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Pearson’s fitted 5-component mixture for frequency
distribution of age at death

Analyzed in his 1897 essay The Chances of Death. 3



Rendered by Karl Pearson’s wife, Maria Sharpe Pearson.
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21st century animation of Pearson’s Bridge of Life

5


Pearson25fps.mov
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Mortality Reductions Produced by
Cancer Screening Programs & Trials
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What shape would the mortality reduction pattern take?

Impact of a
hypothetical 20-year
screening program
measured...

(a) in absolute
numbers of
cancer-specific deaths
averted

(b) as rate (or hazard)
ratios (HR’s) and as
percentage reductions.

(a) Yearly numbers of cancer deaths in a cohort of 50−year old individuals,
      without and with a 20−year screening program

(b) The corresponding cancer mortality rate ratio curve
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Figure 1: Impact of a hypothetical 20-year screening program measured (a)

in absolute numbers of cancer-specific deaths averted and (b) as rate ratios

and as percentage reductions.

Delay (usually ignored in data-analysis) explained in later slides
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Support for the bathtub shape of the HR function?

(a) Morrison 6

For personal use. Only reproduce with permission from The Lancet Publishing Group.

6th year; and from the 7th year onward, the deaths from
breast cancer in the screened cohort were fewer than in
the control cohort. On the basis of years 8–11, year 11
being the last one with information available, the point
estimate for the rate ratio is 14/31=0·45 (95% CI
0·24–0·84). Table 1 is specific to those who, at entry into
the study, were 55 years of age or older.

The corresponding results for women 45–54 years of
age at entry into the study are given in table 2. In years
1–5, the rate ratio was 10/4=2·5 (95% CI 0·8–8·0); and in
years 8–11 it was 11/15=0·7 (0·3–1·6).

Discussion
In the Malmö study report, despite the Discussion
paragraph cited here, the Abstract highlights the total
numbers of breast-cancer deaths over almost the entire
period (10 years) of screening and surveillance:
“Altogether... 63 v 66 women died of breast cancer...”,
and the corresponding 10-year numbers are also given
separately for women 55 years or older and for those
younger than 55 years at entry into the study. For the
older women, these numbers are given as “35 v 44;
relative risk 0·79 (0·51 to 1·24).” And the conclusions in

divided by population-time in the appropriate time
interval is the proper meaning of mortality (mortality rate)
in this context.

Whereas Gøtzsche and Olsen did not examine the
principle that any mortality benefit of screening-
associated early intervention becomes apparent only after
a delay of several years, we set out to examine the results
of the Malmö study more closely from this vantage point.
This assessment was possible because two requirements
were met: the yearly numbers of deaths from breast cancer
as of the time of study entry were reported for a sufficient
number of years, and the screening was not discontinued
prematurely. The Canadian trials did not meet these
requirements.

Methods
Since the screened and control cohorts were of very
similar sizes, we focused on the relative sizes of the yearly
numbers of deaths from breast cancer in the two cohorts
after entry into the study; and because the yearly numbers
of breast-cancer deaths were small, we supplemented
them with their corresponding 3-year moving averages,
using the latter as the basis for addressing the mortality
ratios specific to each of the successive years after entry
into the trial. In the pattern of these rate ratios over time,
our main interest was in the asymptote (RR*<1) that the
mortality rate ratio approaches with increasing time since
randomisation, since this is the fatality rate of interest and
the complement of this ratio (1–RR*) is the proportion of
breast-cancer deaths preventable by screening-associated
early interventions but not by late interventions.

Our concern was to determine whether this asymptotic
rate ratio, specific to deaths after a sufficient delay from
the inception of screening, shows “reliable” (significant
and valid) evidence of reduced mortality from breast
cancer. If in a given interval there were d1 deaths from
breast cancer among the screened and d0 deaths among
the controls, d1+d0=d, then the point estimate of the rate
ratio was d1/d0 and the Gaussian test statistic was
g=(d1–d/2)/(d/4)1/2. Like the Malmö investigators, we
derived 95% CIs by the test-based method,10 raising the
point estimate to the powers 1± 1·96/g.

