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Abstract

When designing a clinical study to compare the efficacy of an experimental treatment with
a control, the primary endpoint is selected to measure the treatment effect, along with a
clinically meaningful effect defined for that endpoint. At the end of the study, success is
typically determined by statistical significance, based on a test statistic and its associated
p-value calculated from the observed data. In addition to statistical testing, the observed
treatment effect is compared with the pre-specified clinically meaningful threshold to assess
clinical significance. The sample size is calculated to ensure high statistical power that
is, a probability of detecting statistical significance for the specified clinically meaningful
effect. However, the probability of achieving clinical significance is generally lower than
the statistical power. As a result, it is not uncommon for a study to demonstrate statistical
significance without clinical significance. In this article, we examine the relationship
between clinical and statistical significance under various scenarios. This analysis helps
explain why statistically significant results frequently lack clinical significance. If we seek
a higher probability of clinical significance, our studies must be designed accordingly.
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Introduction

The relationship between statistical significance and clinical
significance has been a prominent topic in the interpretation of clinical
research results."® When designing a clinical study to compare the
efficacy of an experimental treatment with that of a control, a primary
endpoint is selected to measure the treatment effect, along with a
clinically meaningful effect defined in terms of that endpoint. At the
end of the study, the success of the trial is typically determined by
statistical significance, based on a pre-specified test statistic and its
associated p-value calculated from the observed data. In addition
to statistical testing, the observed treatment effect is also compared
with the pre-specified clinically meaningful threshold to assess
clinical significance. Since the sample size for a study is calculated
to detect the specified clinically meaningful effect with a given level
of statistical power, it is possible for a study to demonstrate statistical
significance without clinical significance.

A study is declared positive if it achieves statistical significance.
Some investigators complain that it has not achieved clinical
significance. Page’ discusses the distinction between clinical and
statistical significance, emphasizing the use of confidence intervals
(CIs) rather than statistical tests to express clinical relevance. However,
the roles of Cls and statistical tests are essentially equivalent, as
both lead to the same conclusions regarding statistical and clinical
significance. Moreover, Page defines clinical significance in terms of
all efficacy and safety outcomes of the two treatments, whereas in this
article we focus specifically on the primary outcome that determines
study success. Sharma® and Fethney® address the difference between
clinical and statistical significance, with particular attention to
the interpretation and role of p-values and confidence intervals,
respectively. However, a p-value and confidence interval are directly
related to statistical tests which determine statistical significance, so
that it is difficult to associate them with clinical significance.

In this paper, the concept of clinical significance is based on
statistical interpretation like statistical significance as in Elasan.’
Based on this concept, we observe statistical significance and clinical

insignificance more often than statistical insignificance and clinical
significance from real clinical studies. We investigate why this
happens, and when the probability of clinical significance can be
increased.

The methods discussed vary slightly depending on the type of
study endpoint. In this paper, we focus on studies with continuous and
time to event endpoints, although the results can be readily extended
to other types of endpoints like binary endpoints.

Materials and methods

We apply the t-test for continuous outcomes and the maximum
likelihood test for time to event outcomes. Large sample
approximations are used to evaluate the relationship between clinical
significance and statistical significance under these testing methods.
For various scenarios, we derive the probabilities of achieving
clinical and statistical significance under both the null and alternative
hypotheses. All calculations are implemented using FORTRAN
programs developed by the authors.

Results

We investigate the relationship between clinical significance and
statistical significance when the primary outcome is either continuous
or a time-to-event endpoint.

Continuous endpoint

Suppose that the primary endpoint of a study is continuous, e.g.
the change in tumor size before and after treatment in cancer patients.
We compare the efficacy of an experimental treatment (group 1) with
that of a standard treatment (group 2). The study is designed to test the
null hypothesis that the experimental treatment is no more effective
than the standard treatment, against the alternative hypothesis that
the experimental treatment provides superior efficacy. Without
loss of generality, we assume that the outcome data or its suitable
transformation for group k(: 1,2) is normally distributed with mean
Mt and variance 6~ .
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Statistical significance and clinical significance

In a clinical research with a continuous endpoint, the efficacy
of two treatments is measured by the difference in mean p, —p,
of the continuous endpoint. Clinical significance of the research is
determined by the observed treatment effect from the resulting data.
By contrast, statistical significance depends not only on the observed
treatment effect but also on the strength of the supporting evidence,
which is measured by the standard error (SE) of the estimate. A study
result is clinically significant but not statistically significant if the
observed treatment effect is meaningful yet the evidence is weak,
i.e., SE is large. Conversely, it may be statistically significant but not
clinically significant if the observed effect is small but the evidence is
strong (i.e., SE is very small).

