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Beautiful small: Misleading large randomized controlled trials?
The example of colloids for volume resuscitation
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Abstract

In anesthesia and intensive care, treatment benefits that were claimed on the basis of small or modest-sized trials have repeatedly
failed to be confirmed in large randomized controlled trials. A well-designed small trial in a homogeneous patient population
with high event rates could yield conclusive results; however, patient populations in anesthesia and intensive care are typically
heterogeneous because of comorbidities. The size of the anticipated effects of therapeutic interventions is generally low in relation
to relevant endpoints. For regulatory purposes, trials are required to demonstrate efficacy in clinically important endpoints, and
therefore must be large because clinically important study endpoints such as death, sepsis, or pneumonia are dichotomous and
infrequently occur. The rarer endpoint events occur in the study population; that is, the lower the signal-to-noise ratio, the larger the
trials must be to prevent random events from being overemphasized. In addition to trial design, sample size determination on the
basis of event rates, clinically meaningful risk ratio reductions and actual patient numbers studied are among the most important
characteristics when interpreting study results. Trial size is a critical determinant of generalizability of study results to larger or
general patient populations. Typical characteristics of small single-center studies responsible for their known fragility include low
variability of outcome measures for surrogate parameters and selective publication and reporting. For anesthesiology and intensive
care medicine, findings in volume resuscitation research on intravenous infusion of colloids exemplify this, since both the safety of
albumin infusion and the adverse effects of the artificial colloid hydroxyethyl starch have been confirmed only in large-sized trials.
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Evidence-based medicine is the integration of best research

evidence with clinical expertise and patient values. Multiple study sites are required for large randomized
0 Practical medicine depends on physician experience controlled trials (RCTs) leading to heterogeneity due to
and is guidance-oriented. Many clinicians, however, feel differences in each site’s standards of care. Pragmatic trial
) .. o o ’ iy design with simplified inclusion criteria is a typical consequence
unqualified to critically appraise the medical literature. Sy . .
o . . and turns out as a potential limitation when it comes to the
Clinicians more or less follow recommendations knowing . . o e .
implementation of study results in daily clinical practice. In

that guideline recommendations are subject to the influence the field of volume resuscitation, the generalizability of results
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of large RCT results has, therefore, been questioned, and
greater reliance on small RC'T may appear attractive to some.
This narrative review article is aimed at helping doctors better
understand the meaning of the results of RCTs and the role
of the design and size of studies that are appraised.

Randomized Controlled Trials and the
Hierarchy of Studies

Guidelines are made for the general public, but must be
tailored to the individual patient. For this to be successful,
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besides the practitioners’ personal experience from routine
clinical practice, medical knowledge gained from independent,
competent evaluation of results from best research evidence is
also critical. For this reason, the importance of self-directed
learning through reading is emphasized.” Thus, for clinical
medicine, and for all practicing physicians, it has become
necessary to understand the methodology of clinical trials
in order to critically appraise clinical study results and to be
able to integrate best research evidence with clinical expertise
and patient values.

First of all, it is necessary to understand the various categories
of study types.["! The two general categories, experimental
and observational, are based on whether the investigator
assigns the exposures or not. Experimental trials are
subdivided into randomized and nonrandomized. Systems
to stratify evidence by quality have been developed.™
These are based on a hierarchy of clinical studies. Evidence
obtained from at least one properly designed RCT is at the
highest level in treatment and prevention research. RCTs
are ubiquitous in clinical research and are scientific routine
today. Although the concept of randomization can be
traced back to early works of the statistician Fisher®” (for
a discussion of historical developments see, e.g., ref.®®), the
history of RCTs is relatively short. Only about 60 years
ago, the first study of its kind was performed according to
modern criteria.”! Since then, this form of clinical research
has undergone rapid development.!'”!

Sample size and trial design

A well-designed trial in a homogeneous patient population
with high event rates can yield conclusive results even if
small."" In fact, as recently as 10 years ago, a trial with
a few hundred patients was considered large in intensive
care or anesthesia settings. Modern studies in these fields
now-a-days need to include several thousands of patients
to be considered large enough to be meaningful. Reasons
for this are obvious: The size of the anticipated effects of
therapeutic interventions, in particular of drugs in anesthesia
or intensive care, is generally low in relation to relevant
endpoints. Effect sizes measured in successful trials such as
relative risk or risk ratio (RR) reductions are mostly in the
range of 20-25%. This is because the trials usually investigate
interventions in disease complications that are multifactorial.
Furthermore, in contrast to the example, hereditary diseases
or well-characterized disease entities, the patient population
is particularly heterogeneous. Modern interventions usually
are highly targeted to affect single pathophysiological steps
in the development of disease complications which cannot
be expected to correct a multifactorial pathophysiology more

strongly than that usually resulting in an RR reduction of
about 20-25%.

