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Terms and abbreviations 

CI Confidence interval  

DCIS Ductal carcinoma in situ  

 A non-invasive breast tumour limited inside the milk ducts of the breast 

IARC International Agency for Research on Cancer: 

 WHO’s cancer research institute 

HRT Hormone replacement therapy 

MST Mean sojourn time 

 See sojourn time 

ML Maximum likelihood 

 A common estimating technique (1) 

NBCSP  Norwegian Breast Cancer Screening Program 

NCI National Cancer Institute 

 The United State’s publicly founded national cancer institute 

NLSR Non-linear mean square regression 

 A common estimating technique (1) 

Over-diagnosis   Women who would not have had any breast cancer diagnosis in their  

 life time without participating in screening (2) 

Opportunistic screening Screening outside an official program without prior clinical symptoms 

Sojourn time Time in screening detectable phase before clinical detection 

STS Screening test sensitivity  

WHO Word Health Organisation 

The health unit of United Nations 
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1 General introduction 

1.1 Breast cancer — A serious health problem 

Breast cancer is the most common cancer 

among women world wide (4). Each year, 

more than one million new cases of breast 

cancer are diagnosed (Figure 1), and over four 

hundred thousand deaths are recorded (5). In 

addition, breast cancer incidence increases in 

nearly all countries (6;7), and the disease has 

one of the youngest median age at diagnosis 

of the most common cancers (8). 

Figure 1:  The five most common cancers among women 
world wide in a) number of cases and b) 
number of deaths 

 

The incidence of breast cancer is much lower 

in Asia, Africa and South America than in 

North America, Australia and Europe (Figure 

2), with age standardized incidence rates 

varying from 18 per 100 000 women in 

Eastern Asia to 90 per 100 000 women in 

North America (4). Even though breast cancer 

incidence rates today are highest in Europe 

and North America, migrant studies (9) and 

risk factors closely connected to standard of 

living (age at menarche, number of children 

etc.), indicate that breast cancer may in the 

future become a larger problem in Asia and 

the rest of the world (9-11).  
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Data: "Global Cancer Statistics, 2002" (3) 
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Figure 2:  
World wide incidence of breast cancer 
in year 2000 
 

 

Source: Figure is generated by  
 Globocan 2000. (12) 

Breast cancer risk in Norway 

As in most west European countries, Norway 

has a relatively high incidence of breast 

cancer. There has been a continuous increase 

in breast cancer incidence since the start of 

Norwegian cancer registration in 1953, with 

an accelerating increase in the 1990s largely 

due to the introduction of mammography 

screening (Figure 3). Some of the increase 

may be an effect of earlier diagnosis 

strategies, indicated by the increasing 

proportion of lower staged cancers (13). 

However, the increase of lower staged cancers 

has not been followed by a fully 

compensating fall in higher staged cancers, 

indicating an overall increase in breast cancer 

frequency. There has been an increase in the 

survival rate of Norwegian breast cancer 

patients, but due to the high incidence there 

are still a large number of breast cancer deaths 

(Figure 3). With the high living standard and 

good health services of Nordic countries, 

most life threatening diseases occur at high 

age, but breast cancer also frequently occur in 

middle aged women, resulting in breast 

cancer being the most important cause of lost 

life years for Norwegian women under 65 

years (14). Norwegian women today have an 

estimated breast cancer lifetime risk of 

10.8 %1, and breast cancer accounts for 3.3 % 

of the deaths among Norwegian women. 

Figure 3:  Breast cancer incidence and mortality for 
Nor egian women 1955-2004 w
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 Data:  Cancer Registry of Norway 

 
1 Lifetime risk was calculated using 2005 numbers 
from Statistics Norway and the Cancer Registry of 
Norway. The estimates many be somewhat exaggerated 
since official mammography screening still is in an 
introduction face in some counties, with especially 
high breast cancer incidence. 
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1.2 Risk factors and primary prevention 

The considerable increase in breast cancer 

risk in developed countries emphasizes the 

wish for an effective primary prevention 

through reduction in known risk factors. 

There has been an extensive research on 

breast cancer during the last decades2, and the 

knowledge about risk factors has increased 

substantially. Well confirmed risk factors for 

breast cancer are high age at first birth, few 

children, early menarche, late menopause, a 

family history of breast cancer (genetic 

predisposition), a previous benign breast 

disease, high oestrogen levels including the 

use of hormone replacement therapy [HRT], 

elevated body height, high postmenopausal or 

low pre-menopausal body mass index, high 

breast density, and exposure to ionizing 

radiation (15). In addition, there are several 

probable risk factors, e.g. high alcohol 

consumption, low physical activity and short 

lactation period, for which more research is 

needed.  

 

                                                 
2 Pubmed (18) includes over eight thousand articles 
with the word “breast cancer” published in 2006, and 
Google (http://www.google.com) reports 34 million 
hits on “breast cancer research” (April 2007). 

While few women receive substantial levels 

of ionizing radiation, other risk factors such 

as early menarche, high age at first birth, and 

few children contribute considerably to the 

overall risk. In Italy, the effect of parity 

patterns was estimated to contribute to 38 % 

of the observed breast cancer cases, compared 

with a scenario where all women were giving 

birth before reaching 20 years of age (16). 

Hence, with the exception of HRT use (17), 

most breast cancer risk factors are difficult to 

modify and not suited for public health 

programs (18). 
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1.3 Symptoms, classification and treatment of breast cancer 

The most common clinical symptom of breast 

cancer is a palpable tumour. Following the 

suspicion of breast cancer, the diagnosis is 

established by clinical examination, 

mammography and fine needle aspiration 

(FNA) biopsy with cytological examination. 

If the diagnosis is still unclear, an open biopsy 

is performed.  

 

Breast cancers are classified in four stages 

from small cancers (<20 mm in diameter) 

with no spread to lymph nodes, to metastatic 

cancers spreading beyond the breast and 

invading lymph nodes. Prognosis is closely 

related to stage, with far better prognosis for 

lower staged breast cancers (Figure 4). As 

seen in Figure 5, prognosis has increased 

steadily for all stages during the last decades. 

 

As for most cancers, the main treatment is 

surgical removal of the tumour and 

surrounding tissue, combined with 

post-operative radiation and chemotherapy. 

Earlier, removal of the whole breast and 

related lymph nodes was the standard 

treatment (mastectomy). As a result, many 

women had extensive side effects such as 

swelling caused by excess fluid build-up after 

lymph node removal (lymphedema). After 

several studies showing little or no increased 

mortality with breast-conserving surgery, it 

became increasingly common during the 

Figure 5:  Trends in 10 year breast cancer survival 
among Norwegian women diagnosed 
between 1956 and 1995. As breast cancer 
patients have a relatively long period of 
excess mortality, hence 10 year survival 
was chosen instead of the standard 5 years 

Figure 4:  15 year survival for (female) breast cancer 
patients diagnosed before the official 
screening program (1991-1995), illustrating 
the relatively long period of excess 
mortality related to breast cancer 
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1990s. Recently (2002), the positive results 

were confirmed in a long-term follow up 

study (19), and breast-conserving surgery has 

now become the standard treatment of care. 

 

After introduction of breast-conserving 

surgery, breast cancer surgery has recently 

developed further. Radioactive blue dye is 

today injected around the tumour site, and 

observed on its path to the lymph node 

draining fluid from the cancer. Hence, the 

sentinel lymph node that the cancer is most 

likely to have metastased to is located, 

making it possible to remove fewer lymph 

nodes and further reduce the side effects of 

surgery (20). To further improve the 

prognosis, adjuvant use of the anti-oestrogen 

drug tamoxifen has become widespread, 

improving the prognosis considerably for 

oestrogen receptor positive tumours (21).

 

1.4 Cancer growth and development 

Generally, cancer can be seen as uncontrolled 

cell growth that do not respect the barriers of 

neighbouring tissues and organs (22). With 

genetically mutated cells, the tumour growths 

and develops with a higher growth rate than 

the surrounding cells. At one point the tumour 

may invade neighbouring tissues, defined as 

invasive cancer. Once the cells have gained 

malignant characteristics, tumour progression 

is, without treatment, in most cases probably 

an irreversible process. 

 

The typical clinical growth rates of tumours 

are, however, difficult to quantify as most 

cancers are surgically removed shortly after 

detection. Breast cancer is a very heterogenic 

disease with many different types of genetic 

alterations (23). As a result, clinical studies 

have shown large variations in tumour growth 

rates (24). Several animal studies and studies 

using cell cultures have assessed the growth 

of mammary cancer cells (25;26). These 

studies provide valuable information 

concerning different promotors of tumour 

growth, but the relevance for estimating the 

actual growth rates of clinical human tumours 

is questionable. Observational studies of 

patients have examined tumours that were 

initially overlooked on earlier mammograms, 

or tumours in women who refused treatment 

(27-30). These studies have confirmed large 

variations in cancer growth, but the studies 

are typically small and probably influenced 

by length time bias, since slow-growing 

tumours are relatively long time in pre-

clinical stages that are visible on 

mammograms. This limits their potential use, 

increasing the need for further studies (31). 

 

If a malignant tumour is not removed, it will 

in most cases progress and eventually kill the 

patient. With its removal, most breast cancer 
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patients survive. Still, patients have a risk of 

the tumour relapsing even 10-15 years after 

surgery, as it is difficult to ensure that every 

cancer cell is removed. In addition to local 

recurrence, metastases to other organs are 

common, accounting for a large proportion of 

breast cancer deaths. Hence, it is important to 

diagnose and remove the cancer before it 

metastasizes. The actual time of metastasis of 

breast tumours is highly debated, and 

probably varies considerably between 

tumours.  

