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Sample Size for Studying Intermediate Endpoints within
intervention Trials or Observational Studies

Laurence S. Freedman' and Arthur Schatzkin?

An intermediate endpoint is a biologic event or marker that is a precursor to a given
health outcome. Examples of potential intermediate endpaints include serum cholesterol
for coronary heart disease, endogenous steroid hormones for breast cancer, and CD4
count for acquired immunodeficiency syndrome. When one is studying a potential
intermediate endpoint in the context of an intervention trial, five types of questions may
be investigated: 1) Does the intervention affect the intermediate endpoint? 2) Is the
intermediate endpoint associated with prognostic or risk factors? 3) Is the intermediate
endpoint associated with the main outcome? 4) Is the intervention effect on the main
cutcome mediated by the intermediate endpoint? 5) Are the prognostic or risk factor
effects mediated by the intermediate endpoint? In this paper, the authors show that
each of these questions has different sample size requirements, and they illustrate their
point with a discussion of an ancillary study of large bowel epithelial proliferation in the
National Cancer Institute’s Polyp Prevention Trial. The same methods may be used in
an observational study, in which case questions 2, 3, and 5 are relevant. However,
much larger numbers than those used in the Polyp Prevention Trial exampie will be
required when the main outcome is rare. Am J Epidemiol 1992;136:1148-59.

adenoma; biological markers; colonic neoplasms; colonic polyps; diet therapy; risk
factors

An intermediate endpoint is a biologic
event or marker which acts as a precursor to
an event of primary interest, such as the
development of a certain chronic discase.
Epidemiologists are increasingly interested
in studying potential intermediate end-
points, since identifying a valid intermediate
endpoint can represent a major advance in
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understanding the etiology of a disease and
ultimately lead to its prevention. Examples
which have received much attention in re-
cent years have been the role of serum cho-
lesterol levels in the development of coro-
nary heart disease and the role of endoge-
nous steroid hormones in the etiology of
breast cancer. Clinical investigators have
also been interested in intermediate end-
points as possible surrogates for treatment
success or failure. Here the event of primary
interest may be death or the recurrence of
disease. The serum CD4 count, which ap-
pears to decline in rough parallel with the
worsening course of acquired immunodefi-
ciency syndrome, is one example of a poten-
tial surrogate endpoint.

Criteria for the validation of a potential
intermediate endpoint in intervention trials
or observational studies have been discussed
by Susser (1), Prentice (2), Schatzkin et al.
(3), and Freedman et al. (4). Machado et al.
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(5) have investigated the use of an interme-
diate endpoint as a surrogate endpoint for
death in the context of a chinical trial of
treatment for acquired immunodeficiency
syndrome. Generally, authors have been
cautious about the use of intermediate end-
poinis as surrogate endpoints, mainly be-
cause the effect of an intervention upon an
intermediate endpoint may not always re-
flect its effect on the main outcome. Never-
theless, incorporation of an intermediate
endpoint determination within the frame-
work of a randomized trial or observational
study can provide useful information regard-
ing the relation between the intermediate
endpoint, the intervention or exposure, and
the main outcome.

In this paper, we identify the guestions
which may be addressed in such an exercise,
and we show how the ability to answer these
questions depends on the number of subjects
in the study and the proportion of subjects
in whom the intermediate endpoint is deter-
mined. These topics are discussed in the
context of a particular trial, the National
Cancer Institute’s Polyp Prevention Trial.

POLYP PREVENTION TRIAL

The Polyp Prevention Trial is a random-
ized trial designed to evaluate the effect of
dietary modification on the recurrence of
adenomatous polyps in patients who have
recently had removed an adenomatous pol-
yp of the colon or rectum. The aim is to
enter 2,000 patients from 10 clinical centers
in the United States and to randomly allo-
cate half of the patients to intensive dietary
counseling and half to their usual diet. Di-
etary counscling is to be provided on an
individual basis. Each patient is set the goal
of reducing fat intake to 20 percent of total
caloric intake and increasing fiber intake to
18 g/kcal and fruit and vegetable intake to
5-8 servings per day. Recruitment began in
the spring of 1991. All patients will be fol-
lowed for 4 vears and will receive repeat
colonoscopies at the end of the first and
fourth years.

