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SUMMARY 
This paper reviews aspects of the development of sequential analysis of clinical trial data in medicine and 
suggests simple strategies for progress. The emphasis is on the pragmatic and ethical requirements of aspects 
of the design of phase 111 trials and in circumstances of genuine uncertainty characterized by much clinical 
experimentation. In particular consideration is given to the consequences of determining sample sizes from 
incorrect estimates of treatment effects. Armitage’s work on sequential trials is traced to simple group 
sequential procedures based on repeated significance tests to minimize expected sample sizes in a wide class 
of experimental situations. 

INTRODUCTION 

Abraham Wald’s seminal work’ during the Second World War on the development of sequential 
stopping rules (in particular the sequential probability ratio test) was stimulated by a desire to 
obtain firm inferences without wasting resources and time. His stopping rules gave rise to the 
lowest expe9ted sample sizes for given type I and type I1 error probabilities at  the two points in the 
sample space represented by the null hypothesis and the alternative, and in this sense were 
optimum. The technical development and testing of armaments would not then be unduly 
hindered by experiments whose sample sizes turned out either to have been too large or too small. 
Obviously, if too large, then there would be a waste of experimental effort, and if too small then 
parameter estimates would be too imprecise. Clearly, specification of alternative hypotheses on 
which sample size estimates were to be based could easily, in the absence of precise prior 
information, mislead designers of experiments into advocating sample sizes which turned out to be 
inappropriate. 

The application of Wald’s theoretical developments to medicine was obviously extremely 
appropriate, while the need to estimate sampe sizes accurately was largely an ethical matter rather 
than a practical one. Peter Armitage’s book,2 published in 1960, on sequential medical trials was 
the first to document practical strategies for clinical experiments in a wide variety of common 
medical situations. Thus sequential trials could be undertaken by many in an efficient, appropriate 
and comprehensible manner. 

In the increasing practice of clinical experimentation, of course, many different hypotheses were 
to be investigated with many outcomes of interest in a single trial. Thus stopping early in a trial 
was not easily justified if the precision of important comparisons, other than just the main one, 
might be compromised. Moreover, the main advantage to patients of a sequential approach arises 
when treatment differences turn out to be larger than was anticipated in the trial design; when the 
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estimated sample size was thus too large. Then inappropriate sacrifice unjustified by clinical 
uncertainty would be prevented by sequential stopping (and decision) rules. In this case a 
sequential trial will enable earlier stopping than anticipated by pre-trial estimates of the size of the 
effect being investigated. 

On the other hand, if treatment effects turn out to be smaller than originally estimated then 
sequential methods could be a disadvantage in comparison to a fixed sample size experiment with 
similar power. This is because sequential trials require more assiduous effort and when they finish 
without rejection of the null hypothesis an experimenter is left with few practical options for 
further e~perimentation.~ The only sensible strategy would be to embark on another trial much 
larger than the one just completed, and to choose a sequential design in such circumstances would 
be brave indeed. This is because it would then be most unlikely that the treatment effect, as 
estimated from such a trial, would be importantly too small. 

I t  is probably most often true that, for obvious practical  reason^,^ sample size estimates in phase 
111 trials tend to be smaller than turn out to be required. This is because estimated treatment 
effects, made by dedicated enthusiasts, tend, if anything, to be optimistic. Maybe for these reasons 
the practical and ethical advantages of sequential methods have not been fully realized in practice. 

Guessing prior estimates of the size of any effect leads then to ancillary judgements of the 
consequences of these guesses. The dominant concern is precisely the issue being discussed here; 
namely considering the adoption of a sequential design to mitigate the consequences of being 
wrong, but then a secondary issue is concerned with the imbalance of advantage associated with 
the direction in which one’s estimate might turn out to be wrong, for to be wrong in one direction 
would strongly favour a sequential experiment post koc, while in the other a fixed size trial, if 
anything, would be favoured. 

Hence, clearly, to choose a fixed sample size experiment when the true treatment effect turns out 
to be much larger than was thought could be disastrous first from an ethical point of view, but also 
from a statistical point of view. Such a circumstance is likely to lead to the effect becoming 
apparent before any analysis was planned and hence any ad koc analyses would be extremely 
difficult to interpret. 