Even with increasing biological knowledge, 

important questions remain, such as time of 

metastasis and good estimates of clinical 

growth rates. Combined with the effect of 

screening programs, these are important 

issues for future studies. 

Figure 6:  Typical breast cancer development. 
Individual variations are, however, large, 
with some tumours never becoming visible 
on mammograms, while others become 
visible already as non-invasive DCIS. A 
key point related to screening is the timing 
of metastases. If metastases occur before 
the cancer reaches screening detectable 
size, the potential gain of screening is 
limited 

 

The relation between tumour development 

and risk factors is complicated (32), but some 

risk factors probably act as initiators and 

others as promoters. One example is hormone 

therapy used by women to limit menopausal 

nuisances. Studies have shown an increased 

risk of breast cancer even shortly after the 

start of hormone therapy use, and a 

corresponding normalization of risk rather 

soon after discontinued use. The short time 

span between the start of medication and 

increase risk, probably does not allow cancers 

initiated after the start of medication to reach 

clinical detection by the time risk starts to 

increase. Hence, hormone therapy probably 

acts as a promoter of already initiated tumour 

processes. 
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1.5 Mammography screening for early detection of breast cancer

With an increasing incidence of breast cancer, 

few possibilities for primary prevention, and 

substantial mortality even after decades with 

advances in treatment, medical doctors have 

been looking for new ways to combat the 

large number of breast cancer deaths. As 

survival is substantially better for tumours 

diagnosed in early stages (

Figure 7:  Examples of mammograms:  
normal (left) and cancerous (right) 

Figure 4), a natural 

strategy would be to advance the time of 

diagnosis (33;34).  

  Source:  http://en.wikipedia.org/wiki/Breast_cancer/ 

Although breast self examination is a natural 

starting point for earlier diagnosis, 

randomized trials with organized instruction 

in breast self examination have shown little or 

no effect in reducing the number of breast 

cancer deaths (35;36). Hence, focus has 

turned to more advanced diagnostic 

techniques. Mammography (Figure 7) is a 

technique capable of guiding the final 

diagnosis of clinical breast cancers, exploiting 

the different absorbation of X-rays of 

different tissues (37). In the 1960s and 1970s, 

several large randomized clinical trials using 

mammography as a screening test for pre-

clinical cancers were initiated (38-41), with 

the goal of reducing the number of breast 

cancer deaths through earlier treatment. After 

13 years of follow-up, the Swedish Two-

County Trial of women 40-74 years of age 

reported a 30 % reduction in breast cancer 

mortality in the screening vs. control arm of 

the study (42). The effects were smaller in 

several other trials, but most reported 

considerable reductions in breast cancer 

mortality (38;43). Largely based on the 

randomized trials, the World Health 

Organisation [WHO] recommended 

mammography as a routine health service for 

middle aged women (44).  

 

Following positive reports from the 

randomized trials, many countries initiated 

organized mammography screening. Later 

mammography screening has been highly 

debated (45-47), and both the WHO’s 

International Agency for Research on Cancer 

[IARC] and the National Cancer Institute 

[NCI] in the United States initiated working 

groups to re-evaluate the evidence of a 

mortality reduction following mammography 

screening. Both working groups concluded in 
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2002 that there was sufficient evidence of a 

mortality reduction following early treatment 

based on mammography screening (48;49). 

 

While the debate regarding the pros and cons 

of mammography screening has continued, 

the official recommendations of regular 

mammography screening of middle aged 

women have not been changed. At the same 

time, there is a continued interest in the 

analyses of large screening programs in order 

to improve the quality and recommendations 

of mammography screening (50).  

 

The basic principle of mammography 

screening as a health service is earlier 

treatment and better prognosis through earlier 

diagnosis (Figure 8). Even though most 

researchers believe earlier detection and 

treatment to a certain degree increases 

survival, there are large uncertainties 

regarding the critical time of 

diagnosis/treatment (51). As many breast 

cancer deaths are due to metastases to other 

parts of the body, a vital question is when 

these metastases occur, and whether 

mammography screening can move the time 

of diagnosis sufficiently so that the cancer can 

be treated before it metastasizes. In addition, a 

screening method which successfully moves 

the time of diagnosis, will also sometimes 

detect cases in woman that without screening 

would die of other causes shortly after 

screening. Hence, a certain degree of over-

Figure 8:  The idea behind mammography screening:  
advance the diagnosis and the related treatment to a time before the cancer has spread to other organs 

Cancer diagnosis
with screening

Tumour size

Time

Tumour gives 
clinical symptoms

Tumour visible 
at screening

Tumour size observed
without screening

Cancer diagnoses
without screening

Screening

Onset of
cancer

At what time would the cancer 
had spread to other organs 

without treatment??

Earlier diagnoses
opens for earlier treatment

(and better prognosis?)  



General Introduction 15 

diagnosis is inevitable (for definition, see 

page 4), and must be balanced against the 

gain of the given screening method. Both the 

gain of screening and the level of over-

diagnosis depends on the screening method 

used, the implementation, the frequency 

(typically 1-3 year), and the age groups 

screened. In practice, screening 

recommendations differ considerable between 

the United States (NCI) and WHO (IARC), 

both regarding screening frequency and 

recommended age span. Screening older 

women (> 70 years of age) with a high rate of 

non-breast cancer related deaths, may result in 

a relatively high level of over-diagnosis, 

while screening young women with low 

breast cancer risk may result in very few 

detected cases. In addition, mammography as 

a screening method is probably less cost-

effective in young women (< 50 years of age) 

with dense pre-menopausal breasts and a 

probable higher mean tumour growth rate. 

Clinical and laboratory studies can provide 

information regarding some of these 

questions, but as nearly all cancers are treated, 

the full natural breast tumour progression may 

not be observed. Hence, many questions still 

remain, and more research is warranted.
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2 Aims of the thesis 

1) Estimate the impact of mammography screening on 
breast cancer incidence, and estimate screening corrected 
incidence trends in the Nordic countries (paper I) 

2) Utilize mammography screening related variations seen 
in breast cancer incidence, to estimate breast cancer 
progression, growth, and screening test sensitivity 
(paper II-IV) 

3) Improve and develop new, statistical methods to estimate 
breast cancer progression, growth, and screening test 
sensitivity based on variations in breast cancer incidence 
caused by mammography screening (paper III & IV) 

 

When developing methods for predicting future cancer incidence in the Nordic countries (8;52), we 

needed a way of correcting for past screening information, and utilizing future screening plans, to 

improve the predictions. Hence, the idea of paper I was conceived, studying breast cancer incidence 

trends in relation to official screening patterns in the Nordic countries. As a result, mammography 

screenings’ effect on breast cancer incidence and the underlying trends in breast cancer risk 

corrected for screening in the Nordic countries were estimated. 

 

With the high quality data from the Cancer Registry of Norway and the observed effect of 

mammography screening on breast cancer incidence trends, we wanted to utilize this to improve the 

knowledge about cancer progression and screening test sensitivity. This resulted in three papers: 

paper II applying an earlier used model, paper III adjusting the model of paper II to a different 

dataset avoiding problems with unregistered opportunistic screening, and paper IV developing a 

new model utilizing tumour measurements to improve the estimates of cancer progression. 
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3 Materials and methods 

3.1 The Cancer Registry of Norway 

The Cancer registry of Norway has covered 

the Norwegian population with complete 

registration since 1953 (12). Reporting of 

cancer cases is mandatory, and information is 

obtained independently from clinicians, 

pathologists and death certificates (see Figure 

9). The registration is known for high quality 

data, indicated by the low number of cases 

reported based on death certificates only. In 

2004, only 0.3 % of reported breast cancer 

cases where based on death certificate only.  

From 1960 onwards, every inhabitant of 

Norway has been assigned a unique personal 

identification number, used by the Norwegian 

Population Registry at Statistics Norway, the 

Cancer Registry of Norway, and the 

Norwegian Breast Cancer Screening Program. 

This enables complete follow-up over time, 

and the possibility of linking data from 

several sources precisely.

3.2 The Norwegian Breast Cancer Screening Program  

In 1995, the Norwegian government initiated 

a population based screening program (53) 

administered by the Cancer Registry of 

Norway. The goal was a 30 % reduction in 

breast cancer deaths through earlier treatment. 

A large number of process indicators are 

carefully registered in the Norwegian Breast 

Cancer screening database. Initially, the 

Norwegian Breast Cancer Screening Program 

[NBCSP] included four counties. Other 

counties were subsequently included, and in 

2004 the screening program achieved nation 

wide coverage (Figure 10). Every second year 

all women between 50 and 69 years of age 

receive a written invitation with suggested 

time and place for mammography screening, 

and a possible reminder after 1-4 months. The 

two-view mammograms from participating 

women are independently evaluated by two 

readers.  
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Figure 9: Sources of information and the registration process at the Cancer Registry of Norway 

  
 Figure from Cancer in Norway 2005 (54) 

Figure 10:  Introduction of the Norwegian Breast Cancer Screening Program;  
year of first invitation round in different Norwegian counties 
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The program is governmentally funded, 

supported by a fee from participating women. 

The actual screening is performed by 26 

stationary units and four mobile units (buses). 

Screening outcome is registered and 

transferred electronically directly to the local 

screening databases, and later synchronized 

with the central screening database at the 

Cancer Registry of Norway. Post screening 

examinations of possible cancers are 

performed at 17 central breast imaging centres 

at university or county hospitals. The general 

organisation and logistics of the NBCSP is in 

accordance with the principles set by WHO 

(55), with a quality assurance manual and 

close follow-up from the Cancer Registry of 

Norway. 