Results
Table 1 shows, for successive years after entry into the
Malmö study, the respective numbers of breast-cancer
deaths in the screened and control cohorts, respectively,
together with the corresponding mortality rate ratios.
Initially, over the first 5 years since study entry, the
numbers in the screened cohort exceeded those in the
control cohort (16 vs 13); equivalence was reached in the

2 THE LANCET • http://image.thelancet.com/extras/1093web.pdf

Year Screened cohort Control cohort Rate ratio 

Actual Moving Actual Moving (95% CI)

number average number average

1 0 0
2 4 1·3 5 2·0 0·7
3 0 3·3 1 2·7 1·2
4 6 4·0 2 2·7 1·5
5 6 5·3 5 4·0 1·3
6 4 5·7 5 5·7 1·0
7 7 5·0 7 7·3 0·7 (0·36–1·31)
8 4 4·3 10 8·3 0·5 (0·27–1·00)*
9 2 2·7 8 6·3 0·4 (0·19–0·94)*
10 2 3·3 1 7·0 0·5 (0·23–0·99)*
11 6† 12†

*Based on years 8–11, rate ratio point estimate is 14/31=0·45 (95% CI
0·24–0·84). †Some of these deaths (from 1987) probably belong to year
10 or even to year 9.

Table 1: Number of breast-cancer deaths by year after entry
into Malmö study for women 55–69 years of age at entry

Year Screened cohort Control cohort Rate ratio 

Actual Moving Actual Moving (95% CI)

number average number average

1 1 0
2 0 1·3 1 0·3 4·0
3 3 1·3 0 0·7 2·0
4 1 3·0 1 1·0 3·0
5 5 3·7 2 2·0 1·8
6 5 4·0 3 3·7 1·1
7 2 4·3 6 4·0 1·1 (0·49–2·37)
8 6 4·3 3 4·7 0·9 (0·44–1·98)
9 5 3·7 5 3·0 1·2 (0·51–2·95)
10 0 1·7 1 4·0 0·4 (0·15–1·14)
11 0 6*

*Some of these deaths probably belong to year 10 or even to year 9.

Table 2: Numbers of breast-cancer deaths by year after entry
into Malmö study for women 45–57 years of age at entry

Screening No screening

S

FRR
Lmax S!(Lmax!Lmin)

Lmin

M
D

R

Time since start of screening

Relevant
follow-up

FRR manifest

0

1

Follow-up experience in a randomised controlled trial
comparing screening for cancer with no screening in respect
to cause-specific mortality: interrelations of parameters
At any given point in the follow-up there is a particular mortality density,
MD, among the screened and the not screened; for an interval of t to
t+dt, with dC cases expected in it, MDt=dC/Pdt, where P is the size of the
population. Contrasting the screened with the not screened, there is the
corresponding mortality-density ratio, MDR. This ratio is depicted as a
function of time since entry into the trial. The early excess mortality
among the screened is not shown, since focus is on the intended result
of reduced fatality rate, FR, quantified in terms of fatality-rate ratio, FRR.
MDR coincides with FRR in a particular interval of follow-up time if the
duration of screening, S, exceeds the difference between the maximum,
Lmax, and minimum, Lmin, of the time lag from early diagnosis to the death
prevented by early intervention but not by late intervention (ie, in the
absence of screening).

(b) Miettinen et al. 8
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(c) Hanley 9

Ftarget ¼ 90%, 60% and 30%. With 1000 simulated data-
sets, differences in estimated coverage of 3–4% (equals 4
standard deviations) are not statistically significant, even
without adjusting for multiple comparisons associated with
the many sets of ‘true’ counts.

For year of analysis equal to the maximum z-statistic we
found that the coverages of 95% confidence intervals
ranged from 85–93%, 72–92%, and 53–94% for
Ftarget ¼ 90%, 60%, 30%, respectively. These coverages
were too low to recommend this statistic.

