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Abbreviations 

 

CARG    Cochrane Anaesthesia Review Group 

D2    Diversity 

EBM    Evidence based medicine 

EER    Experimental error rate 

ENIGMA   Evaluation of nitrous oxide in the gas mixture for anaesthesia 

GRADE Grading of Recommendations Assessment, Development and 

Evaluation 

I2 Inconsistency 

IQR Inter-quartile range 

MI    Myocardial Infarct 

NNT    Number needed to treat 

PICO     Population, intervention, comparison, outcome 

PE    Pulmonary embolus 

RIS     Required information size 

RRR    Relative risk reduction 

TSA    Trial sequential analysis 

95% CI   95% confidence interval 

 

 

 

 

 

 

 

 

 

 

 

 



 

Definitions 

 

95% Confidence Interval An estimate of precision around a sample parameter, such that 

if independent samples were taken repeatedly from the same 

population, the confidence interval calculated for each sample 

would contain the unknown population parameter 95% of the 

time 

 

Design error Error resulting from decreased applicability of a body of 

evidence to a given clinical question (or vice versa) 

 

D2 (Diversity) A measurement of between-trial variation (heterogeneity) in 

meta-analysis 

 

Experimental error rate The probability of rejecting at least one of k independent null 

hypotheses when all are true 

 

Internal multiplicity Multiplicity resulting from multiple statistical tests within a 

single study or investigation 

 

I2 (Inconsistency) A statistic used to quantify inconsistency across studies in a 

meta-analysis  

 

Meta-analysis The process of statistically combining results from different 

studies 

 

Multiplicity   The presence of multiple statistical tests 

P-value The probability that an observed test statistic, or one more 

extreme, comes from a population where the null hypothesis is 

true 

 

Random error   Error resulting from the ‘play of chance’ 

Sequential multiplicity Multiplicity resulting from repeated statistical tests of the same 

hypothesis over time 

 

Systematic error Error resulting from methodological conduct causing an 

increase in the risk of bias in a final conclusion 

 

Type 1 error   Incorrect rejection of a null hypothesis 

Type 2 error   Incorrect rejection of an alternative hypothesis 

Z-value   Standardized test statistic 
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Summary 

 

Background 

 

Systematic reviews with meta-analyses have often been considered as the highest level of 

evidence and their conclusions hold much relative influence. The reliability of these 

conclusions is therefore an extremely important agenda. In this Ph.D. project, we aimed to 

explore the effect of random error on the reliability of conclusions. Specifically, we focused 

on the issue of multiple statistical comparisons (multiplicity) and sparse data in systematic 

reviews of anaesthesiological interventions. Multiplicity increases the risk of type 1 random 

error. Trial sequential analysis (TSA) is a methodology that aims to adjust for the multiplicity 

caused by repeated updates in meta-analyses with sparse data.  

 

Objectives and methods 

 

The first objective was to quantify the internal multiplicity present in systematic reviews in 

anaesthesia research and compare this quantity between Cochrane reviews and comparable 

non-Cochrane reviews. We matched systematic reviews published by the Cochrane 

Anaesthesia Review Group with comparable non-Cochrane reviews, counted the total 

number of meta-analysed statistical comparisons, and compared this number between 

Cochrane and non-Cochrane reviews. 

The second objective was to investigate the proportion of real-life cumulative meta-analyses 

that produce false positive findings and explore the ability of trial sequential analysis to 

prevent these false positives. We selected 100 Cochrane meta-analyses that were large 

enough to have demonstrated, to a reasonable level, that the given intervention does not cause 

a clinically relevant effect on the outcome in question. We conducted retrospective 

cumulative meta-analysis using conventional techniques and measured the proportion of false 

positives that would have occurred had these meta-analyses been updated after each new trial 

had been completed. For these false positive findings, we performed TSA, using three 

different approaches, mimicking how a prospective analysis could have been performed had 

it been done at the time the cumulative meta-analysis showed a false positive result. 
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The third objective was to estimate the proportion of reported statistically significant findings 

in systematic reviews of anaesthesiological interventions that preserve their risk of type 1 

error below 5% when TSA is performed. We conducted a search to identify all systematic 

reviews with meta-analysis investigating anaesthesiological interventions and randomly 

selected 50 that reported a statistically significant categorical outcome in their abstract. We 

applied TSA to these meta-analyses, using two main TSA approaches (relative risk reduction 

(RRR) 20% and the border of the conventional 95% confidence interval (CI) closest to null) 

and a further two approaches as sensitivity analyses. We calculated the proportion of meta-

analyses that maintained statistical significance with TSA.  

 

The fourth objective was to perform a systematic review of general anaesthesia with nitrous 

oxide versus without and use trial sequential analysis as a demonstration of how to estimate 

and communicate uncertainty in meta-analytic conclusions in the context of repeated updates 

and sparse data. ENIGMA II is a large randomized clinical trial currently underway which is 

investigating nitrous oxide versus no nitrous oxide and cardiovascular complications. Before 

the completion of this trial, we performed a systematic review and meta-analysis, using 

Cochrane methodology, with conventional meta-analysis and TSA, on the five outcomes that 

make up the composite primary outcome in ENIGMA II.  

 

Results 

 

Regarding the quantity of internal multiplicity in Cochrane and non-Cochrane systematic 

reviews, the median number of statistical tests overall was 10 (IQR 6 to18). The median was 

12 in Cochrane and 8 in non-Cochrane reviews with a difference in medians of 4 (95% CI 

2.0–19.0). The issue of multiplicity was addressed in only 6% of all the reviews. 

 

Regarding false positives in cumulative meta-analysis with and without TSA, using 

conventional retrospective cumulative meta-analysis, one or more false positives were 

present in at least 7% (95% CI 3%-14%) of the meta-analyses. This estimate of the false 

positive rate may be an underestimate as 57% more meta-analyses with P-values greater than 

or equal to 0.05 are updated compared with meta-analyses with P-values less than 0.05. 

Using the three TSA approaches, TSA prevented the false positive error 13 of the 14 times it 

occurred (93%, 95% CI 64%-100%). 
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Regarding the reliability of conclusions of anaesthesiological systematic reviews, using the 

two TSA approaches, only 30% (95% CI 18-45%) of the meta-analyses preserved the risk of 

type 1 error below 5%. In 98% (88-100%) of the systematic reviews, either a formal 

assessment of risk of bias was not conducted or the selected meta-analysis included trials 

assessed as having increased risk of bias. 

 

Regarding the nitrous oxide review, using conventional meta-analysis, the relative risk of 

short-term mortality in the nitrous oxide group was 1.38 (95% CI 0.22–8.71) and the 

relative risk of long-term mortality in the nitrous oxide group was 0.94 (95% CI 0.80–1.10). 

In both cases, TSA demonstrated that the data were far too sparse to make any conclusions. 

There were insufficient data to perform meta-analysis for stroke, myocardial infarct, 

pulmonary embolus, or cardiac arrest. 

 

Conclusions 

 

The quantity of internal multiplicity in systematic reviews is high overall and higher in 

Cochrane reviews than in non-Cochrane reviews. Few systematic reviews, whether Cochrane 

or non-Cochrane, address the issue of multiplicity.  

 

False positives most likely occur more frequently in real-life cumulative meta-analysis than 

the desired 5%. TSA is a helpful statistical methodology to prevent these false positives and 

to assess the reliability of early nominally statistically significant findings in cumulative 

meta-analyses.  

 

TSA demonstrates that, due to the increased risk of type 1 random error present in early 

meta-analyses, a large proportion of published conclusions from meta-analyses of 

anaesthesiological interventions may be unreliable.  

 

Systematic review and meta-analysis with TSA demonstrated that, prior to ENIGMA II, 

evidence is far too sparse to make any conclusions about how nitrous oxide used as part of 

general anaesthesia affects mortality and cardiovascular complications. 
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Dansk resumé 

 

Baggrund 

 

Systematiske litteraturoversigter med meta-analyser er ofte blevet anset for at repræsentere 

den højeste grad af evidens og konklusioner på baggrund af disse har opnået tiltagende 

indflydelse. At fastslå pålideligheden af disse konklusioner er derfor overordentlig vigtigt. 

Formålet med dette ph.d. projekt har været at undersøge effekten af risikoen for tilfældige fejl 

på pålideligheden af konklusionerne. I særdeleshed har vi fokuseret på problemerne ved 

multiple sammenligninger, multiplicitet, og utilstrækkeligt antal randomiserede deltagere, 

kaldet informationsstørrelsen, i systematiske litteraturoversigter af anæstesiologiske 

interventioner. Multiplicitet og en informationsstørrelse mindre end den nødvendige øger 

risikoen for type 1 fejl, et problem der synes at have opnået ringe opmærksomhed i den 

systematiske litteraturoversigts kontekst. Forsøgssekventielle meta-analyser (engelsk: trial 

sequential analysis (TSA)) er en metodologi, der har som mål at justere risikoen for tilfældige 

fejl for den multiplicitet, der skyldes utilstrækkelig information og repetitiv testning på 

akkumulerende data, i opdaterede meta-analyser.  

