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Abstract

Background: This study is aimed at estimating the unbiased effectiveness of population-
based breast cancer service screening based on case survival information alone rather
than large-scale individual screening data pursuant to the intention-to-treat principle of a
randomized-controlled trial.

Methods: A novel time-dependent switched design with two modalities of cancer detec-
tion (screen-detected vs clinically detected) was proposed to evaluate the effectiveness of
breast cancer screening. We used data on 767 patients from Kopparberg in the Swedish
Two-County trial and on 78 587 patients in the Taiwan population-based service screening.
We estimated the relative rate of the screen-detected vs the clinically detected with adjust-
ment for both truncation and lead-time biases. The absolute effectiveness in terms of the
number needed to screen (NNS) for averting one death from breast cancer was estimated.
Results: The relative rate of effectiveness was estimated as 33%, which was consistent
with the 37% reported from the original Swedish randomized-controlled trial. The corre-
sponding estimate for the Taiwan screening programme was 42%, which was also very
close to that estimated using individual screening history data (41%). Both relative esti-
mates were further applied to yield 446 and 806 of NNS for averting one death from
breast cancer for the corresponding two data sets.
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Conclusion: The proposed time-dependent switched design and analysis with two mo-
dalities of case survival information provides a very efficient means for estimating the
unbiased estimates of relative and absolute effectiveness of population-based breast
cancer service screening dispensing with a large amount of individual screening history

data.

Key words: ITT effectiveness, time-dependent, survival analysis, mammography screening

Key Messages

information only.

screening data.

* This is the first study to evaluate the unbiased effectiveness of population-based service screening as observed in a
randomized-controlled trial or the equivalent trial with a time-dependent switched design relying on case survival

* The results of the estimated intention-to-treat effectiveness using the intervention arm of the Swedish randomized-
controlled trial only and Taiwan service screening programme were comparable to their corresponding findings
based on large-scale individual data and the control group required for traditional evaluation.

* Evaluating case survival information alone with the proposed time-dependent switched design answers the true
effectiveness of early detection and dispenses with the randomized-controlled design and large-scale individual

Background

Evaluating the effectiveness of population-based cancer ser-
vice screening programmes is essential to the principle of
evidence-based medicine for cancer prevention.'™ Despite a
series of randomized—controlled trials that have already dem-
onstrated the benefit of screening at the population level,'™
whether the effectiveness of reducing specific-cause mortality
in an organized service screening programme can be repro-
ducible from randomized-controlled trials is still uncertain
because the factors associated with effectiveness are mani-
fold, including the basic characteristics (such as participation
rate) of screening, early detection in relation to the natural
disease history and survival related to the prognosis of
patients. The failure to consider these characteristics based
on individual and time-stamped screening history data often
renders the estimated results of effectiveness vulnerable to dif-
ferent kinds of biases, including selection bias, lead-time bias
and length bias, when evaluating population-based service
screening beyond a randomized—controlled trial. However,
collecting a large amount of population-based screening his-
tory data is very costly and laborious.

To obtain an unbiased estimate of the effectiveness of
population-based service screening with efficiency, one solution
is to evaluate the survival of two main modalities, screen-
detected cancers and clinically detected cancers, merely relying
on patient survival data. Screen-detected cancers include preva-
lent screen-detected cancers and subsequent screen-detected
cancers, and clinically detected cancers include interval cancer

and cancers in non-participants. Unfortunately, numerous pre-
vious studies have overestimated the survival benefit for
patients with screen-detected compared with clinically detected
cancers as a result of lead-time bias and length bias. Lead-time
bias is defined as an artificial extension of survival time because
of only advancing the date of diagnosis after the administration
of screening rather than prolonging the life that is actually con-
ferred by screening and early detection. The length bias pertains
to oversampling cancers with long sojourn time cancers at the
point of screening, particularly the first round of prevalent
cases, leading to the overestimation of survival benefit, as the
longer the sojourn time, the better the prognosis.’

