Chapter 5
Basic Study Design

The foundations for the design of controlled experiments were established for
agricultural application. They are described in several classical statistics textbooks
[1-4]. From these sources evolved the basic design of controlled clinical trials.

Although the history of clinical experimentation contains several instances in
which the need for control groups has been recognized [5, 6], this need was not
widely accepted until the 1950s [7]. In the past, when a new intervention was first
investigated, it was likely to be given to only a small number of people, and the
outcome compared, if at all, to that in people with the same condition previously
treated in a different manner. The comparison was informal and frequently based on
memory alone. Sometimes, in one kind of what has been called a “quasi-experi-
mental” study, people were evaluated initially and then reexamined after an inter-
vention had been introduced. In such studies, the changes from the initial state were
used as the measure of success or failure of the new intervention. What could not be
known was whether the person would have responded in the same manner if there
had been no intervention at all. However, then—and sometimes even today—this
kind of observation has formed the basis for the use of new interventions.

Of course, some results are so highly dramatic that no comparison group is
needed. Successful results of this magnitude, however, are rare. One example is the
effectiveness of penicillin in pneumococcal pneumonia. Another example origi-
nated with Pasteur who in 1884 was able to demonstrate that a series of vaccine
injections protected dogs from rabies [8]. He suggested that due to the long
incubation time, prompt vaccination of a human being after infection might prevent
the fatal disease. The first patient was a 9-year-old boy who had been bitten 3 days
earlier by a rabid dog. The treatment was completely effective. Confirmation came
from another boy who was treated within 6 days of having been bitten. During the
next few years, hundreds of patients were given the anti-rabies vaccine. If given
within certain time-limits, it was almost always effective.

Gocke reported on a similar, uncontrolled study of patients with acute fulminant
viral hepatitis [9]. Nine consecutive cases had been observed, all of whom had a
fatal outcome. The next diagnosed case, a young staff nurse in hepatic coma, was
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given immunotherapy in addition to standard treatment. The patient survived as did
four others among eight given the antiserum. The author initially thought that this
uncontrolled study was conclusive. However, in considering other explanations for
the encouraging findings, he could not eliminate the possibility that a tendency to
treat patients earlier in the course and more intensive care might be responsible for
the observed outcome. Thus, he joined a double-blind, randomized trial comparing
hyperimmune anti-Australia globulin to normal human serum globulin in patients
with severe acute hepatitis. Nineteen of 28 patients (67.9%) randomized to control
treatment died, compared to 16 of 25 patients (64%) randomized to treatment with
exogenous antibody, a statistically nonsignificant difference [10].

A number of medical conditions are either of short duration or episodic in nature.
Evaluation of therapy in these cases can be difficult in the absence of controlled
studies. Snow and Kimmelman reviewed various uncontrolled studies of surgical
procedures for Méniere’s disease [11]. They found that about 75% of patients
improved, but noted that this is similar to the 70% remission rate occurring without
treatment.

Given the wide spectrum of the natural history of almost any disease and the
variability of an individual’s response to an intervention, most investigators recognize
the need for a defined control or comparison group.

Fundamental Point

Sound scientific clinical investigation almost always demands that a control group
be used against which the new intervention can be compared. Randomization is the
preferred way of assigning participants to control and intervention groups.

Overview

Statistics and epidemiology textbooks and papers [12-31], cover various study
designs in some detail. Green and Byar also present a “hierarchy of strength of
evidence concerning efficacy of treatment” [32]. In their scheme, anecdotal case
reports are weakest and confirmed randomized clinical trials are strongest, with
various observational and retrospective designs in between. This chapter will
discuss several major clinical trial designs.

Most trials use the so-called parallel design. That is, the intervention and control
groups are followed simultaneously from the time of allocation to one or the other.
Exceptions to the simultaneous follow-up are historical control studies. These
compare a group of participants on a new intervention with a previous group of
participants on standard or control therapy. A modification of the parallel design is
the cross-over trial, which uses each participant at least twice, at least once as a
member of the control group and at least once as a member of one or more
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intervention groups. Another modification is a withdrawal study, which starts with
all participants on the active intervention and then, usually randomly, assigns a
portion to be followed on the active intervention and the remainder to be followed
off the intervention. Factorial design trials, as described later in this chapter,
employ two or more independent assignments to intervention or control.

Regardless of whether the trial is a typical parallel design or some variant, one
must select the kind of control group and the way participants are allocated to
intervention or control. Controls may be on placebo, no treatment, usual or standard
care, or a specified treatment. Randomized control and nonrandomized concurrent
control studies both assign participants to either the intervention or the control
group, but only the former makes the assignment by using a random procedure.
Hybrid designs may use a combination of randomized and non-randomized con-
trols. Large, simple trials or pragmatic trials generally have broader and simpler
eligibility criteria than other kinds of trials, but as with other studies, can use any of
the indicated controls. Allocation to intervention or control may also be done
differently, even if randomized. Randomization may be by individual participant
or by groups of participants (group or cluster assignment). Adaptive designs may
adjust intervention or control assignment or sample size on the basis of participant
characteristics or outcomes.

Finally, there are superiority trials and equivalence or noninferiority trials. A
superiority trial, which for many years was the typical kind of trial, assesses
whether the new intervention is different from (better or worse than) the control.
An equivalence trial would assess if the new intervention is more or less equal to
the control. A noninferiority trial evaluates whether the new intervention is no
worse than the control by some margin, delta (6). In both of these latter cases, the
control group would be on a treatment that had previously been shown to be
effective, i.e., have an active control.

Questions have been raised concerning the method of selection of the control
group, but the major controversy in the past revolved around the use of historical
versus randomized control [33-35]. With regard to drug evaluation, this contro-
versy is less intense than in the past. It has been hotly contested, however, in the
evaluation of new devices or procedures [36, 37]. While it is acknowledged that
randomized controls provide the best evidence, devices that are relatively little used
may be approved based on historical controls with post-marketing studies to further
assess possible adverse effects. An example is a device used for closure of a cardiac
chamber wall defect [38]. It should be noted that after marketing, rare, but serious
adverse effects were reported [39]. No study design is perfect or can answer all
questions. Each of the designs has advantages and disadvantages, but a randomized
control design is the standard by which other studies should be judged. A discussion
of sequential designs is postponed until Chap. 17 because the basic feature involves
interim analyses.

For each of the designs it is assumed, for simplicity of discussion, that a single
control group and a single intervention group are being considered. These designs
can be extended to more than one intervention group and more than one control

group.
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Randomized Control Trials

Randomized control trials are comparative studies with an intervention group and a
control group; the assignment of the participant to a group is determined by the
formal procedure of randomization. Randomization, in the simplest case, is a
process by which all participants are equally likely to be assigned to either the
intervention group or the control group. The features of this technique are discussed
in Chap. 6. There are three advantages of the randomized design over other methods
for selecting controls [35].

First, randomization removes the potential of bias in the allocation of participants
to the intervention group or to the control group. Such selection bias could easily
occur, and cannot be necessarily prevented, in the non-randomized concurrent or
historical control study because the investigator or the participant may influence the
choice of intervention. This influence can be conscious or subconscious and can be
due to numerous factors, including the prognosis of the participant. The direction of
the allocation bias may go either way and can easily invalidate the comparison. This
advantage of randomization assumes that the procedure is performed in a valid
manner and that the assignment cannot be predicted (see Chap. 6).