On the other hand, large studies are not always more reliable.
Trial design is variable that needs also to be taken into
account. A current controversy related to colloids for volume
resuscitation concerns large “pragmatic” trials that do not
enforce strict fluid protocols.!'>'?! Specific design weaknesses
of particular large trials need to be taken into account such
as heterogeneous interventions, confounding concomitant
treatments and baseline risk imbalances.!"*! Another design
feature of importance is the length of follow-up. Short follow-
up was a major problem in some recent meta-analyses of

colloids.['>1¢!

Meta-Analysis of Randomized Controlled

Trials

Logistical, financial and administrative reasons render “large”
trials notoriously difficult to carry out. Evidence base for
many interventions in intensive care and anesthesia, therefore,
consists largely of “small” studies, requiring the use of statistics
for help in clinical action. Meta-analysis aims to combine the
results of individual studies in order to increase their analytical
power usually given in systematic reviews. By statistically
combining the outcomes of similar studies, estimates of
treatment effects can be made more precise, and it can be
assessed whether treatment effects are similar in similar
situations. Variability arises from sources that are intrinsic to
the patients leading to population differences in multi-center
RCTs; sources of variability that are external to the patient
include ways in which patients are recruited and managed.
The decision about whether or not the results of individual
studies are similar enough to be combined in a meta-analysis
will impact on the validity of the result.!'”’

The colloid controversy

In colloid resuscitation research, the meta-analysis by Van
Der Linden et al.!"! has been criticized for combining studies
that were considered too different.!'® The evolution from
meta-analyses based on small studies to results of more
meaningful, larger studies in anesthesiology and critical care
medicine and their impact on updated meta-analysis can
be best illustrated with the following example: In response
to a Cochrane group meta-analysis of volume resuscitation
and expansion studies in the critically ill, there were dramatic
changes in guidelines on the use of albumin solutions. This
and subsequent meta-analyses of preferentially small studies
have resulted in contradictory recommendations. %%

Originally in the treatment of hypovolemia and
hypoalbuminemia, use of the natural colloid albumin had
been recommended for critically ill intensive care unit
(ICU) patients. In 1998, a Cochrane analysis for albumin
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administration in patients in intensive care was published in
the British Medical Journal.?"! This systematic review and
meta-analysis of 24 selected, small RCTs led to the conclusion
of a significant increase in patient mortality when patients
were treated with albumin rather than with other resuscitation
fluids.?" The number of patients included in the studies
ranged between 14 and 219, making them consistently small
studies. The sum effect showed a significantly increased
mortality of almost 70% in patients receiving albumin. The
results of this meta-analysis led to a dramatic reduction in
the general use of albumin solutions for colloidal volume
resuscitation. In Europe, albumin was replaced almost entirely
with artificial colloids, in particular with hydroxyethyl starch

(HES) solutions.??

Only a few years later, the Cochrane meta-analysis suggesting
increased mortality in albumin-treated critically ill patients was
disproved by an updated meta-analysis, in which 55 trials
involving 3504 randomly assigned patients had been included
and 525 deaths occurred.”” The median number of patients
who underwent randomization per trial was 52 (range, 10-
300), and significant small-trial bias became evident. An
observed small-trial bias favored the control group, since RR
was substantially lower in large trials than in small trials.??!
The Cochrane albumin meta-analysis proved irreproducible
not only because of small-trial bias, which was a contributing
factor, but also because of the assembly of a small biased subset
of relevant randomized trials.?*! Later, based on new evidence
from larger trials, results of this updated meta-analysis were
confirmed.?”!

Whether the administration of albumin in the critically ill
increases mortality or other relevant adverse events was
finally clarified in “The Saline versus Albumin Fluid
Evaluation” study, a large RCT with approximately 7000
patients.?”! Based on results of this sufficiently large RCT,
the hypothesis from small RCT results was rejected and
albumin administration for volume resuscitation or correction
of hypoalbuminemia is now considered safe. This is an
example where a meta-analysis put a question on the table
and triggered a clinical trial to achieve “definitive proof.”

