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Abstract 
With 7 000 new cases in Sweden each year, breast cancer represents 30 percent of all female 

malignancies and is therefore the most commonly diagnosed cancer among women. There are 

limitations as to what can be done to prevent the disease but with the use of mammography screening 

the chances of finding and treating the disease at an early stage are increasing. Unfortunately, 

mammography screening is associated with radiation, which is an established risk factor for 

developing breast cancer. However, the newest screening technologies come with a reduced dose 

which decreases the risk of developing breast cancer due to the radiation.  

 

The effects of this lower dose compared to that of traditional technologies have not yet been studied 

and the purpose of this paper is therefore to assess the cost-effectiveness of the use of this new 

technology, with a focus on the number of radiation-induced cancers. A cost-utility analysis was 

performed where three different mammography technologies (one analogue and two digital) were 

compared. The total costs and QALYs of breast cancer generated by the use of these three 

technologies were calculated with the use of a Markov decision-analytic model, where a cohort of 

hypothetical 40 year-old women was followed throughout life.  

 

The results of the analysis showed that with the new digital technology (the PC-DR), one in 14 100 

screened women develops breast cancer due to radiation while with the traditional mammography 

systems (SFM and the CR) this number is one in 3 500 and 4 300 screened women, respectively. 

Consequently, the number of induced cancers is decreased with up to 75 percent with the use of the 

PC-DR. Assuming that only the radiation dose differs between the three units, the analysis resulted in 

an incremental effect of 0.000269 QALYs over a life-time for the PC-DR when compared to SFM 

(0.000210 QALYs compared to the CR). The PC-DR was also associated with a 33 SEK (26 SEK) 

lower cost. Thus, if the only difference can be found in radiation dose, the PC-DR is the dominating 

technology to use since it is both more effective and costs less.  

 

However, it is possible that the PC-DR is more expensive per screening occasion than the other 

technologies and if so, the PC-DR would no longer be less costly. The study found that the scope for 

the possibility of excessive pricing is very small and under these circumstances, the willingness to pay 

for a QALY has to be considered when deciding what technology to invest in.  

 

 

Keywords: breast cancer, mammography, screening, radiation, risk model, photon-counting, PC-DR, 

cost-effectiveness, cost-utility, Markov model 
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Sammanfattning 
Varje år ställs 7 000 bröstcancerdiagnoser i Sverige vilket gör bröstcancer till den vanligaste 

diagnostiserade cancerformen bland kvinnor. Möjligheterna att förhindra uppkomsten av sjukdomen är 

begränsade men genom mammografiundersökning ökar chanserna att hitta och behandla sjukdomen i 

ett tidigt stadium. Undersökningen är dessvärre förknippad med röntgenstrålning som är en fastställd 

riskfaktor för bröstcancer. Den nyaste teknologin kommer emellertid med en reducerad stråldos som 

minskar risken för att utveckla bröstcancer på grund av strålningen.  

 

Effekterna av denna lägre stråldos jämfört med den hos traditionella undersökningsapparater har dock 

ännu inte studerats och syftet med uppsatsen är därför att bedöma kostnadseffektiviteten av den nya 

mammografiteknologin där fokus ligger på antalet inducerade cancrar. En kostnadsnyttoanalys 

genomfördes där tre olika mammografiapparater (en analog och två digitala) jämfördes. De totala 

kostnaderna och QALYs för bröstcancer, skapade av de olika teknologierna, räknades fram med hjälp 

av en Markovmodell och en kohort av 40-åriga kvinnor som följdes livet ut.  

 

Resultaten av studien visade att med den nya digitala teknologin (PC-DR) får en av 14 100 undersökta 

kvinnor bröstcancer på grund av strålningen, medan denna siffra är en av 3 500 respektive 4 300 

undersökta kvinnor med den traditionella teknologin (SFM och CR). Antalet inducerade cancrar 

minskar således med upp till 75 procent vid användandet av PC-DR. Förutsatt att den enda skillnaden 

mellan de olika mammografiapparaterna ligger i stråldosen visade analysen att PC-DR är den 

dominerande teknologin eftersom den både sparar pengar och är mer effektiv. Över ett 

livstidsperspektiv sparar den 33 SEK jämfört med SFM (26 SEK jämfört med CR) och 0.000269 

(0.000210) fler QALYs genereras.  

 

Det är emellertid möjligt att PC-DR är dyrare per undersökningstillfälle än de övriga och i sådana fall 

kommer användandet av den inte längre att spara pengar. Resultaten av studien visade att utrymmet 

för möjligheten att ta ut ett överpris är mycket liten och samtidigt behöver beslutsfattarna ta hänsyn till 

betalningsviljan för en QALY när de fattar beslut om vilken teknologi som ska investeras i.  

