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Summary

This study investigates cancer mortality rates based on the population data of England

between 2001 and 2018 using a Bayesian hierarchical modelling setting.

Major cancer types, to be specific breast cancer (BC) and lung cancer (LC) mortality,
are examined with a focus on projection of cancer mortality in the future. We investigate
patterns in type-specific cancer mortality by year of death and various risk factors: age,
gender, regions of England, income deprivation quintile, average age-at-diagnosis (AAD),
and non-smoker (NS) prevalence rates. We analyse patterns in 2001-2018 (as baseline)

for each cancer type and project these in subsequent years.

We then assess the impact of diagnosis delays on cancer mortality, associated with

national lockdowns that were introduced as a result of the COVID-19 pandemic.

The dataset

The cause of deaths data underlying the analysis is provided by the Office for National
Statistics (ONS) in the UK. The data is anonymised and stratified by five-year age groups
(from 20 to 89), gender, single calendar year (2001-2018), nine regions of England, and
income deprivation deciles (1-10). The raw data used in this study cannot be released for
the purposes of maintaining data protection and confidentiality based on our agreement

with the data provider. Yet, the data can be accessible by contacting the ONS.

We also utilise publicly available data, including age-specific NS prevalence between
1993-2019 from the Health Survey of England, and age-specific cancer mortality by
regions of England up to 2022 from the ONS.

Principal findings

We assess BC and LC mortality by various risk factors over time, and we project mor-
tality from these cancer types by deprivation and region (where relevant). Our results

show:

e BC and LC mortality vary by age, year, gender, and region.

e Both AAD and deprivation are significant variables for explaining changes in L.C

mortality over time.

e NS prevalence, used as a proxy for smoking, is found to be a significant factor for
both BC and LC mortality.

e There are significant socio-economic differences in LC mortality, and these differ-

ences persist over time.



There are marginally significant regional differences in BC mortality, and this

remains relevant to future years.

There are notable differences in BC mortality across different age groups, including

those associated with screening ages, in future years.
The AAD variable can be used to construct COVID-19 pandemic-related scenarios.

For a 1-month diagnosis delay, our models have estimated 2,340 (95% CI 1,743 to
2,869) excess deaths for women and 5,164 (4,353 to 6,066) for men. When a 6-
month delay is considered, our models suggest 10,180 (7,944 to 12,340) and 28,660

(23,040 to 35,090) excess deaths for women and men respectively.

The excess LC deaths, as a result of delays in cancer diagnosis, significantly differ
by age, region and deprivation. Particularly, the excess mortality for both men

and women is found to be significantly

— higher at older age groups including 60-64 years old;

— higher in the northern regions of England compared to the southern regions;

and

— higher for those living in the most deprived quintiles compared to those in

the least deprived quintiles.
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If everything around seems dark, look again, you may be the light (Rumi).



Chapter 1

Introduction

1.1 Background

Cancer remains one of the major causes of mortality and morbidity in England, repre-
senting 27-28% of all deaths per year [ONS, 2020b]. Cancer is also considered to be
the largest driving cause of ‘avoidable’ mortality, while the rate of avoidable mortality
in the United Kingdom (UK) has significantly increased in 2020 as compared to 2010
[ONS, 2022a]. Furthermore, cancer is one of the core causes in critical illness insurance
(CII), which is an insurance policy paying a benefit on the occurrence of a serious illness,
and often including an accelerated death benefit [Macdonald et al., 2003]. Importantly,
cancer in CII contracts, along with heart attack and stroke, account for the largest
percentage of claims. The proportion of cancer claims has been reported to be as high
as 54% in 2002 in the UK suggesting higher risk for females. See Kimball [2002] for a

detailed discussion.

Cancer has attracted more attention due to the global COVID-19 pandemic. The pan-
demic was first identified in Wuhan, China in December 2019 and then rapidly spread
to other parts of world in 2020, by claiming more than 6.5 million lives worldwide as
of November 2022 [WHO, 2022]. As reported by Baker [2021], a large number of peo-
ple, around 12.3% of all deaths, died in England between 2020 and 2021 because of
the COVID-19 pandemic. Thus, cancer accounted for a lower percentage of all deaths
in those years, to be specific 24% of all deaths [ONS, 2022b]. As a response to the
pandemic, the UK entered three national lockdowns, with the first being introduced on
23 March, 2020. Meanwhile, cancer pathways have been seriously affected by changes
in health practices due to a halt in cancer screening (from late March 2020 till June
2020), significant increases in the number of patients waiting for key diagnostic tests

for more than 6 weeks, and significant reductions in the number of patients starting

1
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cancer treatment. Cancer Research UK (CRUK) reported that 3 million fewer people
were screened for cancer in the UK between March and September 2020 compared to
the same period in 2019 [CRUK, 2021a]. The effect on cancer pathways goes beyond
2020 due to re-occurring national lockdowns. For instance, 590,000 fewer people partic-
ipated in breast cancer (BC) screening between April 2020 and March 2021, 33% lower
in comparison to the pre-pandemic levels, 2018-2019. Moreover, the number of cancer
patients starting a cancer treatment decreased by 12% between April 2020 and March
2021 compared to the pre-pandemic levels, whereas the number of people waiting for
more than 6 weeks for key diagnostic tests soared to 215,000 in March 2021 from 67,000
in March 2020. See CRUK [2022b] for further statistics.

Additionally, Public Health Scotland (PHS) reported a sharp decline in type-specific
cancer referrals, which demonstrate national standards with respect to how long cancer
patients wait for their first cancer treatment in Scotland [PHS, 2021]. Figure 1.1 shows
both 31- and 62-day breast and lung cancer (LC) referrals until the period of July to
September 2021 along with the previous quarters to allow comparison to the period
before the COVID-19 pandemic. In Figure 1.1, cancer referrals manifest a decrease
after the first quarter of 2021, particularly in 31-day referrals. However, we see a sharper
decline in BC referrals, including 62-day referrals. As pointed by PHS [2022], this could
be linked to the availability of national BC screening programme where women aged
50-70 are eligible for screening once every three years in Scotland. Note that the BC
screening programme in England currently targets all women between 47 to 73 years old
[CRUK, 2022a].
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Figure 1.1: 31- and 62-day eligible and treated breast and lung cancer referrals in Scot-
land between 2012 and 2021. Source: Public Health Scotland.

All these changes in cancer pathways sparked the fear of a shift to later diagnosis for
people having the disease but not diagnosed yet. This is considered to be a serious con-

cern since a late cancer diagnosis could restrict the opportunities for feasible treatment
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and worsen cancer survival.

Meanwhile, early empirical studies suggested that the COVID-19 pandemic has dispro-
portionately affected certain groups, such as the elderly, people with comorbidities or
people who are more deprived. For a broader discussion, see Chen et al. [2020], CRUK
[2020], Grasselli et al. [2020], Richardson et al. [2020], Zhou et al. [2020]. One potential
implication of this is to exacerbate socio-economic inequalities in cancer risk, which has
been a staggering issue, mostly getting worse rather than better in several countries
including the UK. For a more in-depth discussion, see Arik et al. [2021], Bennett et al.
[2018], Brown et al. [2007], Mouw et al. [2008], Riaz et al. [2011], Singh et al. [2011].

Most of the recent published studies have focussed on identifying the impact of various
changes in availability of cancer treatment and services in addition to health-seeking
behaviour, as a result of national lockdowns, on cancer survival in England based on
the National Health System (NHS) UK cancer registration and hospital administrative
dataset. Lai et al. [2020] point out dramatic reductions in the demand for, and supply of,
cancer services in response to the COVID-19 pandemic by showing that these reductions
could largely contribute to excess mortality among cancer patients. Sud et al. [2020]
indicate a significant reduction in cancer survival as a result of treatment delay, mostly
disruption in cancer surgery, in England. Maringe et al. [2020] also note substantial
increases in avoidable cancer deaths in England as a result of diagnostic delays over a
year on. Arik et al. [2021] report significant increases in type-specific cancer mortality as
a result of diagnostic delays based on a population-based study in England. Arik et al.
[2023a] further point out medium to large size increases in BC mortality from aged 65
and above based on a modelling study calibrated with respect to available population

data of England and medical literature.

1.2 Aim of this study

In this study we are particularly interested in malignant neoplasm of trachea, bronchus,
and lung, and malignant neoplasm of BC. The reason why we choose these two cancer
types is because they still represent the largest percentage of overall cancer deaths, and
they are among the leading causes of death in the UK. It is also worth noting that LC
became the main leading cause of death for women aged 50 to 64 years old in 2008 by
replacing BC, that accounted for 10.1% of overall deaths among these age groups in
2018 [ONS, 2020c¢].



Chapter 1. Introduction 4

To be more precise, we have two main interests: (a) providing a deeper insight into LC
and BC mortality; and (b) understanding the impact of diagnosis delays on future can-
cer mortality. Part of the contribution of this study is providing a modelling framework
in order to project LC and BC mortality on regional and deprivation level, where ap-
propriate. We develop type- and gender-specific Bayesian hierarchical models to project
cancer mortality, together with 95% credible intervals, where we use a Poisson distribu-
tion assumption for cancer deaths. For similar applications of the Poisson distribution,
see Arik et al. [2021], Czado et al. [2005], Wong et al. [2018]. We carry out the considered
models based on cancer deaths and mid-year population estimates, stratified by five-year
age groups, single year, deprivation quintiles in regions of England between 2001 and
2018, provided by the Office for National Statistics (ONS). Our approach presents a
detailed modelling structure for each cancer type accounting for various risk factors by
avoiding coalition between different variables, such as region and deprivation level. We
also incorporate smoking information into our modelling as an additional risk factor.
Moreover, we consider an estimate of age-at-diagnosis as a risk factor for a given cancer
mortality modelling. The estimate of age-at-diagnosis is based on the related cancer
morbidity, as developed and discussed in Arik et al. [2021], and it is used to provide a
proxy to delays in diagnosis while examining the impact of COVID-19 related health

disruptions.

This study is organised as follows. In Chapter 2 we introduce the available data and
important concepts used in different parts of the report. In Chapter 3 we explain the
modelling framework for LC and BC mortality rates. In Chapter 4 we carry out the
developed models with respect to the population LC and BC mortality in England and
present main findings, accordingly. In Chapter 5 we discuss the main implications of

our findings and conclude.
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Data and Concepts

This chapter summarises all data used in this study. Some relevant metrics supporting
this research are also introduced. In general, we rely on a set of cancer data provided

by the ONS along with some publicly available data. More details are provided below.

2.1 Number of cancer deaths and population exposures

We have type- and gender-specific cancer deaths and mid-year population estimates
exposed to mortality risk, aka ‘exposures’, at five-year age bands in different regions
(specifically the north east, the north west, Yorkshire and the Humber, the East Mid-
lands, the West Midlands, the east, London, the south east, and the south west according
to Nomenclature of Territorial Units for Statistics described by Eurostat [2007]) and de-
privation deciles (1 to 10) of England in single years from 2001 to 2018. The data were
provided by the ONS. Although the data are anonymised, it cannot be released openly
due to the level of granularity in order to maintain data protection and confidentiality.
Currently, cancer death numbers and population estimates can be obtained with a data

request from the ONS.

We also note that causes of death data is accessible at a lower granularity up to 2022
through a service, namely ‘NOMIS’, provided by the ONS [ONS, 2022d]. Specifically,
we use ‘NOMIS’ as an additional source to obtain BC deaths in women by five-year age

bands in the regions of England from 2019 to 2022.

For each region r and deprivation level d of England, whenever applicable, we have death

and exposure counts as follows:
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® Dgy g.drt is number of deaths from cancer at age-at-death a in year ¢ for gender g,

where the youngest age group is 20-24 and the oldest age group is 85—89;
o E, 4.4yt is number of exposures, i.e. the corresponding mid-year population esti-
mates;

c Da,g,d,r.t

C 1 1 —
° 9a’g7dvr7t is crude mortality rates, that can be calculated as Gavg’dmt = B

2.2 Index of Multiple Deprivation

The index of multiple deprivation (IMD) is a national deprivation index, dividing small
areas in England into 10 equal groups. This index ranks these areas from the most
deprived 10% of small areas nationally to the least deprived 10%, where 1 is labelled
to be the most deprived and 10 to be the least deprived. The IMD can be used to
make direct comparisons in relation to the relative deprivation across different areas in

England. For further discussion, see DCLG [2015].

According to the technical report by Gill [2015], the IMD is derived as a weighted average

of 7 different sub-indices as follows:

e Income deprivation (weight 22.5%)

e Employment deprivation (22.5%)

e Education, skills and training deprivation (13.5%)
e Health deprivation and disability (13.5%)

e Crime (9.3%)

e Barriers to housing and services (9.3%)

e Living environment deprivation (9.3%)

The seven IMD sub-indices listed above measure different aspects of deprivation, and
also these indices are related to mortality. Hereby, the IMD can be used as a predictive

variable for estimating and projecting mortality in a given area r.

This study is based on the ‘income deprivation’ groups under the IMD published in
2015, namely ‘IMD 2015’. Importantly, we group income deprivation (deprivation from
now on) deciles into quintiles for modelling purposes, where each quintile refers 20% of

the corresponding sub-population in a given region.
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For completeness of information, we note that there are earlier and later versions of IMD
over time. See Smith et al. [2015a] and Smith et al. [2015b] for further details, including
the methodology used for constructing the IMD, the type of data used, and so on.

2.3 Data on smoking

There are two sets of publicly available smoking data. First smoking data is collected
on the Labour Force Survey, as part of the Annual Population Survey (APS), based
on an annual sample size around 320,000. In this data, prevalence numbers (%) are
available for current smokers, ex-smokers, and non-smokers by age groups, specifically
1824, 25-34, 3544, ..., 65+, in the nine regions of England between 2011 and 2021.
For further details, see ONS [2020a], and to access the data, refer to ONS [2022¢|. As
part of the APS, smoking prevalence by the IMD started being reported since 2012, as
well [Archbold et al., 2023]. Figure 2.1 displays that smoking prevalence has declined
in each deprivation decile since 2012 with statistically higher smoking prevalence in the

most deprived neighbourhoods as compared to the least deprived ones in England.

Least deprived 10

year

— 2012
— 2016

2017
— 2021

D il AL N

Most deprived 1

107

) ) o
- N N
Smoking prevalence (%)

301

Figure 2.1: Prevalence rates of current smokers by deprivation deciles, all persons aged
18 years and over, England, 2012 to 2021, where the dashed line is the national average,
13%, in 2021. Source: Annual Population Survey from the Office for National Statistics.

Second smoking data is collected as part of the Health Survey for England. This data,
available from the NHS Digital, shows age-specific prevalence rates for wider age groups,
including ages 65-74, and 75+, between 1993 and 2019. However, unlike the first dataset,
it does not include regional breakdowns within England. For more details, see Digital
[2020].

Since the two datasets are not compatible, we use a single source in this study. In
particular, we prefer the Health Survey for England dataset because it covers a longer

time period. See Section 2.3.1 for further discussion.
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2.3.1 Non-smoking prevalence rates as a proxy for smoking

Cigarette smoking remains to be the greatest cause of preventable death and disease
globally [Archbold et al., 2023]. Smoking is also considered to be a significant risk factor
for certain diseases, including LC, as noted in NHS [2022]. Nonetheless, researchers are
cautioned using smoking data most appropriate for specific research questions [Ryan
et al., 2012]. This is mainly because differences in smoking definitions across different
surveys could have a notable impact on smoking estimates. An immediate example to
this is a change in survey questions in the APS impacting the calculation of ex-smoker

estimates from 2016. For a broader discussion, see Windsor-Shellard et al. [2018].

In this study non-smoker (NS) prevalence in the Health Survey of England is considered
as a proxy for smoking in LC models. This decision serves two purposes: (a) avoiding
changes across different definitions of smoking information, and (b) having a simple and

clear interpretation of smoking in the projection models.

Note that we attempted to distribute NS prevalence by deprivation using Figure 2.1
and by regions of England based on the APS data. Yet, these assumptions caused
correlation issues in the existence of region and deprivation variables in the projection
models. Hereby, NS prevalence is assumed to be the same in all regions and deprivation

quintiles of England.

Meanwhile, age-specific fitted NS prevalence rates have been obtained based on the data

between 1993 and 2019 by using a simple linear model as follows:

NSut = B0 + Br.a + Pat + Bat® + Buat. (2.1)

Afterwards, the parameter estimates in (2.1) are employed to re-construct NS prevalence
backwards to 1981. These rates are involved in LC and BC modelling in a way to
accommodate a lag of 20 years by following the study of Luo et al. [2022]. This means,

for example, we use NS prevalence in 1981 as an input to estimate LC mortality in 2001.

Figure 2.2 demonstrates fitted and crude age-specific NS prevalence rates from 1981 to
2019. The figure reveals an increasing trend in NS prevalence for both genders, notably

showing a more homogeneous and faster increase among males over this period.
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Figure 2.2: Non-smoker prevalence rates at selected age groups between 1981 and 2019:
observed rates (dots), fitted rates (lines), and re-constructed rates (dashed lines).

2.4 Age-standardised mortality rate

Age-standardisation is a useful tool to compare different sub-populations by eliminating
variations raised by different ages and corresponding population sizes. We obtain age-
standardised mortality rates by gender to make comparisons across different deprivation
levels and regions of England. This calculation is done by choosing distribution of a
population over ages as the reference population. For this sake, we use the European
Standard Population (ESP) 2013 [Eurostat, 2013].

Age-standardised mortality rate for gender g in a given year ¢, region r and deprivation

quintile d in England, denoted by ASRg g, is defined based on the weighted average

of crude mortality rates, 927 it OV & specific age range as follows:
Z g¢ Dt Estd
[ a a7g7 7T7 a
ASRgad7r7t - Za Egtd ? (2'2)

where E5'Y denotes the ‘standard population’ at age a. In this study, the relevant age
range is determined depending on the modelling age group for each cancer type under
consideration where the underlying age group is 45-89 years old for LC mortality and

35-89 years old for BC mortality.
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2.4.1 Mortality differences over sub-populations

Inequalities in cancer mortality need to be addressed while considering future projec-
tions. Age-standardised rates by region and deprivation can be a useful tool to under-
stand trends in mortality inequalities. Figure 2.3 and Figure 2.4 respectively demon-
strate how LC and BC mortality rates have realised across different deprivation levels

and regions of England based on crude age-standardised rates from 2001 onwards.

