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ABSTRACT

PURPOSE The primary results of phase III oncology trials may be challenging to interpret,
given that results are generally based on P value thresholds. The probability of
whether a treatment is beneficial, although more intuitive, is not usually
provided. Here, we developed and released a user-friendly tool that calculates
the probability of treatment benefit using trial summary statistics.

METHODS We curated 415 phase III randomized trials enrolling 338,600 patients published
between 2004 and 2020. A phase III prior probability distribution for the
treatment effect was developed on the basis of a three-component zero-mean
mixture distribution of the observed z-scores. Using this prior, we computed
the probability of clinically meaningful benefit (hazard ratio [HR] <0.8). The
distribution of signal-to-noise ratios and power of phase III oncology trials
were compared with that of 23,551 randomized trials from the Cochrane
Database.

RESULTS The signal-to-noise ratios of phase III oncology trials tended to be much larger
than randomized trials from the Cochrane Database. Still, the median power of
phase III oncology trials was only 49% (IQR, 14%-95%), and the power
was <80% in 65% of trials. Using the phase III oncology-specific prior, only
53% of trials claiming superiority (114 of 216) had a ≥90% probability of
clinicallymeaningful benefits. Conversely, the probability that the experimental
arm was superior to the control arm (HR <1) exceeded 90% in 17% of trials
interpreted as having no benefit (34 of 199).

CONCLUSION By enabling computation of contextual probabilities for the treatment effect
from summary statistics, our robust, highly practical tool, now posted on a
user-friendly webpage, can aid the wider oncology community in the inter-
pretation of phase III trials.

INTRODUCTION

The interpretation of modern phase III randomized trials in
oncology is a considerable challenge.1 The standard approach
for estimating comparative survival advantages is to com-
pute hazard ratios (HRs) and their 95% CIs, with most trials
declaring superiority of an experimental intervention on the
basis of P value thresholds.2 However, 95% CIs and P values
are widely misinterpreted. 95% CIs are often misunderstood
as having 95%probability of containing the true effect, and P
values are often mistaken as the probability of no
difference.3-5 P value thresholds may lead to both overes-
timation and underestimation of effects, particularly in
scenarios where power is lower than planned.6-9 For ex-
ample, a significant P value (eg, P <.05) in a trial designed
with 80% power does not imply an 80% probability that the
experimental treatment was beneficial. Therefore, novel

tools to improve the interpretation of primary outcomes in
oncology trials are sorely needed. Some have proposed di-
rectly computing the probability of benefit (eg, HR <1) using
Bayesian approaches, because the probability of whether an
intervention is helpful or harmful is more intuitive to on-
cologists and patients than interpreting P values.10-13 How-
ever, such calculations require specification of prior
knowledge, which may appear controversial because of
apparent subjectivity even when guided by domain
expertise.11,14,15

There is a considerable need for a straightforward, data-
driven approach to estimating the probability of benefit in
phase III trials, including in the absence of individual-level
patient data, which are often difficult for clinicians to access.
Here, we propose a user-friendly and evidence-based so-
lution for estimating the probability of whether new
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oncology treatments tested in phase III trials are effective
using standard trial-level summary statistics. The purpose
of the present meta-epidemiologic study was to develop an
informative, oncology-specific default prior, derived from
the distribution of the z-scores obtained from 415 con-
temporary phase III oncology trials. This default prior can be
used by practicing oncologists to interpret historical, cur-
rent, and future phase III oncology trials.

METHODS

Institutional review board approval for this meta-
epidemiologic study was not needed because of the public
availability of the trial data. Trials were screened from
ClinicalTrials.gov in February 2020 using the advanced
search terms “cancer,” phase “phase three,” study results
“with results,” and status “excluded: not yet recruiting.”
Trials were required to be phase III with two-arm, superi-
ority designs that tested anticancer interventional strategies
(Fig 1). Trials that had not published their primary end point
were excluded, as well as trials that did not use time-to-
event primary end points.