 

 

Nyckelord: bröstcancer, mammografi, hälsoundersökning, strålning, riskmodell, fotonräkning, 

kostnadseffektanalys, kostnadsnyttoanalys, Markovmodell 
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1. Introduction 

1.1 Background 

The subject of health economics deals with the problem of allocating resources within the health care 

sector. In order to decide how to do this as efficiently as possible, it is necessary to compare the costs 

and consequences of the different alternatives under consideration. This is done with the use of 

economic evaluations. [1] Since 1997, cost-effectiveness has become a key criterion in Sweden when 

deciding which new health care interventions should be made available in the publicly funded health 

care system. By law, there has to be a reasonable relation between costs and effects, in terms of 

improved health and enhanced quality of life. [2] To include the cost-effectiveness perspective in the 

process of decision making ensures that the resources are used optimally and that they can be used by 

more patients. 

 

Breast cancer is the most commonly diagnosed cancer among women today. Ten percent of all 

Swedish women develop breast cancer during their life-time and 7 049 new cases were reported in 

2007. Due to the fact that the possibilities of preventing the development of breast cancer are limited 

and treatment is more successful if done as early as possible, it is important to find the cancer at an 

early stage. Early detection of the disease, before a lump is felt, is done through the use of 

mammography screening and women in Sweden over the age of 40 are therefore offered the choice to 

be screened on a regular basis. [3] While several studies have shown a reduction in breast cancer 

mortality as a result of mammography screening [4], there are still those who are critical to the extent 

of this effect as well as the negative effects that arise from screening [5].  

 

One important negative effect that arises from screening is the exposure of the breasts to a small dose 

of ionizing radiation, since screening uses x-rays to examine them. Ionizing radiation is a known risk 

factor for the development of cancer [6] and consequently, there is a chance that mammography 

screening also induces some cases of breast cancers. The positive effects of screening, in terms of 

early detection and reduced mortality, are generally thought to outweigh the negative effects and the 

risk involved therefore seems to have been accepted. Nevertheless, minimizing this risk would of 

course be for the benefit of all women who attend screening.  

 

Since the start of mammography screening in the late 1970s [4], many advances have been made and 

conventional screen-film mammography is now more or less being replaced by a digital system. This 

has increased the detection rates of breast cancer as well as reduced the radiation dose to the breast. [7] 

Further advances in technology are constantly being made to improve image quality and produce 

additional dose reductions, which could be offering new possibilities when it comes to minimizing the 
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negative effects from mammography screening. However, the effects of this lower dose have not yet 

been studied. Moreover, in reference to the cost-effectiveness principle mentioned earlier, it is 

important to evaluate how an introduction of this new technology would affect the costs and allocation 

of resources within the health care sector. 

 

1.2 Purpose 

The purpose of this paper is to assess, from a societal perspective, the cost-effectiveness of the use of 

low dose mammography compared to traditional mammography. The focus lies with investigating the 

risk of radiation-induced cancers and the questions to be answered are as follows: 

• To what extent could an introduction of the new digital mammography technology reduce the 

number of radiation-induced cancers? 

• Would this new technology be worth investing in? 

 

1.3 Methods 

In order to achieve the purpose specified above, a cost-utility analysis was performed where a photon-

counting direct radiography system (PC-DR) was compared to screen-film mammography (SFM) and 

a computed radiography system (CR). These three units differ in for example detector technology, 

image processing, radiation dose, conversion of x-rays and degree of electronic noise. The CR was 

considered belonging to the term “traditional mammography” used in the purpose together with SFM 

while the PC-DR, which has the lowest radiation dose and is the latest technology on the market, 

belongs to the term “low dose mammography”. 

 

The cost-utility analysis was chosen due to the fact that it is the preferred method to use when 

assessing the cost-effectiveness within the heath care sector, since it not only considers lives saved but 

also the quality of that life. [8] The societal perspective was selected as it is the broadest and most 

relevant perspective; it considers all costs, no matter who incurs them, including the production losses 

due to illness or premature death. [1] If another perspective had been chosen, it would have restricted 

the analysis since many relevant costs would have been excluded. 

 

A literary search was made using the Medline database in order to get an overview of earlier studies 

and clinical trials, and to find estimates for the diagnostic abilities of the different mammography 

systems and the radiation dose to the breasts as well as an equation for estimating the increased risk of 

developing breast cancer from radiation. The estimates for costs and quality of life related to breast 

cancer were also obtained from earlier studies and not calculated specifically for this paper. The 

reason for this is that it would have taken too long to sum up all the relevant costs using hospital and 
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patient-level data, as well as obtaining quality weights through empirical investigation. How these 

different estimates were used will be further explained in chapter four.  

 

To perform the analysis, a Markov decision-analytic model was constructed using Microsoft Excel. 