 

Formål og metoder 

 

Det første formål var at kvantitere graden af tilstedeværelsen af intern multiplicitet i 

systematiske litteraturoversigter i anæstesiologisk forskning og sammenligne graden af 

multiplicitet mellem Cochrane litteraturoversigter og tilsvarende non-Cochrane 

litteraturoversigter. Vi matchede systematiske litteraturoversigter publiceret af Cochrane 

Anaesthesia Review Group med tilsvarende non-Cochrane litteraturoversigter. Vi opgjorde 

det totale antal meta-analyserede statistiske sammenligninger i henholdsvis Cochrane og non-

Cochrane litteraturoversigter og testede forskellen. 

Det andet formål var at undersøge proportionen af kumulative meta-analyser med falsk 

positive fund, trods P<0.05, og TSA’s evne til at forhindre disse falsk positive. Vi udvalgte 

100 Cochrane meta-analyser som med rimelig sikkerhed, 80% power, var store nok til 

udelukke en klinisk relevant effekt på det effektmål der var undersøgt. Vi gennemførte 

herefter retrospektive, konventionelle kumulative meta-analyser og udregnede proportionen 

af falsk positive (P<0.05) som ville have forekommet når disse meta-analyser var blevet 
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opdateret efter inklusion af hver nyt forsøg. For hver af disse falsk positive kumulative meta-

analyser udførte vi TSA, under 3 forskellige forudsætninger, for at vurdere hvordan en 

prospektiv TSA ville være faldet ud på det tidspunkt hvor den kumulative meta-analyse 

opnåede en P<0.05. 

 

Det tredje formål var at estimere proportionen af rapporterede statistisk signifikante fund i 

systematiske litteraturoversigter af anæstesiologiske interventioner efter at TSA var blevet 

udført med en bevaret risiko for type 1 fejl mindre 5%. Vi identificerede alle systematiske 

litteraturoversigter med meta-analyser af anæstesiologiske interventioner og udvalgte 

tilfældigt 50 meta-analyser af disse som rapporterede et statistisk signifikant kategorisk 

effektmål i det tilhørende resumé. Vi udførte TSA på disse 50 meta-analyser idet vi 

hovedsagelig anvendte TSA analyser med henholdsvis en relative risiko reduktion (RRR) på 

20% og en RRR hidrørende fra den konventionelle 95% konfidensgrænse tættest på 0. Vi 

udførte yderligere sensitivitets analyser med henholdsvis RRR=10% og RRR=30%. Herefter 

udregnede vi proportionen af meta-analyser der forblev statistisk signifikante efter en TSA 

analyse.  

 

Det fjerde formål var at udføre en systematisk litteraturoversigt vedrørende en 

anæstesiologisk intervention og anvende TSA til at demonstrere estimering og 

kommunikation af usikkerheden i konklusionen på en meta-analyse i konteksten af gentagne 

opdateringer og utilstrækkelig informationsstørrelse. ENIGMA II er et stort randomiseret 

klinisk forsøg som i øjeblikket undersøger effekten af kvælstofforilte på forekomsten af 

kardiovaskulære komplikationer. Inden færdiggørelsen af dette forsøg, har vi med Cochrane 

metodologi udført en systematisk litteraturoversigt med konventionelle meta-analyser og 

TSA, på de 5 effektmål som udgør det sammensatte primære effektmål i ENIGMA II.  

 

Resultater 

 

Den interne multiplicitet i Cochrane og non-Cochrane systematiske litteraturoversigter 

opgjort som det mediane antal statistiske test udført på sammenligninger mellem 

interventioner var 10 (IQR: 6 til18). Medianen var 12 i Cochrane og 8 i non-Cochrane 

litteraturoversigter, differencen mellem medianerne var 4 (95% CI 2.0–19.0).  

 

Problemet med multiplicitet blev kun adresseret i 6% af disse litteraturoversigter. 
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I 7% (95% CI 3%-14%) af meta-analyserne  forekom falsk positive kumulative meta-analyser 

ved anvendelse af konventionelle retrospektive kumulative meta-analyser, uden TSA. Ved 

anvendelse af de 3 TSA modeller, forhindrede TSA en falske positiv konklusion i 13 af 14 

tilfælde hvor den konventionelle type 1 fejls grænse (P<0.05) var overskredet, d.v.s. i 93% 

(95% CI 64%-100%) af tilfældene blev signifikansgrænsen i TSA ikke overskredet. 

 

Pålideligheden af konklusionerne i anæstesiologiske litteraturoversigter kunne kun bekræftes 

i 30% (95% CI 18-45%) af meta-analyserne ved anvendelse af 2 af TSA modeller for at holde 

den samlede type 1 fejls risiko under 5%. I 98% (88-100%) af de systematiske 

litteraturoversigter var der enten ikke foretaget en formel bias vurdering eller også 

inkluderede meta-analyserne forsøg med høj risiko for bias. 

 

I den systematiske litteraturoversigt af effekten af kvælstofforilte var den the relative risiko 

for død indenfor 30 dage i kvælstofforilte gruppen sammenlignet med kontrolgruppen 1.38 

(95% CI 0.22–8.71) og den relative risiko for død i løbet af  maximale opfølgning i 

kvælstofforilte gruppen sammenlignet med kontrolgruppen var 0.94 (95% CI 0.80–1.10) ved 

en konventionel meta-analyse. I begge tilfælde demonstrerede TSA at informationsstørrelsen 

var alt for lille for at kunne konkludere pålideligt. Der var ikke tilstrækkelige data til at kunne 

udføre meta-analyser på effekten af kvælstofforilte versus kontrolinterventionen på 

forekomsten af slagtilfælde, myokardieinfarkt, lungeemboli eller hjertestop. 

 

Konklusioner 

 

Gaden af intern multiplicitet i systematiske litteraturoversigter er høj og højere i Cochrane 

end i non-Cochrane systematiske litteraturoversigter. Det er meget få litteraturoversigter, 

hvad enten det er Cochrane eller non-Cochrane systematiske litteraturoversigter, der 

adresserer dette multiplicitetsproblem.  

 

Falsk positive meta-analyser forekommer hyppigere i kumulative meta-analyser end de 

ønskede og konventionelt fastlagte 5%. TSA er en anvendelig statistisk metode til at 

forebygge falsk positive konklusioner og til at at vurdere pålideligheden af tidlige nominelt 

statistisk signifikante fund i kumulative meta-analyser.  
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Anvendelsen af TSA demonstrerer at på grund af den forøgede risiko for type 1 fejl i meta-

analyser, der ikke har nået den nødvendige informationsstørrelse, er en stor andel af 

publicerede konklusioner fra meta-analyser af anæstesiologiske interventioner ikke 

pålidelige.  

 

En systematisk litteraturoversigt med meta-analyse og TSA forud for ENIGMA II viser at vi 

ikke har robust evidens for at kvælstofforilte anvendt som en del af generel anæstesi påvirker 

mortaliteten og forekomsten af kardiovaskulære komplikationer. 
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Background  

 

Systematic reviews and the reliability of conclusions 

 

A systematic review aims to collate all the available evidence in order to answer a specific 

research question. Meta-analysis refers to the statistical combining of results. Systematic 

reviews with meta-analyses have often been considered as the highest level of evidence(1-3)  

and their conclusions hold much relative influence(4). The reliability of these conclusions is 

therefore an extremely important agenda. Reliability implies consistency and reproducibility 

and reliable conclusions require error and consequential uncertainty to be minimised when 

possible and accurately estimated and communicated when not. Error can come from design 

error, systematic error, or random error(5). ‘Design error’ refers to the assessment of the 

applicability of a body of evidence to a given clinical situation, describing the situation where 

the trials that make up the body of evidence were not designed to investigate the exact 

clinical question of interest(6). Systematic error occurs when methodological conduct causes 

an increase in the risk of bias in the final conclusion. Random error is the ‘play of chance’ 

and is an inevitable part of inference, representing a permanent barrier to certainty.  

 

Multiplicity in systematic reviews  

 

Multiplicity is a noun that means a ‘multitude’ or a ‘great number’. Multiplicity can also 

mean the state of being manifold, of many kinds, numerous and varied, or having many 

different parts, elements, features, or forms. In this thesis, I define ‘multiplicity’ as the 

presence of multiple statistical tests. I define ‘internal multiplicity’ as multiplicity resulting 

from multiple statistical tests within a single study or investigation, and ‘sequential 

multiplicity’ as multiplicity resulting from repeated statistical tests on accumulating data of 

the same hypothesis over time.  

