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Background: The degree of confidence one should place on non-randomised observational
trials studies which estimate the benefit of screening depends on the validity of the analytic
method employed. As is the case for all observational trials, screening evaluation studies are
subject to bias. The objective of this study was to create a simulated data set and to compare
four analytic methods in order to identify the method which was the least biased in terms of
estimating the underlying hazard ratio.

Methods: We simulated a cohort of 100,000 women who were accorded US national rates
of breast cancer incidence and breast cancer mortality over their lifetime. We assigned at
random one-half of them to initiate mammography screening between ages 50 and 60. We
used four different analytic approaches to estimate the hazard ratio under a null model (true
HR = 1.0) and under a protective model (true HR = 0.80). Two models used the entire data
set (with and without including mammography as a time-dependent covariate) and two
models invoked matching of screened women with unscreened women (with and without
excluding of women who had a mammogram after study initiation). For each of the four
analytic methods, we compared the observed hazard ratio with the true hazard ratio. We
considered an analytic method to be valid if the observed hazard ratio was close to the true
hazard ratio.

Results: Two simple analytic methods generated biased results that led to spurious protec-
tive effects observed when none was there. The least biased method was based on matching
screened and unscreened women and which emulated a randomized trial design, wherein the
unexposed control had no mammogram prior to study entry, but she was not excluded or
censored if she had a mammogram after the index date.

Conclusion: There is no single ideal method to analyze observational data to evaluate the
effectiveness of screening mammography (ie, which generates an unbiased estimates of the
underlying hazard ratio) but designs which emulate randomised trials should be promoted.
Keywords: observational studies, bias, mammography

Introduction

The goal of screening mammography is to reduce the risk of dying of breast cancer
among women who attend a screening clinic. The benefit of screening can be
expressed in terms of the underlying hazard ratio for deaths from breast cancer
associated with attending screening over a specified follow-up period (eg, twenty
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years) or until a given age (eg, age 80). Screening effec-
tiveness has been evaluated by randomised trials," but the
results of these have been conflicting. In the Swedish two-
county randomised trial, invitation to screening was asso-
ciated with a prolonged reduction of 30% in breast cancer
mortality, compared to those who were not invited (hazard
ratio = 0.69)." The Canadian National Breast Cancer
Screening Study showed no difference in breast cancer
mortality at 30 years among women who were screened
(up to five times) and those who were not screened by
mammography (HR = 1.05). In the recent UK Age trial®
screening women aged 40 to 48 was associated with
a hazard ratio of 0.88 in the 24-year follow-up period
(95% CI 0.74 to 1.03).

Authors have suggested that the data from the rando-
mised trials are outdated and that we should also consider
findings from non-randomised observational studies.*’
These studies compare mortality rates in screened versus
unscreened women or in women invited to screening or
not invited.® !> The approach is appealing, but the reports
of these studies may be difficult to follow, and key meth-
odologic details and results may be missing. Further, non-
randomised studies may be influenced by lead-time bias,
length time bias and selection biases; some of these may
be difficult to detect but may have a profound impact on
the results.'” It is important to ensure that women with
prior breast cancer are excluded from both the screened
group and the unscreened comparison at the beginning of
the follow-up period. It is also important to ensure that the
probability of being screened is not correlated with survi-
val without breast cancer (duration of follow-up). That is
a woman who has her first mammogram ten years after the
study starts is a priori a ten-year survivor. The different
types of observational studies of screening and the various
sources of bias have been reviewed by Broeders et al.®

We have taken a novel approach to evaluate potential
sources of bias in observational studies which involves
simulating a cohort of women at risk for breast cancer
and randomly assigning them to mammography or not.
Our goal was to quantify the potential magnitude of selec-
tion biases on the true hazard ratio associated with screen-
ing under various methods. We simulated a cohort of
women at risk for breast cancer from birth to age 80.
Some were screened, and some were not screened. We
simulated breast cancer-specific mortality rates among
women with a breast incident cancer event. We assumed
either no beneficial effect (the null model HR = 1.0) or
a modest beneficial effect (the preventive model, HR =

0.80). We then estimated the hazard ratios using four
analytic approaches. Under the null model, any observed
‘protective’ effect would be due to bias in the study
design. Under the preventive model, bias would result in
an estimated hazard ratio that deviated from 0.80. We
estimated the hazard ratio for both models using four
different analytic methods. Our goal was to find an analy-
tic method that was able to identify the true (unbiased)
hazard ratio under both the null model and the preventive
model.