The null and alternative hypotheses are expressed as Ho :Hy S 1,
and H; 1y > 1, | respectively. In the study, " patients are assigned to
treatment group K and My is estimated by sample mean Y .

Sharma® argues that clinical significance should be defined based
on all relevant outcomes, including efficacy, safety, and quality of
life. While this may be appropriate for a broad, general definition
of clinical significance, when contrasted with statistical significance
its definition should be narrowed to focus specifically on the pre-
specified treatment effect for the primary endpoint.

At the design stage, we specify a clinically meaningful treatment
effect d, . For the prespecified clinically meaningful treatment effect,
the study demonstrates clinical significance if the observed treatment
effect, § = 5, —x, exceeds 5.

The strength of the evidence refers to how consistent the observed
treatment effect is across patients in the study. This is quantified by SE
of the observed treatment effect, SE (%, -%,)=6 In7! +ny! » Where

& is the estimator of 6° from the resulting data. Thus, the strength
of the evidence depends on three factors: the variance of the
observations, the total sample size, and the allocation proportions
between the two treatment groups.

More specifically, an evidence-adjusted treatment effect is
expressed by the test statistic:

=% 5 =%
z= =
5+ nt + ;! 6/\/na a
Syny +ny 19
n=n+n . . _ .
Where 1" "2 the total is sample size and @ =1 /7 is the

allocation proportion for group & (@ +a, =1)  With a false positivity
(type I error) rate & level, usually 0.05 or 0.025, we obtain statistical
significance if Z is larger than z,_, , the 100(1 - a) percentile of the
standard normal distribution, or equivalently if

D A (1)

Jna,a,
Sample size calculation for statistical
significance

As discussed in the previous section, statistical significance
depends on the sample size, whereas clinical significance does not.
Consequently, whether statistical and clinical significance align
depends not only on the sample size but also on the variance of
the observations. This issue is therefore closely tied to sample size
determination during study design. In this section, we examine the
relationship between clinical and statistical significance in the context
of sample size calculations aimed at achieving statistical significance.
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When designing a clinical study, the sample size is calculated to
achieve statistical significance with a high probability 1 — 3 , known as
the study’s statistical power, when the true treatment effect d=p—p,
equals the pre-specified clinically meaningful effect §,. The required
total sample size is given as'”

2 2
aZ (210 +21p)

a,0,8 @)

By substituting (2) into equation (1) and replacing &2 with o°
(since 6 is a consistent and unbiased estimator of 52 ), we conclude
that statistical significance is achieved if

z
¥ —% > —e 5 ©)
Zat g

Thus, using the calculated sample size, we will declare statistical
significance if the observed treatment effect X; — X, exceeds a fraction
Z g/ ( Zi gt ZI—B) of the pre-specified clinically meaningful

treatment effect Sl . Since this fraction lies between 0 and 1, the
probability of achieving statistical significance is always higher than
that of achieving clinical significance when o2 is the true variance
value and the clinically meaningful treatment effect 5, equals the true
treatment effect § = TR TR

If we assume @ =P in a sample size calculation, then, from (3),
we would conclude statistical significance if the observed treatment
effect 8=X —X, exceeds half of the clinically meaningful effect 3,
. In practice, however, we usually assume o <, so thatz_, >z
, which makes the fraction larger than half. For example, with the
commonly used values ¢ =0.025 and1-p=0.8, we have

e 196
Zgtzp 1.96+0.842

In this case, a statistical significance will be declared if
F =%, >0.78 which can still be clinically insignificant if the

observed effect is between 0.78; and ;.

On the other hand, if 3 equals the true treatment effect, then the
probability of achieving clinical significance is 50% because

P(% =%, > 8 [y —m, =8)=0.5

Regardless of the sample size, allocation proportion, and variance
o2 . This is much smaller than the usual power level for statistical
significance, so that we often observe clinical insignificance in spite
of statistical significance.

Appendix A shows that, when the sample size is calculated using
the correct variance value g2 and a clinically meaningful treatment
effect §,, then the probability of observing statistical significance
without clinical significance is 0.5—f, whereas the probability of
observing statistical insignificance with clinical significance is 0. For
example, if the sample size is calculated for a power of ] — B =80%
, then there is a 30% (=0.5 —(1—0,8)) of chance of observing
statistical significance without clinical significance.