 

In medical research, it is common for many statistical comparisons to be made. This 

multiplicity can arise for various reasons: multiple outcomes may be compared, the same 

outcome may be measured at different time points, there may be multiple intervention 

groups, more than one measurement may be used to compare a single treatment effect, there 

may be analyses made of subgroups, or accumulating data may be compared before the final, 
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so-called fixed, sample size has been reached. Figure 1 summarises the classification of 

multiplicity that I use for this thesis.  

While it is often a necessary consequence of analysing information, the problem with 

multiplicity is that it increases the risk of type 1 errors. Type 1 error is an incorrect rejection 

of a null hypothesis. When performing a statistical test, we make an inference that has an 

inherent risk of random type 1 error. If that risk is estimated at less than a certain value 

(usually 5%), it is considered reasonable to reject a null hypothesis. When two or more 

statistical tests are performed, using the same data, and each test estimates the risk of type 1 

error as 5%, then the probability of making a type 1 error overall may end up being higher 

than 5%. In practical terms, statistical multiplicity increases the risk of false positive 

findings(7, 8). 

 

The issue of multiplicity has received much attention in the context of single clinical trials (9-

19). In systematic reviews, however, few attempts have been made to address the 

problem(20). In the systematic reviews themselves, the presence of this multiplicity is rarely 

mentioned (21). A review on the topic of multiplicity in systematic reviews in 2008 

concluded that the issue requires recognition and further research is required(8). The issue of 

sequential multiplicity and sparse data in meta-analysis and its effect on the risk of random 

error has indeed begun to receive some attention(22-31). Overall, however, the published 

discussion of the importance of the issue of multiplicity in systematic reviews remains 

limited and the difficult issue of how it should be interpreted and managed remains largely 

unaddressed (5, 8, 20).  
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Figure 1. Classification of multiplicity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interpretation and management of multiplicity in systematic reviews 

 

Internal multiplicity 

 

Internal multiplicity in systematic reviews presents a difficult challenge. The question of how 

to handle internal multiplicity in clinical trials has been a contentious one for many years(11, 

12, 15, 16, 19). Many argue that multiplicity decreases the reliability of conclusions and 

quantitative adjustments should be made(8, 10, 18). There are others who think that the issue 

should be handled with good trial design, transparent reporting, and qualitative 

discussion(15-17). In systematic reviews, the question of how to manage internal multiplicity 

is potentially even more challenging than in a single trial. Authors of systematic reviews 

often aim to cover a topic thoroughly, sometimes with many outcomes, many subgroups, and 

many sensitivity analyses. When the authors of a systematic review meta-analyse data from 

comparisons that have already been made and published, one could argue that the results do 

not represent any increased multiplicity. Instead, one might argue that a meta-analysis 

provides a summary of the multiplicity that already existed. Alternatively, one might argue 

Sequential multiplicity 

 

Single trial: 

 
 

Multiple outcomes (including 
multiple time points and 

multiple measurement tools) 
 

Multiple intervention groups 
 

Multiple subgroups (including 
sensitivity analyses) 

Statistical multiplicity in clinical research 

Single trial: 

 
Group sequential      

multiplicity 
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Trial sequential multiplicity 
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Systematic review with meta-
analysis: 

 
Multiple outcomes (including 

multiple time points and multiple 
effect measures) 

 
Multiple intervention groups 

 
Multiple subgroups (including 

sensitivity analyses) 
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that the number of meta-analytic comparisons in a systematic review do represent new 

multiplicity, with the new meta-analysed result being considered as a type of sequential 

statistical comparison. Moreover, somewhat more simply, truly new comparisons are often 

done as part of a meta-analysis –  testing new sub-groups, performing sensitivity analyses or 

comparing outcomes that have not previously been tested. Given the complexity of the issue, 

and the existing divergence of opinions that exists about internal multiplicity in the context of 

a single trial, it seems likely that differences of opinion will exist about how to handle 

internal multiplicity in systematic reviews.  

 

Sequential multiplicity 

 

While the issue of internal multiplicity in a single trial remains contentious, there has long 

been consensus that statistical adjustment needs to be performed to correct for the sequential 

multiplicity produced by interim analyses done in a single trial before the sample size has 

been reached(9, 13). The higher the number of statistical tests that are performed as 

additional data accumulates, the higher the probability of observing a false positive result 

because of random error(32, 33). Early stopping can be problematic and monitoring 

boundaries, incorporating the sample size calculation, are commonly used to control the risk 

of random error at desired levels(9, 32, 34). When meta-analyses are updated over time, the 

sequential multiplicity is analogous to that created by interim analyses in a single trial and the 

risk of random error is similarly increased(35).  

 

The implications of sequential multiplicity are particularly striking in systematic reviews 

when we note that the majority of published meta-analyses are underpowered. For example, 

testing for a relative risk reduction of 30%, 78% of Cochrane meta-analyses with a binary 

outcome have power less than 80%(36). 50% have power less than 27%(36). Given that The 

Cochrane Collaboration recommends updating systematic reviews at least every two years(5), 

the published conclusions from these under-powered meta-analyses are very likely to be 

updated in the future. That is, the majority of conclusions published from meta-analysis can 

be thought of as interim analyses, complete with the associated increased risk of type 1 error. 

In line with this argument, increased risk of type 1 error in early meta-analyses has been 

demonstrated by theoretical argument (8, 26), evidence from simulations studies (22, 25, 30, 

35), and evidence from empirical work(3).  
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However much we would like our conclusions to be definitive, good clinical decisions 

require accurate estimation of uncertainty. It is better for meta-analysts to communicate 

greater error more accurately than it is to infer less error inaccurately. With the goal of more 

accurate estimation of the risk of random error in the context of sparse data and repeated 

updates in cumulative meta-analysis, several techniques have been proposed. Examples 

include trial sequential analysis (TSA) (23, 28, 29, 37), a semi-Bayes procedure (24), 

sequential meta-analysis using Whitehead’s triangular test (38), and an application of the law 

of iterated logarithm(25). There is, however, a lack of consensus about the necessity to use 

these techniques(5, 8, 20).  

 

Trial Sequential Analysis  

 

TSA provides an approach to the problem of sequential multiplicity by adjusting the 

threshold for declaring statistical significance(39). TSA uses methodology developed for 

repeated significance testing in single trials(23, 28, 29, 37). The required information size 

(RIS) estimates the size of a meta-analysis that would be adequate for a given clinical 

question and scenario, using a specified control event proportion, a specified intervention 

effect, chosen risks of type 1 and type 2 errors, and an estimation of heterogeneity(39, 40). 

Thresholds are then constructed for statistical significance using an alpha-spending function. 

Alpha-spending functions have been used previously in interim-analyses of single trials, 

where they are used to create thresholds for statistical significance that are more conservative 

when the data are sparse and become progressively more lenient as the accrued information 

gets closer to the RIS(32). 

 

Sequential multiplicity also increases the risk of type 2 error and TSA is able, using the same 

methodology, to construct adjusted thresholds for non-superiority and non-inferiority(39). 

The importance of declaring futility at the earliest time reasonable is clear, potentially 

preventing unnecessary ongoing trials. However, issues associated with type 2 error were not 

included in the scope of this Ph.D. project and are therefore not discussed in this thesis. 

 

TSA boundaries are based on methodology developed by Lan and DeMets, initially intended 

for flexible repeated significance testing in a single trial(32, 41, 42), and then applied in the 

context of cumulative meta-analysis by Pogue and Yusuf(26). The thresholds are constructed 
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as a function of the strength of the evidence and the underlying statistical methodology 

depends on an assumption that data will continue to accumulate until the RIS is passed(32, 

33, 41-44). 

 

A sample size calculation in a single trial is designed to allow a trial to be large enough to 

reliably answer a defined hypothesis in the construct of a frequentist probability model. 

Conventional frequentist meta-analysis uses the same underlying probability model to 

produce confidence intervals and P-values. Moreover, meta-analyses are likely to include 

more variation in population and intervention, known as heterogeneity, decreasing the 

precision of the results. RIS for a meta-analysis, therefore, needs to be at least as large as the 

sample size for a single trial asking the same question(23, 26, 28, 29, 37, 45-47). TSA 

estimates the RIS for a meta-analysis by calculating a conventional sample size for a given 

set of parameters and then increasing it depending on the amount of heterogeneity present, 

using an estimate of between trial variance called ‘diversity’(40). 