Several previous studies focusing on survival by detection
mode have been proposed to address lead-time and length
bias when the survival of patients with screen-detected vs
clinically detected cancers was compared. Duffy® proposed
an idea of excluding the prevalent screen-detected cases
from the invited group to reduce length bias arising from
prevalent cases to render an ‘unbiased set’ comparable to
cases arising from the control group. Paci’ compared the
survival between the invited and the control using not-yet-
invited patients to approximate the effectiveness as close as
possible to the effectiveness with intention-to-treat (ITT)
analysis. However, these studies are still dependent on the
use of an external control group. Duffy® further compared
the survival of patients with screen-detected and clinically
detected cancers through sensitivity analysis with different
magnitudes of length bias and lead time when the control
group was waived. However, the adjustment of lead-time
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and length bias in their study was treated as two indepen-
dent factors and was also entirely subject to the distribution
of the sojourn time applied to the parametric model.

To relax the assumption of the parametric model, the
semi-parametric time-dependent Cox regression model may
be considered.””"" Warwick'? has already used a time-
dependent model to assess whether the effect of tumour
attributes on the hazard of breast cancer death varied with
the follow-up time, using the analogue of the landmark

1314 ¢4 elucidate how the hazard ratio of each time-

analysis
dependent covariate varies with the landmark time. These
findings suggest that length bias cannot be overemphasized.

In addition, using only survival data may also hardly be
amenable to estimating the ITT efficacy of screening at the
population level, as self-selection bias involved with the be-
haviour of the uptake of screening is not considered in previ-
ous survival models. The idea we come up with here is to
make better use of truncated cases being diagnosed clinically
before attending the first screen. These truncated cases may
indirectly convey messages on the self-selection behaviour
of attending screening on the premise that non-participants
are disproportionally more prone to having advanced dis-
ease and poor survival, and because of rapid progression
from the pre-clinical detectable phase to the clinical phase.*
In an organized service screening, those non-participants
may be switched to participants in a time-dependent manner
if they are not diagnosed with cancer before attending the
first screen. It is therefore interesting to develop a switched
design and time-dependent Cox regression model for tack-
ling the problem of self-selection and taking lead-time and
length bias into account when evaluating the effectiveness of
an organized service screening only relying on survival infor-
mation dispensing with individual screening history and the
control group following the ITT principle.

The aim of this study was to estimate the ITT efficacy of
population-based screening with the proposed switched de-
sign and time-dependent Cox proportional hazards regression
model using survival data available from the invited group
for the uptake of screening. We then applied this proposed
model to the Kopparberg arm of the Swedish Two-County
trial and Taiwanese service screening data. The ITT efficacy
estimated based on survival data was further validated by the
empirical results on a population-based randomized—con-
trolled trial and service screening data published previously
on the basis of individual screening history data.

Methods

Time-dependent switched design

Basically, it is customary to estimate the effectiveness of
population-based cancer screening (such as breast cancer)

with an ITT analysis under a randomized—controlled trial
(RCT) design, as shown in the left panel of Figure 1, for which
the eligible population for screening was randomized into an
active study population and a passive study population, as
seen from the Kopparberg arm of the Swedish Two-County
trial.> The effectiveness of cumulative mortality between the
two groups was compared and the effect size regarding the
relative rate of mortality from breast cancer between the two
groups was estimated with an ITT analysis. However, such a
population-based design for the unbiased ITT analysis would
require individual screening history data that may involve
enormous costs and the difficulty of logistic follow-up. Most
importantly, the estimate of effectiveness with an ITT princi-
ple based on a randomized-controlled trial also needs the con-
trol group, but it is impractical to have the control group in a
population-based organized service screening programme, al-
though the use of a pre-screen period or non-participant
group can be used as a proxy for the comparator, an analogue
to the control group in an RCT. However, the use of such a
proxy is subject to different threats, such as varying baseline
risks in different periods while using the pre-screening period
and self-selection bias while using the non-participants.

