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Abstract

Although screening mammography has been demonstrated to contribute to reducing mortality due to breast cancer, some
have suggested that reduced all-cause mortality should constitute the burden of proof for effectiveness. Using a microsimula-
tion model of the development, detection, and treatment of breast cancer, it is straightforward to demonstrate that this is an
unrealistic expectation for trials of practical size and period of observation, even where the reduction of breast cancer mortal-
ity is substantial. Estimates of all-cause mortality will depend not only on the efficacy of the screening intervention but also
on the alignment between the age distribution of the effect of screening on reduction of deaths and that of the other major
causes of death. The size of a randomized trial required to demonstrate a reduction in all-cause mortality will, therefore, de-
pend on the length and timing of the observation period and will typically be at least 10 times larger than the size of a trial
powered to test for a reduction in deaths due to breast cancer. For breast cancer, which represents a small fraction of overall
deaths, all-cause mortality is neither a practical nor informative metric for assessing the effectiveness of screening.

In assessing the effectiveness of breast cancer screening, some
have looked for an effect on all-cause mortality (ACM), that is,
death from any cause over a specific time period (1–6). The ra-
tionale for this expectation is that if the screening intervention
is responsible for a reduction in breast cancer mortality, overall
mortality should also be seen to drop, and unless this occurs it
implies that the intervention results in an increase in deaths
from other causes, for example, cardiotoxicity due to chemo-
therapy or radiation-induced cancer.

Overall reduction in ACM has not been observed in the ran-
domized trials studying the efficacy of breast cancer screening,
and some have interpreted this as an indicator that breast can-
cer screening is not effective (6–8). We contend that unless a
trial is specifically powered to test changes in ACM, it is quite
probable that a reduction in ACM will not be observed even
though a substantial reduction in deaths due to breast cancer is
measured. Furthermore, this is a result of statistical uncertainty
or timing of the observation period rather than an increase in
other-cause mortality (OCM) caused by the screening interven-
tion. Here, we demonstrate this using estimates from a microsi-
mulation model of breast cancer growth, detection, and
treatment.

For this purpose, we employed the OncoSim-Breast model
recently developed by Statistics Canada (9). OncoSim borrows

concepts from the Wisconsin CISNET Breast Cancer Model
(10,11) and considers the effects of different cancer subtypes,
and population immigration and emigration. OncoSim “follows”
each woman in a large cohort through life, and each year calcu-
lates—by “pulling” a random number for each process—the
probability of development of breast cancer, detection, and sur-
vival after treatment, updating the tally of women who are alive
or die from breast cancer or other causes. Competing risks of
death are built into these probability calculations.

The estimated reduction of both breast cancer mortality and
ACM (the effect sizes) in a randomized controlled trial (RCT) will
depend on the intrinsic efficacy of the intervention and compli-
ance with the trial protocol and the randomization assignment.
Importantly, it will also be influenced by the period of observa-
tion and how it aligns with the period of the screening
intervention.

To illustrate the importance of trial size and choice of obser-
vation period, let us consider four scenarios applied to the fol-
lowing cohorts of women: those who received no breast cancer
screening (the reference cohort), an idealized extreme where
breast cancer deaths were completely eliminated, women who
were screened annually between ages 40 and 74 years, and
women who received annual screening but only between ages
40 and 49 years. For the screened scenarios, let us assume that
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modern mammography was used and that women complied
perfectly with the annual screening interval.

For each woman in a cohort, the model predicts whether she
developed breast cancer at some point or not, the age at death,
and whether death was attributable to breast cancer or some
other cause. Results from OncoSim-Breast model runs are pro-
vided in Supplementary Table 1 (available online).

For the extreme example of comparing an unscreened popu-
lation with one (also unscreened), in which all breast cancer
deaths had hypothetically been eliminated (Cohort 2 vs Cohort
1), the model estimates of deaths at each age from all causes for
these scenarios are shown in Figure 1 for 2.1 million women in
each cohort.

