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Dedication
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HSPH’s Marvin Zelen dies at 87
Was considered a ‘tremendous force’ in biostatistics
November 19, 2014 | Editor's Pick
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Harvard Professor Marvin Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer trials, in
which experimental drugs are tested for toxicity, effectiveness, and proper dosage.

HSPH Communications

Professor Marvin Zelen of the Department of Biostatistics at the Harvard T.H. Chan School of Public Health
(HSPH) died on Nov. 15 after a battle with cancer. He was 87.

Zelen was the Lemuel Shattuck Research Professor of Statistical Science, as well as a member of the Faculty
of Arts and Sciences Emeritus at Harvard University. He served for a decade in the 1980s as chair of HSPH’s
Department of Biostatistics. He was known as a giant in his field, and as a man of vision, generosity, and
warmth.

Zelen was noted for developing the statistical methods and study designs that are used in clinical cancer
trials, in which experimental drugs are tested for toxicity, effectiveness, and proper dosage. He introduced
measures to ensure that data from the trials were as free as possible of errors and biases — measures that are
now standard practice. Zelen helped transform clinical trial research into a well-managed and statistically
sophisticated branch of medical science. His work in this area led to significant medical advances, such as





Screening: Evidence and practice
Angela Raffle and Muir Gray. Oxford. 2007

All screening programmes do harm.

Some do good as well and, of these, some do more good than
harm at reasonable cost.

It is the responsibility of policy makers, public health practitioners, managers and the clinicians involved in screening

to ensure that only programmes that do more good than harm at reasonable cost are implemented and, when they

are implemented, that they are managed in such a way as to achieve a level of quality which will ensure that the

balance of good and harm demonstrated in research is reproduced in the ordinary service setting.



The role of time
Mark Anthony in Shakespeare’s Julius Caesar

“The evil that men do lives after them;

The good is oft interred with their bones,”

in many screening contexts,

– the harm is immediate

– the good is delayed (and harder to measure)



Why the large variation in results re ’‘the good’ ?

Outline of Remarks

• First principles of screening are ignored

• Time (early detection)

• Who might benefit (early detection)

• Illustrations: screening for cancer of
Prostate / Lung / Colon / Ovary / Cervix / Breast

• Estimand, and a first-principles model



Time-pattern in reduction(s) in rates

Activity ↓ Risk/Rate of

PKU screening Intellectual disability, ..

Vaccination Measles, Polio, ..

TB Screening: TB spread

Screen for heart defects Sudden death in athletes

Adult circumcision HIV

Ultrasound screening Death from AAA rupture

↓ virtually immediate, and sustained



METHODS

The design of MASS is described in detail elsewhere.4

Briefly, a population based sample of 67 770men aged
65-74 was recruited during 1997-9 from four centres in
the UK and randomised to receive an invitation to
screening for abdominal aortic aneurysm (invited
group) or not (control group). Among the 33 883 men
invited to screening, principally in a primary care set-
ting, 27 204 (80%) attended and 1334 aneurysms (dia-
meter ≥3.0 cm) were detected. Within this group of
detected aneurysms, surveillance involved rescanning:
annually for those with diameters of 3.0-4.4 cm and
every three months for those of 4.5-5.4 cm. Patients
were referred to a hospital outpatient clinic for possible
elective surgery when the aneurysm reached 5.5 cm,
the aneurysm had expanded by 1.0 cm or more in
one year, or symptoms attributable to the aneurysm
were reported.
We collected additional data from local hospital

records on follow-up ultrasound scanning done within
medical imaging departments and surgery for abdom-
inal aortic aneurysm. The UK Office for National Sta-
tistics notified us of deaths up to 31 March 2008, after
matching on the unique National Health Service
(NHS) number for each participant. Follow-up ranged
from 8.9 to 11.2 years (mean 10.1 years). The primary
outcome of interest—deaths related to abdominal aor-
tic aneurysm—is defined as all deaths within 30 days of
any surgery (electiveor emergency) for abdominal aor-
tic aneurysm plus all deaths with codes 441.3-441.6
(international classification of diseases, ninth revision;
see table 1).

We used unadjusted Cox regression to compare
deaths related to abdominal aortic aneurysm (censor-
ing other causes of death) and all cause mortality
between the two randomised groups. Life years gained
was derived as the area between the Kaplan-Meier
curves of deaths related to abdominal aortic aneurysm
for the control and invited groups, adjusting for the
effect of deaths from other causes.14 We also obtained
an unbiased randomisation based estimate of the ben-
efit of attending initial screening.15 This estimate was
calculated by subtracting from the controls a group
that is equivalent to the non-attending group among
those invited, thus leaving a control group comparable
to those attending in the invited group.
We estimated the cost effectiveness of screening

from a UK health service perspective, for follow-up
truncated at 10 years. The relevant unit costs are
taken from a recent UK Department of Health
report16; these are based on a detailed costing exercise
at 2000-1 prices17 uplifted to reflect 2008-9 prices.
Events costed include each invitation to screening
(£1.74; €2.02; $2.88), reinvitation to screening
(£1.70), initial scan (£25.31), recall scan (£61.07), refer-
ral for consideration for elective surgery (£411.07),
elective surgery (£9165), and emergency surgery
(£14 825). We applied discounting at the currently
recommended rate of 3.5% per year for both costs
and effects. Incremental costs and the cost effectiveness
ratio take into account censoring at the end of follow-
up by dividing the follow-up into intervals of six
months.18 19 We used Fieller’s method to calculate the
confidence interval for the incremental cost effective-
ness ratio.20

RESULTS

The flow of participants in the trial is as reported
previously,5 except for two features. Firstly, of the
1334 men with abdominal aortic aneurysm detected
at initial scan, 72% (n=963) had complete clinical fol-
low-up to 10 years according to the protocol; this com-
pares with 76% at seven years. Secondly, inability to
follow up deaths because some men may have moved
was 2.7% at 10 years, compared with 2.1% at seven

Table 1 | Deaths related to abdominal aortic aneurysm*, ruptured abdominal aortic aneurysm,
and other causes of death

Category Control group (n=33 887) Invited group (n=33 883)

Deaths related to aneurysm:

<30 days after elective surgery† 13 21

Ruptured aneurysm‡ 251 110

Ruptured aneurysm of unspecified site§ 32 24

Total No 296 155

Hazard ratio (95% CI) 1 (reference) 0.52 (0.43 to 0.63)

Ruptured aneurysm:

Non-fatal rupture 78 42

Total incidence of rupture¶ 374 197

Hazard ratio (95% CI) 1 (reference) 0.52 (0.44 to 0.62)

Other causes of death:

Ischaemic heart disease 2448 2324

Other cardiovascular 1391 1430

Non-cardiovascular** 6346 6365

All deaths 10 481 10 274

Hazard ratio (95% CI) 1 (reference) 0.97 (0.95 to 1.00)

*Codes 441.3-6 (international classification of diseases, ninth revision), or equivalently codes I71.3-4 and 8-9
(international classification of diseases, 10th revision).
†Those with ICD-9 codes 441.3-6 who died within 30 days of elective surgery are classified here.
‡ICD-9 codes 441.3 (ruptured abdominal aortic aneurysm) and 441.4 (abdominal aortic aneurysm without
mention of rupture), and all deaths occurring within 30 days of emergency surgery for abdominal aortic
aneurysm.
§ICD-9 codes 441.5 (ruptured aortic aneurysm at unspecified site) and 441.6 (aortic aneurysm at unspecified
site without mention of rupture).
¶Deaths related to abdominal aortic aneurysm plus incidence of non-fatal ruptured abdominal aortic aneurysm.
**Includes 19 deaths of unknown cause.
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Fig 1 | Cumulative deaths related to abdominal aortic
aneurysm, by time since randomisation
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Time-pattern in reduction(s) in rates/levels

Agent ↓ Risk/Rate/Level of
Blood thinners Stroke/MI
Statins LDL cholesterol

↓ disappears when agent removed



PROSTATE cancer screening: a ‘1-number’ reduction

“Average f.-up: 8.8y. Rate ratio for death from prostate cancer
in screening group:’ 0.80→ ‘AVERAGE’ reduction of 20%.”