The underlying motivation for the trial is
to further clarify the hypothesis linking diet

to colorectal cancer. There is considerable
epidemiologic evidence supporting a direct
association of colorectal cancer incidence
with fat consumption (6, 7) and supporting
inverse associations with intake of fruit, veg-
etables, and fiber (8-10). Testing this hy-
pothesis directly in an intervention trial
would require studying several tens of thou-
sands of patients followed for at least a de-
cade, since the incidence of colorectal cancer
in the population is relatively low.

Most colorectal adenocarcinomas are
thought to develop from adenomatous pol-
yps (11, 12). Thus, prevention of the for-
mation of polyps should lead to prevention
of colon cancer. The Polyp Prevention Trnal
was designed to test whether manipulating
the dietary factors associated with colorectal
cancer can reduce the recurrence rate of
colonic polyps. If this can be shown, it will
greatly strengthen the hypothesis linking diet
to colorectal cancer incidence.

The main cutcome for the trial is therefore
the recurrence of one or more adenomatous
polyps. Because the proportion of patients
who have a recurrence over the 4-year
follow-up period is expected to be quite high
{approximately 27 percent in the control
group), the number of patients required in
the trial is much below the several tens of
thousands that would be required for a trial
using cancer as the outcome. The total of
2,000 patients gives a statistical power of 90
percent for detecting (using a one-tailed sta-
tistical test) a reduction of approximately 20
percent in the annual recurrence rate among
the patients given dietary counseling. Such
a reduction would lead to approximately 21
percent of the patients given dietary coun-
seling having a recurrence, compared with
the 27 percent in the control group.

Several biologic mechanisms for the for-
mation of polyps and subsequent develop-
ment of cancer have been proposed (13-15).
The initiation of a major trial such as the
Polyp Prevention Trial affords a special op-
portunity to study some of these proposed
mechanisms. Cell proliferation (16), the mu-
cin characteristics {17), and ornithine decar-
boxylase levels (18) are examples of biologic
markers that may all be determined from
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normal colorectal tissue, and these may be
studied as intermediate cndpoints for the
development of recurrent colorectal polyps.
As the illustrative example for our paper, we
consider the cell proliferation rate (measured
by the labeling index (19)) as the interme-
diate endpoint; the main outcome is recur-
rence of an adenomatous polyp, and the
intervention is dietary counseling.

TYPES OF QUESTIONS THAT MAY BE
ADDRESSED

By incorporating an intermediate end-
point into a randomized or observational
study, we can address five types of questions
relating to the intermediate endpoint and its
putative role in the disease process. We list
these questions in the first column of table
1 and discuss them below. Questions 1 and
4 are specific to intervention trials; the others
are common to both intervention and ob-
servational studies.

Does the intervention affect the
intermediate endpoint?

For the Polyp Prevention Trial, the ques-
tion is “Does dietary modification affect a
patient’s cell proliferation rate?” The ran-
domized design allows a controlled assess-
ment of this question. Suppose cell prolif-
eration rates were assessed | year after entry
into the trial. Then rates in the dietary coun-
seling group could be compared with rates
in the control group. Randomization would

allow us to ascribe a large significant differ-
ence in the mean proliferation rates as an
effect of the dietary modification. If baseline
measurements of cell proliferation rates were
also made, then changes in the cell prolifer-
ation rates over the l-year period could be
compared between the two groups. Exam-
ining changes in rates usually provides
greater statistical power to detect any inter-
vention effect, so the inclusion of baseline
measures would give a more precise com-
parison. The extent of the improvement in-
creases with the strength of the correlation
between bascline and 1-vear rates.

Addressing this question is only indirectly
relevant to the relation of the intermediate
endpoint to the primary endpoint. If we
already knew that a given diet reduced polyp
recurrence and we were then able to show
that the same diet modified cell proliferation
rates, this would point toward a causal rela-
tion between cell proliferation rates and pol-
yp recurrence. However, such knowledge of
the diet-polyp relation is the main topic of
the trial, so the interpretation of any relation
between diet and cell proliferation is depen-
dent on the main result of the trial.

is the intermediate endpoint asscociated
with prognostic or risk factors?

