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Abstract

Our objective was to compare breast cancer mortality in two regions of the Republic of Ire-
land that introduced a screening programme eight years apart, and to estimate the steady-
state mortality deficits the programme will produce. We carried out age- and year-matched
between-region comparison of breast cancer mortality rates, and of incidence rates of stage
2—4 breast cancer, in the eligible cohorts. The regions comprised counties that, beginning in
early 2000 (region 1) and late 2007 (region 2), invited women aged 50—64 to biennial mam-
mography screening. The data were supplied by the National Cancer Registry, Central Sta-
tistics Office. As impact measures, we used age-and-year-matched mortality (from breast
cancers diagnosed from 2000 onwards), rate ratios and incidence rate ratios in the com-
pared regions from 2000 to 2013. Ratios were adjusted for between-region differences in
background rates. In cohorts too old to be invited, death rates in regions 1 and 2 were 702
per 0.91 and 727 per 0.90 million women-years respectively (Ratio 0.96). In the eligible
cohorts, they were 1027 per 2.9 and 1095 per 2.67 (Ratio 0.88). Thus, rates in cohorts that
could have benefitted were 9% lower in region 1 than region 2: (95%ClI: -20%, +4%). The
incidence rates of stage 2—4 breast cancer were 7% lower in region 2 than region 1 over the
entire 14 year period, and 20% lower in 2007, i.e., before the screening in region 2 began to
narrow the difference. Since mortality reductions due to screening only manifest after sev-
eral years, the full impact of screening has not yet been realized in region 1. The lower rate
observed in that region is a conservative estimate of the steady state benefit. Additional
deaths would have been averted had screening continued beyond age 64.

Introduction

Until recently, mortality reductions in randomized trials carried out 20-40 years ago were the
only evidence for mammography screening. Since these trials, many countries have introduced
mammography screening programmes, and ‘pre-post’ designs have been used to measure the
change in mortality rates following these programmes. Some of the downward temporal trends
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Registry of Ireland [NCRI] will supply incidence
data in response to any reasonable or bona fide
request, provided that complying with the request
does not conflict with its obligations of
confidentiality or with those under the Data
Protection Act, 1988 (amended 2003), as upheld
by the Office of the Data Protection Commissioner
(An Coimisinéir Cosanta Sonrai). In light of the
identifiability of the patient-level incidence data, the
use of the data by the applicant must be also
consistent with the Data Protection Acts. Those
who wish to access them may contact the NCRI, as
outlined above. The contact person at NCRI is
Sandra Deady. [s.deady@ncri.ie] Phone: +353 (0)
21 4548823. The NCRI director and Data Controller
is Prof K Clough Gorr. The cancer mortality data
were collected and are held by the General Register
Office (GRO). Written permission from the General
Register Office was required before NCRI could link
and make available the cause-of-death data to the
two non-NCRI authors. Investigators who wish to
access the data used in the article may likewise
request them via the NCRI; the NCRI would then
request the GRO to link these records to the death
certificate data. [Because of legal restrictions
relating to how the NCRI and the GRO function, the
potentially sensitive and potentially disclosive
information involved, and the data linking involved,
the data custodians (GRO and NCRI) may ask that
the raw data be accessed on-site, but not taken off-
site.] Investigators would start at the NCRI who
would establish the list of persons diagnosed with
breast cancer in the years from 2000 onwards; the
NCRI would then ask the GRO to link these records
to the death certificate data. The General Register
Office can be contacted as follows: Email Address:
gro@groireland.ie, By Telephone: Direct Dial: +353
(0)90 6632900, LoCall: 1890 252076, By Fax: Fax:
+353(0)90 6632999. By Post: General Register
Office, Government Offices, Convent Road,
Roscommon, Co. Roscommon, F42 VX53.
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may, however, have resulted from concomitant improvements in breast cancer management
and treatment. A number of more complex designs, most commonly using a separate geo-
graphical area that did not introduce screening as a control, have been used to attempt to sepa-
rate the effect of screening from the effect of improved treatment [1,2].

