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Abstract

It has been widely recognized that interim analyses of accumulating data in a clinical trial can
inflate type | error. Different methods, from group sequential boundaries to flexible alpha
spending functions, have been developed to control the overall type | error at pre-specified level.
These methods mainly apply to testing the same endpoint in multiple interim analyses. In this
paper, we consider a group sequential design with pre-planned endpoint switching after unblinded
interim analyses. We extend the alpha spending function method to group sequential stopping
boundaries when the parameters can be different between interim, or between interim and final
analyses.
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1 Introduction

It is fundamental to have clinical trials that are properly designed to answer specific
scientific questions, such as whether a drug improves overall survival. Every trial design is
striving to answer this question with as much robustness and accuracy as possible while
involving the fewest number of patients, reasonable costs and the shortest duration of time.
Methodology for group sequential clinical trials has been developed largely during the past
few decades so that a trial can be stopped early if there is strong evidence of efficacy during
any planned interim analysis. Pocock (1977) first proposed that the crossing boundary be
constant for all equally spaced analyses. O’Brien and Fleming (1979) suggested that the
crossing boundaries for the kth analysis, z.(k), be changed over the total number of analyses

K such that z.(k)=z,, 1/ K/k. In both procedures, the number of interim analyses and the
timing of the interim analyses need to be pre-determined. The O’Brien-Fleming boundaries
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have been used more frequently because they preserve a nominal significance level at the
final analysis that is close to that of a single test procedure.

The alpha spending function developed by Lan and DeMets (1983) is a more flexible group
sequential procedure that does not require the total number nor the exact time of the interim
analyses to be specified in advance. Earlier development of the alpha spending function was
based on the assumption that the information accumulated between each interim analysis is
statistically independent. However, this assumption does not apply to longitudinal studies in
a sequential test of slopes for which the total information is unknown. Sequential analysis
using the linear random-effects model suggested by Laird and Ware (1982) has been
considered by Lee and DeMets (1991), and Wu and Lan (1992). There have been debates on
whether the alpha spending function can still be used since the independent increments
structure does not hold and the information fraction is unknown (Wei et al 1990, Su &
Lachin 1992). It was argued by DeMets and Lan (1994) that the alpha spending function can
still be used with a more complex correlation between successive test statistics. The key to
using the alpha spending function is being able to define the information fraction. Tsiatis et
al. (1995) derived the joint distribution of sequentially computed score tests and maximum
likelihood estimates for general parametric survival models subject to censoring and
staggered entry, and show that the joint distribution of the sequentially computed score test
for any single parameter has an asymptotically independent increments structure. Scharfstein
et al. (1997) further demonstrated that sequential Wald statistics behave like a standardized
partial sum of independent normal variables and thus have independent increments.

A high degree of flexibility has been well developed with respect to the timing of the
analyses and how much type | error (a) to spend at each analysis. However, these methods
mainly apply to testing the same endpoint or the same hypothesis in multiple testing.
Changing study endpoints is not uncommon in clinical trials. Chan et. al. (2004) compared
published articles from 102 randomized clinical trials and reported that 62% of the trials had
at least one primary endpoint that was changed. For example the PROactive study concluded
that pioglitazone, a peroxisome proliferator-activated receptor agonist, can significantly
reduce macrovascular events in diabetes based on a composite endpoint of multiple
macrovascular events and death (Dormandy et al 2006). However, the primary endpoint is
time to occurrence of a new macrovascular event or death by design (Charbonnel et al
2004).

Changing the primary endpoint after an unblinded interim analysis has been a challenging
statistical issue. The EMEA reflection paper finalized in 2007 (EMEA 2007) does not
recommend any endpoint change after an unblinded interim analysis although the language
has been more flexible in the final version compared to the draft versions. The recently
published draft FDA guideline on adaptive designs (FDA 2010) recognizes the need for
endpoint change in some cases. However, statistical procedures to control the type | error
rate are not well developed in this setting. As the design of the clinical trials is becoming
increasingly complex, being able to test different hypotheses while preserving the pre-
specified significance level is an emergent need. In this paper, we consider combining a
group sequential design with pre-planned endpoint switching after unblinded interim
analyses. The major motivation for this is 1) to maximize the information at the interim
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analysis so that the interim analysis will have a higher chance of success, or 2) to maximize
the probability of success at the final analysis by switching endpoints.