(A) Overall vs. (B) Year-specific mortality ratios
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 Department of Clinical 
Chemistry, Helsinki University 

Central Hospital Laboratory 
Division (HUSLAB), Helsinki, 

Finland (Prof U-H Stenman PhD); 
FIMLAB, Department of 

Pathology, Tampere, Finland

analysis of incidence of prostate cancer with 1–9 years’ 
follow-up. Appendix pp 13–16, 20, 21 shows the analysis 
considering all available ages. Appendix p 17 shows a 
further secondary analysis of the results per centre for the 
core age group excluding France. No adjustment of 
signifi cance for α-spending in sequential analyses was 

applied because the present analysis is protocol based and 
not driven by statistical signifi  cance.17,18 Cumulative 
prostate cancer mortality by group was calculated with 
the Nelson-Aalen method.17 Number needed to invite 
(NNI) to avert one prostate cancer death was calculated as 
the inverse of the absolute risk reduction, and the number 
needed to detect (NND) as the NNI multiplied by the 
excess incidence of prostate cancer in the intervention 
group. Analyses were done with Stata version 12.1.

This trial is registered with Current Controlled Trials, 
number ISRCTN49127736.

Role of the funding source
The funders of the study had no role in the study design, 
data collection, data analysis, data interpretation, or writing 
of the report. Access to data was limited to the independent 
data centre led by SMM. None of the investigators had 
access to outcome data outside the planned offi  cial reports 
of the data centre. FHS produced the primary version and 
was responsible for submitting the report.

Results
In the core group of men aged 55–69 years, excluding 
France, 162 388 were randomly assigned, of whom 
145 died between randomisation and screening. With 
data truncated at 13 years of follow-up, 7408 prostate 

Intervention group Control group Rate ratio*
(95% CI)

p value Rate diff erence per 
1000 person-years*
(95% CI)

Rate diff er-
ence per 
1000 men*

Adjusted rate ratio 
in attenders*
(95% CI) 

p value

Prostate 
cancer 
deaths
(n)

Person-
years

Rate 
per 1000 
person-
years

Prostate 
cancer 
deaths
(n)

Person-
years

Rate 
per 1000 
person- 
years

Years 1–9 193 614 590 0·31 278 751 777 0·37 0·85 (0·70 to 1·03) 0·10 −0·06 (−0·12 to 0·01) −0·46 ·· ··

Years 1–11 265 732 133 0·35 415 896 367 0·46 0·78 (0·66 to 0·91) 0·002 −0·10 (−0·17 to −0·04) −1·02 0·71 (0·58 to 0·88) 0·001

Years 1–13 355 825 018 0·43 545 1 011 192 0·54 0·79 (0·69 to 0·91) 0·001 −0·11 (−0·18 to −0·05) −1·28 0·73 (0·61 to 0·88) 0·0007

*Adjusted by centre and for the randomisation ratio 1:1·5 intervention group versus control group in Finland.

Table 3: Prostate cancer mortality in the intervention and control groups during three time periods truncated (all centres, core age group, France excluded except for years 1–9)

Figure 2: Nelson–Aalen estimates of cumulative prostate cancer mortality (all centres, excluding France)
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Intervention group Control group Rate ratio*
(95% CI)

Rate diff erence 
per 1000 
person-years*
(95% CI)

Rate 
diff erence 
per 1000 
men*

Prostate 
cancer
(n)

Person-
years

Rate per 
1000 
person- 
years

Prostate 
cancer
(n)

Person-
years

Rate per 
1000 
person-
years

Years 1–9 including France 7902 835 353 9·46 5726 984 993 5·81 1·64 (1·58–1·69) 3·69 (3·42–3·95) 26·5

Years 1–9 6147 585 627 10·50 4127 736 688 5·60 1·91 (1·83–1·99) 5·00 (4·68–5·32) 39·0

Years 1–11 6797 692 186 9·82 5262 873 415 6·02 1·66 (1·60–1·73) 3·90 (3·61–4·20) 35·5

Years 1–13 7408 775 527 9·55 6107 980 474 6·23 1·57 (1·51–1·62) 3·44 (3·16–3·72) 34·8

*Control group for Finland weighted by 1:1·5.

Table 2: Prostate cancer incidence in the intervention and control groups during three time periods truncated (all centres, core age group, France 
excluded except for years 1–9)
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cancer cases were diagnosed in the intervention group 
and 6107 cases in the control group (fi gure 1).

The median age at randomisation was 60·2 years 
(table 1). The overall compliance with biopsies was 
85·6%, 20 188 of 23 574 screen-positive tests. On average, 
men in the intervention group were screened 2·3 times 
(ranging from 1·6 times in Belgium with a 7-year 
interval to 3·5 times in Sweden with a 2-year interval). 
Of the screen-positive men who underwent a biopsy, 
4883 (24·2%) were diagnosed with prostate cancer 
within 12 months after testing (table 1).

With follow-up truncated at 13 years, prostate cancer 
incidence was 9·55 per 1000 person-years in the 
intervention group and 6·23 in the control group (table 2).

With follow-up truncated at 13 years, prostate cancer 
mortality was 0·43 per 1000 person-years in the inter-
vention group and 0·54 per 1000 person-years in the 
control group (RR of 0·79, 95% CI 0·69–0·91, p=0·001; 
table 3, fi gure 2). We recorded a similar RR after 11 years 
(table 3). After adjustment for non-participation, we noted 
an RR of 0·71 (95% CI 0·58–0·88, p=0·001) after 11 years 
and 0·73 (0·61–0·88, p<0·0007) after 13 years (table 3).

The absolute risk reduction in prostate cancer mortality 
at 13 years of follow-up in the intervention group compared 
with the control group, after adjustment for the 
randomisation ratio of 1:1·5 in Finland was 0·11 prostate 
cancer deaths per 1000 person-years or 1·28 prostate 
cancer deaths per 1000 men, which yielded an NNI of 781 
(95% CI 490–1929) and an NND of 27 (17–66). The NNI 
and NND were substantially decreased from follow-up to 
9 years (NNI 1410, NND 48) and 11 years (NNI 979 
[95% CI 594–2770], NND 35 [21–96]).1,2 All-cause mortality 
did not diff er between the two trial groups (table 4).