Although breast cancer is the second highest cause of cancer
death in North American women, over a lifetime, it is responsi-
ble for only about 2.6% of total deaths (12). For this reason, the
curves for the two scenarios are almost indistinguishable, but a
close look at results from these very large cohorts reveals that
ACM is slightly lower in the cohort without breast cancer deaths
for younger women, with the situation reversing after age 82
years. For better visibility, the difference is shown against the
right-hand axis. This curve is positive, indicating a reduction in
ACM, from around age 30 years when breast cancer deaths be-
gin to occur. The deaths due to breast cancer in the reference
cohort are also plotted, and it is seen that up to about age 60
years the reduction of ACM is well explained by the absence of
breast cancer deaths in Cohort 2. But although the number of
breast cancer deaths continues to increase until about age 75
years, the reduction in ACM, although still positive, begins to
decline until age 82 years, after which ACM begins to increase.
The increase continues beyond age 99 years, where the model
calculation ends. It reflects an increase in OCM that gradually
offsets and then overwhelms the effect of the absence of breast
cancer deaths. This is an inevitable result of the fact that, in the
absence of breast cancer deaths, there will be more women
alive to succumb to other causes of death. We all die of

something, usually before age 100 years. The application in the
model of standard life tables (from which breast cancer deaths
have in this case been removed), not the sequalae of treatment
for breast cancer, drives this increase in OCM.

This example illustrates that even with the complete elimi-
nation of breast cancer deaths, because these mortality curves
cross, the ability to observe a reduction in ACM will depend on
the timing of the observation period over which deaths are
counted. The effect size depends on the relationship between
the age-dependent probabilities of the aversion of breast cancer
deaths and the occurrence of the other major causes of death.
Figure 1 clearly illustrates the large difference in the shape of
these distributions, the peak for ACM occurring 15 years after
that for deaths due to breast cancer.

The model can be used to emulate an RCT comparing cumu-
lative ACM and breast cancer mortality between two cohorts of
equal size for a specified observation period. The effect size for
both breast cancer and all-cause deaths can be quantified as the
differences between each scenario and the reference in the pro-
portion of deaths that occurred during the observation period.
The statistical significance of the effect is characterized by the P

value for a difference of proportions test (13), with cohort size
adjusted until P becomes just less than .05. In Table 1, for the
comparison of the scenarios, the required sizes (total of both
arms) of randomized trials to compare the effects of the three
interventions against the unscreened reference group are
shown for various observation periods, which here were chosen
to begin at age 40 or 50 years with durations between 10 and
60 years.

Table 1 shows that the effect size for ACM depends heavily
on duration and situation of the observation period. For an ob-
servation period of 20 years (ages 40–59 years), the predicted
(relative) reduction in ACM in the extreme example of eliminat-
ing all breast cancer deaths would be 13.2%, and this would re-
quire an RCT with 10 400 participants (5200 women in each
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Figure 1. All-cause deaths and breast cancer deaths vs age. Left axis: Annual deaths at each age from all causes for a cohort of 2.1 million women who (solid gray line)

did not receive breast cancer screening (reference cohort) and (dashed gray line) one for which there are no deaths due to breast cancer. The curves appear to be nearly

superimposed. Right axis, solid black line: The difference between the numbers of deaths in these cohorts, expanded for visibility. Positive values indicate fewer all-

cause deaths in the cohort without breast cancer deaths. Also plotted (dashed black line) are the annual number of deaths from breast cancer in the reference cohort.
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arm). Note that effect on ACM in this example is a reduction
from 5.3% to 4.6%, in absolute terms a reduction of 0.7%.

The effect of observation times is interesting in that it involves
a tradeoff between the difference in the proportion of deaths and
the actual number of deaths in the scenarios being compared.
With increased observation time, there will be more deaths, re-
ducing the statistical uncertainty (lower P value) in comparing the
proportion of deaths. However, the increasing OCM with age
reduces the relative difference in proportion of deaths between
the two cohorts. As shown in the upper right of the table, trials
with less than 20 years of observation would have to be larger to
achieve statistical significance, as would a trial with 60 years of
observation; in the former case because there would be an insuffi-
cient number of deaths counted and in the latter because increas-
ing OCM would reduce the effect size. In this example, the “sweet
spot” in the tradeoff occurs at a lengthy 40 years of observation
(ages 40–79 years), where a trial with a total of only 5600 patients
would be powered to detect the 7.2% decrease in ACM.