Chen et al (2003) considered a switching endpoint design based on the log-rank statistic
where mortality was used as the primary endpoint at the interim analysis while a composite
endpoint was used as the primary endpoint at the final analysis. The rationale for the design
is that a composite endpoint that includes mortality would have a higher event rate and thus
have a higher power should the mortality outcome fail to show significance at the interim
analysis. However, using a composite endpoint at the interim analysis may not be feasible as
regulatory agencies may be reluctant to terminate a trial early to allow the efficacy claim
unless there are convincing results based on a more conventional outcome, such as
mortality. Since how much type | error (a) to spend at an interim analysis and the timing of
the interim analysis are flexible, one can allocate most of the a to the interim analysis so
that there is a sufficiently high probability of terminating the trial early should there be a
significant difference in mortality. If the mortality endpoint fails, switching to a composite
endpoint can still be successful. The PROactive study described above(Dormandy et al
2006) was successful in a composite endpoint. As another example, the MERIT-HF study
(MERIT-HF Study Group 1999) was designed to switch to a composite endpoint after an
interim analysis based solely on mortality. The study was terminated early due to a
convincing mortality outcome at the interim analysis.

The original motivation of this paper came from a design of a phase Il trial in patients with
glioblastoma multiforme (GBM). The investigator wished to design the study using
progression-free survival (PFS) as the primary endpoint in the interim analysis, while using
overall survival as the primary endpoint to be tested at the final analysis. A major
consideration for the design is the low event rate for overall survival at time of the interim
analysis whereas the PFS data is much more mature and will have a much higher probability
to cross the stopping boundary. Goldman et al (2008), from the Southwest Oncology Group
Statistical Center, recommend the use of an intermediate endpoint, such as PFS, for interim
futility testing of Phase 111 trials. Other authors have also explored the possibility of using an
intermediate endpoint to shorten the time lines for drug approval (Scher et al 2009, Olmos et
al 2009, Hallstrom 2009). Although regulatory agencies have not been very open to the idea
of terminating a trial early based on intermediate endpoints, the development of targeted
therapy and a better understanding of the relationship between biomarkers and disease
progression may change the landscape of drug approval. In the future, there may be more
studies that would be allowed to use an intermediate endpoint in an early interim analysis.

No paper has formally considered endpoint switching and the implied stopping boundaries
in general. In this paper, we extend the alpha spending function methodology to derive
stopping boundaries when our interest focuses on switching endpoints or parameters at
different analysis times. Statistically, this is equivalent to testing different hypotheses at
different interim analyses. The derivation is based on the joint distribution of the test
statistics and the alpha spending function so that the overall type I error a will be strictly
preserved. After a brief review of the alpha spending function in Section 2, in Section 3, the
newly derived stopping boundaries are compared to the boundaries without changing the
parameters, using the Pocock and O’Brien-Fleming like spending functions proposed by Lan
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and DeMets (1983). Applications to a biviarate survival model and a joint model of
longitudinal and time-to-event data are discussed in Sections 4 and 5. We close the article
with a discussion in Section 6.

2 Preliminaries: The Alpha Spending Function and Stopping Boundaries

Let T denote the scheduled end of the trial, and t™ denote the fraction of information that has
been observed at calendar time t (t € [0, T]). Also let iy, k=1, 2,..., K denote the

information available at the kth interim analysis at calendar time ty, so ¢ =i, /1, where | is
the total information. Lan and DeMets specified an alpha spending function such that a(0) =
0 and a(1) = a. Boundary values z.(k) can be determined successively so that

P{|Z(1)] = 2(1), 01| Z(2)] Z 2(2), 01 ... 0r|Z(K)| = 2e(k)}=a(ty), (21)

where {Z(1),..., Z(k)} are the test statistics from the interim analyses 1,..., k and P denotes
the probability.

Alpha spending functions that approximate O’Brien-Fleming or Pocock Boundaries are as
follows:

O’Brien—Fleming:a (t*)=2—28(Z, 5/ V1*),
Pocock:as(t*)=aln(1+(e—1)t*),

where @ denotes the standard normal cumulative distribution function. To solve for the
boundary values z.(k), we need to obtain the joint distribution of Z{(1), Z(2),..., Z(k)}. In
most cases, this distribution is asymptotically multivariate normal, and the covariance matrix
2 is simple when the test statistics involve the same parameter at each interim analysis. In
particular,

op=cov{Z (1), Z(k)}
7@
=i /ig, 1 <k,

where oy is teh Ik element of X.

If the information increments have an independent distributional structure, which is usually

the case, \/%1/ix= \/11/n%, where n; and ny are the number of subjects included in the Ith
and kth interim analyses. The derivation of z¢(k) based on a(t") is relatively straightforward
with this covariance structure using the methods of Armitage et al (1969).
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3 Stopping Boundaries for Testing Different Parameters at the Interim and
Final Analysis

3.1 Independent Information Increments

Classical group sequential methods assume that each patient has only one response, such as
a 1-year response rate, thus test statistics at each interim analysis will have independent
increments. In this Section, we expand upon the classical group sequential methods to derive
the stopping boundaries for testing different parameters.