Using a “parallel’ design, a 2011 study [3] compared trends in mortality from breast cancer
in three pairs of neighbouring European countries with similar population structures, socio-
economic characteristics and access to treatment but where one country implemented a
screening programme by 1990 with a later implementation in the matched country. It reported
that Northern Ireland and the Republic of Ireland had similar reductions in age-standardized
breast cancer mortality rates in the period 1989 to 2006 (29% vs. 26%) even though screening
was introduced in Northern Ireland in 1990 and only in the eastern region of the Republic of
Ireland in 2000. Unfortunately, the authors only had information on the age and year of death.
Since they did not use incidence-files (available from cancer registries) that would have pro-
vided the year the cancer was diagnosed, their analysis included many deaths in women who
could not have benefitted from the screening programme introduced to the first of the pair of
countries: e.g., those who by the age/year it began, were either too old, or had already been
diagnosed with breast cancer. Thus, by ignoring this first principle of cancer screening, their
estimates of the benefit of the earlier introduction are greatly diluted.

What have come to be known as ‘incidence based’” mortality studies [4] avoid this bias by
focusing on the mortality from breast cancer diagnosed only after the first invitation to screen-
ing and excluding deaths in women who could not benefit from the screening program i.e.
whose cancers were diagnosed before screening was initiated. The term ‘incidence-based’ is a
contraction of the more informative “incidence-file based mortality” term introduced by Chu
etal. in 1994 [5]. The 2012 review of such studies, reported a breast cancer mortality reduction
0f 26% (95% confidence interval 13-36%) among women invited for screening and followed
up for 6-11 years [6].

A country with a phased rollout of screening provides the opportunity for a geographical
control group within the same country. Denmark and Norway are often referred to as ‘model
countries’ for this type of comparison with the first phase of screening in Denmark offered to
20% of the target population in 1991-93 and a national rollout taking place between 2007 and
2010 [1,2]. Norway commenced screening in four counties in 1995 with a gradual expansion
to the remaining 15 counties by 2005 [7,8].

The Republic of Ireland has a more recent history of a phased rollout of mammography
screening with screening introduced in half of the country in 2000 (Phase 1, in “Region 1’) and
the West and the South of the country only initiating screening at the end of 2007 (Phase 2, in
‘Region 2’). The program has two unusual features: screening is only until age 64, and the two
regions involve similar sized populations. The primary objective of our study was to compare
the contemporary breast cancer death rates in the two regions using data from the Irish
National Cancer Registry on all breast cancer diagnoses since the first invitation to screening,
in women aged 50-85, while correcting for any difference in the contemporaneous ‘back-
ground’ rates between the geographic regions involved in the two phases. Although differences
in mortality are the most trustworthy metric, the delay between when screening is carried out
and when mortality reductions become evident is long and variable. A second objective was
therefore to use the incidence of stage 2—-4 tumours, as a possible ‘leading indicator’ of the ulti-
mate mortality reductions. Our third objective was methodological: we bring out the critical
issue of ‘timing’ in any observed reductions in mortality or incidence of stage 2-4 tumours
[9,10,11] by graphically representing the incidence rates and varying number of rounds of
screening invitations received over time by different birth cohorts; the graphs indicates the rel-
ative magnitudes of, and the delays with which, the reductions are to be expected over time in
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the various birth cohorts. Throughout, we use graphical displays to remind readers of the prin-
ciples underlying cancer screening.

Methods

BreastCheck—the Irish breast cancer screening programme

Following a pilot programme in the Dublin Region [12], the Republic of Ireland National
Breast Screening Programme, BreastCheck, commenced in February 2000 for women aged 50
to 64 in the East of the country covering about 50% of the eligible population. The programme
is by invitation, by district electoral division and county, to all women in this age range every
two years and is free of charge. Eleven of the 26 counties commenced the programme in 2000,
followed by a further three counties from 2004-2006. The remaining twelve counties in the
West and South of the country commenced screening in December 2007. The target popula-
tion acceptance rate of an invitation to screening has remained relatively stable over time rang-
ing from 68% to 76% of those invited [13].

