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Abstract

Objective: To investigate whether a single trial can provide sufficiently robust evidence to warrant clinical implementation of its re-
sults. Trial-specific factors, such as subject selection, study design, and execution strategy, have an impact on the outcome of trials. In mul-
tiple trials, they may lead to heterogeneity that can be taken into account in the (random effects) meta-analysis. Single trials lack this
method of estimating the impact of such factors, and this affects the credibility of the results.

Study Design and Setting: To indicate how much the precision of the results of a single trial might be overestimated, we calculated the
ratio of the widths of the confidence intervals when heterogeneity was taken into account and when it was not.

Results: The ratios of the widths of the confidence intervals with and without between-study variability were 1.15, 1.41, and 2.00, when

the heterogeneity I values were 0.25, 0.50, and 0.75, respectively.

Conclusion: The results of a single trial should be interpreted with caution. When it is difficult to predict or determine how trial-
specific factors influence the results, the best way to evaluate the performance of a treatment is to use multiple, possibly smaller,

trials. © 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Even when multiple trials are designed to address the
same question, their results and conclusions may differ.
Possible explanations for these differences are chance var-
iation or differences in the implementation of the trial, for
example, the characteristics of the participants, the design
and execution of the trial, the treatment administration or
dosage, concomitant exposures, outcome assessment, and
others. Other contributing factors might be the local health
care system, the way the investigational site is organized,
and even the statistical methods used in the analysis
[1—3]. However, it is often impossible to identify exactly
which factor(s) caused the differences between the results
[4]. This (unexplained) heterogeneity means that study
results must be interpreted with caution.
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Besides the differences in treatment results between the
trials, one can also find differences in treatment results be-
tween trials and clinical practice [5,6]. The latter differ-
ences are likely to be at least as large as those between
the trials; hence, the (unexplained) heterogeneity of the trial
results provides an indication of the discrepancy that may
exist between the trial results and clinical practice. Conse-
quently, the heterogeneity should be taken into account in
the evaluation and interpretation of the results.

When only one trial has been carried out, there is no in-
formation available about possible heterogeneity; hence, it
may not be prudent to generalize the results. Therefore, we
investigated the possible consequences of this lack of infor-
mation on the interpretation of the outcome of a single trial.
Based on the results of our investigations, we discuss
whether a single trial can provide sufficient evidence, or
whether a series of (possibly smaller) trials is more
appropriate.

The outline of the article is as follows: In Section 2, we
make a quantitative assessment of the differences between
an analysis that takes heterogeneity into account and one
that does not. Both approaches are used in the meta-
analysis of series of trials (random effects analysis and
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fixed effect meta-analysis), but when only one study is
available, only the latter method can be used. We calculate
how much the confidence intervals are narrower and the P
values are smaller when the fixed effects approach is used,
compared with the random effects method. Section 3 offers
some examples, and in Section 4, we discuss whether a sin-
gle trial can provide sufficient evidence of the value of
a treatment to adopt it in clinical practice.

2. Confidence intervals, P values, and type I errors of
single trials

When a trial compares the means of an efficacy variable
between two groups, the observed difference between the
means can be written as the sum of the “true” difference
Owia1 and a random fluctuation e;y:

dtrial = 6trial+etrial . (1)

Here, ey, represents the within-trial variability. The mean
of eyia is 0 and its variance is o2,

However, not all trials can be expected to have the same
“true” efficacy, and the true trial difference 0, may vary
around the global true difference o:

6trial = 5+btrial ) (2)

where byi, has mean 0 and variance 7°. Although the pa-
rameter 7> represents the heterogeneity, we measure the
heterogeneity in the standard way by using /%, the propor-
tion of the total variance in the study result caused by het-
erogeneity [7]. In the Appendix, we explain the relationship
between I* and 77 (available on the journal’s website at
www.jclinepi.com).

2.1. The trial difference vs. the global difference

The outcome dy;, is an estimate of the true efficacy Oya
of the study. Using d,, and (an estimate of) the variance
olzrial, confidence intervals for the study difference Oyqa
can be calculated, or the null hypothesis 0, = 0 can be
tested.

