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Abstract

Systematic reviews and meta-analyses are essential tools for synthesizing evidence from multiple studies. Recently,
trial sequential analyses (TSAs) have gained popularity as a component of meta-analyses, helping researchers dynami-
cally monitor evidence as new studies are incorporated. This article introduces a meta-epidemiological study aimed
at evaluating the reproducibility of TSAs within systematic reviews published in 2023. Two independent investigators
assessed and reproduced the main TSA for each included systematic review. Our search in PubMed yielded a con-
venience sample of 98 systematic reviews. Only 28% (27/98) of the included TSAs provided sufficient data to calcu-
late the required information size, an essential element for assessing statistical power and conducting TSAs. Among
these, 81% (22/27) provided the necessary data to determine decision boundaries and Z-curves in TSAs. Overall,

full reproducibility was achieved for only 13% (13/98) of TSAs. Specifically, for binary outcomes, 65% (47/72) of TSAs
failed to report event rates in control groups, and 44% (32/72) did not report relative risk reductions. For continuous
outcomes, 53% (17/32) failed to report minimally relevant differences, and 72% (23/32) did not report variances. These
elements are crucial for TSA reproducibility. Moreover, the reproducibility of TSAs was associated with journal impact
factors and adherence to the PRISMA guidelines. A collective effort is needed from systematic review authors, peer
reviewers, and journal editors to improve the reproducibility of TSAs.
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Introduction

Trial sequential analysis (TSA) has been an increas-
ingly used tool to assess the conclusiveness of evidence
synthesized from systematic reviews and meta-analy-
ses (SRMAs) [1-3]. TSA incorporates the concept of
cumulative meta-analyses, where each study is added
to the evidence synthesis sequentially according to its
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publication time. Due to multiplicity issues arising from
multiple hypothesis testing each time a study is added,
TSA applies statistically rigorous methods to adjust the
overall type I and type II error rates, thus reducing the
likelihood of false positive and false negative conclusions.
Moreover, TSAs can estimate required information sizes
(RIS), akin to sample size calculations in clinical trials,
which helps to determine whether a meta-analysis has
adequate statistical power [4]. If the RIS is not achieved,
TSA provides decision boundaries that can help assess
the statistical significance (monitoring boundaries) or
futility (futility boundaries) of an experimental interven-
tion, in a similar manner to interim analyses of clinical
trials. Hereafter, we will refer collectively to monitoring
and futility boundaries as decision boundaries.
Transparency and reproducibility are essential in vali-
dating the conclusions derived from TSAs [5]. Recent
years have marked significant improvements in the
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reporting quality of SRMAs, due to checklists such as the
PRISMA statement [6]. However, the quality of report-
ing and reproducibility of TSA is unclear. Table 1 out-
lines three key components of a TSA: the RIS, decision
boundaries, and the Z-curve (comprising Z-statistics
from cumulative meta-analyses). It also specifies the
reporting elements necessary to facilitate the reproduc-
tion of TSAs. The aim of this cross-sectional meta-epide-
miological study is to assess the reproducibility of TSAs
in recent SRMAs.

Methods

Data collection

This study is reported according to standards of report-
ing meta-epidemiological studies [8]. In September 2023,
we identified a convenience sample of SRMAs by search-
ing PubMed for SRMAs that reported the terms “trial
sequential analysis” and “meta-analysis” in the title. We
restricted our search to the first 100 articles published in
2023, available either in print or online. We excluded pro-
tocols and articles that were not written in English.

The rationale for selecting these articles was based on
several considerations. First, a large volume of TSA pub-
lications has emerged in recent years, particularly follow-
ing the COVID-19 pandemic [9]. By focusing on a smaller
subset of studies from 2023, we were able to manage and
analyze the data more effectively and thoroughly. This
study was not intended to provide an exhaustive review
of all TSA publications; rather, our goal was to high-
light issues related to reproducibility using a representa-
tive sample. Additionally, limiting the search to recent
publications in 2023 ensures the study reflects current

Table 1 Checklist for reporting methods used for performing TSAs
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practices in TSA. By selecting the first 100 articles with-
out imposing further constraints, such as on journals or
research topics, we aimed to minimize potential bias to
the best of our ability.