BreastCheck has offered a fully digitalised mammography service since 2008. Screening
mammograms are taken in mobile digital screening units around the country or in dedicated
units attached to local hospitals. Two view mammograms are taken and independently
assessed by two consultant radiologists. Programme standards are based on European and
national Guidelines for Quality Assurance in Mammography Screening[14,15] with radiolo-
gists required to read a minimum of 5,000 screening cases per year and have specific training
in mammography. Women with abnormal results are invited for further investigation at an
assessment clinic in the nearest screening unit. These investigations may include a further
mammogram, ultrasound or biopsy. Women diagnosed with breast cancer are then referred to
a multidisciplinary team.

The Irish National Cancer Registry

The Irish National Cancer Registry began collecting data on all cancer diagnoses in the Repub-
lic of Ireland in 1994. Tumour registration officers are based in hospitals around the country
and actively register new diagnoses. Most cases are identified through histopathology reports
but the Registry also obtains records held in radiotherapy and oncology units, the hospital in-
patient episodes (HIPE) database and death certificates. Death certificates are provided by the
Central Statistics Office.

Completeness of case ascertainment by the Registry for breast cancer for women in the
screening age group of 50-64 is estimated to be greater than 99%, through independent case
ascertainment with BreastCheck records [16].

Data and contrasts

We used data from the National Cancer Registry on all women aged 50-85, diagnosed with
breast cancer from 2000 to 2013 and resident in the Republic of Ireland at the time of diagno-
sis. The diagnoses were linked with death certificates with follow up to the end of 2013 to
ascertain date and cause of death.

Based on the county of residence at diagnosis, women were classified as having lived in
Region 1 which consisted of the eleven counties (mostly in the East) which began screening in
2000 or Region 2 which consisted of the twelve counties which began at the end of 2007 (in the
West and South). County of residence at diagnosis is assumed to reflect county of residence at
invitation to screening. The 2011 census of the population reported 303,327 women aged 50 to
85 in counties comprising Region 1 and 282,736 women aged 50 to 85 in counties comprising
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Region 2. Quintiles of deprivation were derived from data in the 2002 census at electoral divi-
sion level, and applied to individual women by linkage of address [17]. Within each quintile,
we also compared the age-standardised breast cancer mortality rates for the five years, 1995-
1999, before BreastCheck began.

All deaths attributed to breast cancers diagnosed since the year 2000, at ages of 50-84, in
women in these two regions are included in the analysis, representing 94% of all breast cancer
deaths in women aged 50-85 nationally in the time period of interest. The remaining 6% of
deaths occurred in the three counties who introduced screening in 2004-2006.

The tumour registry only began collecting data in 1994, so we could not use ‘historical’ con-
trol groups such as those used in the studies from Denmark or Norway. Instead, we used ‘par-
allel’ control groups, and compared contemporary death rates in the two regions, but in
women too old to benefit from a screening program limited to those aged 50-64.

Statistical analysis

All graphics and calculations were custom-programmed in R. We used Lexis diagrams to display
the basic data and to illustrate and report the results of the contrasts. To address our first aim, we
carried out two (‘invitation-to-screen’) between-region contrasts: one rate ratio measured the
amalgam of the effect of the earlier Region 1 screening and any inherent between-region differ-
ences in mortality rates even in the absence of screening; the other rate ratio measured just the
regional difference in these ‘background’ mortality rates, caused by any regional differences in
incidence or in quality of treatment. We then used the ‘double difference’ (a ratio of rate ratios) to
estimate the ‘net’ difference attributable to the earlier introduction of screening in Region 1.

Thus, the first contrast involved breast cancer mortality rates in the lower portion of the
Lexis diagrams, i.e. among women who had not been diagnosed with breast cancer by the age
of 50, or by the year 2000, and were aged between 50 and 64 at some time between 2000 and
the end of 2013. A summary Mantel-Haenszel rate ratio was computed using the 301 individ-
ual age-year cells as separate strata, and the variance of the log of this summary rate ratio was
computed using the formula given in Breslow and Day [18]. Since the imbalances were mini-
mal, the variance can be approximated as 1/D; + 1/D,, where D; and D, are the overall num-
bers of deaths in the compared regions. The rate ratio for the second contrast, along with the
variance of its log, was computed in the same way using the 203 cells in the upper portion of
the Lexis diagrams, i.e. in the years lived by women aged 65 or older in 2000 who, likewise, had
not been diagnosed with breast cancer by then, but were too old to benefit from a screening
program that only extended to age 64. (Again, with ' denoting the second contrast, the variance
is well approximated by 1/D," + 1/Dy). Displayed ratios have been rounded to two decimal
places. The variance of the log of the ratio of ratios, calculated as the sum of the two already-
computed variances, was used to compute a confidence interval to accompany the point esti-
mate of the ‘net’ reduction. This sum of variances is well approximated by the ‘Woolf-like’ for-
mula (1/D; + 1/Dy + 1/D;’ + 1/Dy’), and shows that the width of the ultimate confidence
interval is determined by the smallest of the 4 counts.