In addition to the core age group, we noted a signifi cant 
reduction in prostate cancer mortality for all 181 999 men 
aged 50–74 years at entry (excluding France; table 4). The 

eff ect of screening did not signifi cantly diff er across 
5-year bands in the core age group or across the entire 
age range, but, most likely by chance, we noted a 
signifi cant reduction in prostate cancer mortality in the 
65–69 year age group. We recorded a non-signifi cant 
increase in prostate cancer mortality in the 70 year and 
older screening group (table 4); however, men in this age 
group were screened only once, which might explain the 
absence of an eff ect of starting to screen late in life.

Figure 3 shows prostate cancer mortality for the two trial 
groups in 4-year intervals from date of randomisation. At 
0–4 years the RR was 0·88 (95% CI 0·58–1·34), which 
decreased to 0·82 (0·64–1·06) at 4–8 years, and further 
decreased to 0·72 (0·59–0·88) at 8–12 years.

An analysis of prostate cancer mortality in the inter-
vention and control groups in the core age group of 
individual centres showed signifi cant RRs only for 
Sweden (0·62 [95% CI 0·41–0·92]) and the Netherlands 

Figure 3: Nelson-Aalen estimates of cumulative prostate cancer in both 
groups by 4-year periods (all centres, excluding France)
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Control group
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RR 0·72

RR 0·82

RR 0·88

Intervention group Control group Rate ratio (95% CI) p value

Deaths (n) Person-years Rate per
1000 person-
years

Deaths (n) Person-years Rate per
1000 person-
years

All-cause mortality 

Core age group 15 369 825 018 18·6 19 108 1 011 192 18·9 1·00 (0·98–1·02) 0·82

All ages 18 251 935 185 19·5 21 992 1 120 432 19·6 1·00 (0·98–1·02) 0·98

Prostate cancer mortality

Age groups (years)

≤54 6 64 265 0·09 7 62 312 0·11 0·84 (0·28–2·49) 0·75

55–59 114 411 834 0·28 174 524 314 0·33 0·81 (0·93–1·03) 0·09

60–64 121 240 895 0·50 159 280 404 0·57 0·90 (0·71–1·15) 0·41

65–69 120 172 289 0·70 212 206 474 1·03 0·69 (0·55–0·87) 0·002

70≥  66 45 903 1·44 58 46 928 1·24 1·17 (0·82–1·66) 0·40

Core age group 355 825 018 0·43 545 1 011 192 0·54 0·79 (0·69–0·91) 0·001

All ages 427 935 185 0·46 610 1 120 432 0·54 0·83 (0·73–0·94) 0·004

Test for heterogeneity for prostate cancer mortality: all ages χ²₄=6·26 p=0·18; core age group: χ²₂=2·31 p=0·32.

Table 4: All cause and prostate cancer mortality by age at randomisation (France excluded)

See Online for appendix



The loneliness of the long-distance trialist
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LUNG cancer screening: a ‘1-number’ reduction

With sustained screening, the steady-state mortality reduction
would be more than 20% observed after just the 3 trial rounds.



Mortality deficits produced by cancer screening

• Become evident only after some delay.

• Some time after screening ceases, mortality rates revert
to those in unscreened.

• 30 y. follow-up, Minnesota Colon Trial [FOBT screens for
15 years]

• Should we expect mortality deficits in year 21 of Mayo
Lung Trial, which screened for 6 years?



Bottom Line [1]

The unprincipled 1-number hazard-ratio (or % ↓) ignores

• how many screens

• when the last screen was

• when follow-up ended

• when mortality deficits are expected to manifest.



First Principles of Screening

Screening: pursuit of earlier Dx (& earlier Tx).

Because of the Detectability : Curability tradeoff, the course
of many cancers, ’otherwise’ fatal at T = t , is not altered by
screen at T = 0.

They are too early/late to be detected/cured.

Mortality deficits manifest after some delay, and disappear
at some point after last screen.



Principles→ HR [or %Reduction] function



Principles→ HR [or %Reduction] function

The
depth & duration of the mortality deficits produced by 3
screenings. In women screened from 50-69, deficits would
reach their max. at ≈ age 56 & maintain this level for many
age-bins.



http://www.biostat.mcgill.ca/hanley/Reprints#screening

http://www.biostat.mcgill.ca/hanley/Reprints/talkJGHResearchDay22OctHandout.pdf

http://www.biostat.mcgill.ca/hanley/Reprints#screening
http://www.biostat.mcgill.ca/hanley/Reprints/talkJGHResearchDay22OctHandout.pdf


COLON Screening. HR [or %Reduction] function



Ovarian Cancer. HR [or %Reduction] function



Bottom Line [2]

IT’S ABOUT TIME:

to not just recognize the importance of the HR function & its
determinants,

but to use them in data analysis



Liu Model: A Fitted to Data; B Projected i.e., no interruption. 6 & 11 Rounds

0 5 10 15 20 25 30 35

R
e

d
u

c
ti
o

n

100 %

80 %

60 %

40 %

20 %

0 %

S S S S S S S S S S S
S S S S S S Biennial (78% compliance)

Annual (75% compliance)

A D2

D1

D0

3

4

4

3

6

7

9

8

5

4

15

7

6

11

1

2

7

9

6

8

13

9

8

8

8

10

13

6

9

13

10

6

17

10

14

14

5

9

11

7

8

10

11

7

9

7

6

10

10

9

12

5

5

14

4

12

9

8

4

10

8

12

17

6

6

13

9

5

8

8

6

8

4

5

13

10

10

11

8

9

10

2

3

6

6

10

7

6

5

6

0 5 10 15 20 25 30 35

Follow−up year

R
e

d
u

c
ti
o

n

100 %

80 %

60 %

40 %

20 %

0 %B

S S S S S S S S S S S S S S S S
S S S S S S S S

Biennial (78% compliance)

95% confidence bands (biennial)

Annual (75% compliance)

Figure 5–4: Panel A: Empirical and fitted mortality reductions based on the yearly
numbers of colorectal cancer deaths in the two screening arms of the Minnesota
Colorectal Cancer Screening Study, with the 4-year hiatus. The size of each dot is
proportional to the information contribution of the empirical year-specific mortality
ratio. Because the hiatus was in calendar-time rather than follow-up time, and entries
were staggered, the timing of the screens, each denoted by an S, is only approximate.
Panel B: Projection of yearly mortality reductions in colorectal cancer that would
be generated by 15 years of uninterrupted annual and biennial fecal occult blood
screening. The grey area represents time-specific 95% confidence bands under the
biennial screening regimen.
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SCREENING for BREAST CANCER



???

Magnitude of reductions being achieved with
contemporary mammography

Estimates from (non-experimental) population-based studies



Population-based studies using WHO mortality data

Breast cancer mortality in neighbouring European
countries with different levels of screening but similar
access to treatment: trend analysis of WHO mortality
database
Philippe Autier research director 1, Mathieu Boniol senior statistician 1, Anna Gavin director 2, Lars J
Vatten professor 3

1International Prevention Research Institute, 95 Cours Lafayette, 69006 Lyon, France; 2Northern Ireland Cancer Registry, Belfast, Northern Ireland,

UK; 3Department of Public Health, Norwegian University of Science and Technology, Trondheim, Norway

Abstract
Objective To compare trends in breast cancer mortality within three
pairs of neighbouring European countries in relation to implementation
of screening.

Design Retrospective trend analysis.