The two decision rules for significance have different false
positivity (type I error) rate too. For the decision rule of clinical
significance, the false positivity under H, :p, =p, is

)

P(fl_f2>51|li1:“2):1{ >

5
cs/\/nala2 G/\/nala2 It _HZJ
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I
P(Z>—F——)
o/ \naa, @)
. N(0,1 . .
Where Z isa ( )random variable in (4),
L Z; +z
o/ Jnaa, = ° o

From (3), the false positivity of the decision rule for clinical
significance is given as CI)(ZI +z B)’ which is much smaller than
—a T2

the false positivity for statistical significance a=®(z,_,). Here,
cf)() =1- (I)() and <i)() denotes the cumulative density function of

N(0,1)-
Is it possible to have clinical significance but
statistical insignificance?

In the previous section, we observe that, if the clinica'ly meaningful
treatment effect §,equals the true treatment effect, O=p; —H,
the probability of achieving clinical significance is fixed at 1/2
regardless of the sample size, allocation proportion, and variance
o2 . Furthermore, it is impossible to have clinical significance and
statistical insignificance if the sample size for statistical significance
is calculated based on these parameter values.

In a real clinical research, we can have clinical significance and
statistical insignificance if the study is so underpowered that the true
power for statistical significance is smaller than the true positivity of
clinical signiﬁcance1 2 This typically happens when the sample
size is calculated based on a yariance value of O that is much
smaller thay the true variance O . Now the questjon is how small the
specified © should be relative to the true value © . In this section, we
assume that the clinigzllly meaningful treatment effect ! equals the
true treatment effect © ~ M1 7 M2

Suppose the sample size is calculated based on a misspecified
variance &2 that is smaller than the true variance g2 . In this case, &2
will converge to © | so that, from (2) we have

Nraa, =(z,_ +2_5)0 /9, 3)
and statistical significance is determined by
Z_4O

G —_—
\/nalaz (z1.q +214)8 ! ©)

X =% >z,

By incorporating (1) with (5).

- Z,+t2Zi5)/ 2
Ontherighthandsideof (6),if O/ O islargerthan( e 1_[3) o
, then the right hand side of (6) exceeds 9, , and it is possible to observe
clinical significance but statistical insignificance with probability

z_,0
(Frury)s )

= (D{ZHX 73(2170‘ +z1 )} -1/2
Since, from (6),
Jnaya, (x,—x,-8,)/ o= 6(zl_a + zl_B)(xl -x,-8,)/(3,0) is

forgiven(Bl,Gz) . Hence, if &/c is smaller than
z_o /21 +Zl_5), then this probability is positive. Note that this

P8 <x-X, W — My =5,,0°

N (0,1
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probability depends only on the ratio 6/6 and is independent of 5, .

For example, suppose a study’s sample size is calculated using
(%17[3):(0_025,0_8) and(S,cy2 , but the assumed variance for
sample size calculation 52 , is only a half of the true varianceerZ.
Then, the probability of observing clinical significance but statistical
insignificance is

®{1.96 - (1.96+0.842)/ 2} =1/ 2= ®(0.559) ~1/2=0.712-0.5=0.212

.Thus, there is roughly a 21% chance that the study shows a clinically
meaningful effect but fails to reach statistical significance due to the
underestimated variance.

In summary, we can have clinical significance and statistical
insignificance only when the sample size is substantially underpowered.

When can we have the probability of clinical significance larger
than1/2 ?

As shown in Section 3.1.2, the probability of achieving clinical
significance is 0.5 if the specified clinically meaningful treatment
effect 9, , is identical to the true treatment effect. This is much smaller
than the usual power level of 0.8 to 0.9 for statistical significance,
so that we often observe clinical insignificance in spite of statistical
significance.

In a real clinical study, the probability of clinical significance can
be higher than 1/ 2 ifthe true treatment effect § =, TS is larger than
the clinically meaningful treatment effect O, . In this case, the question
is how large the true treatment effect should be for a probability of
clinical significance 1—m to exceed]/2 .Suppose that the sample
size n 1is calculated by (2) using parameters ((x,l _ 3501’0'2) , and
clinically meaningful treatment effect J, .

If we desire the probability of clinical significance to be 1 -7 for
1<0.5 , then, from (A.4) of Appendix B, the true treatment effect
should be as large as

5=8| 14— —
Zi_q F 2

Note that & is larger than §, in this equation.

For example, if o=0.025 , (z_, =1.96)and 1-n=1-B=0.8
, (z,=2z_5=0842), then we have &=1.35,. That is, for
(a,1-PB)=(0.025,0.8), if the sampge size is calculated for a
clinically meaningful treatment effect ~!and we want the probability
of achieving clinical significance to match the statistical power for
statistical significance, then the true treatment effect must exceed the
pre-specified clinically meaningful effect by 30%.