Papers II-IV in this thesis include screening 

data from 1995 through 2002. A total of 78 % 

of the invited women attended the screening 

program during this period, resulting in 

364 731 screened women 50-69 years of age.  

 

With similar cancer registries, personal 

identification numbers, mandatory reporting 

of cancer cases, and governmental screening 

programs, the Nordic countries (Sweden, 

Denmark, Finland, Iceland and Norway) are 

well suited for joint cancer studies. In paper I, 

we used aggregated screening data from all 

the Nordic Countries.  

3.3 Combining data from different sources 

The Norwegian Breast Cancer screening 

database is designed mainly for the running 

organization of the Norwegian Breast Cancer 

Screening Program, but it includes complete 

and precise information on all invitations, 

appearances, tests results, possible tumours 

and results from a questionnaire regarding 

former screening experience, hormone 

therapy use etc. The information is stored in 

separate tables with unique identifications. 

Data for papers II-IV of this thesis was taken 

from the screening database and combined 

with the Norwegian Cancer Registry data, 

with complete registration until 31/12/2002. 

We combined the individual tables and drew 

the data directly from the database using SQL 

commands. Later data were summarized 

using the S-PLUS statistical package (56), 

and analyzed in the R statistical package (57). 

Eligible women received a new invitation to 

mammography screening 16 to 24 months 

after their previous screening (with most 

women receiving their invitation 22-23 

months after previous screening). To limit the 

possible bias from external screening initiated 

by the screening reminder, all observations 
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were stopped (censored) two days after the 

new invitation were mailed (or on death, 

emigration or after two years of observation 

for women passing the NBCSP upper age 

limit of 69 year of age).  

 

For paper I, summarized breast cancer and 

population figures where collected from all 

the Nordic Cancer Registries, and analyzed in 

the S-PLUS statistical package. In the 

analysis, data were restricted to the period 

1978–1997, except for the Icelandic data, 

where the years 1973–1977 were added to 

obtain a sufficient number of cases for the 

analysis.

3.4 Estimating the effect of breast cancer screening on incidence rates 

As for most cancers, breast cancer incidence 

varies greatly with age. In addition, we have 

seen distinct changes in breast cancer 

incidence the last decades, so all analysis of 

breast cancer incidence rates must take into 

account both variations in age and calendar 

time (cohort). This is usually done with 

Age-Period-Cohort models (58;59), splitting 

the observations in different age, period and 

cohort intervals. Having calculated the 

observed number of cases and person years in 

each combination, estimates are usually found 

by maximizing the likelihood of a Poisson 

regression model. To estimate the effect of 

screening and deduce cohort estimates 

corrected for screening activity, we added 

three variables to the usual Age-Period-

Cohort model:  

 

1. As women enter a screening program, 

screening examinations detecting pre-

clinical cancers increase the observed 

incidence. To estimate this effect in a 

population, a specific variable, screen1, 

modelling the initial effect of a screening 

program, is used for the two first years a 

woman is in an official screening 

program 

 

2. With continued screening, the time of 

diagnosis is moved to an earlier point in 

time for some of the observed women. As 

breast cancer incidence increases with 

age, a shift in time of the diagnosis 

increases the observed incidence. To 

estimate this effect, a specific variable, 

screen2, modelling the effect of continued 

screening, is used for each woman in an 

official screening program after the initial 

two years 

 

3. As women leave a screening program, the 

incidence is expected to drop, as some of 

the expected breast cancer cases already 

will have been detected at screening. To 

estimate this effect, a specific variable, 
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screen2, modelling the effect of continued 

screening, is used for each woman the 

first five years after leaving an official 

screening program 

•  is an indicator for the proportion of the 

population continuing in a screening 

program, modelled as the proportion of the 

population being in a screening program 

following the two first years 

2S

 

With the added variables, the modelled 

incidence rate, apR , for age group a in 

calendar period , can be written as: p

1

2 3

1
exp

2 3
a p c

ap

A D p P C S screen
R

S screen S screen
+ ⋅ + + + ⋅⎛

= ⎜ ⎟
+ ⋅ + ⋅⎝

⎞

⎠

•  is an indicator for the proportion of the 

population recently leaving a screening 

program, modelled as the proportion of the 

population having left a screening program 

the past five years.  

3S

 

 where:  
Applying this new model on breast cancer and 

screening data, both the effect of screening 

programs on breast cancer incidence and 

screening corrected breast cancer incidence 

trends can be deduced by maximum 

likelihood estimation. 

•  is the age component for age group  aaA

•  is a common drift parameter (58;59) D

• pP  is the non-linear period component of 

period  p

•   is the non-linear cohort component of 

cohort  

 cC

c

•  is an indicator for the proportion of the 

population entering a screening program, 

modelled as the proportion of the 

population being in the two first years of a 

screening program  

1S

3.5 Estimating breast cancer progression: the Markov model 

Even though nearly all breast cancers found 

on mammography screening are treated, data 

from screening trials/programs can shed light 

on screening test sensitivity [STS] and time in 

screening detectable phase, so mean sojourn 

time [MST] (Figure 11), utilizing variations in 

breast cancer incidence caused by 

mammography screening. The basic model of 

screening related cancer progression is a three 

state model with women going from a state of 

“no screening detectable cancer”, through a 

stage with “pre-clinical cancer visible on 
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mammograms”, to a stage with “clinical 

cancer” (

Under a Markov Model, transition 

probabilities can be deduced solving a special 

set of differential equations, so called 

Kolmogorov’s equations (60;61). Applying 

this on the standard Markov model of cancer 

progression, the probability of detecting a 

cancer at screening can be calculated by 

multiplying STS with the probability having a 

cancer in screening detectable phase, given no 

prior clinical cancer. As explained in Duffy 

et. al. 1995 (67), this give the following 

formula for the expected number of cancer 

cases detected at screening: 

Figure 12).  

One key assumption of the model is the 

progression of tumours from “no screening 

detectable cancer”, through “pre-clinical 

cancer visible on mammograms” to “clinical 

cancer”. Some cancers may never progress to 

clinical disease, while others will never be 

visible on mammograms, even after clinical 

detection. Still, moderate levels of both these 

instances probably constitute only minor 

problems for the overall model, since the first 

will be modelled as having very long sojourn 

time, while the latter will be modelled as 

having low STS. 
( )
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Assuming the Markov property (60;61) of 

conditional independence of prior states, the 

three stage cancer progression model can be 

described as a Markov Model. Several authors 

have applied and extended the literature on 

Markov models of cancer screening (62-64). 

Examples include models with additional 

tumour stages (65), and different distributions 

for tumour transition times (66). 

Where:  

 is the number of women screened sn

 is screening test sensitivity  STS

λ  1= MST ,  

 where MST = mean sojourn time 

J   is the incidence of pre-clinical disease 

 per time unit (typically one month)  
 

Figure 11:  Illustration of terms related to screening evaluation:; sojourn time and lead time 
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at screening

Time
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cancer
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Figure 12:  A simple Markov model for breast cancer screening 

Preclinical screening
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 is the age at screening  T

 

A slightly more intuitive formula is the 

unconditional approximation: 

( )
( )1

,

λ

λ

≈ i i is

P STS

n J STS
 

= i i isn J MST STS  

Which for and T  values relevant for 

mammography screening give a very good 

approximation. 

J

 

The expected number of interval cancer cases 

in a short time unit, ]1,−it ti , is the sum of 

both cancer cases that have passed through 

the pre-clinical phase since last screening, and 

the overlooked cancer cases that have become 

clinical during the time interval. 

Mathematically, this can be expressed  

as (1;67): 

( )
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2 1

, ,

1
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t t t
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c STS
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where c  is the number of cancer cases that 

were detected at screening. In practice,  can 

be estimated by the formulas above and the 

number of persons under observations in the 

given time interval. 

 

Combining this with screening data on 

number of cases at screening and during the 

following interval, non-linear min square 

regression or maximum likelihood estimates 

can be deduced (1). In addition to the classical 

estimation techniques, estimates can also be 

deduced using the Bayesian theory of “non-

informative” Gibbs sampler, but the overall 

differences compared to maximum likelihood 

estimates are often small for practical 

purposes (1). 

 

Another approach is the MISCAN simulation 

model, used in many papers from a research 

group in the Nederland’s (63;68). Even 

though the estimation of parameters is quite 

different, the practical differences are 

relatively small as also this model is a stage 

wise model based on the Markov property.  

 

Even though the basic Markov model of 

cancer progression is widely used, the models 

applied are in many ways fairly simple and 

only partially utilize biological knowledge. 

c
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Lately, there has been a trend towards more 

advanced approaches, including the utilization 

of many different data sources and more 

complex models. This typically involves 

modelling tumour growth using more stages 

or modelling cancer development as a 

continuous function of time, using maximum 

likelihood estimations or different sorts of 

simulation techniques. Examples of this 

include the US National Cancer Institute 

[NCI] financed CISNET collaboration (69-

71), and the new model proposed in paper IV 

of this thesis.  

Chose of estimating method 

In the choice between different estimation 

techniques, several desired properties have to 

be taken into account. The estimates should 

be as unbiased as possible, have small 

variation, and should not be very susceptible 

to possible erroneous outliers in the dataset. 