Figure 1 Plots of yearly deaths since year of randomization (screening ends at year 3) for various simulation scenarios (solid line is controls;
dashed line is screened group)

Early reporting for cancer screening 125

www.jmedscreen.com Journal of Medical Screening 2008 Volume 15 Number 3

(d) Baker et al. 10

Figure 2: Mortality rate ratio curves, with a ‘bathtub’ shape. They all

show the delay until the impact of the first round of screening begins, the

asymptote resulting from the sustained screening, and the return, some years

after the last round of screening, to the null ratio.

(a) 1985 textbook (b) 2002 The Lancet (c) 2005 Epidemiology (d) 2008 J Med Screening

BUT... (a), (c), and (d) don’t explain how bathtub shape arises

13



Support for the bathtub shape of the HR function?

(a) Morrison 6

For personal use. Only reproduce with permission from The Lancet Publishing Group.

6th year; and from the 7th year onward, the deaths from
breast cancer in the screened cohort were fewer than in
the control cohort. On the basis of years 8–11, year 11
being the last one with information available, the point
estimate for the rate ratio is 14/31=0·45 (95% CI
0·24–0·84). Table 1 is specific to those who, at entry into
the study, were 55 years of age or older.

The corresponding results for women 45–54 years of
age at entry into the study are given in table 2. In years
1–5, the rate ratio was 10/4=2·5 (95% CI 0·8–8·0); and in
years 8–11 it was 11/15=0·7 (0·3–1·6).

Discussion
In the Malmö study report, despite the Discussion
paragraph cited here, the Abstract highlights the total
numbers of breast-cancer deaths over almost the entire
period (10 years) of screening and surveillance:
“Altogether... 63 v 66 women died of breast cancer...”,
and the corresponding 10-year numbers are also given
separately for women 55 years or older and for those
younger than 55 years at entry into the study. For the
older women, these numbers are given as “35 v 44;
relative risk 0·79 (0·51 to 1·24).” And the conclusions in

divided by population-time in the appropriate time
interval is the proper meaning of mortality (mortality rate)
in this context.

Whereas Gøtzsche and Olsen did not examine the
principle that any mortality benefit of screening-
associated early intervention becomes apparent only after
a delay of several years, we set out to examine the results
of the Malmö study more closely from this vantage point.
This assessment was possible because two requirements
were met: the yearly numbers of deaths from breast cancer
as of the time of study entry were reported for a sufficient
number of years, and the screening was not discontinued
prematurely. The Canadian trials did not meet these
requirements.

Methods
Since the screened and control cohorts were of very
similar sizes, we focused on the relative sizes of the yearly
numbers of deaths from breast cancer in the two cohorts
after entry into the study; and because the yearly numbers
of breast-cancer deaths were small, we supplemented
them with their corresponding 3-year moving averages,
using the latter as the basis for addressing the mortality
ratios specific to each of the successive years after entry
into the trial. In the pattern of these rate ratios over time,
our main interest was in the asymptote (RR*<1) that the
mortality rate ratio approaches with increasing time since
randomisation, since this is the fatality rate of interest and
the complement of this ratio (1–RR*) is the proportion of
breast-cancer deaths preventable by screening-associated
early interventions but not by late interventions.

Our concern was to determine whether this asymptotic
rate ratio, specific to deaths after a sufficient delay from
the inception of screening, shows “reliable” (significant
and valid) evidence of reduced mortality from breast
cancer. If in a given interval there were d1 deaths from
breast cancer among the screened and d0 deaths among
the controls, d1+d0=d, then the point estimate of the rate
ratio was d1/d0 and the Gaussian test statistic was
g=(d1–d/2)/(d/4)1/2. Like the Malmö investigators, we
derived 95% CIs by the test-based method,10 raising the
point estimate to the powers 1± 1·96/g.