More recently, additional evidence from large RCTs further
confirmed the safety of albumin infusions.’?*?” In all three
large RCT'’s, evaluating the use of albumin in adults with
severe sepsis,’?>?”] mortality was lower in the group allocated
to albumin than crystalloid, and the pooled mortality reduction

for all three trials was statistically significant (pooled RR: 0.92;
95% confidence interval [CI]: 0.84-1.0; P = 0.046).128

Recent large-scale RCTs have also helped settle long-
debated questions about the safety of HES solutions. In the

Scandinavian Starch for Severe Sepsis/Septic Shock (6S)
trial of 798 patients, HES 130/0.42 increased mortality and
the need for renal replacement therapy.!'? Utilization of renal
replacement therapy was increased by HES 130/0.4 in the
Crystalloid Versus Hydroxyethyl Starch Trial (CHEST) of
7000 ICU patients although no significant effect on mortality
was observed.["®! In the Colloids Versus Crystalloids for the
Resuscitation of the Critically Il (CRISTAL) randomized
trial of 2857 ICU patients, no effect of colloids, predominantly
HES, on 28 days mortality or need for renal replacement
therapy was observed.['! In an exploratory analysis of the
CRISTAL data, mortality was lower in the colloids group
at 90 days.

These trials also exemplify methodological issues of potential
importance beyond size and statistical power. One persistent
criticism of studies purporting to demonstrate the safety
of HES has been short follow-up. Short follow-up was a
major problem in some recent meta-analyses of colloids.'>'®!
Support for this criticism comes from the 6S trial, in which a
significant effect on mortality could be shown at 90 days but
not 28 days. Additionally, 6S, CHEST and CRISTAL
were all pragmatic trials in which fluid management strategies
were at the discretion of the attending clinicians rather than in
accordance with a strict protocol. It remains possible that the
implementation of particular protocols might modify outcomes
although this would need to be demonstrated.

Lastly, even large trials must be conducted in such a
manner to minimize biases. For instance, in CRISTAL the
attending clinicians were not blinded to treatment assignment.
Furthermore, in that trial there was striking evidence of
flawed randomization, since patients receiving crystalloids in
the 12 h before ICU admission were 33% more likely to be
randomized to colloids (P = 10~7), while those receiving prior
colloids were 15% more likely to be assigned to crystalloids
(P = 0.001). It is extremely unlikely such imbalances could
have arisen by chance.

Scandinavian Starch for Severe Sepsis/Septic Shock and
CHEST in particular has been decisive in prompting
regulatory actions. Both the European Medicines Agency
(www.ema.europa.eu/docs/en_GB/document_ library/
Referrals_document/Solutions_for_infusion_containing_
hydroxyethyl starch/European_Commission_final
decision/WC500162361.pdf; accessed 8 July 2014) and
the US Food and Drug Administration (www.fda.gov/
BiologicsBloodVaccines/SafetyAvailability/ucm35827 | .htm;
accessed 8 July 2014) have decided that HES solutions
should no longer be used in critically ill patients, including
those with sepsis. In Europe, use of HES to treat hypovolemia
caused by acute blood loss will still be permitted; however,
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new risk minimization procedures are to be required, including
monitoring of renal function for 90 days after HES infusion.

Event Rates Determine if a Study is
Large Enough

Clinically important study endpoints such as death, sepsis,
or pneumonia are dichotomous, infrequently occur and are,
therefore, best studied in large RCTs. In anesthesia and
in intensive care medicine, they typically occur in a setting
where the patient has comorbidities and multiple organ
dysfunction, and it is often difficult to determine their impact
on clinically important outcomes of individual treatments.
Depending on the inclusion criteria of RCTs, the frequency
of such events is estimated to be within the range of 2-10%.
Less important clinical endpoints such as significant changes
in vital, hemodynamic or laboratory parameters, in contrast,
occur more frequently although in many cases these surrogate
parameters are not validated. The rarer endpoint events
occur in the study population; that is, the lower the signal-to-
noise ratio, the larger the RCTs must be to prevent random
events from being overemphasized and to reach statistically
meaningful study results. In the interpretation of a RCT’s
impact on evidence-based medicine, therefore, the event rate
of the sample size must be sufficiently high to give the study
the appropriate power to examine the hypothesis of interest.
Sample size determination on the basis of event rates, clinically
meaningful RR reductions and actual patient numbers studied
are among the most important characteristics of RC'Ts when

interpreting study results.?”!

The goal for most clinical research questions in anesthesia and
intensive care is to prove that with the tested intervention, a

RR reduction of 20-25% can be reached. For example, if a

control group’s mortality rate during a defined observation
period is 8%, an RR reduction of 25% would be a reduction
of mortality from eight to six deaths out of 100 participants,
two deaths - A number so small that in a study size of 200
patients (100 patients per group) the influence of random
deaths would be much too large. Statistical power refers to
the probability of correctly rejecting the null hypothesis of a
zero effect. Thus, the higher the statistical power, the higher is
the probability of correctly rejecting the null hypothesis. The
left panel of Figure 1 shows the total sample sizes needed in
a study as a function of RR reduction and three commonly
accepted power values (80%, 90%, and 95%) assuming
a baseline rate of 8%. Sample sizes were calculated using
the approach described in Agresti (p. 242).3% Overall, the
number of study subjects increases with the desired power and
declines with the size of the RR reduction. For example, if the
power of the RCT should be 80% (.e., in 100 repetitions of
the study, a significant result would be confirmed 80 times,
given that the effect truly exists), 6450 patients would be
required to prove a 20% RR reduction when the baseline
event rate is 8%.