 

In the work leading up to paper II, both 

maximum likelihood [ML] and non-linear 

least square regression [NLSR] estimations 

were tested on the NBCSP data. In studying 

the model fit, we found substantial departures, 

especially in the start of the interval (paper II; 

Figure II). In practice, the start of the interval 

can be influenced by women hesitating to 

consult their general practitioner shortly after 

a negative screening examination. Hence, 

estimates were calculated with and without 

the data from the first two months following 

screening. Comparing ML and NLSR 

estimates with and without the two first 

months, we found that ML estimates were 

more influenced by the two first months than 

the NLSR estimates. Hence, NLSR was 

chosen in paper II, to limit the impact of the 

two possible biased data points at the start of 

the interval. As for paper III, the differences 

were minor, and ML estimation chosen. 

 

Working with paper III, a closer investigation 

of the choice of weights in the non-linear 

regression were done. With the relatively 

good model fit in paper III, the practical 

differences were minimal, but going back to 

the data used in paper II, an interesting 

problem surfaced. In many applications, 

weights are calculated as a function of the 

expect standard deviation of each data point. 

With known standard deviations this is a 

relativity safe choice. However, when 

estimating the standard deviation, this choice 

can be problematic as the weights are 

dependent on the estimated values. In paper 

II, the weights are repeatedly updated in 

parallel to the parameter values. As a result, 

the square difference between the observed 

and the expected values is not minimized 

using a fixed weight, but with weights 

depending on the estimated values. As large 
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weights produce smaller weighted mean 

square differences, the estimates are biased 

towards estimates giving large weights. In 

most applications, this would probably have a 

minimal effect on the estimated values (as for 

the data of paper III), but with moderate 

model fit the effect on the estimates in paper 

II was considerable. Hence, future studies 

should standardize the weights, ensuring that 

the sum of weights is constant for different 

parameters. 

  

Even though this is an optimal weight for the 

correctly specified model, we are not 

guarantied the best estimates for situations 

with a miss specified model. Weights using 

inverse variances take into account the 

different random variations of each data point 

by weighting them according to their random 

variation. This is a good choice for many 

applications, but in the Markov model of 

tumour progression, the observations come 

from two different sources: data on interval 

cancers and data on screening cancers. When 

inverse variance weights are used, the overall 

weight of the interval data will vary according 

to the rather arbitrary choice of intervals for 

the post-screening period. Using many small 

time intervals for the post-screening period, 

estimates would mainly be based on the 

interval data, while fewer intervals for the 

post-screening period will give a lager overall 

weight to the screening data. Applying our 

new knowledge, weights in the NLSR should 

make the model robust against outliers and 

balance the weight given to both the screening 

and interval part of the data. Defining iI  is an 

indicator for screening data (e.g.  if data 

point nr i  is related to screening data, and 0 

otherwise), an example of standardize weights 

balanced between screening and interval data 

are: 

1iI =
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Quantities estimated from Markov models of cancer progression 

From the basic Markov model of 

mammography screening (

While lead time describes how far screening 

moves the diagnosis, sojourn time is a 

measurement of the time a tumour spends in a 

pre-clinical screening detectable phase. Mean 

sojourn time and the distribution of sojourn 

times are functions of tumour progression and 

the given screening test, while lead time also 

Figure 12), two 

central quantities are estimated; mean sojourn 

time [MST] and screening test sensitivity 

[STS].  
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is a function of screening frequency. Hence, 

the more general term of sojourn time is 

usually reported. 

 

As cancer is assumed to be a progressive 

disease, starting with genetic changes in one 

or a limited number of cells, screening test 

sensitivity is not as easily defined (44). 

Evaluating screening programs, a common 

definition of STS is the proportion of cancers 

found at screening divided by the total 

number of cancers at screening and the those 

detected during following year (44). This 

definition is, however, questionable, as many 

cancers found on screening probably would 

have used several years to become clinically 

detected cancers without screening. In the 

Markov model, STS is modelled as a step 

wise function, going from zero in the first 

stage of “no screening detectable cancer”, to a 

level given by the STS variable at the second 

stage of the “pre-clinical cancer detectable on 

mammograms”. This definition can in 

practice be seen as the “number of pre-clinical 

cancers detectable on mammograms found 

during one screening examination”.  

3.6 Estimating breast cancer growth 

For many applications, the Markov models of 

cancer progression is a substitute for more 

precise information relating tumour growth 

and STS at different tumour sizes. There are 

some observational studies of tumour growth 

on tumours initially overlooked at earlier 

mammograms (27-29), or based on tumours 

in patients refusing treatment (27;28), but 

these studies are small, and probably 

influenced by considerable length time bias, 

as slow-growing tumours spend relatively 

longer time in pre-clinical stages that are 

visible on mammograms. Hence, better 

estimates of tumour growth and screening test 

sensitivity more directly related to tumour 

size would be useful. Compared to the studies 

of overlooked cancers, population based 

studies greatly increases the number of 

observed cases and apply data that are 

probably less vulnerable to potential biases. 

 

Combining the NBCSP standardized tumour 

measurements with the variations in cancer 

incidence used in the Markov models, there is 

considerable information about the growth 

rates of pre-clinical breast cancers. Spratt et 

al. 1993 (72) used a variant of a general 

logistic growth curve with log-normal 

distributed growth rates on a clinical dataset 

mostly consisting of overlooked tumours. 

Combining Spratt’s model with a two-

parameter screening sensitivity curve 

modelled as a logistic function of tumour size, 

we have developed a new estimation method 

for tumour growth, which is presented in 

paper IV. The calculation of the expected 
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number of cases, for a given parameter set, at 

screening is done using “back calculations” 

from the expected number of future cancers. 

Having deduced the expected number of cases 

in different size groups at screening and time 

intervals after screening, maximum likelihood 

estimates can be calculated using multinomial 

and Poisson distributions. 

3.7 Estimation in practice: challenges and solutions 

When calculating maximum likelihood 

parameters for the new estimation technique 

proposed in paper IV, the expected number of 

cases is deduced by applying probability and 

tumour size “back calculations” on a large 

number of future time intervals for each 

tumour size group. Hence, a huge number of 

calculations are involved even for finding the 

expected number of cases for just one 

parameter set. As a result, finding maximum 

likelihood estimates through the optimization 

of the four dimensional log likelihood 

consumes a considerable amount of computer 

time, even before finding bootstrap 

confidence intervals. To ease the practical 

problems regarding required computing time, 

several measurements were taken. First, we 

tried using the C language as an alternative to 

the higher level R language (57), but with 

little success, as further investigations 

revealed that it was the large number of log-

normal distribution probability calculations 

that was the main problem.  

To limit the number of probability 

calculations, a special procedure was used in 

the final calculations: in stead of calculating 

each time interval separately, calculations 

were started with a given tumour size group at 

screening, and the upper and lower growth 

rate intervals for the relevant combinations of 

screening and clinical tumour sizes were 

calculated. Using this approach, the consumed 

computer time was reduces considerably, but 

we still had to setup a dedicated computer to 

perform the final calculations using several 

weeks of computing time.  
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4 Summary of results

4.1 Summary of paper I 

The influence of mammographic screening 
on national trends in breast cancer incidence 

Bjørn Møller, Harald Fekjær, Timo Hakulinen, Laufey Tryggvadóttir, 

Hans H. Storm, Mats Talbäck and Tor Haldorsen 
(European Journal of Cancer Prevention; Volume 14, no 2: 117-128) 

As mammographic screening programs aim to reduce the mortality through earlier diagnosis and 

treatment, successful mammographic screening programs affect breast cancer incidence rates in a 

population. In practice, there are different effects at the start of a screening program, during a 

screening program, and after the end of a screening program. The number of future breast cancer 

cases is important in the planning of future cancer diagnostic and treatment services, and screening 

is one factor that should be accounted for in predicting the number of future breast cancer cases 

(8;52). Hence, estimates of the effects of a screening program on observed breast cancer incidence 

are needed. To quantify the potential effects of mammographic screening programs, a special 

age-period-cohort (58;59) model with separate variables for the effect of a given proportion of the 

observed population entering a screening program, continuing screening and having left a screening 

program was utilized. The model was applied to data from the five Nordic countries: Finland, 

Denmark, Iceland, Norway and Sweden. In addition the model allowed us to estimate screening 

corrected incidence trends.  

 

Having the largest population and the longest running screening programs, the best estimates were 

obtained in Sweden. Swedish breast cancer rates more than doubled (relative risk = 2.20, 95 % CI; 

1.8–2.6) for populations first offered screening compared with pre-screening breast cancer 

incidence. The risk remained elevated (relative risk =1.34, 95 % CI; 1.2–1.6) with a continued 

screening program, while the rates dropped (relative risk =0.68, 95 % CI; 0.6–0.8) when the women 

left the program. This indicates that screening advances the time of diagnosis, which is a 

prerequisite to a subsequent reduction in mortality. The effects were considerable, requiring a 

correction for screening activity when calculating future cancer burdens. Analysis of secular trends, 

corrected for the influence of screening, showed that the rates in Finland increased by 13.1 % per 5-

year period, Denmark 3.1 %, Iceland 2.1 %, Norway 3.7 % and Sweden 1.1 %. There were strong 

cohort effects in all Nordic countries, and the risk seemed to level off for the youngest cohorts in 

most of the countries. 
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4.2 Summary of paper II 

Estimating mean sojourn time and screening test sensitivity  
in breast cancer mammography screening; New results 

Harald Weedon-Fekjær, Lars J. Vatten, Odd O. Aalen, Bo H. Lindqvist, Steinar Tretli 
(Journal of Medical Screening, Volume 12, no 4: 172-178) 

 

Average time in pre-clinical screening detectable phase, so called mean sojourn time [MST], and 

screening test sensitivity [STS], are central parameters in the planning and evaluation of breast 

cancer screening (42;73). New screening techniques, increased use of hormone replacement therapy 

or the transition from breast cancer screening trials to large scale screening programs may influence 

both MST and STS. Hence, a three step Markov chain model was applied to data from Norwegian 

Breast Cancer Screening Program [NBCSP]. With possible problems of opportunistic screening 

between ordinary breast cancer screening rounds, a special sensitivity analysis of this potential 

problem was performed.  