We also converted the (age-and-year-matched) double difference into an absolute number
of deaths, so that the estimated number of invitations to avert one death from breast cancer
could be determined.

To emphasize the time-patterns peculiar to cancer screening, and which ages in which
years would be affected by screening, we plotted the location, in calendar time, age, and ‘years
since last screening invitation’ of the numbers of deaths involved in each rate ratio in a sepa-
rate figure. To bring out the patterns more clearly, we reduced the statistical noise by averaging
the numbers of deaths in adjacent cells of the Lexis diagram.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188947 December 20, 2017 4/14


https://doi.org/10.1371/journal.pone.0188947

iggl’L‘)S;|ONE

Mortality reductions due to mammography screening: Contemporary population-based data

Since only about 70% of invitees participated, the resulting ‘invitation to screen’ reduction
is an average of the maximal effect in these 70% and the null reduction in the 30%. If one
assumed that, had they participated, the 30% would have benefited to the same extent as the
70%, one can calculate that the reduction is approximately 100/70 = 1.4 times what is seen in
the ‘invitation to screen’ analysis. We also addressed this ‘efficacy’ measure, since it is the rele-
vant number for women who plan to participate fully.

To address our second and third objectives, we also used the between-region differences in
incidence of stage 2—4 breast cancer as a ‘leading indicator’ of later mortality differences. The
shorter lag between screening and the expected reductions in incidence—and the larger num-
bers of ‘events’—allowed us to examine the time patterns in more detail than was possible with
mortality.

We analysed the patterns in two ways. First, we restricted the analysis to the 8 years 2000
2007, i.e., before screening began in Region 2. We grouped the Lexis cells both by attained-age
and by birth-cohort, and used Poisson regression and Joinpoint regression [19] to compute
within-region annual changes in each of seven ‘bands’, each 5 years wide. Second, we examined
the between-region differences by computing 14 year-specific Mantel-Haenszel summary rate
ratios, each one matched on attained age. In addition, in order to obtain smooth-in-time rate
ratios, we used conditional Poisson regression. By fixing the total number of stage 2—4 cancers
in an (age-at-diagnosis, year-of-diagnosis) Lexis cell, the number of them that arose from
Region 1 can be treated as a binomial random variable [20]. The Regionl: Region2 split within
the cell is determined by the underlying ratio of the ‘background’ incidence rates in the two
regions, the respective numbers of women-years they contribute, and the ‘net’ rate ratio-
which itself can be modelled as constant-in or varying-in time.[19] The rate ratio for cell (a,y)
has as its null value (unity) the rate of stage 2—4 tumours that, in the absence of a screening
program, would have been diagnosed at stage 2-4 at age ‘a’ in year ‘y’. A ratio below unity indi-
cates what fraction of these tumours would (despite the earlier invitations to screening) still
have been diagnosed at stage 24 at age ‘a’ in year ‘y’ at this same age/year. One minus this rate
ratio can thus be interpreted as the fraction of the initial ‘target’ that (as a result of the uptake
of screening invitations) was detected in an earlier year—at stage 1 rather than at stage 2—4.

By way of orientation to the results, Fig 1 shows, for one selected birth cohort in Region 2,
the breast cancer deaths that a full screening program, i.e., had it started in that region in 2000,
might have averted. Nine thousand women aged 54 residing in that region in 2000 only
received their first (and last) invitation(s) to screening at age(s) 62 (and 64.) Over the 14 years
from the beginning of 2000 until the end of 2013, a fatal breast cancer shortened the lives of
some sixty six of these nine thousand women: some of these premature deaths, occurring
before the women reached their late sixties, might have been averted had screening invitations
commenced at age 54 (or 50) and moved the diagnosis and treatment to an earlier age/date.

