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| ntroduction

The notion of frailty provides a convenient way to introduce random effects, association and
unobserved heterogeneity into models for survival data. In its simplest form, a frailty is an
unobserved random proportionality factor that modifies the hazard function of an individual, or of
related individuals. In essence, the frailty concept goes back to work of Greenwood and Yule
(1920) on "accident proneness”. The term frailty itself was introduced by Vaupel et al. (1979) in
univariate survival models and the model was substantially promoted by its application to
multivariate survival data in a semina paper by Clayton (1978) (without using the notion
"frailty") on chronic disease incidence in families.

Frailty models are extensions of the proportional hazards model which is best known as the Cox
model (Cox, 1972), the most popular model in surviva analysis. Normally, in most clinical
applications, survival analysis implicitly assumes a homogenous population to be studied. This
means that all individuals sampled into that study are subject in principle under the same risk
(e.g., risk of death, risk of disease recurrence). In many applications, the study population can not
be assumed to be homogeneous but must be considered as a heterogeneous sample, i.e. a mixture
of individuals with different hazards. For example, in many cases it is impossible to measure all
relevant covariates related to the disease of interest, sometimes because of economical reasons,
sometimes the importance of some covariatesis still unknown. The frailty approach is a statistical
modelling concept which aims to account for heterogeneity, caused by unmeasured covariates. In
statistical terms, a frailty model is a random effect model for time-to-event data, where the
random effect (the frailty) has a multiplicative effect on the baseline hazard function. One can
distinguish two broad classes of frailty models:

(1) models with an univariate survival time as endpoint and

(2) models which describe multivariate survival endpoints (e.g; competing risks, recurrence of

eventsin the same individual, occurrence of a disease in relatives).



In the first case, an univariate (independent) lifetime is used to describe the influence of
unobserved covariates in a proportiona hazards model (heterogeneity). The variability of survival
datais split into a part that depends on risk factors, and is therefore theoretically predictable, and
apart that isinitially unpredictable, even when all relevant information is known. A separation of
these two sources of variability has the advantage that heterogeneity can explain some
unexpected results or give an aternative interpretation of some results, for example, crossing-
over effects or convergence of hazard functions of two different treatment arms (see Manton and
Stallard (1981)) or leveling-off effects - that means the decline in the increase of mortality rates,
which could result in a hazard function at old ages parallel to the x-axis (Aalen and Tretli (1999)).
More interesting, however, is the second case when multivariate survival times are considered.
There one aims to account for the dependence in clustered event times, for example in the
lifetimes of patients in study centers in a multi-center clinical trial, caused by center-specific
conditions (see Andersen et al. (1999)). A natural way to model dependence of clustered event
times is through the introduction of a cluster-specific random effect - the frailty. This random
effect explains the dependence in the sense that had we known the frailty, the events would be
independent. In other words, the lifetimes are conditional independent, given the frailty. This
approach can be used for survival times of related individuals like family members or recurrent
observations on the same person. Different extensions of univariate frailty models to multivariate
models are possible and will be considered below.

We want to explain the key ideas of univariate frailty models by an illustrative example from
Aaen and Tretli (1999). The authors analyzed the incidence of testis cancer by means of afrailty
model based on data from the Norwegian Cancer Registry collected during 1953-93. The
incidence of testicular cancer is greatest among younger men, and then declines from a certain
age. The frailty is considered to be established by birth, and due to a mixture of genetic and
environmental effects. The idea of the frailty model is that a subgroup of men is particularly

susceptible to testicular cancer. This would explain why testis cancer is primarily a disease of



young men. As time goes by the members of the frail group acquire the disease, and at some age
this group is more or less exhausted. Then the incidence, computed on the basis of al men at a

certain age, will necessarily decline.

Univariate frailty models

The standard situation of the application of survival methods in clinical research projects assumes
that a homogeneous population is investigated when subject under different conditions (e.g.
experimental treatment and standard treatment). The appropriate survival model then assumes
that the survival data of the different patients are independent form each other and that each
patient’s individual survival time distribution is the same (independent and identically distributed
failure times).