 

The goal of the adjusted thresholds is to maintain overall risk of type 1 error at 5%, 

independent of how many times a hypothesis is repeatedly tested. TSA uses the alpha 

spending function to achieve this goal(32). The alpha spending function uses accumulated 

information as an independent variable (accumulated number of participants in a meta-

analysis) and the maximum allowed cumulative type 1 error as the dependent variable(32, 

41). The maximal allowed cumulative type 1 error describes the amount of error that should 

be maximum for a given accumulated number of participants (in order to ensure that the 

overall risk of type 1 error stays below 5%)(39).  

 

The z-value is the standardized test statistic, it summarises the information contained in the 

meta-analysis. A higher z-score is consistent with a lower probability that the data came from 

a population where the null hypothesis is true (a lower p-value). The TSA thresholds are 

constructed using z-values for the dependent variable on the TSA curve, representing the z-

value that has to be crossed in order to reach statistical significance. The threshold z-value for 

a given number of participants corresponds to the maximal allowed cumulative type 1 error 

for that number of participants. As the number of participants increases, the alpha spending 

function increases – that is, the maximal allowed cumulative type 1 error increases. By 

design, the alpha spending function is 0 at a minimal (when 0 participants have accumulated) 

and 1 at a maximum (when the number of participants equals RIS). The value of the y-axis 
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(between 0 and 1) represents the proportion of overall type 1 error allowed. For example, if 

an alpha spending function equals 0.25 after i number of participants (ni), that means that the 

maximum allowed cumulative type 1 error at ni is 0.25 of the overall type 1 error allowed. 

That is, if the maximal overall type 1 error allowed is 5%, then the maximal error at ni  is 

1.25% (0.25 x 5%).   

 

The actual TSA boundaries are constructed by translating this proportion of the overall type 1 

error allowed into a z-score that can be used as a threshold for significance. With the above 

example, if the alpha spending function results in 1.25% being the maximum type 1 error 

allowed at ni, the TSA boundary will give the z-value at that point with corresponds to a type 

1 error of 1.25%. For a two-sided test, the z-value that corresponds to a type 1 error 1.25% is 

2.50. So, if the z-value of the cumulative meta-analysis at ni is greater than 2.50, then the 

overall risk of type 1 error is estimated as less than 5%, and statistical significance is declared 

using TSA(39). 

 

Figure 2. Schematic demonstration of TSA 

 

 
 

 

Figure 2 shows a schematic demonstration of TSA. As the number of participants increases, 

the z-value calculated from accumulating trials is plotted. The straight line where z=1.96 
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represents the conventional boundary for declaring significance for a type 1 error of 5%. The 

curved TSA boundary is constructed such that for any number of randomized participants 

(relative to RIS), anything below that z value represents an over-all risk of type 1 error 

greater than 5% and anything above that z-value represents an over-all risk of type 1 error 

less than 5%. The cumulative z-value is shown here to be increasing as the number of 

randomised participants increases, first crossing the conventional boundary, but requiring 

more precision before the TSA boundary is crossed and the overall risk of type 1 error can be 

considered to be less than 5%. 

 

TSA has the potential to be a powerful and useful tool in the goal of summarizing evidence.  

In a hypothetical model, where assumptions are known, using TSA to construct thresholds for 

significance can control type 1 errors at the desired levels. In the real world, assumptions are 

not known, evidence is rarely sufficient, and it is therefore often not clear which parameters 

should be used to estimate RIS. Altering RIS will alter the entire TSA approach, and may 

change the overall conclusion. By exploring the different inferential results provided by using 

different TSA approaches (that is, using different estimates for the RIS calculation and 

creating probability models based on different assumptions), one of TSA’s strong advantages 

is that it can be a dynamic tool, allowing for a realistic and changeable model with which to 

consider statistical significance in cumulative meta-analysis(48). 

 

Anaesthesia with nitrous oxide and cardiovascular complications 

 

As part of the exploration of random error in systematic review and how to best estimate and 

communicate it, especially in the context of sparse data, we conducted a systematic review.  

We chose a clinical question in anaesthesia that is important, was thought to currently have 

sparse data, and is due to be updated with new trial results in the immediate future. The goal 

with this choice was not just to summarise the body of evidence for an important clinical 

question, but to demonstrate cumulative meta-analysis as a prospective activity and how the 

use of trial sequential analysis can help better estimate and communicate the uncertainty in an 

early meta-analysis with sparse data.  

 

Nitrous oxide has been used as a general anaesthetic for over 160 years. Collective anecdotal 

experience with this drug must be larger than with any other drug used in anaesthesia. 

Despite this experience, opinions about the role of nitrous oxide in modern-day practice 



22 
 

continue to diverge(49, 50). One concern is that exposure to nitrous oxide may increase the 

risk of cardiovascular complications. Nitrous oxide oxidises the cobalt atom in vitamin B12, 

inactivating methionine synthase, causing a decrease in folate metabolism and an increase in 

homocysteine(51).  Homocysteinaemia after exposure to nitrous oxide has been well 

demonstrated in vivo(52-54), and long-term homocysteinaemia is known to be associated 

with an increased risk of ischaemic heart disease(55). It remains unclear, however, whether 

this information about this surrogate outcome translates into real clinical risk. To investigate 

the possible causal association between mortality, cardiac morbidity and nitrous oxide, the 

Enigma trial group has designed a large, multi-centre randomized clinical trial: ENIGMA II 

is enrolling at-risk patients and is powered to investigate a composite primary outcome of 

mortality, non-fatal acute myocardial infarction, cardiac arrest, pulmonary embolism and 

stroke(56).  
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Summary of objectives 

 

The overall objective for this Ph.D. project was to explore the issue of multiplicity in 

systematic reviews with meta-analysis and the consequential increased risk of random error 

and lack of reliability of conclusions. A focus of this objective was a consideration of trial 

sequential analysis and its potential to better estimate risk of error in cumulative meta-

analysis. To achieve this overall goal, we conducted four projects with the objectives outlined 

below. 

 

1. Quantification of internal multiplicity in systematic reviews 

Statistical multiplicity in systematic reviews of anaesthesia interventions: a 

quantification and comparison between Cochrane and non-Cochrane reviews(57)  

The objective of this project was to help clarify the size of the issue of internal 

multiplicity in systematic reviews in anaesthesia research. A secondary objective was 

to compare this quantity between Cochrane reviews and comparable non-Cochrane 

reviews. 

 

2. False positives in cumulative meta-analysis with and without TSA 

False positive findings in cumulative meta-analysis with and without application of 

trial sequential analysis(58) 

The objective of this study was to identify a population of Cochrane meta-analyses for 

which a reasonable RIS had been reached and the final conclusion was that there was 

no effect of the assessed intervention, identify how many cumulative meta-analyses, 

on their way to the final meta-analysis, would have produced early false positives had 

they been updated each time a new trial was published using conventional meta-

analysis, and then explore how TSA could have contributed in making a more 

accurate assessment of error in these early meta-analyses.  

 

3. Reliability of conclusions of anaesthesiological systematic reviews 

Results in systematic reviews of anaesthesiological interventions that claim to be 

statistically significant often contain risk of type 1 error greater than 5%(59) 
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The objective of this study was to examine apparently statistically significant 

conclusions in meta-analyses of anaesthesiological interventions and to assess what 

proportion of these conclusions would maintain statistical significance if TSA 

boundaries were used. 

 

4. Nitrous oxide systematic review 

Does anaesthesia with nitrous oxide affect mortality or cardiovascular morbidity? A 

systematic review with meta-analysis and trial sequential analysis(60) 

The objective of this study was to perform a systematic review and meta-analysis, 

including TSA, on the outcomes used as the composite outcome in ENIGMA II(56), 

prior to the completion of this trial, with the goal of representing the first of a series of 

cumulative meta-analyses and demonstrating how random error caused by sequential 

multiplicity can be estimated and communicated. 
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Summary of methods and findings 

 

1. Quantification of internal multiplicity in systematic reviews 

Statistical multiplicity in systematic reviews of anaesthesia interventions: a quantification 

and comparison between Cochrane and non-Cochrane reviews(57) 

 

We took the 43 systematic reviews published in November 2009 in The Cochrane Library by 

the Cochrane Anaesthesia Review Group (CARG) that contained a meta-analysis and 

matched them with 43 comparable non-Cochrane reviews. We counted the total number of 

meta-analysed statistical comparisons, whether a primary outcome was defined, the number 

of comparisons done under the primary outcome, and noted whether the authors addressed 

the issue of multiplicity in the text.  

The median number of statistical comparisons in all the reviews was 10 (IQR 6 to 18) and 

was higher in the Cochrane than in the non-Cochrane reviews (12 compared to 8; adjusted p 

= 0.04). In the Cochrane reviews, the number of meta-analysed comparisons ranged from 1 to 

1872. In the non-Cochrane reviews, the number of meta-analytic comparisons ranged from 1 

to 98. In 87% of all reviews, there were more than 4 meta-analytic comparisons. In 24% of all 

reviews, there were greater than 20 meta-analytic comparisons. 