Primary end point summary statistics (HRs and 95% CIs)
were recorded. The control arm was taken as the reference
for all comparisons, such that HR <1 always favored the
experimental arm, and in cases where the experimental arm
was set as the reference, reciprocals for the HR were used.
For trials with multiple coprimary end points, the time-to-
event primary end point with a reported 95% CI was used. If
95% CIs were used for all time-to-event co-primary end
points, overall survival (OS) was used because of its intrinsic
value and potential advantages comparedwith surrogate end
points.2,16,17

In previous work, an informative prior for addressing
treatment effect exaggeration was developed using 23,551
randomized trials in the Cochrane Database of Systematic

Reviews.9,18-21 In this study, we applied this methodology
for the creation of a phase III, oncology-specific prior
distribution of the treatment effect.18-21 In brief, the z-score
for each randomized clinical trial (RCT) was computed as
the point estimate for the log HR (log HR) divided by the SE,
computed by taking the difference between the log bounds
of the 95% CI for the HR divided by twice the qnorm of
0.975.20 Recall that the P value is <.05 when the z-score
is >1.96 or <–1.96. Similar to the Cochrane-based prior
distribution, we then fit a zero-mean three-component
normal mixture to the z-scores obtained from the log
HR.21 We used three components because of the smaller
number of phase III oncology trials compared with the
four-component mixture used for the Cochrane-derived
prior distribution. We chose a zero-mean mixture to set
the prior probability of any benefit to be 50%-50%. In this
way, neither treatment arm was favored in the prior dis-
tribution. Although the z-score is the ratio of the estimated
treatment effect to the SE, the signal-to-noise ratio (SNR)
is defined as the ratio of the true treatment effect to the SE.
Because the z-score represents the sum of the SNR and a
standard normal error term, the deconvolution trick was
applied to obtain the distribution of the SNR by subtracting
1 from the variances of eachmixture component.19 It is quite
remarkable that it is possible to obtain the distribution of
the SNR because the true effect cannot be observed. The
distribution of the power was then obtained as a trans-
formation of the SNR.9 Note that this is the power against
the (unobserved) true effect, and not the so-called post hoc
power, or the power against the effect that was assumed in
the sample size calculation.22 Finally, the prior for the
treatment effect was obtained by scaling the distribution of
the SNR by the SE.18 The underlying data set and code for
the development of the prior are provided in the Data
Supplement.

On the basis of guidelines from the ASCO, the minimum
clinically important difference (MCID) was defined by

CONTEXT

Key Objective
We sought to derive an informative prior distribution for the treatment effect of phase III oncology trials to facilitate an
objective means to calculate posterior probabilities for the primary outcomes of randomized oncology trials.

Knowledge Generated
Using the summary statistics of 415 phase III trials, we fit a mixture model for the true (unobserved) treatment effect
distribution by deconvoluting the distribution of z-scores into the signal-to-noise ratio distribution followed by scaling of the
SE. We used this mixture model as a prior distribution to estimate the probabilities of clinically relevant effect sizes from
this data set of phase III trials.

Relevance
Oncologists, researchers, and other stakeholders may readily estimate the probability of treatment effects at various effect
sizes of interest with the derived prior by means of a user-friendly webpage (shinyapps.io).
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HR <0.8.23-26 The probability of a detectable effect was de-
fined by HR <1. The probability for both hypotheses was
computed for each trial. Analyses and plots were completed
in R v.4.3.2 (Vienna, Austria) and Prism v10 (La Jolla, CA).27

RESULTS

After screening 785 phase III randomized trials from Clin-
icalTrials.gov, we included 415 two-arm, superiority-

design, interventional, therapeutic, time-to-event, phase
III trials (Data Supplement, Fig S1). Publication dates of the
primary end point ranged from 2004 to 2020, with a total of
338,600 patients enrolled. Most trials studied metastatic
solid tumors (n 5 263, 63%), and most used surrogate
primary end points (n 5 250, 60%; Table 1). Superiority was
claimed for the experimental arm in 216 trials (52%) andwas
not claimed in 191 trials (46%); in eight trials, inferiority of
the experimental arm was claimed (2%).
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23,551 RCTs across the Cochrane Database 415 phase III oncology RCTs