Data extraction

We extracted the TSAs conducted for the primary out-
come in each SRMA, including both continuous and
binary outcomes. The following data were extracted to
reproduce the RIS in TSAs. For continuous outcomes,
we collected the type I and type II error rates, diversity
(used to adjust between-study heterogeneity in the cal-
culation of RIS), minimally relevant differences, and vari-
ances of the continuous outcomes. For binary outcomes,
we extracted type I and type II error rates, diversity, rela-
tive risk reductions, and assumed event rates in control
groups. To reproduce decision boundaries and Z-curves
(formed by the Z-statistics in meta-analyses) in TSAs, we
also extracted publication years of individual studies, the
sample size, mean and standard deviations (continuous
outcomes), and event counts and sample sizes (binary
outcomes). Notably, all extracted data were directly
obtained from the original publications. In this study, we
did not evaluate the appropriateness of the input param-
eters, such as type I and type II error rates, or the data
used for TSAs.

Reproducibility

We reproduced TSAs using the TSA 0.9.5.10 Beta soft-
ware, which is the most commonly utilized tool [10]. For
TSAs that did not employ this software, we utilized the

Elementin TSA

Reporting item

RIS - Type | error rate
« Type Il error rate (or statistical power)
- Diversity (if heterogeneity is present)
+ Minimally relevant differences and variances for continuous outcomes
- Relative risk reductions and assumed event rates in control groups for binary outcomes

Decision boundaries

« Data used for deriving information fractions (typically the cumulative sample sizes

of individual studies divided by the RIS)

« Spending functions for deriving adjusted type | and type Il error rates for decision
boundaries (optional, as they are typically used as the functions suggested by Lan
and DeMets [7])

/-curve

- Sample means, sample standard deviations, and sample sizes from individual studies

for continuous outcomes
+ 2x2 tables (event counts and sample sizes) from individual studies for binary out-

comes

- Meta-analytical model types, such as the common-effect model (also known

as the fixed-effect model) and random-effects model

- Estimation methods, particularly for between-study variances, such as the DerSimo-
nian-Laird approach or restricted maximum-likelihood approach

+ Methods for handling zero events, such as continuity correction, removal, and use
of exact models (e.g., generalized linear mixed models)
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“metacumbounds” command in Stata 18 and R (version
4.2.1) [11].

Figure 1 illustrates the flowchart for our reproducibility
analysis. We categorized the collected articles into three
tiers with six distinct groups. In the first tier, SRMAs
lacking essential information for computing RIS were
placed in group A, while those containing such informa-
tion were placed in group B.

In the second tier, articles that failed to provide data
necessary for deriving decision boundaries and Z-curves
were classified as group C; those providing such infor-
mation were classified as group D. In this tier, we did
not further classify based on decision boundaries and
Z-curves separately. This decision was primarily because
both elements typically require similar meta-analysis
data in practice. For example, sample sizes are used to
derive information fractions, which in turn yield deci-
sion boundaries, while effect sizes and standard errors
produce Z-statistics, which form the Z-curve. If the
data for reproducing one element (decision boundaries
or Z-curve) are unavailable, it is likely that the data for
reproducing the other will also be unavailable.

Finally, in the third tier, articles from group D were fur-
ther divided into group E (where main TSAs could not
be reproduced) and group F (where main TSAs could be
successfully reproduced). Group F also included all TSAs
from groups A and C.

Of note, some TSAs in group F were missing specific
details necessary for full reproducibility, such as the
meta-analysis model type or the zero-event correction
method. We endeavored to reproduce the TSA using the
options available in the software. If TSAs could be repro-
duced through these attempts, we classified the corre-
sponding articles into group F.

Furthermore, we examined the relationship between
the reproducibility of TSAs and compliance with the
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PRISMA statement, as well as journal characteristics,
including publication in mega-journals [12] and jour-
nal impact factors (IFs), by comparing the proportion
of reproducible TSAs among different subgroups. Here,
mega-journals refer to academic journals characterized
by a large-scale publishing model, broad disciplinary
scope, high publication volume, and an emphasis on
methodological soundness rather than perceived novelty
or impact.

Results

Our final sample consisted of 98 SRMAs (2 excluded due
to being published in languages other than English). Fig-
ure 2 illustrates the selection process. Complete informa-
tion about the articles is available at https://osf.io/sngtq/.
Among these, 32 TSAs dealt with continuous outcomes
and 72 with binary outcomes. All TSAs, except for two,
initially utilized TSA software.