In 49 (57%, 95% CI 46-67%) of the reviews, the primary outcome was clearly defined. In 

those where the primary outcome was not defined, we considered that all the meta-analysed 

comparisons in the review were part of the primary analysis. With this definition, the median 

number of meta-analysed comparisons done under the primary outcome overall was 6 (IQR 4 

to 13), and there was still a trend for more multiplicity in the Cochrane reviews than in the 

non-Cochrane reviews (median 8 compared to 6; adjusted p value = 0.24). 

Only five (6%, 95% CI 2-14%) of the reviews addressed the issue of multiplicity in their own 

review in some way, either mentioning it as a source of error or implementing some type of 

statistical adjustment for some effect of multiplicity.  

 

The conclusion was that the quantity of multiplicity is high in systematic reviews. 

Multiplicity may be greater in Cochrane reviews than in non-Cochrane reviews. Many of the 

reasons for the increase in multiplicity may well represent improved methodological 

approaches and greater transparency, but multiplicity may also cause an increased risk of 



26 
 

spurious conclusions. Few systematic reviews, whether Cochrane or non-Cochrane, address 

the issue of multiplicity.  

 

2. False positives in cumulative meta-analysis with and without TSA 

False positive findings in cumulative meta-analysis with and without application of trial 

sequential analysis(58) 

 

We screened the Cochrane Database of Systematic Reviews and selected 100 meta-analyses 

that were large enough to have demonstrated, to a reasonable level, that the given 

intervention does not cause a clinically relevant effect on the outcome in question. We 

conducted retrospective cumulative meta-analysis using conventional techniques and 

measured the proportion of false positives that would have occurred. For these false positives, 

we performed TSA, mimicking how a prospective analysis could have been performed had it 

been done at the time of publication of each new trial. We used three different TSA 

approaches to mimic this prospective analysis. The first approach – a ‘credible parameters 

TSA approach’ – used the parameter estimates that actually did exist in the final updated 

analysis and aimed to mimic what might have been chosen as credible and reasonable choices 

for the clinical questions being asked. For the second approach, we used parameter estimates 

from the trials included when the false positive occurred, using the border of the 95% 

confidence interval closest to the null at the time of the false positive as the estimate of effect. 

For the third approach, we again used parameter estimates from the trials included at the time 

when the false positive occurred, but this time we used the point estimate at the time of the 

false positive as the estimate of effect. As a post-hoc analysis, we surveyed three years of 

Cochrane systematic reviews and calculated the relative risk of a meta-analysis being updated if it was 

not significant relative to if it was significant.  

 

Using conventional retrospective cumulative meta-analysis, one or more false positives were 

present in seven of the meta-analyses (7%; 95% CI 3%-14%). This estimate of the false 

positive rate may be an underestimate as our post-hoc analysis showed that 57% more meta-

analyses with P-values greater than or equal to 0.05 are updated compared with meta-

analyses with P-values less than 0.05. Using the three TSA approaches, TSA prevented the 

false positive type 1 error 13 of the 14 times the conventional threshold was crossed (93%, 

95% CI 64%-100%).  
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The conclusions were that the proportion of false positives in cumulative meta-analysis is 

likely to be higher than 5% and that TSA is a helpful statistical methodology when assessing 

the reliability of early nominally statistically significant findings in cumulative meta-analysis.  

 

3. Reliability of conclusions in anaesthesiological systematic reviews 

Results in systematic reviews of anaesthesiological interventions that claim to be statistically 

significant often contain risk of type 1 error greater than 5%(59) 

 

We conducted a search to identify all systematic reviews with meta-analysis investigating 

anaesthesiological interventions. We randomly selected 50 meta-analyses that reported a 

statistically significant categorical outcome in their abstract. We applied TSA to these meta-

analyses, using two main TSA approaches (RRR 20% and the border of the conventional 

95% CI closest to null) and a further two approaches as sensitivity analyses. We calculated 

the proportion of meta-analyses that maintained statistical significance with TSA. We also 

reviewed the assessments of risk of bias for the included trials in the selected meta-analyses.  

From 11,870 titles, there were 682 systematic reviews that investigated anaesthesiological 

interventions. In the 50 randomly selected from these 682, the median number of trials 

included in the meta-analyses was 8 (IQR 5-14), the median number of participants was 964 

(IQR 523-1736) and the median number of events was 202 (IQR 96-443).  Using the two 

TSA approaches, only 30% (95% CI 18-45%) meta-analyses preserved the risk of type 1 

below 5%. In 98% (88-100%) of the systematic reviews, either a formal assessment of risk of 

bias wasn’t done or the included meta-analysis included trials assessed as having increased 

risk of bias. 

 

The conclusion was that a large proportion of published conclusions from meta-analyses of 

anaesthesiological interventions may be unreliable.  
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4. Nitrous oxide systematic review 

Does anaesthesia with nitrous oxide affect mortality or cardiovascular morbidity? A 

systematic review with meta-analysis and trial sequential analysis (60). 

 

We performed a systematic review and meta-analysis, using Cochrane methodology, on the 

five outcomes that make up the composite primary outcome in ENIGMA II: mortality, stroke, 

myocardial infarction, pulmonary embolus, and cardiac arrest(56). We used conventional 

meta-analysis and TSA. We reviewed 8282 abstracts and selected 138 that fulfilled the 

criteria for study type, population and intervention. We attempted to contact the authors of all 

selected publications to check for unpublished outcome data. 13 trials had outcome data 

eligible for the five outcomes. We assessed three of these trials as having a low risk of bias. 

Using conventional meta-analysis, the relative risk for short-term mortality in the nitrous 

oxide group was 1.38 (95% CI 0.22 to 8.71) and the relative risk for long-term mortality in 

the nitrous oxide group was 0.94 (95% CI 0.80 to 1.10). In both cases, TSA demonstrated 

that the data were far too sparse to make any conclusions. There were insufficient data to 

perform meta-analysis for stroke, myocardial infarct, pulmonary embolus, or cardiac arrest.  

 

The conclusion was that this systematic review demonstrated that we currently have far too 

sparse data to make any conclusions about how nitrous oxide, versus no nitrous oxide, used 

as part of general anaesthesia, affects mortality and cardiovascular complications. 
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Discussion 

 

Interpretation of methodological findings 

 

The issue of multiplicity and sparse data in systematic reviews, and its influence on random 

error and reliability of conclusions is both complex and broad. With the studies in this Ph.D. 

project, we hoped to contribute and further the discussion about the presence of the issue, its 

importance, and how we might better estimate and communicate uncertainty in conclusions 

of meta-analysis. The principal methodological findings were that the quantity of internal 

multiplicity in systematic reviews is high overall and higher in Cochrane reviews than in their 

non-Cochrane counterparts, that false positives are probably more frequent in cumulative 

meta-analysis than the generally accepted rate of 5%, that TSA is able to exclude most of 

these false positives and may provide better estimates of confidence in the context of 

sequential multiplicity, and that a large proportion of the apparently statistically significant 

meta-analytic conclusions published in anaesthesia research may not be reliable.  

 

The first methodological finding was that the quantity of internal multiplicity in systematic 

reviews is large and higher in Cochrane reviews than in their non-Cochrane counterpart. We 

found an overall median of 10 (IQR 6 to 18) meta-analysed comparisons in each review and 

that the internal multiplicity was higher in Cochrane reviews than in their non-Cochrane 

counterparts. With regard to interpreting this finding, I discuss here whether this quantity of 

internal multiplicity is high enough to be a concern, the implications of the higher quantity in 

the Cochrane reviews, and give a brief outline of some possible approaches for addressing 

this issue of internal multiplicity in systematic reviews.  

The experimental error rate (EER) is the probability of rejecting at least one of k independent 

null hypotheses when in fact all are true. EER is given by: 

 EER = 1 – (1-)k 

Where k equals the number of independent comparisons and  = the assigned type I error.  

 

If each calculated risk of  is 0.05, then the probability of rejecting at least one of 10 null 

hypotheses incorrectly (assuming that they are all true) is 0.40 (1 – (1-0.05)10). There are 
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substantial limitations to this calculation for an estimation of EER. Importantly, it is highly 

unlikely that the comparisons in a meta-analysis are independent – the accurate EER will lie 

somewhere between 0.05 and 0.40 and will depend on the quantity of the correlation between 

the comparisons, being difficult to estimate. Moreover, this measure is also only a description 

of how the type 1 error in a frequentist model operates under the assumption of a universal 

null, it does not describe the probabilities involved when one or more of the null hypotheses 

is rejected. These limitations in the estimation of EER give a brief indication of the 

difficulties in estimating and adjusting for internal multiplicity generally. Without addressing 

further the complexities involved for estimations for internal multiplicity, the simplified 

equation for EER serves here to demonstrate that the presence of 10 statistical comparisons 

has the potential to cause a large increase in the overall risk of type 1 error. For this reason, 

we concluded that the quantity of internal multiplicity in systematic reviews is high. 