Results

The insets in Fig 2 show a summary of deprivation and the extent of each region. The higher
proportion in the least deprived quintile in region 1 are mostly resident in or close to the larg-
est city, Dublin. However, there was no consistent relation between quintiles of deprivation
and rates of breast cancer mortality from 1995-99. Moreover, age-standardized mortality rates
in the two regions in these 5 years pre-BreastCheck were quite similar to each other.

The main part of Fig 2 illustrates the numbers of screening invitations, ranging from none
to seven, received by women in different birth-cohorts and Regions. In the age cohorts that
were too old to be invited to screening [thus serving as a check on the comparability of the
‘background’ rates in two regions], the death rates in Region 1 and Region 2 were 702 per 0.91
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68 9,208
67

Died at age 65

Fig 1. The ages when they were diagnosed with, and died of, breast cancer: 66 women in one selected cohort in region 2. Some 9,274
women, aged 54 in the year 2000, followed to the end of 2013. This cohort received just two screening invitations, at ages 62 and 64, too late to
alter the course of these 66 fatal cancers. The lengths of the lighter portions of the lines are the maximal amounts by which screening might have
advanced their diagnosis and treatment. Lines are drawn diagonally to orient readers to the full Lexis diagrams used in Figs 2 and 3.

https://doi.org/10.1371/journal.pone.0188947.9001

million women-years (WY) and 727 per 0.91 million women-years, respectively (Mantel-
Haenszel Rate Ratio 0.96). In the age cohorts that were eligible to be invited to screening, the
corresponding death rates were 1,027 per 2.90 million women-years and 1,095 per 2.67 million
women-years, respectively (Mantel-Haenszel Rate Ratio 0.88). Thus, adjusted for age, calendar
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Fig 2. Numbers of screening invitations received by women in various birth-cohorts in regions 1 and 2, together with
mortality rates and their ratios. Insets show the extent of each region, and (in purple) the fractions of those aged 5085 in each

quintile of the deprivation index, with ‘- denoting the least and ‘+’ the most deprived. For each birth cohort, the numbers of

screening invitations received by the end of the indicated years are indicated by squares ranging in colour from white (0) to black
(7), and the numbers received by the end of 2013 are shown to the right of their last follow-up year. The Region 1 vs. Region 2
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comparison limited to the years lived by women who were 65 or older in the year 2000 (cells inside the red boundary) measures
the difference in the background mortality rates in the two Regions. The corresponding comparison limited to the years lived by
women who were 64 or younger in the year 2000 (cells inside the blue boundary) measures the amalgam of this same
(background) difference and the difference due to the greater duration of screening in Region 1.

https://doi.org/10.1371/journal.pone.0188947.9002

year and the small between-region differences in background rates, the estimated mortality
reduction thus far that might be attributed to the additional eight years of screening in Region
1 is approximately 9% (95% confidence interval: a 20% reduction to a 4% increase).

In absolute terms, the estimated number of deaths averted thus far by the additional eight years
of screening (and 600 thousand more invitations to screening, if each invitation to one woman is
counted as a separate invitation) in Region 1 is approximately 9 percent of 1095, or 100.

To emphasize the complex time-patterns peculiar to cancer screening, and to highlight the
age-window in which any additional mortality deficits generated by the planned extension of
screening to age 69 would manifest, Fig 3 shows the location, in calendar time, age, and ‘years
since last screening invitation’ of the numbers of deaths involved in each rate ratio. The small
numbers of deaths in the early years reflect the ‘incidence-based’ nature of the comparisons;
these occurred only a few years after diagnosis. The age locations of the later deaths in the as-
yet-largely-unscreened counties in Region 2 provide a guide to the ages (several years earlier)
at which screening-induced earlier treatment might have averted some of these deaths. Thus,
for example, in the years 2010-2013 in Region 2, some 120 women died of breast cancer aged
72-76. None of their cohorts had been invited to screening. In the corresponding years and
ages in region 1, some 116 died: the last invitation to their cohorts was when they were aged 64
i.e. 8 to 12 years earlier. The data in Fig 3 can also be used to determine the age at which the
last screen would need to be to avert a portion of the still considerable numbers of deaths in
women in their late 70s.