Methods

Our goal was to identify a study design that results in an
unbiased hazard ratio by creating a simulated dataset that
mimics real-world screening programs. A cohort was first
simulated using age-specific incidence and mortality rates
from the general population of the USA. The cohort was
constructed applying published rates of breast cancer inci-
dence and of cancer survival (case-fatality) using SEER
incidence and mortality data.'” The data were based on
invasive cancer only (not DCIS). We then simulated
a screening program whereby one half of the women in
the cohort were offered screening and one-half were not.
Simulated datasets were created under a null model (HR
=1.0) and a protective model (HR = 0.80) and analyzed
under multiple study designs and hazard ratios were esti-
mated. The extent of selection bias for each study design
can be quantified as the difference between the observed
hazard ratio and the underlying (simulated) hazard ratio.
The approach is presented in detail below.

Construction of the Cohort

We considered a theoretical cohort of 100,000 women
age 25 followed until age 80 for death from breast
cancer. We applied age-specific annual breast cancer
incidence rates to the members of the cohort from age
25 to age 80. The age-specific annual breast cancer rate
was applied to the cancer-free women for each day of
simulated follow-up, according to her age. For women
who developed an incident breast cancer, we then
applied annual cancer mortality rates for each day of
simulated follow-up from the date of diagnosis until 20
years post-diagnosis or age 80, whichever occurred first.
The mortality rate was both age- and time-specific (ie,
varied according to age at diagnosis and the time passed
since diagnosis). We also applied the mortality rates for
American women between ages 25 and 80 for causes of
death other than breast cancer.'® These rates were
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applied to women with and without breast cancer. For
the sub-cohort of women with breast cancer, we recorded
the date of diagnosis, date of death and cause of death.
We follow the cohort from age 25 until age 80 for death
from breast cancer or death from any cause.

Simulating Mammography: The Null Model

We wished to emulate the situation where screening had no
effect on mortality (the null model). We assumed that 50%
of the women would receive one or more screening mam-
mograms. We selected at random 50% of the 100,000
women to create the mammogram exposed sub-cohort.
Each of these women had a first mammogram assigned at
random between age 50 and age 60, and a subsequent mam-
mogram every two years until their seventieth birthday. No
mammogram was done prior to age 50 or after age 70.

To emulate the actual screening situation, we excluded any
screening mammograms that occur after a breast cancer diag-
nosis; that is, if the woman had been diagnosed with breast
cancer (step 1 above) and was assigned to mammogram group
(step 2) and if one or more screening mammograms were done
after the date of diagnosis of breast cancer, then the mammo-
grams were removed (ie, once diagnosed with breast cancer
a woman was no longer eligible for screening). If the date of
diagnosis preceded the first screening mammogram, the
woman was transferred to the no mammogram group. Next,
we extended the screening paradigm by assuming a lead time
of 18 months. That is, any cancer diagnosed in the cohort
within the 18-month period following a mammogram was
considered to be mammogram-detected and the date of diag-
nosis was back-dated to the date of the most recent mammo-
gram. The date of death for that woman was not altered.

Simulating Mammography: The Preventive Model

We wanted to model the preventive effect of having
a mammogram (ever/never) on breast cancer mortality assum-
ing an underlying preventive effect. We chose to model the
level of prevention at 20% (ie, a hazard ratio of 0.80 on breast
cancer-specific mortality rates). In this model, for all women
who were diagnosed with breast cancer in the mammogram
group, we applied age- and time-specific mortality rates that
were 0.8 times that of the no mammogram group.

Analysis

We analyzed the (two) cohorts in four different ways:

1. The crude method. We compared the crude breast
cancer mortality rate in the screened versus unscreened

cohorts from age 50 to age 80 (or death). We estimated
the hazard ratio using the Cox proportional hazard
model.

2. Time-dependent method. We followed the entire
cohort from age 50 to age 80 or death and consid-
ered mammogram exposure as a time-dependent
covariate. We considered the subject to transfer
from the unexposed to the exposed group on the
date of the first mammogram. We calculated the
hazard ratio using the Cox proportional hazards
model with time-dependent covariates.