Figure 3 presents summaries of missing information for
reproducing RIS. For both types of outcomes, the nomi-
nal value of the type I error rate was reported in 91%
(89/98) of SRMAs, while the nominal value of the type
II error rate appeared in 90% (88/98). Only 13% (13/98)
of SRMAs reported diversity. Certain TSAs applied the
“model variance based” setting within the TSA software
but did not explicitly report diversity. Among the 72
binary outcome TSAs, 65% (47/72) failed to report event
rates in control groups, and 44% (32/72) did not report
relative risk reductions. For zero-event scenarios, only 3
of 69 TSAs involving zero events reported the continuity
correction method for zero events. For the 32 continuous
outcome TSAs, 53% (17/32) did not report the minimally
relevant differences, and variance information was miss-
ing in 72% (23/32).

Figure 4 and Table 2 present the proportions of TSAs
based on the tiers of reproducibility as classified in

meta-analyses

_| TSAs from eligible systematic reviews and

Group A:
Did not provide essential data to M
reproduce RIS

Provided essential information to ]

Group B:

reproduce RIS

Group C:

Group D:

Did not provide essential data to
reproduce decision boundaries & Z-curves

Provided essential data to reproduce
decision boundaries & Z-curves

Group E:
Non-reproducible TSAs

N

Group F:
Reproducible TSAs

Fig. 1 The flowchart of the TSA reproduction process
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262 records identified through PubMed
with (“Trial sequential analysis” [Title])
AND (“meta-analysis” [Title])

100 records selected in chronological
order after removing protocols

98 records included the final analysis

Fig. 2 The flowchart of the data selection process

A B

100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
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40% 40%
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I 2 records not written in English excluded
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Fig. 3 The charts of studies with missing information for reproducing RIS regarding A essential data for both outcomes, B specific data for binary
outcomes, and C specific data for continuous outcomes. Alpha, type | error rate; Beta, type Il error rate; RRR, relative risk reduction; Pc, event rate

in the control group; Zero event, correction method for zero events

A

B Group F
13%

Group D
GroupA  Group B 81%

72% 28%

Group E
Group C 87%
19%

Fig. 4 The pie charts of studies with different reproducible levels A for groups A, B, C, and D and B for groups E and F. Group A: TSAs that did
not provide essential data to reproduce RIS; group B: TSAs that provided essential information to reproduce RIS; group C: TSAs that did not provide
essential data to reproduce decision boundaries and Z-curves; group D: TSAs that provided essential data to reproduce decision boundaries

and Z-curves; group E: non-reproducible TSAs; group F: reproducible TSAs

Fig. 1. In the first tier, we assessed whether the meta-
analyses contained the essential data required to repro-
duce the RIS. Among the 98 studies evaluated, 27 (28%)
contained such essential information (group B), while
the remaining 71 meta-analyses lacked this information
(group A).

In the second tier, we reviewed TSAs to check for
missing data necessary to reproduce decision bounda-
ries and Z-curves. Based on the meta-analyses with the
essential data required to reproduce the RIS (group B),
72% (22/27) of these TSAs provided sufficient data in
the main texts or supplementary files (group D). Among
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Table 2 Proportions of TSAs across different tiers of reproducibility assessment
Tier Reported information Group Proportion
First tier Essential data for reproducing RIS Group A (without information) 28% (27/98)
Group B (with information) 72% (71/98)
Second tier Essential data for reproducing decision boundaries Group C (without information) 28% (5/27)
and Z-curves Group D (with information) 72% (22/27)
Third tier All essential data for reproducing TSAs Group E (non-reproducible TSAs) 87% (85/98)
Group F (reproducible TSAs) 13% (13/98)

the remaining 5 TSAs without such sufficient informa-
tion (group C), 4 lacked meta-analysis data, and 1 did not
include publication years of individual studies.