Similar to testing the same hypothesis, boundary values z.(k) can still be determined
successively by equation (2.1) when testing different hypotheses. Because the alpha
spending functions a;(t) = ax(t") = a when t* = 1, the overall type | error will be < a with
the set of crossing boundaries, z(k), determined from equation (2.1). The joint distribution
of the test statistics, {Z(1),..., Z(k)} still asymptotically follows a multivariate normal
distribution. In general, if different interim analyses involve different parameters, the
covariance structure is unknown, and therefore we cannot obtain the asymptotic joint
distribution of {Z(1), Z(2),..., Z(k)}. Thus, deriving z.(k) will be problematic. When the
parameters we are testing at the interim analysis and the final analysis are from the same
likelihood function, however, the covariance is known and can be computed from the Fisher
information matrix.

To make our ideas clear, let 8; denote the parameter to be tested at the Ith interim analysis,
and let B, be the parameter to be tested at the kth interim analysis. The null hypotheses are
Ho: B1 = oy Tor testing B, Ho: B = Bop Tor testing SBo. Let Iy denote the log-likelihood at the
kth analysis from ny independent samples, Iy = 1og(L(B1, Bolyn,))- Similarly, let 1, =
log(L(B1, B2lyny)) and lk—y = 1og(L(B1, Bolyny_4))- Further assume that Z(I) and Z(k) are the
score statistics at the Ith and kth interim analysis, and the information accumulated between
each interim analysis is independent. Define

al x__ Ol
Sl:ﬁwl:ﬂon Skzﬁ‘%:ﬁozv
al _
‘51*:842_|ﬁ?:502’ S;:-fl: 612321 ‘ﬁ2:5027
9%l 821y,
Li=-E [a—@fl} =g  i=—FE [Wé] |52= 602

It can be shown that

I
_B{Si(Si+S5_ )} E{SiS/HE{SiS;_}
VL N/OR
al, ol
_E (ﬁf ﬁ [81=801.82=802
NOR
I12(Bo1,802)

- Vv nx /111 (Bo1)I22(Bo2)

Cov{Z(1). Z(k)}=E(Z(1) Z(k))=E (j_ls_a)

(CR0)
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where 112(Bo1, Po2) is the off diagonal element, and 111(5p1), 122(Bo2) are the diagonal
elements of the Fisher information matrix. Note that £{S;S;_,}=0 under the independent
information increment assumption. Therefore, when we test different hypotheses at different
interim analyses, the stopping boundaries will not only depend on the information fraction,
they will also depend on the information matrix of the two parameters under Hy. Thus, there
will not be one set of stopping boundaries that can be used for all likelihood functions or all
parameters. The investigators in this case must derive their own stopping boundaries for
different study designs.

e 5a(Bo1, Boz)
Letting Ti1(Bo1)I22( oz ) 't €an be shown that

|,6’1 =Bo1,B82=0B02

HENRE

where | denotes the log-likelihood based on a sample of size 1. Thus, w is the correlation
coefficient (Corr) of the score function, and |w| < 1. Since the covariance matrix, X of the
test statistics (Z(1), Z(2),..., Z(k)) is positive definite, the value of w is also bounded by a
number that is > —1. When we test the same endpoint between the Ith and the kth interim
analysis, w = 1. It should be noted that the covariance in (3.1) is derived under the global
hypothesis of B = Big and B, = Bog. However, the score statistic Z(l) at the Ith analysis only
tests the hypothesis of B = Bio, and Z(k) at the kth analysis only tests the hypothesis of £ =
Poo. The other parameter will be replaced by its maximum likelihood estimate when
calculating the score statistics. If we reject the null hypothesis at the Ith interim analysis, the
covariance of Z(l) and Z(k) will be irrelevant, as Z(k) will not be calculated. If we cannot
reject the null hypothesis at the Ith analysis, it is reasonable to derive the covariance under
the global hypothesis of 81 and . Therefore, the false positive rate will be under the global
hypothesis.

We next calculate different stopping boundaries by assuming different values of w. In Table
1, we compare the boundaries computed from a4(t") and ay(t"), the O’Brien-Fleming-like,
and the Pocock-like alpha spending functions proposed by Lan & DeMets (1983). The
comparison is made for a one-sided test with significance level a = 0.025, K =5, equally

spaced, and the test parameter is gy forj=1,2, o forj=3,4,5(=1,...,5), and t;=5/5.

