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Futility approaches to interim monitoring by data

monitoring committees

David L DeMets

Clinical trials involving participants with high risk of serious events or being exposed
to a new intervention with potential serious risk are typically monitored during the
course of the trial. Often, this monitoring activity is conducted by an independent
group of experts, often referred to as a Data Monitoring Committee (DMC). The
DMC responsibility includes monitoring for early evidence of a harmful effect or
convincing evidence of a benefit. If the data are consistent and overwhelming, the
DMC may recommend that a trial be terminated early. Trials may also be termi-
nated early if the initial goal of demonstrating a benefit cannot in all likelihood be
attained, or is futile. These are complicated issues and should be sorted out in the
protocol and the DMC charter prior to the start of the trial before data begin to
accumulate. Several statistical methods have been developed to assist a DMC in
determining when a negative or harmful trend is substantial enough to render the
trial continuation futile. These will be briefly summarized. However useful these
methods might be, they alone are not adequate to make the decision and the DMC

must take into account other issues to make a judgment.

522-529. http://ctj.sagepub.com

Introduction

Monitoring of accumulating data in ongoing clini-
cal trials is now common place and even required
for trials with high risk patients or serious irre-
versible outcomes [1-3]. For many of these trials,
the use of an independent panel of experts, referred
to as a Data Monitoring Committee (DMC), is rec-
ommended [4]. The need and use for such commit-
tees was suggested in the late 1960s by a task force
report, known as the Greenberg Report, commis-
sioned by the National Institutes of Health (NIH) to
describe how a multicenter randomized clinical
trial should be organized and conducted [5]. While
the frequency of use of DMCs increased during the
next three decades, recent concerns about patient
safety in clinical trials has only added to the inter-
est in DMCs [6,7].
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DMCs generally consist of three to five experts
representing multiple disciplines such as clinical
expertise, biostatistics, epidemiology, basic science
and ethics. This group is charged with monitoring an
ongoing trial for early and convincing evidence of a
clinically important benefit or early evidence of
harm. DMCs can recommend that a trial continue as
planned, be modified or be terminated early. DMCs
typically meet once or twice per year, depending on
the rate of recruitment and rate of accumulating evi-
dence, or when a fixed proportion of new informa-
tion has accumulated (eg, every 20% increment).

Repeated examination of accumulating data can
lead to false positive claims of benefit or harm
unless special statistical procedures are utilized [8].
The false claim could be either claiming benefit
or harm. Figure 1 summarizes the accumulating
data from the Coronary Drug Project (CDP) which
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Figure 1
(month 0 = March 1966, month 100 = July 1974)

compared survival for a cholesterol lowering drug,
chlofibrate, with a placebo control [9]. The stan-
dardized statistic is plotted for the accumulating
data with time in the study.

The conventional criteria for a nominal two-
sided P-value 0.05 are indicated by the two parallel
lines at £2.0. Of importance for this discussion is
the substantial variability, especially early in the
trial, which ultimately converges to a test statistic
near zero, indicating no survival difference. Yet on
several occasions, the nominal statistical criteria
might have falsely suggested a benefit. Statistical
methods have been developed which control the
false positive error, also known as the Type I error,
claiming a treatment effect when in fact none
exists. These methods have been discussed exten-
sively and summarized elsewhere [4,10,11].

Figure 2 depicts one commonly used criteria for
establishing either benefit or harm, using group
sequential boundaries as described by O’Brien and

http://ctj.sagepub.com

Z-values for clofibrate-placebo differences in proportion of deaths by calendar month since beginning of study

Fleming [12]. Upper and lower boundaries for a
standardized test statistic are plotted on the
horizontal axis versus the portion of the trial that
has been completed, referred to as information frac-
tion. The information fraction could be the fraction
of planned patients recruited or the proportion of
expected events observed. In this figure, a standard-
ized statistic greater than the upper boundary
would be considered consistent with evidence for
benefit. A standardized statistic less that the lower
negative boundary would be consistent with a treat-
ment being harmful. (The boundary in between the
upper and lower will be described below.)

