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PROSTATE CANCER

Prostate cancer remains one of the major 
health issues for men worldwide and is 
the second leading cause of cancer-relat-

ed death in males in the United States. Each 
year in the United States, there are approxi-
mately 195,000 radical prostatectomies.1 Pros-
tatectomy provides excellent disease control 
for the majority of patients with clinically lo-
calized prostate cancer. However, for patients 
at a high risk of relapse, additional (adjuvant) 
therapy may be needed to prevent disease re-
currence. Kattan’s nomograms, a set of align-
ment charts or 2-dimensional diagrams, have 
been widely used in disease management for 
identifying patients who may need adjuvant 
therapy.2,3 These nomograms were developed 
based on the retrospective data of thousands of 
prostate cancer patients in order to calculate 
the probability of survival (overall survival or 

progression-free survival [PFS]) using patients’ clinical 
data, such as age, Gleason score, lymph nodes, size of 
tumor, metastasis status, etc.

Oncologists often design early phase 2 trials as sin-
gle-arm studies, with dichotomous clinical outcomes as 
primary efficacy end points; for example, biochemical 
recurrence in prostate cancer.4,5 There are hypothesized 
population values for the target end points of interest, 
and comparison of observed outcomes from the trial with 
these population values are then utilized to justify further 
clinical testing.6 Nevertheless, the hypothesized popula-
tion values may vary due to the inclusion of different 
patient cohorts with distinct clinical characteristics. 
Here, nomograms are particularly useful, as they provide 
individual target probabilities for the dichotomous out-
come of interest in the early phase 2 setting. This, in 
turn, leads to the seminal question of how many patients 
are needed to power such a single-arm study. Here, we 
present a simple approach to calculating sample size for 
early single-arm prostate cancer trial studies with a di-
chotomous outcome and heterogeneous response proba-
bilities. The underlying concept can be applied to early 
phase 2 trials for other types of diseases.

Methods
In a typical phase 2 trial, let 
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ing age, margin status, tumor stage, Gleason 
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prostatectomy. We assume that the 𝑝𝑝!’s are i.i.d. with E 𝑝𝑝! = 𝑝𝑝!, for example, 𝑝𝑝! can follow a beta 

distribution. Let 𝑇𝑇! denote the number of “successes” in the trial, namely, 𝑇𝑇! = 𝑋𝑋!!
!!! , and n is the 

sample size. Suitably large values of Tn will lead to rejection of the null hypothesis. Our key 

observation here is that, following the conditional expectation formula and the law of total variance, 

we have 

 

    E 𝑇𝑇! = 𝑛𝑛𝑝𝑝!,     (1) 

and 

    Var 𝑇𝑇! = 𝑛𝑛𝑝𝑝! 1 − 𝑝𝑝! ,   (2) 

 

regardless of the underlying distribution of the 𝑝𝑝!, and in particular, the variance of the 𝑝𝑝!. 

Elementary proofs of equations (1) and (2) are given in the Appendix. 

In planning a phase 2 trial, we hope to determine the sample size n based on the values of 

𝑝𝑝!’s (calculated using the nomograms) and the desirable effect size 𝑑𝑑 = 𝑝𝑝 − 𝑝𝑝!. Note that    𝑝𝑝 is not 

available in the planning stage. The effect size is the size of difference between the observed survival 

proportion and the hypothesized survival proportion, beyond which experimenters would confirm the 

efficacy of the therapy strategy. Suppose we take a random sample of size n from the hypothesized 

population, then 𝑝𝑝! =
! !!!

!!!
!

= !!!
!!!
!

. The 95% CI for the 𝑝𝑝! is  

𝑝𝑝! ± 1.96×
!! !!!!

!
,   (3) 

where the margin of error is 1.96× !! !!!!
!

. If the observed 𝑝𝑝 from the trial study is greater than 

the upper bound of the CI, then the classic proportion test would be significant, ie, the effect size 𝑑𝑑 is 

not less than the margin of error. Therefore, the required minimum sample size n to power the trial 

study can be expressed as 
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Results 
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required sample size decreases with the increase of 𝑝𝑝!. Moreover, the wider the CI is, the more 

patients are needed. On the other hand, the larger the effect size is, the fewer patients are needed. The 

graph itself can serve as a “sample size nomogram” for calculating sample size for a single-arm trial. 

We will demonstrate the use of this sample size nomogram in a real trial study for prostate cancer 

adjuvant therapy. 
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 Required Sample Size When Different CIs and Various Effect  

 Sizes Are Considered

Solid and dashed lines indicate 95% and 99% CIs, respectively. Red, green, and 
blue lines indicate margin of error equal to 0.1, 0.15, and 0.2, respectively.