REPEATED SIGNIFICANCE TESTS 

Armitage’ developed and exploited the notion of using repeated significance testing (with fixed 
nominal levels of significance) in clinical experiments.637 He did so because they offered some 
cogent theoretical justifications for a particular class of stopping rule* and a certain familiarity to 
non-statistical investigators. However, a price was the unknown loss of efficiency associated with 
such stopping rules, but they probably happened anyway, precisely because of the desire not to 
continue with a trial once a ‘significant’ result had occurred. 

It was often tempting to inspect accumulating data, indeed it could be argued that it might be 
callous not to. It was certainly very difficult to resist the temptation to test for differences which 
informal inspections indicated might be interesting, even if such a strategy might be nearly 
equivalent to continuous monitoring and testing of accumulating data. However it was not always 
so clear what the statistical consequences of such a ‘vicious sequential p01icy’~ might actually be.’O 

THEORY AND PRACTICE 

These problems remain today just as strongly as they did at the beginning of the randomized 
clinical trial era. There have been important theoretical developments in the many aspects of 
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sequential clinical trials, much of which is well described in Whitehead's book. ' None so far has 
managed to combine documented high efficiency in a wide class of circumstances with ease of use 
in clinical situations. That is to say that the gain in efficiency is generally not perceived as of 
sufficient consequence to justify what seems like a quantum leap in statistical methodology. Such 
things do, of course, happen in clinical situations when the gains are obvious and readily accepted. 
Examples are Cox regression modelsI2 in the analysis of survival data and the ubiquitous use of 
generalized linear models and software such as GLIM.13 

As well as the work described above of optimizing on expected sample sizes for specific values in 
the parameter space, there is a body of work which investigates sequential allocation rules so that 
the number of patients receiving an inferior treatment in a clinical trial is minimized (for example, 
Bather14). As Armitage15 has said in discussing why none of this has seen any application 'either 
the theoreticians have got hold of the wrong problem, or the practising triallists have shown a 
culpable lack of awareness of relevant theoretical developments, or both. In any case, the situation 
does not reflect particularly well on the statistical community'. Richard Pet0 argues16 that the 
reasons has to do  with this theory emerging from an inappropriate model of the role of clinical 
trials in medical practice. This is broadly that medical practice is not as dominated in general by 
the results of clinical trials and that the role of evidence in medical decisions is much more 
complicated than those unfamiliar with it might suppose, see for example McPherson.' 

GROUP SEQUENTIAL PLANS 

The idea of repeated significance tests led naturally to some kinds of group sequential procedures, 
which had been suggested originally by Shaw soon after Armitage's first book was published, in 
1965.'' The choice of the number of looks (inspections of the data to test the null hypothesis) in a 
given clinical trial is a question which is secondary to how large the trial ought to be.19 Given an 
assessment of plausible benefit associated with a given power of detection the number of looks will 
depend on how likely certain values of the treatment difference actually might be. This in turn 
depends on the information available about the treatments to be compared. 

Evidence about plausible treatment effects comes generally from several possible sources: 
animal experiments; anecdotes; clinical experience; basic biology and perhaps other clinical trials. 
Each of these is more or less reliable in extrapolating to the population of relevant patients, and 
indeed the utility of each will vary markedly between diseases and treatment. Generally, however, 
previous randomized comparisons will provide a more secure basis for a sensible choice of the 
alternative hypothesis than will limited clinical experience of selected patients, simply because 
such data could be unpredictably biased. 

McPherson2' has considered the choice of the optimum number of looks from two points of 
view. The first examined the expected sample size integrated over some prior distribution 
representing the plausibility of prior knowledge concerning different treatment differences. This is 
a more general optimizing criterion than merely requiring a minimum sample size at one or two 
hypothetical values of the treatment difference. The second was a linear function of the treatment 
differences multiplied by the expected sample size integrated over this same prior distribution. 

Very roughly the first represents a practical desire to minimize the expected number of patients 
in a clinical trial of given strength (that is, the particular combination of size and power against a 
given alternative) and the second an ethical desire to treat as few patients as possible with an 
inferior treatment - the more so when the treatments are very different. It is not directly an attempt 
to minimize the amount of inferior treatment received but with fixed allocation proportions 
approximates such a strategy. In both cases the minimizations take place under constant alpha 
and beta values. 
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Table I. Repeated significance test or group sequential schemes: a stopping 
rule for which the real significance level is 1 per cent followed at the end of the 
trial by analysis using fixed sample size criteria. The realized level is the total 
probability of achieving a significant result either during interim analysis or 

at the end 

Fixed sample size level of significance 
at end of trial (YO) 