This basic presumption implies a homogeneous population. However, in the field of clinical trials
one observes in many most practical situations that patients differ substantialy. The effect of a
drug, a treatment or the influence of various explanatory variables may differ greatly between
subgroups of patients. To account for such unobserved heterogeneity in the study population
Vaupel et a. (1979) introduced univariate frailty models into survival analysis. The key idea is,
that individuals possess different frailties, and that those patients who are most frail will die
earlier than the others. Consequently, systematic selection of robust individuals (that means
patients with low frailty) takes place. When mortality rates are estimated, one may be interested
in how these rates change over time or age. Quite often it is observed that the hazard function (or
mortality rate) rises at the beginning, reaches a maximum, and then declines (unimodal intensity)
or levels-off at a constant value. The longer the patient lives after manifestation of the disease, the
more improved are his or her chances of survival. It islikely that unimodal intensities are often a

result of a selection process acting in a heterogeneous population and do not reflect individual



mortality. The population intensity may start to decline simply because the high-risk individuals
have already died out. The hazard rate of a given individual might well continue to increase.

If protective factors or risk factors are known, those could be included in the analysis by using the
proportional hazards model, which is of the form

K(EX)= Ho(t)exp(B™X),

where H(t) denotes the baseline hazard function, assumed to be unique for all individuas in the
study population. X is the vector of observed covariates and [3 the respective vector of regression
parameters to be estimated. The mathematical convenience of this model is based on the

separation of the effects of aging in the baseline hazard po(t) from the effects of covariates in the

parametric term exp(B"X).

There are two main reasons why it is often impossible to include al important factors on the
individual level into the analysis. Sometimes there are too many covariates to be considered in
the model, in other cases the researcher do not know or is not able to measure all the relevant
covariates. In both cases, there are two sources of variability in survival data: variability
accounted for by measurable risk factors, which is thus theoretically predictable, and
heterogeneity caused by unknown covariates, which is thus theoretically unpredictable, even if
knowing all the relevant information. There are advantages to separate these two sources of
variability since heterogeneity in contrast to variability can explain some "unexpected” results or
can provide an aternative explanation of some results. Consider for example, non-proportional
hazards or decreasing hazards when unexpected extra variability prevails.

In a proportional hazards model, neglect of a subset of the important covariates leads to biased
estimates of both regression coefficients and the hazard rate. The reason for such bias liesin the
fact that the time-dependent hazard rate results in changes in the composition of the study
population over time with respect to the covariates.

If there are two groups of patients in a clinical trial where some individuals experience a higher

risk of failure, then the remaining individuals at risk tend to form a more or less selected group



with a lower risk. An estimate of the individual hazard rate, without taking into account the
unobserved frailty, would therefore underestimate the true hazard function and the extent of
underestimation would increase as time progresses.

The univariate frailty model extents the Cox model such that the hazard of an individual depends
in addition on an unobservable random variable Z, which acts multiplicatively on the baseline

hazard function p:

M(t.Z,X)= ZHo(t)exp(B'X). (1)
Again, uo(t) isthe baseline hazard function, 8 the vector of regression coefficients, X is the vector
of observed covariates. and Z now is the frailty variable. The frailty Z is a random variable
varying over the population which lowers (Z<1) or increases (Z>1) the individual risk. Frailty
corresponds to the notions liability or susceptibility in different settings (Falconer, 1967). The
most important point here is that frailty is unobservable. The respective surviva function S,

describing the fraction of surviving individualsin the study population, is given by

S(t1Z,X) = exp(-Z [ 11(s)ds exp(B'X)) @

S(t|Z,X) may be interpreted as the fraction of individuals surviving the time t after begin of
follow-up given the vector of observable covariates X and frailty Z. Note, that relations (1) and
(2) describe the same model using different notions. Up to now, the model has been described at
the level of individuals. However, this individua model is not observable. Consequently, it is
necessary to consider the model at the population level. The survival function of the total
population is the mean of the individual survival functions (2). It can be viewed as the survival
function of arandomly drawn individual, and corresponds to that which is actually observed. It is
important to note that the observed hazard function will not be similar to the individual hazard

rate. What may be observed in the population is the net result for a number of individuals with



different Z. The population hazard rate may have a completely different shape than the individual

hazard rate as shown in the following picture:
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Figure 1: Conditional and unconditional hazard rates in a smulated data set of human mortality.
The red lines denote the conditional (individual) hazard rates for individuals with frailty 0.5, 1

and 2, respectively. The blue line denotes the unconditional (population) hazard rate.