Specifically, Figure 2.3 shows that there are distinct differences in age-standardised ob-
served LC mortality rates, for instance, in women across different deprivation quintiles in
the regions of England. The figure clearly demonstrates higher mortality rates in more
deprived quintiles over the years. We also see a widening deprivation gap in certain

regions, such as the north east of England, as compared to others, such as London.
N.East N.West York.Humb.
0.002 | /\/\/‘/\/\/ T — A
—_ T M

deprivation

0.002 | — >

— T~ M -

Mortality rates
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Figure 2.3: Age-standardised observed lung cancer mortality rates in women in depri-
vation quintiles 1 (most deprived) to 5 (least deprived) of England: the standardisation

is done over ages 45—89.

Figure 2.4 demonstrates regional variability in age-standardised observed BC mortality
rates in women between 2001 and 2022. We observe much smaller variation in BC
mortality across the regions of England as compared to LC mortality. We note that
different than LC mortality, deprivation is not found to be a significant variable to
explain variations in BC mortality. See, for example, Arik et al. [2021] for further
discussion. Hereby, in this study, deprivation is not considered as a separate risk factor

while predicting future BC mortality.
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Figure 2.4: Age-standardised observed breast cancer mortality rates in regions of Eng-
land: the standardisation is done over ages 35—89.

2.5 A useful metric: relative deprivation gap

It is important to quantify socio-economic differences in cancer mortality over time,
with the aim of understanding how these differences have changed. We quantify relative
deprivation gap in a given cancer type, denoted by RDy ,;, for gender g in region r of

England at time ¢ such that

A

ASR, quinti — ASRy quinti
g,quintile 1,rt g,quintile 5,7t
Rngrvt = a ? (2'3)

ASRg,quintile 1,rt

where fitted age-standardised mortality rates in the most (1) and least (5) deprived

quintiles are used as an input. Note that the numerator in this formula, which is

ADg,r,t = ASRg,quintile 1,rt — ASRg,quintile 5,r,ty

shows the absolute deprivation gap, ADg ¢, in region r at time ¢. In (2.3), the change in
the deprivation gap in a given region at time ¢ is expressed with respect to the mortality

rate in the most deprived quintile of the same region.
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2.6 A useful variable: average age-at-diagnosis

Age-at-diagnosis is known to be a crucial factor for cancer survival. In the study of
Arik et al. [2021], a link has been established between cancer morbidity and mortality
through a variable, namely average age-at-diagnosis (AAD). In that study, it is shown
that AAD is a statistically significant variable to explain type-specific cancer mortality.
Hereby, this variable is also used as an input in our projection models after verifying
its significance through appropriate variable selection procedures for the data under

inspection (see Appendix A for details).

AAD for gender g in deprivation quintile d of region r at the time of diagnosis t, denoted

by AADIgnsr:’ idity, is estimated as follows:

3 std
morbidity Za a)\avgvd7r7tEa

AAD =
gvdv"‘?t 3 ’
Za )\a7gzdar7tE3td

(2.4)

where E5' shows population numbers at age-at-diagnosis a according to the ESP 2013,
and Xa,g’dmt is the relevant type-specific fitted incidence rate obtained based on the best
fitted models in Arik et al. [2021]. For modelling purposes, AAD is then weighted over

years as described below:

morbidity
AADmorbidity . Zt AADg,d,r,t Eg,dﬂ‘,t 95
g,d,r - ) ( : )

’ >t Egdrt

by using the relevant mid-year population estimates E, 4, in deprivation quintile d
of region r. Note that, if deprivation is not a significant variable in the model under
inspection, AAD could also be averaged over deprivation quintiles so that it would be

by region only.

In this study, AAD variable is found to be significant to explain differences in LC mortal-
ity but not in BC mortality (refer to Appendix A for further details). Figure 2.5 shows
estimated AAD values in LC for women according to 2.4 from 2001 to 2017. We note
that 2017 is the latest available calendar year in the LC morbidity data. We estimate
an increasing trend in AAD values over the calendar years, with comparable results in
the regions of England. However, the estimates across deprivation quintiles in a given
region are notably different, where lower AAD values are calculated in more deprived

quintiles (as opposed to higher mortality rates in the same quintiles, see Figure 2.3).
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Figure 2.5: Average age-at-diagnosis in lung cancer mortality, women, in deprivation
quintiles 1 (most deprived) to 5 (least deprived), of regions of England between 2001
and 2017.

Figure 2.6 demonstrates AAD estimates in LC for men between 2001 and 2017. Similar
to the female counterparts, there is an increasing trend in calculated AAD values over
the time, with lower AAD values estimated in more deprived quintiles of a given region.

We note higher AAD estimates for men as opposed to women.

N.East N.West York.Humb.

77
76— —
75/ / /
n— = =
2 73 o
g E.Mid W.Mid East deprivation
8 771 — 5
v?@/ / /
Sl 4
w74,/ // / — 3
R|l— - —  _
Q
g London S.East S.West — 1
5777/
Z 76 //
75 / / /
M _—
73 //

4 ¥ ~ O M © A4 % ~0®MmM©Od<E~O M ©

O O O d 4 4 O © O d 4 4 O O O d «d

O O O O O O O O 0O O o oo o o o o o

N N AN AN AN AN AN AN AN NN NN NN

Year

Figure 2.6: Average age-at-diagnosis in lung cancer mortality, men, in deprivation quin-
tiles 1 (most deprived) to 5 (least deprived), of regions of England between 2001 and
2017.
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Statistical Modelling

We apply separate projection models to each type- and gender-specific cancer data
described in Section 2.1. In each model, we consider different groups in the population of
England, stratified by deprivation quintiles in the nine regions of England. Although age-
period-cohort type models are mostly applied for projection purposes (see, for instance,
Antonio et al. [2015], Czado et al. [2005], Smittenaar et al. [2016]), we implement more
elaborate models by taking the advantage of our granular data with the aim of identifying

regional and deprivation differences in future years.

We note that some results in this part have been presented in some international con-
ferences including the Actuarial Research Conference 2022 in Chicago, US and the In-

ternational Congress of Insurance: Mathematics and Economics 2023, Edinburgh, UK.

3.1 Projection models for cancer mortality

We assume that the number of gender- and type-specific cancer deaths D, 4,; at age a
and year t in deprivation quintile d of region r in England follows a Poisson distribu-
tion with mean and variance shown by E(Dmd,,«,t) = éa,dmt Eq drt. Although this is a
common assumption in the literature since the study of Brouhns et al. [2002], there are

issues with this assumption as discussed later in this chapter.

Thus, in order to account the heterogeneous structure in the sub-populations of England,
we construct a baseline model for a given gender- and type-specific cancer mortality using
a Poisson-lognormal Bayesian hierarchical model. The general structure of our model

is:

14
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Da,d,r,t ~ POiSSOH(ea,d,r,t Ea,d,r,t)
0 ~L 1( 2)
a,d,r,t ognormal{fiq d,rts O

Ma,drt = IBX + f(X> K’)
o2~ Inv.Gamma(1,0.1)

B ~ Normal(0, 10%), (3.1)

where:

® 044 is gender-specific mortality rates at age-at-death a in year ¢ in deprivation

quintile d of region r (where applicable).

® [ig.4rt is the location parameter of lognormal distribution for a given cancer type.
It is defined based on various covariates - including age-at-death a, deprivation d,
region v, AAD, and NS prevalence rates - which are collectively denoted by X,

with associated model parameters 3.

Meanwhile, the function f(X, k) explicitly captures the period effect ¢ and poten-
tial two-way interactions between time and other covariates. The structure of k is
explicitly defined in (3.3).

e Non-informative prior distributions are assumed for model parameters 8 and o2,
where appropriate, to reflect relative prior ignorance on their values (see, for ex-
ample, Gelman et al. [2013], Ntzoufras [2009], for discussions on non-informative

and informative priors).

The structure of the location parameter, p, 4, ¢, differs for each gender- and type-specific
cancer. It mostly depends on main variables, namely age, year, deprivation quintile,
region, and AAD, along with two-way interaction terms between main variables, where

appropriate. For example, fi4 4+ in (3.1) might have the following form:

Padrt = Bo + Bra + By + B3.a+ BaAAD, g + B5NS, 120 + k¢ + interaction terms,
(3.2)

where age-at-death a, region r, and deprivation quintile d are considered as categorical
variables, and NS prevalence rates and AAD variable are assumed to be numerical
variables, standardised to have zero mean and unit variance to facilitate the calculations.

We note that NS prevalence rates are involved with a lag of 20 years based on the study of
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Luo et al. [2022]. Meanwhile, period effect ¢ is defined differently from other covariates,

with associated coefficient denoted by k;.

In our model, we describe the period effect in (3.1) using a random walk with drift.
Depending on the model specification, there can be more than one coefficient related
to period effects, denoted by k = (K14, /iQVt)T, between 2001 and 2018. Specifically, we

assume that each x;; for 7 = 1, 2 follows the process below:

Kit = Vi, + Kit—1 + €x;t

¥y, ~ Normal(0, 02%1_)

€x,;,t ~ Normal(0, azi)

oz ~ Inv.Gamma(1,0.001). (3.3)

1 ~2

. . . . A 2 _
Here, the variance of the drift term is estimated as G4, = 2018—2001 Ori-

Note that, for model identifiability and interpretability, in general, sum-to-zero (STZ)
constraints are imposed to all categorical variables. STZ constraint allows us to make
comparisons between a given level of a categorical variable with respect to the corre-
sponding average effect as reference level. However, we adopt a different constraint for
the period effect & such that k1 = (k1,0, k20)7 = (0,0)T. This changes the interpreta-
tion of the period-related coefficients by setting the first year as the baseline year. To
be specific, the values related to the following years would be estimated with respect to
k1 and thus should be interpreted accordingly. See, for example, Wong et al. [2018] for

a similar approach.

Several models are implemented to fit the historical mortality rates under inspection and
then compared systematically. A variable selection procedure is carried out to determine

the structure of parameter p for a given cancer type, as explained in Appendix A.

3.2 Model for lung cancer mortality

LC mortality exhibits distinct differences by gender in its historical trends as presented
and discussed in Section 4.1. This is considered to be associated with changing smoking
patterns as noted by ONS [2017]. Although average daily smoking has stayed higher
among men in the last years, the decline in average tobacco consumption in time, along
with other things, e.g. healthy diet, seems to be reflected on LC mortality. Thus,

men have enjoyed LC mortality improvements in more deprived areas whereas women



Chapter 3. Statistical Modelling 17

experienced a deterioration in the most recent years. For further discussion, see Arik
et al. [2021], ONS [2017].

In order to capture gender-specific differences in LC, we implement separate models for
each gender. We rely on a set of data, split by five-year age groups, region, deprivation
decile, and single years between 2001-2018 (Section 2.1). The LC mortality rates are
examined from ages 45-49 to 85-89, where the two youngest age groups, ages 45-49 and
50-54, are combined to represent ages 45-54, and deprivation deciles to be quintiles in
order to avoid small numbers. Note that LC is considered to be a bigger issue starting
from age 45 according to the cancer statistics in the UK and available literature [Collin
et al., 2008, ONS, 2015, 2017, 2018a, Wakelee et al., 2007].

Importantly, for each gender, we first consider a model consisting of available main
variables, that are age-at-death, year, region, deprivation quintile, and AAD, along with
related two-way interaction terms. Second, NS prevalence rates (Section 2.3.1) are
integrated into the modelling approach in order to improve the developed models further.
This is because smoking is indicated to be the biggest risk factor for developing LC and
considered to be responsible of 72% of LC cases [DHSC, 2023, NHS, 2022].

Female lung cancer mortality

Female LC mortality is more complicated than male LC mortality, for instance, sug-
gesting slowdown in mortality improvement at different age groups in the recent years.
Although this could be related to various factors, one reason is considered to be changes
in smoking patters, where women started smoking more and men less after the Second
World War [ONS, 2017] (see Appendices C.1-C.2 for modelling results).

We first establish a model, where the location parameter of lognormal distribution in

(3.1) is defined based on available main variables, as

pa® = Bo+ Bra+ Bag + Bs.a + BIAADTIVEY L Be o+ B pa + K1t
Ko AADISTPI. (3.4)

Note that (3.4) has been determined with respect to a variable selection procedure,
where the details can be found in Appendix A.1. Here, 1 4 is the age coeflicient for age
group a with levelsa = 1,2, ..., 8, where a maps to {45—54,55—59,60—64,...,85—89};
k1, is the coefficient associated with period ¢ with levels ¢ = 1,2,...,18, where ¢t maps
to {2001,2002,...,2018}; B2, is the coefficient of the region component for region r
with levels r = 1,2,...,9, where  maps to {North East, North West, Yorkshire and the
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Humber, East Midlands, West Midlands, East, London, South East and South West};
B3,q4 is the deprivation component for quintile d with levels d = 1,2,...,5, respectively;
ko, is the coefficient of interaction between period effect and AAD component; S5 g, is
the coefficient of interaction between age-at-death and deprivation quintile; and Sg ;. q,

for the interaction between age-at-death and region.

We further improve this model by introducing NS prevalence rates in women and an

interaction between region and AAD, as additional risk factors, such that

lun morbidi
P s = Bo + Bra + Bor + Bs.a+ BaIAADIT™ MY & Bs 4. + Bora + it

(o + Brs) AADZIPY 4 geNSwomen. (3.5)

Specifically, (7, is the coefficient of interaction between region effect and AAD com-
ponent, and (g is the coefficient for the NS prevalence rates (Table A.2). We note
that NS prevalence rates and the AAD variable are introduced as numerical variables,

standardised to have zero mean and unit variance to facilitate the calculations.

We further note that the models in (3.4) and (3.5) have been implemented to quantify
the impact of diagnosis delays on LC mortality in women, with the help of AAD under

different scenarios.

Male lung cancer mortality

Male LC mortality demonstrates a generally decreasing trend at different age groups
over the years, with distinct differences between the most and least deprived quintiles

(see Appendices C.3-C.4 for modelling results).

Once more, we first establish a model considering the main variables in the available

data as follows:

1 bidi
Hans = B0+ Bra + Bor + Bs.a+ BaIAADIT MY 4 B5 4o + kiy it

(Ko + Bo.r) AADIGTPEY. (3.6)

where there are two differences as compared to the female model in (3.4): (a) no inter-
action term between age and region, and (b) the interaction between region effect and
AAD component (f3s ) involved following the variable selection procedure (see Table A.4
in Appendix A.2).
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We then improve this model by using male NS prevalence rates as an additional risk

factor such that

lun morbidi
Moy = B0+ Bra+ Bor + B3a+ BIAADT™ MY + 85 o + Ko+
(Ko + Bo.r) AADIGPIY 4 g NSmER (3.7)

where smoking information is incorporated by adding 87 to represent the coefficient for

the NS prevalence rates (Table A.5).

Similar to female LC models in (3.4) and (3.5), the models in (3.6) and (3.7) have been
used to establish pre- and post-pandemic scenarios by introducing diagnosis delays in

AAD component and estimating related increases in LC mortality in men accordingly.

We further note that different best fitted models can be identified by changing the de-
scription of null model in the variable selection process, as demonstrated in Appendix A.
We implemented several model specifications before determining the final modelling
structure(s). The overall decision has been made with the aim of finding a compromise
between model complexity, data fitting, and potential correlations across different vari-
ables. We also acknowledge that the interaction term between the period effect and
AAD component in (3.4) is added to have a consistent modelling structure for LC in
both men and women. Note that this term is found to be significant in the existence of

smoking information and also in the alternative variable selection procedure.

3.3 Model for breast cancer mortality

We focus on female BC mortality as there are very few records regarding male BC. In
particular, we use the population data of England from 2001 to 2018, stratified by five-
year age groups and region, pointing out a generally decreasing trend in BC mortality
over the time (see Appendices C.7-C.8 for modelling results). It is important to note
that deprivation is not found to be a significant variable to explain the changes in BC
mortality (see Appendix A.3 and Arik et al. [2021] for wider discussion). Hereby, BC
mortality projection is considered on regional level. Furthermore, the AAD variable by
the regions of England has not been found to be statistically important to explain BC
mortality either. This is considered because we have more ‘equality’ in BC mortality,

leading to comparable AAD estimates in different regions.

Following the variable selection procedure, see Appendix A.3, we have first considered

a much simpler projection model as compared to LC models such that
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st = By + Bria + By + K1 (3.8)

Here, 314 is the age coefficient for age group a with levels a = 1,2,...,11, where a maps
to {35—39,40—44,45—-49,...,85—89}; k1, is the coefficient for the period component
for period ¢ with levels ¢t = 1,2,...,18, where ¢t maps to {2001,2002,...,2018}; (B2, is
the coefficient of the region component for region r with levels r = 1,2,...,9, where
r maps to {North East, North West, Yorkshire and the Humber, East Midlands, West
Midlands, East, London, South East and South West}, respectively.

Afterwards, we account for female NS prevalence rates as an additional risk factor that
contributes to explain BC mortality. The association between BC risk and smoking has
been extensively studied by considering the amount of cigarette consumption [Hunter
et al., 1997], duration of smoking [Reynolds et al., 2004], and smoking initiation at dif-
ferent ages [Al-Delaimy et al., 2004], sometimes leading to conflicting results. However,
there is more evidence suggesting a potential causality between smoking and BC, es-
pecially in the case of long-term heavy smoking and smoking initiation at a young age
[Reynolds, 2013, Xue et al., 2011].

Hereby, we focus on an improved version of (3.8) as follows:

et = Bo + Bra + By + BaNSYITSE + ke, (3.9)

where (3 is the smoking coefficient.

Provided regional-level cancer mortality is available up to 2022, see Section 2.1, we
have utilised observations from 2019 until 2022 in order to make comparisons between

observed and projected BC mortality.

3.4 Projection method for deaths

We develop a Bayesian methodology as described in (3.1) for the population data of
England. Different covariates, i.e. region, deprivation quintile, and AAD, are regressed
on the location parameter of lognormal distribution in addition to usual variables, such
as age and period, in (3.4) and (3.6) for female and male LC mortality, respectively, and
(3.9) for BC mortality.
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In order to project a given type- and gender-specific cancer mortality beyond the ob-
served calender period, we assume that the age-at-death-, region-, and deprivation-
related effects remain unchanged over time. Specifically, the future mortality rates can

be derived as

* * 2
0o drt ~ Lognormal(umdmt,a ),

where a new location parameter, p; ;. ,, is defined considering changes in time-related
iy

terms.

