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Abstract

A matrix-valued counting process is presented that allows the mod-
elling of multivariate failure-time data. The inclusion of covariates in
a Cox-type model is considered and asymptotic properties for the es-
timates of the parameters involved in the model are studied.
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1 Introduction

The modern theory of counting process and martingales as developed by, e.g.,
Brémaud (1981) has provided the necessary theoretical background for the
development of rigorous and general theory of the regression models adapted
to censored data. The seed of such approach seems to reside in the work
of Aalen (1975). Much has been done since then and more recently two
books have been published in the subject [Fleming and Harrington (1991)
and Andersen, Borgan, Gill and Keiding (1993)], that take into account a
very broad spectrum of application for the methodology. In this work we
propose a model to handle multivariate failure-time data. Our main goal is
to consider situations where one is interested in the effect of covariates in
more than one event of interest, and, hence, the ultimate objective of the
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model is the estimation and hypothesis testing of the parameters involved in
the model.

In the next section we introduce the matrix-valued model in the bivari-
. ate setup. The development is based on the heuristic interpretation given
to the multiplicative intensity model presented by Aalen. Then, we consider
such model in some parametric models where the corresponding intensity
models result in nice interpretable expressions. Following that, we consider
the inclusion of covariates in the model and derive some asymptotic results
for the parameters involved. Finally, although the results are true in a gen-
eral setting, we discuss the case of two-sample data with time-independent
covariate.

2 The matrix-valued counting process model

In order to develop the model and asymptotic properties we will consider a
bivariate model. The extension of the results to the k-variate situation is
discussed later. Let (77, T2) be non-negative random vector defined in a
probability space (2, F, P). In principle we assume that the elements of such
vector are not independent, having joint survival function given by Sy2(%;, £2).
The marginal survival functions are represented by S1(¢1) and Sj(t;). We also
assume the presence of censoring, represented by the non-negative random
vector (Cy, C;) independent of (Ty; T3), defined in the same probability
space of (Ty, T2). Typically in real data one does not observe necessarily
Ty or C) but the minimum between them, represented by Z, = T, A Cj,
and 6, = I{Z, = T}, where I{A} represents the indicator or characteristic
function. Looking more closely to this problem one may note that what is
actually being observed are random events occurring in time and, hence, the
use of stochastic process to study the situation becomes natural. Therefore,
we define the counting processes .

(2.1) N(@t)=I{Z, <t 8, =1}, ¢>0, h=12,

representing a right-continuous function that assumes value zero, jumping to
one when the particular event associated to T} occurs. Since the quantities in
(2.1) are defined on dependent random variables, it makes sense to consider



also the random-vector

(2.2) ‘N(t) - ( x:gg ) .

In order to better define the quantities above, we consider a sequence of
sub-o-fields defined by {N¥, t > 0} (i.e., a filtration), that is the self-ezciting
or natural filtration o{N#(s), 0 < s < t}, defined by the the vector-valued
counting process N#(t) with elements N¥(t) = I{Z; < t}. Such filtration
can also be made complete in order to satisfy the so-called les conditions
habituelles 1. Note that N¥ also contains information on the processes Nip(t)
as well as on their dependence.

In order to characterize the counting processes above, let us define the
N¥._predictable processes

(2.3) Yi(t)=I{Zy >1t}), t20, h=1,2,

that corresponds to the information whether or not the component h is still
at risk (i.e., uncensored and alive or working.) Such process is assumed
to have its value at instant ¢ known just before ¢, and this property plays
a fundamental role in the martingale property, as we will see later. If we
pretend for a moment that the components of IN are independent, then the
multiplicative intensity model of Aalen (1978) would apply, i.e., the associate
intensity process of N, would be given by

(2.4) An(t) = an(t)Ya(), h=1,2.

where () is the marginal hazard function, defined by

. P{The(t, t+At])|Th >t}
29 calt) = fim, "EEE

If we collect the intensity processes defined in (2.4) in a vector A, then
we could write (under the assumption of independence)

(26) A(t) = ( ’A\:Eg ) = ( a‘O(t) a{zt) ) ( 223 ) = a(t)Y(t)

1Specifically, a complete, increasing and right continuous sequence of sub-o-fields




This intensity fully specify the counting process defined in (2.2) when the
independence is true. It is our goal now to modify (2.6) in order to get a
model for a more general situation where the independence is not feasible.
In such case it is expected that the interpretation for the unknown determin-
istic functions a3, should change and, also, the off-diagonal elements should
be different than zero. Let us approach this situation considering a general-
ization in the heuristic argumentation given for (2.4) [see, e.g., Andersen et
al. (1993)) for the univariate case.] In this case one may write

(2.7) M(t) = E{ dNa(t) | NE),

i.e., the average of jumps for component A iiven the information available just
before . We may note that in this case Ni_ contains information whether or
not one (or both) component(s) have failed just before . Since the processes
Y, are predictable, this means we know the value of Y} at the instant t. If
the component & have failed before ¢, then expression (2.7) equals zero. In
other words, we need to consider the situations (i) no component has failed
at instant t, i.e., Y;(t) = Y3(t) = 1; (ii) the first component has failed before
t but the second has not, i.e., Y1(¢) = 0 and Y3(t) = 1; (iii) only second
component has failed before ¢, that is, Y1(t) = 1 and Y3() = 0; and (iv) both
components failed before ¢, in which case Y;(t) = Y3(t) = 0. If we want to
consider the intensity process for the first component, then we only consider
cases where Y;(t) = 1. This together with expression (2.7) allow us to write

() = E{ dMy(t) INE}
(2:8) = (OO = Ya(0)] + 2 (O ()Ya()
where pgl)(t) = limaino(At)"P{Ty € (t,t+ At] | Th > ;T3 < t} and
pgl)(t) = limai—o(At)"'P{T) € (¢,t + At] | Ty > t;T, > t} may be inter-

preted as conditional hazard functions, given what happened with the other
component. Similarly, for component 2,

Xa(t) = E{ dNy(t) | NE}
(2.9) = P (t)Ya(1)[1 - Yi(8)] + PP (1) Y2 () Ya(2)

for p{?(t) = lima—o(At)"'P{T; € (t,t + At] | Ty < ¢; T» > t} and p{P(2) =
limao(At)IP{T; € (t,t + At] | Ty > ; Ty > t}.
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Based on (2.8) and (2.9) we can represent the intensity process by the
product of matrices

o= (38) = ("5 o) (288 28) (38)
(2.10) = Diag(Y (¢))a(t)Y (2)

where the elements of a are given by

o (t) = pi(t)
anz(t) = p3 (1) = i (1)
an(t) = p{(t) - p2(2)(2)
an(t) = pi(t)
The matriz-valued counting process model is defined in the following way.