Here, we propose a binary time-varying design with two
main cancer detection modes—screen detection and clinical
detection—using only cancer case survival information to
estimate the effectiveness of population-based screening un-
der the ITT principle. As shown in the right panel of
Figure 1, we used cancers for the following binary time-
dependent Cox model. Instead of using exposed or unex-
posed to screen often used in population-based screening
data, the effectiveness of survival was evaluated by two de-
tection modes: screen-detected cases (X=1) or clinically
detected cases (X=0). Among screen-detected cancers,
those detected by the first screen are defined as prevalent
screen-detected cancers and those detected by the subse-
quent screen are defined as subsequent screen-detected can-
cers. Among clinically detected cancers, those diagnosed by
the presence of symptoms or signs between two screens and
from non-participants are defined as interval cancer cases
and refusers, respectively. As our goal is to provide an unbi-
ased estimate of effectiveness for one-arm population-based
service screening, we postulate that the comparison of sur-
vival between the screen-detected group and the clinically
detected group is analogous to the comparison of survival
between the invited group and the uninvited group, as seen
in the theoretical RCT design (left panel of Figure 1).

The comparison of screen-detected and clinically
detected cases for reaching unbiased effectiveness relies on
two pairs: (i) subsequent screen-detected cancers vs inter-
val cancers and (ii) prevalent screen-detected cancers vs
refusers. However, such a comparison without the control
group as in the RCT design is often compromised by
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Figure 1 Theoretical randomized-controlled trial design (left side) and time-dependent switched screen with case survival design (right side)

selection bias between participants and non-participants.
Compared with the second pair, the first pair may be less
likely to be affected by selection bias, as both modes have
experienced the same screening trajectory but are merely
diagnosed by different detection modes. Unfortunately, it
is not such a case for the second pair if a binary switched
mode for prevalent screening from non-participants cannot
be allowed for (the right panel of Figure 1) as each invited
individual may have the staggered entry to attend screening
that turns the detection of prevalent screen-detected
cancers via first screen into a binary switched mode,
depending on when individuals were first screened. Non-
participants with cancers detected at first screen were
classified as prevalent screen-detected cancers (X=1) in
contrast to those who had been diagnosed with breast can-
cer (X=0) before the chance of being switched to first
screen (truncated from first screen). The failure to consider
the waiting time for the first screen clearly involves serious
length bias caused by such a selective process between
prevalent screen-detected cases and refusers because preva-
lent screen-detected cases from participants or those who
switched from non-participants had longer sojourn times
compared with refusers. The better survival for prevalent
screen-detected cases compared with refusers may not be
entirely attributed to screening, but to selection bias for
cases with longer sojourn time. The earlier the age at diag-
nosis at first screening, the longer the sojourn time of the
cases. To tackle this issue, we flagged pseudo age to screen
(ay) according to the ranking of age of death from breast

cancer to allow for when prevalent screen-detected cases
switched from clinical detection (X =0) to screen detection
(X=1).

Figure 2 shows how to apply the time-dependent
switched mode from clinical detection (X =0) to screen de-
tection (X=1), depending on the pseudo age of entry
flagged by each age of death, to obtain an unbiased risk set
of partial likelihood for both screen and clinical detection
modes. The use of pseudoage to screen given the failure
time expressed by age at death has the advantage of remov-
ing the influence of age of entering the pre-clinical detect-
able phase, equivalent to screen-detected status and
sojourn time for surfacing to clinical detection and lead
time for screen detection, both of which are supposed to be
incorporated into baseline hazards as age at death covering
these two time horizons and survival time. Such a baseline
hazard is well known to be able to be cancelled out be-
tween the event of numerator and the risk set of denomina-
tor given each of failure time while the conditional partial
likelihood is formed. Therefore, such a binary time-
dependent switched design can be adopted to estimate the
unbiased effectiveness of screening in population-based or-
ganized service screening with only information on the sur-
vival of two detection modes of breast cancer dispensing
with population-based individual screening history.

Data sources

To apply our proposed design and method to estimate the
unbiased estimate of effectiveness, particularly in the
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Figure 2 lllustration of time-varying exposure to a prevalent screen by pseudo age to screen

scenario of a population-based organized service screening
programme, we first exploited the one-arm data from the
previous population-based randomized—controlled trial
and dropped the data on the control group in the absence
of screening. We then estimated the effectiveness of mortal-
ity reduction using our switched design and compared the
result with the result obtained from the same follow-up
time of the trial. We then applied the same design and
methodology to another population-based organized ser-
vice screening. Two data sources are therefore used and de-
scribed as follows.

