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Trial sequential analysis (TSA) has been proposed as a method to assess the risk of random error
in cumulative meta-analysis (MA), which increases due to repeated significance testing. The aim
of TSA is to assist researchers from wrongly concluding treatment differences in the absence of a
benefit (i.e. true versus false positive). Similar to monitoring boundaries applied in individual
randomized controlled trials, recent literature has advocated the use of TSA for assessing the
conclusiveness of results fromMAs to determine the requirement for future studies in case of true
positive results. While this may be desirable, we present empirical evidence from a recent
systematic review to demonstrate that the use of TSA may lead to a premature declaration of
statistically significant treatment difference, when further accumulated evidence suggested
otherwise. Using all apparently conclusive MAs in multiple-myeloma, we empirically studied
under what thresholds for the risk ratio reduction and power a true positive result becomes false
positive. We recommend that the conclusion of significant treatment differences in cumulative
MA should beweighed against acceptable thresholds regarding the type I error, power and apriori
specified clinically meaningful treatment difference.
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1. Introduction

Evidence from systematic reviews and meta-analysis (MA)
of randomized controlled trials (RCTs) is considered most
reliable for decision making related to therapeutic interven-
tions. However, for the results from an MA to be relevant to
the latest development in the field it requires updating as
new trial results become available. Statistically, this implies
that with the addition of a new trial repeated significance
testing is performed, which increases the risk of random error

and false positive results as the number of studies increases [1].
Similar to sequential group analysis in individual RCTs, sequen-
tial methods based on calculatingmonitoring bounds have been
proposed to control for the risk of random error in cumulative
MAs [2,3].

In the approach advocated by Pogue and Yusuf [3], for
evidence obtained from MAs to be categorized as conclusive
(true versus false positive or false negative), the number of
participants, or optimal information size [4,5], should be at
least as large as the sample size of a single optimally powered
RCT. Wetterslev et al. [6] adjusted the method for bias and
heterogeneity and labeled it trial sequential analysis (TSA).
TSA provides the necessary sample size, monitoring and
futility boundaries analogous to constructing interim moni-
toring boundaries for individual RCTs [7]. Recent studies have
suggested that apparently conclusive evidence resulting from
MAs may be inconclusive [6,8–17].
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Some researchers may view the construction of monitoring
boundaries forMAs as inappropriate, becausemeta-analysts do
not usually have control over the generation of new evidence
(i.e. enacting stopping rules) as they do in individual RCTs.
However, meta-analysts do make recommendations based on
pooled results [18], and as a result sequential methods can be
viewed as a valuable tool for informing the decision making
process and establishing conclusiveness of evidence without
directly controlling future research [19]. Recent literature has
advocated the use of TSA as a guide to determine requirements
for future trials [10]. However, systematic assessment on the
usefulness of TSA in deciding on the need for future studies has
not been done. Accordingly, we have applied TSA on a cohort of
systematic reviews in the field of multiple myeloma to assess
whether results from TSA can be used to inform the need for
future studies. This is especially important in light of recent
work suggesting that evidence of efficacy based on a series of
smaller trials may lower the error rates compared with single
well-powered trial [20]. We chose multiple myeloma as a
disease cohort based on our previously publishedwork [21–23]
and ongoing interest in this cancer field.

2. Methods

2.1. Information size and trial sequential analysis

In a cumulative MA, studies are added one at a time in a
specified order (e.g. according to date of publication or quality)
and the results are summarized as each new study is added.
The conclusiveness of evidence is assessed at each stage, which
is best visualized following the distinction in Brok et al. [8] and
illustrated in Fig. 1. For the results to be conclusive (i.e. true
positive) at 5% level of significance, cumulative trial Z-scores
must cross both the Z=1.96 lines and the monitoring
boundary (curve B). If the lines do not cross both before
reaching the required optimal information size, the result is

considered false positive (curve A). Additionally, if the
cumulative Z-curve crosses the futility boundary (curve D)
[24], we can be confident that the treatment non-difference is
not due to the lack of power, which is the case for curve C.

Briefly, the total number of observed patients in the
cumulative meta-analysis is defined as the accrued informa-
tion size. If the assumption is that the optimal information
size (i.e. sample size) needed is at least equal to the sample
size required in an individual RCT, given the pre-specified type I
error α and power (1−β) then the required optimal apriori
anticipated information size (APIS) based on a pre-specified
intervention effect μ and variance ν is defined as

APIS ¼ 4ν
μ2 Zα=2 þ Zβ

� �2
:

For binary outcomes and the event rates in the control and
experimental groups pc and pe, μ=pc−pe and ν=p*(1−p*),
where p*=(pc+pe)/2. The apriori relative risk reduction
(RRR) is defined as RRR=1−pe/pc.

For time-to-event outcomes based on a pre-specified
intervention effect HR0 (HR0=1−RRR) APIS is defined as

APIS ¼
Zα=2 þ Zβ

� �2
HR0 þ 1ð Þ2

1−wð Þ 1−Sð Þ HR0−1ð Þ2 :

S is the average survival rate between the treatment and
control arms and w is the expected censoring rate (i.e. loss to
follow-up), given the pre-specified type I error α and power
(1−β) [25].Wenote that a decrease in the assumedRRRmeans
a higher value for APIS and more conservative monitoring
bounds, which decrease the likelihood of finding a true positive
result.

Fig. 1. Examples of the upper half of two-sided trial sequential analysis. For true significance, results must cross both Z and the monitoring boundary. Only B is a
true positive. A is a false positive. C is a false negative because it included too few patients and is underpowered, and D is a true negative due to lack of a
predetermined effect.
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