 

MST was estimated to 6.1 (95 % CI; 5.1-7.0) years for women aged 50-59 years, and 7.0 (95 % CI: 

6.0-7.9) years for those aged 60-69 years. Correspondingly, STS was estimated to 58 % (95 % CI: 

52-64 %) and 73 % (67-78 %), respectively. Simulations revealed that opportunistic screening may 

give a moderate estimation bias towards higher MST and lower STS. Assuming a probable 21 % 

higher background incidence, due to increased hormone replacement therapy use, MST estimates 

decreased to 3.9 years and 5.0 years for the two age groups, and STS increased to 75 % and 85 %. 

Compared to previous reported MST and STS from other screening programs or trials (42;74), these 

new estimates indicate that the screening detectable phase is longer in the NBCSP, but also that the 

sensitivity of the screening test is lower. Overall, the NBCSP detects more cancer cases than most 

previous trials and programs.  
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4.3 Summary of paper III 

Estimating sojourn time and screening sensitivity  
using questionnaire data on time since previous screening  

Harald Weedon-Fekjær, Bo H. Lindqvist, Odd O. Aalen, Lars J. Vatten, Steinar Tretli 
(submitted) 

 

Average time in pre-clinical screening detectable phase, so called mean sojourn time, and screening 

test sensitivity, are central parameters in both the evaluation and planning of screening programs. 

Both quantities are usually estimated by a Markov model using incidence data from the first 

screening round and the interval between screening examinations. Several screening programs do 

not, however, have full registration of cancers emerging after screening, and the increased use of 

opportunistic screening over time may raise questions regarding the quality of interval cancer 

registration.  

 

To estimate mean sojourn time and screening test sensitivity without the use of interval cancers, we 

used questionnaire data on time since previous screening combined with screening outcome, and 

deduced required mathematical formulas under the same Markov model as used in paper II. The 

new approach was applied on questionnaire data for 336 533 women in the Norwegian Breast 

Cancer Screening Program [NBCSP], using non-linear weighted mean square regression to estimate 

mean sojourn time [MST] and screening test sensitivity [STS]. In contrast to the method used in 

paper II, the new method gave a satisfactory model fit.  

 

Assuming a probable 21 % higher background incidence due to increased hormone replacement 

therapy use, MST was estimated to 5.6 years for women aged 50-59 years, and 6.9 years for women 

aged 60-69 years, and STS were estimated to 55 and 60 percent, respectively. Hence, estimates 

from paper II indicating a long mean sojourn time and low screen test sensitivity in the NBCSP 

were confirmed with a new approach less vulnerable to unregistered mammography screening 

activity.  

 

Regarding the different approaches to estimate MST and STS, we found that questionnaire data on 

time since previous screening can be used to estimate mean sojourn time and screening test 

sensitivity, but that the model is sensitive to relaxing the assumptions regarding the expected breast 

cancer incidence without screening and constant STS over time. 
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4.4 Summary of paper IV 

Breast cancer tumor growth  
estimated through mammography screening data  

Harald Weedon-Fekjær, Bo H. Lindqvist, Lars J. Vatten, Odd O. Aalen, Steinar Tretli 
(submitted) 

 

Knowledge of tumour growth is important in the planning and evaluation of screening programs, 

clinical trials and epidemiological studies. Studies of tumour growth rates in humans are usually 

based on small and selected samples, as almost all diagnosed cancers are treated. In paper IV, we 

develop a new likelihood based estimating procedure of tumour growth that can be used on 

population based screening data. The new procedure is based on a tumour growth model where both 

tumour growth and screen test sensitivity [STS] is modelled as continuously increasing functions of 

tumour size. The method was applied on cancer incidence data including tumour measurements 

from 395 188 women aged 50-69 years participating in the Norwegian Breast Cancer Screening 

Program. 

 

Tumour growth varied considerably between subjects, with 5 % of tumours using less than 1.2 

months to grow from 10 to 20 mm in diameter, and another 5 % using more than 6.3 years. The 

mean time a tumour needed to grow from 10 to 20 mm in diameter was estimated to 1.7 years, 

increasing with age. STS was estimated to increase sharply with tumour size, going from 26 % at 5 

mm to 91 % at 10 mm. Compared to the previously used Markov models for tumour progression 

used in paper II, the applied model gave considerably higher model fit (85 % increased predictive 

power) and resulted in estimates directly linked to tumour size. 

 

The study shows that screening data with standardized tumour measurements can give population 

based estimates of tumour growth and STS directly linked to tumour size.  
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5  Discussion: methodological choices and potential biases 

5.1 Bias caused by variations in HRT use 

In the absence of screening or new diagnostic 

tools, the relative risk of cancer for different 

age groups usually changes gradually over 

time. Hence, we have modelled breast cancer 

incidence in paper I by comparing trends in 

incidence rates for different combinations of 

cohort and age at diagnosis, correcting for 

differences in screening activity. The 

estimated Norwegian trend in breast cancer 

incidence by calendar time was then applied 

in papers II-IV to calculate the expected 

breast cancer incidence without screening. In 

most instances, this would be a fairly robust 

estimate, but there is one factor probably 

influencing recent breast cancer incidence 

trends of middle aged Norwegian women 

substantially, namely hormone replacement 

therapy [HRT]. HRT is a medical drug used 

for various physical hassles in connection 

with women’s menopause. With an increasing 

belief in a protective effect of HRT against 

severe health problems such as cardiovascular 

morbidity (75), HRT use increased rapidly 

until the Women’s Health Initiative study 

[WHI] reported an increased risk of both 

breast cancer and cardiovascular disease in a 

large randomized trial (76).  

 

In Norway, the sharp increase in HRT use  

coincidenced with the introduction of the 

public mammography screening program 

(Figure 13). The NBCSP was introduced 

gradually from 1995 to 2004 for women 50-

69 years of age  (17;77;78), while HRT use 

increased sharply in the 1990s with a peak in 

1999 (79), mainly affecting women during the 

first years following menopause (77). As a 

result, the screening variables in paper I are 

likely to pick up some of the increased breast 

cancer incidence due to HRT use, giving 

some bias in the estimated values.  

 

When writing paper I, we did not fully realize 

the possible impact of increased HRT use. 

Figure 13:  Systemic hormone therapy [HRT] use in 
Norway 1987-2006, in daily doses 
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Rossouw et al. had in 2002 published the 

report from Women’s Health Initiative study, 

estimating that current HRT use increases the 

risk of breast cancer by 26 % (76), but we 

thought that an effect of this magnitude was 

of less importance for our estimates. In 2004, 

Bakken et al. estimated the relative 

Norwegian risk for current versus never users 

of HRT to 2.1, based on the Norwegian 

Women and Cancer [NOWAC] study (17). In 

addition, Bakken et al. pointed out the large 

increase in Norwegian HRT sales during the 

1990s, with the largest increase occurring 

around the start of the NBSCP. Overall, they 

estimated the HRT attributable proportion of 

breast cancer cases to 27 % for Norwegian 

women 45-64 years of age (17). Hence, our 

estimated values could be essentially biased 

by not taking into account the increased HRT 

use in the Norwegian population. 

 

Looking back at the approach used in paper 1, 

the screen1 variable, modelling the effect of 

entering a screening program, was in Norway 

probably a good proxy for increased HRT 

use, coinciding in regards of both calendar 

time and age groups. While the NBCSP had 

only been established in some counties during 

the analysed time frame, HRT use was 

probably widely distributed. Hence, HRT use 

was probably even more widespread than 

screening, and occurring in the same age-

period-cohort combinations. With no variable 

for increased HRT use, HRT use is likely to 

account for a considerable proportion of the 

screen1 estimate, explaining the higher 

estimated effect on breast cancer risk of 

entering the Norwegian screening program 

than the screening programs introduced in the 

other Nordic countries.  

 

In the other Nordic countries, the effect on the 

screen1 variable is probably smaller, as 

screening was introduced earlier. On the other 

side, the increase of HRT use probably 

coincidences more with the continued 

screening variable, screen2, giving biased 

screen2 estimates. An indication of this is 

found in Jonsson et al. 2005 (80), analysing 

the increased incidence with time since 

screening. Jonsson et al. find that there was a 

permanently increased incidence among 

continuously screened Swedish women, that 

do not fit well with existing lead time 

estimates. On this basis, Jonsson et al. 

concludes that “The reason appears to be a 

high presence of small sub clinical breast 

cancers in the female population, especially at 

ages 50-59 years. Many of these tumours 

would never have been disclosed without 

mammography”. It may be true that there are 

substantial problems with over-diagnosis, but 

the figures also revealed one interesting fact: 

the breast cancer incidence for women 50-59 

and 60-69 years of age increased with initial 

screening, fell to a modestly increased level 

after the initial screening, and then seemed to 

increase again with time since first screening. 
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This is surprising, since an increasing 

incidence of continuously screened woman 

with time since first screening neither fit with 

the assumption that repeated screening 

examinations reduce the pool of screening 

detectable cancers, nor the expected effects of 

over-diagnosis. As there is little evidence of a 

considerable increase of breast cancer risk 

after mammography related radiation (44), a 

likely explanation is the increased HRT use 

by time.  