To be precise, the period-related effects for LC could be extrapolated from 2019 to
2036 by setting the baseline year as the last year of the observed calendar year such
that kK] = (Ii1719,/<&2719)T = (/%1,18,&2,18)T in (3.3). BC data is available for a longer
period, up to 2022. However, the last four calendar years, 2019 to 2022, are used to
check with model validation in BC mortality instead of involving these years in our
modelling. Hereby, the extrapolation could go until 2036, where the baseline year would

be K] = K1,19 = R1,18 in that case.

3.5 Overdispersion of the Poisson-lognormal model

Poisson distribution imposes mean-variance equality, that is

A

E(Da,d,r,t) = Vér(Da,d,r,t) = éa,d,r,t Ea,d,r,ta

where éavd,m denotes the expected mean of gender- and type-specific fitted mortality

rates at a given age a in deprivation quintile d of region r in England.

This is a strong assumption implying that individuals born in the same year would have
the same mortality experience despite several different factors, such as smoking, income,
and education, impacting mortality. See, for example, Arik et al. [2020], Brown [2003],
Redondo Loures and Cairns [2019] for relevant discussion. This causes an additional
variation across individuals, also known to be ‘overdispersion’. In order to deal with
overdispersion, we establish a hierarchical modelling structure using lognormal distribu-
tion in (3.1).

Furthermore, we check with the model fit of a given gender-specific model using Pearson
residuals across different ages and years for a given region and deprivation quintile. As

explained in Wong et al. [2018], the residuals can be derived as follows:
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Dodri — E(Dadnt)
var(Da,d,rt)

Ta,drt = )
where E(Da,d,r,t) = Ha,d,r,tEa,d,r,t and

var(Deg grt) = E(Da,d,r,t) x (1+ IAE(Da,d,M) exp(c? — 1)). The corresponding fitted mor-
tality rate, éa,d,r,b is derived using the mean of lognormal distribution as éa,dmt =

exp(Ha,d,rt + ‘72/2)-

3.6 Pandemic scenarios and excess deaths

We develop pandemic scenarios by considering an increase in the AAD covariate. This
is motivated by delays in cancer diagnosis due to initial health disruptions caused by the
COVID-19 pandemic. Fxcess cancer deaths for a given gender at various age groups a
in deprivation level d and region r of England for cancer type ¢ in the projection years,
EDZ?d’T’t, are calculated by subtracting the estimated number of deaths in pre-pandemic
scenarios from those in post-pandemic scenarios as follows:

c T pandemic A baseline
EDa,d,r,t - E(Da7d7r,t ) - IE(‘Da,dm,t )’

where E(Dgijiﬂne) refers to the pre-pandemic estimates with no COVID-impact.

Meanwhile, excess type-specific cancer mortality in the projection years is obtained by
dividing excess type-specific cancer deaths by the corresponding mid-year population

estimates. Thus, in order to calculate age-specific excess cancer mortality for a given

c
a,t’

gender in projected year t, EAM? . we use

E(DpandemiC) _ E(Dbaseline)
BAMS, = ——% et
a,t Ea,t ’

C

whereas in order to calculate region-specific excess cancer mortality in year ¢, ERMY ,,
b

we apply

E Dpandemic _ E baseline
ERM;:‘ = ( it ) ( rt ) )
’ Er t

)

Last, deprivation-specific cancer mortality for a given gender in year ¢, EDMg,, is

A

E(DpandemiC) . E(Dsazsehne)

dt
Eqt

)

EDMS, =
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Provided that AAD is not found to be statistically significant to explain BC mortality,
a different model has been developed for BC mortality based on a Markov approach in

separate work by the author [Arik et al., 2023a,b].

Hereby, in this study, we examine three pandemic scenarios for LC, not for BC. Specifi-
cally, Scenario 1 (S1) introduces a 1-month delay in AAD. In Scenario 2 (S2) we assume

a 3-month delay in AAD. Last, in Scenario 3 (S3) we assume a 6-month delay in AAD.

Assumption 1: cancer survival

We take into account for net cancer survival to distribute an overall increase (1- to 6-
month) in AAD over time. Any increase in AAD in a given year would lead to an increase
in type-specific cancer mortality under inspection in the same year. Hereby, the aim is to
allow a gradual increase in the related cancer mortality in the future years. Particularly,
we assume that the pandemic-related health disruptions could cause a bigger increase in

AAD in the first year of the pandemic, e.g. COVID-19, by gradually declining later on.

LC survival would be gradually declined over time such that 40% of people with LC
would survive from this disease for one year or more, 15% for 5 years or more, and
10% for 10 years or more [CRUK, 2021b]. Hereby, we assume that a 60% increase of a
particular delay, e.g. 1-month, in the AAD variable would realise in the second year of
the projection period, the first year of the COVID-19 pandemic, 2020. This would be
followed by a 25% increase up to 5 years, 10% from 6 to 10 years, and 5% in the rest of

the projection period.

Assumption 2: population estimates in future years

Estimated cause-specific number of deaths in a particular year involves multiplying rel-
evant mortality rates by the corresponding mid-year population estimates. The general
modelling structure given in (3.1) provides the framework to project mortality rates.
Nevertheless, for the calculation of the related number of deaths, the relevant mid-year

population estimates must be provided as well.

We rely on the national population projections provided by the ONS in the projection
years. The data are split by five-year age groups and gender in the regions of England
from 2019 to 2043 [Nash, 2020]. To facilitate our calculations, we specifically require
the mid-year future population estimates by deprivation quintiles. Consequently, we
assume that the distribution of population estimates across deprivation quintiles within

a specific region in 2018 will remain unchanged throughout the projected years.



Chapter 4

Numerical Results

This chapter mainly discusses estimated historical and future cancer mortality trends
based on the methodology introduced in Chapter 3. The numerical results are obtained
by calibrating the developed models with respect to the population LC and BC mortality
in England.

In each model, we check with the model adequacy using heat maps of Pearson residuals
as diagnostic tools across age and year for a given region and deprivation quintile of
England. These maps allow us to detect whether or not a regular pattern appears over
ages or years. If such pattern is observed, this would mean that residual mortality is
not explained well by the underlying model. We also examine age-specific fitted and
crude type-specific mortality rates across different deprivation quintiles in each region
of England over the observed calendar years 2001-2018, where appropriate, along with
future mortality rates up to 2036. Furthermore, for LC mortality, we investigate age-,

region-, and deprivation-specific excess mortality in England over the projected period.

4.1 Lung cancer mortality

LC has been the leading cause of death for ages 50 to 79 before the COVID-19 pandemic,
where COVID-19 replaced LC as the leading cause of death in women aged 65 to 79
years old in 2020 and 2021 [ONS, 2018b, 2021]. ONS [2023] further reported that the
leading causes in women were BC and LC in 2022, in a similar manner with the pre-
pandemic period. Age-specific LC mortality rates for both men and women in different
deprivation groups and regions of England are presented in Appendices C.1 to C.4 based

on two separate models, where one consists of smoking data and the other does not.

24
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In this section, we mainly focus on examining variations in LC mortality across different
deprivation levels and regions of England under different modelling assumptions. We
then examine trends in deprivation gap over time across the regions of England. Last,
we investigate the impact of diagnosis delays on future LC mortality by age, region, and

deprivation.

4.1.1 Parameter estimates

We have investigated LC mortality using two different models, each developed separately
for each gender, as described in Section 3. The key difference between the models arises
from variable selection: one incorporates NS prevalence rates as a proxy for smoking, in

addition to existing variables such as age-at-death and region.

Appendices B.2 and B.1 present the parameter estimates for female LC models with
and without NS prevalence rates, respectively. Estimates for male LC models are in
Appendices B.4 and B.3.

Our findings confirm that individuals over 65 and those in more deprived quintiles
(specifically quintiles 1 and 2) face higher LC mortality risk, as indicated by positive
estimates associated with related levels of age and deprivation variables. Regional effects

show no clear pattern, likely due to the inclusion of deprivation and interaction terms.

Furthermore, NS prevalence rates negatively correlate with LC mortality risk, while
increasing age contributes positively. The common period effect for women shows a pos-
itive contribution to LC mortality until around 2015 (when NS prevalence is included),
followed by a decline. For men, without NS prevalence rates, the period effect follows a
negative trend, indicating LC mortality improvement in recent decades. However, once
NS prevalence is incorporated, the main period effect for men becomes less interpretable,

likely because NS prevalence rates absorb much of the temporal effect.

4.1.2 Age-standardised mortality rates

Age-standardised fitted and projected LC mortality for men and women in deprivation
quintiles 1, 3, and 5 across regions of England from 2001 to 2036 are shown in Figure 4.1
and Figure 4.2. Figure 4.1 presents results from LC models without smoking data,
while Figure 4.2 shows results from models that include smoking data, as described in

Section 3.2.

LC mortality in women has mostly deteriorated in the past decade(s), with a generally

widening deprivation gap in the regions of England, whereas there has been a decreasing
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trend in male LC mortality between 2001 and 2018. Historical trends in Figure 4.1 and
Figure 4.2 point out comparable outcomes with the earlier literature, such as Arik et al.
[2021]. Particularly, there has been generally a non-decreasing trend in LC mortality
for women in the most deprived quintile in the regions of England. Meanwhile, the least
deprived quintiles present mostly levelled rates for women. Although LC mortality in
men is higher than their female counterparts, there has been mortality improvement

across all quintiles and regions over the years.

Deprivation gap, which is the difference between the highest (in quintile 1) and lowest (in
quintile 5) mortality rates in a given region at a particular time, has widened for women
from 2001 to 2018, with a bigger gap in the northern regions of England in comparison to
the southern regions of England (see Section 2.5 for formal definition(s) of ‘deprivation
gap’). The change in deprivation gap for men is less clear than women, requiring a more
in depth analysis. Importantly, we predict that the differences between the most and
least deprived quintiles for both men and women persist in the future, where projected
mortality rates in deprivation quintiles 1 and 5 remain to be significantly different from

each other in each region.
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Figure 4.1: Age-standardised fitted (lines) and projected (dashed lines) lung cancer mor-
tality, with 95% credible intervals, in selected deprivation quintiles 1 (most deprived), 3,
and 5 (least deprived) and regions of England based on full models without smoking
data.

Figure 4.1 and Figure 4.2 demonstrate that the key difference between different mod-
elling approaches arises from the predicted rates in the future. For example, in Fig-
ure 4.2, we estimate mortality improvement for women at a higher degree in different
deprivation quintiles, especially the most deprived neighbourhoods in each region. This
implicitly indicates a marginal decrease in deprivation gap based on the model including

the smoking data over the future years.
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Figure 4.2: Age-standardised fitted (lines) and projected (dashed lines) lung cancer
mortality, with 95% credible intervals, in selected deprivation quintiles 1 (most deprived),
3, and 5 (least deprived) and regions of England based on full models with smoking
data.

4.1.3 Disparities in lung cancer

Socio-economic and regional differences are relevant to LC mortality as discussed in
Section 4.1.2. In order to tackle these inequalities, it is crucial to understand how these
differences have changed throughout the years and are expected to change in the future.
Therefore, we quantify socio-economic inequalities in LC by using a relative deprivation

metric, defined in Section 2.5.

Figure 4.3 displays how relative deprivation gap in LC mortality has changed from 2001
to 2018 and is expected to further change in 2036 in England based on the model speci-
fications with and without smoking data. The figure points out a widening deprivation

gap for women, with an increasing trend for both genders in each region from 2001 to
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2018, alongside marginal increases in 2036. Figure 4.3 also indicates a persistent de-
privation gap, still associated with worse outcomes in the most deprived quintiles as

compared to the least deprived quintiles.

Although both models show some differences - more pronounced in LC for women -
they agree on worsening LC outcomes in the northern regions of England in comparison
to the southern regions. We note significant differences across the north and south of

England in 2018, as evidenced by non-overlapping 95% confidence intervals.
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Figure 4.3: Relative deprivation gap, RDfemale,r¢, in comparison to the most deprived
quintile, in lung cancer mortality in 2001, 2018, and 2036 for the regions of England,
with 95% credible intervals.

4.1.4 Excess number of deaths up to 2036

In this part of our study, we quantify the impact of diagnosis delays caused by the
COVID-19 pandemic on LC mortality under three pandemic scenarios. Specifically,
we present estimates of LC ‘excess deaths’ and ‘excess mortality’ for men and women.
Technical specifications of excess deaths and excess mortality, along with our modelling
assumptions, can be found in Section 3.6. Our findings are based on the models that

incorporate NS prevalence rates as a proxy for smoking (see (3.5) for women and (3.6)
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for men). These models are more refined than alternative models that do not include

NS prevalence rates, the results of which are provided in Appendix C.5.

Figure 4.4 illustrates overall excess deaths over a 17-year period (2020-2036) for women
and men in England. Specifically, we estimate 2,340 (1,743; 2,869) and 10,180 (7,944;
12,340) excess deaths for women due to 1-month and 6-month diagnosis delays, respec-
tively. Meanwhile, for men, 1-month and 6-month diagnosis delays are predicted to

result in 5,164 (4,353; 6,066) and 28,660 (23,040; 35,090) additional deaths, respectively.

Importantly, we present total excess deaths up to 2036 in different regions and depriva-
tion quintiles of England, with 95% credible intervals, as a result of varying diagnosis
delays. We see significant differences in excess deaths, with higher numbers for men
than for women, across different regions (such as the East Midlands vs. the north west
of England), and deprivation quintiles (such as the most vs. the least deprived quintile).
Furthermore, varying diagnosis delays lead to substantial variations in excess deaths in

each region or deprivation quintile.
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Figure 4.4: Cumulative lung cancer excess deaths from 2020 to 2036 based on the full
models with smoking data. Total excess deaths (over 17 years) in different deprivation
quintiles and regions of England, with 95% credible intervals.
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Figure 4.5 presents annual changes in age-, region-, and deprivation-specific excess LC
mortality per 100,000 men and women, based on the models with NS prevalence rates, for
1- and 6-month diagnosis delays. We predict significantly higher excess mortality with
increasing age, such as between ages 60-64 and 70-74, for both genders. Furthermore,
the highest excess deaths (in absolute terms) are predicted to occur between ages 70-79
in 2020, gradually decreasing over the projection period. See Appendix C.5 for findings
based on the model excluding NS prevalence rates, and Appendix C.6 for results from
the model incorporating NS prevalence rates. This is aligned with empirical evidence
suggesting LC to be the leading cause of death between ages 65 and 79 before the
COVID-19 pandemic and after 2021 [ONS, 2023].

Our results also show marked regional differences in excess mortality, with northern re-
gions (e.g. the north east of England) experiencing higher excess mortality than southern
regions (e.g. the south east of England), especially in the first year of the COVID-19
pandemic. However, these regional disparities diminish over time. Similarly, we estimate
significant differences in excess mortality between the most and least deprived quintiles
in future years. A longer diagnosis delay results in significantly higher excess deaths
across all deprivation quintiles, though the overall impact on mortality declines over

time.
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Figure 4.5: Lung cancer excess mortality, per 100,000 people, by age-at-death, se-
lected regions and deprivation quintiles in England based on full models with smoking
data. Annual excess deaths from 2020 to 2036, with 95% credible intervals. Note that
differences in lung cancer excess mortality at other ages, in other regions or deprivation
quintiles in intermediate years, are comparable to the presented years.

Significant differences are observed in the LC models for women when comparing models
with and without NS prevalence rates. For example, at ages 85-89, Figure 4.5 shows
noticeably lower excess mortality compared to Figure C.43, where the latter estimates

nearly twice as many excess deaths. Notably, this difference arises due to two additional
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components in the model, (3.5), with NS prevalence rates: (i) NS prevalence rates and
(ii) an interaction term between AAD and region. The inclusion of both terms enable
further refinement of model estimates across different regions and deprivation quintiles
in England. For details on the variable selection procedure and related model metrics,

see Appendix A.

4.2 Breast cancer mortality

This section presents the main findings on BC mortality based on two model specifi-
cations. We compare results from (3.8) and (3.9), where the latter refines the earlier
model by incorporating NS prevalence rates. Details on the variable selection procedure

can be found in Appendix A.3.

Deprivation and AAD are not found to be significant explaining differences in historical
BC mortality trends. Therefore, these variables have not been used to estimate future
rates either. In the absence of AAD, our main focus has been on projection of future

BC mortality rates in the regions of England.

4.2.1 Parameter estimates

Appendices B.6 and B.5 provide parameter estimates for BC models with and without

NS prevalence rates, respectively.

Our findings indicate that individuals over 60 and those living in southern regions have
higher BC mortality risk, as reflected in the positive parameter estimates of related
levels of age and region variables. Similar to LC mortality, NS prevalence rates show a
negative association with BC mortality. Additionally, estimates for the common period
effect suggest a negative trend, indicating improvements in BC mortality over time.
When NS prevalence rates are incorporated, part of the temporal effect is absorbed by

this variable.

4.2.2 Age-standardised mortality rates

Figure 4.6 exhibits age-standardised fitted and projected BC mortality rates, with 95%
credible intervals, based on the models described in (3.8) and (3.9), without and with
NS prevalence rates, respectively, across the regions of England up to 2036. There is a
declining trend in all regions over the calendar years, that is also expected to continue

in the future years.
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Figure 4.6: Age-standardised fitted and projected breast cancer mortality rates, females,

in regions of England: fitted rates (lines), projected rates (dashed lines) with 95% cred-
ible intervals for the projected rates.

Figure 4.6 also highlights that the main differences between the models in (3.8) and (3.9)

arise due to the time trend’s slope in the future years and the associated 95% credible

intervals. To be precise, we estimate more substantial mortality improvements in (3.9),

with increased certainty, when we factor in smoking information.

