]:

our data showed that men with higher muscular activity were less educated, on

average, than men with more sedentary jobs. Then, we could hypothesize that

the protective effect of muscular activity on low-risk cancer to be only a conse-

quence of less effective screening. Mediation analysis was performed to deepen

this result: our findings show that waist-to-hip ratio cannot be considered a

mediator in the analyzed relationship and we observe that all the protective ef-

fect of muscular activity on prostate cancer goes through pathways that involve

other variables.

Contrary to what other studies have reported, leisure physical activity per-

formed during young ages did not decrease risk of either low and high-risk

prostate cancer.

We found that a high waist-to-hip ratio was a risk factor for total prostate can-

cer. This result is consistent with the findings of others [40].

Results present in literature are however not consistent and other studies found

no statistically significant relationships between waist-to-hip ratio and risk of
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prostate cancer [40]. A separate analysis by low and high-risk cancer showed

that the relation found for total cancer holds only for low-risk tumors. It is worth

noting that only the second tertile was significantly associated with higher risk,

but not the third one. We could hypothesize that this result is a consequence

of competing events, high waist-to-hip ratio being associated with overall mor-

tality in men [48].

Similar biological mechanisms leading to prostate cancer have been suggested

as a consequence of both waist-to-hip ratio increase and low physical exercise.

For this reason, we tested if interactions between waist-to-hip ratio and physical

activity (total, occupational and leisure) were supported by the data, but we

did not find any effect modification. Thus, high levels of physical activity were

not protective for prostate cancer, regardless of different amount of visceral fat.

To our knowledge, few studies have investigated possible interaction between

waist-to-hip ratio and physical activity. Indeed, more studies had focused on

BMI and possible interactions with physical activity: we chose to consider in

our analysis waist-to-hip ratio instead of BMI, because the former is a more

specific measure of abdominal obesity which has been found to be in prostate

carcinogenesis.

Many of the studies analyzing relationships between physical activity/waist-to-

hip ratio and prostate cancer have shown that tumor type and grade at diagnosis

can be affected in different way by hormonal and metabolic changes. For this

reason, we performed analyses for both low and high-risk prostate cancer. Our

results showed that only low-risk cancer was potentially related to physical ac-

tivity and waist-to-hip ratio. No associations were found for high-risk cancer. In

our data, 80% of fatal cancers are high-risk ones, suggesting that similar factors

predict aggressive prostate cancer onset and progression to death.

We also performed separate analyses for mortality. Similarly to what was ob-

served for high-risk cancer, physical activity was not associated with this out-

come. Our results suggested that factors that trigger the disease are not the

same that determine its progression.
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The present study has several strengths. First, the data collection was con-

ducted prospectively thereby eliminating bias from subject recall. The study

design allowed for an assessment of the temporal sequence of the exposures and

outcome. We used a validated instrument to assess total physical activity. We

focused on either occupational or leisure time activity separately. Moreover, for

occupational physical activity we did not just create an index to quantify it, but

we also analyzed if the muscular or locomotive component had a major impact.

In the same way, when considering leisure physical activity, we focused on dif-

ferent types of sport/outdoor activity, in order to analyze if type of exercise can

have different impact on the studied outcomes.

Physical activity is a complex exposure to quantify and different aspects like

duration, intensity and quality have all to be taken into account. To the best

of our knowledge, our paper is one of the few ones that had the possibility to

explore in such a detailed way different aspects of physical activity. This was

possible because of the richness of the available data.

Due to the availability of healthcare and comprehensive data registers in Swe-

den, we also minimized misclassification of the outcome.

The population under study is homogeneous for ethnicity: it is well known that

race has a role in prostate cancer incidence because of different underlying levels

of testosterone among different populations [40]. In our study we did not have

to adjust for this variable since more than 95% of the men declared that both

parents’ place of origin was Sweden.

The limitations of our study should be considered when interpreting the results.

Given that both waist-to-hip ratio and physical activity (total, occupational and

leisure) were self-reported, exposure may have been misclassified. In particular,

contrary to what other studies have done, we chose not to use in the model BMI

but waist-to-hip ratio: this choice us to a major risk of measurements errors and

self reported waist-to-hip ratio measures should have been validated.