Setting Three country pairs (Northern Ireland (United Kingdom) v
Republic of Ireland, the Netherlands v Belgium and Flanders (Belgian
region south of the Netherlands), and Sweden v Norway).

Data sourcesWHO mortality database on cause of death and data
sources on mammography screening, cancer treatment, and risk factors
for breast cancer mortality.

Main outcomemeasuresChanges in breast cancer mortality calculated
from linear regressions of log transformed, age adjusted death rates.
Joinpoint analysis was used to identify the year when trends in mortality
for all ages began to change.

Results From 1989 to 2006, deaths from breast cancer decreased by
29% in Northern Ireland and by 26% in the Republic of Ireland; by 25%
in the Netherlands and by 20% in Belgium and 25% in Flanders; and by
16% in Sweden and by 24% in Norway. The time trend and year of
downward inflexion were similar between Northern Ireland and the
Republic of Ireland and between the Netherlands and Flanders. In
Sweden, mortality rates have steadily decreased since 1972, with no
downward inflexion until 2006. Countries of each pair had similar
healthcare services and prevalence of risk factors for breast cancer
mortality but differing implementation of mammography screening, with
a gap of about 10-15 years.

Conclusions The contrast between the time differences in
implementation of mammography screening and the similarity in
reductions in mortality between the country pairs suggest that screening
did not play a direct part in the reductions in breast cancer mortality.

Introduction
Deaths from breast cancer are decreasing in North America,
Australia, and most Nordic and western European countries.1-3
After more than 20 years of intensive mammography screening
in some of these countries, however, it is still difficult to
determine howmuch of the observed reduction in mortality can
be attributed to earlier detection of breast cancer or to improved
management.4 5 This difficulty stems from the limited ability of
most observational and modelling studies to disentangle the
effects of early detection, treatment, and efficiency of healthcare
systems on mortality.6

Deaths from cervical cancer have decreased substantially in the
same countries.3 7 Reductions in cervical cancer mortality in
Nordic countries from 1965 to 1980 were related to nationwide
screening programmes from the 1960s (Iceland, Finland). In
countries where screening programmes were delayed (Norway),
the reduction in mortality became apparent many years later.
Finland implemented a nationwide cytology screening
programme in the 1960s, and from 1970 to 1980 mortality from
cervical cancer decreased by 50%. In Norway, a nationwide
programme was implemented 15 years later, and from 1970 to
1980 mortality from cervical cancer decreased by only 8%.
Access to surgery and radiotherapy was comparable between
the Nordic countries, and the clear differences in mortality trends
could be attributed to time differences in the implementation
of screening. These data remain the most compelling evidence
that cytology screening reduces mortality from this cancer.8 9

Studies of cervical cancer mortality at the population level
suggest an approach that may help clarify the effectiveness of
mammography screening. A review of randomised trials on
mammography screening carried out by an international expert
group suggested that in areas with screening attendance of at
least 70%, a reduction in breast cancer mortality by about 25%
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Abstract
Objective To compare trends in breast cancer mortality within three
pairs of neighbouring European countries in relation to implementation
of screening.

Design Retrospective trend analysis.

Setting Three country pairs (Northern Ireland (United Kingdom) v
Republic of Ireland, the Netherlands v Belgium and Flanders (Belgian
region south of the Netherlands), and Sweden v Norway).

Data sourcesWHO mortality database on cause of death and data
sources on mammography screening, cancer treatment, and risk factors
for breast cancer mortality.

Main outcomemeasuresChanges in breast cancer mortality calculated
from linear regressions of log transformed, age adjusted death rates.
Joinpoint analysis was used to identify the year when trends in mortality
for all ages began to change.

Results From 1989 to 2006, deaths from breast cancer decreased by
29% in Northern Ireland and by 26% in the Republic of Ireland; by 25%
in the Netherlands and by 20% in Belgium and 25% in Flanders; and by
16% in Sweden and by 24% in Norway. The time trend and year of
downward inflexion were similar between Northern Ireland and the
Republic of Ireland and between the Netherlands and Flanders. In
Sweden, mortality rates have steadily decreased since 1972, with no
downward inflexion until 2006. Countries of each pair had similar
healthcare services and prevalence of risk factors for breast cancer
mortality but differing implementation of mammography screening, with
a gap of about 10-15 years.
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Figures

Fig 1 Year of first invitation for mammography screening and age adjusted (European standardised rates) breast cancer
mortality in women of all ages in Sweden and Norway

Fig 2 Participation in mammography screening and age adjusted (European standardised rates) breast cancer mortality in
women of all ages in the Netherlands and Belgium

Fig 3 First year of organised screening programme and age adjusted (European standardised rates) breast cancer mortality
in Northern Ireland and Republic of Ireland
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Why this big-data approach DILUTES the impact

Most of the breast cancer deaths in Northern
Ireland in the early 1990s involved cancers that
had been DIAGNOSED BEFORE the screening
was introduced.

These women could not have been helped by
the program.

Screening pursues not-yet-diagnosed cancers
(so as to treat them earlier)



Another study that uses WHO mortality data
Effectiveness of and overdiagnosis from mammography 
 screening in the Netherlands: population based study
Philippe Autier,1,2 Magali Boniol,2 Alice Koechlin,1,2 Cécile Pizot,2 Mathieu Boniol1,2

ABSTRACT
OBJECTIVE
To analyse stage specific incidence of breast cancer 
in the Netherlands where women have been invited 
to biennial mammography screening since 1989 
(ages 50-69) and 1997 (ages 70-75), and to assess 
changes in breast cancer mortality and quantified 
overdiagnosis.
DESIGN
Population based study.
SETTING
Mammography screening programme, the 
Netherlands.
PARTICIPANTS
Dutch women of all ages, 1989 to 2012.
MAIN OUTCOME MEASURES
Stage specific age adjusted incidence of breast cancer 
from 1989 to 2012. The extra numbers of in situ and 
stage 1 breast tumours associated with screening were 
estimated by comparing rates in women aged 50-74 
with those in age groups not invited to screening. 
Overdiagnosis was estimated after subtraction of the 
lead time cancers. Breast cancer mortality reductions 
during 2010-12 and overdiagnosis during 2009-11 
were computed without (scenario 1) and with (scenario 
2) a cohort effect on mortality secular trends.
RESULTS

Overdiagnosis has steadily increased over time with 
the extension of screening to women aged 70-75 
and with the introduction of digital mammography. 
After deduction of clinical lead time cancers, 32% 
of cancers found in women invited to screening in 
2010-12 and 52% of screen detected cancers would 
be overdiagnosed.
CONCLUSIONS
The Dutch mammography screening programme 
seems to have little impact on the burden of advanced 
breast cancers, which suggests a marginal effect on 
breast cancer mortality. About half of screen detected 
breast cancers would represent overdiagnosis.

Introduction
The primary goal of cancer screening is to decrease cancer 
mortality. Cancer screening affects cancer mortality by 
reducing the number of advanced cancers with poor 
prognosis. In populations where screening is widespread, 
decreases in the incidence of advanced cancer should 
be the first sign that screening effectively reduces cancer 
mortality.1-4 This indicator has the advantage of being 
independent of treatment. It was recommended for the 
monitoring of the effectiveness of breast screening by the 
International Agency for Research on Cancer handbook 
on breast screening published in 2002 and by proponents 
of mammography screening.5-8

In 1988 a nationwide, population based organised 
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aged 50 or more based on the age-period-cohort model 
indicates a smooth, progressive tendency towards 
lower mortality after 1994 owing to a steadily lower risk 
of breast cancer death among successive generations of 
women born after 1923 (see supplementary figure S3). 
This steadily lower risk would be associated with long 
term changes in genetic, environmental, and lifestyle 
risk factors associated with breast cancer death. The 
reduction of mortality due to cohort effects would have 
happened independently of screening or of improved 
treatments. This reduction would have ended up as a 
mortality about 5% lower in 2012 than in 1995.