Swedish breast cancer screening

A randomized—controlled trial for breast cancer screening
with mammography started between 1977 and 1978 for
Kopparberg and Ostergétland, respectively, in Sweden.
This trial is also called the Swedish Two-County trial. The
eligible age for screening was between 40 and 74 years old,
and the inter-screening intervals were 24 and 33 months
for women younger or older than 50 years old. The origi-
nal study reported the population-based effectiveness of
mortality reduction based on individual screening history
data on mammography screening after an 8-year study pe-
riod.” The unbiased effectiveness following the ITT analy-
sis after 30 years of follow-up was also reported based on
individual follow-up data.’

In this analysis, instead of collecting data from an eligi-
ble population of ~50 000 women in the Kopparberg arm
of the Swedish Two-County trial, we used survival data
only to evaluate the effectiveness of screening on mortality
reduction. Because women aged 70-74 years had a lower
attendance rate during the trial period, the screen was
stopped in the second round. We only evaluated the

efficacy for women aged 40-69 years and included all the
identified breast cancer patients in the trial period. A total
of 1053 women were diagnosed with breast cancer in the
original survival data, but we excluded cases in the control
group (n=255) and those who were aged 70-75 years
(n=17) or had a breast cancer diagnosis between randomi-
zation and invitation from our analysis (z = 14). The rea-
son for excluding the latter is that such prior cancers
detected before randomization would not occur in the sce-
nario of population-based service screening, which is the
major goal of the targeted group under evaluation.
Nonetheless, the results of ITT effectiveness in reducing
breast cancer mortality had only a minor change (33—
34%) when these prior cancers and the oldest age group
were also included in the following analysis. Data on the
date of diagnosis, date of death, cause of death and detec-
tion mode were collected at the patient level. Information
on tumour attributes, including size and node, was also
included.

Taiwan breast cancer screening
To demonstrate whether the proposed methods can be ap-
plied to an organized service screening, we used data from
the Taiwan breast cancer service screening programme
from which a biennial mammography screening pro-
gramme has been provided for women aged 50-69 years
since 2004. The lower bound of screening age was adjusted
to 45years old in 2012. Survival information on breast
cancer cases was retrieved from the Taiwanese Cancer
Registry to include the date of diagnosis, treatment, death
and cancer staging.

Regarding the detection mode, patients attending
screens between 2004 and 2015 and identified upon screen
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(prevalent and subsequent screen detection), diagnosed due
to clinical symptoms after a negative screen (interval can-
cer) and those never attending the screening programme
(refusers) were included to evaluate the effectiveness of the
Taiwan mass screening programme in our analysis.

Statistical analysis

As indicated earlier, a binary time-dependent switched de-
sign was adopted to estimate the unbiased estimate of ef-
fectiveness in population-based breast cancer screening.
The corresponding time-dependent Cox proportional haz-
ards regression model was therefore applied here for
adjusting self-selection of the truncation issue and the lead-
time bias inherent from the population-based screening
programme. The truncation issue is derived from oversam-
pling slow-progression breast cancer in prevalent screening
among participants because of the left truncation of clini-
cally detected breast cancer before they were switched to
first screen among non-participants as mentioned earlier.

The switched detection mode of prevalent screen-
detected cases is illustrated in Figure 2. After sorting age of
death from breast cancer, there are D distinct ages at death
used to flag pseudoage to screen (a1-ap). Given any pseu-
doage to screen (a;) (a1<...< ap < ... < ap), our idea of
this methodology is to compare the age of diagnosis for
prevalent screen-detected cases at risk with pseudoage to
screen. Among prevalent screen-detected cases, if the age
of diagnosis for the ith individual was >a,, the detection
mode of this individual was switched from clinical to
screen detection. However, if the age of diagnosis for the
ith individual was <a;, the detection mode was treated as
clinical detection at ay.