Suppose that INy,... ,IN, are n copies of the process IN defined on (2.2).
Then the matrix-valued counting process is given by

(2.11) N(t) = (Ni1(t),. .., Na(t),

with an associated intensity process given by (2.10). Note that the columns
of N are independent and each column, in this case, is constituted by 2
dependent elements.

In order to illustrate the bivariate model, let us consider a parametric
model in the following example.

EXAMPLE 1 Sarkar (1987) considers an absolutely continuous bivariate ex-
ponential distribution where the joint survival function for the vector (11, T3)
is given by

P{Ty > t1; T2 > t2}
2.12) e~Patbalia{] — A(Bits)} T A(Bita)'H, 0<ti <ty
' B e~(Br¥hadti {1 — A(Byt1)} 7 A(Bats)' Y, 0 < t; Sty

where 81 > 0, B2 >0, B12 > 0,7 = P12/(b1+ 2) and A(z) =1—€"%, 2 >
0. The model is based on modifications in the characterization property of
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bivariate exponential distributions that states the following three results are
true: (i) 71 and T are marginally exponential, (ii) min(7y, T3) is exponential
and (iii) min(Ty, T3) and T3 — T; are independent. Note that by (2.12) if
B12 = 0 the joint distribution factorizes in two exponential distribution and
then T} and T; are independent.

Assuming that the survival times are given by (2.12) when no censoring is
present, define the bivariate counting process with elements N;(t) = I{T} <
t}, No(t) = I{T, < t} and the predictable processes Y;(t) = I{T1 > t}
and Y3(t) = I{T; > t,}. Then, after some long algebraic manipulations we
obtain, with 8 = 8, + B2 + Bz,

V(1) = LrBAWB) + Bafrs
(B1 + B2)A(Bat) ’
Wy _ BB
2 ()= B+ B2’
(1) = B2BA(Bit) + 51,312,
(51 + B2)A(Brt)
@ P2B
p2 (t)_ ﬂ1+,32.

Therefore, the elements of the matrix a(t) may be obtained by taking linear

combinations of the quantities pgh) as shown after expression (2.10) and,
hence, the intensity process can be expressed as

A1(t)
A2(t)
B1BA(B2)+B2612 B2812
_(nh@) o )( BABIAGD . BiAB)AG) )(Yl(t))

_( 0 Yyt BBy BiBAGIE
2(t) GitB)AGD  (Pr+B2)A(Bad) ()

This particular model can also be rewritten in a more interpretable way
that takes into account, explicitly, the dependence parameter v. After few
manipulations we obtain

MO Y _ (B 0 [ Y()
<*2(t)>_( 0 f&)(}fz(t))
+7( Pit alty —aEahi) ) ( Yi(t) )
_I(épaﬁjY?(t) ,32+2-(%1Lt)

6



In this expression it is clear the dependence structure in the sense that if
~ = 0 then the resulting expression for the intensity process vector will be
the same one would obtain when working with two independent exponential
random variables, with parameters f; and S,. w]

The matrix-valued model can be thought of when there exists more than 2
components in the model. In this case the intensity process is somewhat more
complicate since higher order of combinations of the predictable processes
must be taken into account. To illustrate this point, let us consider the case of
three components. Therefore, consider the nonnegative random vector T' =
(Ty, Tz, Ts), where each element represents the time up to the occurrence
of events of interest. Similarly to the bivariate case, define the matrix-valued
counting process (2.11) where each column now is given by a 3 x 1 vector
of counting processes IN; = (Nyi, Nii, Ns;), based on n copies T; of T.
Also, the predictable vector is given by Y; = (Y1, Y, Ya), where Yi;(t) =
][{Zh,' > t}.

In order to compute the intensity processes we need to consider the 23 = 8
possibilities represented by the combinations of 0’s and 1’s of the elements
of the vector Y ;(t). Since only makes sense to consider the intensity for a
component which has not failed yet, only four combinations are considered
when computing the intensity for each component (those for which the cor-
responding predictable process is not zero at time t). For example, let us
consider the first component. We consider only the cases where Yj;(¢) = 1
because when this is not true, the component has already failed and the con-
ditional hazard function will be zero. Therefore, the first element of Y will
be fixed and there are 22 = 4 possibilities to be considered, represented by
the failure or not of the other two components. The following notations are
then defined for the conditional hazard functions (dropping out the subscript
i to simplify the notation)

e When Y;(t) = Y5(t) = Y5(t) = 1 no component has failed at time ¢ and
the conditional hazard is given by

(1) m P{Tle(t,t+At]|T1>t, T2>t, T3>t}.

Plzs(t) = AlLo At 3

e when Y;(t) = Y2(¢) = 1 and Y3(¢)"= 0, components 1 and 2 have not
failed and component 3 failed before ¢, so that the conditional hazard
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is

P{T] € (t, t-l-At] | T, > t, T, >t I3 < t}
At ’
e when Y;(t) = Y3(t) = 1 and Y3(t) = 0, only component 2 has failed
before ¢ and so,

() =

)y — 1
P12 (t) = Ahtf_f}o

P{TIE(t t+At]|T1>t T2<t T3>t}
At
e when Y;(¢) =1 and Yg(t) = Y3(t) = 0, only component 1 has not failed
and in this situation the conditional hazard function will be denoted

by

(1) P{Tle(t, t+At]|T1>t, T, <t, Tgst}
(t)_ 1% 0 At b

so that the intensity process will be given by one of the four expressions
above, that, depending on the value of Y, can be written as,

(2.13)
i (t) —pf’(twt)u ~ Ya()][1 - Ya(2)]
+ ()Y (O Ya(D)[1 - Ya(2)]
+ Y (VD1 — Ya(b)][1 - Ya(t)]
+ PV (Y2 () Ya(2)
=p{ ()11 (t) + (p{¥) — PV (1) Ya(t) + (p{3 (2) — PV () Va(£) Va(2)
+ (pa(t) — 2 (8) — PR (D) + P11V (1) Ya(t) Ya () Ya(2)
=aV(O)¥i(t) + D ONOYa(0) + POV () Ya(t)
+ a123(t)Yl( )Ya(t)Ya(t).