3. Matching with no screening ever. We matched
women who were screened one-to-one to women
who were never screened. We first select a woman
who has been screened (exposed). To be eligible to be
a control, the woman was never screened women and
was not diagnosed with breast cancer prior to the date
of the initial mammogram in the screened woman
(the index date). For each matched pair we began
follow-up on the date of first screen of the screened
subject. We analyzed the data as the survival of the
cohort from the index date to age 80, comparing
mortality in screened versus unscreened women.

4. Matching with no prior screening. In this analysis,
we matched women who were screened to a control
who had not been screened at or prior to the screen-
ing date of the exposed women. The control had no
breast cancer prior to the initial screening date of
the screened women. Controls were selected with
replacement. In this situation, a proportion of the
women in the control group will have been screened
at some point after the index date. For each matched
pair we began follow-up on the date of first screen
of the screened subject. We analyzed the data as the
survival of the cohort from the index date to age 80.

The initial simulation was based on 100,000 women for
clarity and used for descriptive purposes. To minimize
spurious results due to chance, we repeated our null and
protective simulations using a cohort of three million
women and these results were used in the final evaluation
of the various analytic models.

Results

We simulated a cohort of 100,000 women under the null
model (no screening benefit) (Table 1). There were 11,109
incident cases of breast cancer in the cohort, of whom 2268
died of breast cancer (2.3%) by age 80. There were 38,925
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Table | Simulated Cohort of 100,000 Women Under the Null Model

Value Total Ever Mammogram Never Mammogram P-value
100,000 45,545 (45.5%) 54,455 (54.5%)

Breast cancer Yes 11,109 (11.1%) 3812 (8.4%) 7297 (13.4%) <0.0001

Age at breast cancer diagnosis <50 2369 (21.3%) 0 (0.0%) 2369 (32.5%) <0.0001
50-59 2622 (23.6%) 749 (19.6%) 1873 (25.7%)
60-69 3268 (29.4%) 1684 (44.2%) 1584 (21.7%)
70-80 2850 (25.7%) 1379 (36.2%) 1471 (20.2%)

Age at first mammogram Mean (SD) 54.9 (2.9) 54.9 (2.9) - n/a
Median (IQR) 54.9 (52.4-57.4) 54.9 (52.4-57.4) -

Age at last mammogram Mean (SD) 67.8 (3.2) 67.8 (3.2) - nfa
Median (IQR) 68.8 (68.2-69.4) 68.8 (68.2-69.4) -

Vital status Alive 58,807 (58.8%) 28,668 (62.9%) 30,139 (55.3%) <0.0001
Breast 2268 (2.3%) 637 (1.4%) 1631 (3.0%)
Other COD 38,925 (38.9%) 16,240 (35.7%) 22,685 (41.7%)

Age at death from breast cancer Mean (SD) 61.7 (12.0) 70.0 (6.5) 585 (12.1) <0.0001
Median (IQR) 63.0 (53.3-71.7) 70.4 (65.1-75.7) 58.3 (49.6-68.2) <0.0001

other causes of death in the cohort. The cumulative risk of
breast cancer to age 80 was 12.9%. The cumulative mortal-
ity from breast cancer to age 80 was 2.7% (Figure 1). The
five-year survival after breast cancer was 87.6% and the ten-
year survival after breast cancer was 80.6% (Supplementary
Figure S1). Of the 50,000 women randomly assigned to

= = = Breast cancer incidence

receive a screening mammogram, 45,545 of the women
had a mammogram.

Of the 11,109 breast cancers in the cohort, 7297 were
diagnosed in women who never had a mammogram and 3812
were diagnosed in women who had a mammogram. Of the
3812 women with breast cancer who had a mammogram,

Breast cancer mortality

14%

12%

10%

8%

6%

Cumulative Probability (%)

4%

2%

-

0%
25

45

Figure | Cumulative probability curves of simulated cohort, null model.

55 65
Age

75

submit your manuscript

1164

Dove

Clinical Epidemiology 2020:12


https://www.dovepress.com/get_supplementary_file.php?f=267584.docx
https://www.dovepress.com/get_supplementary_file.php?f=267584.docx
http://www.dovepress.com
http://www.dovepress.com

Dove

Giannakeas et al

1863 were mammogram-detected, 570 were interval cancers
and 1379 were diagnosed after the last scheduled mammo-
gram. In total, 1863 of the 11,109 breast cancer cases were
mammogram-detected (17%).