To test the global null hypothesis 6 = 0, the heterogene-
ity must be known or at least estimated, in which case, the
confidence intervals for the global treatment effect 3 can
also be calculated. It is possible to estimate 3, because
the means of e, and b, are 0; hence, the outcome dy
of the trial is not only an estimate of 04y, but also of 6.
However, the confidence intervals for the global difference
o will be wider than the confidence intervals for the trial
difference d;,, and the P value of a test of the global null
hypothesis 6 =0 will be larger than that of a test of
Owial = 0. To investigate the exact relationship between
the confidence intervals and P values related to 0y, and
those related to , we first consider the case when a Z-test
is used for the analysis, that is, when e, and b, each
have a normal distribution with known variance.

2.2. Confidence intervals

The width Wy, 4, Of the 1 - « two-sided confidence inter-
val for the trial difference 0.4, is the distance between the
point estimate at the center and the lower (or upper) limit of
the confidence interval. Similarly, Wgiobai,« is the width of
the confidence interval for the global difference 3. From
Equation (A4) in the Appendix, it immediately follows that,
for normally distributed ey, and by, with known
variances,

Walobal,a — Wtrial,a/ V1-— 127 (3)

the ratio between the widths depends on the heterogeneity,
but not on «.

Figure 1 shows the relation between the widths of the
confidence intervals and heterogeneity. When the heteroge-
neity is low (> = 0.25), the width of the confidence interval
for 6 is 115% of the width of the confidence interval for
Owial- When the heterogeneity is moderate (* = 0.50) and
high (12=0.75), the width ratios are 141% and 200%,
respectively.

2.3. P values

In the Appendix, we show that for a two-sided Z-test, the
P value for the global null hypothesis 6 = 0 is

Ptobal = 2(1 - @(@'1(1 - Pm-al/z)\/l“—”ﬁ» :
(4)

where P, is the P value related to the trial null hypothesis
Owial = 0, and @ is the standard normal cumulative distribu-
tion function.

When I* = 0.25 and P;a takes the values of 0.05, 0.01,
and 0.001, the Pgjopar values are 0.09, 0.026, and 0.0044, re-
spectively. When F=0.5, Pgiobar s 0.17, 0.069, and 0.02,
respectively. When P =0.75, the Pgiobar values are 0.33,
0.20, and 0.10. Figure 2 illustrates the relationship between
Pgiobal and Py, for each value of .
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Fig. 1. Ratio between the width of the confidence interval for the global
treatment effect 6 and the width of the confidence interval for the trial
treatment effect Oyiq.
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Fig. 2. P value of the two-sided test on the global null hypothesis 6 = 0 vs.
the P value of the two-sided test on the trial null hypothesis 0, = O.

2.4. Type I error rates

Equation (4) immediately leads to the relationship
aglobal:2<l —¢<@1(1 —Olma]/Z)\/ 1 —12>> (5)

between the two-sided error rates of the Z-tests on the
global and trial null hypotheses.
Conversely,

it =2 <1 . (@' (1- aglobal/z)/M) ) :
(6)

Using this formula, we calculated the trial significance level
that is required to keep the error level of the global test at
a certain level. When > = 0.25, 0.5, and 0.75, then the trial
significance levels required to keep the global error rate at
0.01 are 0.0029, 0.00027, and 0.00000026, respectively. To
keep the error rate at 0.05, the trial significance levels
should be 0.024, 0.0056, and 0.000089, respectively.

2.5. General case

Although we assumed that the outcomes were normally
distributed and that a Z-test was used, the results (3)—(6)
will be approximately correct in several other situations:

1. Asymptotically, the Z-test and the #-test are equiva-
lent. In practice, this means that Equations (3)—(6)
are approximately correct for trials with a normally
distributed outcome and 20 participants or more.

2. By the law of large numbers, the mean of the results
of any experiment on large groups will approximately
follow a normal distribution; hence Equations (3)—(6)
will approximately be valid. The group size that is re-
quired depends on the distribution of the outcome
variable, but 20 participants per group are usually suf-
ficient. For trials with a dichotomous outcome,

a normal approximation is considered appropriate
when nP > 5 and n(1 - P) > 5, where n is the group
size and P is the probability of one of the outcomes.
A more conservative approach would be to set the
boundary at 10 or 15, instead of 5.

3. Many analysis methods, even nonparametric ones,
such as the Wilcoxon test, are based on a test statistic
that approximately follows a normal or a #-distribu-
tion; hence, the formulas for the P values and error
rates (4)-(6) will be approximately correct.