Several factors, assessed at baseline in the
Polyp Prevention Trial, have been estab-
lished to be correlated with polyp recur-
rence. These include number of previous

TABLE 1. Questions that may be posed regarding the intermediate endpoint, cell proliferation, in the Polyp
Prevention Trial, and the measurements, patient groups, and sample sizes required for each question®

Cell
. roliferation ient mple size
Question prr?eaitie% Z?g:p rseaquieed N)
at:
1. Diet — Cell proliferation 1 year All 641
2. Polyp muttiplicity <> Cell proliferation Baseline All 67
3. Cell proliferation — Recurrence 1 year All
or 222
Baseline Control
4. Diet — Cell proliferation — Recurrence 1 year All 2,1401.8
5. Polyp multiplicity «» Cell proliferation — Recurrence Baseline Control 143§

* Based on a one-sided significance test at the 5% level and 90% statistical power.
1 N could be smaller if the baseline intermediate endpoint was also measured.

1 With N == 2,000, power = 88%.

§ Numbers required to show that the intermediate endpoint explains at least one half of the effect.
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polyps and polyp size (20). Finding the cell
proliferation rate to be associated with some
or all of these prognostic factors would add
to the notion that cell proliferation is in-
volved in the process of polyp recurrence.

However, as with the previous question,
the evidence is somewhat indirect. It would
be possible for the cell proliferation rate to
be associated with a prognostic or risk factor
but nevertheless to be unrelated to polyp
recurrence itself.

An important point is that this question
is best posed only in the control group of
patients using 1-year determinations of cell
proliferation rate, or for all patients but us-
ing baseline determinations of the cell pro-
liferation rate. The dietary intervention may
affect the I-year proliferation rate so that
determinations of the rate after the start of
the intervention may not be suitable for
relating to the baseline prognostic factors.

Association between intermediate end-
points and risk factors may also be investi-
gated in observational studies. For both ran-
domized and observational studies, we stress
the use of the word “association,” since we
often have no idea of the chronologic order
of events or the underlying mechanisms that
might be responsible for the relation.

is the intermediate endpoint associated
with the main cutcome?

An important and more direct question
than those above is whether the cell prolif-
eration rate is associated with polyp recur-
rence. Do patients with high proliferation
rates have higher rates of recurrent polyps?
In the Polyp Prevention Trial, this question
may be addressed principally by relating the
cell proliferation rate at 1 year to the devel-
opment of recurrence between years 1 and
4. This analysis can include patients in the
intervention group as well as in the control
group, assuming that dietary intervention
will have caused by | year any change in the
cell proliferation rate that was going to oc-
cur. As a precaution, in estimating the rela-
tion between proliferation rate and recur-
rence, we might control for the allocated
treatoent group (intervention or control).

An alternative analysis using bascline prolif-
cration rates rather than 1-year rates could
be conducted within the control group; how-
ever, analysis using baseline rates within the
intervention group could be invalid if the
intervention affected cell proliferation rates.
In an observational cohort study, base-
line proliferation rates are assessed in rela-
tion to subsequent polyp recurrence (M.
Wargovitch, University of Texas M. D.
Anderson Cancer Center (Houston, Texas),
personal communication, 199]).

Some investigators have advocated relat-
ing the change in the intermediate endpoint
to the main outcome. We have less prefer-
ence for this analysis, unless there is a clear
biologic reason for expecting the main out-
come to be affected more by the change in
intermediate endpoint then by the actual
level of the intermediate endpoint.

Generally, in observational studies, the
timing of the intermediate endpoint assess-
ment is important. When the intermediate
endpoint assessment precedes the main out-
come event (cohort study), the hypothesis
that the intermediate endpoint is a precursor
of the event can clearly be tested. When the
intermediate endpoint assessment is concur-
rent with the event or after the event (case-
control studies), then the possibility of re-
verse causation (i.e., the disease’s affecting
the intermediate endpoint) has 1o be consid-
ered.

Does the intermediate endpoint mediate
the intervention effect?

Should the dietary intervention reduce the
rate of polyp recurrence, it will be of consid-
erable interest to examine whether this effect
can be explained by concomitant changes in
the cell proliferation rate. This question may
be addressed by examining the intervention
effect after adjustment for cell proliferation
rate (3). The intervention effect will tend to
disappear (become zero or be reduced) after
such adjustment, if the cell proliferation rate
does mediate the effect of dictary counseling.

Ability to obtain reliable information
from such an analysis depends on the
strength of the dietary intervention effect.
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Clearly, if there were zero effect on the re-
currence rate, then there could be no me-
diating variable. Likewise, if the effect were
not statistically significant, little extra infor-
mation would be likely to accrue from the
adjusted analysis. The most satisfactory sit-
uation for addressing this question is when
there is a highly significant intervention ef-
fect (4).