 

Working with paper II, we were more 

attentive to the possible impact of increased 

HRT use. To correct for this potential bias, 

we also calculated our estimates adding 21 % 

to the assumed background incidence on the 

basis of information regarding increased 

breast cancer risk and HRT sale figures found 

in the aforementioned study by Bakken et al 

(17). Progressing further with paper III and 

IV, our belief of an essential HRT effect 

convinced us that the correction for increased 

HRT use would probably give more correct 

estimates. 

 

Still, there exists a great uncertainty regarding 

the influence of HRT on Norwegian breast 

cancer rates. The differences in results from 

the WHI and NOWAC studies are not fully 

understood. Some of the differences may be 

attributable to different pharmaceutical 

products used (81), or perhaps reflect a 

possible interaction with earlier oral 

contraceptive use as indicated by Lund et al 

(81).  

 

Recently, Hofvind et al. (82) estimated the 

population attributable risk of HRT in the 

NBCSP during 1996-2004 to 20 %, while 

Ravdin et al. (83) observed a marked drop in 

the US breast cancer rates after the reduction 

of HRT use following the WHI trial. This 

strengthens the theory of a considerable 

increased Norwegian breast cancer risk due to 

increased HRT use, but further research is 

still needed to quantify the effects of 

increased HRT use.  

 

Bakken et al. (17) studied HRT use in 

different age groups, and reported a peek 

among Norwegian women aged 50-54 and 

55-59 years, with less use HRT use in the 45-

49 and 60-64 age groups. As a result, we may 

have over-corrected the background incidence 

in paper II-IV for the 60-69 age group, while 

the opposite may be the case for the 50-59 age 

group. Overall, the new model in paper IV is 

more robust than the traditional Markov 

model used in papers II and III. This is 

probably a consequence of the model in paper 

IV including data from more sources, hence 

limiting the bias by a miss-specified 

background incidence.
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5.2 Bias from unregistered screening

With estimating techniques exploiting the 

variations in cancer incidence related to 

screening, it is important to separate interval 

cancers appearing at private opportunistic 

screening from interval cancers detected 

clinically. As the Cancer Registry of Norway 

includes reports on the background of each 

interval cancer, we have investigated the 

possibility of identifying cancers detected at 

opportunistic screening. The indication for 

mammography was, however, often 

insufficiently, and sometimes even 

incorrectly, reported. Hence, the background 

for many interval cancers is unknown, and the 

applied interval cancer rates in papers II and 

IV can be contaminated by opportunistic 

screening.  

 

An ideal solution would of course be 

mandatory registration of all mammography 

screening, including examinations performed 

at both public and private institutes. Work 

towards this is underway in Norway. On the 

other hand, many countries worldwide will 

probably never regulate the reporting of 

mammography screening performed at private 

institutions. This was a minor problem in the 

start of the international screening era, but has 

become increasingly problematic as 

mammography has become a commonly 

available health service. In order to 

thoroughly discuss the possible impact of 

unregistered screening, there is a need for a 

quantification of the problem regarding 

unregistered opportunistic screening.  

 

Inquiries from the Cancer Registry of Norway 

have indicated that approximately 10 % of 

women in the NBCSP target group are 

screened each year. These estimates are, 

however, uncertain, since we have limited 

knowledge of the age groups involved and the 

distribution between NBCSP attendees and 

non-attendees. Hence, a more direct way of 

estimating the level of opportunistic screening 

would be beneficial. In the appendix (page 

57), a new approach for estimating the likely 

volume of unregistered screening, based on 

the observed DCIS frequency, is suggested. 
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Correcting for unregistered mammography screening

Applying the new estimation approach given 

in the appendix (page 57), estimates from 

paper II and IV can be adjusted for an 

estimated level of opportunistic screening. 

Adjusting the observed incidence of interval 

cancers, by removing the assumed incidence 

caused by opportunistic screening (Figure 

14), we find that both the Markov model 

estimates given in paper II, and the new 

estimation method used in paper IV, are 

vulnerable to estimation bias caused by 

unregistered opportunistic screening (Table 1 

and Table 2). Hence, the new robust approach 

using time since previous screening presented 

in paper III is a good alternative. The 

estimated values are, however, close to the 

estimates in paper II, with even longer MST 

and lower STS. This was surprising, and 

strengthens the estimates given in paper II. As 

a consequence bias from opportunistic 

screening is probably smaller than estimated 

in the appendix, or estimates in paper III are 

biased by different mammography quality 

between the NBCSP and the earlier 

mammography examinations.  

 

As for the new model presented in paper IV, 

we find that mean tumour growth and STS are 

fairly robust for opportunistic screening, but 

that the variation in growth rates is estimated 

to zero when correction for opportunistic 

screening (Table 2). As there is sufficient 

evidence for an individual variation in breast 

cancer tumour growth rates (24;27;29), this is 

probably an effect of an over-correction. 
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Figure 14:  Breast cancer interval rates with and without correction for the estimated opportunistic screening activity. 
Monthly observed rates are plotted as “o”, while the corrected estimates are marked with “+”. Smoothed 
vales are given with “─“ and “- -“, respectively 
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Table 1:  Estimates from paper II with and without correction for a possible bias by opportunistic screening, all age 
groups combined. All estimates are corrected for an assumed 21 % increase in background incidence attributed 
to increased HRT use 

 MST (years) STS (%) 

Without correction 4.2 82 

With correction 3.5 99 

Table 2:  Estimates from paper IV with and without correction for a possible bias by opportunistic screening, all age 
groups combined. All estimates are corrected for an assumed 21 % increase in background incidence attributed 
to increased HRT use 

Model Indicators of potential  
screening efficacy: Time (years) used 

from 10 to 20 mm: 
Screening test 
sensitivity at:  

 Proportion of 
tumours visible 

on screening 
Mean Standard 

deviation 
5  

mm 
10  

mm 
Mean sojourn 
time (years)  

Original data 1.7 2.2 26 91 2.9 0.95 

Correction for 
opportunistic screening 

0.0* 22 84 2.4 0.94 1.7 

 * Variance parameter ( 2α ) estimated to zero 
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5.3 MST and STS in the NBCSP 

In this thesis, MST and STS are estimated 

based on two different datasets. In paper II, 

MST and STS are estimated applying data on 

screening and interval cases, while a new 

approach in paper III uses time since last 

screening examination combined with the 

screening result (Figure 15). In practice, 

estimated MST and STS vary considerably 

when different approaches are used. In 

addition, there are several possible choices for 

central assumptions as the expected 

background incidence without screening and 

possible exclusion of DCIS cases. For women 

50-59 years of age, MST estimates varies 

from 3.9 to 7.2 years, and STS estimates from 

52 to 75 %. Correspondingly, MST estimates 

varies from 5.0 to 8.6 years, and STS 

estimates from 58 to 85 %, for women 60-69 

years of age (paper II and III). Hence, there is 

substantial variation in the estimated values, 

but the estimated expected incidence on first 

screening is fairly stable. This is probably an 

effect of the estimated MST and STS being 

highly negatively correlated (Figure 16), 

making it difficult to separate the possible 

effects of either a high MST or a high STS.  

 

The large variation in estimated values makes 

it difficult chose the best estimates for the 

NBCSP MST and STS. As the approaches in 

papers II and III are based on the same 

assumptions, estimates can also be derived 

combining all the available data. Applying 

both interval data and data on time since 

previous screening, MST is estimated to 5.4 

years for women 59-59 years of age, and 6.1 

Figure 15:  Illustration of how mean sojourn time [MST] and screening test sensitivity [STS] affect breast cancer 
incidence at different stages of a screening program. As indicated at the bottom of the figure, papers II and 
III utilize different parts of the observed incidence variations to estimate MST and STS 
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years for women 60-69 years of age, when the 

assumed background incidence is increased 

with 21 % because of increased HRT use 

(

Figure 16:  Illustrations of the strong correlation 
between MST and STS estimates derived 
from the “classical” Markov model of 
mammography screening: a) The log 
likelihood with a distinct ridge along a 
combination of increasing MST and 
decreasing STS b) Confidence region for 
MST and STS parameters, with a distinct 
oval form  

Table 3). Correspondingly, STS is estimated 

to 55 % and 68 %. Comparing the combined 

estimate, with the original estimates seen in 

papers II and III, it may seem strange that 

confidence intervals are not always narrower 

than the original confidence intervals, even 

when more data in used. Studying model fit, 

we find that the combined model has slightly 

less non-optimal fit, as the overall estimates is 

a compromise between the two original sets 

of estimates. Hence, the decreasing standard 

error due to more observations is 

compensated by a less optimal model fit. 

Even when no overall reduction in standard 

errors is achieved, the pooled estimate is 

probably our best approximation of the 

NBCSP MST and STS.  

 

To further investigate the NBCSP STS, we 

have also applied a third approach using the 

observed drop in cancer cases from the first to 

the second screening round. This approach is 

based on the assumption that breast cancer 

tumours probably seldom or never regress. 