4.2.3 Disparities in breast cancer for women

Figure 4.7 presents age-standardised BC fitted mortality rates based on the models in

(3.8) and (3.9), without and with smoking information, in different regions of England

in three time points: 2001, 2018, and 2036.
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Figure 4.7: Age-standardised breast cancer mortality rates, females, in selected years in
the regions of England with 95% credible intervals.
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Figure 4.7 conveys the following main messages:

e A significant mortality improvement has been estimated in BC mortality from

2001 to 2018, and a further improvement is expected to happen in the future.

e Mortality improvement in the future is expected to happen at a different degree
in each model, where the model with smoking information, (3.9), predicts slightly
lower rates. This leads to different interpretation in terms of significance of the
improvement in the projected rates. Specifically, the estimates in 2036 in all regions
under (3.9) suggest a statistically significant change from 2018 as opposed to the

estimates under (3.8).

e Despite the fact that region is a statistically significant variable to explain BC
mortality, there are only marginal differences in mortality rates across different
regions. This can be deduced, for instance, by looking at overlapped confidence

intervals of each estimate across regions of England in the future years.
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Discussion and Conclusions

5.1 Statement of principal findings

In this project we have delved into two cancer types: LC and BC. We have constructed
type- and gender-specific cancer mortality models, implemented using a Bayesian hier-
archical modelling framework (Section 3). First, our analysis focused on estimating the
historical trends in LC and BC mortality rates in various deprivation quintiles within
the nine regions of England between 2001 and 2018. Following that we projected future
cancer mortality rates on regional and deprivation level, where appropriate, up to 2036.
Last, part of our analysis focused on quantifying the impact of diagnosis delays on cancer

mortality (Section 4).

The main findings are summarised as follows:

NS prevalence rates, used as a proxy for smoking, have been found to be significant

for explaining both LC and BC mortality.

e The AAD variable, estimated based on type-specific cancer morbidity, has been

shown to be significant in explaining LC mortality.

e Incorporating NS prevalence rates into the projection models has resulted in esti-

mating higher cancer mortality improvements in future years.

e We found a widening deprivation gap in LC mortality from 2001 to 2018, with a

persistent gap in future years.

e Our analysis revealed marginal differences in BC mortality across the nine regions

of England between 2001 and 2018, with comparable estimates in the projected

36
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years. Our estimates also indicated substantial differences in BC mortality between

the youngest and oldest screening age groups in 2036.

e The AAD variable has been instrumental in constructing various COVID-19 re-
lated scenarios. Specifically, we introduced 1-, 3-, and 6-month delays in LC

diagnosis with the aid of AAD variable.

e We have quantified excess deaths from LC from 2020 until 2036 based on the
differences in the projected mortality rates between the pre- and post-pandemic
scenarios. We have also calculated excess mortality from LC in the same years by

dividing the excess deaths by the corresponding mid-year population estimates.

e Our findings have shown higher excess mortality from LC in men as compared to
women. Furthermore, estimates for excess deaths from LC varied notably across
the regions and deprivation quintiles of England, as a result of a given delay in

cancer diagnosis.

e The impact of delays in LC diagnosis has resulted in varied excess mortality esti-

mates for both men and women by

— age groups, with the highest deaths between ages 65-85;
— regions of England, with the highest in the north east of England; and

— deprivation quintiles, with the highest in the most deprived quintile.

5.2 Strengths and limitations of this study

We provide a detailed modelling framework for LC and BC mortality, integrating model
uncertainty through the structure of linear predictors. We also account for parameter
uncertainty in a natural manner. Smoking is a significant risk factor for various diseases.
We demonstrate how to incorporate this risk factor, along with the AAD variable, into
cancer mortality modelling. The models are carried out to estimate LC and BC mortality
between 2001 and 2018, and then project these mortality rates until 2036, together with
95% uncertainty intervals, on different regions and deprivation levels of England. We
further show how one of the risk factors, the AAD variable, could be used to create

separate scenarios associated with an extreme event, such as the COVID-19 pandemic.

The modelling results are broadly consistent with the existing literature, such as the
reported numbers in Digital [2023], Luo et al. [2022]. Specifically, recent data from NHS
Digital reveals that the age-standardised cancer mortality in England was highest for

those living in the most deprived areas in 2020, in addition to an increasing deprivation
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gap compared to 2019 [Digital, 2023]. Specifically, the age-standardised all-cause cancer
mortality in the most deprived quintiles was 53% higher for men and 55% higher for
women, in contrast to those in the least deprived areas. This marks an increase from
the 2019 cancer mortality, which showed a 49% disparity for both genders. Besides,
LC is noted to be impacted the most in 2020, with age-standardised mortality of 103,
per 100,000 people, for men in the most deprived areas, compared to 37 for those in
the least deprived areas, and 78 for women as opposed to 26 for the ones in the least
deprived areas. Aligned with these observations, our modelling approach has provided
estimates of excess deaths from LC with 95% credible intervals, pointing out highest
excess mortality in the most deprived quintiles or in the northern regions of England in
the first year of the COVID-19 pandemic.

Hereby, our study can be significant to inform decision makers by increasing awareness
about the continuing impact of the COVID-19 pandemic. The estimated results can

also be helpful while implementing evidence-based health interventions.

We note that access to cancer mortality data at both deprivation and regional levels
has been unavailable for recent years, specifically from 2019 onwards. Besides, smok-
ing data has not been available in the same granularity as for cancer data. Similar
challenges appeared when mid-year population estimates have been required by region
and deprivation quintiles for obtaining excess deaths. This limited our ability to make
data-driven inferences. Nonetheless, suitable adjustments were used when data, e.g. NS
prevalence rates, are not provided to suitable resolution. Thus, our analysis is mostly
based on data and estimation. Furthermore, we conducted a comparison between the
observed and projected BC mortality rates between 2019 and 2022 in order to evaluate
the performance of our models to some extent. Despite the disruptions caused by the
COVID-19 pandemic in 2020 and 2022, the observed age-specific BC mortality rates
were largely consistent with the corresponding 95% credible intervals established by our

projections.

5.3 Implications for actuaries

Our findings can help life insurers understand the impact of late diagnosis on cancer
mortality and survival rates. The modelling framework developed here can be useful for
assessing different scenarios, not only those related to extreme events (as exemplified here
with the COVID-19 related scenarios) but also those linked to regional or nationwide
government initiatives. For example, it can be used to evaluate the potential impact of

earlier diagnoses on cancer mortality, which could be facilitated by expanding existing
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screening programs to broader age groups or introducing pilot screening programmes in

specific regions.

This study can add value while considering insurance pricing and valuation assump-
tions related to different sub-populations. For example, examining variations in cancer
mortality among the most and least deprived population groups can provide valuable
insights into potential differences between insured and general populations. Particularly,
our findings can help actuaries to obtain informed estimates of future trends of cancer

mortality in heterogeneous populations.

Understanding trends in cancer mortality is highly relevant to long-term insurance poli-
cies as this is an important underlying assumption for price guarantees. Our models can
be relevant to cancer life insurance and CII, as well, where cancer is a major disease
leading to large insurance payouts. Furthermore, accounting for the impact of diagnosis
delays on cancer rates can allow actuaries to adjust, for example, current cancer life

insurance or CII premiums, and reserve calculations.

5.4 Further research

A useful and detailed modelling framework is developed for two major cancer types
as part of this project. Our approach provides a valuable model by leading to region-
and deprivation-specific cancer mortality estimates in future years, apart from the usual
variables such as age and gender. Yet, there are important areas for further research.

Particularly, the modelling framework can be extended in the following ways:

e expanding our methodology to other common cancer types, such as bowel and

prostate cancer, to obtain further insights in cancer risk;

e incorporating availability of national cancer screening with the aim of quantifying

the impact of a halt or delay in cancer screening on cancer mortality;

e incorporating competing risk methods for other-cause mortality while examining
the impact of the COVID-19 pandemic; and

e developing scenarios to evaluate the potential effects of earlier cancer diagnosis on
mortality, particularly in the context of government initiatives related to existing

or newly introduced screening programmes.
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Variable Selection

In this study, we implement a Bayesian hierarchical modelling structure for a given
gender- and cause-specific cancer, as described in (3.1). The key difference between
models arises from the definition of location parameter u in the log-normal distribution.
Specifically, the models presented in Section 3.2 and Section 3.3 are determined using a
Bayesian variable selection procedure in the R-INLA software [Lindgren and Rue, 2015]

based on two criteria: Deviance Information Criterion (DIC) and Bayes factors.

In these models, age and year are treated as categorical variables to facilitate the devel-
opment of an appropriate projection model. In contrast, NS prevalence rates and AAD
are treated as numerical variables for two reasons: (a) they are not part of the original
dataset, and given this, we aim to estimate their average impact on historical data, and

(b) we seek a parsimonious model by minimising the number of parameters.

We employ a forward variable selection approach, starting with the simplest (null) model
and adding variables iteratively, provided they improve model fit. Specifically, variables
are included in the best-fitting models if they result in a lower DIC or a Bayes factor
greater than 3, following the studies of Kass and Raftery [1995], Spiegelhalter et al.
[2002].

For completeness, the DIC can be viewed as a Bayesian counterpart to the Akaike
Information Criterion (AIC), with two key modifications: (a) replacing the maximum
likelihood estimator of given parameter vector 3 with its posterior mean, mode, or
median, and (b) incorporating a data-driven bias correction in place of the number of

parameters. Specifically, the DIC is defined as

DIC = —4Eg p(log f(D|B)) + 2log f(D|B),

40
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where f)’ is the posterior mean, mode or median of parameter vector 3, f is the likelihood
function, and D is the related data. See, for example, Chapter 7 in Gelman et al. [2013]

for further information.

The Bayes factor compares marginal likelihoods and is defined as a ratio of posterior
odds of two competing models, H; and H}, based on data D, provided that the same

prior distributions are assumed for both models, see Lindgren and Rue [2015], such that

P(DIH) .,

B'k = )
" P(D|Hy)

See Spiegelhalter et al. [2002] for further details on Bayesian measures of complexity and
fit.

Section A.1 and Section A.3 summarise the variable selection process for LC and BC
mortality, considering different null models. Our primary focus is on full models derived
from a variable selection process starting with the simplest null model, which includes
only the offset variable. However, we also explore alternative full models based on the
availability of different variable choices, splitting the overall process into two separate
variable selection stages to understand how trends in historical data can be further

improved.

A.1 Variable selection for female lung cancer mortality

Table A.1: Variable selection procedure in the R-INLA software to determine the best
fitted model for female lung cancer mortality, without considering ‘smoking proxy’.

variable added Bayes factor marginal likelihood diff. in marginal likelihood DIC

null -30356.43 45717.28
age Inf -25067.03 5289.39 44475.35
income Inf -22314.66 2752.36 42788.21
region Inf -21187.68 1126.98 41748.87
year 126951622561447328 -21148.30 39.38 41652.67
AAD 28463406452108.4 -21117.31 30.97 41614.40
income:age 2.26320928808427e+125 -20828.67 288.63 41114.45
region:age 312056207.62 -20809.11 19.55 40943.17

Note: The null model only includes the related offset variable, and age and year are defined to be

categorical variables.
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Table A.2: Variable selection procedure in the R-INLA software to determine the best

fitted model for female lung cancer mortality, with ‘smoking proxy’.

variable added

Bayes factor marginal likelihood diff. in marginal likelihood DIC

null
smoking
AAD:region
AAD:year

-20809.12
1.53e+43 -20709.68
4.00e+-20 -20662.25
36.24 -20658.66

99.4
47.4
3.59

3
4

40943.37
40757.45
40644.90
40564.79

Note: The null model includes ALL variables in Table A.1; age and year are defined to be categorical

variables; and non-smoker prevalence rates are used with 20-year time lag.

Table A.3: An alternative variable selection procedure in the R-INLA software to de-
termine the best fitted model for female lung cancer mortality, with ‘smoking proxy’.

variable added

Bayes factor

marginal likelihood diff. in marginal likelihood DIC

null

age

income

region

year

smoking

AAD
age:income
age:smoking
region:AAD
income:smoking
AAD:smoking
year:AAD

Inf

Inf

Inf
129115643505238544
5.59e+41
52164756508979.5
1.05e+117

3.80e+73

8.93e+19

3500548.57
985210.84
9706822596297934848

-30356.45
-25069.12
-22318.36
-21193.58
-21154.18
-21058.05
-21026.46
-20757.01
-20587.58
-20541.64
-20526.58
-20512.78
-20469.06

5287.33
2750.76
1124.77
39.39
96.12
31.58
269.45
169.42
45.93
15.06
13.80
43.71

45718.20
44475.38
42788.29
41748.84
41652.72
41491.94
41452.27
40937.04
40649.96
40535.07
40490.82
40462.12
40310.30

Note: This is a two-stage variable selection procedure. The first stage begins with a null model that

includes only the related offset variable and performs variable selection among all main variables.

The second stage starts with a null model that includes the selected main variables and then applies

variable selection among potential two-way interaction terms. Note that non-smoker prevalence

rates are used with a 20-year time lag.
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A.2 Variable selection for male lung cancer mortality

Table A.4: Variable selection procedure in the R-INLA software to determine the best
fitted model for male lung cancer mortality, without considering ‘smoking proxy’.

variable added Bayes factor marginal likelihood diff. in marginal likelihood DIC

null -33057.97 47607.99
age Inf -26665.01 6392.96 46598.55
income Inf -23252.59 3412.41 44710.56
year Inf -22404.99 847.59 43789.62
region 1.62e+4-286 -21745.97 659.02 43003.53
AAD 8634573.64 -21730.00 15.97 42981.00
income:age 6.67e4228 -21203.12 526.88 42012.54
AAD:year 60480674313.05 -21178.29 24.82 41888.20
AAD:region 35.60 -21174.72 3.57 41843.68

Note: The null model only includes the related offset variable, and age and year are defined to be

categorical variables.

Table A.5: Variable selection procedure in the R-INLA software to determine the best
fitted model for male lung cancer mortality, with ‘smoking proxy’.

variable added Bayes factor marginal likelihood diff. in marginal likelihood DIC
null -21174.72 41843.63

smoking 1399391.13 -21160.57 14.15 41814.23
Note: The null model includes ALL variables in Table A.4; age and year are defined to be categorical

variables; and non-smoker prevalence rates are used with 20-year time lag.
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Table A.6: An alternative variable selection procedure in the R-INLA software to de-
termine the best fitted model for male lung cancer mortality, with ‘smoking proxy’.

variable added  Bayes factor marginal likelihood diff. in marginal likelihood DIC

null -33057.98
age Inf -26665.02
income Inf -23252.59
smoking Inf -22361.73
region 4.63e+285 -21703.96
AAD 8245920.92  -21688.03
income:age 6.26e+226 -21165.81
AAD:smoking 2.73e+38 -21077.30
age:smoking 2.97e+42 -20979.50
income:smoking 322067.75 -20966.82
AAD:region 28.06 -20963.49

6392.96
3412.42
890.86
657.76
15.92
522.21
88.50
97.79
12.68
3.33

47608.01
46598.59
44710.58
43784.52
43002.49
42980.08
42019.89
41855.82
41638.24
41593.15
41545.50

Note: This is a two-stage variable selection procedure. The first stage begins with a null model that

includes only the related offset variable and performs variable selection among all main variables.

The second stage starts with a null model that includes the selected main variables and then applies

variable selection among potential two-way interaction terms. Note that non-smoker prevalence

rates are used with a 20-year time lag.
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A.3 Variable selection for breast cancer mortality

Table A.7: Variable selection procedure in the R-INLA software to determine the best
fitted model for breast cancer mortality, without considering ‘smoking proxy’.

variable added Bayes factor marginal likelihood diff. in marginal likelihood DIC

null -10133.46 14460.45
age Inf -7120.84 3012.62 13686.88
year 3.31e+204 -6649.91 470.92 13093.15
region 13.28 -6647.33 2.58 13053.13

Note: The null model only includes the related offset variable; and age and year are defined to be

categorical variables.

Table A.8: Variable selection procedure in the R-INLA software to determine the best
fitted model for breast cancer mortality, with ‘smoking proxy’.

variable added Bayes factor marginal likelihood diff. in marginal likelihood DIC

null -10133.46 14460.46
age Inf -7120.84 3012.62 13686.90
year 3.32e+204 -6649.915 470.92 13093.17
smoking 1822.77 -6642.40 7.50 13075.32
region 25.68 -6639.16 3.24 13039.60

Note: The null model only includes the related offset variable; age and year are defined to be

categorical variables; and non-smoker prevalence rates are used with 20-year time lag.
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Table B.1: Estimated coefficients for

lung cancer mortality in women based on (3.4).