Table 1 shows the time-patterns in the incidence of stage 2-4 breast cancer over the first 8
years in each Region. In each of the 3 ‘horizontal’ and 4 ‘diagonal’ bands, the annual incidence
decreased in Region 1 and increased in Region 2 (the results obtained by conventional Poisson
regression and Joinpoint regression were identical)

Over all 14 years in the 301 Lexis cells that could have been affected by screening, there
were 5209 new cases of stage 2—4 breast cancer in the 2.90 million WY in Region 1, and 5117
in the 2.67 million WY in Region 2 (age-and year-matched Mantel-Haenszel rate ratio: 0.94).
Adjusted for the (background) 1% higher Region-1 incidence in the 203 Lexis cells that could
not have been affected by screening, the stage 2-4 incidence rate in those women who could
have benefitted was thus 7% lower in Region 1 than Region 2. However, as is seen in Fig 4,
that 7% ‘deficit’ is a not very meaningful average of the 14 year-specific impacts of the earlier
screening in Region 1 than Region 2. The 20% Region1-Region2 difference in 2007 reflects the
‘deficit’ of stage 2—-4 cancers in Region 1 in that year: the number that-in the absence of screen-
ing would have been diagnosed at stage 2—-4 in 2007—had already been detected at an earlier
stage in screening rounds 1-3 held in 2000-2005. This a 20% deficit is a good estimate of the
long-term Region1-Region2 differences that would have been seen had Region 2 not begun
screening at all. The narrowing of the differences in the final 5 years reflects the later Region 2
start: as time progresses, the 2 curves will converge.

Also included in the overall 7% difference is the higher rate of stage 2—4 cancers in Region 1
relative to Region 2 in the first 4 years. This also makes sense. Screening can detect stage 1 can-
cers that would otherwise have been diagnosed at stage 2-4 in a later year; but each round of
screening (and especially the first few rounds) also detects stage 2—4 cancers that would other-
wise have been diagnosed at stage 24 in a later year. A similar rise in the incidence of stage
2-4 cancers is evident in Region 2 when screening began there.
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Fig 3. Numbers of deaths from breast cancer at each age and in each year in region 1 and region 2, plotted on the same
grids as in Fig 1. The numbers in each cell have been smoothed, by averaging the actual numbers of deaths in the 9 cellsin 3x 3
square centered on the cell in question. To highlight the reach of screening that ends at age 64, also shown within the 4 x 5
rectangles, are the numbers of cancers that proved fatal at ages 72—76. For many of those in Region 1, the last screening
invitation (shown by the thick grey horizontal line) was 8—12 years earlier.

https://doi.org/10.1371/journal.pone.0188947.9003
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Table 1. For each region, attained-age- and birth-cohort-specific annual changes in the incidence of
stage 2—4 breast cancer in the 8-year period 2000-2007.

Region 1 Region 2
Attained Age*
50-54 -1% +1%
55-59 -9% +1%
60-64 -7% +4%
Age in 2000* * [Born] Followed to Ages
50-54 [1946—-1950] 57—-61 -3% +5%
55-59 [1941-1945] 62—66 -7% +5%
60-64 [1936-1940] 69-71 -3% +4%
Reached age 50 in year* * Followed to Ages
2001-2005 [1951-1955] 52-56 -5% +3%

*The first three rows show results for 3 ‘horizontal’ age-bands, each five years wide: each band contains 12
of the total of 22 birth cohorts that traverse the 3 x 5 x 8 = 120 Lexis cells.