Stage specific breast cancer incidence
From 1989 to 2012, a total of 27 909 in situ and 
267 989 invasive breast cancers were diagnosed 
among Dutch women of all ages. Trends from 1989 to 
2012 show considerable increases in the incidence of 
in situ tumours and stage 1 cancers, whereas trends 
in stage 2-4 cancers have remained relatively stable 
(see supplementary figure S4). The adoption of the 
axillary sentinel node biopsy procedure by all medical 
institutions in 2002 induced a stage migration that 
led to the upstaging of a sizeable fraction of stage 2 
cancers into stage 3 cancers. This phenomenon is not 
perceptible for stage 1 cancers. A joinpoint analysis of 
stage 1 cancer rates in women of all ages showed annual 
percentage changes of 11.57% (95% confidence 
interval 8.96% to 14.23%) in 1989-93, 1.36% (0.85% 
to 1.87%) in 1993-2005, and 3.48% (2.45% to 4.52%) 
in 2005-12. There is thus no evidence for a downward 
inflexion in stage 1 cancer rates in years during which 
the sentinel node biopsy procedure was generalised.

In women aged 50 or more, the incidence of stage 
2-4 cancers remained practically unchanged over time, 
from 168 per 100 000 in 1989 to 166 per 100 000 in 
2012 (fig 3), with a non-significant annual percentage 
change of −0.16% (95% confidence interval −0.36% 
to 0.04%, table 1). From 1995 to 2012 the screening 
programme was fully operational nationwide, with 
participation constantly around 80%. During that 18 
year period the incidence of stage 2-3, stage 4, and 
stage 2-4 cancers remained stable (table 1). In contrast, 
the incidence of in situ and stage 1 cancers increased 
sharply. The comparison of incidence between age 
groups shows noticeable differences in trends over 
time that correlate with invitation to screening and 
the replacement of film based mammography with 
digital mammography (figs 4 and 5). In women aged 
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Population-based studies that emulate RCTs

Papers

Breast cancer mortality in Copenhagen after introduction of
mammography screening: cohort study
Anne Helene Olsen, Sisse H Njor, Ilse Vejborg, Walter Schwartz, Peter Dalgaard, Maj-Britt Jensen, Ulla Brix Tange,
Mogens Blichert-Toft, Fritz Rank, Henning Mouridsen, Elsebeth Lynge

Abstract
Objectives To evaluate the effect on breast cancer mortality
during the first 10 years of the mammography service
screening programme that was introduced in Copenhagen in
1991.
Design Cohort study.
Setting The mammography service screening programme in
Copenhagen, Denmark.
Participants All women ever invited to mammography
screening in the first 10 years of the programme. Historical,
national, and historical national control groups were used.
Main outcome measures The main outcome measure was
breast cancer mortality. We compared breast cancer mortality in
the study group with rates in the control groups, adjusting for
age, time period, and region.
Results Breast cancer mortality in the screening period was
reduced by 25% (relative risk 0.75, 95% confidence interval 0.63
to 0.89) compared with what we would expect in the absence of
screening. For women actually participating in screening, breast
cancer mortality was reduced by 37%.
Conclusions In the Copenhagen programme, breast cancer
mortality was reduced without severe negative side effects for
the participants.

Introduction
In the overview of five randomised trials from Sweden, a reduc-
tion of 29% was found in breast cancer mortality in women aged
50-69 at randomisation after a follow up of 5-13 years.1

Organised, population based, mammography service screening
was introduced on the basis of these results in Copenhagen, the
capital of Denmark, in 1991.2 Since then the validity of the trial
results and the justification of mammography screening have
been debated intensively.3 4 Furthermore, the adaptation of trial
results to routine health care is not straightforward. Examining
whether the screening programmes actually reduce mortality
due to breast cancer is therefore important.

In Denmark, mammography screening was introduced in
only three out of 16 administrative regions. The regions without
a mammography screening programme thereby provide a natu-
ral control group during the full period of follow up. In addition,
opportunistic screening has been limited.5 Taking advantage of
this “natural experiment,” and using the nationwide population
and health registers in Denmark, we developed a method to
determine the effect of mammography service screening on
breast cancer mortality.6 We present here the results of the first
10 years of screening in Copenhagen.

Methods
Model
We used a Poisson regression model with a study group, a
historical control group, a national control group, and a histori-
cal national control group (fig 1).6 We studied the effect of invita-
tion to as well as participation in screening. The end point was
mortality due to breast cancer.

The study group included women invited to screening in
Copenhagen during the first five invitation rounds from 1 April
1991 to 31 March 2001. The screening interval was two years.
The target group included about 40 000 women aged 50-69 at
the start of each invitation round. The second invitation round
included women aged 50-71, but in subsequent rounds no more
women above the age of 69 were invited. The first invitations
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screens, while women with fatty breast tissue had one view
oblique mammography. From 2004 onwards, all women
had two-view mammography. All mammograms were
centrally evaluated independently by two radiologists,
and were compared at subsequent screens with those
taken earlier. During the first invitation round the partici-
pation rate was 84%.3

Regional, organized programmes with biennial mam-
mography screening of women aged 50–69 were imple-
mented in the municipalities of Copenhagen in 1991,
Frederiksberg in 1994, Bornholm in 2001, and in part of
the County of Vestsjælland in 2004. The national roll out
of organized mammography screening in Denmark com-
menced in 2008.4

Construction of study group Funen1993–2007/09 and
regional control group rest-DK1993–2007/09

The study group Funen1993–2007/09 included women invited
to the Funen mammography screening programme with-
out prior invitation to any of the other organized pro-
grammes (see Figure 3). A woman was considered at
risk from the date of her first invitation until date of
death, emigration, or end of follow-up.

The Danish Central Population Register holds infor-
mation on current and historical addresses for all citizens
living in Denmark since 1968. Information from the
Central Register and in all other registers used in the pre-
sent study can be linked by personal identification
number. Date of first invitation and participation was
retrieved from the Funen County IT-Centre mammog-
raphy screening database, however, in this database an
invitation date could be overwritten at re-invitation.

For women who participated continuously in the pro-
gramme this does not happen. It was, however, a problem
to find the first invitation date for some subgroups, such
as initial non-attenders, who later contacted the pro-
gramme to obtain a new invitation date. For these
women, date of first invitation was defined based on
stored invitation dates, date of birth, and addresses in
the Population Register. Women living in Copenhagen,
Frederiksberg, Vestsjælland, or Bornholm at screening
age and operational periods for these programmes prior
to their first invitation to the Funen programme, were
excluded from Funen1993–2007/09.