Covariate Parameter Mean SD  %2.5 %97.5|Covariate Parameter Mean SD  %2.5 %97.5
Bo -6.9190 0.0103 -6.9390 -6.8990 5. deprivations,age; 0-0286 0.0124 0.0042 0.0535
Age B1,age, -1.9320 0.0101 -1.9510 -1.9110 5. deprivation, age, 0-0623 0.0125 0.0368 0.0864
B1,age, -0.8800 0.0089 -0.8975 -0.8625 Bs deprivationy age, 0-0840 0.0143 0.0567 0.1129
B1age, -0.3391 0.0075 -0.3536 -0.3242 B5 deprivationg age, -0-1278 0.0227 -0.1715 -0.0829
B1,age, 0.1138 0.0069 0.1002 0.1273 5. deprivation, age, -0-0995 0.0208 -0.1421 -0.0613
B1ages 0.4920 0.0063 0.4797 0.5044 Bs deprivations,age, ~0-0669 0.0172 -0.1002 -0.0327
Biage, 0.7546 0.0061 0.7426 0.7667 Bs deprivation; age, -0-0867 0.0150 -0.1160 -0.0569
B1,age; 0.8899 0.0064 0.8774 0.9023 5. deprivation,,agey -0-0333 0.0151 -0.0635 -0.0035
ages 0.9004 0.0073 0.8859 0.9148 Bs deprivationg age, 00362 0.0134 0.0093 0.0619
B2 region, -0.4669 0.0502 -0.5902 -0.4065 Bs deprivationy age,  0-1367 0.0138 0.1089 0.1635
B2, region, 0.1369 0.0074 0.1221 0.1518 Bs.deprivationg age, 0-2413 0.0158 0.2100 0.2714
32 regiony -0.0989 0.0178 -0.1429 -0.0742 B6 region, ,age, -0.1005 0.0315 -0.1621 -0.0386
52,;-cgion4 0.2099 0.0180 0.1828 0.2525 ﬁﬁ,mgionz,agcl -0.0654 0.0278 -0.1208 -0.0110
32, region;, 0.1144 0.0181 0.0885 0.1586 6 regions age, -0.0345 0.0243 -0.0834 0.0127
32 regiong 0.1236 0.0162 0.0990 0.1632 Bé,regiony,age; -0.0336 0.0213 -0.0747 0.0091
2 region, -0.8271 0.0434 -0.9339 -0.7753 Sﬁ,regions,agel 0.0292 0.0194 -0.0089 0.0668
B2 regiong 0.3776 0.0290 0.3417 0.4493 B6,regiong,age; 0.0732 0.0186 0.0365 0.1091
32 regiony 0.4305 0.0385 0.3851 0.5240 6 region; age, 0.0606 0.0196 0.0217 0.0993
Bsdeprivation, 2.8620 0.1527 2.6850 3.2360 Bé.regiong oge; 0.0709 0.0229 0.0272 0.1175
B3 deprivationy 1.2020 0.0640 1.1270 1.3580 B6,regiong,age; -0.0639 0.0224 -0.1086 -0.0190
33, deprivation, -0.1165 0.0077 -0.1334 -0.1034 B6,region; ,age, -0.0498 0.0212 -0.0924 -0.0088
Bsdeprivation,  -1.3390 0.0717 -1.5140 -1.2570 Boregiony age, 00332 0.0175 -0.0011 0.0672
By deprivation,  -2.6090 0.1398 -2.9490 -2.4480 Boregiong age, 00256 0.0152 -0.0044 0.0549
By 1.6740 0.1083 1.5460 1.9380 B6,region, age, 0.0319 0.0147 0.0037 0.0600
Bs deprivation; age,  0.1262 0.0167 0.0924 0.1581 Borogiong age, 00313 0.0151 0.0017 0.0605
B5 deprivationy,age; 0-1162 0.0153 0.0873 0.1462 B6,regiong age, 0.0070 0.0154 -0.0237 0.0376
B35 deprivationg,age, 0-0838 0.0136 0.0575 0.1099 6 region age, -0.0152 0.0171 -0.0478 0.0180
Bs deprivationyage, 00814 0.0122 0.0575 0.1053 Boregiong ey 00935 0.0260 -0.1435 -0.0430
Bs.deprivationg,age, 0.0125 0.0115 -0.0108 0.0343 Bo.cegiong sz, 0.0331 0.0222 -0.0098 0.0769
Bs deprivation, sage, -0-0597 0.0114 -0.0821 -0.0370 Boregion, age; 00280 0.0195 -0.0119 0.0663
Bs deprivationy age, -0-1401 0.0114 -0.1621 -0.1166 Boegiongage,  0.0056 0.0180 -0.0310 0.0403
Bs deprivations,age, -0-2203 0.0137 -0.2471 -0.1938 Bo.regiong szey 0.0006 0.0161 -0.0302 0.0331
Bs deprivationy age, 0-0615 0.0175 00261 0.0938 Boregiongaes 00136 0.0163 -0.0174 0.0457
Bs deprivations.age, 0-0306 0.0166 -0.0032 0.0631 oregiong.azes  -0.0050 0.0170 -0.0378 0.0283
Bs.deprivation; age, 0.0422 0.0138 00152 0.0693 Boregiongage,  0.0177 0.0191 -0.0209 0.0551
B5.deprivationy,age, 0-0379 0.0125 0.0136 0.0628 36 region age; 0.0434 0.0296 -0.0160 0.1009
35 deprivationg,age, 0-0276 0.0118 0.0049 0.0517 6 regiong ages 0.0382 0.0272 -0.0172 0.0882
Bs.deprivationy age, -0-0130 0.0111 -0.0352 0.0082 Bs.regiong nges 0.0112 0.0231 -0.0343 0.0560
Bs deprivationsage, -0-0698 0.0113 -0.0917 -0.0473 Bo rogion, age,  0.0295 0.0194 -0.0090 0.0666
Bs deprivation, age, -0-1171 0.0131 -0.1428 -0.0915 Borogiony age,  0.0251 0.0188 -0.0117 0.0626
Bs.deprivationy age, -0-0232 0.0193 -0.0610 0.0150 Boegiongage,  -0.0136 0.0181 -0.0490 0.0219
Bs deprivationg age,  0-0052 0.0171 -0.0274 0.0404 Bo rogion, age, 00385 0.0188 -0.0742 -0.0009
5. deprivation, age, 0-0132 0.0152 -0.0158 0.0437 6 regions age, -0.0954 0.0217 -0.1378 -0.0534
Bs deprivations age, -0.0119 0.0131 -0.0378 0.0130 Boregiongage, 00034 0.0284 -0.0516 0.0572
Bs deprivation, sage, -0-0141 0.0124 -0.0399 0.0103 Boregions age,  0.0274 0.0267 -0.0257 0.0774
5. deprivation,,age; 0-0079 0.0123 -0.0180 0.0310 6 regiong age, -0.0294 0.0219 -0.0718 0.0138
Bs deprivations e, 0.0109 0.0126 -0.0151 0.0352 Boregiong age,  0.0091 0.0197 -0.0291 0.0490
Bs deprivationgages, 0-0121 0.0142 -0.0157 0.0403 Bo region, ages  0.0006 0.0172 -0.0325 0.0332
B5.deprivations age; ~0-0367 0.0212 -0.0794 0.0037 B6.regiony age; 0.0120 0.0177 -0.0230 0.0464
Bs deprivation, e, -0.0524 0.0179 -0.0870 -0.0164 Borogiong ager, 00077 0.0181 -0.0277 0.0432
Bs deprivationg,ageq, ~0-0723 0.0159 -0.1034 -0.0416 Boregiongage,  -0.0308 0.0208 -0.0720 0.0091
B5.deprivationg age, ~0-0208 0.0135 -0.0474 0.0067 6 regions age; 0.0277 0.0282 -0.0273 0.0854
Bs deprivationgaze, 0-0073 0.0128 -0.0180 0.0321 Boregiongozes 00332 0.0233 -0.0126 0.0790
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Covariate Parameter

Mean SD  %2.5

%97.5

Covariate Parameter

Mean SD  %2.5

%97.5

ﬂG,rcgion7,agc5
ﬁﬁ,region8 ,ages
ﬂﬁ,regiong ,ages
[36,regionl ,ageg
ﬁﬁ,regiorAQ ,ageg
Bﬁ,region3 ,ageg
/3671region4 ,ageg
ﬂG,rcgionS ,ageg
ﬂﬁ,regi(mﬁ ,ageg
ﬁG,rcgioll7,agcs
/36,regions ,ageg
/Bﬁ,regiong ,ageg
Bﬁ,regionl ,age;
ﬂb‘,rcgionz ,ages
ﬁﬁ,regi0n3 ,agey
/jﬁ,regiolu ,agey
ﬂG,rcgionS ,ages
/Bﬁ,regionﬁ ,agey
66,region7,age7
ﬂﬁ,regiong ,age;
ﬂb‘,rcgiong ,ages
ﬁﬁ,regionl ,ageg
/jﬁ,regionz ,ageg
ﬂG,rcgion3 ,ageg
ﬂﬁ,regioru ,ageg
667region5 ,ageg
ﬂﬁ,regionﬁ ,ageg
ﬂG,rcgion7,agcs
ﬁﬁ,regions ,ageg
/jﬁ,regiong ,ageg
K1 ,years
K1,years
K1,year,
K1,years
K1,yearg
K1,year;
K1,yearg
K1,yearq
K1,year
K1,year
K1,year,,
R1year)g
K1,year;,
K1,year;
K1,year 4
K1,year,,
K1,year g
*

K’l,ycarl
*

K1 ,years
*

k1
*

Kk 1,year,

\yearg

*
K1 ,years

*
K’l,ycarﬁ

0.0027 0.0210 -0.0393
0.0042 0.0191 -0.0332
-0.0048 0.0182 -0.0420
-0.0336 0.0173 -0.0669
-0.0023 0.0180 -0.0376
-0.0270 0.0197 -0.0638
-0.1037 0.0260 -0.1547
-0.1159 0.0243 -0.1636
-0.0607 0.0214 -0.1028
-0.0198 0.0191 -0.0573
-0.0118 0.0183 -0.0470
0.0333 0.0172 0.0004
0.1129 0.0177 0.0774
0.1658 0.0202 0.1262
0.0848 0.0248 0.0353
0.0410 0.0231 -0.0052
0.0339 0.0191 -0.0029
-0.0037 0.0172 -0.0373
-0.0120 0.0162 -0.0435
-0.0431 0.0160 -0.0745
-0.0655 0.0167 -0.0984
-0.0354 0.0181 -0.0712
0.2024 0.0282 0.1475
0.0582 0.0260 0.0051
0.0157 0.0226 -0.0283
-0.0169 0.0192 -0.0539
-0.0588 0.0186 -0.0949
-0.0730 0.0180 -0.1083
-0.0768 0.0189 -0.1140
-0.0506 0.0206 -0.0917
0.0085 0.0124 -0.0134
0.0197 0.0129 -0.0060
0.0113 0.0132 -0.0130
0.0376 0.0138 0.0101
0.0676 0.0144 0.0390
0.0887 0.0139 0.0601
0.1019 0.0137 0.0753
0.0922 0.0129 0.0664
0.0969 0.0140 0.0702
0.0932 0.0141 0.0650
0.0917 0.0138 0.0651
0.0832 0.0142 0.0567
0.0801 0.0137 0.0531
0.0706 0.0136 0.0434
0.0522 0.0136 0.0251
0.0257 0.0137 -0.0016
-0.0061 0.0142 -0.0332
-0.0044 0.0271 -0.0605
-0.0031 0.0365 -0.0771
-0.0007 0.0438 -0.0871
0.0014 0.0495 -0.0969
0.0023 0.0555 -0.1137
0.0043 0.0609 -0.1221

0.0426
0.0414
0.0305
0.0011
0.0337
0.0129
-0.0534
-0.0692
-0.0188
0.0181
0.0242
0.0685
0.1486
0.2060
0.1345
0.0840
0.0711
0.0304
0.0200
-0.0116
-0.0324
0.0000
0.2567
0.1067
0.0610
0.0215
-0.0233
-0.0363
-0.0406
-0.0095
0.0354
0.0447
0.0372
0.0644
0.0964
0.1142
0.1267
0.1179
0.1243
0.1204
0.1203
0.1102
0.1078
0.0964
0.0786
0.0527
0.0219
0.0485
0.0682
0.0848
0.0993
0.1105
0.1280

Hyl‘,yeaﬁ
KT,yearg
HT,yearg
Hf,yearm
H’lﬁ,yearll
Hyl‘,ycaru
Kiyearm
Hyl“ycaru
"ﬁ,yearls
HT,yearlG
KT,yearH
KT,yearlg
K2,year,
K2, years
K2,year,
K2,years
K2, yearg
KZ,year7
K2, yearg
K2,yearq
K2,year,
K2, year;,
K2 year,,
K2, year,5
K2,year;,
K2, year s
K2,year g
HZ‘ycarH
K2,year;g
K?,yearl
H;,yeaFQ
K’;,ycar3
H;,yeau
H;,ycar5
K;,years
H;,year7
K;,yearg
H;,yearg
K‘;,yearm
H;,yearll
H;,ycaru
K;,yearlg
H;‘ycaru
Ka,yearls
H;,yearm
3
K;,yearm

,yearyy

Uiy
o2

2
T,
012”»1
l‘)',€1

2
Thy

0.0064 0.0655 -0.1247
0.0084 0.0701 -0.1349
0.0108 0.0746 -0.1405
0.0120 0.0785 -0.1472
0.0130 0.0834 -0.1547
0.0144 0.0891 -0.1605
0.0159 0.0937 -0.1641
0.0172 0.0982 -0.1779
0.0192 0.1028 -0.1802
0.0201 0.1059 -0.1895
0.0203 0.1099 -0.2009
0.0228 0.1139 -0.2062
-0.0172 0.0113 -0.0399
-0.0205 0.0126 -0.0454
-0.0245 0.0141 -0.0515
-0.0177 0.0140 -0.0437
-0.0275 0.0141 -0.0534
-0.0192 0.0138 -0.0458
-0.0335 0.0132 -0.0573
-0.0362 0.0130 -0.0600
-0.0295 0.0135 -0.0545
-0.0508 0.0136 -0.0768
-0.0580 0.0136 -0.0840
-0.0643 0.0135 -0.0922
-0.0649 0.0131 -0.0907
-0.0751 0.0133 -0.1007
-0.0779 0.0135 -0.1041
-0.0872 0.0138 -0.1144
-0.0924 0.0143 -0.1203
-0.0941 0.0224 -0.1385
-0.0960 0.0287 -0.1517
-0.0976 0.0340 -0.1639
-0.0993 0.0388 -0.1738
-0.1021 0.0442 -0.1858
-0.1039 0.0489 -0.1982
-0.1054 0.0523 -0.2065
-0.1079 0.0560 -0.2155
-0.1098 0.0603 -0.2273
-0.1114 0.0644 -0.2328
-0.1134 0.0675 -0.2399
-0.1151 0.0704 -0.2503
-0.1172 0.0738 -0.2591
-0.1191 0.0767 -0.2682
-0.1217 0.0805 -0.2796
-0.1231 0.0834 -0.2797
-0.1248 0.0875 -0.2911
-0.1265 0.0915 -0.2967
0.0025 0.0054 -0.0048
0.0078 0.0007 0.0066
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0005 0.0002 0.0003
0.0003 0.0001 0.0001

0.1326
0.1472
0.1622
0.1680
0.1847
0.1928
0.2049
0.2129
0.2266
0.2401
0.2420
0.2535
0.0054
0.0056
0.0047
0.0113
-0.0001
0.0072
-0.0058
-0.0094
-0.0009
-0.0244
-0.0312
-0.0392
-0.0385
-0.0478
-0.0505
-0.0600
-0.0644
-0.0484
-0.0405
-0.0292
-0.0230
-0.0112
-0.0075
0.0041
0.0072
0.0163
0.0265
0.0259
0.0311
0.0344
0.0377
0.0396
0.0435
0.0511
0.0594
0.0167
0.0092
0.0000
0.0001
0.0011
0.0007
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B.2 Parameter estimates for female lung cancer based on

the model in (3.5), with smoking data

Covariate Parameter Mean  SD %25 %97.5|Covariate Parameter Mean  SD  %2.5 %97.5
Bo -7.2760 0.0264 -7.3240 -7.2260 Bs deprivationy age, 00859 0.0142 0.0573 0.1146
B1,age, -2.4300 0.0339 -2.4960 -2.3670 5. deprivationg,age, -0-1328 0.0239 -0.1826 -0.0895
ﬁl,agez -1.0340 0.0132 -1.0590 -1.0080 “351deprivation4‘age7 -0.0941 0.0185 -0.1306 -0.0564
Brages -0.4921 0.0121 -0.5149 -0.4687 B5 deprivations age, -0-0649 0.0165 -0.0955 -0.0302
B1.0g0, -0.0717 0.0132 -0.0973 -0.0458 B5 deprivation; age, -0-0852 0.0145 -0.1137 -0.0549
B1,ages 0.3056 0.0133 0.2810 0.3316 5. deprivation,,agey -0-0311 0.0137 -0.0575 -0.0029
B1,age, 1.1480 0.0253 1.1010 1.1970 Bs deprivationgage, 0-0351 0.0140 0.0089 0.0631
B1,age; 1.2830 0.0257 1.2340 1.3330 5. deprivation age, 0-1340 0.0141 0.1071 0.1613
B1,ag0s 1.2920 0.0265 1.2410 1.3430 Bs deprivations,age, 02390 0.0160 0.2081 0.2696
B2, region, -0.1256 0.0386 -0.1850 -0.0552 B6,region; ,age; -0.1074 0.0322 -0.1710 -0.0481
ﬁZ,rcgionQ 0.1451 0.0073 0.1310 0.1592 B6,regiony age; -0.0668 0.0279 -0.1201 -0.0084
32 regiony 0.0152 0.0145 -0.0096 0.0437 6 regiong age, -0.0325 0.0243 -0.0784 0.0160
Basegion, 0.1079 0.0154 0.0780 0.1358 Boregion, age, 00331 0.0206 -0.0747 0.0063
32 regions 0.0113 0.0153 -0.0175 0.0378 6 regions age, 0.0299 0.0192 -0.0067 0.0664
B segion 0.0305 0.0136 0.0020 0.0534 Boregiongaze, 00750 0.0182 0.0382 0.1086
32 region, -0.5302 0.0344 -0.5821 -0.4674 6 region age, 0.0618 0.0192 0.0264 0.0992
B2 regiong 0.1846 0.0228 0.1423 0.2207 B6,regiong,age; 0.0731 0.0239 0.0264 0.1169
32 regiony 0.1611 0.0293 0.1088 0.2087 B6 regiong age, -0.0718 0.0229 -0.1184 -0.0293
B3 deprivation, 1.8050 0.1168 1.5980 1.9890 B6,region; age, -0.0535 0.0200 -0.0918 -0.0136
33, deprivation, 0.7603 0.0488 0.6740 0.8345 86 regiony age, 0.0328 0.0175 -0.0020 0.0657
33, deprivation, -0.0806 0.0070 -0.0937 -0.0668 B6,regions age, 0.0255 0.0165 -0.0068 0.0573
By deprivation,  -0.8448 0.0547 -0.9253 -0.7480 Boregion g, 00339 0.0147 0.0049 0.0623
33, deprivation, -1.6400 0.1067 -1.8030 -1.4500 B6,regions age, 0.0355 0.0146 0.0063 0.0641
B 0.9437 0.0803 0.8022 1.0700 B6.regiong age, 0.0102 0.0152 -0.0185 0.0399
Bs deprivation, age, 01318 0.0167 0.1005 0.1634 Bovogionsage, 00127 0.0173 -0.0457 0.0228
B5,deprivationy,age, 0-1150 0.0150 0.0869 0.1455 86 regiong age, -0.0956 0.0264 -0.1475 -0.0420
Bs deprivationy age, 00810 0.0132 0.0551 0.1069 Bopesiong nge,  0-0341 0.0216 -0.0098 0.0775
B5 deprivation, age, 00797 0.0118 0.0563 0.1028 Boregion; age,  0-0281 0.0194 -0.0122 00655
Bs deprivationgage, 00109 0.0116 -0.0109 0.0347 Bovogionyaze, 00046 0.0174 -0.0298 0.0394
B5 deprivation, age, ~0.0592 0.0111 -0.0810 -0.0365 Boregiong g, -0-0002 0.0160 -0.0323 0.0312
Bs deprivationg age, -0-1391 0.0114 -0.1616 -0.1171 Borogion, age, 00144 0.0153 -0.0162 0.0441
B5 deprivations age, ~0.-2201 0.0135 -0.2458 -0.1924 Boregions g, -0-0042 0.0164 -0.0378 0.0269
Bs deprivationy age, 0-0635 0.0177 0.0296 0.0973 Boresiong nae,  0-0186 0.0188 -0.0167 0.0575
Bs deprivations e, 0.0298 0.0159 -0.0020 0.0608 Boregions age,  0.0476 0.0209 -0.0083 0.1060
Bs deprivation, e, 0-0403 0.0140 0.0127 0.0674 Boresiong g, 00372 0.0281 -0.0215 0.0929
Bs deprivationg e, 0.0371 0.0119 0.0135 0.0591 Boregiong age,  0.0095 0.0221 -0.0307 0.0539
Bs deprivationy age, 00263 0.0118 0.0026 0.0499 Bovogion, age,  0.0305 0.0200 -0.0092 0.0698
Bs deprivation age, -0.0126 0.0115 -0.0353 0.0081 Boregiong age,  0.0261 0.0180 -0.0077 0.0588
Bs deprivations e, -0-0684 0.0121 -0.0930 -0.0440 Boregiong g, -0-0153 0.0169 -0.0481 0.0172
Bs deprivation; age, -0.1159 0.0135 -0.1423 -0.0889 Bo region, age, 00403 0.0190 -0.0764 -0.0021
Bs deprivationy age, -0-0237 0.0199 -0.0624 0.0146 Boresiong nge,  -0-0953 0.0221 -0.1360 -0.0514
Bs deprivationgage,  0-0030 0.0180 -0.0340 0.0378 Boregiong age,  0.0052 0.0272 -0.0475 0.0546
Bs deprivation, e, 0-0151 0.0147 -0.0141 0.0434 Boregionnge, 00301 0.0285 -0.0256 0.0828
Bs deprivationg age; -0-0107 0.0137 -0.0367 0.0181 Boregiong age,  -0.0267 0.0217 -0.0687 0.0176
5. deprivation, age; -0-0143 0.0125 -0.0393 0.0098 6 regiong age, 0.0088 0.0192 -0.0282 0.0471
Bs deprivationyage, 0-0087 0.0116 -0.0139 0.0308 Bo region, ages  -0.0006 0.0168 -0.0320 0.0316
5 deprivationg,age; 0-0108 0.0124 -0.0123 0.0351 6 regiony ages 0.0109 0.0170 -0.0204 0.0443
Bs deprivationyage, 0-0111 0.0139 -0.0155 0.0368 Boregiong ases  0.0088 0.0179 -0.0261 0.0433
35 deprivations,age; -0-0388 0.0207 -0.0820 0.0012 6 regiony ages -0.0365 0.0215 -0.0781 0.0056
B35 deprivation, ,age, ~0-0537 0.0183 -0.0893 -0.0169 B6,regions ages 0.0282 0.0304 -0.0336 0.0866
5. deprivation,,ages ~0-0714 0.0151 -0.1018 -0.0433 6 regiong ages 0.0347 0.0250 -0.0139 0.0845
Bs deprivationy ageq -0-0209 0.0133 -0.0459 0.0046 Borogionsages 00055 0.0211 -0.0382 0.0485
Bs deprivation, age, 0-0082 0.0130 -0.0176 0.0325 Boregiong nges 00028 0.0187 -0.0339 0.0393
Bs deprivationg agey 0-0280 0.0125 0.0026 0.0522 Borogiong e, 00058 0.0183 -0.0423 0.0295
B5 deprivation, age, 00626 00122 0.0392 0.0874 Boregion; ngey  -0-0362 0.0174 -0.0700 -0.0036