The cohort was analysed four ways to estimate the hazard
ratio associated with mammography (for these analyses, we
simulated cohorts of three million women). The data set was
generated under a null model (HR = 1.0) and a protective
model (HR = 0.80). The results of the simulation are presented
in Table 2 and Supplementary Tables S1-S3. Under the null
model, analytic approaches 1 to 3 generated a hazard ratio

below 1.0; that is a spurious protective effect (Table 2). Under
the protective model, all analytic approaches generated
a hazard ratio more extreme than the actual protective effect
except analysis 4. In analysis 4, the calculated hazard ratio of
0.86 underestimated the benefit of screening (true hazard ratio
= 0.80). This is expected given the extent of misclassification
in this model whereby 30% of the controls had a mammogram
after (pseudo)-randomisation (Supplementary Table S2).

The results of each analysis are described in detail
below.

(A) The null model

1. The crude comparison. This was a crude comparison of
breast cancer deaths to age 80 in the 1,363,796 (45.5%)
women who had a mammogram and the 1,636,204
(54.5%) women who had no mammogram (Table 1).
There were 18,649 deaths from breast cancer in the
screened group and 47,282 deaths from breast cancer in
the unscreened group. The observed hazard ratio asso-
ciated with screening (ever/never) was 0.57.

2. Time-dependent analysis. All women were initially
considered unexposed to mammography. In the fol-
low-up period, 136,204 of the three million women
(8.3%) transferred from the unscreened group to the
screened group. The mean age at first mammogram

was 54.9 years. The hazard ratio for exposure to

screening and breast cancer death was 0.70 when

mammography was treated as a time-dependent

variable. The age-specific mortality rates for
women in the mammography group and no mam-
mography group are presented in Figure 2.

3. Matching with no screening ever. There were
1,363,537 matched pairs generated from the 3 million
women. The mean age at the index date was 54.9 years
(range 50 to 60 years). The cumulative mortality from
breast cancer for the unscreened women from the index
date to age 80 was 2.45%. The cumulative mortality
from breast cancer for the screened women from the
index date to age 80 was 2.12%. Using the Cox survival
model the hazard ratio associated with screening (index
date to death) was 0.82. The mean time of follow-up for
the control women was 21.2 years.

4. Matching with no prior screening. There were
1,363,796 matched pairs. The mean age at the index
date was 54.9 years (range 50—60 years). Among the
control women, 30.3% had a screening mammogram
at some point after the index date (mean 1.9 years
later). The average age of first mammogram among
the controls was 56.8 years. Among the women who
were in the screened cohort, there were 18,649 deaths
from breast cancer. Among the controls, there were
18,842 deaths from breast cancer. The cumulative
mortality from breast cancer for the unscreened
women from the index date to age 80 was 2.17%.
The cumulative mortality from breast cancer for the
screened women from the index date to age 80 was
2.12%. The hazard ratio was 0.99.

(B) The preventive model.

This model was similar to the null model but the cohort
was generated under the assumption that initiation of

Table 2 Regression Results Using Simulated Cohort of 3 Million Women

Analysis Description Null Model (HR = 1.00) | Protective Model (HR = 0.80)
Hazard Ratio Hazard Ratio
Analysis | Crude analysis 0.57 0.47
Analysis 2 Time-dependent exposure 0.70 0.63
Analysis 3 Matched ever/never mammogram 0.82 0.67
Analysis 4 Matched through pseudo-randomization (controls sampled 0.99* 0.86
with replacement)

Note: *Not statistically significant (p > 0.05).
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Figure 2 Age-specific breast cancer mortality rates by mammography group, analysis 2 (null model).

screening was associated with a 20% reduction in breast
cancer mortality (HR = 0.80). All other parameters

remained the same.

1. The crude comparison. There were 15,221 deaths
from breast cancer in the screened group and 46,839
deaths from breast cancer in the unscreened group.
The hazard ratio associated with screening (ever/
never) was estimated to be 0.47.

2. Time-dependent analysis. The hazard ratio for screen-
ing and breast cancer death was 0.63 when mammo-
graphy was treated as a time-dependent variable.

3. Matching with no screening ever. The cumulative
mortality from breast cancer for the unscreened
women from the index date to age 80 was 2.40%.
The cumulative mortality from breast cancer for the
screened women from the index date to age 80 was
1.74%. The hazard ratio was 0.67.