If the true effect size Ois larger than the clinically meaningful
treatment 8 , however, the true power for statistical significance will
increase t0o.

Time to event endpoint

Suppose that the primary endpoint of a study is time to event
variable, such as overall survival in phase III cancer clinical trials. Let
A, (t) denote the cumulative hazard rate of group k' 1n this section,
we assume that group 1 is control and groups 2 is experimental. Using
a time to event endpoint, treatment effect of two patient groups is
usually expressed as a hazard ratio (HR) A = A, (t) /A, (t) .
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The log-rank test'! has been a standard choice for testing Hy: A =1
against H, : A >1. Earlier, however, George and Desu'? consider
a test statistic based on maximum likelihood estimators (MLEs) of
exponential distributions and show that its statistical power closely
matches with that of the log-rank test using simulations. Schoenfeld'®
and Kwak and Jung' derived sample size formulas for the log-rank
test. These sample size formulas are approximately the same as that
of the MLE test of George and Desu'? under a nearby alternative
hypothesis.

If two test statistics have comparable power, they are effectively
interchangeable. Based on this reasoning, we use the MLE test,
explicitly expressed in terms of the HR, to discuss the relationship
between statistical and clinical significance.

Statistical significance and clinical significance

Suppose that group K has an exponential distribution with hazard
rate A, . Then the HR is expressed as A = M/ Ay The MLE of A; is
given as N =D,/ X, where D, denotes the number of events and
X, denotes the total study time."

At the design stage, we specify a clinically meaningful treatment
effect ~! . For a prespecified clinically meaningful treatment effect
, the stugy (Be %nstrates chglcal significance if the observed treatment
effect 2 exceeds

By the MLE theory, the estimated log-HR logA =34, /2, is
approximately normal with mean logA and variance]/ D, +1/D,.
Hence, an evidence-adjusted treatment effect is expressed by the test
statistic:

B logA
J1/ Dy +1/D,

With a type I error rate o , we obtain statistical significance if Z ,
is larger than z,__ , or equivalently if

logA > z,_ 1/ D, +1/ D, ()
Sample size calculation

Statistical power of statistical tests for censored survival data
depends on number of events rather than number of patients. The
required number of events for the MLE test (7) to detect a clinically
meaningful treatment effect A, with a power of 1-f is given by

2
_loghy | _poiyp, ®
Ziq t 21 !

by George and Desu'? and Rubinstein et al.'®

By substituting (8) into (7), with a sample size calculation, we
obtain statistical significance if

logA > logA, (©)
Zat g

That is, using the calculated sample size, we vzill declare statistical
significance if the observed treatment effect logA exceeds a fraction
Ziy ( Zig + Zl*ﬁ) of the pre-specified clinically meaningful log-

treatment effect 1ogA, . Since this fraction lies between 0 and 1, the
probability of achieving statistical significance is always higher than
that of achieving clinical significance and we cannot have clinical
significance and statistical insignificance if the clinically meaningful
treatment effect A, equals the true treatment effect A .
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On the other hand, if the clinically meaningful treatment effect A,
equals the true treatment effect A , the probability of achieving clinical
significance is

P(A>A[|A)=05 (10)

Regardless of the sample size and allocation proportion. This is
much smaller than the usual power level for statistical significance,
so that we often observe clinical significance in spite of statistical
significance.

As in the continuous endpoint case, if the sample size is calculated
for the statistical test to detect a clinically meaningful treatment
effect & with power1—p , then the probability of observing statistical
significance without clinical significance is 0.5 — 3 , and the probability
of observing statistical insignificance with clinical significance is 0.

Is it possible to have clinical significance but
statistical insignificance?

If the clinically meaningful treatment effect A; equals the true
treatment effect o , by (10), the probability of achieving clinical
significance is fixed at 1,7 regardless of the sample size and
allocation proportions. Furthermore, it is impossible to have clinical
significance and statistical insignificance if the sample size for
statistical significance is calculated based on this assumption, i.e.
A=A

Areal clinical research, however, can have clinical significance and
statistical insignificance if it is so underpowered that the true power
for statistical significance is smaller than1/2 . Typically, the MLE
test can be underpowered if its required number of events is calculated
by assuming much larger hazard rates A; than the true hazard rate e

, while the clinically meaningful treatment - is
unchanged Bi=halda=h/h,

Let D, denote the expected number of events if the hazard
rate is 3, . Then the assumed Varlance is 52=1/ D,+1/D, which
is smaller than the true variances® =1/D, +1/D, . Hence this is
identical to assuming a variance value much smaller than the true one
in continuous endpoint case, so that we can possibly observe clinical
significance but statistical insignificance.