The same scheme applies for the second and third components, with only
changes in notation, such that, for the second component,

(2.14)
Xa(t) =pP (OYa(t) + (053 — ) Ya(2)Ya(t) + (03 () — p1) (1)) V(D) Ya ()
+ (Ph(t) — pi2 () — PSR (t) + P8 (1) V(1) Va(t)Ya(2)
=aP()Ya(t) + o3 () Ya(t)Ya(t)+ oD (8) Vi () Va(t)
+ {5 (1) Vi (1) Va(t) Ya(t),




and for the third component the intensity process will be given by

(2.15)
Xa(t) =pP O)Ya(t) + (05 — p)Va()Ya(t) + (013 () — 27 (1)) Vi () Ya(2)
+(p$3£<t) PR () - p‘s’(t)+p“*’<t)m(tm(tm(t)
=af)()Ya(t) + o2 (1) Ya(t)Ya(t) + oD (1) Vi (£)Ya(2)
+ (YA (1) Ya(t) Ya(2).

Based on expressions (2.13)—(2.15) we may note that each expression has

a term involving the predictable process for the corresponding component,
g terms involving the product of two predictable processes and one term
involving the product of the three processes Y3, h = 1,2,3. This structure
can resemble the models used in analysis of variance or categorical data,
where usually one considers models involving the main effects and first or
higher order interactions. When collecting all three quantities defined above
in a vector of intensity process, one may write the model trymg to emphasize

this,

A1 (t) o{V(t) 0 0
A(t) = (Az(t)) = ( 0 ) )+ (a?’(t)) Ya(t) + ( 0 ) Y3(t)
Xa(t) 0 0 o) (2)

a&?(t)\ o) 0
+ @@ | e +| 0 | Vi) + | 2 | Ya@)Ya(t)
(3) (3)
o3 (1) azs (t)
(2.16)
o{5())
+ af‘;’a(t) Yi(t)Ya(t)Ya(?)

a123(t))

where the first three terms in the r.h.s. of expression (2.16) represent the
main effects, the following three terms the first order interaction and the last
term the second order interaction.

An alternative way of expressing the model is to write (2.16) as a product



of matrix similarly the one in (2.10), given by

Yi(t) 0 0 au(t) au(t) alg(t) K(t)
A)=| 0 Ya(t) 0 [lom(t) om(t) o2s(t)| | Ya(?)

0 0 Ya(t)/ \om(t) osat) oss(t)) \Ya(t)
135(1)

(2.17) + | ) | (Y2 (H)Y5(2),
a§23(t)

where the elements ¢;; are defined by the equality

Q@) Pt) (@) | =[oult) on(t) o)
of(t) o) o)) \em(t) as(t) as(?)

Assuming that the second order interaction is negligible, expression (2.14)
turns out to be

of"(t) () ot(l)(t) (au(t) a2(t) ala(t))

(2.18) A(t) = Diag(Y (£))a(t)Y (2),

that is similar to (2.10).

The same reasoning can be considered for higher dimension problems,
with the additional complication that one has to deal with higher order in-
teractions. For example, for a K component problem, the intensity process
will involve up to the (K — 1)th order interaction.. In fact, in this situation,
each component will have intensity process that can be written as

Ai(t) = ﬂa(t)Y(t)(HZ%z(t t)+26,w(t h()Yu(t) +...)

=1 =1

I# 1A
I#3
where §; = o, v = a(’ )/ o), ;’,) = ﬁ,) /e depend on the conditional

hazard functions as in the case K = 3. In this representation the first term
inside parenthesis is related to the independent situation, the second term
with the first order interaction, and so on. If it is reasonable to assume that
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e

the second and higher order interactions are null, then, this model can be
rewritten as in (2.10) and (2.18), i.e., in general,

Vi) ... 0\ fan(t) ... eax(®)\ (Yi(t)
(2.19) A(t) = o R :
0 ce YK(t) aKl(t) cen aKK(t) YK(t)

We finish this section with a brief remark about the assumption that the
second or higher order interactions are null. It may be noted that the model
represented by expression (2.19) has K? infinite-dimensional parameters rep-
resented by the functions a;;. As we will see later, additional assumptions are
imposed on such model in order to reduce the dimensionality of the param-
eter space and allow us to estimate as well as develop asymptotic properties
for the corresponding estimators. If the higher order interactions are allowed
in the model, then the problem becomes much more complex in the sense
that additional assumptions will have to be made. Assuming that interac-
tions are null is a common practice in some fields of Statistics and we will
also consider this approach since we believe the simplifications are consider-
able; however, further investigation on the implications of such assumption
is needed. A more careful examination shows that this assumption implies
in assuming that the failure times are conditionally independent, e.g., when
K = 3, assuming that there is no second order interaction is equivalent to
say that, given one of the failure times, the other two are independent. Fi-
nally we note that in the case where K = 2 no assumption is needed since
the model will involve only first order interactions that are being taken into
account in model (2.19).

3 The bivariate model with covariates

In this section we consider the bivariate model specified by (2.10) and assume
a Cox-type of model in order to include covariates. Throughout this section
we will assume that ¢ € [0, 7], 7 > 0 and, in addition to the quantities defined
earlier, we also have a set of time-dependent covariates Xi(t), ..., X,(t). The
covariates are assumed to be observed for all individuals. In order to simplify
the notation we consider the case ¢ = 1 and in some expressions we will omit ¢
from the notation for the processes involved. Also, we consider the censoring
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variables are the same for all components, i.e., C; = C; = C such that the
observable variable is given by Z; = T; AC, 1 = 1,2.