4. In the case of a lognormal distribution, the logarithm
of the variable follows a normal distribution. Confi-
dence intervals are calculated on a logarithmic scale
and then transformed back. As a result, Equations
(4)-(6) are valid, and we can use Equation (3) to re-
calculate the confidence interval on the log scale.
The same approach can be used for the odds ratio
and the hazard ratio. We illustrate this in the second
example in the following section.

3. Examples

3.1. Disease-modifying antirheumatic drugs for
rheumatoid arthritis

Choi et al. conducted a meta-analysis on the efficacy of
combining disease-modifying antirheumatic drugs in pa-
tients with Rheumatoid Arthritis [8]. Although the trials
were fairly heterogeneous in design and treatment modali-
ties, they found a low to moderate heterogeneity of
I* = 0.33; hence, it seems reasonable to assume that the
heterogeneity in this therapeutic area will not exceed
I’ =0.33. This information makes it possible to assess
the robustness of the results of a new trial that evaluates
a combination of disease-modifying anti-rheumatic drugs,
because we can simply calculate the global confidence in-
terval by using Equation (3), that is, by multiplying the
width of the trial confidence interval by 1.2.

3.2. Electromagnetic fields as risk factors for leukemia

The heterogeneity of a series of trials that evaluate the
possible impact of electromagnetic fields on the incidence
of leukemia was 0.69 [7]. The primary outcome of the stud-
ies was the odds ratio of the incidences in the exposed and
nonexposed group. Suppose that a new study that evaluates
the impact of mobile telephone transmitters results in an
odds ratio of 1.75, with 95% confidence interval 1.35-
2.27. On the natural logarithm scale, this corresponds to
a log odds ratio of 0.56, with confidence interval 0.30-
0.82. As the log odds ratio approximately follows a normal
distribution, we can adjust the confidence interval using
Equation (3). When I* =0.69, the adjustment factor is
1.8; hence, the global confidence interval is 0.09-1.03.
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After back transformation, we obtain the adjusted confi-
dence interval of 1.1-2.8 for the odds ratio.

A further refinement of this result is possible, because in
the electromagnetic field trials series, the heterogeneity var-
ied from 0.17 for poor-quality trials to 0.79 for high-quality
studies. For I = 0.17 and 0.79, the adjustment factors for
the length of the confidence interval are 1.1 and 2.2, respec-
tively. This results in the confidence intervals of 1-3.1 when
the new study is of poor quality and 1.3-2.3 when it is of
high quality.

4. Discussion

We discuss some major implications of our findings.

4.1. Robustness of the results of a single trial

When the results of only one trial are available, it may
be wise to assess the possible impact of heterogeneity on
its results, because heterogeneity is present in many trials
and trial series. It may occur in 50% of trial series, and
in 25% of the series, it may exceed P =05.1In 12.5% of
the series, it may even exceed I = 0.75 [7]. The results de-
scribed in Section 2 make it possible to assess the robust-
ness of the trial and check whether the confidence
interval of the main outcome of the trial is sufficiently nar-
row and far from 0 [9,10].

In general, the degree of heterogeneity is unknown and
is likely to differ between therapeutic areas, types of inter-
ventions, and types of trials, although even the quality of
the trial may play a role. In specific cases, it may be possi-
ble to obtain an estimate from meta-analyses of similar
types of trials or interventions, but such an estimate and
the resulting correction of the P values and confidence
intervals will be at best only approximately correct.

When no (reliable) information about the heterogeneity
is available, a P value of 0.01 may be a suitable criterion
for statistical significance. It restricts the global error rate
to 0.05 as long as the heterogeneity does not exceed 0.42,
and this is probably the case in more than 70% of trials se-
ries [7]. A more conservative option would be P = 0.001,
because it keeps the global error rate below 0.05 as long
as the heterogeneity is less than 0.65 (approximately 80%
of the trials series).

4.2. Large trials

It has been suggested that a single well-planned large
trial is the best way to evaluate the efficacy of a treatment
[11—13]. Such a trial should have a detailed protocol and
be executed according to the highest standards. The power
must be at least 90% and the inclusion criteria, treatments
and endpoints should reflect clinical practice [5,6]. How-
ever, some authors expressed doubt about this suggestion
and pointed out that, in some cases, the results of large tri-
als have been challenged and refuted over the course of

time [3,14,15]. The results in this paper offer theoretical
and numerical support for their doubts.