Therefore, at each pseudoage to screen (a;), the detection
mode of prevalent screen-detected cases was time-dependent.
The time-dependent Cox model can be written as follows:

h(ak) = ho(ak) €xXp (ﬂ X X(dk))

As shown in Figure 2, the construction of partial likeli-
hood at each pseudoage to screen depends on the number
of screen-detected and clinically detected cases at that time
point denoted by Nsp(ay) and Nep(ay). The partial likeli-
hood at a;, can be written as:

1 ] p—
L(p) = 4 Nov(ar) x exp (B) + Neo(ar) if X(ag) =0
exp(ﬁ) if X(ak) :1

Nsp(ax) x exp () + Nep(ar)

where X(a;) is the detection mode for an individual at risk
at a,. More importantly, when age at death is flagged as

the pseudoage of entry to screen that covers three time
epochs: age for developing pre-clinical detectable breast
cancer, the sojourn time for surfacing to clinical detection
and lead time for screen detection, and the survival time,
the merit of using the comparison between screen and clini-
cal detection would render the baseline risk of being in the
pre-clinical detectable phase and sojourn time or lead time
adjusted through the conditional detection mode encoded
in the partial likelihood as mentioned earlier.

In screening scenarios, overdiagnosed cases may also in-
fluence the evaluation of effectiveness.'> However, as the
failure time used here is the age of death, overdiagnosis
cases would be treated as right-censoring in the partial like-
lihood function in our analysis and would not be flagged
as one of pseudoage of entry to screen, as shown in the last
case of the bottom panel of Figure 2.

Number needed to screen to avert one breast cancer death
Once the unbiased effectiveness can be obtained using a
time-dependent switched design, the additional merit of the
study design is the further application of the self-selection
bias formula to yield an estimate of absolute cumulative
mortality of the control group (M,) in the absence of screen-
ing, provided that the attendance rate (C) and person-years
of the exposed group and the unexposed group can be ap-
proximated given the assumption of rare events of death to
calculate the cumulative mortality rate for the exposed
group (Mg) and the unexposed group (Myg), respectively:

MEXC+MUEX(1 — C)

M, = - -
ITT — Relative rate of mortality

(1)

Using the cumulative mortality of the control group as
obtained from Equation (1), the number needed to screen
(NNS) to avert one breast cancer death can be calculated
using Equation (2):

NNS = [1/(Cumulative mortality rate for control group
—ITT - Cumulative adjusted mortality rate)]
(2)

Results

Table 1 shows the numbers of breast cancer cases and
deaths by detection mode in the Kopparberg arm of the
Swedish Two-County trial and Taiwan service screening
programme.

The Swedish Two-County trial—Kopparberg arm

Recall that to examine whether our proposed methods can
be applied to an organized service screening programme
when there is a lack of a control group, the fair comparator,
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Table 1 Frequencies of breast cancer cases and deaths by de-
tection mode in two studies

Study and Number Breast cancer death
detection modes of patients

Number %
Swedish RCT data®
Screen-detected cases 586 97 16.55
Clinically detected cases 212 78 36.79
Taiwan service data”
Screen-detected cases 24739 1574 6.36
Clinically detected cases 53 848 9192 17.07

“Patients diagnosed between 1977 and 1987, and the vital status followed
up in 2003 (mean follow-up time = 13.69 years).

PPatients diagnosed between 2004 and 2015, and the vital status followed
up in 2017 (mean follow-up time = 6.76 years).

RCT, randomized—controlled trial.

we discarded data from the control group and estimated the
hazard ratios of screen-detected cases compared with clini-
cally detected cases. Table 2 shows that the unadjusted haz-
ard ratio for screen-detected cases was 0.33 (95% CI: 0.24,
0.44), whereas the adjusted relative risk after considering
truncation and lead-time bias was inflated to 0.67 (95% CI:
0.48, 0.93) after calibration. This estimate was close to the
unbiased effectiveness extracted from the original random-
ized—controlled trial study [0.63 (95% CI: 0.42, 0.96)].> As
both estimates were very close, the current finding suggests
the proposed time-dependent switched design can be applied
to the cases only for approximating the unbiased effective-
ness with an ITT analysis dispensing with the collection of a
large amount of individual screening history data and with-
out relying on the control group.