The Markov model was thought to be the most appropriate model to use since it is a well recognized 

method for analysing clinical and economic consequences of medical decisions concerning chronic 

diseases, where a life-time perspective often is used. The Markov model is based on a series of health 

states, such as different severities of a disease, and each state is associated with a cost and health 

outcome in terms of quality-adjusted life-years (QALYs). During intervals of equal length, referred to 

as Markov cycles, the patients can move between these states based on transition probabilities. [9] In 

the model constructed for this paper, these probabilities included those of developing breast cancer 

(both naturally and due to radiation) and dying from the disease or other causes, and they were 

obtained from different statistical databases. The analysis was performed through a simulation where a 

cohort of hypothetical women was followed as their disease state progressed, from healthy until dead. 

This was done for each technology under investigation. At the end of the analysis, when all the 

hypothetical women were deceased, the cumulative costs and QALYs for each cycle and woman were 

calculated, allowing for a comparison of the three different technologies. A more detailed account of 

Markov models and how the analysis was performed will follow in chapters three and four. 

 

Furthermore, various sensitivity analyses were performed in order to account for the uncertainty of the 

estimates used in the model. [8] Since the base-case analysis was based on several assumptions, these 

were (one at a time) replaced by other appropriate values to see whether or not the conclusion of the 

study would be stable and generalisable.  

 

1.4 Limitations 

Breast cancer has been used as a generic term and consequently, the disease has not been divided into 

subgroups of different stages, types and severities including metastatic disease. Also, the possibility of 

recurrence was excluded since it would further complicate the construction of the model and at the 

same time, there were no statistics available for the incidence and mortality rates of neither metastatic 

cancer nor recurrence. Furthermore, since the diagnostic accuracy of the different digital 

mammography systems has not yet been investigated, only that of digital mammography in general, it 

was assumed that all mammography systems have perfect diagnostic accuracy. Due to these 

limitations, the results may be somewhat underestimated and this problem will be addressed in the 

discussion later on. In addition, men were not considered since breast cancer is uncommon among 

them and they are not invited to regular screening. 
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To this date, there are few comprehensive studies on costs associated with breast cancer patients. 

There are also relatively few studies available that have estimated the health-related quality of life for 

breast cancer patients using preference-based measures. The studies used in this paper were the only 

Swedish studies of costs and quality of life available but since they were made as recently as in 2006-

2007, and two of them are parts of a doctoral thesis, they were found to be reliable and relevant. The 

costs, quality weights, probabilities and dose levels used in the model were estimates according to 

Swedish circumstances and as such, the results may not be directly applicable to other countries. Costs 

are specific to certain health care systems and experienced quality of life as well as the probabilities of 

developing cancer and surviving it may vary between countries. Available studies from other countries 

on the subject of costs and qualities of life were as a result excluded.   

 

The costs and probabilities that were not obtained from earlier studies or national statistical databases 

(i.e. the costs of screening and further testing along with the probabilities of surviving breast cancer) 

were instead obtained from Linköping University Hospital and Östergötland County Council. As such, 

these are specific for Östergötland and there is of course the possibility that they vary between 

counties. However, as Östergötland follows the same trend as the rest of Sweden when it comes to 

incidence and mortality rates of breast cancer [10] and national costs and statistics were more difficult 

to obtain, it seemed appropriate to let Östergötland represent Sweden. 

 

There are two equations available for estimating the excess risk of developing cancer from radiation; 

the excess absolute risk (EAR) and the excess relative risk (ERR). In the EAR model, the increased 

risk depends on dose, age at exposure and attained age whereas in the ERR the risk is proportional to 

the natural underlying incidence of the cancer concerned. As the incidence of breast cancer varies 

between countries, earlier studies have found that the EAR is favourable to use since it allows for risk 

factors to be constant across populations [11]. The EAR has therefore also been chosen for this paper. 

Furthermore, the estimates of the excess risk have been based on the linear no-threshold approach, 

which states that radiation risks increase linearly with increasing dose and that there is no threshold 

dose below which there is no risk of cancer [12]. This has been found by previous studies to be the 

most plausible approach to use, although other dose-response relationships (for example nonlinearity) 

cannot be excluded [13]. It is therefore customary to use a dose and dose rate effectiveness factor 

(DDREF) of 2, i.e. halving the numerical values of the obtained estimates, to allow for the possibility 

that low dose exposures have less effect per unit dose than higher doses [11]. 
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1.5 Outline 

After this introductory chapter, breast cancer and mammography screening will be briefly presented. 