If n represents the number of individuals, let IN4,... ,IN,, be copies of N
defined in (2.2) with corresponding intensity processes given by Ay, ..., Ay,
where

: b (1)Y1(t) + oy (2) V() Yai (2
(3.1) ’\i(t)___(:\\h-(?):( ?1()1() ?2()1()2()).
2i(t) h3 (1) Yai(t) + oy () Yas()) Yai (1)
Since for each individual ¢ one observes the covariate X;, ¢ = 1,...,n,

we assume that each element of a can be expressed through a multiplicative
form such that

pD(E) = yu(@)eh X [ o =mt)e N = oy (e
Pg')(t) = y12(t)ePr % Ny aly = (m2(t) — m1(2))eA X = a2, (t)ePrX:
PO () = o (t)ePX oy = (721(t) = 722(2))eP % = a, (t)eP X
pg)(t) = 722(t)eﬁzxi |y = yo2(t)eP2Xi = agz(t)ebzxi

In addition, we simplify further the model with the (strong) assumption
that a?,(t) = 67 ad,(¢) and a3,(¢) = ;a3 (t), for 6, > —1, h = 1,2. Then,
the intensity process vector can be written as

of 1 1Yi:(2)Yai(t) )ePr X
&@=( 2008 + B ¥i)¥alt) )

(3.2)
agz(t)(YZc'(t) + OzYu(t)Yzi(t))eﬁzX.'

Based on that, the problem at hand consists in finding estimates for f;
and 6;, ;j = 1,2. Since both failure times (for the two components) are
assumed to be observed at the exact instant they occur, we have that no
two components can jump at the same instant ¢ for the same subject and,
hence, when estimating 8 we will consider a likelihood whose contribution
of individual ¢ at time ¢, if any, will be restricted to Ay;(t)/ £7-; A1;(t) when
Ny jumps or Ag(t)/ 3571 Az;(t) when Ny; jumps.

The likelihood can then be written as the product of the two ratios above
and considering the proportionality assumption for the off-diagonal terms
in a(t) we are able to cancel the unknown baseline functions of;(t). Let
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6 = (61, 82), with é6x = (Bk, i) and suppose the true parameter value is
represented by 8°. Then, the likelihood can be expressed as

n

o) =Tr 11 ( Af»ih) (t)) vt

t20 =1 h=1

ﬁ ( af, ()€l %i(Yi:(t) + 6, Y1:(1)Ya:i(2)) ) dN1i(t)

i1 \Xi=1 all(t)eﬁlXJ (Ya;(2) + 01Y11(t)Y2](t))

X ( oy (8)eP %3 (Yai(t) + 0:Y1(2) Yai(2)) ) dNai ()
7=1 25 (8)ePXi (Ya;(t) + 60:Y1;(2)Y25(t))

t>0

n

_ 2 eﬂhX.'(Y (t)+0 Y],(t)Ym(t)) dNpi(t)
(3-3) - >0 ;I_:__I ]‘_;I (zﬂ 3 CﬁhXJ}E},hJ (t) .: 0hYlJ(t)YzJ(t)))

Expression (3.3) is in fact a partial likelihood and it can be thought of as
a multinomial type of likelihood where at a given time ¢ there a certain
probability that one of the components will fail. Another justification for
this expression can be given using the concept of profile likelihood along
the same lines as presented by Andersen et al. (1993), pages 481-482. The
log-likelihood is given by

r n 2

log L(8) = [ 3= 3= AnXi(t) + log {¥au() + 0aYie(t)Yai(2)}

=0 h=1

— log{ 3= M5O (Yis (1) + 0 a5 (1) ¥as (1))} dNwi(?)

i=1

Computation of the score vector takes place for a pair of parameter for
each component. Therefore it is convenient to consider a partitioned vector
where the first element is a 2 x 1 vector containing the derivatives of the
log-likelihood with respect to the parameters related to the first component
and the same quantities for the second element with information related to
the second component. It should be noted that the score vector is also a
stochastic process in [0, 7]. For t = 7, we write

o ()
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where the first element of U™ = (UM, UMY, h = 1,2 is given by

UM (7;6) = @gﬂi@
h
» T N "3'_ X . 6
o8 - RSy

where w;(81) = €#%i(Y};4+6,Y1;Y2;). Note that (3.4) is similar to the expres-
sion one obtains when considering the univariate case. The basic difference
relies on the weights w; that are taking into account the predictable processes
associated with both components. The second element for the score vector
is given by

(. 5) <2108 L(8)
U2 (T: 6) - aoh
T Yi:Ya; P XYY, )
3.5 = - = dNpi.
(3:5) /o ; (Yhi + 0nY1:Y a1 wi(6n) '

Maximum partial likelihood estimators (MPLE) can be obtained by solv-
ing the equations

(3.6) U(r;8) =0,

which need to be computed iteratively since no analytical expression for the
estimators can be derived. Let us denote the PMLE by 8. Asymptotic
properties for such estimator are studied using the standard martingale the-
ory, that implies in computing the information matrix, derive the martingale
property for some of the quantities involved and making use of Taylor’s ex-
pansions. Hence, we first note that expressions (3.4) and (3.5) can be written
as martingales when & = §°. This is done in a similar manner as in the uni-
variate case, developed in Andersen and Gill (1982). First we note that
th,'(t) = Nh,'(t) - Nhg(t_) = th,'(t) — /\h,‘(t) dt, where Mhi(t) 1s a local
square integrable martingale. Plugging this quantity into expressions (3.4)
and (3.5) we obtain a difference of two integrals, one involving the martingale
Mj,; and the other involving the intensity process. It turns out that the latter
is given by

/ T Xn: x. _ =1 X; X (Yh; + 031,Y5;)
0 31 €% (Yas + 63Y1;Y3;)

=1

) w;(63) oy, dt = 0.
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Therefore, it follows that the first element of the score function can be written
as

(3.7) UP (7, 6% = / Z_;( EJ"_IX ’;"(’26))) dMji,

that is a linear combination of integrals depending on predictable processes
and in the square integrable martingales, and, hence, (3.7) is also a square
integrable martingale. A similar result follows for the second element of the
score vectors, such that