With further adjustment for tumour attributes, thera-
pies and surgery, the adjusted hazard ratio of screen-
detected cases was further increased to 0.99 (95% CI:
0.70, 1.39), as shown in Table 3, suggesting that >90% of
the survival benefit of screen-detected cases can be
explained by early detection of breast cancer by screening
through the surrogate endpoint of favourable tumour
attributes for the primary endpoint of mortality.

Taiwan service screening programme

Although the proposed time-dependent switched method was
applied to the Taiwan service screening programme, the
unadjusted effectiveness in terms of mortality reduction was
estimated as 66% (95% CI: 64%, 68%) and was increased
to 42% (95% CI: 39%, 45%) after calibration (Table 2).
This estimate was also close to the value estimated from a
previous study using population-based individual screening
history data that used the physical examination group as the
comparator [41% (95% CI: 27%, 52%)].*

With further adjustment of tumour attributes by stage,
therapies and surgery, the calibrated effectiveness was in-
flated to 1% (95% CI: =6%, 5%), suggesting that 99% of
the survival benefit of screen-detected cases in the Taiwan
screening programme can be explained by the surrogate
endpoint of tumour attributes, as screen-detected cases had
favourable tumour attributes, as shown in Table 4.

Table 5 shows the results of the NNS estimates to avert
one breast cancer death based on the adjusted relative risk
of reducing breast cancer mortality on the Kopparberg arm
of the Swedish Two-County trial and Taiwan service pro-
gramme, which were 0.67 and 0.58, respectively, as shown
in Table 2. By combining information on the compliance
rate and the cumulative mortality rate of the exposed group
(MEg) and the unexposed group (Myg) using the formula for
the ITT - relative rate of mortality based on Equation (1),
the cumulative mortality rate of the control group (M¢) was
~679 per 100 000 person-years for the Swedish RCT after
25 follow-up years since randomization. The NNS was 446.

The corresponding figure of the NNS was 806 for the
Taiwan service programme given that the estimated cumu-
lative mortality rate of the control group (M¢) was ~295
per 100 000 person-years when the follow-up since diagno-
sis was comparable to the follow-up since diagnosis of
breast cancer patients in the Swedish RCT.

Discussion

We proposed a novel time-dependent switched design and
Cox survival model design to estimate the ITT effectiveness

Table 2 Univariate analysis for unadjusted and adjusted hazard ratios by detection mode

Per-protocol analysis
Estimation (95% CI)

Intention-to-treat analysis
Estimation (95% CI)

True efficacy
Estimation (95% CI)

Swedish RCT data
Screen-detected cases 0.33(0.24, 0.44)
Clinically detected cases 1.00
Taiwan service data
Screen-detected cases 0.34 (0.32,0.36)
Clinically detected cases 1.00

0.67 (0.48, 0.93) 0.63 (0.42, 0.96)*
1.00 1.00

0.58 (0.55, 0.61) 0.59 (0.48, 0.73)"
1.00 1.00

Ref. %; PRef. 4.
RCT, randomized-controlled trial.
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Table 3 Multivariate analysis for unadjusted and adjusted hazard ratios by detection mode for Swedish randomized-controlled

trial data
Per-protocol analysis Intention-to-treat analysis
Estimation 95% CI Estimation 95% CI
Detection mode
Screen-detected cases 0.51 (0.37,0.71) 0.99 (0.70, 1.39)
Clinically detected cases 1.00 - 1.00 -
Tumour information
Node
Node-positive 2.49 (1.66, 3.74) 2.18 (1.46,3.26)
Node-negative 1.00 - 1.00 -
Size
10< Size <15 1.26 (0.58,2.77) 1.29 (0.59,2.82)
15< Size < 20 1.48 (0.68,3.21) 1.52 (0.70, 3.32)
20 < Size < 30 2.01 (0.94, 4.28) 2.33 (1.10, 4.97)
Size > 30 3.72 (1.72, 8.04) 3.78 (1.74, 8.19)
1< Size < 10 1.00 - 1.00 -
In situ 0.31 (0.07,1.43) 0.37 (0.08,1,73)
Missing 3.89 (1.72, 8.79) 3.58 (1.59,9.06)
Surgery
Mastectomy 1.43 (0.82, 2.50) 1.74 (1.00, 3.03)
Breast conservative surgery 1.00 - 1.00 -
Therapy®
Yes 1.06 (0.74,1.53) 1.38 (0.97,1.95)
No 1.00 - 1.00 -

2Chemotherapy, radiotherapy and hormone therapy.