The study group Rest-DK1993–2007/09 was constructed
to resemble Funen1993–2007/09 and included women from
the rest of Denmark except Copenhagen, Frederiksberg,
Vestsjælland, or Bornholm, where screening programmes
had been in place. For simplicity, we call this area rest of
Denmark, shortened to rest-DK. Data from the
Population Register were used for this purpose. Women
in rest-DK1993–2007/09 were allocated pseudo first invita-
tion dates on a random basis, based on the invitation
schedule used in Funen1993–2007/09.

Because women born after 1 January 1938 could have
been invited to the national screening programme from 1
January 2008 onwards, these women were followed-up
only until 31 December 2007. Women born before 1
January 1938 could not have been invited to the national
screening programme, and were therefore followed-up
until 31 December 2009. Person years at risk were accu-
mulated from the woman’s entry into Funen1993–2007/09 or
rest-DK1993–2007/09 until death, emigration, or end of
follow-up (31 December 2007 or 31 December 2009),
whichever came first.

Figure 3. Study design illustrated in Lexis’ diagram.
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Objectives To estimate the impact of service mammography screening on breast cancer mortality
using European incidence-based mortality (IBM) studies (or refined mortality studies). IBM studies
include only breast cancer deaths occurring in women with breast cancer diagnosed after their first
invitation to screening.
Methods We conducted a literature review and identified 20 publications based on IBM studies.
They were classified according to the method used for estimating the expected breast cancer
mortality in the absence of screening: (1) women not yet invited; (2) historical data from the
same region as well as from historical and current data from a region without screening; and
(3) historical comparison group combined with data for non-participants.
Results The estimated effect of mammography screening on breast cancer mortality varied across
studies. The relative risks were 0.76–0.81 in group 1; 0.75–0.90 in group 2; and 0.52–0.89 in
group 3. Study databases overlapped in both Swedish and Finnish studies, adjustment for lead
time was not optimal in all studies, and some studies had other methodological limitations. There
was less variability in the relative risks after allowing for the methodological shortcomings.
Conclusions Based on evidence from the most methodologically sound IBM studies, the most likely
impact of European service mammography screening programmes was a breast cancer mortality
reduction of 26% (95% confidence interval 13–36%) among women invited for screening and
followed up for 6–11 years.

INTRODUCTION

T he purpose of mammography screening is to decrease
mortality from breast cancer in the target population,
and breast cancer mortality is, therefore, the key

outcome variable in any evaluation. Breast cancers diag-
nosed prior to screening cannot benefit from screening, so
the potential effect of a breast cancer screening programme
should be based only on mortality occurring from breast
cancer diagnosed after the first invitation to screening (i.e.
‘refined’ or ‘incidence-based mortality, IBM’).

Mammography screening has been implemented in many
European countries, based on the results of the randomized
controlled trials.1 However, the effect of screening on breast
cancer mortality might differ between clinical trials and
routine service screening programme where, for example,
screening may be undertaken by initially less experienced
personnel and there are differences between the populations
screened. It is therefore important that the outcome of
screening in routine health care, usually referred to as
service screening, is monitored.2 We aimed to provide an
overview of IBM studies of service mammography screening
in Europe.

METHODS

We defined IBM studies as studies including only breast
cancer deaths occurring in women targeted for screening,
with breast cancer diagnosed after their first invitation to
screening. We restricted our analysis to studies covering at
least some of the age groups 50–69.

We conducted a literature review of service mammography
screening and breast cancer mortality using PubMed
(Appendix A). From 5009 abstracts, 122 were considered rel-
evant by a documentalist (C Bellisario, CPO Torino) and an
epidemiologist (P Armaroli, CPO Torino). Criteria for inclu-
sion in the review were: (a) the study provided original data
on a population-based screening programme in Europe; (b)
a study outcome was breast cancer mortality; (c) the analysis
included at least some of the age groups between 50 and 69;
and (d) the study used IBM. In addition to the literature
search, the Working Group added publications fulfilling the
inclusion criteria but not identified by the search and new
publications that became available after March 2011 (n ¼
4). Twenty publications were identified in total,3–22 one
from Denmark, seven from Finland, two from Italy, one
from Norway, one from Spain and eight from Sweden.
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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%CI: -20%, +4%). The
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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 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.g001
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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 50–85 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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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 50–85 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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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 50–85 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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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 cells in 3 x 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.
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Abstract
The mortality impact in cancer screening trials and population programs is usually expressed as a single hazard ratio or

percentage reduction. This measure ignores the number/spacing of rounds of screening, and the location in follow-up time
of the averted deaths vis-a-vis the first and last screens. If screening works as intended, hazard ratios are a strong function

of the two Lexis time-dimensions. We show how the number and timing of the rounds of screening can be included in a

model that specifies what each round of screening accomplishes. We show how this model can be used to disaggregate the
observed reductions (i.e., make them time-and screening-history specific), and to project the impact of other regimens. We

use data on breast cancer screening to illustrate this model, which we had already described in technical terms in a

statistical journal. Using the numbers of invitations different cohorts received, we fitted the model to the age- and follow-
up-year-specific numbers of breast cancer deaths in Funen, Denmark. From November 1993 onwards, women aged 50–69

in Funen were invited to mammography screening every two years, while those in comparison regions were not. Under the

proportional hazards model, the overall fitted hazard ratio was 0.82 (average reduction 18%). Using a (non-proportional-
hazards) model that included the timing information, the fitted reductions ranged from 0 to 30%, being largest in those

Lexis cells that had received the greatest number of invitations and where sufficient time had elapsed for the impacts to

manifest. The reductions produced by cancer screening have been underestimated by inattention to their timing. By
including the determinants of the hazard ratios in a regression-type model, the proposed approach provides a way to

disaggregate the mortality reductions and project the reductions produced by other regimes/durations.

Keywords Screening, mortality, non-proportional hazards ! Birth-cohorts ! Lexis diagram ! Disaggregation !
Design matrix

Introduction

A single hazard ratio is appropriate if the reduction in

hazard rates is immediate and sustained. Examples include
the near-immediate and continued protection against HIV

acquisition following adult circumcision, the decades of

protection afforded by a vaccine, and the near immediate
and sustained mortality reduction from one-time-screening

for abdominal aortic aneurysms [1]. A single ratio is also

appropriate if—as with blood thinners/beta-blockers—one
limits the time-window to when the agent is active.

Cancer screening comparisons generate non-propor-

tional hazards: mortality reductions appear after some
delay following the first screen, and eventually disappear

following the last one. In prostate cancer screening, the

delay is considerable. After an average of 9 years [2] the
reported hazard ratio (HR) was 0.8, i.e., the average

reduction was 20%. However, hazard rates only began to

diverge after 7 years; a re-analysis [3] using time-specific
data made this delay even clearer. As one commentator [4]

wrote, ‘‘Perhaps a better summary… is not the 20% overall

reduction… but the combination of no reduction in the first
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QC H3A 1A2, Canada

2 Department of Public Health Programmes, Randers Regional
Hospital, Randers, Denmark

3 Department of Clinical Epidemiology, Aarhus University,
Aarhus, Denmark

123

European Journal of Epidemiology
https://doi.org/10.1007/s10654-017-0339-7



both the Copenhagen and Funen studies, a background
difference could also be accommodated by including the

pre-1994 data, and by including in our model a parameter

representing this difference.