Yo Yo: ” eﬁh 1Y1;Ys;
3 8 U(h) 60 _ 1¢ 424 _ I
(3.8) (r;67) = / Z (Y}u + 00Y1:Y; E,—l w;(8 )

i=1

also a square integrable martingale. Therefore, the vector-valued score func-
tion can be thought of a square integrable martingale. This fact is used
to derive the asymptotic distribution for the score function, based on the
Rebolledo’s central limit theorem for martingales. Such theorem assumes
that the predictable variation processes satisfy certain conditions. In order
to compute such processes denoted by (- , -), the following processes are
defined (extending those quantities usually considered in the literature),

S0(6,2) =(1/m) 3 X} (@) (Yis(#) + OFia() ()P, j=0,1,2,

517(8,2) = (1/n)2;eﬁnx.<z>yl( o) ¥ula),
A0, (l/n)g Yi(x))/:(;)}l’:ii((:))ﬂi(z)eﬂhx'.(z)’

(5)(5 z) =(1/n) EX,-(:t:)Ylg(:z:)Yg,-(x)eﬁ"X‘(’).
=1
Defining also U}h'n) =n"1 2U}h), 7 = 1,2 and using well-known properties of
the predictable processes involved, the predictable process of Ul(h’") will be
given by

(1) £0 .1)2
(S2(8°,9)) ) o? ds.

() gy 7 c@ (g0 oy _
39 (U0 )(t)—/o (Sh (6%, 5) Sﬁo)(ﬁo,S)
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Similarly, the predictable variation processes for Uéh’") and predictable co-

(hin)

variation processes between U;""" and Uéh’") are given by

1 3)  £0Y\2
B10) (U, = [ (S,‘f’w% - M) ol ds

and

578

t
0

(1) 59)6(3) (50
(311) (WP, 080 = | {S,‘f’(sf’) 50050 )}azh ds.

5(8°)

Given the processes above, we state now a list of conditions that will be
used in the proofs for the theorems concerning the asymptotic properties of

quantities of interest. Such conditions are based on those assumed in the
univariate case.

CONDITIONS:

C.1
C.2.

C.3.

C4.

Jo ann(s) ds < oo,

For a neighborhood D around the true value for the parameter vector,
SUPfuepo,ryseny |SK (8,2) — 57 (8,8)]| = 0, with 5" bounded away

from zero on D x [0,7] and s%j) continuous functions of § on D, j =
1...,5,

for all ¥ > 0, n~1/2 SUD{1 <icn; tefo, ) [ XY l{BRX: > —v|Xil} £, 0,
and

The matrix ¥ is positive definite.

Now we state the following theorem, describing the asymptotic distribu-
tion for the score function.

THEOREM 1 For a bivariate counting process with intensity process defined
by (8.2) assume that conditions C.1-C.3 are true. Then, the stochastic pro-
cess n~V2U, with U defined in (8.4)-(3.5) converges in distribution to a
continuous Gaussian martingale W with covariance function given by

5= ("5 iy )
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where Xp(t) is a matriz with elements

t sD(89. 5))2
(St = [ (s£”<«s°,s) - (—Ll) afa(s) ds

»(8°% )
t s )( 80 s))?
(S)an = [ (sﬁ:"(«s", ) (—’;—f(sT%) of(s) ds
: (D50 13 (80
[ (5),40 s, (8°,5)s, (87,8) ) o
(Ba(t)rz =/0 (Sg)w ,8) — =2 (5%, 3) )ahh(s) ds

Remark: Since W is a continuous Gaussian martingale, the cross-covariance

function E{W (s)[W(¢)]'} is given by (s A t).

Proof: The proof is based on the paper by Andersen and Gill (1982) with
some modifications to include our more general setup. It is based on the
Rebolledo’s central limit theorem and basically we have to show that (i) the
predictable processes in (3.9)-(3.11) converge to deterministic functions and
(ii) the predictable variation processes converge to continuous functions as
n — oo.

First we note that since it is assumed that no two components can fail at
the same time,

(Ulgh,n), U,(j’"))(t) =0, h#3j, hgj=12.

Then, based on assumptions (C.1) and (C.2) one may interchange the limits
and integrals of the quantities involved and, hence,

(1) £0yy2
(k) 17(him) P @500 (5°(8))°) o
i, v ) 2 [ (sh (&) == ge) ) ohn 4

(U, U (e) 2 [ (‘4’ °) - __(3%3:)(:;0)))2) o ds,
Sh

and

(1) <0y .(3)/ <0
(U, o)) 2, [ ( (6% — = (io))(s 60)(6 )) o8 ds,

17



taking care of (i).
With respect to (ii), we write for the predictable processes in the elements
of the score vector,

S (8°,¢)

Hy;(t,h) =X;(2 s
1 ( ) ( ) S}("O)(ao,t)

and

Yai(t)Yai(t) S8, 1)

Hy(t,h) =
zi(t: 1) Yui(t) + 03V ()Ya(t)  S©(6°,t)

Then, let H(¢,h) = n=V/2H(t,h), k = 1,2, and let the martingales con-
taining the jumps of (3.7) and (3.8) be defined by

3.12) UMMt 6% = 2 / H{P (s, NI{HP (s, k)| > €} dMi(s)
and
313) D8 = 3 [ B (s DEIHS 5, h)] > €} M),

So, to prove that the predictable variation processes converge to continuous

functions is equivalent to prove that (U ¢t U (h’")) — 0, as n — oo. For
the scores related to the parameters 5 we have the inequality

(3.14)
( U(h’n) U(h’n) )

< z / 4= X"’]I{n’l/"’lX | > e}wi(6%)al, ds

(1) 0
('S N\

As a consequence of assumptions (C.1) and (C.2), the second term in the
r.h.s. of (3.14) converges to zero in probability, since S}, © _F, (0) S(l)

5.(8°)
56|~

} w;(6%) oy, ds.
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sg), and s§°) is bounded away from zero, what implies that the indicator

function in the integral will converge to zero as n — oo.
For the first term in the r.h.s. of (3.14), we have, for all v > 0,

>/ i—xfn{n-lfﬂxd > Jwi(89)al, ds

=1

=E/%X;2][{n-l/2|X,-| > 6 BOX; < —|Xi|}OX (Vi + 60Y1:Yai)ad, ds

=1

+ ;/ %X,?][{n—l/qX;I > € BOX: > —v| X }ePA5 (Vi + 60Y4:Yz:)ad), ds

=Il + I2.