Prostate cancer remains one of the major
health issues for men worldwide and is the
second leading cause of cancer-related 
death in males in the United States.
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Table 1   Observed Outcomes and Nomogram Values   
              of 24 Patients in a Clinical Trial
Recurrence 
at 2 Years

Probability of Nonrecurrence at 2 Years 
Estimated by Nomogram

No 0.99

No 0.98

No 0.96

No 0.95

No 0.94

No 0.92

No 0.91

No 0.91

No 0.90

No 0.87

No 0.85

No 0.82

No 0.81

No 0.75

No 0.69

No 0.69

No 0.63

No 0.55

No 0.52

No 0.52

No 0.40

No 0.21

Yes 0.76

Yes 0.31

Table 2   Sample Size Calculation for the Clinical Trial

CI

Effect Size

d = 0.1 d = 0.15 d = 0.2

95% 73 33 18

99% 127 56 32
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lation of sample sizes analogous to more conventional 
phase 2 trial planning. Our method applies regardless of 
the underlying distribution of the postulated response 
probabilities, leading to robust calculation of sample sizes 
for these single-arm phase 2 trials.

The underlying goal of a conventional phase 2 design 
typically is to estimate the response probability of an in-
terventional agent in a cohort of patients, and, if the 
response probability in a cohort of patients is sufficiently 
high, progression to a phase 3 trial may be warranted. 
This design ignores the fact that patients are quite het-
erogeneous in terms of clinical characteristics and by 
extension in terms of their “expected” outcomes (eg, re-
sponse probabilities). There have been previous attempts 
to modify phase 2 designs to address patient heterogene-
ity and have motivated our current work. In particular, 
Simon and Maitournam19 have proposed a “targeted” 
design for phase 2 trials, in which patients are initially 
stratified into 2 cohorts: those who are predicted to be 
responsive to the investigative treatment, and a remain-
ing proportion. Though an improvement over the con-
ventional design, it too may be insufficiently sensitive to 
patient heterogeneity, as response probabilities are again 
assumed to be constant within each subcohort. Our pro-
posed design explicitly accommodates clinical heteroge-
neity through individual postulated response probabili-
ties. Heller and colleagues20 provide further justification 
for individualized outcome probabilities; their logistic 
regression model for analysis of phase 2 trials expressly 
incorporates patient covariates in assigning expected 
outcomes.

Conclusion
We have developed a simple but robust approach to 

sample size estimation for single-arm phase 2 clinical 
trials with heterogeneous outcome probabilities. Recog-
nition of patient heterogeneity relating to expected re-
sponses to particular therapeutic regimens is becoming 
increasingly common in clinical practice, and our ap-
proach formalizes incorporation of this heterogeneity 
into the design of early phase 2 clinical trials. u
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AppendixAppendix 

1. Proof of the conditional expectation of equation (1). 

We assume that the 𝑝𝑝!’s are i.i.d. with E 𝑝𝑝! = 𝑝𝑝!. Let 𝑇𝑇!  

denote the number of “successes” in the trial, namely, 𝑇𝑇! = 𝑋𝑋!!
!!! ,  

where n is the sample size and 𝑋𝑋!~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑝𝑝!   . 

E 𝑇𝑇! = E 𝑋𝑋!!
!!! = E 𝑋𝑋!!

!!! = E E 𝑋𝑋!|𝑝𝑝!!
!!! = E 𝑝𝑝!!

!!! = 𝑝𝑝!!
!!! = 𝑛𝑛𝑝𝑝!. 

 
2. Proof of the law of total variance of equation (2). 

Var 𝑇𝑇! = Var 𝑋𝑋!!
!!! = Var 𝑋𝑋!!

!!! = E Var 𝑋𝑋!|𝑝𝑝! + Var E 𝑋𝑋!|𝑝𝑝!!
!!! =

E 𝑝𝑝! 1 − 𝑝𝑝! + Var 𝑝𝑝!!
!!! = E 𝑝𝑝! − E 𝑝𝑝!! + Var 𝑝𝑝!!

!!! = E 𝑝𝑝! − E 𝑝𝑝!! +!
!!!

E 𝑝𝑝!! − E 𝑝𝑝!
! = 𝑝𝑝! − 𝑝𝑝!!!

!!! = 𝑛𝑛𝑝𝑝! 1 − 𝑝𝑝! . 
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Recognition of patient heterogeneity
relating to expected responses to
particular therapeutic regimens is
becoming increasingly common.