**The remaining rows group 145 Lexis cells by birth cohorts, into 4 ‘diagonal’ bands, each one 5 birth
cohorts wide (the 3 cells traversed by the birth cohorts that reached age 50 in 2006 and 2007 are omitted).
Each ‘slope’, expressed as a percentage, was derived from the coefficient of ‘year’ in the fitted Poisson/
Joinpoint regression.

https://doi.org/10.1371/journal.pone.0188947.t1001

Discussion

In order to weigh the benefits against the potential harmful effects such as over-diagnosis,
those who fund organized mammography screening programs need to know how many future
breast cancer deaths will be averted by them. The best estimates of benefit are to be found in
the quasi-experimental data from contemporary population-based screening programs.
Whereas all ‘big data’ need to be analysed carefully, cancer screening data, whether from the
trials of decades ago or populations this millennium, need to be analysed even more carefully,
to take account of the delayed returns on investment and other time-dependent features that
are peculiar to cancer screening. Thus, we made extensive use of graphical displays and sum-
marized the data using matching rather than modelling.

A synthesis in 2012 of the highest quality quasi-experimental studies—all based on inci-
dence-based data—put the ‘best estimate’ of breast cancer mortality reduction produced by
European service mammography screening programmes at 26% [6]. One contribution to this
estimate were the D, = 223 and D, = 438 breast cancer deaths in the 10 years after/before
screening was introduced to Copenhagen [1]. These two counts were the biggest component
of the width of the confidence interval (D; = 223, Dy = 2,333, D, = 438; D,/ = 2,123). Since the
review, two additional data points have been added. The data from Norway, with 1,175 deaths
in the 4 to 14 years after screening was introduced in the different counties, yielded a point
estimate of 28% with the width of the CI determined by D; = 1,175 and D, = 8,996 [6]. The
other data point was from the Funen area of Denmark with an estimate of 22% based on the
14 years after/before screening was introduced (D, = 416; Dy = 566; D, = 4,246; Dy = 4,111)
[2].

The numbers of screening invitations issued to women in these areas followed the same pat-
tern as on the left half of our Fig 2. No area had yet reached the steady state where every cohort
had been invited since age 50, up until age 69, and followed until the full benefits of these
screens—expected to be centred on the ages 55 to 75 or so-had been expressed. Thus the esti-
mated reductions measure only a portion of what will be achieved in steady state, and each
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Fig 4. Year-specific differences between region 1 and region 2 in incidence rates (per 100,000WY) of stage 2-4 breast cancer. Yearly
differences, expressed as percentages, are derived from age-matched Mantel-Haenszel summary rate ratios restricted to the cells within the blue
polygon in the Lexis diagram (women who could have benefitted from screening). The smoothed differences are derived from a conditional Poisson
regression (i.e. matched on age and year) that used all 36 x 14 = 504 Lexis cells, but that included a term to account for ‘background’ regional
differences in the incidence (estimated from the cells enclosed in red in Fig 2), as well as linear and quadratic-in-time terms to allow the ‘net’ benefit
of earlier access to screening in Region 1 to depend on year.

https://doi.org/10.1371/journal.pone.0188947.9004

area provides a different portion: for example, in the Copenhagen [1] and Funen [2] studies,
which relied on ‘time-shifts’ of 10 and 14 years respectively, the maximum number of invita-
tions were only 5 and 7 respectively, and many cohorts had had far fewer.

PLOS ONE | https://doi.org/10.1371/journal.pone.0188947 December 20, 2017 11/14


https://doi.org/10.1371/journal.pone.0188947.g004
https://doi.org/10.1371/journal.pone.0188947

@° PLOS | ONE

Mortality reductions due to mammography screening: Contemporary population-based data

What is different about these newest, Irish data, and how should the observed 9% difference
between the regions involved in the two phases thus far be interpreted? The first difference is
that the close to 50:50 sample size ratio in the two regions makes for a small variance (D; =
1,027; Dy = 1,095 D,’ = 702; Dy’ = 727). The second is that the correction in the double differ-
ence involves contemporary (post year 2000 only) rather than historical data. The closeness of
the background rates in the women who were too old for the screening program reduces the
risk of mixing mortality differences produced by screening and ones caused by regional differ-
ences in quality of care. Third, the Republic of Ireland is one of the few EU countries to have
limited screening to women aged 50-64, rather than to those aged 50-69 as recommended by
the Council of the European Union [21] (the program will now be extended to include all
women from 50-69 by 2021).