One important problem in the area of frailty models is the choice of the frailty distribution. The
frailty distributions most often applied are the gamma distribution (Clayton 1978; Vaupel et al.
1979), the positive stable distribution (Hougaard 1986b), a three-parameter distribution (PVF)
(Hougaard 19864), the compound poisson distribution (Aalen 1988, 1992) and the log-normal
distribution (McGilchrist and Aisbett, 1991).

Univariate frailty models are widely applied. A few examples which can be consulted for more

details are listed here. Aalen and Tretli (1999) applied the compound Poisson distribution to



testicular cancer data already introduced above. The idea of the model is that a subgroup of men
Is particularly susceptible to testicular cancer, which results in selection over time.

Another example is the malignant melanoma data set including records of patients who had
radical surgery for malignant melanoma (skin cancer) at the University Hospital of Odense in
Denmark. Hougaard (2000) compared the traditional Cox regression model with a gamma frailty
and PVF frailty model, respectively, to these data.

The third example deals with the time from insertion of a catheter into dialysis patients until it
has to be removed due to infection. A subset of the complete data, including the first two
infection times of 38 patients, was published by McGilchrist and Aisbett (1991). To account for
heterogeneity within the data, Hougaard (2000) used a univariate gamma frailty model.
Henderson and Oman (1999) tried to quantify the bias which may occur in estimated covariate
effects, and fitted margina distributions when frailty effects are present in survival data but the
latter are ignored in a misspecified proportiona hazards analysis.

Congdon (1995) investigated the influence of different frailty distributions (gamma, inverse

Gaussian, stable, binary) on total and cause-specific mortality from the London area (1988-1990).

Multivariate frailty models

A second important application of frailty modelsisin the field of multivariate survival data. Such
kind of data occurs for example if lifetimes (or times of onset of a disease) of relatives (twins,
parent-child) or recurrent events like infections in the same individua are considered. In such
cases independence between the clustered survival times can not be assumed. Multivariate
models are able to account for the presence of dependence between these event times. A
commonly used and very general approach isto specify independence among observed data items
conditional on a set of unobserved or latent variables (Hougaard, 2000). The dependence
structure in the multivariate model arises from a latent variable in the conditional models for

multiple observed survival times, for example let S(t1]Z,X;) and S(t2]Z,X,) be the conditional



survival functions of two related individuals with different vectors of observed covariates X; and
Xa, respectively, (see (2)). Averaging over an assumed distribution for the latent variables (e.g.,
using a gamma, log-normal, stable distribution) then induces a multivariate model for the
observed data. In the case of paired observations, the two-dimensional survival function is of the

form

S(t.t,) = [S(t,[2.X,)S(, 12X, )a(2)etz,

where g denotes the density of the frailty Z. In the case of twins, S(t1,t2) denotes the fraction of
twins pairs with twin 1 surviving t; and twin 2 surviving t,.
Frailty models for multivariate survival data are derived under conditional independence

assumption by specifying latent variables that act multiplicatively on the baseline hazard.

The shared frailty model

The shared frailty model is relevant to event times of related individuals, ssmilar organs and
repeated measurements. Individualsin acluster are assumed to share the same frailty Z, which is
why this model is called shared frailty model. It was introduced by Clayton (1978) and
extensively studied in Hougaard (2000). The survival times are assumed to be conditional
independent with respect to the shared (common) frailty. For ease of presentation we will
consider the case of groups with pairs of individuals (bivariate failure times, e.g. event times of
twins or parent - child). Extensions to multivariate data are straightforward. Conditional on the
frailty Z, the hazard function of an individual in apair is of the form