In addition to terminating a trial early for evi-
dence of treatment benefit or harm, the Greenberg
Report recommended trials be terminated early if
they could not meet their goals of establishing a
beneficial treatment effect [5]. That is, if continuing
the trial would be futile relative to establishing a
treatment benefit, then perhaps the trial should be
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terminated for ethical reasons. This might be a con-
sideration if the interim analysis, comparing the
experimental or new intervention with the control
intervention, indicates a trend that is in the wrong
or negative direction (a positive trend being consis-
tent with benefit). However, an early negative trend
might lead to a claim of no intervention effect due
to chance alone or a small number of events, an
error known as a Type II error. One goal in any trial
is to minimize both Type I and II errors.

Clinical trials are usually not designed or con-
ducted to establish that an intervention is harmful.
However, there are circumstances that indicate the
trial may need to distinguish whether an interven-
tion is actually harmful or neutral, having ruled out
all beneficial effects of clinical interest or impor-
tance [13]. Trials which are designed to rule out
minimal intervention benefits are also called non-
inferiority trials. Statistical methods have also been
developed to aid in determining when a trial
becomes futile. This analysis is often referred to as
futility analysis, the topic of this paper.

Futility versus harm

There are trials where futility of continuing to the
scheduled termination is an issue that the DMC
must deal with but often this is not an easy task.
A few examples illustrate this challenge.

The CONSENSUS-II trial was terminated early
because the interim negative trend was no longer
consistent with a beneficial effect on mortality and
morbidity in a population of chronic heart failure
patients [14]. The DMC decided that it was no
longer ethical to continue and recommended early
termination. The trial was designed to test if a drug,
enalapril, delivered in a bolus to patients with acute
myocardial infarction compared to a placebo
control would reduce mortality. All patients received
best standard of care as background therapy. A six-
month comparison demonstrated a 10.2% mortality
for placebo treated patients and 11% for the
enalapril bolus treated patient, essentially ruling out
a beneficial effect. In addition, a higher death rate of
progressive heart failure in the enalapril group was
nearing nominal significance. Since the bolus
administration of this drug was not the standard,
the data monitoring committee decided that there
was no further benefit to patients being in the study
and recommended termination.

The International Study of Infarct Survival (ISIS)
provides another type of example [15]. In ISIS,
atenolol was evaluated compared to a placebo
control in approximately 16 000 patients with a
myocardial infarction with mortality as the primary
outcome variable. Early in this trial, a negative
trend emerged near the nominal 0.05 significance.
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However, the data monitoring committee did not
recommend termination since the number of
events was small and to take into account the
repeated testing effect. This negative trend contin-
ued for much of the trial. However, at the end of
the planned follow-up, the negative trend reversed
and became positive, showing a significant 15%
reduction in mortality. Thus, early results although
discouraging were not predictive of the ultimate
results. Stopping this trial early for negative trends
would have been a mistake, a false negative claim or
a Type II error. Negative trends don't often reverse
themselves to become beneficial and statistically
significant but such cases do occur.

Another interesting circumstance may exist if an
intervention with a negative trend for a primary out-
come has other beneficial clinically relevant effects,
such as reduction in symptoms or modification of
other clinical outcomes. For example, recent exam-
ples of a class of drugs labeled as inotropic drugs were
known in chronic heart failure patients to improve
cardiac function and in some cases to improve quality
of life. A series of trials evaluated such drugs for their
ability to reduce mortality and also hospitalizations.
In two of those trials, PROMISE and VEST, negative
trends [16-18] emerged. At some point during these
trials, the DMC could have become rather convinced
that the final results were unlikely to prove beneficial,
using methods described in the next section.
However, even if these drugs were not going to be
beneficial with respect to reducing mortality or hospi-
talization, they might still be of interest as long as
they were not harmful. That is, these drugs improved
patients’ cardiac function and quality of life. Thus,
distinguishing whether the interim negative trend
would cross some lower boundary for harm or just be
consistent with a lack of benefit would be important.
If shown to be harmful, they would not likely be used
or even approved for heart failure patients, despite
some other beneficial effects. The interim results for
mortality using the log rank test in the VEST are
shown in Table 1. As shown, a negative trend emerged
but with considerable variation in the early portion.
Not until later in the trial, after a substantial number