Under this assumption, all cancer cases found 

on first screening would either surface before 

the second screening round, or still be in pre-

clinical screening detectable phase by the time 

of the second screening round. Hence, the 

relative pool of screening detectable breast 

cancer at second screening could be estimated 

by the number of cancers detected at the first 

screening, combined with STS and the drop in 

new cancer cases between the two screening 

examinations (relative to the expected 

incidence without screening). Exploiting this, 
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Table 3:  MST and STS estimated using different parts of the NBCSP data, when the assumed background incidence is 
increased with 21 % because of increased HRT use 

MST estimate 
(years) 

STS estimate 
(%) 

 
50-59 
years 

60-69  
years 50-59 years 60-69 years 

Using interval data (paper II) * 3.9 [3.2 – 4.2]** 5.0 [4.3–5.5] ** 75 [70 – 82] ** 85 [80 – 90] ** 

Using time since screening (paper III) 5.6 [4.0 – 6.6]*** 6.9 [5.5 – 7.8] *** 55 [43 – 67] *** 60 [49 – 71] *** 

5.4 [4.3 – 6.0]** 6.1 [5.1 – 6.8]** 55 [50 – 64]** 68 [64 – 77]** Using all available data 
 *  Excluding earlier screened women from screening data 

 **  95% smoothed bias corrected bootstrap confidence interval 
 *** 95% bias corrected bootstrap confidence interval 

formulas estimating STS can be easily 

deduced, and STS estimated by: 
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In practice, a large drop from the first to the 

second screening round, combined with few 

interval cancers, would give a high STS 

estimate, as it indicates a very effective first 

screening round (and vice versa). This 

approach can be seen as a validation of our 

earlier STS estimates, and the new estimates 

confirms the relativity low STS estimated in 

papers II and III (Table 4). 

 

The new approach, based on the observed 

drop in cancer cases from the first to the 

second screening round, has, however, some 

weaknesses as a general estimation method. 

STS is likely to increase with new screening 

rounds, as previous mammograms become 

available and staff gets more training. As a 

result, the estimates are biased towards lower 

STS estimates.
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Table 4: A validation of STS estimates using data from repeated screening examinations 

 
Age group 

 
50-59 years 60-69 years 

Original data 49 % 71 % 

With 21 % added to the assumed background 
incidence attributed to increased HRT use. 

69 % 79 % 
 

Comparison with earlier studies 

Tabar et al. (42) estimated MST to 1.7, 3.3, 

3.8 and 2.6 years for women who were 40-49, 

50-59, 60-69 and 70-74 years of age, 

respectively, in the Swedish Two County 

trial. The corresponding STS were estimated 

to 86 %, 92 %, 94 % and 100 %, 

correspondingly.  

 

Similarly, Paci et al. (74) estimated MST and 

STS from both the US “Health Insurance 

Plan” (38), the Italian “Florence District 

Program” (74), and the Swedish “Two county 

Study” (42), based on the same Markov 

model assumptions. MST estimates ranged 

from 1.2 to 6.5 years, increasing with age, 

while STS ranged from 69 % to 95 %, also 

increasing with age (74).  

 

While most studies use regular estimation 

techniques for Markov methods, a Dutch 

research group used the MISCAN simulation 

model (63;84), where the data is fitted 

through systematic testing of different 

parameter values in a simulation model. 

Applying the model on screening data from 

Utrecht and Nijmegen screening projects, 

MST was estimated to range from 1.6 to 5 

years, increasing with age. Correspondingly, 

STS was estimated to 70 % for DCIS and 

invasive cancers under 10 mm, and 95 % for 

invasive cancers above 10 mm. 

 

In summary, MST for mammography 

screening of women 50-69 years of age has 

typically been estimated to around four years, 

while STS has been estimated to just below 

90 %. Compared with earlier studies, the new 

NBCSP estimates of MST are considerably 

higher, while the STS estimates are lower, 

even when chosen the most conservative 

estimates. Independently of our assumptions, 

the new estimates confirm the increasing 

MST and STS with age as estimated in earlier 

screening trials/programs.  

 

The increased MST implies that patients 

spend more time in the pre-clinical screening 

detectable phase. Studying data from the 
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Norwegian Haukeland database with tumour 

measurements of clinical cancers taken before 

the NBCSP (used in paper IV), we find that 

mean clinical tumour size has fallen over 

time, and is less than reported from the 

Swedish trials (42). Hence, the increased time 

in screening detectable phase (MST) is 

probably an effect of the screening test 

diagnosing smaller tumours, rather than later 

clinical detection. During the last years, 

efforts have been made to increase the quality 

of mammographic images as well as other 

aspects of mammography screening (85;86). 

These improvements are likely to decrease the 

minimum size of tumours visible on 

mammograms, and preliminary findings 

indicate that the NBCSP is successful in 

detecting small tumours. Compared to EU 

guidelines, the NBCSP performs well on 

tumour size, the proportion of detected DCIS 

cases, and the proportion of lymph node 

positive cases (87). Comparing NBCSP with 

the Nijmegen and Utrecht screening projects 

(63), the proportion of DCIS in the first 

screening round was 17 % and 13 %, 

respectively. Similarly, the proportion of 

invasive cancer cases 20 mm or larger in the 

first round was 19 % for the NBCSP, 

compared to 28 % combined for the Nijmegen 

and Utrecht screening projects.  

 

Comparing early screening performance 

indicators with results included in the Lynge 

et al. (88) review, the NBCSP has a generally 

high detection rate and proportion of DCIS 

cases, but also very high levels of interval 

cancers. This corresponds well with a 

unstable screening test capable of detecting 

small pre-clinical tumours.  

 

The low sensitivity may seem strange in the 

light of the ongoing efforts to increase 

mammographic quality. An explanation for 

the low STS could be widespread HRT use, as 

HRT is known to reduce STS (89-91). In 

Norway, the use of HRT was common during 

the study period (17), especially among 

women 50-59 years of age (77). In addition, 

one should note that the STS in the Markov 

models is not an absolute quality 

measurement, and that the expected number 

of diagnosed cancer cases at each screening 

round was higher than reported in most 

previous studies. Hence, improved routines 

may enable the detection of additional small 

tumours, but simultaneously yield lower STS 

as more tumour are considered to be in pre-

clinical screening detectable phase.  

 

To summarize, the NBCSP detects more 

cancer cases than the early randomized trials, 

even low STS estimates indicates that many 

cancers are overlooked at each screening. 

Longer MST gives good hope of increased 

survival through earlier diagnosis, but can 

also increase the level of over-diagnostics, as 

more women are diagnosed that without 

screening may never had developed clinical 



 Discussion: methodological choices and potential biases 46 

breast cancer in there remaining life time. The 

high interval rate and low STS estimates, 

indicate substantial opportunities for 

increasing screening quality. 

5.4 Comparing the Markov model and the new growth model (of paper IV) 

Comparing the Markov model of papers II 

and III with the growth model of paper IV, we 

find that STS have been defined in two very 

different ways. STS in the Markov model is a 

measurement of screening test reproducibility, 

defined as “the number of pre-clinical cancers 

visible on mammograms found on one 

screening examination”, while the STS in the 

growth model of paper IV is a direct test 

sensitivity measurement for tumours of a 

given tumour diameter ( “the proportion of 

tumours visible on screening at X mm”). In 

addition, paper IV estimates the “proportion 

of tumours visible on screening” defined as 

“the proportion of tumours that at one point is 

visible on a mammogram before clinical 

detection”. Hence, the definitions differ, with 

few possibilities for direct comparisons. 

 

On the other hand, MST has a more similar 

definition in all papers. Comparing MST 

estimates of paper II, III and IV, we find that 

MST estimates is considerable lower in paper 

IV. With data from the same screening 

program, this could seem like a contradiction. 

Fitting the “classical” Markov model of paper 

II, to simulated data based on the model and 

estimated parameters found in paper IV, MST 

still differs considerable from the estimated 

values of paper IV. This is probably an effect 

of the different STS and model definitions, 

relating the sojourn time to different 

populations. In the growth model of paper IV, 

each tumour’s sojourn time begins at a given 

individual tumour size, from where the 

tumour is visible on screening with 100 % 

sensitivity until clinical detection. On the 

other side, sojourn time in the Markov model 

is followed by a given STS. Hence, sojourn 

time, and MST, have different interpretations 

in the two models, resulting in different 

estimated values. Look at simulated screening 

scenarios, results are much closer with better 

correspondence. 

 

Applying the two different models, the 

tumour growth model of paper IV estimates 

biological properties that are not available 

from the Markov Model, but could also serve 

as an alternative to the Markov Model for 

simulating the outcome of key questions 

related to different screening designs. With 

estimates directly connected to tumour size, 

and easy separation of MST and STS, the 

growth model of paper IV is probably a good 

alternative to the Markov Model for many 

applications when precise tumour 

measurements are available. On the other 
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hand, the Markov Model is a better tested 

model, with less data requirements, yielding 

results more directly comparable with earlier 

studies.





Conclutions 49 

6 Conclusions 

 Correcting for different screening activity, the risk of breast cancer has increased 

considerably in all the Nordic countries from 1978–1997, with a possible stabilisation of risk 

for the youngest cohorts. The largest increase has been observed in Finland (13 % per 5-year 

period), and the smallest in Sweden (1.1 % per 5-year period). In Norway, breast cancer 

rates increased with a mean of 3.7 % per 5-year period.  

 

 It is possible to estimate the effect of service screening programs on breast cancer incidence, 

based on cohort data and knowledge of screening patterns. Estimates from Sweden indicate 

that the Swedish screening programs has had a large effect on breast cancer incidence, with 

the risk more than doubling at the introduction of the screening programs (relative risk = 

2.2), followed by an increase risk of 35 % with continued screening, and a 32 % reduced 

risk the first five years following screening. The estimates are, however, uncertain due to the 

lack of a correction for a likely swift change in risk due to in hormone therapy use.  

 

 Breast cancer diagnosis is probably moved further (larger mean sojourn time) in the NBCSP 

than in most earlier screening programs and trials, but probably with a relatively low 

screening test sensitivity. 

 

 Collected data on time since previous screening examination can be used to estimate mean 

sojourn time and screen test sensitivity, based on data from only one screening examination 

without information concerning interval cancers (paper III). 