Note that between (j = 1, 2) and (j = 3, 4, 5), the value of w is still 1. The covariance matrix
for (Z(1),..., Z(5)) is

J Biopharm Stat. Author manuscript; available in PMC 2014 May 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 7

1 V72 V1Bw V1w /15w
1/2 1 V23w  2/dw  \/2/5w
Z: V13w  /2/3w 1 3/4 3/5 , (32
V1/dw /2/dw 3/4 1 4/5
V1/bw  /2/5w 3/5 4/5 1

where w # 1. We can see that the covariance matrix can be partitioned into four sub-matrices

2,:/51 Zﬁh[b
2.8 28 ). Solving for (z¢(1),..., Z¢(K)) in equation (2.1) requires numerical

integration. The quadrature method by Armitage et al (1969) cannot be applied here with
this covariance structure since the statistics are not the same in the sequential procedure.
Here, we used the adaptive integration method by Genz (1992) to evaluate z.(k). Compared
to a Monte Carlo algorithm and the subregion adaptive algorithm, the adaptive integration
method of Genz (1992) reliably computes multivariate normal probabilities with as many as
ten variables in a few seconds. When we compare our boundaries to a group sequential
procedure that does not change parameters at different interim analyses, the boundaries are
very close when the alpha spending function is a;(t"). However, the boundaries are
substantially different when the alpha spending function is ay(t").

We next consider a scenario where we change the parameter at the final (5th) analysis. Our
stopping boundary for the first 4 analyses will be the same as the ones in Lan and DeMets
(1983). The 5th boundary was calculated for different values of w (Table 2). The boundary
is substantially different than the Lan-Demets boundary. This shows when a is minimally
spent prior to the endpoint change, as in early interim analyses using a4 (t"), the impact on
the stopping boundaries is small (smaller penalty). The more the a is spent prior to the
endpoint change, the more significant the impact is on the boundaries. In Table 3, we
compare the boundaries computed from a;(t") and ay(t") for a one-sided a = 0.025 test with

K=2andtj=j/2.

When the test parameter is changed more than once, the covariance matrix for (Z(1),...,
Z(k)) will have more elements where w # 1. For example, when K =5, if we test g for j =1,
2, test B, for j = 3, 4, and test a third parameter B3 for j = 5, the covariance matrix in (3.2)
will become

1 V172 V13w 1/dwr  /1/5ws
1/2 1 V23w 2/4w /2/[5w,
Y= ViBwr V23w 1 V34 /3/5ws |,
V1/4wr  /2/4w 3/4 1 VA/bws
V1/5ws  2[5wy  \/3/5ws  \/4[bw; 1

T12(Bo1, Bo2) o I13(Bo1, Bos) _ I23(Bo2; Bos3)

w1 = s = wa=
where "t Ii1(Bo1)I22(Bo2) g 1 (Bo1)I33(Bo3)’ and ™ V122(B02)I33(Bo3)" As
a result, the critical values will be larger.

J Biopharm Stat. Author manuscript; available in PMC 2014 May 16.
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The value of w is determined by the Fisher information matrix. However, when the
likelihood function is complex, the Fisher information matrix can be dificult to obtain. In
this case, researchers can use more conservative boundaries by assuming a smaller w so that
the overall type | error rate will be < a. The observed information matrix can also be used
for the calculation. Since w = 1 when the test parameter is the same, the critical values for
the interim analyses prior to endpoint switch can be calculated without the information
matrix. The observed information matrix based on data collected prior to endpoint switch
can then be used to calculate the critical values when or after the endpoint is switched. The
number of interim analyses and timing of the switch should depend on the duration and the
size of the study, as well as the probability of success at the interim or final analyses. To
avoid extra penalties, we recommend that the switch not be done in a late stage interim
analysis.

Although w can be less than 0, there seems to be no further impact on the stopping
boundaries in the scenarios we presented above. For a given alpha spending function,
solving equation (2.1) sequentially involves finding the smallest critical values in a
sequential order such that the tail probability is no larger than the value defined on the right
hand side of the equation. For a fixed set of critical values in the region that we are
interested in, the tail probability increases as w decreases, with negligible increases beyond
w = 0. Thus, solving equation (2.1) will result in smaller critical values (smaller penalty)

when w is larger. Recall that w is the correlation coefficient of two efficient scores 2L and
21
&, and the sign of w is determined by the off diagonal element of the Fisher information
2

matrix, which is determined by the covariance of 8, and . When w < 0, the covariance of
B and B, is positive, the penalty to switch endpoints is also higher.