Second, somewhat related to the first, is that randomization tends to produce
comparable groups; that is, measured as well as unknown or unmeasured prognostic
factors and other characteristics of the participants at the time of randomization will
be, on the average, evenly balanced between the intervention and control groups. This
does not mean that in any single experiment all such characteristics, sometimes called
baseline variables or covariates, will be perfectly balanced between the two groups.
However, it does mean that for independent covariates, whatever the detected or
undetected differences that exist between the groups, the overall magnitude and
direction of the differences will tend to be equally divided between the two groups.
Of course, many covariates are strongly associated; thus, any imbalance in one would
tend to produce imbalances in the others. As discussed in Chaps. 6 and 18, stratified
randomization and stratified analysis are methods commonly used to guard against
and adjust for imbalanced randomizations (i.e., “accidental” bias).

Third, the validity of statistical tests of significance is guaranteed. As has been
stated [35], “although groups compared are never perfectly balanced for important
covariates in any single experiment, the process of randomization makes it possible
to ascribe a probability distribution to the difference in outcome between treatment
groups receiving equally effective treatments and thus to assign significance levels
to observed differences.” The validity of the statistical tests of significance is not
dependent on the balance of the prognostic factors between the randomized groups.
The chi-square test for two-by-two tables and Student’s #-test for comparing two
means can be justified on the basis of randomization alone without making further
assumptions concerning the distribution of baseline variables. If randomization is
not used, further assumptions concerning the comparability of the groups and the
appropriateness of the statistical models must be made before the comparisons will
be valid. Establishing the validity of these assumptions may be difficult.
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In 1977, randomized and nonrandomized trials of the use of anticoagulant
therapy in patients with acute myocardial infarctions were reviewed by Chalmers
et al. and the conclusions compared [40]. Of 32 studies, 18 used historical controls
and involved a total of 900 patients, 8 used nonrandomized concurrent controls and
involved over 3,000 patients, and 6 were randomized trials with a total of over
3,800 patients. The authors reported that 15 of the 18 historical control trials and
5 of the 8 nonrandomized concurrent control trials showed statistically significant
results favoring the anticoagulation therapy. Only one of the six randomized control
trials showed significant results in support of this therapy. Pooling the results of
these six randomized trials yielded a statistically significant 20% reduction in total
mortality, confirming the findings of the nonrandomized studies. Pooling the results
of the nonrandomized control studies showed a reduction of about 50% in total
mortality in the intervention groups, more than twice the decrease seen in the
randomized trials. Peto [41] has assumed that this difference in reduction is due
to bias. He suggests that since the presumed bias in the nonrandomized trials was of
the same order of magnitude as the presumed true effect, the non-randomized trials
could have yielded positive answers even if the therapy had been of no benefit. Of
course, pooling results of several studies can be hazardous. As pointed out by
Goldman and Feinstein [42], not all randomized trials of anticoagulants study the
same kind of participants, use precisely the same intervention or measure the same
response variables. And, of course, not all randomized trials are done equally well.
The principles of pooled analysis, or meta-analysis, are covered in Chap. 18.

In the 1960s, Grace, Muench and Chalmers [43] reviewed studies involving
portacaval shunt operations for patients with portal hypertension from cirrhosis.
In their review, 34 of 47 non-randomized studies strongly supported the shunt
procedure, while only one of the four randomized control trials indicated support
for the operation. The authors concluded that the operation should not be endorsed.

Sacks and coworkers expanded the work by Chalmers et al. referenced above [40],
to five other interventions [44]. They concluded that selection biases led historical
control studies to favor inappropriately the new interventions. It was also noted that
many randomized control trials were of inadequate size, and therefore may have
failed to find benefits that truly existed [45]. Chalmers and his colleagues also
examined 145 reports of studies of treatment after myocardial infarction [46].
Of the 57 studies that used a randomization process that had proper concealment of
allocation to intervention or control, 14% had at least one significant (p < 0.05)
maldistribution of baseline variables with 3.4% of all of the variables significantly
different between treatment groups. Of these 57 studies, 9% found significant out-
come differences between groups. Among the 43 reports where the control groups
were selected by means of a nonrandom process, 58% had baseline variable differ-
ences and 34% of all of the variables were significantly different between groups. The
outcomes between groups in the nonrandom studies were significantly different 58%
of the time. For the 45 studies that used a randomized, but unblinded process to select
the control groups, the results were in between; 28% had baseline imbalances, 7% of
the baseline variables were significantly different, and 24% showed significant
outcome differences.
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The most frequent objections to the use of the randomized control clinical trial
were stated by Ingelfinger [47], to be “emotional and ethical.” Many clinicians feel
that they must not deprive a participant from receiving a new therapy or interven-
tion which they, or someone else, believe to be beneficial, regardless of the validity
of the evidence for that claim. The argument aimed at randomization is that in the
typical trial it deprives about one-half the participants from receiving the new and
presumed better intervention. There is a large literature on the ethical aspects of
randomization. See Chap. 2 for a discussion of this issue.

Not all clinical studies can use randomized controls. Occasionally, the preva-
lence of the disease is so rare that a large enough population can not be readily
obtained. In such an instance, only case-control studies might be possible.
Such studies, which are not clinical trials according to the definition in this book,
are discussed in standard epidemiology textbooks [15, 16, 22, 28].

Zelen proposed a modification of the standard randomized control study [48].
He argued that investigators are often reluctant to recruit prospective trial partici-
pants not knowing to which group the participant will be assigned. Expressing
ignorance of optimal therapy compromises the traditional doctor-patient relationship.
Zelen, therefore, suggested randomizing eligible participants before informing them
about the trial. Only those assigned to active intervention would be asked if they wish
to participate. The control participants would simply be followed and their outcomes
monitored. Obviously, such a design could not be blinded. Another major criticism of
this controversial design centers around the ethical concern of not informing partic-
ipants that they are enrolled in a trial. The efficiency of the design has also been
evaluated [49]. It depends on the proportion of participants consenting to comply
with the assigned intervention. To compensate for this possible inefficiency, one
needs to increase the sample size (Chap. 8). The Zelen approach has been tried with
varying degrees of success [50, 51]. Despite having been proposed in 1979 it does not
appear to have been widely used.

Nonrandomized Concurrent Control Studies

Controls in this type of study are participants treated without the new intervention at
approximately the same time as the intervention group is treated. Participants are
allocated to one of the two groups, but by definition this is not a random process.
An example of a nonrandomized concurrent control study would be a comparison
of survival results of patients treated at two institutions, one institution using a new
surgical procedure and the other using more traditional medical care. Another
example is when patients are offered either of two treatments and the patient selects
the one that he or she thinks is preferable. Comparisons between the two groups is
then made, adjusting for any observed baseline imbalances.

To some investigators, the nonrandomized concurrent control design has advan-
tages over the randomized control design. Those who object to the idea of ceding to
chance the responsibility for selecting a person’s treatment may favor this design.
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It is also difficult for some investigators to convince potential participants of the
need for randomization. They find it easier to offer the intervention to some and the
control to others, hoping to match on key characteristics.

The major weakness of the nonrandomized concurrent control study is the potential
that the intervention group and control group are not strictly comparable. It is difficult
to prove comparability because the investigator must assume that she has information
on all the important prognostic factors. Selecting a control group by matching on more
than a few factors is impractical and the comparability of a variety of other charac-
teristics would still need to be evaluated. In small studies, an investigator is unlikely to
find real differences which may exist between groups before the initiation of inter-
vention since there is poor sensitivity statistically to detect such differences. Even for
large studies that could detect most differences of real clinical importance, the
uncertainty about the unknown or unmeasured factors is still of concern.