RCT SNR Ratios Across Medicine v Phase III Oncology
A

B
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0.00 0.25 0.50 0.75 1.00

Power

Observed Power in Phase III Oncology RCTs

FIG 1. Distribution of the SNR and power of the primary outcomes of phase III RCTs in
oncology. (A) The SNR in phase III oncology trials tended to be much larger than that of
randomized trials in the Cochrane Database. (B) Estimated distribution of power against the
true effect in phase III oncology RCTs. RCT, randomized clinical trial; SNR, signal-to-noise
ratio.
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The absolute z-scores of phase III oncology trials tended to
be much larger than those of 23,551 RCTs from the Cochrane
Database (P < .0001, Mann-Whitney test; Data Supplement,
Fig S2). This implies that both the SNR and the power of
phase III oncologyRCTs also tend to bemuch larger than that
of general RCTs (Fig 1A). Z-scores appeared to be stable over
time, where time was defined as the trial publication year
(Data Supplement Fig S3). A zero-mean mixture of three
normal distributions provided a reasonable fit to the
z-scores of the phase III trials (Data Supplement, Fig S4).
The proportions and variances of each subcomponent are
reported in the Data Supplement (Table S1). We derived a
zero-mean mixture of three normal distributions for the
SNR by subtracting one from each of the variances (Data
Supplement, Table S1). From the distribution of the SNR, we
derived the distribution of the power. We find that the
median power of phase III oncology RCTs was only 49%
(IQR, 14% to 95%), with an average power of 52% (Fig 1B).
An estimated 65% of trials had power <80%, with 71% of
trials <90%. The power was >95% in an estimated 25% of
trials. As previously reported, the power of RCTs from the

Cochrane Database tended to be even lower (median power:
13%, with 78% of trials <80% power).9 The SNR distribution
was scaled by the observed SE to derive the prior for the
treatment effect in a particular trial (Data Supplement, Fig
S5). Examples of resulting priors are plotted in the Data
Supplement (Fig S6).

The probabilities of a detectable effect (HR<1) exceeded 90%
for all 216 trials that claimed superiority (Fig 2). However,
only 53% of trials with superiority claims (114 of 216)
had ≥90% probability of achieving the MCID (Table 2).
Conversely, for the 199 trials that did not claim superiority,
the median probability that the experimental arm had an
HR <1 was 63% (IQR, 32%-86%; Fig 2). In 17% of trials that
did not claim superiority (34 of 199), the probability that HR
was <1 exceeded 90% (Table 2). Consistent with the dif-
ferences in the SNR between phase III oncology RCTs and
RCTs from the Cochrane Database, posterior probabilities
computed by the Cochrane Database prior appeared to be
overcorrected compared with the phase III oncology-
specific prior (Fig 3).

A webpage has been created for users to compute hypothesis
probabilities at a given level of HR on the basis of the trial’s
summary statistics (shinyapps.io),28 with an illustration
shown in Figure 4.

DISCUSSION

Using the distribution of the z-scores of the primary end
points of 415 phase III oncology randomized controlled
trials, to our knowledge, this study is the first to compute an
evidenced-based default prior specifically designed to es-
timate the effects of phase III oncology trials. This prior has
been deployed in a standalone webpage application that
allows users to input the summary Cox regression statistics
of a phase III trial and compute the posterior probabilities of
benefit at any level of HR. By providing oncologists with the
means to directly compute probabilities of interest, this
study provides a robust, highly practical tool to immediately
enhance the interpretation of phase III trials throughout the
wider oncology community.

Consistent with previous work, we found that the actual
power of most phase III trials is low relative to the power
specified during trial design.9,29 Lower power increases the
risk of false-negative findings. When an underpowered trial
does reach statistical significance, the effect is usually
overestimated and leads to replication failure. Directly
computing the probability of benefit using our phase III prior
provides a more intuitive method of understanding and
interpreting the uncertainty associated with underpowered
trials. The consequences of relying on P value thresholds in
underpowered trials are directly manifested in our finding
that the experimental arms of 17% of trials interpreted as
negative or inconclusive had >90%probability of superiority
to the control arm.