Here, the risk factors for breast cancer and the treatment options will be accounted for and the reader 

will also get an understanding of the radiation risk associated with screening and the differences 

between screen-film and digital mammography. The third chapter introduces the subject of health 

economics, where the most common forms of economic evaluations will be described as well as the 

basics in decision modelling. The Markov model will also be further explained. In chapter four, the 

model constructed for this paper will be illustrated and the estimates used will be described and further 

justified. The chapter also gives a clarification as to how the input data have been used to calculate the 

results. In chapter five, the results of the analysis will be presented in a base-case analysis along with 

various sensitivity scenarios and the results and other important aspects and questions will be 

discussed in chapter six. Finally, a conclusion will be drawn in chapter seven.  
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2. Breast cancer  
This chapter gives an overview of the disease. It describes the incidence and covers the different risk 

factors for developing breast cancer. It also presents the reasons for why mammography screening is 

performed, the different technologies that are available and the risk from radiation associated with 

screening. Furthermore, the chapter briefly explains how the disease is diagnosed, what different 

types of breast cancer there are and how it is treated.  

 

2.1 Epidemiology 

In Sweden, breast cancer represents approximately 30 percent of all female cancer cases each year. 

The mean age at diagnosis is 60 years and less than five percent of those diagnosed are younger than 

40 years. [3] Figure 1 shows the incidence2 and mortality rates of breast cancer in Sweden and from 

this it can be deduced that the incidence has increased with 1.4 percent annually over the past 20 years 

[14] while the mortality rate has declined with an average of 0.75 percent annually [15]. This can 

partly be attributed to improved treatment as well as improved diagnostics through the use of 

mammography screening. Around 80 percent of the women once diagnosed with breast cancer are still 

alive after ten years and in 2007, roughly 84 000 Swedish women lived with the disease [3]. 

 

Figure 1. Incidence and mortality of breast cancer in Sweden [14, 15] 

Rates per 100 000 women and standardised according to the age distribution in the Swedish population 1/1/2000 
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2.1.1 Risk factors 

Some risk factors for breast cancer still remain to be identified but many have already been 

established. Incidence rates are known to increase with age, although the increase is found to be less 

steep after the age of 50. Another identified risk factor is geographical location; breast cancer is more 

common among women living in Western countries than women in Asia and Africa. [16] At the same 

time, resources for diagnosis, prevention and treatment of the disease in developing countries are more 

or less non-existent and less than ten percent of the world’s mammograms are performed in these 

countries [17], which could partly explain the observed differences. Furthermore, it has been found 

that breast cancer is more common among women in upper classes than women in lower classes and 

among whites than blacks, suggesting that socioeconomic status and ethnicity also serve as risk factors 

[16]. 

 

Hormonal factors such as early puberty, late age at first birth and late menopause are also known to 

increase the risk of developing breast cancer, as well as the use of oral contraceptives and hormone 

replacement therapy, although the latter two appears to be of lesser importance. Certain types of 

benign breast diseases, a family history and the inheritance of a mutation in certain genes (BRCA1 and 

BRCA2) have also been recognized as risk factors. [16] Genetic predisposition is the dominant cause 

in up to ten percent of all cases [3]. Finally, radiation is a well-known risk factor for the development 

of the disease and this is covered in the next section. 

 

2.2 Mammography screening 

Due to the many different risk factors for developing breast cancer and their association to endogenous 

factors, there are limitations in the possibility of reducing the incidence of the disease. Instead, 

investment in mammography screening is made which aims at decreasing the mortality, since 

screening allows for early detection and more successful treatments. Swedish mammographic mass 

screening started in 1986 and is since 1997 offered all over the country. Invitations to screening are 

sent out to women between the ages of 40 and 74, according to recommendations from the National 

Board of Health and Welfare [18], and as participation is voluntary, the goal is to have 80 percent of 

the invited women attend screening [19]. The women between the ages of 40 and 49 are screened 

every 18 months whereas the rest of the women are screened biennially [3]. Screening is associated 

with a patient charge of between 80 and 200 SEK [20]. 

 

Randomized trails as well as studies of routine service screening have shown that screening is 

associated with a significant reduction in breast cancer mortality, especially in women aged 50 or 

older [4]. Even though screening today is performed from the age of 40, there have been worries that it 
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would be less effective in women under the age of 50. This because women under the age of 50 have 

denser breasts, which makes it difficult to distinguish tumours from fat tissue, and the tumours also 

seem to grow faster in these women [12]. Critics of mammography screening also say that the balance 

between good and harm is not clear and express concern about how big the reduction in mortality 

actually is and about the negative effects that arise [5]. 

 

Among the negative effects, screening results in a number of false positive results where the scan 

shows a malignancy even though there is none. Furthermore, overdiagnosis (i.e. detection of harmless 

tumours that would otherwise not cause symptoms and thus not be found) is inevitable since it is 

impossible to distinguish between deadly and harmless tumours. False positive results and 

overdiagnoses cause unnecessary follow-ups, overtreatment and increased costs as well as anxiety, 

distress and depression in the patients. [5] Apart from the above mentioned negative effects, screening 

causes some cases of breast cancer due to the exposure to ionising radiation from mammographic x-

rays. 