4. Matching with no prior screening. Among the women
who were in the screened cohort, there were 15,221
deaths from breast cancer. Among the women who
were controls, there were 17,625 deaths from breast
cancer. The cumulative mortality from breast cancer
for the unscreened women from the index date to age
80 was 2.01%. The cumulative mortality from breast
cancer for the screened women from the index date to
age 80 was 1.74%. The hazard ratio was 0.86.

Discussion
The purpose of this study was to identify a valid method of
evaluating observational breast screening data for estimating

the underlying hazard ratio for death from breast cancer
associated with screening. Our approach was to simulate
a data set of women at risk for breast cancer, based on
known incidence and mortality rates and to apply
a hypothetical screening program and to estimate the hazard
ratio associated with screening with various methods. It was
not our intention to address whether or not screening was
beneficial, rather we wished to compare different approaches
to data analysis. We conclude that the optimum design may
be a pseudo-randomised trial.

The simplest ways to evaluate the benefit of screening
mammography in a population are inherently biased. In our
cohort, when we compare crude mortality in screened and
unscreened women under the null model, the observed
hazard ratio associated with ever/never screening was
0.57, far less than the true hazard ratio of 1.0. A woman is
only eligible for screening if she is cancer-free, ie, a woman
who has had breast cancer before the age of screening (eg,
age 50) will not be eligible to enter the screened arm, but in
the crude comparison, her cancer and death from cancer will
be counted in the unscreened arm.

In reality, few investigators would propose to compare
crude mortality in screened and unscreened women. In
using the time-dependent method, a woman switches
from the unexposed group to the exposed group at the
time of her first mammogram. In the second method, we
included mammography as a time-dependent variable but
the residual bias remained substantial (HR = 0.70) due to
women with prevalent breast being included in the control
arm. That is, a woman who has had breast cancer will not
accept an invitation to screening and this bias is not

submit your manuscript

1166

Dove

Clinical Epidemiology 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Giannakeas et al

eliminated by doing a time-dependent analysis. This is
referred to elsewhere as bias of choice.'®

In an attempt to eliminate the bias, we conducted
a matched-pair design. In this design we ensure that
neither the screened or unscreened woman had cancer
diagnosed prior to screening; the exposed and unexposed
women were matched for age and date of first screen (in
the exposed) and were followed for the same duration. It
seems logical that women who were ever screened at any
time should be excluded from the unexposed group, but
this exclusion also introduces a form of immortal time bias
— under the null model the observed hazard ratio for the
matched, never-screened analysis was 0.82 (analysis 3).
This bias arises because the longer a woman lives without
a diagnosis of breast cancer, the more likely she is to have
a screening mammogram. For example, a woman who
lives to age 59 without breast cancer may have a first
screening mammogram at age 59 but a woman who devel-
ops breast cancer at age 58 cannot enter the screening
program at age 59. The longer a woman is cancer-free,
the more likely she is to have at least one mammogram
and to be assigned to the mammogram arm.

In an attempt to eliminate immortal time bias, we
sought to emulate a randomised trial (analysis 4). Under
this paradigm, women were assigned to exposed or unex-
posed groups at one point in time; all were cancer-free at
the time of pseudo-randomisation (the date of first mam-
mography in the exposed woman). A subject was eligible
to be a control if she did not have a mammogram at the
date of, or prior to, the date of the mammography of the
matched exposed woman. However, she may have had
a mammogram after the date of assignment. This is
rational because in a randomised trial, the cohorts of
exposed and unexposed women are defined at the time of
randomisation and are followed thereafter. One would not
exclude a control from a randomised trial based on an
event that occurred after randomisation, nor would one
transfer a subject from an unexposed to exposed group.
In this approach, a high proportion of controls had
a screening mammogram after the index date (30.2%).
Under the null model, this method generated an unbiased
hazard ratio of 0.99. However, as a result of misclassifica-
tion of the controls, under the protective model, the
method produced a hazard ratio biased towards the null
(HR = 0.86).