In this Section, we have provided stopping boundaries for different values of w. For
convenience and easy comparison to classical stopping boundaries, we have assumed that
the information fractions are equally spaced. When the information fraction is not equally

spaced, for example, we just need to replace \/>, ﬁ etc. in the covariance matrix (3.2) with

1
2

\/ ms> \/ =2 etc., where ng, np and ng are the sample size at the 1st, 2nd, and fird analysis. The
numerical method we discussed above can still be used to derive the stopping boundaries.

3.2 Non-independent Information Increments

There are scenarios where complete independent increments of information cannot be
assumed. Classical group sequential designs have similar issues and there has been a large
literature devoted to this topic. Many argued that the sequentially computed statistics has an
asymptotically independent increment structure under usual conditions (Tsiatis et al. 1995,
Scharfstein at al. 1997). In Section 3.1, we showed that

Cov{Z(l),Z(k)}:w- (3.3)

VI

If the sequentially computed score statistics have an asymptotically independent increments
structure, the information fraction between the Ith analysis and the kth analysis will be

J Biopharm Stat. Author manuscript; available in PMC 2014 May 16.
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asymptotically 2L The covariance structure we discussed in Section 3.1 can be applied in
time-to-event analysis. Assuming independent increments is more controversial in other
settings such as sequential testing of the slope in longitudinal studies (Wei et al 1990, Su &
Lachin 1992, DeMets & Lan 1994) where the total information is unknown. When the
sequentially computed score statistics are not independent or asymptotically independent,
(3.3) can still be expressed as

Cov{Z(1), Z(k)}= \/::;Corr(sl, s,

and the absolute value of the correlation coefficient (Corr) of Sy and s is still bounded by 1.
However, Corr(S;, S;°) reflects both the additional contribution of the nj subjects to the kth

analysis and the correlation coefficient of the score function. We re-write %Corr(sl, Sy
as

v/Information fraction between the analyses x w,

where w is the correlation coefficient of the score function, as defined in Section 3.1.
Information fraction between the analyses includes both incremental of information between
subject and within subject. It follows that the total information estimation methods
suggested in classical group sequential designs (Lan & Zucker 1993, Lan et al 1994) can
then be applied in this setting. As discussed in Section 3.1, a larger w will result in smaller
stopping boundaries, and there is no further impact on the boundaries when w < 0 compared
to w = 0. Therefore, when w < 0, an accurate estimate of the information fraction is not
needed.

4 Application to a Bivariate Survival Model

In this section, we present an application for a bivariate survival model where we are
interested in testing whether time-to-event A or the first recurrence time is associated with
treatment (Hg: By = 0) in an earlier interim analysis, but change to testing whether time to
event B or second recurrence time is associated with treatment (Ho: 5 = 0) in a later
interim, or final analysis.

We assume that the event time for the ith subject and the jth event type (i=1,...,N,j=1,2)
is follows a Weibull distribution with shape parameter v and frailty ;. Thus, the hazard
function of the event time of the ith subject and the jth event type, Tjj, is

/\ij (tij ) :wl I/ti’/j_lexp (,30 +/‘3jxij)>

where x;; denotes the explanatory variable for subject i and the jth event type, and £ and f;
are the intercept and the coefficient of the explanatory variable, respectively. We consider a

J Biopharm Stat. Author manuscript; available in PMC 2014 May 16.
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6° 0—1
model with gamma frailty y;, and thus f(¢i):—(9)¢i exp(=04i) \ith mean 1 and
variance 1 Conditional on yj;, the survival times are assumed to be independent. Thus, the
observed- data likelihood function is given by

C;,j

L(6,8)= Hfol [W/tf] Yexp(Go-+;i5)exp(—itlexp(Bo+Biwiy)) |
P

—Cij g0 91 “L)
X [GXP(—%’ i_jexp(ﬁo+ﬁj1ij))] S ¥ exp(—0v)dyy,
where Cij; is the right censoring indicator (equals O for right censoring, 1 otherwise), and t;;
denotes the event time for subject i and the jth event type. After y; is integrated out in (4.1),
the observed-data likelihood is given by