 

2.2.1 Ionising radiation  

Ionising radiation is radiation that is energetic enough to remove electrons from atoms, causing the 

atom to become charged or ionised. When this radiation interacts with human tissue, energy is 

deposited which causes damage by disrupting ordinary cell reproduction and triggering inappropriate 

cell multiplication. [21] Ionizing radiation is a well-documented cause of cancer in general, including 

breast cancer [6]. However, the many studies performed on the subject are based on data from 

populations exposed to x-rays with significantly higher doses than those used in mammography 

screening, such as the Japanese atomic bomb survivors. Nevertheless, the risk of inducing cancer from 

screening can be estimated by using the results from these studies as anchor points and then 

extrapolating the excess risk. [12]  

 

The risk that radiation in general will induce breast cancer is greater the younger the women are and 

decreases with increasing age of initial exposure. While the risk of radiation-induced cancer remains 

elevated throughout the remainder of a woman’s life, the cancer is likely to occur later in life; the 

accepted latency period is around ten years. [12] 
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2.2.2 Different technologies 

The different types of mammography systems available on the market today can be divided into two 

groups; screen-film mammography that captures the images of the breast on x-ray films, and digital 

mammography that uses computer imaging. Screen-film has been the gold standard since mass 

screening started, but is now being replaced by a digital system because of its many advantages over 

screen-film. These advantages include more efficient workflow through simplified archival, retrieval 

and transmissions of images as well as a shorter scan time and elimination of recalls due to technical 

failures and under- or overexposures. Image acquisition, display and archival can also be optimised 

independently of each other. Furthermore, with digital systems the images can be post-processed, the 

contrast resolution can be selectively enhanced and the information loss reduced, which allows for 

improved image quality and diagnostic accuracy. [7] Through the use of a higher x-ray energy spectra 

and higher detector efficiency, the introduction of digital systems has also resulted in a significant 

reduction in radiation dose [22]. 

 

Digital mammography has been shown to be more accurate than film in screening women under the 

age of 50, pre- or perimenopausal women and women with dense breasts [23]. Yet, it may benefit a 

broader category of women since it has not been proven to be of a disadvantage to any group of 

women. Recent diagnostic performance studies where the detection rates and recall rates of both 

systems have been compared show that the digital systems perform similar or maybe even superior to 

screen-film. [24]   

 

Though the above mentioned advantages concern digital mammography in general, they differ 

between the many types of digital systems available. The detectors used as well as image processing, 

scan time and radiation scatter vary between manufacturers. Moreover, some systems are able to 

enhance the contrast more than others and some have lower radiation doses than others. [25] 

 

2.3 Diagnostics, types of breast cancer and treatment 

If the results from screening show abnormalities in the breast, further testing is required to establish if 

it is cancer or not. This is usually done in three steps; a clinical exam, another mammogram and a 

biopsy. The diagnostic mammogram takes more detailed images of the areas that look abnormal and is 

sometimes followed by an ultrasound, especially for women with very dense breasts. A biopsy implies 

the removal of fluid or tissue from the breast with either needle or surgery and is the only way to tell 

for sure if cancer is present. [26] 
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Treatment for breast cancer depends among other things upon the type of cancer and the extent to 

which it has spread. The types of breast cancer vary in stage and aggressiveness and are divided into 

cancer in situ and invasive cancer. While invasive cancer has the potential to spread beyond the fatty 

tissue of the breasts into the lymph nodes, bloodstream and other parts of the body, cancer in situ is an 

early stage, non-invasive form of breast cancer where the cancer cells are confined to the ducts (milk 

passages) or the lobules (milk-producing glands). Ductal cancer is the most common form of breast 

cancer, both non-invasive and invasive. The stages of breast cancer are based on the size of the tumour 

and whether it has spread and range from 0 which is the non-invasive form, to IV which is metastatic 

cancer and implies that it has spread to other parts of the body. The most common parts that the cancer 

cells spread to are the skeleton, liver, lungs and brain. [26]  

 

The most common treatment option is surgery. In some cases, the removal of the entire breast (called a 

mastectomy) is needed but most often breast-conserving surgery is performed, where only the tumour 

and surrounding tissue is removed. In combination with surgery, lymph nodes from under the arm are 

removed to establish if the cancer has spread outside the fatty tissue. After surgery, the women receive 

adjuvant treatment in the form of radiation therapy, chemotherapy or hormone therapy (often in 

combination) to reduce the risk of recurrence. Radiation therapy uses high energy rays to destroy the 

cancer cells that may still remain in the breast whereas chemotherapy uses a combination of anti-

cancer drugs and hormone therapy keeps the cancer cells in need of hormones to grow from getting 

what they need. Radiation-, chemo- and hormone therapy may also be administered before surgery to 

shrink the tumour. [26] 
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3. Economic evaluations  
As the paper aims at performing a cost-utility analysis, this chapter gives an introduction to why and 

how such an analysis is done, along with other common forms of economic evaluations. It further 

brings up the concept of quality-adjusted life-years and explains how this is calculated. The chapter 

finishes with a description of how decision-analytic modelling, with a focus on the Markov model, is 

performed and why it is a useful method when performing economic evaluations. 