It seems reasonable that in therapeutic areas that are
known to produce variation in study results, or in which
seemingly convincing results could not be confirmed by
subsequent studies, it would be better not to draw conclu-
sions from a single study, even if it is large [9,10]. A single
trial may be sufficient only when the results of trials in
a specific therapeutic area are fairly robust and variations
in the treatment effects and patient populations are of minor
importance [5,10,16]. However, even in this situation, a sin-
gle trial may have its drawbacks, because the trial may be
biased, not only by the way it is designed, but also by the
way it is conducted. This bias may go unnoticed in one
trial, but other subsequent studies may not all suffer from
that same bias, so the global result may be more accurate.

4.3. Small trials and mega trials

An alternative to large trials is a series of smaller trials.
Borm et al. have shown that a random effects analysis on
two trials with 80% power, or on five trials with at least
30% power, keeps the error rate at the desired level [17].
Using the methods described in that study, we found that,
for I? between 0 and 0.75, the error rates of random effects
meta-analyses on series of two to 20 trials with 10% to 50%
power were all between 0.045 and 0.055. Clearly, a series
of small trials leads to correct P values.

Small trials could have other disadvantages. For exam-
ple, they could lead to publication bias, because small trials
with a nonsignificant result may not be published. However,
when the trials have at least 30% power, the impact of pub-
lication bias and other possible disadvantages is likely to be
small, and the results of a meta-analysis on the trials will be
reliable [17].

Another option is a mega trial. A mega trial is a large
multicenter trial that has sufficient power to address sub-
group differences [3]. The outcome at each center can be
seen as the result of a smaller (sub) study and the mega trial
is similar to a meta-analysis on several smaller studies.

However, the heterogeneity may still be limited, because
all centers of the mega trial use exactly the same protocol,
follow the same procedures, share the same steering com-
mittee, and others. For the trial to produce realistic results
that reflect (variations in) clinical practice, the trial proce-
dures have to be sufficiently loose, and the protocol must
grant great freedom to the investigators [6,14,16].

In addition, the heterogeneity between the centers of the
mega trial should also be taken into account in the analysis.
The results in Section 2 refer not only to the situation of
a single trial vs. multiple trials, but also to the differences
between a random effects analysis and a fixed effect analy-
ses. This implies that a mega trial should be analyzed using
random effects meta-analysis methods, as if it were a series
of smaller trials, one in each center [18].
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When the protocol of a mega trial is too restrictive, it
may be difficult to translate the results into clinical practice.
However, this may also be the case when multiple smaller
trials are conducted that are exact clones of each other.
Such “sister trials,” with exactly the same protocol, offer
only weak evidence that results are replicable and it is pref-
erable to have more variation in the design and the conduct
of the trials [10,14,16].

5. Conclusion

The quantitative analysis described in this article offers
an opportunity to assess the robustness of trial results. Even
when a trial is large, its outcome should be interpreted with
caution. When heterogeneity cannot be excluded, the best
evidence of a treatment’s clinical performance can be ob-
tained by multiple, possibly smaller, trials that are indepen-
dent and that differ in their protocols.
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Appendix

When the differences between the treatment groups in
all studies have e a common variance o>, I> measures the
percentage of total variance due to heterogeneity [1]:

2
2 _ T

m’ (A. 1 )
where ©2 is the between study variance.

In our article, we extend the definition of I? to a single
trial and we define

2

) T
= — A2)
> (
72 + Utrial
where o2, , is the variance of difference between the treat-

trial
ment groups in the trial.

. 2
Then for the total variance oy,

Oglobal = \/772:7;[2:‘;7 (A3)

so (eq. A.2)
ag]oha[ = Utria]/ Vv 1_12 . (A4)

When the outcome of a trial is d;,;, the two-sided Z-test on
the trial null-hypothesis dttial=0 has P value

d rial
Ptriz11:2<1_d)<|tl|)>7 (AS)
O trial

So

dria _
|drial _ &' (1= Ppiat/2), (A.6)

O trial

where @ is the cumulative normal distribution function.

When the result of only one trial is available, the out-
come dg, of that trial must also be used to test the global
null-hypothesis 3=0 and the P value for the global null-hy-
pothesis 3=0 is (eq. A.3)

dria
Pgloba[:2 1-9 %

e ] Ty AT
Opriar \| 0% +7* : (A7)
trial

On the basis of eqs A.2 and A.6 it follows that

Ptopar =2 (1 —® (@‘ (1- P,,.ia,/2)m>) .
(A.8)
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