0 D; 2
F 9+D 6 v— ij
L6, )= H ( )<0+t;f.(g)> <c9+tz’.”/- (ﬁ)) Hexp (;Cij(ﬁﬁﬁj% ) Hf( V9 )

2
where DFijlcu and ti - (B)= Z [ti7exp(Bo+P52is),

For ease of exposition, let treatment be the only explanatory variable and therefore x; = xj1 =
Xj2 in this particular setting. In most confirmatory clinical trials, there are only two treatment
arms. Based on the likelihood function (4.2) and using the reference cell coding for
convenience (x; = {0, 1}),

e izl fon)
I11(Bo1)122(Bo2)
g 2%1®
_ E (8ﬁ18ﬁ2 ) ‘,61:O> /82 =0

821(8) 821(8)
\/ (-eZi) (-ee)
—E[b(t] )b(tz )]
VE[(b(t1) =2 (t1))] B [(b(t2)—b2(t2))]

b(tk)— tzexp(ﬁo) .
where I(8) = InL(6, p) and e+z 1t’/exp(ﬁo) The quantities E[b(t1)b(ty)] and
E[(b(t) — b2(t;))] can be solved numerlcally, since the joint density of the survival times,
(tq, tp), is given by

I'(6+2) 6%xp (Z] 1B80+8;x ) 1/2t t‘2’_1
I'(6) [@+Z?:1 (t;{eﬁo+ﬁj$i)] o+2

f(tla t2):
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However, regardless of the choice of 6, v, or £, the value of w will be negative. As
discussed in Section 3, the boundaries will be the same as the boundaries for the case when
w = 0. Further calculation of w in this case will not be necessary.

5 Application to Joint Modeling of Longitudinal and Time-to-Event Data

5.1 Notation

Most time-to-event studies also collect repeated measurements of potential biomarkers. A
powerful method to take into account the dependency of time-to-event data and repeated
measurements of biomarkers is joint modeling of these two data types (Wulfsohn & Tsiatis
1997, Henderson et al 2000, Tsiatis & Davidian 2004). Applications of joint models in
studying surrogate endpoints was particularly discussed in Taylor and Wang (2002). It has
been demonstrated through simulation studies that use of joint modeling leads to correction
of biases and improvement of efficiency (Hsieh et al 2006, Chen et al 2011, Ibrahim et al
2010). Since joint models contain multiple parameters that may be related to the treatment
effect in a joint likelihood, this modeling situation presents a unique opportunity and
advantage of testing different parameters at different interim analyses. Although joint
models have not been widely accepted as the primary analysis models, we believe that there
is great potential in this type of modeling and hence provide another demonstration of the
advantages of the proposed methodology in this Section.

For subject i, (i = 1,..., N), let T; and C; denote the event and censoring times, respectively;
Si = min(T;, C;) and 4 = I(T; < Cj). Let Z; be a treatment indicator, and let X;(u) be the
longitudinal process (also referred to as the trajectory) at time u =0. In a more general sense,
Z; can be a g-dimensional vector of baseline covariates including treatment. To simplify the
notation, Z; denotes the binary treatment indicator in this section. Values of X;(u) are
measured intermittently at times u <S;, j = 1,..., m;, for subject i. Let Y(t;;) denote the
observed value of Xj(tjj) at time tjj, which may be prone to measurement error.

The joint modeling approach links two sub-models, one for the longitudinal process X;(u)
and one for the event time T;, by including the trajectory in the hazard function of T; (Taylor
& Wang 2002, Chen et al 2011). Thus,

Ai(t)=Xo(t)exp{BX;(t)+£Zi}, (5.1)

where 8 measures the degree of association between the longitudinal marker and time-to-
event, and £ is the direct treatment effect on survival. A general polynomial linear model is
frequently used to model the trajectory function of the longitudinal data (Wulfsohn & Tsiatis
1997, Ibrahim et al 2004), given by.

Xi(u)=00i+01;u+0u°+ - - - +0puP+v7Z;,  (5.2)
where & = {6, G, ---» Hpi}T is distributed as a multivariate normal with mean pgand

variance-covariance matrix Zo. The parameter ¥ is a fixed treatment effect for the
longitudinal marker, which may also have an indirect effect on survival. The observed
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longitudinal measures are modeled as Yj(tjj) = X;(tij) + €jj, where e;;~N (0, o?), the §’s are
independent and Cov(ejj, &jj’) = 0, for j # ] 0. The observed-data likelihood function for
subject i is given by

my

Hf(Y;j|913’Y7Ug)] f(01|,u'929)f(517 Al|013577a£)d01 (5.3)

JZ%

Jj=1

(Wulfsohn & Tsiatis 1997).

In expression (5.3), the density function for the time-to-event, f(S;, Ai| 8, B, ¥, £), can be
based on any model, such as the Weibull model, exponential model, or piecewise
exponential model.