The analysis requires 1-year cell prolifer-
ation rates as the intermediate endpoint and
recurrence between 1 and 4 vears as the
main outcome. Baseline rates, since they are
not affected by the dietary intervention,
would not be useful here. .

Does the intermediate endpoint mediate
the prognostic or risk factor effects?

As with the previous question, this can be
addressed by considering prognostic or risk
factor effects adjusted for cell proliferation
rate. Unlike the dietary intervention effect,
one can feel confident that prognostic factor
effects will be found in the Polyp Prevention
Trial, and it is possible that some of these
effects will be highly statistically significant.

It is necessary to restrict analysis to the
control group when addressing this question,
since dietary intervention could affect both
proliferation rates and recurrence rates and
so interfere with the three-way relation be-
tween prognostic factors, cell proliferation,
and polyp recurrence. Either baseline or 1-
year determinations may be used.

SAMPLE SIZE CALCULATIONS

To perform sample size calculations for
each of the five questions considered above,
we need to make certain assumptions re-
garding the distribution of cell proliferation
rates, the sizes of the various effects that we
wish to test, the statistical significance level,
and the statistical power required.

Lipkin et al. (19) published data on the
cell proliferation labeling index of 53 sub-
jects. Nine subjects had adenomatous pol-
yps, and the mean labeling index was 9.5
percent with a standard deviation of 2.7
percent. Other groups studied by these au-
thors had higher standard deviations (low
risk, 4.4 percent; cancer, 5.8 percent), so we

conservatively assume the true standard de-
viation for this group of patients to be equal
to 5.0 percent. Generally, the distributions
of labeling index among populations appear
skewed to the right, so assuming a lognormal
distribution is reasonable. This implies that
the log labeling index is normal. The mean
m and variance v of the log labeling index
may be obtained by solving the simultane-
ous equations (21):

9.5 = exp(m + v/2)
5.0°

with solution »2 = 2.13 and v = 0.2445. The
median labeling index is given by exp{(m) =
exp(2.13) = 8.4 percent.

For the purposes of this paper, we shall
assume that statistical tests are conducted
with a one-sided significance level « of 5
percent and that a power 1 — 8 of 90 percent
is required to detect specified effects. The
corresponding normal deviates are Z, = 1.64
and Z, = 1.28.

I

(exp(v) — 1) exp(Zm + v)

Does the intervention affect the
intermediate endpoint?

Alberts et al. {22) have reported that la-
beling index was reduced by 22 percent after
an 8-week wheat bran diet. The intervention
in the Polyp Prevention Trial is over a pro-
longed period and involves fat reduction as
well as fiber increase. We therefore assume
that the intervention reduces 1-vear labeling
index levels in all subjects by 30 percent,
i.e., to 70 percent of their pre-intervention
mean levels. This would lead to a 1-year
mean labeling index of 6.65 percent (9.5 x
0.7) and standard deviation of 3.5 percent
(5.0 x 0.7), with new solutions for m and v:
m = 1.77 and v = 0.2445. Notice that the
value of v does not change from that above,
but »1 is reduced.

When there are no baseline measurements
of labeling index, the effect of intervention
on labeling index may be tested using a two-
sample 7 test of the 1-year log labeling index
in the control and intervention groups. Re-
quired total sample size N is given by

M2+ Zg)
A}\I == T
(m, — my)*

) (1)
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where v is the common variance of 0.2445
and m, — m, is the difference between the
control and intervention means on the log
scale. Here m; = 2.13 and m, = 1.77. This
formula gives N = 64 (see table 1).

When baseline measurements are avail-
able, one may compare the change in log
labeling index from baseline to | year in the
intervention group to that in the control
group. If there is considerable interperson
variation in the labeling index, then exam-
ining changes rather than absolute levels
may reduce the variance considerably. For
example, if the variance of the change in log
labeling index were reduced to 0.5v, then
the number required would be only one half
that of the A calculated above (see equation
1). Including baseline measurements docs
often lead to increased precision. However,
without information on the variance of
changes in the labeling index, the exact sav-
ings in sample size cannot be reliably pre-
dicted, and then it is best to stay with the
more conservative sample size based on the
test of absolute levels of labeling index.

is the intermediate endpoint associated
with prognostic factors or risk factors?