Is there, for example, some unknown and unmeasurable process that results in
one type of participant’s being recruited more often into one group and not into the
other? If all participants come from one institution, physicians may select partici-
pants into one group based on subtle and intangible factors. In addition, there exists
the possibility for subconscious bias in the allocation of participants to either the
intervention or control group. One group might come from a different socioeco-
nomic class than the other group. All of these uncertainties will decrease the
credibility of the concurrent but nonrandomized control study. For any particular
question, the advantages of reduced cost, relative simplicity and investigator and
participant acceptance must be carefully weighed against the potential biases before
a decision is made to use a non-randomized concurrent control study. We believe
this will occur very rarely.

Historical Controls and Databases

In historical control studies, a new intervention is used in a series of participants and
the results are compared to the outcome in a previous series of comparable
participants. Historical controls are thus, by this definition, nonrandomized and
nonconcurrent.

Strengths of Historical Control Studies

The argument for using a historical control design is that all new participants can
receive the new intervention. As presented by Gehan and Freireich [33] many
clinicians believe that no participant should be deprived of the possibility of
receiving a new therapy or intervention. Some clinicians require less supportive
evidence than others to accept a new intervention as being beneficial. If an
investigator is already of the opinion that the new intervention is beneficial, then
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she would most likely consider any restriction on its use unethical. Therefore, she
would favor a historical control study. In addition, participants may be more willing
to enroll in a study if they can be assured of receiving a particular therapy or
intervention. Finally, since all new participants will be on the new intervention, the
time required to complete recruitment of participants for the trial will be cut
approximately in half. This allows investigators to obtain results faster or do
more studies with given resources. Alternatively, the sample size for the interven-
tion group can be larger, with increased power.

Gehan emphasized the ethical advantages of historical control studies and
pointed out that they have contributed to medical knowledge [52]. Lasagna argued
that medical practitioners traditionally relied on historical controls when making
therapeutic judgments. He maintained that, while sometimes faulty, these judg-
ments are often correct and useful [53].

Typically, historical control data can be obtained from two sources. First, control
group data may be available in the literature. These data are often undesirable
because it is difficult, and perhaps impossible, to establish whether the control and
intervention groups are comparable in key characteristics at the onset. Even if such
characteristics were measured in the same way, the information may not be
published and for all practical purposes it will be lost. Second, data may not have
been published but may be available on computer files or in medical charts. Such
data on control participants, for example, might be found in a large center which has
several ongoing clinical investigations. When one study is finished, the participants
in that study may be used as a control group for some future study. Centers which do
successive studies, as in cancer research, will usually have a system for storing and
retrieving the data from past studies for use at some future time. The advent of
electronic medical records may also facilitate access to historical data from multi-
ple sources, although it does not solve the problem of nonstandard and variable
assessment or missing information.

Limitations of Historical Control Studies

Despite the time and cost benefits, as well as the ethical considerations, historical
control studies have potential limitations which should be kept in mind. They are
particularly vulnerable to bias. Moertel [54] cited a number of examples of treatments
for cancer which have been claimed, on the basis of historical control studies, to be
beneficial. Many treatments in the past were declared breakthroughs on the basis of
control data as old as 30 years. Pocock [55] identified 19 instances of the same
intervention having been used in two consecutive trials employing similar participants
at the same institution. Theoretically, the mortality in the two groups using the same
treatment should be similar. Pocock noted that the difference in mortality rates
between such groups ranged from negative 46% to plus 24%. Four of the 19 compar-
isons of the same intervention showed differences significant at the 5% level.

An improvement in outcome for a given disease may be attributed to a new
intervention when, in fact, the improvement may stem from a change in the patient
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population or patient management. Shifts in patient population can be subtle and
perhaps undetectable. In a Veterans Administration Urological Research Group study
of prostate cancer [56], 2,313 people were randomized to placebo or estrogen treat-
ment groups over a 7-year period. For those enrolled during the last 2-3 years, no
differences were found between the placebo and estrogen groups. However, those
assigned to placebo entering in the first 2—3 years had a shorter survival time than those
assigned to estrogen entering in the last 2—3 years of the study. The reason for the early
apparent difference is probably that the people randomized earlier were older than the
later group and thus were at higher risk of death during the period of observation
[35]. The results would have been misleading had this been a historical control study
and had a concurrent randomized comparison group not been available.

A more recent example involves two trials evaluating the potential benefit of
amlodipine, a calcium channel blocker, in patients with heart failure. The first trial,
the Prospective Randomized Amlodipine Survival Evaluation trials, referred to as
PRAISE-I [57], randomized participants to amlodipine or placebo, stratifying by
ischemic or nonischemic etiology of the heart failure. The primary outcome, death
plus hospitalization for cardiovascular reasons, was not significantly different
between groups (p=0.31), but the reduction in mortality almost reached signifi-
cance (p=0.07). An interaction with etiology was noted, with all of the benefit
from amlodipine in both the primary outcome and mortality seen in those with
nonischemic etiology. A second trial, PRAISE-2 [58], was conducted in only those
with nonischemic causes of heart failure. The impressive subgroup findings noted
in PRAISE-1 were not replicated. Of relevance here is that the event rates in the
placebo group in PRAISE-2 were significantly lower than in the nonischemic
placebo participants from the first trial (see Fig. 5.1).

Even though the same investigators conducted both trials using the same proto-
col, the kinds of people who were enrolled into the second trial were markedly
different from the first trial. Covariate analyses were unable to account for the
difference in outcome.

On a broader scale, for both known and unknown reasons, in many countries
trends in prevalence of various diseases occur [59]. Therefore, any clinical trial in
those conditions, involving long-term therapy using historical controls would need
to separate the treatment effect from the time trends, an almost impossible task.
Examples are seen in Figs. 5.2 and 5.3.

Figure 5.2 illustrates the changes over time, in rates of the leading causes of
death in the United States [60]. A few of the causes exhibit quite large changes.
Figure 5.3 shows incidence of hepatitis in the U.S. [61]. The big changes make
interpretation of historical control trials difficult.

The method by which participants are selected for a particular study can have a
large impact on their comparability with earlier participant groups or general
population statistics. In the Coronary Drug Project [62], a trial of survivors of
myocardial infarction initiated in the 1960s, an annual total mortality rate of 6%
was anticipated in the control group based on rates from a fairly unselected group of
myocardial infarction patients. In fact, a control group mortality rate of about 4%
was observed, and no significant differences in mortality were seen between the
intervention groups and the control group. Using the historical control approach, a
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Fig. 5.3 Changes in incidence of hepatitis, by type, in the U.S. [61]

33% reduction in mortality might have been claimed for the treatments. One
explanation for the discrepancy between anticipated and observed mortality is
that entry criteria excluded those most seriously ill.

Shifts in diagnostic criteria for a given disease due to improved technology can
cause major changes in the recorded frequency of the disease and in the perceived
prognosis of those with the disease. The use of elevated serum troponin, sometimes to
the exclusion of the need for other features of an acute myocardial infarction such as
symptoms or electrocardiographic changes, has clearly led to the ability to diagnose
more infarctions. Changes in the kinds of troponin measured and in how it is used to
define myocardial infarction can also affect reported incidence. Conversely, the
ability to abort an evolving infarction by means of percutaneous coronary interven-
tion or thrombolytic therapy, can reduce the number of clearly diagnosed infarctions.