The term I, is bounded from above by

ki 1 . »
E/ ;X,?][{n-ll 2 X:] > ete X (Vi + 00Y1:Yz:)af, ds,
=1
and since Yi; + 00Y1;Yo: < Vi + |091Y1:Y2: < 1+ (69, such a quantity is
bounded by

(1+ WJ)E/ ;Xizl{n—l/leil > e}eWilaf, ds

=1
< (1+1630)7 [ afy ds

where the last inequality is a consequence from the fact that, since v > 0,
limg_, z2¢™7® = 0, and, hence, for all > 0 there exists z sufficiently large
such that 22~ < 7. Therefore, taking 5 arbitrarily small, we may conclude
that I; converges to zero in probability.

In virtue of assumption (C.3), the same conclusion is true for expression
I,. In order to make this clear, note that such expression is smaller or equal
than

* z-;/ %X,? I{BX; > —v|X:|}e* ¥ Viiaf, ds

"ol |
+4(631 > / ~XI{BX: > —| X[} YV, ds

i=1

i 1 .
<A +168) Y [ —XPH{BX: > —7| Xif}eHeYisal, ds

i=1
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and, hence, the last exgressmn converges to zero in probability.
For the process Uz we have that,

(U™, UP)(2)

=3~ JUP (o MOS0, ] > ) )

—E/

=1

Y1:Yai 2
<4 —_— e
Z;/ <Yh;+92YuY2i) I{

NiYs Sl(zs)('so) (n) 0y..0
(Y;n' + 02Y1,}’21 S}(?)(&O) {l ( )l > e}w“(6h)ahh dS
Y1i.Yz;

———-—'—Ku_ T 0OYiiYy > e} w,(6 )ahh ds

S8\ [|528°) 0 50y .0
+ /( (0)(50) {% > € S,E)(G )y, ds

=3+ 14

By the same reasons as pointed out earlier, we have, by assumptions (C.1)
and (C.2) that expression I4 converges to zero in probability. For expression
I3, we make use of the fact that since 69 > —1,

Y1:Ya < 1
Yii + 00Y1Yo: — 1465

and, hence,

Y1:Yo
Yii + 05Y1:Yo

> nl/%e} > I[{

n~1/2 > e = nl/?

1+02 > €
Yi:.Yai S
Yai + 00Y1:Y5;

=H[{1+0°

nl/ze} .
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")

Therefore,

YiYa )’
z/ (},hz'i'eh)/li},h) ][{

=1

_ ViiYy
-/ +e,,Y1,Y2.I{

=1

.Y
Yai + 00Y1:Yz;

> e} w;(6%)a?, ds

Y1.Yo;
Ya: + 60Y1:Ya;

> e} eﬂgx‘agh ds

Y1:Yo; o
Yo + 00YiiYai| 6} @i ds.

[ 1 pox. 1
Z/ L | {1—_*_—-0—2 > nllze} aly, ds.

Since 69 is a fixed value, it is always possible to get n sufficiently large such
that the expression above is zero,

In conclusion, the conditions of the Rebolledo’s central limit theorem are
satisfied and, hence, n~1/2U converges to a Gaussian process, with covariance
matrix given by the limit of the predictable (co)variation processes. o

Theorem 1 will be considered when proving the asymptotic distribution
for the MPLE below. Also, we will need to estimate the covariance matrix X.
In this case, it will be of interest to work with the observed information matrix
with elements given by (minus) the second derivatives of the log-likelihood,
i.e., we define

(3.15) 7(6) = (LS‘S) 12(()5) )

where each symmetric matrix Z, as elements in the main diagonal given by

aU(h) (T ) - /Ti {Zj Xiw;(6n) (Ej ijj('sh))z} d N,

Ej w,-(ﬁh) Ej w](éh)
auw Yo\’ _ (Z;5Y,%, ) ’
_ d Ny,
(T 6) / ; {(Yhz + 0hY11Y§z) ( Zj ‘U)j(ah) '
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and the remaining elements are given by

'aU(h) aU(h)
a6, aﬁ
= / ( X;enXiVi;Ye X5 Xiwi(8n) T; eV, Vs
,_1 E w;(64) (Z; wi(6n))?

The asymptotic distribution of the maximum partial likelihood is given by
he following theorem. The approach used for the proof is based on the proof
for the maximum likelihood estimator presented in Sen and Singer (1993),
due to LeCam (1956)

THEOREM 2 Let 8 be a value that mazimizes the partial likelihood (3.3) and
suppose that conditions C.1-C.4 hold. Then, if 8° is the true value for the
parameter 8,

) dNpi

n1/2(8 — 6% 2 N(0,57Y).

Proof: For |lu|| < K, 0 < K < oo and remembering that §° represents the
true value for the vector of parameters, define

An(u) =log L(8° + n~?u) — log L(6°)
(3.16) =3 {log L;(8° + n~"/*u) — log L;(6°)}

=1

Expanding log L;(8° + n~'/?u) around 8°, we get
g g

(8N
log Li(8° + n~/*u) =log L(6°) + n~1/? [alogafz(a )] u
1 ,32 log L,(6*)
&1 " 0608
for 6* in the line segment formed by §° and §° 4+ n~'/2u. Hence,
(3.18)

log L;(8° + n~'/%u) — log L;(6°)
dlog L;(8°)] 1 ,8%log Li(6*)
— -1/2 g Li ! g Li
§ [ 35 ] Ut o T 608
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Considering

{62 log Li(8*) _ 8%log Li(8°) }

Zo(u) = —Z

n - 0608’ 0606’
we write
1 6logL (6% 1, & 0%log Ly(8%) ,
A(U) \/—2[ u+§;u gwu+5uznu
(3.13)