Table 4 Multivariate analysis for unadjusted and adjusted hazard ratios by detection mode for Taiwan service data

Per-protocol analysis Intention-to-treat analysis
Estimation 95% CI Estimation 95% CI
Detection mode
Screen-detected cases 0.54 (0.51,0.57) 0.99 (0.94, 1.05)
Clinically detected cases 1.00 - 1.00 -
Cancer stage
0 0.53 (0.44, 0.63) 0.53 (0.45, 0.64)
I 1.00 - 1.00 -
I 2.81 (2.56,3.07) 2.87 (2.62,3.195)
I 9.00 (8.23, 9.84) 9.23 (8.44,10.09)
v 30.52 (27.71, 33.62) 26.02 (23.63, 28.66)
Missing 13.90 (12.71, 15.20) 13.04 (11.93, 14.26)
Surgery
Mastectomy 1.82 (1.70, 1.94) 1.58 (1.48,1.69)
Breast conservative surgery 1.00 - 1.00 -
Therapy®
Yes 117 (1.10, 1.24) 1.18 (1.11,1.25)
No 1.00 - 1.00 -
2Chemotherapy, radiotherapy and hormone therapy.
of a population-based organized service screening pro- To demonstrate its application to the empirical data, we

gramme (lacking the control group) that would be first applied the proposed model to the Swedish random-
expected to be achieved if a population-based random-  ized—controlled trial by only using the survival information
ized—controlled trial with the control group is applied. of breast cancer from the study arm to compare the ITT
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Table 5 Number needed to screen for Swedish randomized-controlled trial data and Taiwanese service data

Swedish RCT data Taiwan service data
Cumulative mortality rate for invited group, per 100 000 455 171
Estimated cumulative mortality rate for uninvited group, per 100 000 679 2957
Compliance rate 85% 26%
Relative risk for mortality reduction 0.67 0.58
Number needed to screen 446 806
?Annual clinical breast examination from 1999 to 2001.
estimate based on our proposed method and analysis with Ethics approval

that which we have already obtained from the random-
ized—controlled trial. We then applied it to a Taiwan orga-
nized breast cancer service screening to demonstrate how
the proposed design and analysis can feasibly be applied to
population-based organized service screening data for esti-
mating the unbiased effectiveness of population-based
screening programmes.

The advantages of using the proposed switched design
analysed using the time-dependent Cox survival analysis
are 2-fold. First, information required for the proposed
model can dispense with the collection of a large amount
of individual screening history data, which is very time-
consuming and there is difficulty in the logistics of follow-
up. Making use of such a model and design would be very
cost-effective in terms of the manpower and costs involved
in a mass screening registry. Second, the proposed design
and analysis enable one to evaluate the power of surrogate
endpoints for the primary endpoint of mortality, as illus-
trated in the current study. The results can also shed light
on why the screening works and what is the relative contri-
bution between screening, treatment and therapy as we did
in our multivariable analysis with adjustment for tumour
attributes, and treatment and therapy.

There are two major limitations of this study. The first
is that the proposed time-dependent switched design and
Cox model are restricted to predicting absolute survival, as
the baseline hazard rate cannot be explicitly estimated.
Unlike the Nelson-Aalen estimate that is often used for pre-
dicting the baseline hazard, our baseline hazard is too com-
plicated to be imputed. The second is that although we
have already applied the proposed method to two data
sets, representing high and low incidence of breast cancer
regions, whether this method can be generalized to differ-
ent scenarios should be warranted by more external appli-
cations to different types of population-based screening
programmes.

In conclusion, the proposed time-dependent switched
design and analysis is efficient and useful for providing
evidence-based effectiveness of population-based screening
dispensing with a large amount of individual screening his-
tory data.

This study was approved by the Ethical Committee of Taipei
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