Several investigators have reported that
patients with multiple polyps have higher
recurrence rates than those with single pol-
yps (20, 23, 24). Let us assume, similarly to
the report of Neugut et al. (20), that 60
percent of patients have single pelyps and
40 percent have multiple polyps. To test
whether baseline labeling index is higher in
the group with multiple polyps, we may
compare the baseline labeling indexes in the
two groups using a two-sample 7 test.

The sample size formula given for ques-
tion | needs to be modified to account for
the fact that the two prognostic groups are
not the same size. Let f'be the proportion in
the single polyp group and let N be the total
sample size required. Then

s oyl
(2 ‘<f+ 1 __)
N= (m, — my)° 2)

Here m; and m> are the mean log labeling
indexes in the single and multiple polyp
groups, respectively, and as in the previous
question, one group has labeling indexes
which are 30 percent lower than those of the
other group. Then m, — m, = 0.36 and v =
0.2445 as above. Application of the formula
ieads to N = 67, a very similar result to that
obtained for question 1 (see table 1).

is the intermediate endpoint associated
with the main outcome?

Since the labeling index is a continuous
variable, the usual statistical method of re-
lating labeling index to the dichotomous
variable polyp recurrence is through the lo-
gistic regression model. Methods of calculat-
ing sample size for logistic regression models
have been developed (25) and could be used
for our problem. However, a simpler ap-
proach is to consider the difference between
the mean log labeling indexes in the patients
with polyp recurrence and those without.
We may then use equation 2 for the sample
size N with f'equal to the fraction of patients
with recurrence, m, and m, equal to the
mean log labeling index among the patients
with and without recurrence, respectively,
and v equal to the variance of the mean log
labeling index within these groups of pa-
tients.

Values of m,, m,, and v must be chosen
to be consistent with the assumptions that
the recurrence rates in the control and inter-
vention groups are 27 and 21 percent, re-
spectively, and that the intervention reduces
the labeling index by 30 percent. The
method of finding these values of m,, mn,
and v is described in the first part of the
Appendix.

Within the control group, the method de-
scribed in the Appendix leads to w1, = 2.29,
my = 2.07, and v = 0.24, with /' = 0.27.
Within the intervention group, the method
determines that m1; = 1.95, m, = 1.72, and
v = 0.24, with f'= 0.21. Normally, for an
analysis stratificd by treatment group, we
could not use equation 2 directly to calculate
sample size. However, since m, — m, (0.22
and 0.23) and /(0.21 and 0.27) are so similar




1184 Freedman and Schatzkin

for each group and since v is the same, we
may use equation 2 with m, — my = 0.225
(the average over the two groups), v = 0.24,
and /' = 0.24 (the average over the two
groups) with very little loss of accuracy. This
formula yields a sample size estimate of
N = 222 (see table 1).

Is the intervention effect mediated by the
intermediate endpoint?

Freedman et al. (4) discuss a statistical
criterion proposed by Prentice (2) for the
validation of intermediate endpoints. Sup-
pose there is some intervention that affects
an event such as (occurrence or) recurrence
of disease. In a statistical analysis relating
mtervention to recurrence of disease, one
would see a significant intervention effect,
assuming sufficient numbers of patients
were studied. If the intermediate endpoint
were to mediate the effect of the interven-
tion, then the intervention effect should dis-
appear when adjusted for the intermediate
endpoint. Hence, the statistical validation
procedure involves investigation of the in-
termediate endpoint-adjusted intervention
effect. In reality, because of interpatient var-
iation, one cannot usually establish that the
intermediate endpoint mediates totally the
intervention effect. Freedman et al. (4) pro-
pose a quantified measure of how much of
the intervention effect is mediated by the
intermediate endpoint, given by

M= 1= (F/7)

where 7, is the unadjusted estimate of the
intervention effect and 7, is the estimate of
the intervention effect adjusted for the inter-
mediate endpoint. The lower confidence
limit M, of M places a plausible lower bound
on how much of the intervention effect is
predicted by the intermediate endpoint, and
one may wish to show that 3/, is greater
than, say, 0.5 or 0.75. By calculating the
probability that A7 is greater than some
chosen fraction /1, Frcedman et al. (4) lay
the basts for sample-size calculations for this
analysis. In fact, it may be shown that if M,
is the lower 100(1 — 2a) percent confidence
limit, / is the quantity that we require My

to exceed (/1 = Y2 or ¥, usually), and 1 ~ 3
is the required power for rejecting the hy-
pothesis M = /4, then

Zo+ Zs = (1 — h)(7\/SE(7)))/
21 = p)( = h) + h3”,

where p is the correlation between 7y,
and 7,. Since SE(7)) depends on sample
size N, we may use the above relation to
calculate N. The value of p may be estimated
using a method given in the second part of
the Appendix. Typically, p will be positive
and large.