Table B.2: Estimated coefficients for lung cancer mortality in women based on (3.5).
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Covariate Parameter Mean  SD  %2.5 %97.5|Covariate Parameter Mean  SD  %2.5 %97.5
Boregiong e 0-0016 0.0167 -0.0339 0.0316 Wi year, 03224 0.0532 0.2238 0.4296
Bé region age, 0.0274 0.0212 -0.0721 0.0120 Kiyear,  0.3353 0.0606 0.2211 0.4599
B region, age, -0-0904 0.0253 -0.1400 -0.0406 Wi year, 03472 0.0655 0.2217 0.4758
Bo sogions age, -0-1121 0.0240 -0.1575 -0.0633 Kiyear,  0.3396 0.0721 0.2189 0.5008
B regiong age, -0-0584 0.0221 -0.1020 -0.0153 Wi year, 03695 0.0796 0.2139 0.5235
Bo sogions age, -0-0204 0.0191 -0.0569 0.0158 Kiyear,  0-3822 0.0854 0.2199 0.5491
667“,&{101,8,38»96 -0.0135 0.0167 -0.0482 0.0185 fi’f,yem.g 0.3936 0.0915 0.2164 0.5855
Boregiong e, 0-0310 0.0164 -0.0001 0.0641 Kl year,, 04060 0.0970 0.2287 0.6055
ﬁg,regionl,ag% 0.1050 0.0175 0.0692 0.1369 I‘i’iyearn 0.4174 0.1028 0.2307 0.6234
Boregiong age, 0.1588 0.0204 0.1195 0.1991 R year,, 04292 0.1050 0.2389 0.6426
B6,regiong,age; 0-0845 0.0238 0.0360 0.1307 Hf{,ymrn 0.4405 0.1112 0.2390 0.6685
B region, age, 0-0423 0.0221 0.0005 0.0867 Kl year,,  0.4500 0.1160 0.2306 0.6871
Bo sogions.age, 00304 0.0188 -0.0089 0.0665 Kiyear, 04623 0.1203 0.2380 0.7114
Bé regiong age, 0.0044 0.0165 -0.0358 0.0283 Riyeary, 04728 0.1240 02419 0.7243
Bo sogions age, -0-0120 0.0162 -0.0433 0.0199 Kiyear, 04856 0.1271 0.2570 0.7562
Bé region age, ~0.0449 0.0157 -0.0749 -0.0154 K yeary, 04956 0.1324 0.2544 0.7788
B regiong e ~0-0635 0.0158 -0.0944 -0.0326 Koyear,  -0.0178 0.0123 -0.0431 0.0049
Be resion, age, 0.0325 0.0175 0.0665 0.0015 Koyear,  -0.0189 0.0138 -0.0481 0.0090
Bﬁ,region2,age8 0.1998 0.0278 0.1482 0.2558 K2, year, -0.0251 0.0123 -0.0512 -0.0031
B6 regiongages  0-0540 0.0254 0.0023 0.1022 K2, years -0.0185 0.0129 -0.0425 0.0064
ﬁﬁ,regionq,ageg 0.0112 0.0220 -0.0292 0.0559 K2, yearg -0.0268 0.0136 -0.0527 0.0010
ﬁﬁ,regions,ageg -0.0144 0.0193 -0.0520 0.0243 K2 year, -0.0200 0.0136 -0.0466 0.0057
86 regiong ages ~0-0580 0.0181 -0.0923 -0.0219 K2, yearg -0.0339 0.0136 -0.0593 -0.0076
B regions age, -0-0703 0.0182 -0.1059 -0.0338 Koyear,  -0.0373 0.0143 -0.0672 -0.0100
Be region age, -0.0763 0.0191 -0.1114 -0.0373 Kayear,,  -0.0313 0.0138 -0.0589 -0.0062
Bﬁ,regiong,ages -0.0460 0.0210 -0.0862 -0.0023 K2 year,; -0.0521 0.0134 -0.0801 -0.0268
B7 region, -0.0294 0.0098 -0.0480 -0.0103 K2 year; -0.0604 0.0131 -0.0861 -0.0358
ﬁ7,region2 -0.0461 0.0068 -0.0598 -0.0326 K2 year, -0.0655 0.0141 -0.0946 -0.0384
ﬁ7,regions -0.0128 0.0070 -0.0267 0.0008 K2 year, , -0.0664 0.0141 -0.0965 -0.0394
B7 region, 0.0103 0.0085 -0.0065 0.0271 K2 year, 5 -0.0774 0.0135 -0.1044 -0.0511
ﬂ7,region5 0.0091 0.0076 -0.0058 0.0242 K2 year -0.0811 0.0137 -0.1090 -0.0542
Brregion,  0.0344 0.0085 0.0180 0.0518 Kayear,,  -0.0912 0.0140 -0.1199 -0.0643
B7,region7 0.0741 0.0081 0.0584 0.0893 Kayear;y  -0.0975 0.0144 -0.1257 -0.0708
Brregion,  -0.0145 0.0076 -0.0289 -0.0000 Kyyear,  -0.0997 0.0226 -0.1451 -0.0578
Brregion,  -0.0252 0.0090 -0.0427 -0.0080 Kyyear,  -0-1022 0.0293 -0.1604 -0.0465
s -0.3542 0.0223 -0.3958 -0.3101 H:}:years -0.1053 0.0356 -0.1818 -0.0373
K1 year, 0.0235 0.0146 -0.0104 0.0471 Wyyear,  -0-1077 0.0411 -0.1975 -0.0262
K1,year, 0.0533 0.0162 0.0204 0.0830 H’iyears -0.1099 0.0459 -0.2049 -0.0220
K1,year, 0.0593 0.0159 0.0264 0.0871 szcarﬁ -0.1126 0.0510 -0.2145 -0.0076
K1,year; 0.1041 0.0163 0.0709 0.1347 K;yeah -0.1155 0.0550 -0.2309 -0.0057
K1 yearg 0.1529 0.0147 0.1207 0.1791 K5 year -0.1175 0.0590 -0.2329 0.0047

20 g2 8
K1 year, 0.1924 0.0160 0.1578 0.2218 fig,yem.g -0.1198 0.0638 -0.2485 0.0106
K1 yearg 0.2208 0.0165 0.1849 0.2482 H;,yearm -0.1224 0.0678 -0.2559 0.0152
K1 year, 0.2292 0.0178 0.1940 0.2606 K3 year -0.1263 0.0721 -0.2719 0.0126
2, 11
K1 vear 0.2505 0.0181 0.2156 0.2848 K3 vear.. -0.1278 0.0760 -0.2891 0.0153
»yearyo 2,year|,
Kiyear,,  0.2641 0.0193 0.2258 0.3002 Ky year,,  -0.1312 0.0802 -0.2892 0.0197
2, 13
K1,year;, 0.2813 0.0200 0.2412 0.3181 H’iyearm -0.1341 0.0845 -0.3026 0.0290
K1 year, 0.2906 0.0202 0.2498 0.3309 H’z“ycarw -0.1363 0.0881 -0.3160 0.0328
K1,year,, 0.3061 0.0208 0.2665 0.3448 K;,yearm -0.1388 0.0923 -0.3199 0.0360
K1 year; 5 0.3145 0.0221 0.2719 0.3557 H’i'yearn -0.1407 0.0956 -0.3304 0.0452
K1,year g 0.3138 0.0234 0.2706 0.3566 K3 year -0.1437 0.0998 -0.3472 0.0584
3 18
K1 year,; 0.3049 0.0238 0.2587 0.3473 Viey 0.0112 0.0040 0.0048 0.0204
K1,year;g 0.2881 0.0240 0.2400 0.3329 Vo -0.0026 0.0032 -0.0095 0.0031
"/"’91‘,ycar1 0.2999 0.0349 0.2328 0.3711 o? 0.0068 0.0007 0.0056 0.0082
KT,yearz 0.3113 0.0455 0.2230 0.4041 0'3}& 0.0000 0.0000 0.0000 0.0000

B.3 Parameter estimates for male lung cancer based on

the model in (3.6), without smoking data
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Table B.3: Estimated coefficients for lung cancer mortality in men

based on (3.6).

Covariate Parameter Mean SD %25 %97.5 | Covariate Parameter Mean SD %25 %975
-6.1940 0.0084 -6.2090 -6.1780 K1 yeary -0.0539 0.0119 -0.0753 -0.0300
-2.2110 0.0091 -2.2270 -2.1930 3 -0.0892 0.0119 -0.1124 -0.0678
-1.0710 0.0073 -1.0850 -1.0550 -0.1100 0.0118 -0.1330 -0.0878
-0.4075 0.0059 -0.4192 -0.3959 -0.1150 0.0118 -0.1382 -0.0932
0.0908 0.0053 0.0801 0.1016 K1, year; -0.1357 0.0122 -0.1610 -0.1116
0.5010 0.0049 0.4915 0.5108 K1, yearg -0.1478 0.0115 -0.1718 -0.1271
0.8494 0.0047 0.8401 0.8586 K1,yeary -0.1691 0.0126 -0.1948 -0.1453
1.0490 0.0050 1.0390 1.0580 K1,year;o -0.2025 0.0127 -0.2262 -0.1783
Brages 11990 0.0062 1.1870 1.2110 Riyear, 02241 0.0118 -0.2484 -0.2027
B2,region, -0.4923 0.0361 -0.5506 -0.4345 K1 ,year;, -0.2528 0.0118 -0.2765 -0.2309
Ba region, 0.1290 0.0055 0.1182 0.1396 Kiyean, 02684 0.0119 -0.2919 -0.2461
B2,regiony -0.0991 0.0122 -0.1214 -0.0776 K1 ,year;, -0.2915 0.0114 -0.3159 -0.2697
B2,region, 0.2805 0.0168 0.2508 0.3092 K1 ,year;5 -0.3354 0.0121 -0.3601
B2, regiong 0.2531 0.0161 0.2253 0.2815 K1,year;g -0.3479 0.0115 -0.3707 -0.3256
B2, regiong 0.1472 0.0129 0.1236 0.1697 K1 year;; -0.3944 0.0120 -0.4192 -0.3715
B2,region, -0.8548 0.0406 -0.9173 -0.7886 K1 year;g -0.4319 0.0122 -0.4556 -0.4082
Ba.regions 03206 0.0202 0.2869 0.3538 Ny, 04400 0.0445 -0.5337 -0.3637
Ba segion, 03158 0.0245 02757 0.3566 Wiy, 04685 0.0611 -0.5888 -0.3461
B3, deprivation, 2.9590 0.1314 2.7500 3.1650 1 year, -0.4847 0.0753 -0.6343 -0.3312
B3 deprivation, 1.2520 0.0547 1.1660 1.3390 1 year, -0.5016 0.0875 -0.6804 -0.3218
B3 deprivation -0.1192 0.0074 -0.1328 -0.1050 K1 -0.5162 0.0982 -0.7054 -0.3190
B3 deprivation, -1.3950 0.0617 -1.4920 -1.2980 -0.5327 0.1097 -0.7525 -0.3137
B3 deprivationg -2.6980 0.1187 -2.8810 -2.5060 -0.5494 0.1199 -0.7867 -0.3058
B4 1.7290 0.0910 1.5840 1.8720 -0.5657 0.1292 -0.8218 -0.3021
B5 deprivation, age,  0-1289 0.0144  0.1006  0.1563 -0.5813 0.1370 -0.8640 -0.3136
Bs deprivationgage, 01460 0.0125  0.1213  0.1700 0.1453 -0.8924 61
Bs deprivationgage, 01107 0.0105  0.0902 0.1314 0.1529 -0.9231 -0.3152
Bs deprivationgage, 0-0659 0.0089  0.0486  0.0835 6324 0.1592 -0.9602
B deprivationg ase, -0-0054 0.0086 -0.0219  0.0117 0.6506 0.1664 -0.9945 -0.3153
B35 deprivation, age, -0-0711 0.0086 -0.0881 -0.0543 -0.6677 0.1727 -1.0230 -0.3207
B35 deprivationg age, -0-1484 0.0095 -0.1654 -0.1289 -0.6841 0.1803 -1.0560 -0.3183
B35 deprivationg age, -0-2267 0.0120 -0.2501 -0.2026 -0.7014 0.1885 -1.0730 -0.3128
B deprivation, age, 0.0645 0.0163  0.0316  0.0942 -0.7187 0.1938 -1.1090 -0.3260
B5 deprivationg age, 0-0458 0.0138  0.0204  0.0745 -0.7347 0.2008 -1.1270 -0.3421
B5 deprivation, age,  0-0272 0.0107  0.0058  0.0483 -0.0006 0.0110 -0.0220 0.0207
B5 deprivationy age,  0-0381 0.0096 0.0193  0.0568 K2, year, 0.0008 0.0118 -0.0250 0.0220
B35, deprivationg age, 0-0050 0.0092 -0.0126  0.0239 K2, year, -0.0215 0.0124 -0.0476 0.0033
Lage, -0.0184 0.0086 -0.0356 -0.0015 K2, yeary -0.0278 0.0117 -0.0502 -0.0036
sage; ~0.07120.0097 -0.0905 -0.0515 K2, yearg -0.0352 0.0119 -0.0591 -0.0122
Lage, -0.0908 0.0117 -0.1146 -0.0686 K2, year; -0.0369 0.0119 -0.0598 -0.0133
age,  0.0050 0.0176 -0.0288 0.0377 K2, yeary -0.0489 0.0107 -0.0700 -0.0272
age, 0.0032 0.0145 -0.0259  0.0301 K2, yeary -0.0431 0.0116 -0.0657 -0.0203
agey, -0.0234 0.0121 -0.0475  0.0005 K2,year;, -0.0556 0.0120 -0.0791 -0.0318
vationg age,  0-00370.0099 -0.0150  0.0240 K2,year, -0.0494 0.0125 -0.0738 -0.0234
Bs deprivation, age, -0-0090 0.0098 -0.0281 0.0107 20.0542 0.0116 -0.0754 -0.0314
Bs deprivationgage,  0-0106 0.0090 -0.0069  0.0279 20.0664 0.0118 -0.0909 -0.0444
Bs deprivationgage, 0-0043 0.0101 -0.0150  0.0245 20.0784 0.0120 -0.1027 -0.0542
Bs deprivations age;,  0-0058 0.0116 -0.0166  0.0291 0.0856 0.0124 -0.1107 -0.0603
Bs deprivations age, -0-0823 0.0194 -0.1208 -0.0435 oyeary 00786 0.0115 -0.1014 -0.0564
Bs deprivation, age, -0-0707 0.0168 -0.1033 -0.0373 Koyeary,  -0.0803 0.0120 -0.1037 -0.0560
By deprivationyage, -0-0474 0.0118 -0.0706 -0.0240 Kayears, 00832 0.0122 -0.1072 ¢
B5 deprivationy age, -0-0426 0.0104 -0.0632 -0.0214 K -0.0868 0.0386 -0.1626 -0.0082
B5 deprivationg ages  0-0057 0.0102 -0.0146  0.0258 -0.0892 0.0547 -0.1946 0.0251
Bs deprivationg age,  0-0339 0.0098 0.0145  0.0532 20.0926 0.0659 -0.2246 0.0376
Bs deprivation, age;  0-0770 0.0100  0.0577  0.0966 20.0054 0.0761 -0.2516 0.0552
By deprivationgage; 01263 0.0122 0.1025  0.1502 0.0080 0.0852 -0.2660 0.0696
Bs deprivationgage; 01161 0.0215 -0.1586 -0.0721 201015 0.0941 -0.2827 0.0850
B deprivationyage; 01242 0.0174 -0.1591 -0.0906 0.1055 0.1032 -0.3129  0.0982
B5.deprivations age, -0.0671 0.0134 -0.0933 -0.0410 -0.1065 0.1101 -0.3269 0.1152
35 deprivation, age;, -0-0651 0.0118 -0.0878 -0.0409 -0.1103 0.1170 -0.3489 0.1251
Bs. tiony.age,  0-0037 0.0112 -0.0184  0.0260 -0.1131 0.1243 -0.3624 0.1421
5. deprivationg ages  0-0451 0.0104  0.0257  0.0665 -0.1159 0.1298 -0.3696 0.1472
Bs deprivation, age,  0-1383 0.0113  0.1165 0.1602 0.1192 0.1361 -0.3878 0.1568
B5 deprivationg age,  0-1854 0.0135  0.1603  0.2138 -0.1228 0.1429 -0.4013 0.1735
6 region, -0.0004 0.0080 -0.0156 0.0157 -0.1248 0.1468 -0.4009 0.1808
6 region,, -0.0043 0.0055 -0.0146 0.0065 -0.1295 0.1522 -0.4243 0.1866
6 regiony 0.0027 0.0058 -0.0085 0.0142 -0.1325 0.1586 -0.4474 0.2000
6 region, 0.0198 0.0068 0.0062 0.0323 -0.1356 0.1643 -0.4615 0.1977
6 regions 0.0072 0.0059 -0.0043 0.0191 -0.1382 0.1705 -0.4767 0.2011
6 regiong 0.0286 0.0069 0.0153 0.0425 0.0021 0.0003 0.0014 0.0028
B6,region, 0.0187 0.0065 0.0060 0.0312 0.0001 0.0000 0.0000 0.0001
36 regiong -0.0335 0.0059 -0.0449 -0.0220 0.0001 0.0000 0.0001 0.0002
6 regiong -0.0387 0.0076 -0.0536 -0.0237 0.0018 0.0006 0.0009 0.0034
K1,year, -0.0208 0.0118 -0.0420 0.0047 0.0013 0.0005 0.0007 0.0025
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B.4 Parameter estimates for male lung cancer based on