Results
Table 1 shows, for successive years after entry into the
Malmö study, the respective numbers of breast-cancer
deaths in the screened and control cohorts, respectively,
together with the corresponding mortality rate ratios.
Initially, over the first 5 years since study entry, the
numbers in the screened cohort exceeded those in the
control cohort (16 vs 13); equivalence was reached in the

2 THE LANCET • http://image.thelancet.com/extras/1093web.pdf

Year Screened cohort Control cohort Rate ratio 

Actual Moving Actual Moving (95% CI)

number average number average

1 0 0
2 4 1·3 5 2·0 0·7
3 0 3·3 1 2·7 1·2
4 6 4·0 2 2·7 1·5
5 6 5·3 5 4·0 1·3
6 4 5·7 5 5·7 1·0
7 7 5·0 7 7·3 0·7 (0·36–1·31)
8 4 4·3 10 8·3 0·5 (0·27–1·00)*
9 2 2·7 8 6·3 0·4 (0·19–0·94)*
10 2 3·3 1 7·0 0·5 (0·23–0·99)*
11 6† 12†

*Based on years 8–11, rate ratio point estimate is 14/31=0·45 (95% CI
0·24–0·84). †Some of these deaths (from 1987) probably belong to year
10 or even to year 9.

Table 1: Number of breast-cancer deaths by year after entry
into Malmö study for women 55–69 years of age at entry

Year Screened cohort Control cohort Rate ratio 

Actual Moving Actual Moving (95% CI)

number average number average

1 1 0
2 0 1·3 1 0·3 4·0
3 3 1·3 0 0·7 2·0
4 1 3·0 1 1·0 3·0
5 5 3·7 2 2·0 1·8
6 5 4·0 3 3·7 1·1
7 2 4·3 6 4·0 1·1 (0·49–2·37)
8 6 4·3 3 4·7 0·9 (0·44–1·98)
9 5 3·7 5 3·0 1·2 (0·51–2·95)
10 0 1·7 1 4·0 0·4 (0·15–1·14)
11 0 6*

*Some of these deaths probably belong to year 10 or even to year 9.

Table 2: Numbers of breast-cancer deaths by year after entry
into Malmö study for women 45–57 years of age at entry

Screening No screening

S

FRR
Lmax S!(Lmax!Lmin)

Lmin

M
D

R

Time since start of screening

Relevant
follow-up

FRR manifest

0

1

Follow-up experience in a randomised controlled trial
comparing screening for cancer with no screening in respect
to cause-specific mortality: interrelations of parameters
At any given point in the follow-up there is a particular mortality density,
MD, among the screened and the not screened; for an interval of t to
t+dt, with dC cases expected in it, MDt=dC/Pdt, where P is the size of the
population. Contrasting the screened with the not screened, there is the
corresponding mortality-density ratio, MDR. This ratio is depicted as a
function of time since entry into the trial. The early excess mortality
among the screened is not shown, since focus is on the intended result
of reduced fatality rate, FR, quantified in terms of fatality-rate ratio, FRR.
MDR coincides with FRR in a particular interval of follow-up time if the
duration of screening, S, exceeds the difference between the maximum,
Lmax, and minimum, Lmin, of the time lag from early diagnosis to the death
prevented by early intervention but not by late intervention (ie, in the
absence of screening).

(b) Miettinen et al. 8
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(c) Hanley 9

Ftarget ¼ 90%, 60% and 30%. With 1000 simulated data-
sets, differences in estimated coverage of 3–4% (equals 4
standard deviations) are not statistically significant, even
without adjusting for multiple comparisons associated with
the many sets of ‘true’ counts.

For year of analysis equal to the maximum z-statistic we
found that the coverages of 95% confidence intervals
ranged from 85–93%, 72–92%, and 53–94% for
Ftarget ¼ 90%, 60%, 30%, respectively. These coverages
were too low to recommend this statistic.

Figure 1 Plots of yearly deaths since year of randomization (screening ends at year 3) for various simulation scenarios (solid line is controls;
dashed line is screened group)
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(d) Baker et al. 10

Figure 2: Mortality rate ratio curves, with a ‘bathtub’ shape. They all

show the delay until the impact of the first round of screening begins, the

asymptote resulting from the sustained screening, and the return, some years

after the last round of screening, to the null ratio.