In 1993, the Centers for Disease Control and Prevention (CDC) in the
U.S. implemented a revised classification system for HIV infection and an
expanded surveillance case definition of AIDS. This affected the number of cases
reported [63, 64]. See Fig. 5.4.

International coding systems and names of diseases change periodically and, unless
one is aware of the modifications, prevalence of certain conditions can appear to change
abruptly. For example, when the Eighth Revision of the International Classification of
Diseases came out in 1968, almost 15% more deaths were assigned to ischemic heart
disease than had been assigned in the Seventh Revision [65]. When the Ninth Revision



100 5 Basic Study Design

40
1 T

e

c 30

S 307

(2]

3

2 20

el

o ]

2 10

(U 1 *

O ]

O_-II|||||||||||||||||||||||||||

1984 1985 1986|1987 1988 (19891990 | 1991|1992 | 1993

Year

* Case definition revised in October 1987 to include additional illnesses and to revise diagnostic
criteria (3).
Case definition revised in 1993 to include CD4+ criteria and three illnesses (pulmonary tuber-
culosis, recurrent pneumonia, and invasive cervical cancer) (1).

Fig. 5.4 AIDS cases, by quarter year of report—United States, 1984-1993 [64]

appeared in 1979, there was a correction downward of a similar magnitude [66]. The
transition to the Tenth Revision will also lead to changes in assignment of causes of
deaths [67]. A common concern about historical control designs is the accuracy and
completeness with which control group data are collected. With the possible exception
of special centers which have many ongoing studies, data are generally collected in a
nonuniform manner by numerous people with diverse interests in the information. Lack
of uniform collection methods can easily lead to incomplete and erroneous records.
Data on some important prognostic factors may not have been collected at all. Because
of the limitations of data collected historically from medical charts, records from a
center which conducts several studies and has a computerized data management system
may provide the most reliable historical control data.

Role of Historical Controls

Despite the limitations of the historical control study, it does have a place in
scientific investigation. As a rapid, relatively inexpensive method of obtaining
initial impressions regarding a new therapy, such studies can be important. This
is particularly so if investigators understand the potential biases and are willing to
miss effective new therapies if bias works in the wrong direction. Bailar et al. [68]
identified several features which can strengthen the conclusions to be drawn from
historical control studies. These include an a priori identification of a reasonable
hypothesis and planning for analysis.
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In some special cases where the diagnosis of a disease is clearly established and
the prognosis is well known or the disease highly fatal, a historical control study
may be the only reasonable design. The results of penicillin in treatment of
pneumococcal pneumonia were so dramatic in contrast to previous experience
that no further evidence was really required. Similarly, the benefits of treatment
of malignant hypertension became readily apparent from comparisons with previ-
ous, untreated populations [69-71].

The use of prospective registries to characterize patients and evaluate effects of
therapy has been advocated [72-74]. Supporters say that a systematic approach to
data collection and follow-up can provide information about the local patient
population, and can aid in clinical decision making. They argue that clinical trial
populations may not be representative of the patients actually seen by a physician.
Moon et al. described the use of databases derived from clinical trials to evaluate
therapy [75]. They stress that the high quality data obtained through these sources
can reduce the limitations of the typical historical control study. Many hospitals and
other large medical care systems have electronic health records. Other clinical care
entities are more slowly converting to electronic systems. At least partly because
of the existence of these systems and the relative ease of accessing huge com-
puterized medical databases, the use of databases in outcomes research has
burgeoned [76]. These kinds of analyses are much faster and cheaper than
conducting clinical trials. Databases can also be used to identify adverse events.
Examples are comparisons of different antihypertensive agents and risk of stroke
[77] and cyclooxygenase 2 (COX 2) inhibitors and risk of coronary heart disease
[78]. In addition, databases likely represent a much broader population than the
typical clinical trial, and can therefore complement clinical trial findings. This
information can be useful as long as it is kept in mind that users and non-users of a
medication are different and therefore have different characteristics.

Others [32, 79-81] have emphasized limitations of registry studies such as
potential bias in treatment assignment, multiple comparisons, lack of standardiza-
tion in collecting and reporting data, and missing data. Another weakness of
prospective database registries is that they rely heavily on the validity of the
model employed to analyze the data [82].

Lauer and D’Agostino note the high cost of clinical trials and argue that large
databases may be able to substitute for trials that otherwise would not be conducted
[83]. They also point out that existing registries and electronic health records can
assist in conducting clinical trials. One such trial was the Thrombus Aspiration in
ST-Elevation Myocardial Infarction in Scandinavia (TASTE), conducted in Scan-
dinavia, which has extensive electronic health records [84].

There is no doubt that analyses of large databases can provide important
information about disease occurrence and outcomes, as well as suggestions that
certain therapies are preferable. As noted above, they can help to show that the
results of clinical trials conducted in selected populations appear to apply in broader
groups. Given their inherent chances for bias, however, they are no substitute for a
randomized clinical trial in evaluating whether one intervention is truly better than
another.
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Cross-Over Designs

The cross-over design is a special case of a randomized control trial and has some
appeal to medical researchers. The cross-over design allows each participant to
serve as his own control. In the simplest case, namely the two period cross-over
design, each participant will receive either intervention or control (A or B) in the
first period and the alternative in the succeeding period. The order in which A and B
are given to each participant is randomized. Thus, approximately half of the
participants receive the intervention in the sequence AB and the other half in the
sequence BA. This is so that any trend from first period to second period can be
eliminated in the estimate of group differences in response. Cross-over designs
need not be simple; they need not have only two groups. and there may be more
than two periods [85, 86]. Depending on the duration of expected action of the
intervention (for example, drug half-life), a wash-out period may be used between
the periods.

The advantages and disadvantages of the two-period cross-over design have
been described [19, 21, 86—89]. The appeal of the cross-over design to investigators
is that it allows assessment of how each participant does on both A and B. Since
each participant is used twice, variability is reduced because the measured effect of
the intervention is the difference in an individual participant’s response to inter-
vention and control. This reduction in variability enables investigators to use
smaller sample sizes to detect a specific difference in response. James
et al. described 59 cross-over studies of analgesic agents. They concluded that if
the studies had been designed using parallel or noncross-over designs, 2.4 times as
many participants would have been needed [90]. Carriere showed that a three-
period cross-over design is even more efficient than a two-period cross-over
design [85].

In order to use the cross-over design, however, a fairly strict assumption must be
made; the effects of the intervention during the first period must not carry over into
the second period. This assumption should be independent of which intervention
was assigned during the first period and of the participant response. In many clinical
trials, such an assumption is clearly inappropriate, even if a wash-out is incorpo-
rated. If, for example, the intervention during the first period cures the disease, then
the participant obviously cannot return to the initial state. In other clinical trials, the
cross-over design appears more reasonable. If a drug’s effect is to lower blood
pressure or heart rate, then a drug-versus-placebo cross-over design might be
considered if the drug has no carryover effect once the participant is taken off
medication. Obviously, a fatal event and many disease complications cannot serve
as the primary response variable in a cross-over trial.