\/_[U(éo)]’ 21 w'Z(6%u + %u'Z,,u

If || Z,.(u)|| converges in probability to zero, uniformly in u, then, maxi-
mizing (3.13) with respect to u corresponds closely to obtaining a MPLE for
6°, and using the asymptotic distribution for the score function, we will be
able to find the asymptotic distribution of the MPLE. In order to proceed, let
us consider the following representation for the elements of Z (remembering
that such matrix may be expressed as a partitioned matrix), for A = 1,2,

(I(h))n —E/ {(S(l)(,s a:)) 5(2)(5 :c)} th;(x)

S(O)(5 ) S(O)(5 )

=3 [ ViP(,2) dNa),

=1

(I(h))12 =(I(h))21
n e (S5 2)SD(6.2) SOz
=.E/o {s (8,2)S1(8,2)  SP(s, )}th‘_(z)

(S,‘f’(s,z))z 57(8, )
—Z:/ Vlh)(é,z) th;(x),

5(3)(6,90) ? Y.V 2
(e = ;—21/ {(S?o)(ﬁ m)) B (Yhi+0hY1;Y2i) } ANis(z).

Also, deﬁne functlons vn)() and v{z)() similarly to V,S ), but with S(')

replaced by s h , as defined earlier. Then, in order to examine the convergence
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(in probability) of ||Z ®)||, let us study each particular element.

(ZP @)l =|= > [(WI(6",2) - VP8, 2) dVis(z)

1—1

< (Vi(8° +1,z) — VP(8°, 2)) dNpi(=)
a: |z|<||u||/¢‘}n§ / H

< [ ((6° + 1,2) = vD(8° +1,2))
{t: I1I<IIUII/~/7

th.(.’B)

[ (8%, 2) - o (60, 2)) SF2 ) i

d
{&: |1|<||“||/\/_}
[0 +1,2) - o (80, ) 22 dN" elz)

+|
{t: I1|<II“ll/\/7
=I5+ Is + I7.

Now we note that, by the Lenglart’s inequality, for all p, 7

P{qu} 53+P{1—11-/0T/\h.(t) dth}

n

{ _/ E(Yh-? + oh}/lJY%) ﬂhx’ah (t) dt > p}

j=1

=P
n
=L p{[ 50" ettt 2 o}

Taking p > [7s{”(6%a?, dt and considering assumption (C.2) then, as
n 1 0o it follows that P{f S(6°)a, dt > p} — 0 and, hence,
Np.

lim lim P —’ﬂm] —0.

7—00 N=+00 n
By assumption (C.2) expression I5 converges to zero. If in addition we con-
sider n sufficiently large such that §° +1 € D, then it follows that expression
Is also converges in probability to zero, as n — co. The continuity on s/
in condition (C.2) guarantees that, as n — oo, expression I goes to zero in
probability, and, hence,

sup  [(ZP(0))11] = 0.
{u: |lu||<K}
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Similar argumentation lead us to conclude that
(ZP @)l = [(ZP W)l =0, uniformly in u.

To deal with (ZM),,, define My(8,z) = S(6,)/5{7(6,2). Then one
may write

Y1:Ya
(h) - 2 1: 422 2 .
(2¢ E/ M8 ) ~ ()} A

t-l
Y1:Ya
] 2 114 2 2 .
-2 3 [ — () A

and, hence,

(3.20)
|(zﬁh)(u))22|

< ' sup / (M,(8° + 1,2))? — (M,,(86°,2))* ANy
{1 {i<ull/vn} n i=1

n

Y1:Yai 2 YiYo

+| su ’ - 2} ANyl
‘{l |z|<||£|/ﬂn§/ (Yh.’+(9g+l)Y1iY2i (Y?u'+92YuY2i) } AN,

The first term in the r.h.s. of (3.20) is bounded from above by

M, 6°+l:c 2 _(m 5°+l:c 2 AN,
{1: |1|<IIUII/\/_}"§/( 8 )= (mal ) ™

+ (M(8°,2))? — (mn(8° 2))? dNpi
‘{l I1I<IIuII/\/'} n E/
+ (mh(ﬁ +1 :c)) — (mh(é :1:)) d Ny,
I{l Ill<llull/\/"} n Z;/
=Ig + Is + I1o.

where m;, = sﬁf’ / s%o). By assumption (C.2) and the boundedness conditions
imposed on the quantities involved, Is and Ig converge to zero in probability.
Also, if we consider that m; (6, z) is a continuous function in a neighborhood
of the true value 60, I;p converges to zero as n — oo.
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Remains to show that the second term in the r.h.s. of (3.20) converges
to zero. To do so, we note that such expression is not larger than

[

that converges to zero as n — oo. Hence it follows that expression (3.20)
converge in probability to zero.
Hence, we have shown that

1 1
sup -
e wigtlyvmy [(L+6R + 02 (14 67)?

(3.21) sup  |Zn(u)] 20,
{llulle[-K,K]}

i.e., Z, converges in probability to zero, uniformly in u.
Also, it is a direct consequence of the results presented earlier that

(3.22) n~1Z(6°) 2 B(r),

for ¥ defined in theorem 1.
Using (3.21) we may rewrite expression (3.16) as

An(u) = \/—[U(fso)]' 5 W Z(8%)u + 0p(1)
— V()] - u'Su+ (S - LZE)u + o)
that, in virtue of (3.22), may be written, uniformly in the set {u: |ju| < K},

(3.23) M) = 8)'u — %—u'Zu +0,(1)

\/—[U(

Maximization of (3.23) with respect to u (ignoring the negligible part for a
moment) will give

> U (6°),

Bl

or more precisely,
i=—=<X"1U(6% + o, (1
\/— ( ) p( )
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Noting that a n
likelihood, if &

such that

Therefore, by "
variate normal
applying the Sl

raximum on A, corresponds to a maximum on the (log) partial
is a point of maximum in (3.3), it follows that

b =6°+n"12G = 6° + n'EIU(6°) + o,(1),

V(8 = 8% = n 221U (6°) + o,(1).