 

 Tumour growth and screening test sensitivity, directly liked to tumour size, can be estimated 

using data from large population based screening programs, combining modern computer 

power and new estimation approaches (suggested in paper IV). 

 

 The mean time a tumour needs to grow from 10 to 20 mm in diameter was estimated to 1.7 

years, increasing with age. Tumour growth was estimated to vary greatly between subjects, 

while screening test sensitivity is estimated to increase sharply with tumour size, increasing 

from 26 % at 5 mm to 91 % at 10 mm. 
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8 Appendix:  Quantifying the level of unregistered 
mammography screening 

As we have no possibility to separate “true interval cancers” from cases found on opportunistic 

screening, our estimates in papers II-IV may be biased by opportunistic screening. Inquiries by the 

Cancer Registry of Norway have indicated that approximately 10 % of women in the NBCSP target 

group are screened each year, but these estimates are uncertain and a more direct way of estimating 

the level of opportunistic screening would give 

additional information. 
Figure 17: Linear regression of the proportion of cases 

with DCIS as function of time since 
previous screening  

Usually, non-invasive DCIS cancers are mainly 

found on mammography screening as most 

DCIS cancers give few clinical symptoms. Still, 

8.6 % of interval cancers in the NBCSP are 

DCIS cancers, indicating that a substantial 

proportion of the registered interval cancers arise 

from opportunistic screening. Assuming a given 

proportion of DCIS cancers among clinically 

detected cancers, the volume of DCIS cases 

found on opportunistic screening can be 

estimated. Combining the volume of DCIS cases 

found at opportunistic screening with the 

observed proportions of DCIS cancers found in women with different time since previous 

screening, it is possible to estimate the expect number of opportunistic screenings needed to find the 

given DCIS level. 
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Applying the questionnaire data on time since previous screening used in paper III, we estimated 

the level of opportunistic screening by: 

 

1) Estimating , using linear regression on the 

proportion of DCIS cases as a function of time since last screening (

( )DCIS found |  months since last screeningP X

Figure 17) 

 



Appendix 58 

2) Estimating the probability that a woman have one opportunistic screening  months after 

screening by: 

T

( )
( ) ( )

( )
O EDCIS DCI

nths
S

opportunistic screening  months after last NBCSP visit
DCIS found |  mo  since last screening

T N T
P T

P X

⎡ ⎤−⎣ ⎦=
i

where:  

( )ODCIS T  =  The observed proportion of DCIS cases at time  

 =  The expected proportion of DCIS cases without screening  

 =  The number of interval tumours (DCIS + invasive cancers) 

T

EDCIS

( )N T

 

Using this new approach on the NBCSP 

dataset, we find relatively stable estimates 

given different assumed DCIS proportions 

without screening (

Table 5:  Estimated proportion of women having one 
opportunistic screening in the two year interval 
following screening, assuming different DCIS 
proportions among cases found clinically  

Table 5). Assuming 1 % 

DCIS in clinical dataset without opportunistic 

screening, the proportion of women having 

one opportunistic screening in the interval 

was estimated to be 17.9 %, with a 95% 

bootstrap confidence interval of 

{ 14.4 , 23.7 }. 

Assumed DCIS 
proportion 

without  
screening (%) 

Estimated proportion 
of women having one 

opportunistic screening in 
the two year interval (%) 

0.0 20.1 

0.5 19.0 

 1.0 17.9 

These estimates are, of course, uncertain. A 

key assumption is the proportion of DCIS 

without screening, but there are also other 

assumptions of importance. As we combine 

data concerning private and public screening 

examinations, we assume that there is no 

fundamental difference in the detection of 

DCIS cases between private and public 

screening institutes. In addition, we assume 

that each woman has maximum one 

opportunistic screening in the interval 

between the two subsequent NBCSP 

screening examinations. All these 

2.0 15.6 

Figure 18:  Smoothed estimated frequencies of 
opportunistic screening with time since previous 
screening 
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assumptions can be discussed, but there are also several indications for assuming that the DCIS 

proportion is a good proxy for opportunistic screening: 

1) The estimated overall level of opportunistic screening fits well with information from earlier 

inquires done by the Cancer Registry of Norway. 

2) There is a distinct peak in the estimated proportion of women going to opportunistic 

screening between 1 and 1.5 years after the first NBCSP attendance (Figure 18). This 

corresponds well with many women going to opportunistic screening in the mid period 

between two public screening examinations, with some additional delay from the 

examination to final diagnosis. 

3) Including data on women not attending the next public screening examination, we find a 

sharp increase in DCIS rates shortly after the invitation to the next screening attendance 

(data not shown), fitting well with the assumption that some women chose to attend private 

screening instead of the repeated public screening. 

Overall, there are substantial uncertainties regarding the level of opportunistic screening, but this 

new approach gives, at least, an indication of the true level of opportunistic screening and bias of 

the estimated values in papers II, III and IV. Without any better method available, we have chosen 

to include these estimates in the discussion to illustrate the problem of biased estimates due to 

opportunistic screening. 

 



 

Summary for the general public (in Norwegian) 

Brystkreft er den vanligste årsaken til tapte leveår hos Norske 
kvinner under 65 år, og har dessverre vist seg å være relativt 
vanskelig å forebygge. For å bedre overlevelsen, innførte Norge 
gradvis et offentlig mammografiscreening program i 1996, som 
ble landsdekkende i 2004, med mål om å bedre overlevelsen via 
tidligere diagnose/behandling. 
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Selv om studier tyder på en gevinst ved mammografiscreening, er 
det fortsatt mye uklart når det gjelder hvor ofte og til hvilke 
aldersgrupper tilbudet bør gies. Sentrale spørsmål i denne 
sammenheng er hvor fort brystkreftsvulster vokser, og hvor tidlig i 
utviklingen mammografiscreeningen klarer å avdekke brystkreft. 
Dessverre har informasjon om veksthastigheten til brystkreft 
svulster stort sett vært basert på små og selekterte kliniske studier, 
da så godt som all diagnostisert brystkreft i land med god 
registrering behandles.  

 
Relative risk of breast cancer for 

Norwegian women born between 1897  
and 1967, as estimated in paper I, with  
and without correction for screening  
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Når mammografiscreeningen starter avdekkes nye brystkreft 
tilfeller, hvorpå man de påfølgende årene ser færre tilfeller siden, 
ettersom tilfeller som normalt ville oppstått på ett senere tidspunkt 
allerede er avdekket på screeningen. Som et alternativ til kliniske 
studier kan vekstraten estimeres ved å utnytte disse variasjonene i 
brystkreft hyppighet. I dette arbeidet har vi studert disse 
variasjonene, og bygd matematiske modeller for å kunne anslå 
både den underliggende veksthastigheten til brystkreftsvulstene og 
sensitiviteten til screening undersøkelsene.  

 
Screening test sensitivity in the  

Norwegian breast cancer screening 
program, as estimated in paper IV 

I det første arbeidet ser vi at risikoen for brystkreft har økt 
betydelig i Norge, selv korrigert for økt screening. I arbeide 
nummer to og tre ser vi at det norske screeningprogrammet trolig 
flytter diagnosen lengre enn hva som er anslått for mange tidligere 
programmer, men også med betydelig høyere usikkerhet. I det 
siste arbeidet går vi videre og bygger en helt ny modell for å 
estimere veksthastigheten til brystkreftsvulster. Resultatene tyder 
på svært store individuelle variasjoner i veksthastighet, hvor noen 
svulster bruker under en måned på å vokse fra 10 til 20 mm i 
diameter, mens andre bruker over 6 år. Disse resultatene utnyttes 
så til å vise hvorfor brystkreft screening i høy alder (70+) trolig 
kan gi ett betydelig antall unødige diagnoser, ettersom screeningen 
kan avdekke tilfeller som normalt ikke ville oppstått innen 
kvinnens gjenværende levetid. 
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Illustration of the estimated large variation

in breast cancer tumour growth rates;  
Thirty random growth rates based on  

the values estimated in paper IV 

 


	Modelling breast cancer incidence, progression and screening test sensitivity using screening data
	Terms and abbreviations
	List of papers
	 Acknowledgements
	1 General introduction
	1.1 Breast cancer — A serious health problem
	Breast cancer risk in Norway

	1.2 Risk factors and primary prevention
	1.3 Symptoms, classification and treatment of breast cancer
	1.4 Cancer growth and development
	1.5  Mammography screening for early detection of breast cancer 

	2 Aims of the thesis
	3 Materials and methods
	3.1 The Cancer Registry of Norway
	3.2 The Norwegian Breast Cancer Screening Program 
	3.3 Combining data from different sources
	3.4 Estimating the effect of breast cancer screening on incidence rates
	3.5 Estimating breast cancer progression: the Markov model
	Chose of estimating method
	Quantities estimated from Markov models of cancer progression

	3.6 Estimating breast cancer growth
	3.7 Estimation in practice: challenges and solutions

	4 Summary of results 
	4.1 Summary of paper I
	4.2 Summary of paper II
	4.3  Summary of paper III
	4.4  Summary of paper IV

	5  Discussion: methodological choices and potential biases
	5.2  Bias from unregistered screening 
	 Correcting for unregistered mammography screening 

	5.3 MST and STS in the NBCSP
	Comparison with earlier studies

	5.4 Comparing the Markov model and the new growth model (of paper IV)

	6 Conclusions
	7 References
	8 Appendix:  Quantifying the level of unregistered mammography screening
	Papers (I-IV)
	Paper I
	Paper II
	Paper III
	Paper IV