TABLE 1. Characteristics of Trials Included in the Analysis

Characteristic No. (%)

Total trials 415

Disease stage

Solid, nonmetastatic 87 (21)

Solid, metastatic 263 (63)

Hematologic 65 (16)

Disease site

Breast 76 (18)

GI 66 (16)

Genitourinary 58 (14)

Hematologic 65 (16)

Thoracic 79 (19)

Othera 71 (17)

Treatment modality

Systemic therapy 404 (97)

Local therapy 11 (3)

Cooperative group study 88 (21)

Industry sponsored 361 (87)

Enrolled patients, No., median (IQR) 596 (377-903)

Publication year, median (IQR) 2015 (2012-2017)

Primary end point

OS 165 (40)

Surrogate 250 (60)

Primary outcome

Superiority shown for the experimental arm 216 (52)

Superiority not shown for the experimental arm 191 (46)

Inferiority of the experimental arm 8 (2)

aOther disease sites included CNS, endocrine, gynecologic, head and
neck, pediatric, sarcoma, and skin.
Abbreviation: OS, overall survival.
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Rather than specifying the beliefs of an effect for a single
unique treatment, this study offers an objective approach to
specifying the prior probability distribution by using SNRs
that have been observed in phase III oncology trials. In the
absence of specific beliefs regarding a unique treatment, this
prior probability distribution for the treatment effect may
serve as a reasonable default prior. The utility of this prior
may be especially pertinentwhen Bayesian posteriors are not
computed in the trial publication, which is the case for the
majority of trials at present. Furthermore, this prior may be
particularly helpful when individual patient-level data are

notmade readily available for reanalysis. In a separate study,
we manually reconstructed individual patient-level data for
the primary outcomes of 230 trials and found that the
posteriors computed from individual patient-level data
using conventional priors had a high degree of concordance
with those computed using the prior proposed in this study.30

Notwithstanding these advantages, in some cases or in
sensitivity analyses, using priors unique to a certain treat-
ment, rather than a default prior as proposed in this study,
may be desirable. However, the selection of a prior under
such circumstances has inherent subjectivity, representing
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FIG 2. Posterior probabilities of primary end points of 415 phase III trials computed using the phase III
oncology prior. Probabilities are grouped according to end point type (OS or surrogate survival) and the
trial result interpretation (claim for superiority or not). (A) The median and interquartile range are shown
for each group. Probability that the HR is <1 in favor of the experimental arm. (B) Probability that the
experimental arm shows superiority according to the MCID, defined as HR <0.8. HR, hazard ratio; MCID,
minimum clinically important difference; OS, overall survival.
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one of the primary criticisms of Bayesian methods, and may
be less robust or less informative compared with the prior
proposed in this study, which was derived from the data of
415 trials. Nonetheless, it is important to note that current
tools using themethods ofWijeysundera et al are available to
facilitate this evaluation with published trial summary
statistics.31,32 Taken together, this study represents a con-
siderable advance and adds robust, objective, and unique
value to the interpretative tools available to oncologists.

Previously, an informative prior, on the basis of thousands of
clinical trials in the Cochrane Database, was proposed.18-21

However, we found that the distribution of SNRs of RCTs in
the Cochrane Database tend to be lower than that of phase III
oncology trials, consistent with the observation that phase
III oncology trials are often larger than general medical
RCTs, leading tomore power. The use of a phase III–specific,
oncology-specific prior improves the robustness of com-
puted posterior probabilities by reducing the risk of

overcorrection, as suggested by our comparison of posterior
probabilities for the MCID. These findings thus support the
stated rationale for using a separate, dedicated phase III
oncology prior, namely that phase III trials, compared with
general medical RCTs, are more typically large-scale, mul-
ticenter, multinational, and most likely to change practice
and lead to regulatory approvals. That being said, low SNRs
were observed even for phase III oncology trials, which can
lead to upward bias in the estimate of HR.21 Application of the
phase III oncology prior distribution of treatment effect to
trials, especially those with low SNR, may partially reduce
this bias, and posterior mean estimates for HR are computed
as part of the provided webpage.

To illustrate the potential value of estimating the probability
of benefit, consider the results of two example phase III
trials, the GEMPAX trial and CALGB 30610 (Alliance)/RTOG
0538, neither of which was included in the development of
the phase III prior as both trials were recently published.33,34

The GEMPAX trial compared second-line gemcitabine with
paclitaxel versus gemcitabine alone for patients with me-
tastatic pancreatic ductal adenocarcinoma.33 GEMPAX
showed an improvement in progression-free survival (HR,
0.64 [95% CI, 0.47 to 0.89]) and overall response rate, but
interpreted the primary end point of OS as statistically
negative (HR, 0.87 [95% CI, 0.63 to 1.20]) on the basis of a
large P value (.41). Importantly, large P values do not support
the null hypothesis and, in fact, provide little information.4