Most reports of RCTs are limited in observation time, at least
at their first publication. To achieve statistical significance for a
shorter observation period of 10 years, a trial would require
many more patients, almost 40 000, to observe the 12% reduc-
tion in ACM if it began at age 40 years. But if observation began
at age 50 years, a total of 13 750 patients would be adequate to
detect the only slightly larger reduction of 14%. Recall that this
is for the complete elimination of breast cancer deaths.

Now a more realistic example—the comparison of the
unscreened cohort with one that receives annual mammogra-
phy between ages 40 and 74 years. Results from OncoSim-

Breast are shown in Figure 2, again for cohorts of 2.1 million
women. Here, the annual difference in ACM, that is, lives saved,
as well as the annual breast cancer deaths averted as a result of
screening are plotted on the left-hand axis and the cumulative
reductions in ACM and breast cancer deaths are shown at the
right. Again, the reduction in ACM in midlife is almost
completely explained by the reduction in breast cancer deaths.
The predicted reduction in breast cancer mortality has a broad
age distribution, beginning shortly after age 40 years when
screening begins, centered at age 73 years just before screening
ends, and continuing beyond age 90 years. On the other hand,
the increase in OCM with age gradually diminishes the reduction
in ACM. Although this results in an increase in annual ACM after
age 82 years, the cumulative reduction persists past age 99 years.

Figure 2 illustrates again the importance of the observation
period on the assessment of effects on ACM. Both the time at
which observation starts and the duration of the observation
period will strongly influence the estimate of the effect on ACM,
but here the timing of the screening intervention is also a major
factor. The observed effect will be greatest when the window of
observation is aligned with the period during which the effect
on reduction of breast cancer deaths is greatest, but also before
mortality unrelated to breast cancer begins to rise sharply and
become dominant.

From the right-hand columns of Table 1, it is seen that the
minimum required trial size of 24 000 occurs at 40 years of ob-
servation (ages 40–79 years), where a 3.5% drop in ACM is pre-
dicted. Here, the value of ACM falls from 26.9% to 25.9%, only 1%
in absolute terms. This is logical because it allows much of the

Table 1. Estimates from OncoSim-Breast model of the relative reductions in deaths due to breast cancer and from all causes and the total num-
ber of participants required in a randomized trial to observe these effects. Reference cohort consists of women who receive no screening
intervention

Scenario
Duration of observation period

(beginning age 40 y), y*
Predicted reduction in

breast cancer deaths, %

Required breast cancer
death trial size

(both arms)
Predicted

reduction in ACM, %

Required ACM
trial size

(both arms)

No breast cancer deaths 10 100 2580 12.1 39 800
15 100 1250 13.4 17 050
20 100 750 13.2 10 400
30 100 380 10.7 6450
40 100 234 7.2 5600
50 100 178 2.8 10 050
60 100 168 1.1 23 800

10* 100 1050 13.9 13 750
Annual screening 40–74 y 10 18.2 141 700 2.2 1 254 000

15 27.8 27 560 3.7 230 000
20 33.7 10 950 4.4 95 050
30 42.7 3270 4.6 35 600
40 48.0 1530 3.5 24 000
50 46.5 1260 1.3 47 200
60 45.5 1250 0.5 122 100

10* 40.1 10 340 5.6 89 450
Annual screening 40–49 y 10 18.2 141 700 2.2 1 254 000

15 25.9 32 300 3.5 268 000
20 25.5 20 100 3.3 170 000
30 21.8 14 200 2.3 140 800
40 17.9 13 050 1.3 186 000
50 15.9 12 750 0.4 450 000
60 15.6 12 600 0.2 1 180 000

10* 28.5 21 950 3.9 180 250

*For the final entry in each section, observation begins at age 50. ACM ¼ all-cause mortality.
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benefit from all 35 annual screens to be captured while not
overly emphasizing the OCM, which peaks around age 90 years.
Although an observation period of 15 years provides a similar
relative reduction in ACM, to accrue sufficient deaths for statis-
tical significance an RCT that is almost 10 times larger would be
required, in part because the benefit of only 15 of the 35 screens
would be measured.