 

3.1 The roots of economic evaluations 

Economic evaluations aid in decision making about how to allocate resources as efficiently as possible 

within the health care sector. Thus, they have their roots in welfare economics which is based on 

preferences and utility maximization of individuals. The societal welfare is made up of the combined 

utilities of every individual and central to welfare economics is the Pareto-criterion, which states that 

resources are efficiently allocated when improvements in welfare for some individuals are impossible 

without making others worse off. As this criterion is seldom upheld since not many interventions 

imply improvements for everyone, the Kaldor-Hicks-criterion has been developed which states that a 

reallocation of resources is possible if those who benefit from it could in theory compensate those who 

are made worse off. However, since economic evaluations within the health care sector focus on 

maximizing health, it is not so much connected to traditional welfare economics as to the 

extrawelfarist-approach which include other aspects than just utility, one example being health. [27] 

 

3.2 Choice of analysis 

An economic evaluation is defined as the comparative analysis of alternative courses of action in 

terms of both their costs and consequences [1]. A minimum of two courses of action is required to 

perform the evaluation, although one alternative could be no treatment at all. In the assessment, a so 

called incremental analysis is done where the differences in costs are compared to the differences in 

consequences and the results are expressed in an incremental cost-effectiveness ratio (ICER). Costs 

and consequences common to both alternatives under consideration do not need to be included, since 

they will not affect the choice of how to allocate resources. The concerned cost is the so called 

opportunity cost; the value of benefits that would be achieved in the best alternative treatment strategy. 

Total costs of a treatment differ depending on the perspective used in the analysis and the various 

perspectives to use include those of the patient, hospital, government or society. [1]   
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The simplest form of economic evaluation is the cost-minimizing analysis where the effectiveness of 

the different treatments is assumed to be equal and the alternative with the lowest cost is considered to 

be most cost-effective. [1] However, the different alternatives seldom result in truly identical outcomes 

and new and better treatments often come with an increase in costs and as a result, a full economic 

evaluation is needed [8]. There are three forms of full economic evaluations; the cost-benefit analysis, 

the cost-effectiveness analysis and the cost-utility analysis and these will be described briefly below. 

While the costs are valued in the same way in all three methods, there are considerable differences in 

how to measure the consequences. 

 

3.2.1 Cost-benefit, cost-effectiveness and cost-utility analysis 

In a cost-benefit analysis (CBA), the costs and consequences are both expressed in monetary units, 

thus allowing for an easy interpretation of the results and a comparison of investments. The CBA 

results in a net benefit or loss which determines what treatment strategy should be implemented. In 

addition, it enables for a comparison of investments in non-health care sectors, such as education, with 

those in health care. However, the CBA involves estimating people’s willingness to pay for improved 

health and survival, which is not an easy task to do, due to for example the risk of strategic answers or 

the fear of the hypothetical being realized. Furthermore, not all benefits can be expressed in money 

terms and important benefits may be excluded from the comparison. The CBA is therefore not the 

preferred method when performing economic evaluations within the health care sector and the cost-

effectiveness analysis (CEA) or the cost-utility analysis (CUA) is more often used. [1]   

 

There are many similarities between the CEA and the CUA, and as a result, many authors do not 

distinguish between the two. Instead, the CUA is often treated as a particular case of CEA and the 

analyses are grouped together under the name cost-effectiveness analysis [28]. However, in a CEA the 

costs are related to a one-dimensional outcome. This outcome is either disease-specific, such as cases 

detected or avoided, or more general in the form of life-years gained. The results are unvalued and 

presented as cost per unit effect. The outcome of a CUA on the other hand includes a concept of value, 

where life-years gained are adjusted to the health-related quality of that life. The results are presented 

in terms of cost per quality-adjusted life-year (QALY) gained, which will be further explained in the 

next section. Using the concept of QALYs allows for a more complete analysis of the effect on health 

from different treatment strategies and as the QALY is a non-disease-specific measurement, it also 

makes it possible to compare treatments of different diseases. [1] Since the cost per life-year gained in 

a CEA only considers survival and not the impact on quality of life, which is an important aspect to 

take into account in the evaluation of health treatments, the CUA has become a more popular method 

for the evaluation of cost-effectiveness within the health care sector [8]. 
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The outcomes of both the CEA and the CUA only identify the best alternatives in terms of cost per 