Realized level (%) 

5.4 
4.4 
2.5 
1.6 

The overall results of these analyses suggest that for certain kinds of prior knowledge interim 
analyses provide palpable gains both in the unweighted expected sample sizes and when weighted 
by treatment difference compared to a fixed sample size trial. Most of these gains happen, not 
surprisingly, when prior knowledge is vague and imprecise. The reduction in expected sample size 
is then as much as 30 per cent. With fairly precise knowledge interim analyses can actually lead to 
a gain in expected sample sizes of around 10 per cent in extreme circumstances. The most dramatic 
reduction attributable to interim analyses was, however, in the weighted index when interim 
analyses always provided a reduction compared to a fixed sample size trial. A group sequential 
trial with the same strength will require a larger maximum sample size to accommodate interim 
analyses, and hence the possibility of larger samples than the fixed sample size. 

These investigations can be summarized, however, by noting that while interim analyses usually 
provide clear benefit, the majority of that benefit is achieved by four or five data inspections and 
more frequent data scrutiny rarely provides important extra benefit with respect to expected 
sample sizes. The investigations reported here examined sets of prior distributions all of which 
include the point estimate of treatment effect used to determine the power of the trial (in this case 
around 90 per cent). Hence extrapolations from these results is largely a matter of scale and the 
above qualitative summary should generally hold. A lower power would, however, demand fewer 
data inspections. This work suggests that not much is gained in general from inspecting the data 
more often than five times and that five inspections are almost always importantly better than a 
fixed sample size experiment. 

A complementary strategy2' which has been advocated for the interim analysis of clinical trials 
is to adopt a very stringent criterion (that is, low nominal p-values) during the interim analyses. 
Then, if the data do not reach these low levels, the final analysis at  the end is performed using 
conventional fixed sample size criteria. If the interim analysis criterion is sufficiently stringent then 
the interpretation at the end will not be much affected by optional stopping. Moreover, such a 
strategy fits in rather well with the requirements of large prospective trials where the interim 
analyses are simple and are primarily for ethical reassurance, whereas the final analysis is complex 
and usually a test of several hypotheses allowing for possible confounding and so on. Clearly such 
a strategy will not generally allow early stopping for moderate departures from no treatment effect 
but gross underestimates of the expected treatment effect will be more likely to do so. 

Table I (taken from McPherson") shows that if one decides to adopt a stopping rule with an 
overall significance level of 1 per cent (perhaps by five equally spaced inspections at  a nominal level 
of 0.34 per cent") then the effect that has on the actual significance level at the end of the trial is 
generally small. In this example, which is quite general, the effect of interim analyses as a safeguard 
against unexpectedly large effects is to add only one half per cent to the significance level of the 
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main significance test. This is true how ever many interim analyses are planned, so long as the 
critical p-value allows for them. 

Of course all of this work assumes equal intervals in numbers of patients between interim 
analyses and a constant level of nominal significance at  which the trial will be stopped. Some 
 author^^^,^^ have argued that a better strategy is to arrange for lower probability of early 
stopping to guard against the possibility of stopping with a small sample size and hence little 
precision. Armitage’ ’ suggests that such strategies should be reserved for circumstances in which 
large differences are considered unlikely, and hence any ethical advantage associated with early 
stopping implausible. Within the context discussed here, of course, such considerations are 
accommodated by firstly demanding a large sample size because large differences are unlikely and 
then only planning four or five equally spaced interim analyses. Then inappropriate early stopping 
is almost impossible. 

CONCLUSIONS 

Interim analysis in clinical trials is almost always desirable from some points of view and quite 
often necessary. We have seen that the statistical implications are often quite severe. If there is even 
a possibility that the interim results of clinical trials will be examined during the accrual of 
patients, then very roughly the nominal levels of significance should be multiplied by between 
three and six when the trial is finally reported, using fixed sample size tests. Therefore it is usually 
essential to explicitly allow for such a possibility in the design stage of a trial. 

Maximum efficiency is not necessarily achieved by using fully sequential designs and optimal 
allocation rules may not be appropriate. In fact in a wide class of circumstances five interim 
analyses at  equally spaced intervals is more efficient than fixed sample size tests and fully 
sequential trials. The use of repeated significance tests keeps the analysis of clinical trials in a 
comprehensible and widely accepted framework which is less intimidating to the non-statistical 
specialists than complicated strategies with optimal characteristics. 
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