For the 10-year screening period of 40–49 years, much larger
trials are required because the probabilities of death due to
breast cancer or OCM are low. However, breast cancer is the
dominant cause of death in this age group. Because the time pe-
riod between diagnosis and death can be several years, it is ac-
tually considerably more efficient to follow the women
screened in their 40s from age 50 to 59 years to observe the 3.9%
reduction in ACM with an RCT of 180 000 women.

How does the size of RCTs required to detect the reduction
in breast cancer deaths compare with the size needed when
reduction of ACM is the endpoint? These data are given in the
left-hand columns of Table 1. It is interesting that even for the
complete elimination of breast cancer deaths, with 20 years of
observation a trial of 750 women would be needed to detect that
100% reduction (Table 1), because fewer than three breast cancer
deaths would have occurred in the reference arm. To detect reduc-
tion of ACM in the three comparisons illustrated, Table 1 shows
that trials must be larger by factors of between 8 and 142 than the
size required to observe reduction in breast cancer-specific mortal-
ity. Therefore, if a trial is not initially powered to detect a change
in ACM, it is highly unlikely that such a change will be seen.

The observation period that allows the smallest trial to de-
tect a change in ACM as the outcome is often different from
that for breast cancer-specific mortality. This occurs because
the optimal observation period for the former type of trial
depends on the alignment of the temporal distributions of both
the aversion of breast cancer deaths and that of other-cause
deaths, whereas that for the latter depends only on the

distribution for aversion of breast cancer deaths. Too short an
observation period may miss part of the effect of the interven-
tion, whereas an excessively long period may dilute its effect
due to the influence of OCM.

Although breast cancer is the second largest cancer killer of
women, over 97% of women die from other causes. Several
authors responding to Black et al. (1) have suggested that this
limits the value of ACM as a metric for assessing the effect of
breast cancer screening by necessitating RCTs that would be im-
practically large to conduct (14–21). Even with the extreme situ-
ation of comparing an unscreened cohort of women with one in
which there has been a complete eradication of deaths due to
breast cancer and the idealized elimination of fluctuations due
to population migration and other factors, the effect on ACM is
difficult to observe. Given the high cost of RCTs and the desire
to obtain results within reasonably short observation times, it is
unlikely that a trial on breast cancer screening will ever be pow-
ered to detect reduction of ACM.

Conclusion

ACM is neither a sensitive nor a particularly informative mea-
sure for assessing the effect of an intervention for a disease that
is responsible for a small proportion of total deaths. Much larger
trials are required to test for reductions in ACM than for reduc-
tions in breast cancer deaths, and the optimal durations and
starting ages for observation may differ. The required trial size
for ACM becomes even larger if potentially confounding factors
such as crossover, variability in socioeconomic or lifestyle fac-
tors, or the type, quality, accessibility, or compliance with the
intervention are in place.

When the cohort of interest consists only of those who have
been diagnosed with breast cancer, 20–30% of whom eventually
die of their disease, ACM becomes a more logical metric as
much smaller cohorts are required. In a Swedish study with
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120 000 women randomly assigned and an average of 11.6 years
of observation, Tabar et al. observed a 13% reduction in ACM in
women who participated in mammography screening and were
diagnosed with breast cancer, for whom breast cancer mortality
was reduced by 31% (20).

Most interventions are designed to reduce mortality or mor-
bidity from a specific cause. Demonstration of reduction of ACM
is not a reasonable expectation. If an intervention is successful
in reducing cause-specific mortality, the only additional crite-
rion to apply is that it should not be responsible for appreciably
increasing morbidity or mortality from another cause.
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