Any study that fails to perform a meaningful sample size
calculation and to include the predicted number of patients
runs the risk to be over- or under-powered. Over-powered trials
refer to data situations in which very large samples lead to
statistically significance results even in case of extremely small
differences. Under-powered trials describe situations in which
a study fails to detect a (truly existing) effect because sample
sizes are too small. In both cases, valid conclusions cannot
be drawn any more. If a RCT does not find a statistically
significant effect, this may be due to the absence of a true
effect or the study population may have been too small. The
absence of a true effect can only be concluded if the trial is
sufficiently powered.
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Figure 1: Number of study subjects needed as a function of effect size and power assuming a 5% significance level (left panel: Dichotomous variables assuming a
baseline event rate of 8%; right panel: Continuous variables assuming homogeneous variances)
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The Fragility of Small Studies in
Anesthesia and Intensive Care Medicine

Small RCTs with statistically significant results often
prove Incorrect particularly when the study population is
heterogeneous as in the ICU or the operating room. If
repeated, results often do not reach statistical significance.
One reason for this 1s that even the smallest changes in event
frequencies, P-values may change substantially from significant
(P < 0.05) to nonsignificant (P > 0.05). For example, in
a 400 patients study (200 subjects in the intervention and
200 subjects in the placebo group), with 10 events in the
control group and two events in the treatment group, we
obtain a y2-value for the 2 X 2 contingency table of 4.21
with one degree of freedom (df). Thus, the difference would
be statistically significant with a P = 0.04; if the event rate
reduction were from 10 to 3 instead of 10 to 2, one obtains
%% = 2.86 (df = 1) and a nonsignificant P = 0.09. The
significant impact on results of statistical analyses of minimal
changes in trial event rates is seen when the event rates are
low and, thus, contribute to the fragility of small RCTs.
In consequence, statistically significant P < 0.05 is not
necessarily of clinical relevance. Formally, a P < 0.05 means
that the probability of obtaining a difference in study groups
at least as extreme as the one actually observed is smaller
than 5%, while assuming that the true difference is zero.
Obviously, this probability does not make any statements on
the clinical relevance of the observed difference. In analogy,
example, a RR of 45% with a 95% CI of 4-90% means that
in 95 out of 100 repetitions of the study, the confidence range
overlaps the true RR. Thus, the confidence level (e.g., 95%)
determines the degree of (un) certainty. To derive clinically
relevant conclusions from such study results, the ClI is therefore

of critical importance. If the CI is too wide, it is very likely
that the RCT size was too small.?”!

Sample Size in Meta-analyses

The term “small study effect” describes a tendency for small
trials to report greater treatment benefits than large trials in
the same meta-analysis. Sample size varies greatly among trials
even within a meta-analysis investigating the same question.?"
Using a single threshold to distinguish between small and
large trials i1s not straightforward because required trial size
also depends on the medical condition studied. If the condition
characteristics enables identification of a less heterogeneous
patient population, such as in hereditary conditions or certain
liver diseases, the signal-to-noise ratio may be reliably high
and studies less fragile even if small. The distinction between

sufficient and insufficient trial size may be better reflected by
the size of the CI.12*!

When assessing the influence of trial sample size on treatment
effect estimates in a large collection of meta-analyses of
various medical conditions and interventions, treatment effect
estimates differed within meta-analyses solely based on trial
sample size, and stronger effects were seen in the smaller
studies.®" Therefore, robustness of the conclusions of a meta-
analysis should be assessed by checking whether the result for
the overall meta-analysis agrees with the results for the quarter
of the largest. Pooled results require cautious interpretation
when this is not the case.