Finally, in the third tier, we explored the overall repro-
ducibility of TSAs with the essential data. We re-ana-
lyzed 22 SRMAs to reproduce TSAs; 13 of these were
successfully reproduced (group F), while 9 could not be
reproduced (group E). Among these, 11 evaluated binary
outcomes and 2 continuous outcomes. Only 4 samples
in group F of reproducible TSAs disclosed the models
used for the meta-analyses, and only 7 explicitly reported
diversity. In the 11 TSAs with binary outcomes, only 2
outlined methods for zero-event correction. The TSA
software allowed selections from “Constant,” “Recipro-
caly and “Empirical” options in the Method drop-down
list and values such as 1.0, 0.5, 0.1, and 0.01 in the Value
drop-down list; this complicated TSA reproduction with-
out specific information. Ultimately, the main TSAs of
87% (85/98) of SRMAs could not be reproduced, with
13% (13/98) also displaying issues with transparency.

Additionally, none of the TSAs in SRMAs without
using the PRISMA statement (0%; 0/20) could be repro-
duced, while TSAs in SRMAs adhering to the PRISMA
statement (17%; 13/78) showed higher reproducibility
rates. Among TSAs published in mega-journals, only one
(5%; 1/21) could be reproduced; this rate was significantly
lower than those not in mega-journals (16%; 12/77). The
average journal IF for group F was higher than that for
group E (5.55 vs. 5.16). Using a journal IF threshold of 5,
17% (5/30) of TSAs in journals with IF>5 were repro-
ducible, compared to 12% (8/68) in journals with IF <5.

Discussion

This study examined the reproducibility of a sample of
recent TSAs published in 2023. The results highlight
a substantial lack of reproducibility of TSAs, mainly
stemming from the absence of essential data neces-
sary to compute monitoring and futility boundaries.
In this reproducibility study, when information about
the meta-analysis model type or the zero-event correc-
tion method was missing, we explored various plausible
options to reproduce TSAs. Without these efforts, the

reproducibility proportion would likely have been even
lower. A recent study has documented major errors and
inconsistencies in the reporting of TSAs [13], further
suggesting a potential reproducibility crisis.

TSAs play a crucial role in providing insights into the
conclusiveness of SRMA findings, influencing impreci-
sion judgments and decision-making based on SRMAs.
Given this importance, our study identified an urgent
need for a standardized guideline outlining the minimal
reporting requirements necessary to ensure the trans-
parency and reproducibility of TSAs. Achieving this
goal requires a collaborative effort involving systematic
review authors, peer reviewers, and journal editors. The
brief checklist presented in Table 1 may support this
initiative by guiding systematic reviewers in describ-
ing the methods used to perform TSAs. We recommend
that all essential data and input information for TSAs
be included when submitting to journals, ideally as sup-
plementary materials if space is limited. Additionally,
systematic reviewers are encouraged to refer to some
introductory materials to TSAs, such as Wetterslev et al.
[10], Shah and Smith [14], Kang [15], Clephas et al. [2],
and Riberholt et al. [16]. These materials provide valuable
guidance on conducting TSAs, enhancing understanding
of key concepts, and ensuring accurate implementation
and interpretation. Such efforts would contribute greatly
to improving the reproducibility of TSAs.

There are some limitations to this study. First, it is based
on a convenience sample from the first 100 chronological
SRMAs from PubMed in 2023. As such, the findings may
lack generalizability. We expect that earlier TSAs may
even have worse reporting [13]. We acknowledge these
limitations and emphasize that the results should be
interpreted within the context of these constraints, rather
than as a comprehensive representation of all SRMAs
using TSAs. Future research could explore reproducibil-
ity further by expanding the dataset to include a larger
sample of TSAs, such as broadening the database search
to multiple sources (e.g., Embase, Cochrane Library) and
extending the time frame for study selection. Addition-
ally, employing alternative sampling methods, such as
stratified or randomized approaches, could help ensure
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the inclusion of studies with diverse characteristics and
quality.

Second, this analysis primarily focuses on the statistical
data required to reproduce TSAs, yet we did not assess
the appropriateness of the input assumptions within
these TSAs or their final conclusions. Similar to sample
size calculations in clinical trials, TSA conclusions can
be influenced by various critical parameters. Therefore,
the choice of input values for these parameters requires
careful justification and should be a collaborative effort
between statisticians and context experts. Future studies
that assess TSA conclusions holistically, such as examin-
ing the consistency between the conclusions of original
studies and re-analyses with appropriate TSA param-
eters, as well as comparing effect estimates, statistical sig-
nificance, and clinical relevance, are highly encouraged.

Abbreviations

IF Impact factor

RIS Required information size

SRMA  Systematic review and meta-analysis
TSA Trial sequential analysis
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