Mills et al. [91] reviewed 116 reports of cross-over trials, which consisted of
127 individual trials. Reporting of key design and conduct characteristics was
highly variable, making it difficult to discern whether optimal designs were
followed.
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As indicated in the International Conference on Harmonisation document E9,
Statistical Principles for Clinical Trials [92], cross-over trials should be limited to
those situations with few losses of study participants. A typical and acceptable
cross-over trial, for example, might compare two formulations of the same drug in
order to assess bioequivalence in healthy participants. Similarly, different doses
may be used to assess pharmacologic properties. In studies involving participants
who are ill or otherwise have conditions likely to change, however, cross-over trials
have the limitations noted above.

Although the statistical method for checking the assumption of no period-
treatment interaction was described by Grizzle [93], the test is not as powerful as
one would like. What decreases the power of the test is that the mean response of
the AB group is compared to the mean response of the BA group. However,
participant variability is introduced in this comparison, which inflates the error
term in the statistical test. Thus, the ability to test the assumption of no period-
intervention interaction is not sensitive enough to detect important violations of the
assumption unless many participants are used. The basic appeal of the cross-over
design is to avoid between-participant variation in estimating the intervention
effect, thereby requiring a smaller sample size. Yet the ability to justify the use of
the design still depends on a test for carryover that includes between-participant
variability. This weakens the main rationale for the cross-over design. Because of
this insensitivity, the cross-over design is not as attractive as it at first appears.
Fleiss et al. noted that even adjusting for baseline variables may not be adequate if
inadequate time has been allowed for the participant to return to baseline status at
the start of the second period [94]. Brown [19, 21] and Hills and Armitage [95]
discourage the use of the cross-over design in general. Only if there is substantial
evidence that the therapy has no carryover effects, and the scientific community is
convinced by that evidence, should a cross-over design be considered.

Withdrawal Studies

A number of studies have been conducted in which the participants on a particular
treatment for a chronic disease are taken off therapy or have the dosage reduced.
The objective is to assess response to discontinuation or dose reduction. This design
may be validly used to evaluate the duration of benefit of an intervention already
known to be useful. For example, subsequent to the Hypertension Detection and
Follow-up Program [96], which demonstrated the benefits of treating mild and
moderate hypertension, several investigators withdrew a sample of participants
with controlled blood pressure from antihypertensive therapy [97]. Participants
were randomly assigned to continue medication, stop medication yet initiate nutri-
tional changes, or stop medication without nutritional changes. After 4 years, only
5% of those taken off medication without nutritional changes remained normoten-
sive and did not need the re-instatement of medication. This compared with 39%
who were taken off medication yet instituted weight loss and reductions in salt
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intake. Patients with severe chronic obstructive pulmonary disease (COPD) were
prescribed a combination of tiotropium, salmeterol, and an inhaled glucocorticoid,
fluticasone propionate for 6 weeks [98]. Because of the adverse effects of long term
use of glucocorticoids, the investigators withdrew the fluticasone propionate over
the subsequent 12 weeks. Despite a decrease in lung function, COPD exacerbations
remained unchanged.

Withdrawal studies have also been used to assess the efficacy of an intervention
that had not conclusively been shown to be beneficial in the long term. An early
example is the Sixty Plus Reinfarction Study [99]. Participants doing well on oral
anticoagulant therapy since their myocardial infarction, an average of 6 years
earlier, were randomly assigned to continue on anticoagulants or assigned to
placebo. Those who stayed on the intervention had lower mortality (not statistically
significant) and a clear reduction in nonfatal reinfarction. A meta-analysis of
prednisone and cyclosporine withdrawal trials (including some trials comparing
withdrawal of the two drugs) in renal transplant patients has been conducted with
graft failure or rejection as the response variables [100]. This meta-analysis found
that withdrawal of prednisone was associated with increased risks of acute rejection
and graft failure. Cyclosporine withdrawal led to an increase in acute rejection, but
not graft failure. The Fracture Intervention Trial Long-term Extension (FLEX)
assessed the benefits of continuing treatment with alendronate after 5 years of
therapy [101]. The group that was randomized to discontinue alendronate had a
modest increase in vertebral fractures but no increase in nonvertebral fractures.

One serious limitation of this type of study is that a highly selected sample is
evaluated. Only those participants who physicians thought were benefiting from the
intervention were likely to have been on it for several months or years. Anyone who
had major adverse effects from the drug would have been taken off and, therefore,
not been eligible for the withdrawal study. Thus, this design can overestimate
benefit and underestimate toxicity. Another drawback is that both participants and
disease states change over time.

If withdrawal studies are conducted, the same standards should be adhered to
that are used with other designs. Randomization, blinding where feasible, unbiased
assessment, and proper data analysis are as important here as in other settings.

Factorial Design

In the simple case, the factorial design attempts to evaluate two interventions
compared to control in a single experiment [2—4, 102]. See Table 5.1.

Given the cost and effort in recruiting participants and conducting clinical trials,
getting two (or more) experiments done at once is appealing. Examples of factorial
designs are the Canadian transient ischemic attack study where aspirin and sulfin-
pyrazone were compared singly and together with placebo [103], the Third Inter-
national Study of Infarct Survival (ISIS-3) that compared streptokinase, tissue
plasminogen activator, and antistreplase plus aspirin plus heparin vs. aspirin
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Table 5.1 Two-by-two

g ) Intervention X Control Marginals
factorial design -

Intervention Y a b a+b
Control c d c+d
Marginals a+c b+d

Cell Intervention

a X+Y

b Y + control

c X + control

d control + control

Effect of intervention X: a+c versus b+d
Effect of intervention Y: a+b versus c+d

alone [104], the Physicians’ Health Study of aspirin and beta carotene [105], and the
Women’s Health Initiative (WHI) trial of hormone replacement, diet, and vitamin D
plus calcium [106]. A review of analysis and reporting of factorial design trials [107]
contains a list of 29 trials involving myocardial infarction and 15 other trials. Some
factorial design studies are more complex than the 2 by 2 design, employing a third,
or even a fourth level. It is also possible to leave some of the cells empty, that is, use
an incomplete factorial design [108]. This was done in the Action to Control
Cardiovascular Risk in Diabetes (ACCORD), which looked at intensive vs. less
intensive glucose control plus either intensive blood pressure or lipid control
[109]. This kind of design would be implemented if it is inappropriate, infeasible,
or unethical to address every possible treatment combination. It is also possible to use
a factorial design in a cross-over study [110].

The appeal of the factorial design might suggest that there really is a “free
lunch.” However, every design has strengths and weaknesses. A concern with the
factorial design is the possibility of the existence of interaction between the
interventions and its impact on the sample size. Interaction means that the effect
of intervention X differs depending upon the presence or absence of intervention Y,
or vice versa. It is more likely to occur when the two drugs are expected to have
related mechanisms of action.

If one could safely assume there were no interactions, with a modest increase in
sample size, two experiments can be conducted in one; one which is considerably
smaller than the sum of two independent trials under the same design specifications.
However, if one cannot reasonably rule out interaction, one should statistically test
for its presence. As is true for the cross-over design, the power for testing for
interaction is less than the power for testing for the main effects of interventions
(cells a+c vs. b+d or cells a+b vs. c+d). Thus, to obtain satisfactory power to
detect interaction, the total sample size must be increased. The extent of the
increase depends on the degree of interaction, which may not be known until the
end of the trial. The larger the interaction, the smaller the increase in sample size
needed to detect it. If an interaction is detected, or perhaps only suggested, the
comparison of intervention X would have to be done individually for intervention Y
and its control (cell a vs. b and cell ¢ vs. d). The power for these comparisons is
obviously less than for the a+c vs. b+d comparison.
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As noted, in studies where the various interventions either act on the same
response variable or possibly through the same or similar mechanism of action,
as with the presumed effect on platelets of both drugs in the Canadian transient
ischemic attack study [103], interaction can be more of a concern. Furthermore,
there may be a limited amount of reduction in the response variable that can be
reasonably expected, restricting the joint effect of the interventions.