QALY, regardless of net result [1]. It still remains to decide what is thought to be cost-effective and 

which alternatives that should be implemented. The Swedish National Board of Health and Welfare 

has developed benchmark levels, shown in table 1, as a way to classify the costs per QALYs gained 

[18], but they do not specify when the costs are too high. It is also important to remember that the 

results of a cost-effectiveness analysis should not be seen as providing complete answers to the 

difficult resource allocation decisions. Cost-effectiveness is only one of three principles for decision 

making within the health care sector; it should also be based on needs, with respect for equal value and 

human dignity [2].   

 

Table 1. Grouping of cost per QALY gained, developed by the Swedish National Board of Health and Welfare 
[18] 

Cost per QALY (SEK) 
Cost in relation to 

gain in health 
< 100 000 Low 
100 000 - 500 000 Moderate 
> 500 000 - 1 000 000 High 
> 1 000 000 Very high 

Costs are expressed in Swedish kronor (SEK). 

 

3.2.2 Quality-adjusted life-years (QALYs) 

The QALY is a measure of health that combines both reduced mortality (quantity gains) and reduced 

morbidity3 (quality gains) into one measure. To obtain the QALYs gained from one course of action, 

each life-year gained is multiplied with a quality weight for that life. These quality weights, or 

utilities, are based on people’s preferences for each possible health state and constructed by valuing 

the health-related quality of life on a scale from zero to one. These numbers serve as anchor points and 

represent death and life in perfect health, respectively. Health states that are more preferred than others 

are thus given a greater weight. Although QALYs can be less than zero (when the quality of the 

present state is judged to be worse than being dead) this is most often not taken into consideration. [1] 

 

QALYs can best be described in a simple example. Figure 2 shows the outcomes with or without 

treatment of a random disease. Without treatment the patient will follow the first curve and die at 

“time 1”, while with treatment the patient will follow the second curve and die at “time 2”. Thus, with 

treatment the patient’s health-related quality of life would deteriorate more slowly and the patient 

would live longer. The area between the curves in the figure is the QALYs gained from getting 

treatment. This area can be divided into two parts, where A is the gain in quality and B is the gain in 

quantity of life. [1] 
                                                 
3 Synonyms: gloom, melancholy, anguish 
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Figure 2. Simplified illustration of QALYs 

 
 

There are several methods for obtaining the required preferences or utilities. The Time Trade-Off 

(TTO) and the Standard Gamble (SG) methods are the most common direct methods used, since they 

show trade-offs similar to real life choices. In these methods, the patients are asked to value quality of 

life in relation to length of life. In the TTO method this is done by choosing between a shorter life in 

perfect health and a longer life in the present intermediate health state whereas in the SG method, 

which involves measuring preferences under risk, there is also the possibility of dying in the process. 

The QALY-weights are obtained from establishing when the patients are indifferent between the 

alternatives they face. [29] 

 

The TTO and the SG methods are time-consuming and can be problematic to use and survey 

instruments such as the EQ-5D have therefore been developed for indirect measurements of 

preferences. The EQ-5D is a non-disease-specific questionnaire concerning the patients’ health status 

where pre-specified preference weights from community samples (obtained through the TTO method) 

are applied to the patients’ responses in order to obtain the required QALYs. [29]  

 

3.3 Decision-analytic modelling 

When it comes to decision making within the health care sector, there is often a degree of uncertainty 

about the appropriate strategy to go with. Often, there is a lack of clinical trials for the treatment 

concerned, or the studied costs and effects are limited to a short period of time. Furthermore, clinical 

trials can be both time- and cost-consuming and are not always possible to perform. Under these 

circumstances, decision models are used. The advantages of using decision models include the 

possibility to combine data from multiple studies, since all the relevant information needed seldom can 
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be found in one single study. Decision models also allow for extrapolation of results beyond the time 

frame used in other studies as well as for testing different assumptions about risk, cost and 

effectiveness. [30] 

 

Decision models use the information available to describe the clinical and economic consequences of 

at least two treatments of a disease and are based on the probability of different events occurring. The 

two most popular types of models to use are the decision tree and the Markov model. Decision trees 

are recommended when analysing costs and effects of treatments for diseases that are limited to a short 

period of time. They depict the treatments under consideration as well as their consequences by letting 

them be represented by a series of pathways or branches, each with an assigned probability of 

occurrence. However, when analysing the consequences of long-term diseases and treatments, 

decision trees become too big and difficult to interpret and instead the Markov model is best used. [30] 

In some situations though, a decision analysis may involve the combination of both a decision tree and 

a Markov model [9]. 