(a) 1985 textbook (b) 2002 The Lancet (c) 2005 Epidemiology (d) 2008 J Med Screening

BUT... (a), (c), and (d) don’t explain how bathtub shape arises
14



We explain it as a convolution of reductions produced by individual rounds

• Adopt simple model for reductions produced by 1 round

• Can fit this model to observed data in trial(s)

• What shape should this parametric model take?
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Simple model for how screening reduces mortality

• focus on cancers that, screening absent, proved to be fatal

(they did so because they were detected/treated too late)

• allow each fatal cancer to have had a faster/slower course

• (possibly) alter their courses by earlier detection/treatment:

• posit latest date when still curable & earliest date detectable
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Simple model for how screening reduces mortality

• focus on cancers that, screening absent, proved to be fatal

(they did so because they were detected/treated too late)

• allow each fatal cancer to have had a faster/slower course

• (possibly) alter their courses by earlier detection/treatment:

• posit latest date when still curable & earliest date detectable
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3-speed model - no screening

Fatal

Will prove fatal

Earliest-screen-detectable

y-axis: ‘stage’; x-axis: time ; diagonal line: progress of cancer
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3-speed model - 1 round of screening

0

Fatal

Will prove fatal

Earliest-screen-detectable

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

vertical line: 1 screen: diagonal line: progress possibility arrested; | probability
23
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1 round of screening, smoother example

0

Fatal

Will prove fatal

Earliest-screen-detectable

1 2 3 4 5

37 %

6

47 %

7

47 %

8

40 %

9

40 %

10 11

12 %

12 13 14 15 16 17 18

Years since first screen

w.l.o.g. 2 ’otherwise fatal’ cancers/year; %↓ would apply whatever no./year
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2 rounds of screening

0 3

Fatal

Will prove fatal

Earliest-screen-detectable

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

cancer has 2 chances to be detected & have its course altered;
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2 rounds of screening, smoother example

0 3

Fatal

Will prove fatal

Earliest-screen-detectable

1 2 3 4 5

37 %
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47 %

7

47 %

8

77 %

9

74 %

10

47 %

11

43 %

12

40 %

13 14

12 %

15 16 17 18

Years since first screen
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From Trial Data to Program projections, via (same) 3 parameters for each round
Yearly

Number of
Deaths

(a)
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TRIAL

60%
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20%

If one round of screening reduces mortality in each of 5 future years, then

in a trial, 3 rounds of screening -- S1, S2 and S3 -- would produce 3 'waves' 

of mortality reductions ('1', '2', '3'), each 5 years wide, over 7 years (Y3-Y9).

 
In such a trial, the maximal reduction (35%, year 6) would be smaller than

the sustained (46%) reductions produced by a 20-year screening program.

 
The average reduction, computed over 13 years of follow-up in such a trial would

be an even more serious underestimate of the impact of a 20-year program.

(b)

0

20

40

60

80

100

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20

50AGE:

1 1

2

1

2

3

1

2

3

4

55

46%

1

2

3

4

5

2

3

4

5

6

3

4

5

6

7

60

etc.

65 70

46%

16

17

18

19

20

17

18

19

20

18

19

20

19

20

20

75

PROGRAM Yearly
Mortality
Reduction

60%

40%

20%

Annual mortality reductions produced by once-a-year screening that begins when women reach 50, and ends when they reach 69

Trials do not reach the same ‘asymptote’ that programs would.

Use 3 parameters to model deficit due to each round & apply to any schedule.
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From Trial Data to Program projections, via (same) 3 parameters for each round
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in a trial, 3 rounds of screening -- S1, S2 and S3 -- would produce 3 'waves' 
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the sustained (46%) reductions produced by a 20-year screening program.

 
The average reduction, computed over 13 years of follow-up in such a trial would

be an even more serious underestimate of the impact of a 20-year program.
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Annual mortality reductions produced by once-a-year screening that begins when women reach 50, and ends when they reach 69

Trials do not reach the same ‘asymptote’ that programs would.
Use 3 parameters to model deficit due to each round & apply to any schedule.
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Mortality reductions (‘deficits’) produced by cancer screening

Main points:

• They are delayed – and, in trials, transient

• Hazards are definitely non-proportional (ratio NOT constant)

• Time needs to be a carefully considered and modelled

• Graphics (static/dynamic) help us model, and explain.
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