 

There are many explanations for why Cochrane reviews may have more internal multiplicity 

than there non-Cochrane counterparts and this increase is likely to represent methodological 

trends that are positive. It may be that as we improve the quality and breadth of systematic 

reviews, we cannot help but increase the multiplicity. For example, Cochrane encourages the 

investigation of adverse events(5). Such investigation is clearly important, but also leads to 

an increase in the number of outcomes. Similarly, Cochrane encourages subgroup analyses 

including studies with varying risks of bias(5). This finding is not a criticism of Cochrane 

reviews. Rather, it may be that methodological improvements in the way systematic reviews 

are conducted may lead, as a type of adverse side-effect, to an increase in internal 

multiplicity. As such, this finding re-iterates the importance of addressing the issue of how to 

handle internal multiplicity in the context of systematic reviews. 

 

The problem of internal multiplicity in systematic reviews is a challenge. Opinions vary 

about its importance, whether to adjust for it, when to adjust for it, and, if so, how to adjust 

for it(8). In single clinical trials, many statistical procedures have been used to adjust for the 

increased random type 1 error caused by internal multiplicity(7, 12, 14, 20, 61).  Examples 

include Bonferroni(62), Bonferroni derivatives such as Holm and Hochberg(12), non- 

Bonferroni procedures such as non-sampling procedures(63), and gatekeeping 

procedures(64).  
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Bender et al. published a review on the topic in the context of systematic review and offered a 

set of guidelines, providing suggestions about design, such as defining a primary outcome, 

keeping the total number of outcomes as small as possible, and focusing on patient important 

outcomes only(8). With regard to adjustment for statistical multiplicity in meta-analysis using 

aggregrated data, Bender et al. suggested that more research is needed and they propose 

multivariate meta-analysis as one promising approach(8).   

 

The Cochrane handbook  includes a discussion about multiplicity in systematic reviews(5), 

stating that the ‘issues of multiplicity apply just as much to systematic reviews as to other 

types of research’. The Cochrane Collaboration, overall, do not recommend using 

adjustments. Mostly, they suggest preventative approaches when designing the systematic 

review and they also refer readers to the Bender review for further guidance(5). The 

conclusion in The Cochrane Handbook – that ‘there is no simple or completely satisfactory 

solution to the problem of multiple testing and multiple interval estimation in systematic 

reviews’(5) is no doubt appropriate.  

 

The next methodological findings in this Ph.D. project related to sequential multiplicity in 

systematic reviews. First, we found that false positives are probably more frequent in 

cumulative meta-analysis than the generally accepted rate of 5% and that using TSA can 

exclude most of these false positives. Second, when using TSA to adjust for sparse data and 

sequential multiplicity, we found that only 30% of apparently statistically significant 

conclusions (p-value<0.05) in anaesthesiological meta-analyses preserve a risk of type 1 error 

below 5%. With regard to interpreting these findings, I discuss here whether why we 

concluded that the risk of false positives is higher than 5%, and the challenges involved in 

conducting TSA with regard to the choice of parameters to inform the RIS.   

 

Using conventional retrospective cumulative meta-analysis, we found that one or more false 

positives were present in 7% (95% CI 3%-14%). We concluded that the rate is probably 

higher than 5%, despite the 95% confidence interval reaching to 3%. The reasoning for this 

conclusion was based on a consideration of the population of meta-analyses that we were able 

to examine. We wanted to find a population of Cochrane systematic review meta-analyses 

where a clinical question had been reasonably clearly answered with adequate power and 

where the final conclusion was one of no or only a small clinical effect. To do this, we 

selected meta-analyses that fulfilled a RIS for a defined set of parameter estimates. We found 
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that such meta-analyses are very rare in Cochrane systematic reviews. Using the RRR of 10% 

as the criteria, only 1.8% (95% CI 1.3-2.3%) of Cochrane systematic reviews were eligible. 

Using NNT of ≥100 participants as the criteria for inclusion, the proportion was only 2.6% 

(95% CI 2.0-3.5%). 

 

Given the rarity of these meta-analyses, we questioned whether the population that we 

selected were unusual, whether they were typical of how an average meta-analysis would end 

up when it became large enough to reach a reasonable RIS. In particular, we questioned 

whether a Cochrane meta-analysis is less likely to be updated if its conclusion was 

statistically significant. We hypothesised that a significant conclusion reduced the probability 

of consequential updating, and that our selected population therefore represented meta-

analyses that were less likely to have had statistically significant results early on. If this 

hypothesis were true, then any false positives present in early Cochrane meta-analyses would 

be less likely to reach a reasonable diversity-adjusted RIS and less likely to be included in our 

study. To test this hypothesis, we reviewed all the Cochrane systematic reviews from 2005, 

2006, and 2007 and found that a non-significant Cochrane meta-analysis is 1.57 times more 

likely to be updated (95% CI 0.92-2.68). While this observation did not reach statistical 

significance, it does suggest support to our hypothesis and leads to a suspicion that the 

proportion of early Cochrane meta-analyses with false positives may be higher than the 7% 

that we found. Adjusted for this risk of lack of updating in Cochrane reviews, the 7% 

converts to 11% (95% CI 5-22%) and suggests that the proportion of false positives in meta-

analyses when the required information size has not been reached is higher than 5%. 

 

We were also concerned about the heterogeneity of the population of meta-analyses that we 

included. Our selection criteria required a meta-analysis to have reached a defined RIS, it was 

more likely for a meta-analysis to be included if it had a lower heterogeneity (and 

consequently a lower RIS). In our selected population, the meta-analyses that did produce 

false positives had a higher diversity than those that did not (difference in means 24, 95% CI 

-4 – 53). This characteristic of our selected population represents a second reason why the 

actual false positive rate in early Cochrane meta-analyses may be higher than the one we 

found. 

 

The selection of the included meta-analyses was further limited because we did not 

incorporate an assessment of risk of systematic error in this selection process. Consideration 
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of the risk of systematic errors according to the seven domains outlined in The Cochrane 

Handbook (5) is an extensive process and was not included in the scope if this study. 

Therefore, the result of the TSA analyses could be regarded as assessing the risk of random 

error under the assumption that all included trials had low risk of bias. Under this assumption, 

negative TSA analyses would conclude that even assuming low risk of bias for all the 

included trials, the risk of random error for concluding at least a beneficial effect would 

exceed the 5% type 1 error risk. If the boundary for benefit were crossed, then it becomes 

crucial that this apparently low risk of random error is not induced by an undue bias risk due 

to one or more trials having high risk of systematic errors. The omission of a full bias 

assessment represents a major limitation in our investigation. In order to define an early 

crossing of a threshold for statistical significance as a false positive, logic holds that the final 

conclusion must be that the intervention has no effect. If there were trials included in the final 

meta-analysis which had inflated effect estimates due to bias (which there undoubtedly were), 

this classification – of these meta-analyses as being ones where the question was reasonably 

answered – is not valid. Unfortunately, if we had undertaken a formal assessment of risk of 

bias, given the rarity of the meta-analyses we sought and the high prevalence of increased 

risk of bias in included trials, it is highly unlikely we would have found sufficient meta-

analyses to conduct any investigation. Consequently, we concede this currently unavoidable 

limitation of the potential effect of systematic error.  

 

It can be difficult to define credible parameter estimates to inform RIS for a TSA. The 

challenge of this definition is similar to that when calculating power for a clinical trial, but 

where the power calculation for a clinical trial occurs as a controlled prospective exercise, the 

probability modelling associate with TSA takes place as an uncontrolled exercise, often at 

multiple time points during the accumulation of data. In the setting of meta-analysis, a clear 

clinical question can inform values for the proportion of events in the control group. The 

decision with regard the a relevant effect size will always be challenging, in the same way as 

it is for a clinical trial, resting a reasonable quantity in the context of the given clinical 

scenario. With regard to heterogeneity, we know that estimates in early meta-analysis are 

unreliable(65) and using a range may turn out to be the most appropriate approach.  