The 9% regional difference seen thus far in Ireland measures how much of an advantage
women in Region 1 have achieved thus far (i.e. in the 14 years) over their Region 2 counter-
parts (or their own counterfactuals) by having had access to organized screening almost 8 years
sooner. The full effect in Region 1 (when all cohorts have received all 8 invitations, from age 50
to 64) could eventually be estimated indirectly if Region 2 had delayed its introduction, not for
8, but for say 20-25 years. Given our inexact knowledge as to the timing of the delayed cancer
screening dividends, it is not possible to precisely extrapolate from the estimated 9% achieved
this far with a lead of 8 years, to an estimate based on a (hypothetical) phase 1 lead of 20-25
years. However, one might extrapolate from the differences seen with the 10 and 14 year leads
in the two Danish studies, as long as one allows for the shorter ‘age-reach’ of the Irish program
(and its inability to avert most of the deaths that occur in women aged from the early 70s
onwards). One should also allow for the initial phase 1 challenges in achieving full coverage
and a 21-27 month cycle. Based on all of these considerations, it seems reasonable to project
that had the Region 1 lead been 20-25 years, their advantage over Region 2 in these years would
have been close to 20%-the remit of the program [13].

When magnified by a factor of 100/70 so that it refers to the benefit of full participation in
region 1, the projection is closer to 30%.

The observed 9% difference that drives these estimates might have been attenuated by the
phase 1 start up challenges, and by greater opportunistic screening in Region 2—prompted by
awareness of the program in Region 1, and paid for by private health insurance. But this is oft-
set by the possibly greater access to treatment in Region 1 pre 2008, when treatment pathways
were linked to the screening programme. Centres of clinical excellence for cancer treatment
were more common post 2008.

In addition to reporting the first 21* century-only screening data thus far, this paper high-
lights an important but neglected principle in the analysis of cancer screening data. The effects
of cancer screening are not like those of adult circumcision, where the resulting protection
against HIV acquisition is immediate and lifelong, or one-time screening for abdominal aortic
aneurysms [22], where the full benefits are already evident in year 2, and persist for at least a
decade. To estimate the full effects of this activity/intervention, a difference of a year or two
between starting phase 1 and 2 would have been more than adequate; to directly see the full
mortality effects of eight rounds of every second year screening, a lead of perhaps 20-25 years
is necessary.

The central role of timing and the difference in outlook between therapeutics and screening
is further exemplified in the question of extending mammography screening from the ages of
50-64 to 50-69. When considering the implications of the last screening invitation being at
age 69 rather than at age 64, it is more instructive to work backwards. Suppose that, in the
absence of screening, a cancer had proved fatal at age 74; if there had been just one opportunity
to screen for that cancer, at what age would it have been optimal to do so? What if there had
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been more than one? The patterns in Fig 2 and the raw data in Fig 3 illustrate why mortality
data related to cancer screening, whether derived from old trials or newer quasi-experimental
studies, need to be very carefully considered. Few analyses or meta-analyses to date have con-
sidered these core screening questions: how long after the beginning of screening do the mor-
tality deficits manifest themselves? How long after the cessation of screening do the mortality
deficits disappear? In each trial, how many rounds were there and how long was the follow-
up? In light of these, what does a single average data from trials of varying screening duration
and varying follow-up periods mean? And to whom does it apply?

The reductions produced by cancer screening cannot be summarized using a single number
(the remit of the BreastCheck program was “reducing mortality from breast cancer by 20% in
ten years”), but must be arrayed in time along both of the dimensions used in these Figs. More-
over, the cells must not be grouped merely by horizontal age-bands, as is commonly done.
Women must also be followed, along the diagonals of the Lexis diagram, into subsequent age-
bands. The good that screening at age 64 does only becomes apparent (as a mortality deficit) in
subsequent age bands. These principles should be used to interpret not just these latest data
from Ireland, but all of the trial and population data to date.

Reductions in the incidence of stage 2—-4 tumours are not a prefect surrogate for the ulti-
mate reduction in mortality. But the sharper and more immediate patterns are an important
indicator, given that the gap between the two regions was only 8 years. Thus, the 20% ‘deficit’
in incidence of these tumours in Region 1, just before Region 2 began screening, is an encour-
aging finding.
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