Assume as we did in planning the trial
that the recurrence proportion among con-
trol patients is 27 percent and that the pro-
portion among intervention patients is 21
percent. There are equal numbers of patients
in each group. Then the expected value of
7, =0.27-0.21 =0.06 and

SE(7,) = ((0.27)(0.73)/0.5N
+ (0.21)%0.79)/0.5N)" = 0.85/vN.

In addition, p is estimated to be 0.94 (see
part 2 of the Appendix).
Hence, using the above equation,

N= <0'85> Lot 28l 01201 = by + 1)

0.06/ (1 —h)y

with Z, = 1.64 and Z; = 1.28.

For h = Y5, N = 2,140 patients are re-
quired, slightly above the planned sample
size (table 1). We may ask with what statis-
tical power can the guestion (with s = ')
be addressed when N = 2,000, the planned
sample size. To answer this, we substitute
N = 2,000 in the above equation and solve
for Z;. This results in the solution Z,; = 1.18,
and the statistical power is 88 percent.
Hence, there is good power to show that cell
proliferation rates explain at least one half
of the intervention effect, in the event that
the intervention effect is the size anticipated
and the effect is cntirely mediated by cell
proliferation. However, similar calculations
show that the power to show that cell prolif-
eration rates explain at least three fourths of
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the intervention effect (4 = 0.75) is only
0.27.

Is the prognostic or risk factor mediated
by the intermediate endpoint?

The same analysis as that applied above
may be used to determine whether the effect
of a prognostic factor or risk factor is me-
diated by the cell proliferation rate. In this
case, the intervention and control groups are
replaced in the analysis by two prognostic
factor groups.

Suppose our prognostic factor, as before,
is the dichotomous variable representing sin-
gle or multiple polyps and that 60 percent
of patients present with single polyps. We
assume a relative risk for recurrence of 2.5
for patients with multiple polyps versus sin-
gle polyps. This determines that the recur-
rence proportion is 17 percent for single
polyp patients but 42 percent for multiple
polyp patients. Thus, the expected value of
71 =042 —0.17 = 0.25, and

SE(7;) = ((0.17)0.83)/0.6N
+ (0.42)(0.58)/0.4N)"
= 0.92/VN.
The estimated value of p is 0.94 (sce part 2
of the Appendix).

Hence, using the above equation, we ob-
tain

2\? e
N= <0'9“> (Lot Zs) 12(1 = b)Y+ A2,

0.25) (1 —hP "

For i = Y2, N = 143 patients, all of whom
must be in the control group (table 1). For
h = %, N = 1,095 control patients, slightly
greater than the number planned for the
trial. Hence, including all of the control
subjects in the intermediate endpoint study
would achieve just under 90 percent power
for i = %.

DISCUSSION

Mecasurement of intermediate endpoints
within the framework of a randomized trial
or observational study can yield valuable

additional information regarding the disease
process and the mechanism of action of the
intervention. Such mecasurements can also
be uncomfortable to the participants and
expensive and may increase the organi-
zational complexity of the trial. Therefore,
they are not to be undertaken lightly. When
such measurements are possibie, it may be
feasible to make them only on a subset of
patients, and the number of determinations
per patient may alsc be limited to one or
two. However, with a smaller number of
patients and fewer occasions on which inter-
mediate endpoint measurements are made,
we have less power with which to answer the
questions of interest. it is therefore impor-
tant to set out different questions related to
intermediate cndpoint measurements at the
design stage and to consider the sample sizes
and the number of assessments which may
be required to answer them. Table 1 sum-
marizes the questions, measurements, and
sample sizes nceded for studying cell prokif-
eration rates within the Polyp Prevention
Trial, as described in this paper.