[heorem 1, n~1/2U computed at ¢t = 7 converges to a multi-
distribution with covariance matrix given by X, and, hence,
utsky’s theorem and assumption (C.4),

n?(% — 6% = N(0,571),

concluding the
Based on th
that one may
for the parame
following coroll

COROLLARY 3

This corollary i

proof. o
orem 2 one needs an estimate for the covariance matrix such
ompute confidence intervals and perform hypotheses tests
ers of interest. Then, to complete this section we state the
ries for the theorem.

The estimator & is a consistent estimator for 8°.

s a direct consequence of the theorem, i.e., one can immedi-

ately verify that |8 — 8°|| = 0,(1)

CORO’I\,LARY 4
n~1Z(8).

Corollary 4 folls
lary 3. In fact
such that, for a
tion (B.4) will |
converge to the

The covariance matriz ¥ can be consistently estimated by

pws from the assumptions made in theorem 2 and from corol-
, since 8 is a consistent estimator, there exists a value ng
Il n > ng it will be in the neighborhood D, such that condi-
ve true, and, hence, each element of the matrix n~1Z(8) will
respective element of X.
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4 Application to the two-sample problem

In this section we briefly illustrate the results discussed in the previous sec-
“tions considering the two-sample problem.

Consider that in a clinical trial one is interested in studying the occurrence
of two events, possibly censored. Also, each one of the patients is random-
ized in one of two groups, placebo and treatment and the interest resides in
studying the efficacy of treatment with respect to prolonging the time for
the occurrence of one (or both) events. Here, K = 2 and we define a time-
independent covariate X; assuming values zero or one, depending whether a
particular individual ¢ is assigned to the placebo or treatment groups. Ni;(t)
will represent the counting process as defined earlier, indicating if the kth
event has occurred for individual ¢ at time ¢.

In this particular setting some of the quantities can be rewritten in a more
interpretable way. To do so, we define the sets of indexes Tr = {i: X; = 1}
and Pl = {¢: X; = 0} containing the indexes for the individuals in the
treatment and placebo groups, respectively. The log-likelihood can be written
as

log L(6)
-3 A Y [ AN+ z S [ og (Yii + 64¥is¥s) dNs
h=1 €Tr 1 i=1
2
- Z/ 103{ (Yai + 6nY1;Y2;) + € 3 (Ya; + 9hY1jY2j)} dNi.
h=11=1 J€P1 J€Tr

Based on such log-likelihood one obtains iteratively the MPLE 8 for the
parameter §. Asymptotic properties for such estimator are given by theo-
rems 1 and 2 and we now analyse the a,ssumptlons described there. Initially,
note that for fixed ¢, each one of the SV X ( t) may be thought of as an aver-
age of independent and identically distributed random variables. Therefore,
one may apply the Khintchine law of large numbers and show the point-wise
(for each t) convergence (in probability) to a deterministic function. If this
function is monotone, then considering lemma 3.1 presented in Heiller and
Willers (1988) we will have that the point-wise convergence is equivalent to
the uniform convergence in assumption C.2.
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Thus, for S,Eo)(6,t) = (1/n) X%, w;(65,t) we note that
E{w; (81, )} =E [(Va + 0, ¥1:Y2:) e %]
=E[E ((Ya: + 0 Y1:Y2:)e %/ X;) |
=E [/%i(S,(t) + 6S12(t))]

(41) =(7l'o + ﬂ'leﬁh)(Sh(t) + 0h812(t))
where 7o = 1—m; = P(X; = 0) is the probability that a particular individual
will be assigned to placebo, Si(t) = P(Th; > t) is the marginal survival
function and Sy5(t) = P(Ty > ¢; Ty; > t) is the joint survival function. Since
Si and S;; are non-increasing functions, the uniform convergence C.2 follows.

Similarly, for 7 = 1, 2,

E[X] (Yai + 65 Y1:Ya:)e™ %] =E[X] 5% (Sh(t) + 64S1a(1))]

(42) =7r16ﬁh (Sh(t) + ahslz(t))
that takes care of S{" and S

For S,(za) we have
(4.3) E[Y;; Y2ie® %] = (mo 4 m16%4)S12(2)
that is also a monotone function, and, hence, the uniform convergence is
true.

For S ,(f) we also have the same result since
E [ YiiYo

Yii + 0nY1:Y5
that, as a function of £ is also a monotone function.

(5)

For 537,
(4.5) ]E[X,‘Yl,‘nieﬁhxi] = wle"hSm(t)
a monotone function. It follows then, for j = 1,... ,5 the uniform condition
C.2 is true, and, as n — oo,

S]g(t)

(44) 146,

eﬁ"x"] = (7o + m1€P*)

ToT1 ePh

t
T [[(84(s) — BaSuals))af(s) ds,

(hn) 7r(hin) P o+ melr rt Su(s) — Sia(s)
(U2, U™ () = 1460, Jo Su(s)+ 0rS1a(s)

o utmy i) L

agh(s) ds7

(U™, ) () = 0.
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Since in this case the continuity in condition C.2 and condition C.3 are
trivial, then the asymptotic convergence of n=/ 2(3 —&80) is given by a normal
distribution with mean zero and covariance matrix £ whose elements can be
estimated by

-~ -~ 2
T (Vi +8nY15)e _
(Y 4 6:Y:5) + (Vi + 0,Y150) e
_ (Vi + 05 Yi5) P 4
Y1+ 6:.Y350) + (Vi + 6,Y1%)ePr

(Eahu = [

0

~ 2
" T Pl Oy Ir _
(Zh)22 =/ — iz + €2 gy — = dN;.
o \(YE'+6,Y5) + (Vi + 6hY %) el

1 _
- dN}!
(1 + 8,)2 /0 i

T (VR + YEP) (Y + B,V E)eP
(YR + B, YEY + (VT + 8, %) e )2
Yl"gl_"eﬁh

(V' + 6.Y13) + (V3™ + 0n 173 ) e

(E)iz = Enar = [

where Y,* and Y;! represent the number of individuals with component h
at risk, at time ¢, for treatment and placebo groups respectively, Y, and
Y}! represent the number of individuals with both components at risk, at
time ¢, for treatment and placebo groups, and N}! represents the number of
failures, at time ¢, divided by n, for those individuals with no failure in any
component.
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