the model in (3.7), with smoking data

Table B.4: Estimated coefficients for lung cancer mortality in men

based on (3.7).

Covariate Parameter Mean SD %25 %97.5 | Covariate Parameter ~Mean SD %25 %975
Bo -6.8200 0.0326 -6.8960 -6.7620 K1,yeary 0.0186 0.0105 -0.0019 0.0380
B1,age, -1.9120 0.0185 -1.9480 -1.8740 K1,year, 0.0168 0.0119 -0.0041 0.0414
Brage, -0.9831 0.0088 -1.0010 -0.9657 K1 yeary 0.0319 0.0122 0.0084 0.0568
B1,age, -0.3204 0.0074 -0.3352 -0.3056 K1,yearg 0.0637 0.0146 0.0364 0.0917
B.age, -0.0378 0.0088 -0.0553 -0.0207 K1 year; 0.0748 0.0142 0.0485 0.1053
B1,ages 0.3721 0.0088 0.3539 0.3890 K1,yearg 0.1005 0.0164 0.0699 0.1361
B.ages 0.7774 0.0059 0.7657 0.7893 K1 yeary 0.1094 0.0168 0.0775 0.1448
B1,age, 0.9769 0.0065 0.9640 0.9889 Klyearyy 0.1122 0.0198 0.0746 0.1508
B ageg 1.1270 0.0069 1.1140 1.1400 K1 ,year;; 0.1249 0.0196 0.0935 0.1699
B2 region, -0.5047 0.0110 -0.5255 -0.4826 K1,year,, 0.1298 0.0213 0.0920 0.1771
B2,region, 0.1296 0.0052 0.1195 0.1400 K1 ,year;y 0.1469 0.0230 0.1062 0.1950
B2,regions -0.1027 0.0062 -0.1150 -0.0901 K1,year,, 0.1562 0.0252 0.1121 0.2073
B2,region, 0.2865 0.0075 0.2714 0.3011 K1 ,year;; 0.1463 0.0263 0.0988 0.2029
B2,regions 0.2578 0.0075 0.2427 0.2722 Klyear)g 0.1647 0.0285 0.1161 0.2254
B2,regiong 0.1515 0.0066 0.1383 0.1636 K1 ,year;; 0.1515 0.0295 0.0982 0.2175
B2,regiony -0.8694 0.0108 -0.8904 -0.8468 Klyear s 0.1456 0.0309 0.0915 0.2124
B2,regiong 0.3276 0.0070 0.3142 0.3420 A‘E‘},m,l 0.1509 0.0498 0.0554 0.2516
P sesion, 0.3238 0.0084 0.3077 0.3407 Kiyear, 0573 0.0645 0.0349 02834
Bs deprivation, 3.0050 0.0314 2.9370 3.0660 ] years 0.1619 0.0760 0.0097 0.3099
Bs.deprivation, 12720 00134 1.2420 1.3000 Kiyear, 01665 0.0862 -0.0043 0.3388
B3 deprivationy -0.1210 0.0051 -0.1306 -0.1108 NI_WMS 0.1715 0.0960 -0.0191 0.3537
B3,deprivation, -1.4170 0.0151 -1.4450 -1.3850 K’{_yea,é 0.1760 0.1051 -0.0347 0.3808
B3 deprivationg -2.7390 0.0281 -2.7960 -2.6770 NI-ycM: 0.1813 0.1155 -0.0516 0.4082
B 1.7610 0.0214 1.7170 1.8040 K’{_yca,s 0.1860 0.1237 -0.0570 0.4335
B5,deprivation, age, 0.1282 0.0135 0.1013  0.1543 NI.yuan, 0.1911 0.1310 -0.0692 0.4480
B5 deprivationy age, 0.1466 0.0127 0.1216  0.1720 KT,yearm 0.1961 0.1403 -0.0899 0.4747
B5,deprivationg age,  0.1108 0.0105 0.0901  0.1320 NI_WM” 0.2001 0.1494 -0.1095 0.4897
B5 deprivationg age, 0-0657 0.0090 0.0483  0.0828 Kfym,” 0.2075 0.1567 -0.1180 0.5154
B5,deprivations age, -0.0059 0.0086 -0.0226 0.0115 KI.yearH 0.2133 0.1635 -0.1248 0.5335
B5 deprivation, age, -0.0708 0.0083 -0.0867 -0.0545 0.2185 0.1692 -0.1257 0.5457
B5,deprivationy age, -0.1486 0.0093 -0.1670 -0.1302 K’l’_ycarw 0.2232 0.1751 -0.1326 0.5643
Bs deprivationgage, -0-2260 0.0118 -0.2487 -0.2026 W yeury 02287 01814 -0.1341  0.5802
By deprivationgage,  0-0638 00159 0.0316  0.0938 Kiyear, 02351 0.1881 -0.1330 0.5934
Bs deprivationgage,  0.0445 0.0135  0.0164  0.0705 W yeary 02402 01940 -0.1444  0.6009
B35 deprivation; age, 0-0278 0.0117  0.0051  0.0503 K2, year, 0.0003 0.0138 -0.0270 0.0277
B5 deprivationgage;  0-0391 0.0099  0.0191  0.0594 Kogear,  0.0003 0.0137 -0.0256  0.0280
B35 deprivationg age, 0-0052 0.0096 -0.0134  0.0240 K2, year, -0.0205 0.0126 -0.0448 0.0063
B5 deprivationy age; -0.0179 0.0091 -0.0359 -0.0008 K2,year; -0.0299 0.0119 -0.0521 -0.0057
B35 deprivations age, -0-0710 0.0099 -0.0904 -0.0517 K2, yearg -0.0348 0.0119 -0.0563 -0.0086
B5 deprivation, age, -0.0916 0.0121 -0.1157 -0.0680 K2 year; -0.0387 0.0140 -0.0686 -0.0129
5 deprivationy age,  0-0056 0.0176 -0.0276  0.0434 K2, yeary -0.0480 0.0118 -0.0716 -0.0270
B5,deprivationg age, 0.0044 0.0146 -0.0230  0.0339 K2 yeary -0.0440 0.0123 -0.0695 -0.0218
B5 deprivationy age, -0.0242 0.0126 -0.0484  0.0015 K2,year o -0.0556 0.0118 -0.0773 -0.0290
B5,deprivationg age,  0.0020 0.0100 -0.0178  0.0212 K2 year,, -0.0511 0.0119 -0.0750 -0.0251
B5 deprivation, age; -0.0077 0.0098 -0.0275 0.0116 -0.0532 0.0129 -0.0774 -0.0275
B5,deprivationy age;  0.0100 0.0092 -0.0082  0.0279 -0.0680 0.0125 -0.0938 -0.0437
B5 deprivationg age;  0-0041 0.0096 -0.0150  0.0230 -0.0798 0.0125 -0.1044 -0.0552
B5,deprivationg age;  0.0057 0.0116 -0.0168  0.0295 -0.0855 0.0123 -0.1082 -0.0605
B5 deprivationg age; -0.0834 0.0183 -0.1206 -0.0491 -0.0804 0.0126 -0.1049 -0.0542
B5,deprivation, age, -0.0724 0.0165 -0.1048 -0.0397 K2,year;; -0.0810 0.0122 -0.1039 -0.0552
B5 deprivationy age, -0-0474 0.0127 -0.0739 -0.0223 K2,yearg -0.0847 0.0126 -0.1094 -0.0588
Bs deprivationgage, -0-0418 0.0103 -0.0617 -0.0216 Kiyear, 00052 0.0395 -0.1749 -0.0175
Bs deprivationgage,  0-0048 0.0096 -0.0143  0.0236 K5 yer,  -01065 0.0551 -0.2142 00033
B35 deprivations age;  0-0338 0.0095  0.0158  0.0525 K’Z‘_yca,s -0.1165 0.0656 -0.2447 0.0140
B5 deprivation, age; 0.0784 0.0099 0.0592  0.0985 Ni.yw/\ -0.1271 0.0781 -0.2823 0.0249
B5.deprivationy age,  0-1280 0.0129  0.1028  0.1531 Kz_yea,ﬁ -0.1371 0.0882 -0.3114 0.0427
B5,deprivationg age; -0.1142 0.0209 -0.1592 -0.0742 N%.yuax(, -0.1489 0.0966 -0.3392 0.0406
B5 deprivationy age; -0.1231 0.0189 -0.1605 -0.0868 K.’Z“ym,‘. -0.1596 0.1049 -0.3703 0.0389
B5,deprivations age; -0.0670 0.0145 -0.0934 -0.0366 N;.yoaxﬂ -0.1691 0.1131 -0.4038 0.0427
B5 deprivation, ages -0-0651 0.0120 -0.0878 -0.0422 K,fz“wmg -0.1796 0.1216 -0.4359 0.0547
B5,deprivationy ages  0.0036 0.0104 -0.0173  0.0228 K;.yearm -0.1911 0.1281 -0.4500 0.0554
B5 deprivationg ages  0-0448 0.0109  0.0238  0.0667 -0.2015 0.1339 -0.4754 0.0511
B5,deprivationg ages  0.1371 0.0114  0.1163  0.1594 -0.2113 0.1400 -0.5031 0.0546
B5 deprivationg age,  0-1839 0.0134  0.1570  0.2094 -0.2212 0.1449 -0.5205 0.0590
B6,region, 0.0010 0.0075 -0.0133 0.0164 -0.2310 0.1517 -0.5447 0.0617
6 region,, -0.0040 0.0053 -0.0140 0.0061 -0.2423 0.1571 -0.5715 0.0563
B6,region, 0.0030 0.0058 -0.0085 0.0143 -0.2542 0.1613 -0.5719 0.0402
6 region, 0.0201 0.0068 0.0069 0.0332 -0.2656 0.1661 -0.6038 0.0482
6 regions 0.0074 0.0058 -0.0041 0.0190 -0.2760 0.1699 -0.6196 0.0458
6 regiong 0.0285 0.0063 0.0161 0.0406 a? 0.0020 0.0004 0.0014 0.0028
Bé.region, 0.0185 0.0062 0.0062 0.0309 (Tg,hz 0.0001 0.0000 0.0000 0.0002
B6,regiong -0.0340 0.0058 -0.0454 -0.0228 (Ti” 0.0001 0.0000 0.0000 0.0002
6 regiony -0.0404 0.0066 -0.0533 -0.0275 031 0.0014 0.0005 0.0008 0.0028
Br -0.3810 0.0207 -0.4265 -0.3425 (f,%z 0.0014 0.0005 0.0007 0.0027

0.0152 0.0101 -0.0037 0.0341
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B.5 Parameter estimates for female breast cancer based

on the model in (3.8), without smoking data

Table B.5: Estimated coefficients for breast cancer mortality based on (3.8).

Covariate Parameter Mean SD  %2.5 %97.5

Covariate Parameter

Mean SD  %2.5 %97.5

Bo -7.3260 0.0105 -7.3470 -7.3050
B1age, -1.8560 0.0172 -1.8890 -1.8230
B1,age, -1.2210 0.0136 -1.2480 -1.1930

B1,ageq -0.7361 0.0110 -0.7578 -0.7146
B1age, -0.3474 0.0099 -0.3664 -0.3285
B1,ages -0.0900 0.0096 -0.1086 -0.0715
B1,ageq 0.1072 0.0090 0.0894 0.1247
B1,age; 0.2801 0.0089 0.2633 0.2979
B1.ages 0.5136 0.0087 0.4968 0.5306
B1.age, 0.8116 0.0084 0.7953 0.8279
B1,agey, 1.1040 0.0084 1.0880 1.1210
B1ager, 1.4340 0.0086 1.4180 1.4500
Baregion,  -0.0314 0.0108 -0.0525 -0.0099
Baregion,  -0.0143 0.0080 -0.0298 0.0017
Baregion;  -0.0296 0.0088 -0.0468 -0.0124
Baregion, ~ 0.0234 0.0090 0.0059 0.0413
Bowegion;  0.0302 0.0085 0.0129 0.0471
Baregion,  0.0279 0.0084 0.0114 0.0447
Baregion,  -0.0100 0.0083 -0.0263 0.0065
Baregions  0.0187 0.0075 0.0034 0.0337
Baregiong  -0.0150 0.0085 -0.0316 0.0010
Klyear,  -0.0199 0.0121 -0.0433 0.0041
Klyear,  -0.0526 0.0138 -0.0815 -0.0258
Klyear,  -0.0707 0.0149 -0.1004 -0.0405
Klyear,  -0.0822 0.0138 -0.1096 -0.0556
Fiyear,  -0.1014 0.0143 -0.1296 -0.0748
Klyear,  -0.1302 0.0149 -0.1606 -0.1030
Klyears ~ -0.1473 0.0145 -0.1756 -0.1185
Klyear,  -0.1731 0.0141 -0.2009 -0.1457
Kiyear,,  -0-2041 0.0153 -0.2338 -0.1746

K1,year;,
K1,year;,
K1,year 3
K1,year;,
K1,year; s
K1,year; g
K1,year;;

K1,year;g
HT,ycarl
’ﬂ(,yearg
KT,yearg
KT,yeau

*
K’l,years

*
K 1,yearg

. T,year7
K T,ycars
/{lk,ycarg
KY,yearlo
,.51‘ ,yeary

*
K’l,yearlz

X
K1, year);

*
1,year;,

*
1,year;;

*

1 year,
*

KLyeafn

*
Hl,yearlg

i,

o2

2
O"A€1

-0.2203 0.0153 -0.2502 -0.1909
-0.2403 0.0141 -0.2674 -0.2120
-0.2690 0.0149 -0.2979 -0.2394
-0.2903 0.0149 -0.3191 -0.2615
-0.2988 0.0148 -0.3281 -0.2707
-0.3118 0.0145 -0.3382 -0.2825
-0.3305 0.0149 -0.3594 -0.3006
-0.3441 0.0161 -0.3753 -0.3120
-0.3549 0.0293 -0.4144 -0.2994
-0.3652 0.0380 -0.4420 -0.2935
-0.3751 0.0451 -0.4638 -0.2870
-0.3849 0.0517 -0.4864 -0.2793
-0.3953 0.0574 -0.5072 -0.2816
-0.4052 0.0628 -0.5269 -0.2797
-0.4146 0.0683 -0.5499 -0.2768
-0.4250 0.0735 -0.5741 -0.2833
-0.4340 0.0771 -0.5875 -0.2819
-0.4449 0.0826 -0.6089 -0.2827
-0.4544 0.0868 -0.6338 -0.2837
-0.4645 0.0903 -0.6536 -0.2863
-0.4755 0.0951 -0.6726 -0.2957
-0.4855 0.1014 -0.6960 -0.2883
-0.4964 0.1070 -0.7137 -0.2859
-0.5065 0.1108 -0.7248 -0.2841
-0.5170 0.1150 -0.7428 -0.2932
-0.5280 0.1193 -0.7659 -0.3007
-0.0100 0.0036 -0.0181 -0.0038
0.0040 0.0004 0.0032 0.0047
0.0005 0.0002 0.0003 0.0011
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B.6 Parameter estimates for female breast cancer based

on the model in (3.9), with smoking data

Table B.6: Estimated coefficients for breast cancer mortality based on (3.9).