Measuring the cell proliferation rate re-
quires taking biopsies of normal rectal mu-
cosa at an examination in addition to the
regular colonoscopy. The preparation of the
biopsy tissue for the assay requires specially
trained personnel. These practical consider-
ations may make it difficult to include more
than 50 percent of the trial parients in the
intermediate endpoint study, i.e., more than
1,000 patients.

From table 1, we see that questions 1-3
and 5 may be reliably addressed with less
than 300 patients. Thus, we should be able
to discover the effect of diet on cell prolif-
eration rates. the relation between cell pro-
liferation and established prognostic factors,
and the reiation between cell proliferation
and subseqguent recurrence. In addition, for
strongly prognostic factors, we may be able
to assess whether cell proliferation mediates
their effect. However, the question of
whether cell proliferation mediates the effect
of diet requires larger numbers of patients.

Generally, in an intervention trial, the
questions regarding mediation of prognostic
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factor effects will be more readily addressed
than the question of mediation of the inter-
vention effect. This is because, in most dis-
ease settings, established prognostic factors
or risk factors have a greater influence on
outcome than does intervention. In the Pol-
yp Prevention Trial, the questions regarding
mediation of prognostic factor effects could
be addressed quite reliably (90 percent
power for 4 = ') by including approxi-
mately 14 percent of the trial’s control pa-
tients in the intermediate endpoint study
(i.e.. 140 patients). Note that doing so would
not provide any information on the effect of
diet on celi proliferation, so a further group
of patients in the intervention group would
be required to study question |. However,
study of the same control patients would
answer question 2 as well as question 3, and
using a further 80 control patients would
also enable one to address question 3.

Table | indicates that all of the patients
included in the trial would need to be stud-
ied to attain reliability in answering whether
cell proliferation mediates the intervention
effect (question 4). Were all 2,000 trial pa-
tients included in the intermediate endpoint
study, then the estimated power to detect
such mediation is 88 percent; by “detecting
such mediation,” we mean showing that the
intermediate endpoint explains at least half
of the intervention effect (4 = '»). This
power of 88 percent is calculated assuming
that the diet reduces the polyp recurrence
proportion from 27 percent to 21 percent. If
the effect were larger, then the power to
detect mediation by the cell proliferation
rate would also be greater. Whether or not
it is worthwhile including all trial patients in
the intermediate endpoint study will depend
ultimately upon the level of discomfort, ex-
pense, and inconvenience caused by the in-
termediate endpoint measurement.

Our analysis for checking whether the in-
tervention effect is mediated by the inter-
mediate endpoint relies on a comparison of
the adjusted estimate of the intervention
effect with the unadjusted estimate. If me-
diation of the intervention effect by the in-
termediate endpoint occurs, then the ad-
Jjusted estimate has the expected value of

zero. Thus, mediation implies that the ex-
pected value of A is 1. Finding that M is
cqual to 1, with a narrow confidence inter-
val, would strongly support the concept of
mediation, but such a demonstration cannot
be regarded as proof that the intermediate
endpoint indeed lies on a causal pathway
between the intervention and the disease
event. Evidence of this type must be inter-
preted alongside the results of other epide-
miologic and laboratory studies in deciding
whether such a causal pathway does operate.
However, we believe that in circumstances
where the weight of evidence extraneous to
the trial already indicated the existence of
such a causal pathway, a clear positive result
from such a mediation analysis would be
very convinging.

The example we have chosen to present
in this paper is that of a randomized inter-
vention trial. However, many of the same
considerations apply to examining interme-
diate endpoints within an observational
study, and questions 2, 3, and 5 are all
relevant. There are also some differences
between our Polyp Prevention Trial exam-
ple and the examination of intermediate
endpoints in a typical observational study.
Firstly, if the study is a prospective follow-
up of a cohort and the disease is rare, then
the numbers of subjects required for all but
question 1 or 2 will be much larger than for
the Polyp Prevention Trial. This would also
be true for an intervention trial with a rare
event, such as disease mncidence, for the
main outcome. Secondly, observed media-
tion by an intermediate endpoint of an in-
tervention effect is somewhat easier to inter-
pret than observed mediation of a risk factor
effect, since, in a randomized study, it is
known that the observed intervention effect
is not a result of confounding, whereas in an
observational study, the possibility of con-
founding must always be borne in mind.
Thirdly, if the observational study has a case-
control design, reverse causation is often a
real possibility that needs to be excluded to
infer true mediation of a risk factor effect.