Table 1 Accumulating results for VEST*

Information fraction Log rank Z-value (high dose)

0.43 +0.99
0.19 -0.25
0.34 -0.23
0.50 —2.04
0.60 -2.32
0.67 —2.50
0.84 -2.22
0.90 —2.43
0.95 —2.71
1.0 -2.41

*VEST = Vesnarinone Trial [18].
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of events had occurred, did the trends become stable.
However, a previous trial of Vesnarinone had demon-
strated a 60% reduction in total mortality (P < 0.002),
contrary to the VEST trend [17].

Other examples of this type of negative trend are
provided by recent trials of hormone replacement
therapy (HRT). HRT became a widely used treatment
for symptoms and the reduction of bone loss in post-
menopausal women. Several epidemiologic studies
also suggested that HRT would reduce cardiovascular
disease in postmenopausal women, and was being
utilized for that reason as well, despite no random-
ized trials showing a benefit. The belief that HRT was
beneficial was strongly held by both patients and
physicians. Three trials examined the effect of HRT
on cardiovascular disease [19-21]. In each of these
trials, a negative harmful trend emerged for the pri-
mary outcome of cardiovascular mortality and mor-
bidity. If these negative trends continued on to
establish harm, these results would have an impor-
tant impact on the continued use of HRT for reduc-
ing cardiovascular risk. On the other hand, if HRT is
not beneficial, or at least non-inferior, then HRT
would still be of clinical value and interest since it is
effective for both improving symptoms and reducing
bone loss. Given the strongly held beliefs about the
benefits of HRT for cardiovascular disease, only con-
vincing evidence of harm might change medical
practice. Thus, each of these trials continued until
there was sufficient evidence of harm, especially
events related to the blood clotting effect of HRT.
While the results of the first trial, HERS, had modest
impact, all three trials together did reduce the
amount of HRT usage for cardiovascular risk [22].

These examples illustrate the need to quantify
the probability or likelihood that these interven-
tions showing a negative trend during interim
analyses would ultimately demonstrate a beneficial
effect in the primary outcome. Some of the
methods for those calculations of futility are
described in the next section, using the VEST data
for illustration.

Futility analysis methods

One of the earliest trials to utilize the calculation of
the likelihood of a positive benefit given a negative
trend was the CDP which terminated several arms
due to disappointing negative trends [23]. Since the
CDP, statisticians have developed and refined meth-
ods for this type of futility analysis. We shall summa-
rize briefly, four of these; beta spending functions,
sequential probability ratio tests or triangular regions,
conditional power, and a Bayesian method called pre-
dictive power, using the VEST data for illustration. As
shall be noted, these methods are related in their the-
oretical basis and in operational characteristics.

http://ctj.sagepub.com
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Beta spending functions

The group sequential methods for suggesting bene-
fit or harm can be developed by using a method
referred to as alpha spending functions [24]. These
methods control the false positive or beneficial
claim (Type I error) or alpha level for the repeated
testing of accumulating data on the primary out-
come, while allowing for flexibility in when and
how many times the interim analyses are con-
ducted. The beta spending function method is a
similar approach but has the goal of ruling out a
treatment effect of a prespecified size, which may
be related to the alternative hypothesis used in the
trial design [25,26]. Beta spending functions control
the Type II or beta error. One such set of boundaries
are shown in Figure 2, using an alpha spending
function of the O’Brien-Fleming type for benefit
(upper boundary, alpha = 0.025) or harm (lower
boundary, alpha = 0.025) and a beta spending func-
tion (beta = 0.025) to rule out a benefit of a size of
the hypothesized alternative effect.

The accumulating data (Table 1) are plotted in
Figure 3 for the VEST trial [18], where the negative
trends cross the beta spending function boundary
midway through the trial. This beta spending func-
tion crossing indicates that the probability of a ben-
eficial effect is less that 2.5%. However, with the
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1 L 1 1
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Information Fraction

OBF = O’Brien-Fleming Bounds [12].
E-F = Emerson-Fleming Bounds [26].