 

For both of the studies investigating TSA in this Ph.D., we used different TSA approaches, 

varying the parameters used for calculating RIS. When investigating the ability of TSA to 

prevent false positives, we used three approaches. For the first approach, we used an 
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approach that aimed to represent a ‘credible parameters TSA approach’, aiming to mimic 

what might have been chosen as credible and reasonable choices for the clinical question 

being asked. For the second approach, we used parameter estimates from the trials included 

when the false positive occurred and the D2 estimated from the trials included up until that 

point. We used an un-weighted mean of the proportion of events in the control groups at that 

as the estimate of the proportion of events in the control group, and we used the border of the 

95% confidence interval closest to the null at the time of the false positive as the estimate of 

effect. For the third approach, we again used parameter estimates from the trials included at 

the time when the false positive occurred, but this time we used the point estimate at the time 

of the false positive as the estimate of effect. The second and third approaches represented 

‘existing data TSA approaches’, where parameter estimates for the TSA approach are chosen 

from the trials that have been included up until that point in time.  

 

All three approaches performed well in preventing the false positives, but the third approach 

was least effective. Approach one prevented the false positives 93% of the time (95% CI 64-

100%). Approach two prevented the false positives 86% of the time (95% CI 56-97%). 

Approach three prevented the false positives 79% of the time (95% CI 49-94%).  It makes 

sense that the TSA approaches using the point estimate were not as helpful. We know that an 

early nominally statistically significant result increases the probability and an effect estimates 

is inflated (3, 66). Using an inflated effect estimate to do a TSA creates a probability model 

that is not consistent with the situation that it is intended to model. However, using the full 

range of uncertainty in the 95% CI and the least probable RRR seems to eradicate more early 

false positive meta-analyses. 

 

We used the findings in Project 2 to choose which TSA approaches we used in Project 3, 

where we assessed the reliability of conclusions in meta-analyses of anaesthesiological 

interventions. We used two main TSA approaches for this study – a ‘credible parameters 

TSA approach’ using a RRR of 20% and a ‘existing data TSA approaches’ using the border 

of the conventional 95% confidence interval closest to the null. We didn’t vary the estimates 

for control event proportion and heterogeneity, using the values present in the included trials 

and this omission does represent a limitation. We found, using two reasonable TSA 

approaches, only 30% (95% CI 18-45%) preserve a risk of type 1 error less than 5%, 

considering sparse data and repetitive testing on accumulating data. Moreover, our brief 

examination of the risk of systematic error in this population of systematic reviews revealed 
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that 98% (95% CI 88-100%) of anaesthesiological meta-analyses either include trials that 

have been assessed as having increased risk of bias or have had no formal assessment of bias 

risk. Despite the challenges and dynamic nature of the choice of parameters for the RIS 

calculation, our exploration was sufficient to allow us to conclude that a large proportion of 

published conclusions from meta-analyses of anaesthesiological interventions may be 

unreliable.  

 

Findings in the context of clinical decision making and research 

 

The focus of the three methodological papers in this Ph.D. project was how multiplicity in 

systematic reviews can affect the reliability of conclusions. Our findings suggest that the 

sequential multiplicity in systematic reviews may cause traditional estimates of uncertainty to 

be overly optimistic. That is, the conclusions may not be as precise as they claim to be. 

Furthermore, we demonstrated that TSA – a methodology designed to correct for the 

increased random error caused by sequential multiplicity and sparse data – can assist us in 

summarising with more accurate estimates of uncertainty.  

 

This focus on sequential multiplicity, and its effect on precision in results, represents only 

one aspect of the overall picture of evidence-based medicine and how evidence is interpreted 

and implemented in clinical practice. It is the implementation or rejection of the intervention 

into clinical practice that is the important endpoint in the whole process. Multiplicity in 

systematic reviews may compromise the reliability of the conclusions of systematic reviews. 

Inaccurate assessments of uncertainty have implication for guideline development and for 

every-day clinical decision making. In anaesthesia, guideline developers are increasingly 

aiming to incorporate systematic evidence-based techniques(67-70). Several systematic 

approaches are available to assist in this goal and I describe here the structure provided by the 

GRADE working group(71). I discuss GRADE in the context of how evidence can be used to 

answer a clinical question generally, and how the issue of multiplicity fits in to this picture. 

Following, I discuss how the issue of multiplicity in meta-analysis can affect research 

decisions, and I provide some examples from published literature of cases where the more 

accurate estimate of uncertainty provided by TSA has altered a future research agenda. 
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The GRADE Working Group has developed an approach to grading the quality of evidence 

and the strength of recommendations when producing clinical guidelines(71). GRADE is a 

structured and thorough approach, and while it was intended for the development of the 

guidelines and recommendations, it is a helpful template on which to consider how to 

incorporate evidence into clinical decision making generally(67). Indeed, the Cochrane 

Collaboration recommends using the principles of the GRADE system for just this purpose, 

using it in the overall summary of the findings of a systematic review, allowing for clinical 

interpretation of what the systematic review has shown(5).  

 

To use GRADE to apply evidence to a clinical question, the first step is to clearly define that 

clinical question. GRADE defines a clinical question using PICO. The PIC stands for 

population, intervention, and comparison(72). This process does not incorporate open-ended 

questions such as: how should I anaesthetise a patient having a liver transplant? Rather, this 

process aims to answer a defined question such as: for patients with hepatitis C presenting for 

a liver transplant, should I give drug x routinely or only when clinically indicated?  

 

The O in PICO stands for outcomes. In order to answer the clinical question, a decision has to 

be made about which clinical outcomes are important(72). This judgement may be subjective, 

may alter for different clinical contexts, and may include issues regarding resource 

management. Independent of the subjectivity, in order to answer the question, the important 

outcomes – both advantageous and disadvantageous – need to be defined.  

 

For the defined PICO, the next step in the GRADE process is to collect all the available 

evidence and then assess the quality of that evidence. The collection of a body of evidence 

for a defined clinical question is – by definition - a systematic review. As used by GRADE, 

the quality of a body of evidence refers to the extent to which we can be confident of the 

estimated effect of an intervention on a specific outcome(73). For a body of evidence to be 

considered as high quality, you need:  a reasonable number of trials with a low risk of 

bias(74), evidence that publication bias was unlikely(75), precision in the overall results 

when a meta-analysis is performed(76), consistency between the results of the trials(77), and 

directness(78).  

When the quality of the evidence has been assessed for each important outcome, then the 

advantages of the intervention can be weighed up against the disadvantages and a decision 

can be made about whether to use drug x routinely or not.  
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The issue of multiplicity is relevant in this GRADE process when considering the precision 

for the assessment of the quality of the evidence for each outcome. It is only one part of this 

overall process, but it is a very important part. Specifically, sequential multiplicity in 

systematic reviews with meta-analysis increases the risk of random type 1 error(58). Internal 

multiplicity in systematic reviews may also contribute to increased risk of type 1 error(57). 

This increased risk translates into less precision and, using GRADE nomenclature, therefore a 

lower quality of evidence. With regard to systematic reviews of anaesthesiological 

interventions quoting statistically significant conclusions, the majority of the meta-analyses 

are under-powered and many do not maintain their statistical significance when the increased 

risk of random type 1 error is included in the assessment using TSA. In the context of the 

GRADE structure, these meta-analyses represent bodies of evidence for clinical questions 

that have less precision than their authors claim.  

 

Issues relating to multiplicity and increased random type 1 error may result in meta-analyses 

with conclusions of statistical significance followed by subsequent convincing research that 

contradicts these results. Methodology that corrects for the increased risk of random type 1 

error – such as TSA – has the ability to prevent these early spurious conclusions by better 

estimating the uncertainty in these findings. The improved estimate of uncertainty has 

implications for guideline development and individual physicians making clinical decisions, 

as outlined above. The improved estimate also has implications for decision making about 

future trials. One of the findings of  the second project in this thesis suggested that a 

Cochrane meta-analysis that is statistically significant is less likely to be updated 

subsequently than one that is not statistically significant(58). The demonstration, using TSA, 

that the risk of type 1 error is greater than 5% (despite nominal statistical significance using 

conventional techniques) may contribute to the decision about conducting further randomized 

clinical trials. 

Apart from our own systematic review done as part of this Ph.D. project, TSA has already 

been helpful in anaesthesia research assessing the strength of evidence and planning future 

clinical trials. Examples of anaesthesia–related interventions that have been explored using 

TSA include perioperative beta-blockade(79) and hydroxyethyl starch(80, 81) A recent 

example from outside the anaesthesia literature is the effect of vitamin D supplementation on 

skeletal, vascular, or cancer outcomes (82).  
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I present here two specific examples, relevant to anaesthesia, where early meta-analyses 

report a statistically significant conclusion, TSA at that time disputed the statistical 

significance and suggested that the risk of random type 1 error was higher than 5%, and then 

further well-powered trials have gone on to conclude that the intervention has no such effect.  