Investigating intermediate endpoints in
subsets of patients participating in random-
ized trials or observational studies can an-
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swer many questions of interest. Investiga-
tors should be aware of the potential of
nesting an intermediate endpoint study
within such investigations.
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APPENDIX

Calculating the Distribution of Labeling Index among
Patienis with Recurrence and Patients without Becurrence

Let X denote the log labeling index of a patient. We assume, as in the main text, that for

patients in the control group, X ~ N(2.13, 0.2445), and for patients in the intervention
group, X ~ N(1.77, 0.2445).

We assume that

Let ¥ denote the absence (Y = 0) or presence (Y = 1) of polyp recurrence in a patient.

P(Y = 11X = x) = expla + bx)/(1 + expla + bx)),

i.e., that the probability of recurrence is linked to the log labeling index by a linear logistic
model.
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Our first task is to find the values of @ and b that will correspond to an overall probability
of recurrence equal to 0.27 in the control group and equal to 0.21 in the intervention group.
Let fo(x) denote the normal probability density function of X in the control group, and fi{x)
the same in the intervention group. Then we may write the equations:

yr “ expla + bx) .
0.27 ‘J:oc 1 + exp(a + bx) X fefx)dx

and

_ *  expla + bx)
0.21 = J;o 1 + exp(a + bx) X filx)dx. '

There are two unknown quantities, @ and b, in these equations. The integrals may be
evaluated for known values of ¢ and b by numerical methods. We used a grid scarch
procedure to find the values of @ and b that simultaneously satisfy the equations, leading to
the solution g = —~3.07 and b = 0.951.

Having determined the values of ¢ and b, we may now calculate the mean and variance
of X (i.e., log labeling index) for those patients with recurrence (¥ = 1) and for those patients ,
without recurrence (Y = 0). We do this separately for patients in the control group and |
patients in the intervention group.

The probability density function of X conditional on Y = 1 for control patients (gic{x)) is
given by

o Jelx) exp(a + bx) 1
gic{x) = L+ expla + bx) X 537

Similarly, conditional on ¥ = 0, the probability density function of X( Zoc{X)) 1s

N /26 L
oclX) = T ) 073

For the intervention group, we may write analogously i

_ J{x) exp(a + bx) 1 :
&ulx) = 1 + exp(a + bx) X 0.21 :

and

i Jix) % 1
1 + expla + bx) = 0.79°

Having obtained the probability distributions, we can now calculate the means and
variances of the distributions using numerical methods. For example, for control patients
with recurrence,

gor{x) =

oo

m; = mean log labeling index = f x X g x)ydx = 2.29

for the values of ¢ and b given above;
v, = variance log labeling index = f (x — my)Ygi{x)dx = 0.2373.

Similarly, for control patients without recurrence, /7, = mean log labeling index = 2.07 and
v, = var(log labeling index) = 0.2340. Hence, for control patients, m, — m; = 0.22 and v
is approximated by (v, + v»)/2 = 0.2357. Similar calculations for intervention patients give
my — m, = 0.23 and v = 0.2358.
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Caiculating the Correlation between Adjusted and Unadjusted
Intervention or Prognostic Factor Effects

In a linear model relating independent vanable » to two explanatory variables x and z, it
can be shown that the correlation p between the estimate of the regression coefficient for x
unadjusted for z, and the estimate of the coefficient for x adjusted for z, is v1 — r?, where r
is the correlation coefficient between x and z. We apply this result to our sample size
calculations, recognizing that it is only an approximation for our case, where y is an indicator
variable of polyp recurrence and is not continous. In our problem, x (0 or 1) is the group
indicator (for intervention or prognostic factor groups) and z is log labeling index.

The correlation r is given by

covix, z)

If p is the proportion in the group with x = 1 and z,, z, are the mean values of the log
labeling index in the two groups, then
cov(x, z) = p(I - p)(zi = zo)

var x = p(I — p)

var z = v + p(l — pX{z1 — 20),
where v is the variance of log labeling index within each group.

For the question regarding mediation of the intervention (question 5), p = 0.5, z; — zy =

0.36 and v = 0.2445, leading to » = 0.3421 and p = 0.9397. For the question regarding

mediation of the prognostic factor, number of polyps (question 4), p = 0.4, z; — z, = 0.36,
and v = 0.2445, leading to r = 0.3339 and p = 0.9419.