The combined treatment effect may not be the best estimate
of the true treatment effect. Hence, notion of the ‘small study
effect’ raises the question whether all available evidence
should be included in meta-analyses, because it could lead to
seemingly more beneficial results. Not only should individual
studies, in particular if they are small, be similar enough to
be combined in a meta-analysis, the trials’ hypotheses should
also be based on similar pathophysiological rational and
biological plausibility. Among the most important reasons for
the “small study effect” is that smaller studies are more prone to
publication bias due to the tendency for publication of reports
of studies with significant rather than nonsignificant results.?
Empirically, meta-analyses usually agree with large RCTs.?*
Consistent treatment effects among small studies as summarized
in a meta-analysis, can yield reliable results that are likely to be
confirmed in large RCTs.?4 Indeed, consistency of treatment
effects in large trials may allow conclusions to be drawn by
meta-analysis that are not demonstrable in any of the individual
large trials.”>#” So consistency is another important variable
beyond size per se.

Extreme Homogeneity — Additional
Insights on Meta-analyses

Extreme between-study homogeneity provides useful insights on
a meta-analysis and its constituent studies. Smaller trials are not
only more likely to overestimate true treatment effects but are
also more prone to reporting bias and fraud.?>3”! Recently in
the field of anesthesiology and intensive care medicine, a total
of 90 publications of small single-center clinical trials by Boldt
et al. were retracted,®® 88 of which in 2011 because of failure
to involve ethics committees as well as fraud,?” and additional
two in 2014 because data fabrication was confirmed.***! For
the latter two, extreme homogeneity of treatment effects had
already been observed in 2006 in a report suggesting that they
might be fraudulent.”” In a meta-analysis examining whether
there is a difference in mortality with albumin or plasma protein
fraction versus hydroxylethyl starch for fluid resuscitation,*?!
there was overall extreme between-study homogeneity. However,
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5 of the 10 studies with any events during follow-up (of a total
of 20 studies in the meta-analysis) were performed apparently
by Boldt et al. These five studies with almost identical designs
accounted for 70% of the total number of events in the meta-
analysis and they all came from the same center using the
same stratification and same allocation schedule./*?! Biased
and fraudulent study publications are often single-center with
authors from only one department, but the patient population
having characteristics that require the involvement of multiple
departments in care. In addition, information on recruitment
periods is frequently not provided.

Surrogate Endpoint Studies

Surrogate markers are used when the number of primary
endpoints is very small, thus making it impractical to conduct
a clinical trial to gather a statistically significant number of
endpoints. Parameters are often biomarker or physiological
with a continuous outcome measure intended to substitute for
clinically meaningful endpoints. In order to be informative for
clinical decision making, validation of surrogate endpoints is
important requiring extensive research including RCTs with
important clinical outcome.

With a continuous outcome measure, each person in a trial
contributes information. Sample size calculations in such studies
are based on the standardized mean differences such as Cohen’s
d we would wish reliably to detect. Cohen™* suggested that
d =0.2,0.5, and 0.8 refer to small, medium, and large effects,
respectively. For a minimum difference of d = 0.5, example, a
sample size of 2 X 64 study subjects would be sufficient using
a nominal significance level of 5% and the desired power of
80%. In contrast, for a minimum difference of d = 0.2 (which
is considered to be a small effect) 2 X 394 study subjects
are necessary to achieve a power of 80% (again assuming a
nominal significance level of 5%). The right panel of Figure 1
shows the total number of study subjects needed as a function
of Cohen’s d, the desired power, and a significance level of 5%.
Again, total sample sizes increase with the power and decrease
with the magnitude of effect size. Approximate calculations
of this kind can help determine whether the study is “large
enough” to support a firm conclusion. More detailed sample
size calculation can be performed using software tools that
can be downloaded free of charge, example, from http://dceg.

cancer.gov/tools/design/power, http://www.gpower.hhu.de/, or
http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize.

Conclusions

In the last decade, clinical research in anesthesia and intensive
care medicine has seen a change from mostly small studies

Table 1: Benefits and limitations of large sample size in
RCTs
Benefit
Ability to evaluate small, but clinically Patient heterogeneity
important, treatment effects

Ability to establishes effective widely
practicable therapy for common diseases

Limitation

Greater cost

Better estimation of treatment effect ~ May require multiple centers
and longer data-acquisition
periods

Impossible for rare diseases

and rare outcomes

Result less fragile

Highest level of evidence

RCTs = Randomized controlled trials

to an increasing number of large RCTs. Experience from
studies on volume resuscitation illustrates problems arising
from over-interpretation of treatment effects seen in under-
powered studies including meta-analyses. Small trials are
misleading because they are often underpowered for important
endpoints, fragile, and prone to bias. Meta-analyses of small
trials may be informative when consistent with results of large
trials. Large trials are able to evaluate small but clinically
important treatment effects, and give better estimations of
true treatment effects [Table 1]. Compared to small trials,
they are less fragile. However, they cost more, require longer
data-acquisition periods and as they need to be carried out
at multiple centers, are logistically more complex to manage.
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