Based on these results, we favor the last method, which
closely emulates a randomised trial. The drawback of this
method is that a proportion of the unexposed group will

become exposed during the follow-up period (misclassifi-
cation) and this will attenuate to some extent, the actual
relative risk, depending on the extent of misclassification.
Nevertheless, this provides a degree of assurance that
a true effect of mammography is likely to be as great or
greater than the observed effect when this analysis is used.
The other models are less conservative in that the true
effect is likely to be smaller than the observed effect.
Most authors who have used an observational design to
assess the effectiveness of mammography screening in
reducing breast cancer mortality recognize the necessity
to restrict their analyses to women free from breast cancer
at entry® !> but it is often difficult to ensure this is the
case. Commonly, women are followed from the time they
become eligible for screening (usually age 50 years) for
a specified time period and breast cancer mortality from
breast cancers diagnosed during that period are examined
in relation to individual screening participation or non-
participation. Analyses are performed in a time-
dependent manner, which is similar to analysis 2
(unmatched) and analysis 3 (matched) in the current
study.”?"'"! These published studies report a significant
mortality risk reduction (average 40% reduction) asso-
ciated with mammography screening® "> similar to the
30% reduction we saw under the null model in analysis
2. We show here that there are intrinsic biases in both the
2) and in the

unmatched approach when controls are excluded if they

time-dependent approach (analysis
ever had a mammogram (analysis 3). One previous study
implemented a design similar to a randomized trial (our
analysis), with “never attenders” defined as those who did
not respond to any of the first two invitations; in that study,
16% of the women who were classified as ‘never’ subse-
quently attended a screening test.” The matched design
(analysis 4) emulates a randomisation with analysis by
‘intention to treat’. The similarities between observational
study designs and analysis of randomised trial data by
‘target trial’ approach has been summarized by Hernan
et al.'” These authors have come to similar conclusions
about emulation of randomised trials in analysis of large
observational datasets.”’

Our study is intended to provide a guideline to help
readers interpret observational studies of screening. The
methods employed were chosen because they illuminate
the potential for several types of selection bias. The meth-
ods for some studies may be far more complex and more

challenging.

Clinical Epidemiology 2020:12

submit your manuscript

1167

Dove


http://www.dovepress.com
http://www.dovepress.com

Giannakeas et al

Dove

It is important to ask if the authors clearly delineated if
and how prevalent cancers were excluded from the control
group (these will always be excluded from the exposed
group). In particular, authors should provide details on the
index date, the years of diagnosis and the ages of diagnosis
of the breast cancers, and the years of death in all study
subjects to reassure us that no cases were diagnosed prior
to the inception of screening and that follow up was equal.
This will ensure that the ages and dates of diagnosis for
cases included in the analysis were not diagnosed above
the age of screening cessation or outside of the screening
period under evaluation. The authors should indicate if
women who were ever-screened were excluded from the
control group and should provide details about the screen-
ing histories of the controls.

There are limitations to our study. The study data were
simulated using incidence and mortality in the SEER
Registry and we did not have information on mammogra-
phy screening in SEER. The screening parameters we
chose were somewhat arbitrary and provide data on
a single scenario, ie, screening every two years from age
50 to 70 with 75% sensitivity and 50% uptake of screen-
ing. We staggered the uptake of first screen between age
50 and 60 and this may not be an accurate reflection of
screening behaviors. We also chose to analyze the data
under models which incorporated no benefit to screening
(the null model) and a modest benefit of screening (the
protective model). One could generate similar cohorts
under different assumptions, ie, wider age eligibility,
higher sensitivity, higher compliance, etc., and incorporate
different benefit sizes. Our study was designed to bring
clarity to the sources of bias and not to evaluate whether
screening was effective or not. We also wished to show
that simulation was a helpful method of evaluating bias in
observational studies. We did not address bias in other
types of studies such as case—control studies and trend
studies, these have been reviewed by Broeders et al.

Under the model we employed, only 17% of breast
cancer cases were detected by mammogram. This is
based on our conservative model which had screening
initiation at age 50 until 70, with 50% compliance and
75% test sensitivity. The proportion of cancers detected by
screening would of course be greater than this if compli-
ance were upwards of 50%, if the age of screening onset
was lower than the 55-year average in our study and if test
sensitivity exceeded 75%. Nevertheless, of the 11,109
cancers in the cohort, 1471 occurred in women over age
70 (13%) and these are not amenable to screening. In the

SEER database of all breast cancers diagnosed from 2012
to 2016, 31% occurred after age 70.'

Conclusions

In summary, we conclude that simulation of a screening cohort
under conditions which emulate a specific analytic strategy is
a good way to uncover biases that are not otherwise apparent.
We recommend the pseudo-randomised matched study design
as a relatively bias-free method which reliably recapitulates
the true underlying hazard ratio in studies which evaluate the
mortality benefit associated with screening.
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