The fitting

Figure 1b shows data for three selected (a,y) Lexis cells,

with PY1 and PY0 person years in the invited and unin-

vited, and numbers of deaths D1 and D0. If the latter are
assumed to follow two Poisson distributions, and if one

conditions on D = D1 ? D0, then D1 | D follows a bino-

mial distribution with ‘denominator’ D and a ‘proportion’
parameter p that is a function not just of PY1 and PY0, but

also of how ‘non-null’ the hazard ratio is at that point in

time [24]. For example, in the third row of Fig. 1b, if the
HR were 0.8, then the expected split of the 19 deaths

should be proportional to (2491 9 0.8): (19,788 9 1), or

1.7:17.3, yielding a Binomial distribution with ‘n’ = 19
and p = 0.09. The hazard ratio HR[a,y] [9, 19, 24] in cell

(a,y) is a function of the two model parameters (d,s) and
the number and timing of the preceding screening invita-
tions. Since the HR in a cell also represents the proportion

of otherwise-fatal cancers that would still be fatal despite

the screening, it was calculated as the probability that each
of the preceding rounds of screening failed to avert the

death, i.e. as the product of the complements of the P

function described above, evaluated at the time-lags cor-
responding to these preceding rounds. See the last equation

in Fig. 1b and the convolutions pictured in Fig. 1a. As

explained elsewhere [9, 19], the probability function was
taken to have a gamma function shape, but with the scale

parameter constrained (larger amounts of data would have
allowed this constraint to be removed). The two model

parameters d and s were fitted by summing the cell-specific

log-likelihood contributions, and numerically maximizing
the sum.

Results

Over all ages and follow-up years in the Lexis diagram, the
‘average’ Funen-RestDK difference, i.e., the ‘reduction’ or

‘deficit’ in breast cancer mortality in Funen that is ‘at-

tributable’ to the screening, was 18%. This is a smaller
reduction that the 22% seen in the follow-up that ended on

December 31, 2009 [21]. Part of this difference may be the

play of chance, and part may be because we now include
deaths from cancers that are only diagnosed after the

women stopped being screened (at age 70).

To motivate the model-based measures, we first present
year-specific comparisons in Fig. 3. Once segregated into 3

birth cohorts, each 5 years wide, the yearly numbers of

deaths in Funen are in the single digits, and so the year-
specific mortality rate differences are noisy. With the help

of some smoothing, however, it seems that the reductions

in those who—because they were already in their late 60s
in 1994—received the fewest invitations (red) do not per-

sist for as long as those in the cohorts—in their late 50s in

1994—who received the most (blue). Moreover, the
reductions in the intermediate (green) cohorts—in their

early 60s in 1994—also began to disappear earlier.

The model-based estimates were that the maximum
probability of being helped by a single round of screening

1994 2000 2005 2010 2015

Age

Age
No. of
Invitations

52

65 7

57

78 7

62

83 4

67

88 2

60 6

55 3

50 1

Invitations [FUNEN only]
None in FUNEN,
or in 'Rest' of Denmark

7 (of 41) 
birth-cohorts

are shown

Fig. 2 Schematic of the
screening invitations extended
to, and follow-up of, women in
Funen birth cohorts (7 shown).
None were extended to the
corresponding cohorts of
women in the ‘‘rest’ of Denmark
until late 2007
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cancers at that age that would still be fatal despite the
screening.

Like other trials/programs, Funen did not limit the

invitations to one age (50) in one year (1994). It invited all
birth cohorts every 2 years while they are between age 50

and 69. The invitations can be visualized in what is known

as a ‘Lexis Diagram’ [24], which shows how different
cohorts progress simultaneously along the two time scales

of age—on the vertical axis—and calendar time—on the

horizontal axis. In the data-analysis, we will divide the ages
and years into 1-year bins that taken together form small

1 9 1 Lexis ‘squares’ or ‘cells,’ and use the number of

breast cancer deaths in each small square in each region as
a separate Poisson random variable. Thus, as is seen in the

Lexis Diagram in Fig. 2, those oldest when the program

was begun, and youngest at the last invitation before the
follow-up ended, did not receive as many invitations as

those who are 50 when the program started. As a result of

these variations, and of the ‘delay’ principle’, the HR
‘surface’ over this Lexis space must be a strong function of

the age and calendar-year (or age and follow-up year) time

scales.

The data

We retrieved data from the Danish cause of deaths register
on all breast cancer deaths until 31 December 2015. Data

on invitation to mammography screening in Funen were

retrieved from the Funen mammography screening register.
For each of the relevant ages (a) in each of the 22 years

(y) after the Funen program began, the data consisted of the

numbers of breast cancer deaths (D1 and D0), and corre-
sponding women years (WY1 and WY0), in Funen (1) and

the parts of Denmark where mammography screening did

not start until late 2007 (RestDK) (0). The values for 3
selected cells are shown in the rows in panel (b) of Fig. 1,

along with when—counting back from (a,y)—the Funen

birth cohort received screening invitations. These screening
histories can be thought of as the ‘Design Matrix’ in this

regression-type model. Since the breast cancer mortality

rates in the years before 1994 were very similar in Funen
and the comparison region, we ignore these pre-screening

data. The original Njor article also documented the degree

of opportunistic screening, breast cancer treatment proto-
cols, and multidisciplinary breast cancer management

teams in Funen before and during screening, and in the rest

of Denmark in the same calendar periods. As was done in

Data for, and fitting of, HR model

No.
Deaths

Person
Years

Invitation History
('Design' Matrix)

Year[y] Age[a] D0 D1 PY0 PY1 How many years earlier

2014 87 11 1 16,827 2,101 20 18

2013 81 24 3 17,034 2,227 19 17 15 13

2012 75 18 1 19,788 2,491 17 15 13 11 9 7 5

etc. .. .. . ..,... .,... etc.

D1 + D0 = D fixed D1 ~ Binomial(D, π)

with

π = HRay × PY1 (HRay × PY1 + 1 × PY0)

HRay = ∏
AgeAtS< a

Prob.not.helped.by.screen.at.age.AgeAtS

 Model for impact of 1,2, .. ,7 rounds of screening

noitcudeRRH

P

τ

Otherwise-fatal cancers

%01

%019.0

%028.0

%037.0

0.6

0.5

0.4

0.3

0.2

0.1

76
5

4
3

2

1

deaths averted
because of (biennial)

screen no. ...

δ

0

0x:

2

2

4

4

6

6

8

8

10

10

12

12

14

14

16

16

18

18

20

20

22

22

Years after 1st screen

Probability (P) of being helped if the 1st and
only screen were x = 0, 1, ..., 22 years before
cancer would(otherwise) have proved fatal

Further descriptions of 2 model parameters and 
model fitting, and examples are available in Liu,
Hanley, Saarela, Dendukuri. Int. Stat. Rev, 2015.