Covariate Parameter

Mean SD  %2.5 %97.5

Covariate Parameter

Mean SD  %2.5 %97.5

Bo
B1,age,
B1,age,
B1,age;
B1,age,

B 1,ages

B 1,ageg

B 1,age

B ey
B1,ageq
B1,age10
B1,ager,
ﬁ?,regionl
BQ,rcgionz
B2 region,
B2, region,
B2 regions
B2,regiong
B2 region;
ﬁ?,regions
BQ,rcgiong
B3
K1,year,
K1,yearg
K1,year,
K1,yeary
K1,yearg
K1,year,
K1,yearg

K1,yeargy

-7.4490 0.0231 -7.4920 -7.3980
-1.8890 0.0184 -1.9250 -1.8530
-1.2540 0.0141 -1.2810 -1.2260
-0.8577 0.0234 -0.9029 -0.8071
-0.4689 0.0230 -0.5098 -0.4189
-0.1101 0.0100 -0.1297 -0.0896

0.0867 0.0098 0.0679
0.2495 0.0102 0.2295
0.4826 0.0104 0.4631
0.9480 0.0244 0.8951
1.2420 0.0240 1.1890
1.5710 0.0242 1.5170
-0.0316 0.0112 -0.0540
-0.0144 0.0081 -0.0302
-0.0298 0.0091 -0.0479
0.0234 0.0092 0.0053
0.0305 0.0084 0.0143
0.0283 0.0081 0.0123
-0.0101 0.0085 -0.0267
0.0189 0.0074 0.0045
-0.0152 0.0083 -0.0320

0.1056
0.2691
0.5027
0.9916
1.2840
1.6170
-0.0099
0.0013
-0.0117
0.0413
0.0470
0.0441
0.0066
0.0330
0.0006

-0.1079 0.0181 -0.1409 -0.0673
-0.0137 0.0129 -0.0391 0.0131
-0.0396 0.0135 -0.0673 -0.0135
-0.0540 0.0146 -0.0835 -0.0265
-0.0585 0.0151 -0.0882 -0.0286
-0.0723 0.0150 -0.1019 -0.0426
-0.0954 0.0156 -0.1256 -0.0632
-0.1065 0.0159 -0.1373 -0.0743
-0.1269 0.0158 -0.1578 -0.0961

K1,year,
K1,year;,
K1,year;,
K1,year; s
K1,year;
K1,year;s
K1,year g
K1,year;,;

K1,year;g
l{{,yearl
KT,yearQ
KT,year:i
K’ﬁlﬁ,year‘l

*
K 1,years

. T,yearﬁ
K T,ycar7
/{lk,ycars
“ﬂ(,yearg
KT,year 10

*

K’l,yearu
*

K1, year),
*
1,year;3

*
1,year;y

*

1 year, 5
*

Kl,yearw

*
Hl,year”

.
K1 year

Vi

0_2

2
Unl

-0.1507 0.0171 -0.1860 -0.1184
-0.1618 0.0178 -0.1985 -0.1304
-0.1756 0.0182 -0.2114 -0.1395
-0.1973 0.0189 -0.2351 -0.1589
-0.2132 0.0194 -0.2525 -0.1760
-0.2164 0.0202 -0.2582 -0.1770
-0.2238 0.0206 -0.2666 -0.1841
-0.2360 0.0211 -0.2807 -0.1962
-0.2448 0.0225 -0.2911 -0.2019
-0.2530 0.0310 -0.3150 -0.1953
-0.2608 0.0373 -0.3341 -0.1875
-0.2688 0.0440 -0.3582 -0.1805
-0.2758 0.0502 -0.3781 -0.1785
-0.2839 0.0558 -0.4041 -0.1789
-0.2923 0.0597 -0.4121 -0.1759
-0.2997 0.0645 -0.4307 -0.1720
-0.3074 0.0693 -0.4450 -0.1677
-0.3154 0.0740 -0.4592 -0.1708
-0.3230 0.0776 -0.4727 -0.1717
-0.3302 0.0823 -0.4918 -0.1688
-0.3384 0.0870 -0.5060 -0.1723
-0.3466 0.0910 -0.5243 -0.1722
-0.3550 0.0949 -0.5470 -0.1732
-0.3631 0.0989 -0.5630 -0.1711
-0.3716 0.1029 -0.5788 -0.1732
-0.3793 0.1073 -0.6001 -0.1722
-0.3870 0.1116 -0.6129 -0.1692
-0.0081 0.0037 -0.0156 -0.0013
0.0038 0.0004 0.0031 0.0046
0.0004 0.0002 0.0002 0.0009




Appendix C

Age-specific Fitted and Projected
Mortality Rates

C.1 Findings on female lung cancer mortality based on the

model in (3.4), without smoking data

C.1.1 Pearson residuals

Figure C.1 and Figure C.2 respectively show Pearson residuals based on the female LC
model, without smoking information, depending on (3.4), fitted in the most (1) and least
(5) deprived quintiles of the regions of England from 2001 to 2018. The figure does not

point out any significant non-random clustering over ages or years.
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Figure C.1: Heat map of Pearson residuals for female lung cancer mortality in regions
of England, deprivation quintile 1 (most deprived), excluding smoking data,
based on (3.4): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.
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Figure C.2: Heat map of Pearson residuals for female lung cancer mortality in regions
of England, deprivation quintile 5 (least deprived), excluding smoking data,
based on (3.4): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.

C.1.2 Age-specific rates from 2001 to 2036

We present fitted and projected LC mortality in women across various age groups, using
the mid-age of each group as a reference, for selected deprivation quintiles (1, 3, and
5) in the regions of England from 2001 to 2036. These projections are based on (3.4),

which excludes NS prevalence rates.
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Figure C.3: Lung cancer mortality, females, ages at death 50, in selected deprivation

quintiles 1 (most deprived), 3, and 5 (least deprive

d) in regions of England based on

(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.4: Lung cancer mortality, females, ages at death 57, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.5: Lung cancer mortality, females, ages at death 62, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.6: Lung cancer mortality, females, ages at death 67, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.7: Lung cancer mortality, females, ages at death 72, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected

rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.8: Lung cancer mortality, females, ages at death 77, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected

rates (dashed lines) with 95% credible intervals for the projected rates.



Appendix C. Fitted and Projected Estimates 61

82 82 82
N.West York.Humb.
0.006 - B -
0.004 — /’—“-Jﬁ;
0.002 R —
82 82
g E.Mid W.Mid East deprivation
S 0.006 _ ,
£ 0.004 1 aEEEE A | e 3
£ 0002 [=rTmo =N e mmmmee e
3 82 82 82 5
London S.East S.West
0.006
0.004
0.002

Figure C.9: Lung cancer mortality, females, ages at death 82, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.

87

0.006
0.004
0.002

.006
.004
.002

ity rates

[oNeoNe)

Mortal

0.006
0.004
0.002

Figure C.10: Lung cancer mortality, females, ages at death 87, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.4), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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C.2 Findings on female lung cancer mortality based on the

model in (3.5), with smoking data

C.2.1 Pearson residuals

Figure C.11 and Figure C.12 demonstrate the Pearson residuals in the same granularity
with Figure C.1 and Figure C.2, depending on (3.5), where we additionally introduce NS
prevalence rates and an interaction term between AAD and region into our modelling
framework (suggested by variable selection in Appendix A.1). This model indicates
a better fit, as compared to the model in (3.4), as demonstrated with, for example,
fewer red/dark blue cells in Figure C.11 compared to Figure C.1. Besides, there is no

significant non-random clustering over ages or years.
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Figure C.11: Heat map of Pearson residuals for female lung cancer mortality in regions
of England, deprivation quintile 1 (most deprived), including smoking data,
based on (3.5): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.
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Figure C.12: Heat map of Pearson residuals for female lung cancer mortality in regions
of England, deprivation quintile 5 (least deprived), including smoking data,
based on (3.5): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.

C.2.2 Age-specific rates from 2001 to 2036

We present fitted and projected LC mortality in women across various age groups, using
the mid-age of each group as a reference, for selected deprivation quintiles (1, 3, and
5) in the regions of England from 2001 to 2036. These projections are based on (3.5),

which includes NS prevalence rates.



Appendix C. Fitted and Projected Estimates 64

50 50 50
N.E N.W York.H .
66-04 ast est ork.Humb
4e-04
_ c ==y RO R s N e e
S;gg s e e s N
50 50 50
%68—04 EM|d WMld EaSt deprivation
= 4e-04 — 1
-‘?26—04‘ 3 == p— e 8 T =
‘c_"vEOe+OO i P e 5
2 50 50 50
66-04 London S.East S.West
4e-04
AL OMMNAULOMNO AOOMMNMNAHAIO O MO AWOOMMNHL OO MO
OO OdHAANANMMOOOTHANANNMMOOOddIANNNMM
[ejeoloNoNoNoNoNololojololololojoloNololololololoololoNoNele]
ANANNNNNNNANNNNNNNNNNANNNNNNNNNN NN
Year

Figure C.13: Lung cancer mortality, females, ages at death 50, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.14: Lung cancer mortality, females, ages at death 57, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.15: Lung cancer mortality, females, ages at death 62, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.16: Lung cancer mortality, females, ages at death 67, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.17: Lung cancer mortality, females, ages at death 72, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.18: Lung cancer mortality, females, ages at death 77, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.19: Lung cancer mortality, females, ages at death 82, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived )in regions of England based on (3.5),
including smoking data: observed rates (dots), fitted rates (lines), projected rates
(dashed lines) with 95% credible intervals for the projected rates.
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Figure C.20: Lung cancer mortality, females, ages at death 87, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.5), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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C.3 Findings on male lung cancer mortality based on the

model in (3.6), without smoking data

C.3.1 Pearson residuals

Figure C.21 and Figure C.22 display Pearson residuals across different age groups be-
tween 2001 and 2018 on the male LC model in (3.6). Similar to the ones reported
for female LC mortality, the residuals are shown in deprivation quintiles 1 (most de-
prived) and 5 (least deprived) in the regions of England. Similarly, we do not see any

non-random clustering across ages or years that points out a good fit.
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Figure C.21: Heat map of Pearson residuals for male lung cancer mortality in regions
of England, deprivation quintile 1 (most deprived), excluding smoking data,
based on (3.6): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.
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Figure C.22: Heat map of Pearson residuals for male lung cancer mortality in regions
of England, deprivation quintile 5 (least deprived), excluding smoking data,
based on (3.6): orange/light blue cells indicate areas with good fit, while red /dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.

C.3.2 Age-specific rates from 2001 to 2036

We present fitted and projected LC mortality in men across various age groups, using
the mid-age of each group as a reference, for selected deprivation quintiles (1, 3, and
5) in the regions of England from 2001 to 2036. These projections are based on (3.6),

which excludes NS prevalence rates.
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Figure C.23: Lung cancer mortality, males, ages at death 50, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.24: Lung cancer mortality, males, ages at death 57, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.25: Lung cancer mortality, males, ages at death 62, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.26: Lung cancer mortality, males, ages at death 67, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived)in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.27: Lung cancer mortality, males, ages at death 72, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.28: Lung cancer mortality, males, ages at death 77, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.29: Lung cancer mortality, males, ages at death 82, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.30: Lung cancer mortality, males, ages at death 87, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.6), excluding smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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C.4 Findings on male lung cancer mortality based on the

model in (3.7), with smoking data

C.4.1 Pearson residuals

Figure C.31 and Figure C.32 exhibit the residuals depending on (3.7). These figures
present quite similar results shown in Figure C.21 and Figure C.22. Yet, the model in
(3.7) suggests a better fit as evidenced by a lower DIC (41,814) and a higher marginal
likelihood (-21,160) as compared to the earlier model results with 41,843 for the DIC
and -21,174 for the marginal likelihood (see Table A.4 and Table A.5).
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Figure C.31: Heat map of Pearson residuals for male lung cancer mortality in regions
of England, deprivation quintile 1 (most deprived), including smoking data,
based on (3.7): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.
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Figure C.32: Heat map of Pearson residuals for male lung cancer mortality in regions
of England, deprivation quintile 5 (least deprived), including smoking data,
based on (3.7): orange/light blue cells indicate areas with good fit, while red/dark blue
cells indicate areas with poor fit. Note that there is a small number of residuals greater
than 4, and these are included in the last category.

C.4.2 Age-specific rates from 2001 to 2036

We present fitted and projected LC mortality in men across various age groups, using
the mid-age of each group as a reference, for selected deprivation quintiles (1, 3, and
5) in the regions of England from 2001 to 2036. These projections are based on (3.7),

which includes NS prevalence rates.
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Figure C.33: Lung cancer mortality, males, ages at death 50, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.34: Lung cancer mortality, males, ages at death 57, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.



Appendix C. Fitted and Projected Estimates 7

62 62 62
N.East N.West York.Humb.

deprivation

=
— 3
=5

Mortality rates

0.002 l e il -
0.001 | e e == oirreee ==
D 5 S = S ==-—n | —_—a ==
0.000 = —— ——
OO HINNANN OO A NN MM OO o &N N WM
OO 0000000000 00000303080000 03D
ANANANANANNNNANNANANNNNANANANANNANNANANNNN N NN
Year

Figure C.35: Lung cancer mortality, males, ages at death 62, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.36: Lung cancer mortality, males, ages at death 67, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived)in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.37: Lung cancer mortality, males, ages at death 72, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.38: Lung cancer mortality, males, ages at death 77, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.39: Lung cancer mortality, males, ages at death 82, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.40: Lung cancer mortality, males, ages at death 87, in selected deprivation
quintiles 1 (most deprived), 3, and 5 (least deprived) in regions of England based on
(3.7), including smoking data: observed rates (dots), fitted rates (lines), projected
rates (dashed lines) with 95% credible intervals for the projected rates.
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C.5 Excess lung cancer deaths and mortality based on the

models in (3.4) for women

smoking data
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Figure C.41: Cumulative lung cancer excess deaths from 2020 to 2036 based on the
full models without smoking data. Total excess deaths (over 17 years) in different
deprivation quintiles and regions of England, with 95% credible intervals.
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Figure C.42: Lung cancer excess deaths (absolute numbers) by age-at-death in England

from 2020 to 2036, based on full models without smoking data.
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Lung cancer excess mortality, per 100,000 people, by age-at-death,

selected regions and deprivation quintiles in England based on full models without
smoking data. Annual excess deaths from 2020 to 2036, with 95% credible intervals.
Note that differences in lung cancer excess mortality at other ages, in other regions or
deprivation quintiles in intermediate years, are comparable to the presented years.
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C.6 Excess lung cancer deaths based on the models in (3.5)

for women and (3.7) for men, with smoking data
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Figure C.44: Lung cancer excess deaths (absolute numbers) by age-at-death in England
from 2020 to 2036, based on full models with smoking data.

C.7 Findings on breast cancer mortality based on the model

in (3.8), without smoking data

C.7.1 Pearson residuals

Figure C.45 exhibits the distribution of Pearson residuals in selected regions of England
across modelling ages 35-39 to 85-89 based on the model specification in (3.8) between
2001 and 2018. The figure does not suggest a particular pattern or clustering over ages

or years, pointing towards a good fit of the model to the BC data.
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Figure C.45: Heat map of Pearson residuals for breast cancer mortality in regions of
England based on (3.8), excluding smoking data: orange/light blue cells indicate
areas with good fit, while red/dark blue cells indicate areas with poor fit. Note that
there is a small number of residuals greater than 4, and these are included in the last
category.

C.7.2 Age-specific rates from 2001 to 2036

We present fitted and projected BC mortality in women across various age groups, using

the mid-age of each group as a reference, in the regions of England from 2001 to 2036.

These projections are based on (3.8), which excludes NS prevalence rates.
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Figure C.46: Breast cancer mortality, females, age at death 37, in regions of England
based on (3.8), excluding smoking data: observed rates (dots), fitted rates (lines),
projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.47: Breast cancer mortality, females, ages at death 42 and 47, in regions of
England based on (3.8), excluding smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.48: Breast cancer mortality, females, ages at death 52 and 57, in regions of
England based on (3.8), excluding smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.49: Breast cancer mortality, females, ages at death 62 and 67, in regions of
England based on (3.8), excluding smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.50: Breast cancer mortality, females, ages at death 72 and 77, in regions of
England based on (3.8), excluding smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.51: Breast cancer mortality, females, ages at death 82 and 87, in regions of
England based on (3.8), excluding smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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C.8 Findings on breast cancer mortality based on the model

in (3.9), with smoking data

C.8.1 Pearson residuals

Figure C.52 displays the distribution of Pearson residuals across selected regions of
England for modelling ages 35-39 to 85-89, based on the model specification in (3.9),
for the period 2001-2018. The residual patterns in Figure C.52 closely resemble those
in Figure C.45. However, the model incorporating NS prevalence rates, as specified in

(3.9), demonstrates improved marginal likelihood and DIC results (Appendix A.3).
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Figure C.52: Heat map of Pearson residuals for breast cancer mortality in regions of
England based on (3.9), including smoking data: orange/light blue cells indicate
areas with good fit, while red/dark blue cells indicate areas with poor fit. Note that
there is a small number of residuals greater than 4, and these are included in the last
category.

C.8.2 Age-specific rates from 2001 to 2036

We present fitted and projected BC mortality in women across various age groups, using

the mid-age of each group as a reference, in the regions of England from 2001 to 2036.

These projections are based on (3.9), which includes NS prevalence rates.



Appendix C. Fitted and Projected Estimates 89

N.East N.West York.Humb.
0.00015

0.00010

0.00005

0.00015

0.00010

0.00005

Mortality rates

0.00015

0.00010

== ==L -

0.00005

Figure C.53: Breast cancer mortality, females, age at death 37, in regions of England
based on (3.9), including smoking data: observed rates (dots), fitted rates (lines),
projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.54: Breast cancer mortality, females, ages at death 42 and 47, in regions of
England based on (3.9), including smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.55: Breast cancer mortality, females, ages at death 52 and 57, in regions of
England based on (3.9), including smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.56: Breast cancer mortality, females, ages at death 62 and 67, in regions of
England based on (3.9), including smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.57: Breast cancer mortality, females, ages at death 72 and 77, in regions of
England based on (3.9), including smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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Figure C.58: Breast cancer mortality, females, ages at death 82 and 87, in regions of
England based on (3.9), including smoking data: observed rates (dots), fitted rates
(lines), projected rates (dashed lines) with 95% credible intervals for the projected rates.
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