Using the phase III prior developed in this study, the
probability that gemcitabine plus paclitaxel is associated
with better OS (HR <1) than gemcitabine alone is 78%, and is
similar to the 75% probability that there is no clinically
meaningful difference (0.8< HR <1.25) between the two
treatments (Fig 4). This highlights that the OS results lacked
the power and precision to make reliable assertions re-
garding treatment efficacy or lack thereof. Conversely, the
CALGB 30610 (Alliance)/RTOG 0538 RCT noted a HR of 0.94
(95% CI, 0.76 to 1.17, P 5 .594) for OS among patients with
limited-stage small cell lung cancer who underwent once-
daily radiation compared with those who underwent

TABLE 2. Probabilities of a Detectable Effect (HR <1) and Achieving a MCID (HR <0.8) in Phase III Oncology RCTs, Computed by a Phase III,
Oncology-Specific Prior

Posterior Probability

RCTs Grouped by Trial Result Interpretation, No. (%)

Superiority Claimed for the Experimental Arm (n 5 216) Superiority Not Claimed for the Experimental Arm (n 5 199)

MCID (HR <0.8)

≥90% 114 (53) 0 (0)

≥75% 149 (69) 1 (0.5)

≥50% 180 (83) 6 (3)

Detectable effect (HR <1)

≥90% 216 (100) 34 (17)

≥75% 216 (100) 82 (41)

≥50% 216 (100) 130 (65)

Abbreviations: HR, hazard ratio; MCID, minimum clinically important difference; RCT, randomized clinical trial.
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FIG 3. Comparison of posterior probabilities computed by
the phase III oncology-specific prior versus the prior from the
Cochrane Database of RCTs for the MCID (HR <0.8). HR,
hazard ratio; MCID, minimum clinically important difference;
RCT, randomized clinical trial.
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standard-of-care twice-daily radiation.34 Using our phase III
prior, we can see that the probability that the two treatments
yielded no clinically meaningful difference (0.8< HR <1.25)
was 95%. Therefore, although both RCTs yielded a similar P
value, only RTOG 0538 had adequate power to conclusively
determine no clinically meaningful difference. Notably, the
SE of the natural logarithm of HR for RTOG 0538, 0.11, was
less than that of GEMPAX, 0.16. A trial with a smaller SE is
expected to have a narrower prior for the treatment effect
because treatment effect and SE are inversely related. For
example, to obtain 80% power in a trial, the treatment effect
must be 2.8 times the SE. Accordingly, in this example,
GEMPAX was powered for a larger treatment effect (HR of
0.625) compared with RTOG 0538 (HR of 0.77).33,34 Trials
expecting small treatment effects and choosing large sample
sizes to reduce the SE will result in narrower priors for the
treatment effect, because the trialists themselves suspected
smaller treatment effects. This distinction,mademanifest in
the computation of posterior probabilities by our prior
distribution, highlights an example of the importance of
comprehensively evaluating RCT results using our provided
webtool. Importantly, probabilities of benefit do not rep-
resent rules for decision making.1 Inference, obtained from
data such as this study, must be applied by the oncologist to
each clinical scenario in light of the risks, alternatives, pa-
tient characteristics, and patient values.25,35 Nonetheless, the
additional information provided by posterior computation
can facilitate a more informed and data-driven approach to
clinical care.

There are some important limitations to consider in this
study. First, we assumed that the Cox regressions that
formed the basis of the primary analysis of each phase III
trial met their underlying statistical assumptions, including
proportional hazards; however, this may not have always
been the case.36,37 In general, we suggest that trials should
report summary statistics that are interpretable andmake as
few assumptions as possible.38 Second, there may have been
underlying variation in the approach of each trial toward
computing the primary end point; Cox models fit with
prognostic covariates are likely more precise than uni-
variable models and this may have influenced the resultant
SNRs that were used to create the prior.39,41 Third, phase III
trials that were not published because of nonsignificant
results, whichwas estimated in one study to be as high as 7%
of trials, may have resulted in a file drawer effect and
influenced our treatment effect distribution, as only pub-
lished studies were included.40 Fourth, our prior was spe-
cificallyfit to the primary end points of phase III trials, which
is both a strength and limitation. Importantly, this prior does
not assume homogeneity of treatment effects, but repre-
sents general information about the SNRs of phase III trials
of oncology conducted between 2004 and 2020. Although the
z-score distribution appeared stable during the time period
these trials were published, if the SNRs of phase III oncology
trials were to meaningfully change in the coming decades,
the robustness of the prior may be lessened. However, the
foundation provided by this study, including public avail-
ability of the key data andmethods, facilitates ready updates