An other limitation of our study is represented by the assumption that we stated
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for the mediation analysis: we hypothesized that there was a temporally shift

between waist-to-hip ratio and physical activity measurements, since the latter

was measured for the 12 months before the recruitment. This is however an

assumption and longitudinal studies would be necessary in order to measure

these two variables in different points in time.

The etiology of prostate cancer has been extensively discussed in literature, but

still remains incompletely understood. Assessed risk factors for this cancer are

increasing age, race and heredity. In our study we focused on potential mod-

ifiable risk factors, as physical activity and waist-to-hip ratio. More research

is needed to understand the role of waist-to-hip ratio in the biological mecha-

nisms and pathways that lead to prostate cancer and its possible interactions

with other factors acting on hormones and metabolism. Mediation analyses

considering multiple mediators could be useful and should be performed for a

better clarification of these topics. Further research is also needed to identify

physical activity patterns, in terms of quantity, intensity and type, that could

be protective for prostate cancer incidence and progression.



Conclusions

The performed analyses allowed us to study the effect of different type of phys-

ical activity on prostate cancer incidence and mortality. We have not found

any significant relationship of total and leisure physical activity with the out-

comes, but we have found an effect of muscular occupational physical activity on

prostate cancer incidence, when analyzing both total and low-risk prostate can-

cer. This result could be affected by residual confounding due to not complete

adjustment for socio-economical level. However, the relationship remained sig-

nificant also after stratifying for educational level, suggesting a potential causal

effect. Possible future extensions of the work may include sensitivity analyses

to assess potential bias due to social-economical status unmeasured confounding.

To understand better the pathway from muscular physical activity to prostate

cancer, we analyzed the role of waist-to-hip ratio as a possible mediator. We

have not found waist-to-hip ratio to be a mediator, meaning that the effect of

heavy muscular activity on prostate cancer incidence goes through pathways

that do not involve directly visceral fat reduction.

To clarify prostate cancer etiology it is thus necessary to focus more on pathways

that involve other reasonable biological mechanisms. Physical activity is indeed

known to increase the number of natural kills cells and to improve immune func-

tion by inducing changes in the activity also of neutrophils and macrophages.

Since relations between immune functions and cancer etiology have been deeply

studied, it is possible that physical activity could affect prostate cancer risk
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through this path.

In the same way, physical activity could affect prostate cancer etiology by af-

fecting free radical levels. It has been shown indeed that free radical production

could be increased by acute physical exercise, but chronic one should improve

free radical defenses activating free radical scavenger enzymes. Thus more re-

search is needed to understand and quantify the role that these factors have in

the pathway between physical activity and prostate cancer incidence.

We observed that waist-to-hip ratio does not moderate the effect of physical

activity levels on prostate cancer risk. From a statistical point of view, this

means that there is no significant interaction between the treatment and the

mediator. The theory developed by VanderWeele reduces to the well known

product method first proposed in literature by Baron and Kenny for continuous

outcomes.

In this analysis, we have hypothesized a simple scenario where only one medi-

ator was considered. However, there is growing recent literature on mediation

models accounting for more than one mediator [49]. These designs have tradi-

tionally received less attention in both the methodological and applied literature

even if researchers often have several putative mediators in mind to account for

a given treatment-outcome relationship.

One of the main reason why there has been little focus on methods for testing

multiple mediation hypotheses is probably that the analytic methods are not

straightforward, relative to those for simple mediation and they are not avail-

able in standard routines in statistical softwares. To date, only a few authors

[50, 51, 52, 53, 54] have devoted attention to the simultaneous testing of multi-

ple indirect effects. To our knowledge, no author has handled this problem with

an approach based on causal inference principles.

Thus, we suggest that methodological extensions of this work should involve

study designs that consider multiple mediators simultaneously and we suggest
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that methodologies formalized within the potential outcome framework should

be developed. To the best of our knowledge, no author has dealt with these issues

in survival analysis context yet. However, further research in this direction could

be useful in all the situation in which a clarification of the biological mechanisms

underlying a complex disease is needed.
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