In trials such as the Physicians’ Health Study [105], the two interventions,
aspirin and beta carotene, were expected to act on two separate outcomes, cardio-
vascular disease and cancer. Thus, interaction was much less likely. But beta
carotene is an antioxidant, and therefore might have affected both cancer and
heart disease. It turned out to have no effect on either. Similarly, in the Women’s
Health Initiative [106], dietary and hormonal interventions may affect more than
one disease process. There, diet had little effect on cancer and heart disease, but
hormonal therapy had effects on heart disease, stroke, and cancer, among other
conditions [111, 112].

In circumstances where there are two separate outcomes, e.g., heart disease and
cancer, but one of the interventions may have an effect on both, data monitoring
may become complicated. If, during the course of monitoring response variables it
is determined that an intervention has a significant or important effect on one of the
outcomes in a factorial design study, it may be difficult ethically, or even impos-
sible, to continue the trial to assess fully the effect on the other outcome. Chapter 17
reviews data monitoring in more detail.

The factorial design has some distinct advantages. If the interaction of two
interventions is important to determine, or if there is little chance of interaction,
then such a design with appropriate sample size can be very informative and
efficient. However, the added complexity, impact on recruitment and adherence,
and potential adverse effects of “polypharmacy” must be considered. Brittain and
Wittes [113] discuss a number of settings in which factorial designs might be useful
or not, and raise several cautions. In addition to the issue of interaction, they note
that less than full adherence to the intervention can exacerbate problems in a
factorial design trial.

Group Allocation Designs

In group or cluster allocation designs, a group of individuals, a clinic or a commu-
nity are randomized to a particular intervention or control [114—118]. The rationale
is that the intervention is most appropriately or more feasibly administered to an
entire group (for example, if the intervention consists of a broad media campaign).
This design may also be better if there is concern about contamination. That is,
when what one individual does might readily influence what other participants
do. In the Child and Adolescent Trial for Cardiovascular Health, schools were
randomized to different interventions [119]. Investigators randomized villages in a
trial of vitamin A versus placebo on morbidity and mortality in children in India [120].


http://dx.doi.org/10.1007/978-3-319-18539-2_17

Large, Simple and Pragmatic Clinical Trials 107

The Rapid Early Action for Coronary Treatment (REACT) trial involved ten
matched pairs of cities. Within each pair, one city was randomly allocated to
community education efforts aimed at reducing the time between symptoms of
myocardial infarction and arrival at hospital [121]. Despite 18 months of com-
munity education, delay time was not different from that in the control cities.
Communities have been compared in other trials [122, 123]. These designs have
been used in cancer trials where a clinic or physician may have difficulty
approaching people about the idea of randomization. The use of such designs in
infectious disease control in areas with high prevalence of conditions such as
tuberculosis and AIDS has become more common [124]. It should be noted that
this example is both a group allocation design and a factorial design. Variations of
group allocation, including cross-over and modification of cross-over, such as
stepped wedge designs, where groups cross-over sequentially, rather than all at
once, have been implemented [125, 126]. In the group allocation design, the basic
sampling units and the units of analysis are groups, not individual participants.
This means that the effective sample is substantially less than the total number of
participants. Chapters 8 and 18 contain further discussions of the sample size
determination and analysis of this design.

Hybrid Designs

Pocock [127] has argued that if a substantial amount of data is available from
historical controls, then a hybrid, or combination design could be considered.
Rather than a 50/50 allocation of participants, a smaller proportion could be
randomized to control, permitting most to be assigned to the new intervention. A
number of criteria must be met in order to combine the historical and randomized
controls. These include the same entry criteria and evaluation factors, and partic-
ipant recruitment by the same clinic or investigator. The data from the historical
control participants must also be fairly recent. This approach, if feasible, requires
fewer participants to be entered into a trial. Machin, however, cautions that if biases
introduced from the non-randomized participants (historical controls) are substan-
tial, more participants might have to be randomized to compensate than would be
the case in a corresponding fully randomized trial [128].

Large, Simple and Pragmatic Clinical Trials

Advocates of large, simple trials maintain that for common medical conditions, it is
important to uncover even modest benefits of intervention, particularly short-term
interventions that are easily implemented in a large population. They also argue that
an intervention is unlikely to have very different effects in different sorts of
participants (i.e., subgroups). Therefore, careful characterization of people at
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entry and of interim response variables, both of which add to the already consid-
erable cost of trials, are unnecessary. The important criteria for a valid study are
unbiased (i.e., randomized) allocation of participants to intervention or control and
unbiased assessment of outcomes. Sufficiently large numbers of participants are
more important than modest improvements in quality of data. The simplification of
the study design and management allows for sufficiently large trials at reasonable
cost. Examples of successfully completed large, simple trials are ISIS-3 [104],
Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto Miocardico (GISSI)
[129], Global Utilization of Streptokinase and Tissue Plasminogen Activator for
Occluded Coronary Arteries (GUSTO) [130], a study of digitalis [131], the
MICHELANGELO Organization to Assess Strategies in Acute Ischemic Syn-
dromes (OASIS)-5 [132], and the Thrombus Aspiration in ST-Elevation Myocar-
dial Infarction in Scandinavia (TASTE) trial [84]. It should be noted that with the
exception of the digitalis trial, these studies were relatively short-term. The ques-
tions addressed by these trials may be not only of the sort, “What treatment works
better?” but “What is the best way of providing the treatment?” Can something
shown to work in an academic setting be translated to a typical community medical
care setting? Several have advocated conducting pragmatic or practical clinical
trials. These kinds of trials, as noted in Chap. 3, are conducted in clinical practices,
often far from academic centers. They address questions perceived as relevant to
those practices [133—136]. Because of the broad involvement of many practitioners,
the results of the trial may be more widely applied than the results of a trial done in
just major medical settings. Thus, they may address a common criticism that the
kinds of participants normally seen in academic centers, and therefore enrolled in
many academic-based trials, are not the sort seen in typical clinical practices.

As indicated, these models depend upon a relatively easily administered inter-
vention and an easily ascertained outcome. If the intervention is complex, requiring
either special expertise or effort, particularly where adherence to protocol must be
maintained over a long time, these kinds of studies are less likely to be successful.
Similarly, if the response variable is a measure of morbidity that requires careful
measurement by highly trained investigators, large simple or pragmatic trials are
not feasible.

In recent years, the concept of comparative effectiveness research has become
popular. Although trials comparing one agent against another have been conducted
for many years, certain features of comparative effectiveness research should be
mentioned. First, much of the research consists of other than clinical trials com-
parisons of interventions (e.g., use of databases as discussed in the sections above
on nonrandomized control studies). In the clinical trial arena, much of the compar-
ative effectiveness literature emphasizes studies done in collaboration with clinical
practices (i.e., large, simple trials). They compare two or more interventions that are
commonly used and involve outcome measures, including cost, that are of partic-
ular relevance to practitioners or to the participants [137].