 

The first example involves the question of perioperative inspired oxygen and wound 

infection. In 2009, a systematic review published by Qadan et al. reported in its abstract a 

statistically significant reduced infection rate for patients receiving a hyperoxic gas mixture 

compared with control(83). At a similar time, Meyhoff et al. published a meta-analysis using 

TSA for the same clinical question(84). In conjunction with an alteration in meta-analytic 

technique, the TSA demonstrated that evidence for this question was not definitive(84).  

 

Figure 3. Hyperoxia vs control and wound infection, prior to the PROXI trial(85). TSA 

reproducing that published by Meyhoff et al. in 2008(84). Using random-effects meta-

analysis and based on a diversity-adjusted RIS of 4500, calculated using a RRR of 33%, 

control event proportion of 14%, a type 1 error risk of 5% and a power of 80%. 
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Figure 3 shows a reproduction of the TSA that was presented in this publication. The analysis 

was performed using a random effects meta-analysis model, as there was substantial 

heterogeneity present. While the change to the random effects model contributed to altering 

the conclusion here, this TSA also demonstrates how early crossings of the conventionally 

boundary for statistical significance can be misleading.  

 

Figure 4. Hyperoxia vs control and wound infection, including the PROXI trial(85) and those 

since. Using random-effects meta-analysis and based on a diversity-adjusted RIS of 9479, 

calculated using a RRR of 20%, control event proportion of 16%, a type 1 error risk of 5% 

and a power of 80%. 

 

 

Subsequently, based on this assessment of uncertainty, Meyhoff et al. conducted a well-

powered randomized clinical trial with overall low risk of bias and found no statistically 

significant difference when comparing 80% oxygen with 30% oxygen in the risk of surgical 

site infection after abdominal surgery(85).  Other randomized trials followed(86-91). The 

TSA in Figure 4 shows that with these extra trials added, the evidence now passes a boundary 

for futility, a clear suggestion that the early conclusions of statistical significance were 
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spurious and an illustration of the utility of TSA. The evolution of this cumulative meta-

analysis also demonstrates how the parameters used to estimate RIS will change as more 

evidence accumulates, and that the TSA approach is therefore a dynamic one. 

 

The second example involves the question of targeted temperature management at 33°C 

degrees versus 36°C after cardiac arrest. A meta-analysis with TSA was published in 2011 by 

Nielsen et al. comparing mild hypothermia with control after cardiac arrest, with all-cause 

mortality as the outcome(92). Despite crossing the conventional threshold for statistical 

significance, this TSA demonstrated that there was insufficient evidence to reject or detect 

the intervention effect of RRR of 16% which was present in the existing trials with low risk 

of bias(92). Figure 5 shows a reproduction of the TSA in this publication.  

 

Figure 5. Hypothermia vs control after cardiac arrest and all-cause mortality.  

TSA reproducing that published by Nielsen et al. in 2011(92) Using random-effects meta-

analysis and based on an diversity-adjusted RIS of 979, calculated using a RRR of 16%, 

control event proportion of 59%, a type 1 error risk of 5% and a power of 80%. 
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After this TSA, with a consideration of the uncertainty reflected here, Nielsen et al. 

conducted a well-powered randomized clinical trial with low risk of bias and found that in 

unconscious survivors of out-of-hospital cardiac arrest, hypothermia at a targeted temperature 

of 33°C did not confer a benefit as compared with a targeted temperature of 36°C. The TSA 

in Figure 6 shows the TSA after the results of the extra trial were added, again demonstrating 

an example of an early statistically significant conclusion being spurious and TSA’s ability to 

identify this uncertainty. The TSA now actually shows that we can refute a 17% RRR as the 

cumulative z-curve has reached the futility area for such an effect. This TSA also 

demonstrates the dynamic nature of the RIS estimate. 

 

Figure 6. Hypothermia vs control after cardiac arrest and all-cause mortality.  

TSA including the data from the randomized control trial by Nielsen et al (93) Using random-

effects meta-analysis and based on an diversity-adjusted RIS of 2013, calculated using a RRR 

of 17%, a control event proportion of 62%,  a type 1 error risk of 5% and a power of 80%. 
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Implications for future research 

 

The findings in the methodological work in this thesis are explorative and they stimulate 

further questions about the complex issue of multiplicity in the context of systematic reviews. 

The mathematics of how multiple statistical tests will alter the probability of error is clear: 

the more times you roll a dice, the more likely you are to roll a six. The difficulty, in the 

context of making conclusions in systematic review, is how to place meaning in the context 

of such probability.  

 

In this project, we did not aim to answer the question of how we should handle internal 

multiplicity in systematic reviews. Rather, we provided quantitative evidence that the issue is 

present and an argument that it warrants more attention. Further research needs to focus on 

this discussion of when and how internal multiplicity should be approached in systematic 

reviews. 

 

The investigation of sequential multiplicity suggests several important directions for further 

research. The TSA approach requires estimates for heterogeneity, control event proportion, 

and effect size. These estimates work like assumptions in a probability model, but may be 

loaded by data accumulated until the time point when the TSA is performed, mimicking some 

kind of adaptive TSA corresponding to an adaptive trial design. Future research needs to 

explore how to best choose these assumptions, how to incorporate and communicate the 

uncertainty in these choices, and how they alter the inferential conclusion. 

 

In this project, the focus was on the risk of type 1 error, and much of the observation was in 

the context of statistical significance being declared prematurely. Issues of sequential 

multiplicity also affect type 2 error; the risks are of course intertwined. TSA methodology is 

able to estimate the risk of type 2 error in the context of repeated testing and sparse data, 

using the same theoretical premise as it uses for estimating type 1 error. The accurate 

assessment of type 2 error and futility in meta-analysis is a further, important future direction 

of methodological research in this area. 
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As mentioned in the background section, there have been other methodologies proposed to 

address the issue of sequential multiplicity in cumulative meta-analysis(24, 25, 30, 38). We 

need comparisons and exploration of these various approaches in the context of them being 

used and interpreted by the authors and consumers of systematic reviews, focusing on the 

performance of each approach and its usability. 
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Conclusions  

 

In this Ph.D. project, we explored the issue of random type I error in systematic reviews with 

meta-analysis and the effect on the reliability of conclusions. Specifically, we focused on the 

issue of multiple statistical comparisons (multiplicity) and sparse data in systematic reviews 

of anaesthesiological interventions. 

 

With regard to the methodological investigations, we concluded that the quantity of internal 

multiplicity in systematic reviews is high over-all and higher in Cochrane reviews than in 

non-Cochrane reviews. Few systematic reviews, whether Cochrane or non-Cochrane, address 

the issue of multiplicity. We also concluded that false positive findings are likely to occur 

more frequently in real-life cumulative meta-analysis than the desired 5% and that TSA is a 

helpful statistical methodology to prevent increased risk caused by sequential multiplicity and 

to assess the reliability of early nominally statistically significant findings in cumulative 

meta-analyses. Finally, we concluded that TSA demonstrates that due to the increased risk of 

type 1 random error present in early meta-analyses, a large proportion of published 

conclusions from meta-analyses of anaesthesiological interventions may be unreliable.  

 

With regard to the application of the investigated methodology, we conducted our own 

systematic review with meta-analysis and applied TSA. We concluded that, prior to the 

completion of ENIGMA II, we do not have robust evidence for how nitrous oxide used as 

part of general anaesthesia affects mortality and cardiovascular complications. 

 

An overriding premise of the investigation in this Ph.D. project was that uncertainty in 

conclusions should be estimated and communicated as accurately as possible. Reducing the 

risk of type 1 error in our estimates of precision will always result in a conclusion having 

more uncertainty. The thing about uncertainty is that physicians do not like it. Patients do not 

like it either. When it comes to health interventions, we prefer to have distinct answers, 

clarity in our course of action. Unfortunately, however, underestimating uncertainty doesn’t 

diminish its presence. A p-value of 0.05 means that there is a 5% probability of having 

obtained the data we have, or data more extreme, if the truth is that the null hypothesis in the 

population is true. Similarly, if we hypothetically repeated the whole meta-analysis process 

an infinite number of times, sampling independently from the same population, and  
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calculated a 95% confidence interval for a summary parameter for each meta-analysis, then 

95% of these intervals should include the true (unknown) population parameter.  The 

definitions of this frequentist approach to estimating uncertainty are certainly convoluted, and 

their limitations and difficulties are well and widely discussed(94, 95). Leaving the 

contentious discussion of these limitations aside, p-values and confidence intervals remain 

the main techniques used in conclusions of systematic reviews with meta-analyses. If we 

want to continue to use these techniques to estimate precision in meta-analyses, and if we 

wish this estimate to be an accurate assessment of the uncertainty caused by random error, we 

need to address the issue of multiplicity and sparse data in systematic reviews. 
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