5.2 Motivation for Testing Different Parameters at Different Interim Analyses in Joint

Models

Based on the hazard function (5.1) and the trajectory model (5.2), we can see that the overall
treatment effect is By+ & where y is the treatment effect on the longitudinal marker, £is the
direct treatment effect on time-to-event, and g is the association between the longitudinal
marker and time-to-event. The parameter $ can also be viewed as measuring the degree of
“surrogacy” between the longitudinal marker and the time-to-event. It was suggested by

Taylor and Wang (2002) that the quantity

5y _represents
By+E

treatment effect on survival through marker

overall treatment effect on survival

which is a measure of surrogacy suggested by Freedman et al (1992). If Yj; is a good
surrogate, the values of gand y will be relatively large compared to the value of &

In the case of a real surrogate, directly testing the treatment effect may require substantially
more subjects and may take longer to observe enough events. A natural question is whether
we can test Sand y jointly. If g2 0and y#0, then By # 0, and if By and & have the same
sign, which is typically the case, the overall treatment effect Sy + £# 0. Simulations were
carried out to examine the power of testing 8, ¥ and By + & from the joint model (5.3). We
simulated 1000 datasets and each dataset had 200 subjects (100 subjects per treatment
group). Power was determined as the % of datasets with a p-value < 0.05 from the score test
for testing

(5.4)

Hy: B=00ry=0
Hy: B#0andy#0

Versus
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Hy: =
{ o prEe=0 o

Hy: By+§#0°

Rejecting Hg in (5.4) implies rejecting Hg in (5.5) unless the direct treatment effect on the
time-to-event & has a completely opposite effect compared to Sy. Table 4 shows substantial
power advantages for testing gand ¥ jointly instead of testing By + & alone, especially
when the size of £is relatively small.

By rejecting the null hypothesis in (5.4), we showed that there is a treatment effect on
survival through the biomarker. This is different from the idea of switching endpoints
because the endpoint is still survival. The number of events required to reject (5.4) is smaller
than the number of events required to reject (5.5), and therefore provides a higher
probability to succeed in the interim analysis. This is more evident when the marker is a
good surrogate of survival.

5.3 Stopping Boundaries in a Hypothetical Design

Let ¢ = By+£. The likelihood function (5.3) can be reparameterized in terms of 5, y and ¢
by replacing & with ¢ — By. Let Z(1), Z (1), Z,(k) denote the score test statistics of Sand y
at the Ith analysis, and of ¢ at the kth analysis. Then

_ (o, ¢o) _ (70, %0)
Cov (Zs(1), Zp(k)) = \/mm7 and Cov (Z,(1), Z,(k)) = \/mm,

where Fy is the information fraction between the Ith and the kth analysis, 1(5), 1(y0), 1(¢0).
1(Bo. o) and 1(y0, ¢p) are elements of the Fisher information matrix under the null
hypothesis.

Suppose that in a study with two planned analyses, we are interested in testing hypothesis
(5.4) in the interim analysis, and testing hypothesis (5.5) in the final analysis. To ensure the
type | error will not exceed the planned level of 0.05 in two-sided tests, the boundary values
2¢(1) and z¢(2) can be determined successively so that

Bo{lZs(1)] 2 22(1) U[Z,(2)] 2 21(2)} =a(tr)  (56)

Bo{|Z, (V)] 2 2e2(1) U[Z,(2)] = 22(2)} =, (8)- (57)

Note that both (5.6) and (5.7) need to be satisfied as the parameter space under Hq for the
first interim analysis is the set {8: B= 0}U{y: » = 0}. The two sets in the null hypothesis
parameter space can be completely disjoint.

The likelihood function of (5.3) does not have a closed form, thus a direct estimate of the
Fisher information matrix will be difficult. One possible solution is to approximate the
likelihood function by a Laplace approximation and obtain the approximate Fisher
information matrix. Based on our simulated data, we obtained negative value of
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L) (Bo; o) Iy (Y05 0)
\/ 1y (B0) Iny (100) and \/ T(ny (%) Iy (00), Where | stands for the observed information.
This is expected since the correlation between g and g (or ¥) is usually positive, resulting in
w < 0. Therefore it is fairly safe to derive a set of boundaries by assuming w = 0 between 3
(or y) and ¢. Even if w > 0, assuming w = O will only result in more conservative crossing
boundaries and the overall type I error will be less than a.

It is possible that a different alpha spending function can be used in (5.6) and (5.7), and
therefore result in different crossing boundaries for gand . However the second stopping
boundary should be based on the maximum of z.1(2) and z.»(2) so that the overall type |
error will not exceed a.