(b) (a)

Fig. 1 Schematic showing the model for the reductions produced by
one or more rounds of screening, the required data to fit the 2
parameters d and s, and the fitting of these two parameters. Shown in
blue in panel a is the probability (P) that cancers that (in the absence
of screening) proved fatal at age awould have been averted by the
possibly earlier treatment prompted by a single round of screening
x years earlier. x is shown in blue along the horizontal axis at the top.
As shown by the blue arrow, it is approximately 6% when
x = 10 years. The probability is greatest, at d percent, when the
screen was s years previously. Shown as black, again as a function of
x, are the probabilities (P) that these otherwise fatal cancers would
have been averted as a result of 2, 3, … 7 rounds of screening offered
every two years from age a- x onwards, where x denotes the length

of time between the first screen and attaining age a. The complement
of P[x] can be interpreted as the probability that, despite screening,
the cancer will still prove fatal. It can also be interpreted as a Hazard
Ratio (HR) at age athat is B 1. The proportion (probability) itself can
be interpreted as the reduction in the mortality rate at age ain persons
for whom it has been x years since their first screen (horizontal axis at
bottom). Compared with the single-round HR in blue, the HR
generated by multiple screens extends deeper, over a longer time-
window, and exhibits a bathtub shape with a delay, a nadir or
sustained asymptote, and an eventual return to 1 after all the effects of
the last screen have been expressed. Shown in panel b are the data for,
and fitting of the 2 parameters (d and s) of the model. (Color
figure online)
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assumed a proportional hazards model where reductions

are constant over follow-up time.
The proposed model is a first step towards describing the

time-specific reductions a sustained screening program

might produce. Whereas earlier efforts used moving aver-
ages [18], or directly fitted a smooth HR curve [3] without

regard to the screening schedule, the present approach uses

fundamental (rather than design-dependent) parameters
that, coupled with the schedule (the design matrix), pro-

duce a HR function.

The average 18% reduction one obtains either by fitting
a proportional hazards model over the Lexis cells, or using

them as strata in a Mantel–Haenszel summary ratio, does

not mean that 10 biennial screenings from 50 to 69 would
avert 18% of the breast cancer deaths that would otherwise

have occurred. This single estimate is arbitrary, and par-
ticular to the age-mix at intake, the numbers of invitations

received, and duration of follow-up. The model-based cell-

specific reductions are much more realistic, and show what
was accomplished by the various amounts of screening up

to the ages and years in question. As expected, the reduc-

tions vary considerably in age and time: cohorts first

screened in their 50s—and thus more often—had much

larger mortality deficits that those first screened at later
ages—and less often.

Our proposed model separates the fundamental

‘screening ability’ parameters (d,s) from the design matrix
(each row of which is the invitation history for a Lexis

cell); thus, as in a regression context, it allows one to

estimate the HR curve for a new ‘row,’ i.e. a specific
screening frequency and duration. The overall 18%

reduction, and the single-percentage reductions reported

from all screening trials do not correspond to any specific
estimand, but rather to an average over some mix of fre-

quencies and durations, and follow-up years.

Traditionally, cost–benefit models of a sustained
screening program have been quite complex. The disag-

gregated reductions derived from our approach, coupled
with the desired screening schedule, provide a transparent

yet flexible way to project the benefits with screening

regimes that have not been tested. As an unusual but telling
example, the average reduction of 22% in the biennial

screening arm of the colon cancer screening trial [8] was

computed over 30 years without considering the number of
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Fig. 4 For each birth cohort, the age-and year-specific fitted percent-
age reductions in breast cancer mortality. They were derived from the
Maximum Likelihood estimates of the two model parameters

(maximum probability of being helped by a single round of screening
8 years previously: 9%) and the number and timing of the preceding
screening invitations
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Our Model ... in more detail

Webpage: screening

http://www.biostat.mcgill.ca/hanley/screening/

Methods

http://www.biostat.mcgill.ca/hanley/screening/section2.mov

Applications: Lung Cancer; Colon Cancer

http://www.biostat.mcgill.ca/hanley/screening/section3.mov

http://www.biostat.mcgill.ca/hanley/screening/
http://www.biostat.mcgill.ca/hanley/screening/section2.mov
http://www.biostat.mcgill.ca/hanley/screening/section3.mov
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Reductions EVENTUALLY CEASE:
30-year follow-up in Minnesota Trial



Long-Term Mortality after Colorectal-Cancer Screening

n engl j med 369;12 nejm.org september 19, 2013 1109

adjusted relative-risk estimates for death from 
colorectal cancer for the annual-screening and 
biennial-screening groups were 0.65 (95% CI, 
0.52 to 0.80) and 0.76 (95% CI, 0.61 to 0.95), 
respectively.

Annual or biennial screening with fecal occult-
blood testing had no apparent effect on all-cause 
mortality. The relative risk of death from any 
cause was 1.00 (95% CI, 0.99 to 1.01) with an-
nual screening, 0.99 (95% CI, 0.98 to 1.01) with 
biennial screening, and 1.00 (95% CI, 0.98 to 
1.01) with annual and biennial screening com-
bined (Fig. 2 and Table 1). No effect was seen on 
deaths from causes other than colorectal cancer; 
the relative risk of death from causes unrelated to 
colorectal cancer was 1.00 (95% CI, 0.99 to 1.02) 
with annual screening, 1.00 (95% CI, 0.98 to 1.01) 
with biennial screening, and 1.00 (95% CI, 0.99 
to 1.01) with annual and biennial screening com-
bined (Fig. S5 in the Supplementary Appendix). 
The causes of death are provided in Table S1 in 
the Supplementary Appendix.

SUBGROUP ANALYSES
Figure 3 shows the numbers of participants who 
underwent randomization, the numbers of those 
who died from colorectal cancer, and the relative 
risks for the subgroups of age and sex, according 
to each study group and the combined screening 
groups. Graphs of cumulative colorectal-cancer 
mortality and corresponding relative risks for the 
subgroups are shown in Figures S6 and S7 in the 
Supplementary Appendix. The reduction in 
colorectal-cancer mortality was larger for men 
than for women in both screening groups and in 
the two groups combined; the relative risk of 
death from colorectal cancer was 0.61 (95% CI, 
0.47 to 0.80) for men vs. 0.75 (95% CI, 0.57 to 
0.97) for women in the annual-screening group, 
0.63 (95% CI, 0.48 to 0.82) vs. 0.92 (95% CI, 0.72 
to 1.18) in the biennial-screening group, and 0.62 
(95% CI, 0.50 to 0.78) vs. 0.83 (95% CI, 0.67 to 
1.04) in the combined screening groups. The in-
teraction between sex and screening, as mea-
sured by the ratio of the relative risk for men to 
that for women, was significant in the biennial-
screening group (P = 0.04 for interaction) but not 
in the annual-screening group or the two groups 
combined (P = 0.30 and P = 0.06, respectively, for 
interaction).

The relative risks of death from colorectal 
cancer among participants who were less than 
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Figure 1. Cumulative Colorectal-Cancer Mortality.

Cumulative colorectal-cancer mortality was assessed on the basis of Kaplan–
Meier estimates, evaluated at monthly time points. Point estimates and 95% 
confidence intervals at 30 years are also shown.
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Figure 2. Cumulative All-Cause Mortality.

Cumulative all-cause mortality was assessed on the basis of Kaplan–Meier 
estimates, evaluated at monthly time points. Point estimates and 95% con-
fidence intervals at 30 years are also shown.
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Why do statisticians commonly limit their inquiries to Averages?

F. Galton, Natural Inheritance, 1889.

“It is difficult to understand why statisticians commonly limit
their inquiries to Averages, and do not revel in more
comprehensive views.

Their souls seem as dull to the charm of variety as that of the
native of one of our flat English counties, whose retrospect of
Switzerland was that, if its mountains could be thrown into its
lakes, two nuisances would be got rid of at once.”