It has also been pointed out that baseline characteristics may be useful for
subgroup analysis. The issue of subgroup analysis is discussed more fully in
Chap. 18. Although in general, it is likely that the effect of an intervention is
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qualitatively the same across subgroups, exceptions may exist. In addition, impor-
tant quantitative differences may occur. When there is reasonable expectation of
such differences, appropriate baseline variables need to be measured. Variables
such as age, gender, past history of a particular condition, or type of medication
currently being taken can be assessed in a simple trial. On the other hand, if an
invasive laboratory test or a measurement that requires special training is necessary
at baseline, such characterization may make a simple or pragmatic trial infeasible.

The investigator also needs to consider that the results of the trial must be
persuasive to others. If other researchers or clinicians seriously question the validity
of the trial because of inadequate information about participants or inadequate
documentation of quality control, then the study has not achieved its purpose.

There is no doubt that many clinical trials are too expensive and too cumber-
some, especially multicenter ones. The advent of the large, simple trial or the
pragmatic trial is an important step in enabling many meaningful medical questions
to be addressed in an efficient manner. In other instances, however, the use of large
numbers of participants may not compensate for reduced data collection and quality
control. As always, the primary question being asked dictates the optimal design of
the trial.

With increased understanding of genetic influences, the concept that interven-
tions are likely to work similarly in all or at least most participants may no longer
hold. There are differential effects of interventions in human epidermal growth
factor receptor (HER-2) breast cancer, for example [138]. The concept of “person-
alized medicine” argues against the concept of large, simple trials and some have
designed clinical trials to take advantage of biomarkers [139]. For most common
conditions, however, we do not yet have the understanding required to implement
personalized medicine, and large, simple trials will remain important for some time.

Studies of Equivalency and Noninferiority

Many clinical trials are designed to demonstrate that a new intervention is better
than or superior to the control. However, not all trials have this goal. New inter-
ventions may have little or no superiority to existing therapies, but, as long as they
are not materially worse, may be of interest because they are less toxic, less
invasive, less costly, require fewer doses, improve quality of life, or have some
other value to patients. In this setting, the goal of the trial would be to demonstrate
that the new intervention is not worse, in terms of the primary response variable,
than the standard by some predefined margin.

In studies of equivalency, the objective is to test whether a new intervention is
equivalent to an established one. Noninferiority trials test whether the new inter-
vention is no worse than, or at least as good as, some established intervention.
Sample size issues for these kinds of trials are discussed in Chap. 8. It should also be
noted that although the following discussion assumes one new intervention and one
established intervention (the control), there is no reason why more complicated
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Table 5.2 Noninferiority
design assumptions

Proper control arm

— Constancy over time and among participants

— Auvailability of data from prior studies of the control
Assay sensitivity to demonstrate a true difference

designs involving multiple new interventions, for example, could not be
implemented. This occurred in the Comparison of Age-Related Macular Degener-
ation Treatments Trials (CATT), where four groups (one standard therapy—
monthly administration of intravitreal injections of ranibizumab—and three
unproven therapies—as needed injections of ranibizumab and monthly and as
needed injections of bevicizumab) were compared using a noniferiority
design [140].

In equivalency and noninferiority trials, several design aspects need to be con-
sidered [141-148]. The control or standard treatment must have been shown con-
clusively to be effective; that is, truly better than placebo or no therapy. The
circumstances under which the active control was found to be useful (i.e., similarity
of populations, concomitant therapy, and dosage) ought to be reasonably close to
those of the planned trial. These requirements also mean that the trials that demon-
strated efficacy of the standard should be recent and properly designed, conducted,
analyzed, and reported.

Table 5.2 shows the key assumptions for these trials. First, the active control that
is selected must be one that is an established standard for the indication being
studied and not a therapy that is inferior to other known ones. It must be used with
the dose and formulation proven effective. Second, the studies that demonstrated
benefit of the control against either placebo or no treatment must be sufficiently
recent such that no important medical advances or other changes have occurred, and
in populations similar to those planned for the new trial. Third, the evidence that
demonstrated the benefits of the control must be available so that a control group
event rate can be estimated. Fourth, the response variable used in the new trial must
be sensitive to the postulated effects of the control and intervention. The proposed
trial must be able to demonstrate “assay sensitivity,” or the ability to show a
difference if one truly exists. As emphasized in Chap. 8, the investigator must
specify what she means by equivalence.

It cannot be shown statistically that two therapies are identical, as an infinite
sample size would be required. Therefore, if the intervention falls sufficiently close
to the standard, as defined by reasonable boundaries, the intervention is claimed to
be “the same” as the control (in an equivalence trial) or no worse than the control
(in a noninferiority trial). Selecting the margin of indifference or noninferiority, J,
is a challenge. Ideally, the relative risk of the new intervention compared to the
control should be as close to 1 as possible. For practical reasons, the relative risk is
often set in the range of 1.2-1.4. This means that in the worst case, the new
intervention may be 20-40% inferior to standard treatment and yet be considered
equivalent or noninferior. Some have even suggested that any new intervention
could be approved by regulatory agencies as being noninferior to a standard control
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intervention if it retains as least 50% of the control versus placebo effect. Further,
there are options as to what 50% (or 40% or 20%) means. For example, one could
choose either the point estimate from the control versus placebo comparison, or the
lower confidence interval estimate of that comparison. Also, the choice of the
metric or scale must be selected, such as a relative risk, or hazard ratio or perhaps
an absolute difference. Of course, if an absolute difference that might seem
reasonable with a high control group event rate is chosen, it might not seem so
reasonable if the control group event rate turns out to be much lower than expected.
This happened with a trial comparing warfarin against a new anticoagulant agent,
where the observed control group event rate was less than that originally expected.
Thus, with a predetermined absolute difference for noninferiority, the relative
margin of noninferiority was larger than had been anticipated when the trial was
designed [149].

It should be emphasized that new interventions are often hailed as successes if
they are shown to be 20 or 25% better than placebo or a standard therapy. To turn
around and claim that anything within a margin of 40 or 50% is equivalent to, or
noninferior to a standard therapy would seem illogical. But the impact on sample
size of seeking to demonstrate that a new intervention is at most 20% worse than a
standard therapy, rather than 40%, is considerable. As is discussed in Chap. 8, it
would not be just a twofold increase in sample size, but a fourfold increase if the
other parameters remained the same. Therefore, all design considerations and
implications must be carefully considered.

Perhaps even more than in superiority trials, the quality, the size and power of
the new trial, and how well the trial is conducted, including how well participants
adhere to the assigned therapy, are crucial. A small sample size or poor adherence
with the protocol, leading to low statistical power, and therefore lack of significant
difference, does not imply equivalence.

To illustrate the concepts around noninferiority designs, consider the series of
trials represented in Fig. 5.5, which depicts estimates with 95% confidence intervals
for the intervention effect.
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Fig. 5.5 Possible results of noninferiority trials
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The heavy vertical line (labeled Delta) indicates the amount of worse effect of
the intervention compared to the control that was chosen as tolerable. The thin
vertical line indicates zero difference (a relative risk of 1). Trial A shows a new
intervention that is superior to control (i.e. the upper confidence interval excludes
zero difference). Trial B has an estimate of the intervention effect that is favorable
but the upper limit of the confidence interval does not exclude zero. It is less than
the margin of indifference, however, and thus meets the criterion of being
noninferior. Trial C is also noninferior, but the point estimate of the effect is
slightly in favor of the control. Trial D does not conclusively show superiority or
noninferiority, probably because it is too small or there were other factors that led to
low power. Trial E indicates inferiority for the new intervention.