When can we have the probability of clinical
significance larger than 50%?

As shown in (10), the probability of achieving clinical significance
is 1/2if the specified clinically meaningful treatment effect4,, is
identical to the true treatment effect. This is much smaller than the
usual power level for statistical significance, so that we often observe
clinical insignificance in spite of statistical significance.

In a real clinical study, the probability of clinical significance
can be higher than 1/2 if the true treatment effect A=k1hyis
larger than the clinically meaningful treatment effect A, as in the
continuous endpoint case. For exponential distributions, the variance
depends on the treatment effect, but we assume that the variance
=1/ D +1/D, remains approximately unchanged. Under this
assumptlon the probablhty of clinical significance is

l-n= P(logA >logA, | A)

_ P[logA —logA . logA, —logA |A]
c c
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_ cf)[lOgAl - logA)
G

This probability will be larger than 172 if Ar<A .

Discussion

Our discussions have focused on continuous and time to events
endpoints, but similar principles apply to other types of endpoints. For
a continuous endpoint, the relationship between clinical significance
and statistical significance depends on whether the true treatment
effect, 0=p, —H,, exceeds the pre-specified clinically meaningful
treatment effect and whether the variance, o2, is correctly specified
in the sample size calculation. On the other hand, in trials with a
time-to-event endpoint, this relationship depends on whether the true
treatment effect exceeds the clinically meaningful effect and whether
the hazard rates are correctly specified in the sample size calculation.

For a continuous endpoint, we have represented a clinically
meaningful treatment effect as the difference in means, M, —HU,
. Cohen'” proposed expressing instead using the standardized effect
size, (1, —p,)/o. Since the sample size formula (2) depends on
i, — 1, and o° only through the standardized effect size, it is not
necessary to specify the sample variance g2 separately when the
clinically meaningful effect is defined in terms of the standardized
effect size. However, a standardized effect size is meaningful and
valid only when the specified variance is accurate. Furthermore, using
a standardized effect size does not allow us to investigate the impact of
a misspecified variance on the relationship between the probabilities
of clinical significance and statistical significance.

Some investigators, such as Batterham and Hopkins'® and Sullivan
and Feinn," argue that clinical significance is more important than
statistical significance. However, this perspective overlooks the
critical role of evidence in evaluating an observed treatment effect.
Even if the observed effect is large, we cannot fully trust it if the
individual treatment effects are highly variable and the sample size
is small. This variability is why statistical significance is essential.
Furthermore, the studies are typically designed to evaluate statistical
significance rather than clinical significance. If clinical significance is
considered important the study should be designed accordingly.

To avoid situations in which statistical significance is achieved
despite clinical insignificance, it is important to ensure an appropriate,
not excessively large, sample size. In observational studies,
investigators often use very large sample sizes to include as many
cases as possible. In such situations, the observed effect size should be
carefully evaluated even if the statistical significance is high.

In general, however, statistical significance should be prioritized
over clinical significance because an observed treatment effect can
still be statistically unreliable if the standard error (SE) of the observed
treatment effect is large. In prospective studies, it is more common
to encounter statistical significance without clinical significance.
Conversely, it is almost impossible to observe clinical significance
without statistical significance unless the population variance of
continuous endpoint is severely underestimated or the hazard rates
of time to event endpoint are severely overestimated, leading to an
overly underpowered sample size.

Conclusion

As pointed by Ranganathan et al.’ and Willigenburg and Poolman,?
a test for statistical significance is not designed to determine whether
two patient groups differ by a clinically meaningful amount in an
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endpoint. Rather, it tests whether there is any difference in the endpoint
between the groups. However, statistical significance and clinical
meaningfulness become connected during sample size determination.
Specifically, the sample size for a statistical test is calculated to ensure
a high probability, called power, of detecting a pre-specified clinically
meaningful difference between two groups.

If the sample size of a study is calculated using the true variance
and treatment effect for continuous endpoints, or the true hazard rate
of the control group and the true treatment effect for time-to-event
endpoints, then it is possible to observe statistical significance without
clinical significance, but not clinical significance without statistical
significance.

The probability of achieving clinical significance is only 50%
when the specified clinically meaningful treatment effect equals
the true treatment effect, regardless of other factors such as sample
size or variance. Consequently, in a reasonably designed study,
the probability of clinical significance is generally smaller than
that of statistical significance. An increased probability of clinical
significance can occur only when the true treatment effect exceeds
the specified clinically meaningful effect. In such cases, however, the
probability of statistical significance will increase too.
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