FIG 4. Illustration of the standalone webpage28 facilitating a user-friendly approach to estimating the posterior distribution from a phase III
oncology trial of interest using the proposed informative prior. After entering the summary statistics from the published trial’s Cox re-
gression (HR and its 95% CI), the user can calculate the posterior mean estimate and its 95% credible interval, visualize the posterior
distribution, and estimate the posterior probability of effects above or below a threshold of interest as well as between a range of interest.
Posterior probabilities for HR <1, HR >1, and HR <0.8 (which is often considered as a MCID) are provided as a default. For the posterior
distribution plot, a dashed line indicates HR 5 1, and the AUC for HR <0.8 is shaded in blue. HR, hazard ratio; MCID, minimum clinically
important difference.

JCO Precision Oncology ascopubs.org/journal/po | 7

Probability of Treatment Effects in Phase III Trials

D
ow

nl
oa

de
d 

fr
om

 a
sc

op
ub

s.
or

g 
by

 U
ni

ve
rs

ite
it 

L
ei

de
n 

on
 N

ov
em

be
r 

20
, 2

02
5 

fr
om

 1
45

.1
18

.2
25

.0
30

C
op

yr
ig

ht
 ©

 2
02

5 
A

m
er

ic
an

 S
oc

ie
ty

 o
f 

C
lin

ic
al

 O
nc

ol
og

y.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 

http://ascopubs.org/journal/po


to the distribution of the informative prior if the underlying
basis of the prior were to meaningfully change, consistent
with the general principles of Bayesian epistemology. Fur-
thermore, the distribution of SNRs of phase III oncology
trials appeared meaningfully different from the distribution
of SNRs from general medical RCTs in the Cochrane Data-
base, as well as subsequent posterior probability estima-
tions, thus establishing the need for a separate, phase III
oncology-specific prior. Consequently, other trials or end
points, such as phase II trials or even secondary end points of
phase III trials, are expected to have lower SNRs. Our prior is
not appropriate for these cases because they lack ex-
changeability with the trials included in our analysis. Sim-
ilarly, the prior is not as relevant to phase III trials conducted
in other fields of medicine because it was derived and de-
veloped exclusively from oncology trials. Fifth, although we
defined the MCID as HR <0.8 as an illustration of the output
of this tool, the MCID may be also be context-specific.24

Using the provided webpage, any interested user can com-
pute the probability of MCID according to their own defi-
nition, or likewise compute the probability of a detectable
effect on the basis of an alternative definition (such asMCID/
2, rather than HR <1). Finally, although this tool allows any
user to obtain inferences from published trial data, we en-
courage consideration of these limitations and the fact that
inference and decision making are distinct.25,35 Bayesian

methodology is not strictly superior to frequentism in all
settings, but rather complementary. An understanding of the
advantages and tradeoffs of both approaches is critical to-
wards the optimal interpretations of landmark trials. For
trial primary end point analysis, clinical trial biostatisticians
and principal investigators are the best equipped to select
statistical approaches for their trial, including frequentist
approaches and/or priors on the basis of the specific beliefs
unique to their proposed treatment for posterior calculation
based on the complete underlying individual patient-
level data.

In summary, this study provides an evidence-based off-the-
shelf prior that can be used to improve trial interpretation by
enabling computation of the probabilities of any benefit and
a clinically meaningful benefit on the basis of summary
statistics from published Cox regression analyses. This tool
is freely available online, without the need for coding.
Practicing oncologists, patients, scientists, and students
may find estimation of posterior probabilities to be valuable
for placing trial results in context. We encourage clinical trial
principal investigators, regulators, and other stakeholders to
consider computing and reporting the probability of whether
a treatment provides a clinically meaningful benefit, and not
just the P value, when weighing the merits and drawbacks of
a new treatment.
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