As discussed above, the investigator must consider several issues when design-
ing an equivalence or noninferiority trial. First, the constancy assumption that the
control versus placebo effect has not changed over time is often not correct. This
can be seen, for example, in two trials of the same design conducted back to back
with essentially the same protocol and investigators, the PRAISE-1 and PRAISE-2
trials [57, 58] discussed in the section on Historical Controls and Databases.
In PRAISE-1, the trial was stratified according to etiology, ischemic and
non-ischemic heart failure. Most of the favorable effect of the drug on mortality
was seen in the nonischemic stratum, contrary to expectation. To validate that
subgroup result, PRAISE-2 was conducted in non-ischemic heart failure patients
using the same design. In this second trial, no benefit of amlodipine was observed.
The comparison of the placebo arms from PRAISE-1 and PRAISE-2 (Fig. 5.1),
indicates that the two populations of nonischemic heart failure patients were at
substantially different risk, despite being enrolled close in time, with the same entry
criteria and same investigators. No covariate analysis could explain this difference
in risk. Thus, the enrolled population itself is not constant, challenging the con-
stancy assumption.

In addition, as background therapy changes, the effect of the control or placebo
may also change. With more therapeutic options, the effect of one drug or inter-
vention alone may no longer be as large as it was when placebo was the total
background. Practice and referral patterns change.

Even if the data from prior trials of the selected control are available, the
estimates of active control vs. placebo may not be completely accurate. As with
all trials, effect of treatment depends at least partly on the sample of participants
who were identified and volunteered for the study. The observed effect is not likely
to reflect the effect exactly in some other population. It is also possible that the
quality of the trials used to obtain the effect of the control may not have been very
good. And of course, the play of chance may have affected the observed benefit.

Many of the assumptions about the active control group event rates that go into
the design of a noninferiority or equivalence trial are unlikely to be valid. At the end
of the trial, investigators obtain seemingly more precise estimates of the margin and
imputed “efficacy,” when in fact they are based on a model that has considerable
uncertainty and great care must be used in interpreting the results.
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If I is the new intervention, C is the control or standard treatment, and P is
placebo or not treatment, for the usual superiority trial, the goal is to show that the
new intervention is better than placebo or no treatment, or that new intervention
plus control is better than control alone.

I>P

I1>C
I+C>C

For noninferiority trials, the margin of indifference, 6, is specified, where I-C < é.
Efficacy imputation requires an estimate of the relative risk (RR) of the new
intervention to control, RR(//C) and of the control to placebo or no treatment,
RR(C/P). Therefore, the estimated relative risk of the new intervention com-
pared with placebo is

RR(I/P) = RR(I/C) x RR(C/P).

Rather than focus on the above assumption-filled model, an alternative
approach might be considered. The first goal is to select the best control. This
might be the one that, based on prior trials, was most effective. It might also be the
one that the academic community considers as the standard of care, the one
recommended in treatment guidelines, or the treatment that is most commonly
used in practice. The selection will depend on the nature of the question being
posed in the new trial. There might also be several possible best controls, all
considered to be similar, as, for example, one of several beta blockers or statins.
The choice might be influenced by regulatory agencies. The margin of
noninferiority should use the data from the prior trials of the active control to
get some estimate for initiating discussion but should not use it as a precise value.
Once that estimate has been obtained, investigators, with input from others,
including, as appropriate, those from regulatory agencies, should use their expe-
rience and clinical judgment to make a final determination as to what margin of
noninferiority would support using a new intervention. These decisions depend on
factors such as the severity of the condition being studied, the known risks of the
standard or control intervention, the trade-offs that might be achieved with the
new intervention, whether it is 50% or 20%, or some other relative risk, or an
absolute difference, and the practicality of obtaining the estimated sample size.
Having set the margin, effort must be on conducting the best trial, with as high
participant adherence and complete follow-up as feasible. When the
noninferiority trial has been completed, the attention should be given to the
interpretation of trial results, keeping in mind the entirety of the research using
the new intervention and the active control and the relevance of the findings to the
specific clinical practice setting (see Chaps. 18 and 20).
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Adaptive Designs

There is a great deal of interest in designs which are termed adaptive, but there are
different designs that are adaptive and have different meanings of the term. Clinical
trials have used forms of adaptive designs for many years. As discussed in Chap. 1,
early phase studies have designs that allow for modifications as the data accrue.
Many late phase trials are adaptive in the sense that the protocol allows for
modification of the intervention in order to achieve a certain goal, typically using
an interim variable. For example, trials of antihypertensive agents, with the primary
response variable of stroke or heart disease, will allow, and even encourage,
changes in dose of the agent, or addition or substitution of agent in order to reach
a specified blood pressure reduction or level. A trial in people with depression
changed antidepression drugs based on interim success or lack of success as judged
by depression questionnaires [150]. Some have proposed re-randomizing either all
participants or those failing to respond adequately to the first drug to other agents
[151, 152].

Some trials, by design, will adjust the sample size to retain a desired power if the
overall event rate is lower than expected, the variability is higher than planned, or
adherence is worse than expected. In such cases, the sample size can be recalculated
using the updated information (see Chap. 8). An event-driven adaptive design
continues until the number of events thought necessary to reach statistical signif-
icance, given the hypothesized intervention effect, accumulates. In trials where
time to event is the outcome of interest, the length of follow-up or the number of
study participants, or both, may be increased in order to obtain the predetermined
number of outcome events, In other adaptive designs, the randomization ratio may
be modified to keep the overall balance between intervention and control arms level
on some risk score (see Chap. 6).

Various designs are called response adaptive. Traditionally, if the effect of the
intervention was less than expected, or other factors led to a less than desirable
conditional power, the study either continued to the end without providing a clear
answer or was stopped early for futility (see Chap. 17). Some studies, particularly
where the outcome occurred relatively quickly, allowed for modification of the
randomization ratio between intervention and control arm, depending on the
response of the most recent participant or responses of all accumulated participants.

Because of concerns about inefficiencies in study design, several trend adaptive
approaches have been developed. At the beginning of the trial, the investigator may
have inadequate information about the rate at which the outcome variable will
occur and be unable to make a realistic estimate of the effect of the intervention.
Rather than continue to conduct an inappropriately powered trial or terminate early
an otherwise well designed study, the investigator may wish to modify the sample
size. After a trial is underway and better estimates become available, these trend
adaptive approaches adjust sample size based on the observed trend in the primary
outcome, in order to maintain the desired power. Trend adaptive designs require
some adjustment of the analysis to assess properly the significance of the test statistic.
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A criticism of these designs had been that they can introduce bias during the
implementation of the adjustment. Some newer approaches, however, now allow
for modifying sample size based on observed trends [153, 154]. They may also,
however, provide sufficient information to allow people not privy to the accumulating
data to make reasonable guesses as to the trend. See Chap. 18 for a further discussion
of these methods.

Group sequential designs, in common use for many years, are also considered to
be response adaptive in that they facilitate early termination of the trial when there
is convincing evidence of benefit or harm. Response adaptive and trend adaptive
designs will be considered further in Chaps. 17 and 18.
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