Figure 2 Asymmetric beta spending function
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Figure 3 Vesnarinone trial (VEST) group sequential bounds

established positive effects on some aspects of heart
function and quality of life, the impressive mortal-
ity reduction in an earlier trial [17], and with an
observed improved quality of life in VEST as well,
the DMC allowed the trial to continue. Even if
Vesnarinone demonstrated no beneficial effect on
mortality, the benefits on quality of life would still
remain of interest for heart failure patients. Thus,
distinguishing between no beneficial effect versus
harm on mortality was important.

Sequential probability ratio tests

Another methodology for creating boundaries to
assess benefit or harm or lack of benefit is based on
classical sequential probability ratio tests [27].
Figure 4 depicts such a boundary. The scale for this
type of boundary is the numerator of the standard
test statistic (eg, difference in proportions) on the
vertical axis versuss. the variance of that difference
on the horizontal axis. When plotted on the same
scale, the group sequential boundaries using alpha
and beta spending functions produce boundaries
very similar to that of the sequential probability
ratio tests (SPRT) [28]. Thus, while these boundaries
at first may appear to be different, they are quite
similar when using the same scale and thus have
similar operating characteristics.
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Figure 4 Sequential probability ration test triangular
boundaries

Conditional power

One of the earliest applications of the concept of
conditional power was in the CDP [9,23]. In this
trial, several treatment arms for evaluating choles-
terol lowering drug produced negative trends in the
interim results. Through simulation, the probability
of achieving a positive or beneficial result was
calculated given the observed data at the time of
the interim analysis. The type of calculation is now
often referred to as conditional power.
Unconditional power is the probability at the
beginning of the trial of achieving a statistically
significant result at a prespecified alpha level and
with a prespecified alternative treatment effect.
Ideally, trials should be designed with a power of
0.80 to 0.90 or higher. However, once data begin to
accumulate, the probability of attaining a
significant result increases or decreases with
emerging positive or negative trends. Calculating
the probability of rejecting the null hypothesis
of no effect once some data are available is condi-
tional power, in contrast to power which is calcu-
lated at the beginning of the trial with no data yet
available.

The calculation of conditional power is quite
simple and straightforward [29-30]. If Z(t)
represents the standardized statistic at information
fraction t, where information fraction may be
defined at the proportion of expected patients or
events observed so far, then the conditional power
for some alternative intervention effect 6 is as fol-
lows, using a critical value of Z« for a Type I error of
alpha:

PIZ(1) > Z,, 1 Z(1),6]
=1-®{IZ, - Z®OVt - 61 - /(1 - 1))
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where 6§ =E (Z(t = 1)) and where 6 is defined as
follows for:

1) Survival outcome (D = total events)
0=~D/4In(Ac/ A7)
where A and A; are the hazard rates in the control

arm and treatment arm respectively.

2) Binomial outcome (n = total sample size)

Pc —Pp (Pc — P VN/4 (Pc — POJN
0= — — = = — =1/2 —
201 - pym2)  Jp(d - P) Jra

where P¢ and Py are the event rates in the control
arm and treatment arm respectively and p is the
common event rate.

3) Continuous outcome (means) (n = total sample
size)

gz(u) NTT =1,2(u)m
g g

where u- and wp are the mean response levels for
the control arm and the treatment arm, respec-
tively, and o is the common standard deviation.

If we specify a particular value of the conditional
power which would suggest futility, then a bound-
ary can also be produced. As shown in Figure 5, the
lower boundary is based on a specified conditional
power that would be used to claim futility of a pos-
itive beneficial claim at the end of the trial. Plots are

Z-score
o

T 1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Information Fraction

Figure 5 Conditional power boundaries: outer boundaries
represent symmetric O’Brien-Fleming type sequential
boundaries (a = 0.05). Three lower boundaries represent
boundaries for 10%, 20% and 30% conditional power to
achieve a significant (P < 0.05) result of the trial conclusion

http://ctj.sagepub.com
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shown for 10%, 20% and 30% conditional power.
For example, anytime the standardized statistic
crosses that 20% lower boundary, the conditional
power for a beneficial result at the end of the trial is
less than 0.20 for the specified alternative
intervention effect.