Zuo(t)exp(8"X), where the value of Z is common to both individuals in the pair, and thus is the
cause for dependence between survival times within pairs. Independence of the surviva times

within a pair corresponds to a degenerate frailty distribution (Z=1, c->=0). In all other cases with



o%>0 the dependence is positive by construction of the model. Conditional on Z, the bivariate

survival function isgiven as

S(t1,12/2)=Si(tr)* Sa(t2)*-
In most applications it is assumed that the frailty distribution (i.e. the distribution of the random
variable Z) is a gamma distribution with mean 1 and variance 0. Averaging the conditional

survival function produces under this assumption survival functions of the form

St t,) = (Si(t) 7 +S,(t,) 7 —)Y

Shared frailty explains correlation’s between subjects within clusters. However, it does have some
limitations. Firstly, it forces the unobserved factors to be the same within the cluster, which may
not always reflect reality. For example, at times it may be inappropriate to assume that all
partners in a cluster share all their unobserved risk factors. Secondly, the dependence between
survival times within the cluster is based on marginal distributions of survival times. However,
when covariates are present in a proportional hazards model with gamma distributed frailty the
dependence parameter and the population heterogeneity are confounded (Clayton and Cuzick,
1985). This implies that the joint distribution can be identified from the marginal distributions
(Hougaard, 1986a). Thirdly, in most cases, a one-dimensional frailty can only induce positive
association within the cluster. However, there are some situations in which the survival times for
subjects within the same cluster are negatively associated. For example, in the Stanford Heart
Transplantation Study, generally the longer an individual must wait for an available heart, the
shorter he or sheis likely to survive after the transplantation. Therefore, the waiting time and the
survival time afterwards may be negatively associated.

To avoid the above mentioned limitations of shared frailty models correlated frailty models were

developed.



The correlated frailty model

Originaly, correlated frailty models were developed for the analysis of bivariate failure time
data, in which two associated random variables are used to characterize the frailty effect for each
pair. For example, one random variable is assigned for partner 1 and one for partner 2 so that they
would no longer be constrained to have a common frailty. These two variables are associated and
have a joint distribution. Knowing one of them does not necessarily imply knowing the other.
There is no more a restriction on the type of correlation. These two variables can also be
negatively associated, which would induce a negative association between survival times.
Assuming gamma distributed frailties, Yashin and lachine (1995) used the correlated gamma-

frailty model resulting in abivariate survival distribution of the form

S,(t)** S,(t,)**
(Si(t) 7 +S,(t,) " —1)77

S(ty.t,) =

Examples of the use of multivariate frailty models are various and emphasize the importance of
thisfamily of statistical models for survival data.
a shared log-normal frailty model for the catheter infection data mentioned above used by
McGilchrist and Aisbett (1991),
a shared fraillty model with gamma and log-normal distributed frailty, applied to the
recurrence of breast cancer by dos Santos et al. (1995),
a shared positive stable frailty model, applied by Manatunga and Oakes (1999) to the data
from the Diabetic Retinopathy Study, which examined the effectiveness of laser photo-
coagulation in delaying the onset of blindness in patients with diabetic retinopathy. Positive
stable frailty alows for proportional hazards both in the marginal and the conditional model.
astudy of Andersen et al. (1999), who tested for centre effects in multi-centre survival studies
by means of afrailty model with unspecified frailty distribution,
a correlated gamma-frailty model, applied by Pickles et al. (1994) to age of onset of puberty

and antisocial behavior in British twins,
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a correlated gamma-frailty model by Yashin and lachine (1995) and Yashin et al. (1995) to
analyze mortality in Danish twins

a correlated gamma-frailty model by Wienke et a. (2001) and Zdravkovic et al. (2002) to
analyze genetic factors involved in mortality due to coronary heart disease in Danish and
Swedish twins, respectively,

an extension of the correlated gamma-frailty model by Wienke et. al (2002a) used to model
death due to coronary heart disease in Danish twins,

different versions of the correlated gamma-frailty model applied by Zahl (1997) to cause-

specific cancer mortality in Norway to model the excess hazard.

Softwar e

Stata 7 (procedure st streg) alows to explore univariate models with gamma and inverse
Gaussian distributed frailty. aML 2 supports log-normal frailty models in univariate analysis.
WinBugsis designed for analysis of shared frailty models with different frailty distribution, using
Markov Chain Monte Carlo methods. In the internet, there are several SAS, GAUSS, S-Plus and

R routines available dealing with different frailty models.
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