6 Discussion

In this paper, we have extended the concept of the alpha spending function to testing
different endpoints between interim or between interim and final analyses. Correlations
between successive test statistics not only depend on the information fraction between
interim analyses, but they also depend on the Fisher information matrix. The correlation
between the two parameter is inversely related to the off diagonal elements of the Fisher
information matrix. Thus, when the correlation coefficient of the score function (w) is
positive, the two parameters have negative association, and the additional penalty to pay for
switching endpoints is smaller. When w is negative, the two parameters are positively
associated, and the additional penalty for switching endpoints is larger.

The general covariance structure of the sequential score test statistics in this paper was
developed based on the independent increments of information assumption. The proposed
methodology can be applied to any parameter test statistics where the assumption is satisfied
asymptotically, which applies to most test statistics (Tsiatis et al 1995, Scharfstein et al.
1997). When the assumption is violated, the covariance structure of the sequential test
statistics will be more complex, although the alpha spending function can still be applied as
long as the covariance is known or can be numerically calculated based on a known
likelihood function. Therefore, the assumption is not necessary for changing hypotheses in
general. Furthermore, assuming independence of the test statistics (w = 0) returns the most
conservative stopping boundaries. When w = 0, the independent increments of information
assumption is no longer important.

In the case where w = 0 and there are only two analyses, the critical values based on the
method discussed in this paper will be equivalent to the ones based on a simple Bonferroni
adjustment. When there are more than 2 analyses, the method will return smaller critical
values even when w = 0, as it takes into account the correlation between the test statistics
when the parameter is the same. The simple Bonferroni method assumes complete
independence of (Z(1),..., Z(k)), that is, w = O for all off diagonal elements in the covariance
matrix. This will return the largest critical values.

Sophisticated parametric models have not been widely used in late stage clinical trials. It is
recognized that despite the many promising innovations in bio-markers to measure drug
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effect and disease progression, little has changed in the style of drug development over the
past 30 years. The Food and Drug Administration (FDA) Pharmacometrics Group released
two advisory meeting proceedings in 2006 and 2008 concerning disease-drug-trial models,
with the objective of improving the success rate of late stage drug development (FDA 2006,
FDA 2008). We believe that sophisticated parametric models that give better power to detect
treatment differences will become more popular in late phase clinical trials and will be more
acceptable to FDA reviewers.

The application to joint modeling of longitudinal and time-to-event data is promising in the
case that the longitudinal marker may be a good surrogate for the time-to-event. In reality,
time-to-event data, such as overall survival, may be lengthy to obtain. With recent advances
in genetic research and other biomarker research, many potential surrogates are being
identified. For example, Circulating tumor cells (CTC’s) have been found to be associated
with progression-free survival and overall survival in patients with metastatic breast cancer
(Dawood et al 2008, Liu et al 2009). However, there is also great uncertainty in terms of
how good these “surrogates” are. By showing both g# 0 and y # 0, this not only
demonstrates that the longitudinal marker is a strong potential surrogate, it also demonstrates
that there is a treatment effect on survival through the longitudinal marker. This may be
considered sufficient efficacy evidence to terminate the trial early. If the longitudinal marker
is a weak surrogate, this will allow the investigator to proceed to the next analysis to test the
hypothesis that the overall treatment effect, Sy + &, is not 0. Note that if we know whether
the longitudinal marker is or is not a good surrogate, testing the same parameter would be
more powerful as it will not result in any extra penalty.

As discussed by Fleming and DeMets (1993), early termination of a clinical trial is a
complex process and cannot be simply reached by pre-specified stopping rules. For
example, even when the efficacy stopping boundary is crossed, a trial may need to be
continued to collect sufficient safety information. In this paper, we simply provide a tool to
facilitate the decision process and ensure that the type I error will be strictly under control to
its pre-specified level when testing different endpoints at different interim analyses.
Furthermore, we are not advocating that when a particular endpoint is not performing well in
terms of significance at a particular interim analysis, we can just switch to another endpoint
at a subsequent interim analysis. The hypothesis tests should be pre-specified before the trial
begins. If the analyses are based on different likelihood functions, or the value of w cannot
be reliably estimated, w should be set to 0, assuming no correlation between the test
statistics.
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Table 3
One-sided Boundaries for Different Values of w with a = 0.025, K = 2 and ¢;=5/2.)

O’Brien-Fleming Like Alpha Spending Function a;(t*) Pocock Like Alpha Spending Function a,(t*)

w o Z(1) z(2) z(1) z(2)
1 29 1.97 2.16 2.20
0.8 2.96 1.98 2.16 2.25
05 296 1.98 2.16 2.30
0 29 1.99 2.16 2.34
-05 296 1.99 2.16 2.34
-0.8 2.96 1.99 2.16 2.34
-1 29 1.99 2.16 2.34
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