Typically, these conditional power calculations
are done for a series of specified alternatives,
ranging between the null hypothesis of no effect
and the prespecified design based alternative treat-
ment effect. In some cases, even more extreme ben-
eficial effects can be utilized to determine just how
much more effective the treatment would have to
be to raise the conditional power to desired levels.
If these results are summarized in a table or a graph,
DMC members can assess for themselves whether
they believe recovery from a substantial negative
trend is very plausible. Table 2 provides conditional
power for the VEST trial at three of the interim
analyses for a range of intervention effects includ-
ing the beneficial effect (hazard rate less than 1)
seen in the previous trial to the observed negative
trend (hazard rates of 1.3 and 1.5). As shown, the
conditional power for a beneficial effect is very low
(<0.01) by the midpoint of this trial (information
fraction of 0.5) for a null effect or worse, that is, a
higher relative risk, and not encouraging even for
the original assumed effect (RR = 0.7).

Predictive power

One Bayesian method to assess futility is referred to
as predictive power and related to the concept of
conditional power [31,32]. In this case, the series of
possible alternative treatment effects 6 are repre-
sented by a prior distribution for 6, distributing the
probability across the alternatives. The prior proba-
bility distribution can be modified by the current
trend to give an updated posterior for 6. The condi-
tional power is calculated as before for a specific
value of 6. Then as shown below a predictive or
‘average’ power is calculated by integrating the con-
ditional power over the posterior distribution for 6.
This predictive power can then be utilized by the
DMC to assess whether the trial is still viable:

Table 2 Conditional power for VEST*

RRT Information fraction

0.50 0.67 0.84
0.50 0.46 <0.01 <0.01
0.70 0.03 <0.01 <0.01
1.0 <0.01 <0.01 <0.01
1.3 <0.01 <0.01 <0.01
1.5 <0.01 <0.01 <0.01

*VEST = Vesnarinone Trial [18].
fRR = relative risk.
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Table 3 Predictive probability

Probability
Date t HR¥ = 0.40 Diffuse prior
2/7/96 0.50 0.28 0.0001
3/7/96 0.60 0.18 <0.0001
4/10/96 0.67 <0.0001 <0.0001
5/19/96 0.84 <0.0001 <0.0001
6/26/96 0.90 <0.0001 <0.0001

*HR = hazard rate.

p(X; €R)Ixy) = j p(X; € RIf) p(6lx,)d6-

We have computed this predictive power for the
various interim analyses conducted in VEST and
results are shown in Table 3. In this case, the prior
was taken from the first vesnarinone trial where the
observed reduction in mortality was over 60%
(RR = 0.40). For these calculations, the prior was first
set at the point estimate of the hazard ratio equal to
0.40 with a variance related to the size of the first
trial. A second calculation was made with a diffuse
prior. Of course, other distributions around the prior
effect size could also have been used but the essence
of this approach would be the same. Using this
approach, it is clear that VEST will not show a
beneficial effect since the probabilities in Table 3 are
<0.001 for the latter stage of the trial. Thus
continuation at those times might be termed futile.

Conclusions

All of the statistical methods summarized here have
proven to be useful in monitoring trials with
emerging negative trends. These methods generally
do not differ in the message that they provide to
the data monitoring committee and investigators.
These methods can also be applied to ruling out a
margin of non-inferiority in a similar fashion.
However, the real challenge remains whether a trial
with a negative trend should terminate early ruling
out either a beneficial effect, or a margin of non-
inferiority, or should continue in order to distin-
guish between this type of futility or harm. The
answer to that question is often very difficult, and
is not statistical, but depends on other beneficial
aspects of the intervention. These aspects include
whether the intervention is new or already estab-
lished for other indications, and whether the inter-
vention is already in practice for this indication. In
addition, within the trial, other clinically relevant
outcomes may be indicating positive beneficial
trends. While the statistical methods are often very
useful, the ultimate recommendation to terminate
or continue depends largely on the judgment of
a data monitoring committee and the initial
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guidance provided by the trial steering committee
of investigators and sponsors.
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