 

3.3.1 The Markov model 

In a Markov model, hypothetical patients reside in one of a set of mutually exclusive health states, 

referred to as Markov states, at any given point in time. During intervals of equal length, called 

Markov cycles, patients can make transitions from one state to another based on transition 

probabilities. These probabilities may change over time. For example, the probability for a patient of 

dying from natural causes increases with age. Normally, the cycle length is set to one year.  

 

Figure 3 shows a simple Markov model consisting of the three health states “healthy”, “sick” and 

“dead”. The arrows connecting the different states indicate the allowed transitions and only one 

transition per cycle is allowed. Patients in the “healthy” state may stay healthy, become sick or die 

during any given cycle. Patients in the “sick” state may remain ill or die. “Dead” is an absorbing state 

which means that the patients cannot move on from there. [9] For some diseases it is possible to make 

a transition from sick to healthy, but as Markov models are most often used to depict long-term, 

chronic diseases this is not a possibility and no arrow is drawn from “sick” to “healthy” in the figure. 
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Figure 3. A simple Markov model 

 
 

The analysis is done through a simulation where a cohort of hypothetical patients is followed through 

the different health states and this continues until all patients are deceased. Figure 4 illustrates how 

this is done. Each row represents one cycle and the allowed transitions are again denoted by arrows. 

The figure also gives an example of transitions probabilities, which are assumed to be the same 

throughout the example, and the number inside each circle represents the fraction of the cohort that 

resides in that state during that specific cycle. In the example, all patients start in the “healthy” state. 

Running the simulation is the same as moving down row by row until all hypothetical patients have 

ended up in the “dead” state, which in the example occurs at cycle 60. [31] 
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Figure 4.  A Markov simulation [31] 

 
 

Each possible health state in the Markov model is associated with a cost and a QALY and the total 

costs and QALYs generated in a given cycle is obtained from multiplying the fraction of the cohort 

occupying a certain state with the cost or QALY assigned to that state and then summing the results 

from each state. For example, if the QALYs are 1.0 for “healthy”, 0.6 for “sick” and 0 for “dead”, the 

total utility for cycle two in the figure would be 0.87 (1.0×0.75+0.6×0.2+0×0.05). At the end of the 

analysis, the cumulative costs and QALYs for all cycles are obtained and a comparison between 

alternatives can be made. The cumulative QALYs for cycle two would be that of the QALYs for 

cycles one and two, i.e. 1.87 since the QALYs for cycle one is 1.0.  [31] 

 

 



24 

4. Model structure and input data 
In the previous chapters, breast cancer, mammography screening and the radiation risk have been 

introduced and the methods for how to perform the analysis were described. In this chapter, the model 

is illustrated and the necessary input data and sources used are accounted for. In addition, it is 

explained how the input data have been used to arrive at the results which will follow in the next 

chapter.  

 

4.1 Model structure 

The model constructed for this paper is shown in figure 5. The initial events when a woman attends 

screening and the possible outcomes of the procedure were described with the use of a decision tree, 

and a Markov model was used to calculate the long-term costs and effects from breast cancers, 

including the radiation-induced form, based on the use of different mammography systems. While the 

possible outcomes of the screening procedure as well as diagnostics and treatment are identical for all 

three types of mammography systems under investigation, differences exist in the radiation dose to the 

breast. For convenience, it was assumed that all hypothetical women are healthy when entering 

screening at the age of 40 and that they are all screened biennially until the age of 74. They were then 

followed until death.  

 

Figure 5. Illustration of the model 

 
The results from screening can either be positive or negative. If a woman is found to be positive, she is sent on to 

further testing in order to establish diagnosis and in the model, she will then end up in the state “breast cancer”. 

If a woman is found to be negative, she is declared healthy and is sent home. She will then attend screening 

again in two years. False results, including further testing when the result is false positive, have been illustrated 

in italics since they are not included in the construction of the model.   
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Women coming to screening either have or do not have breast cancer, although it is not known in 

advance which category each woman belongs to. There are four outcomes generated by the screening 

procedure; true positive or false negative for the women who actually have the disease, and false 

positive or true negative for the women who do not have the disease. However, in this model it was 

assumed that no false results were generated. This is the same as saying that mammography screening 

has perfect diagnostic accuracy, which is a simplification of reality, and the consequences of this will 

be addressed in the discussion later on. The women who are found to be positive are recalled for 

further testing, consisting of a physical examination, one more screening view and/or ultra sound as 

well as a biopsy of the tissue, before being diagnosed with breast cancer. They are then operated on 

and given adjuvant therapy [25]. It was assumed that these women do not return to screening since 

they are followed up in a different (not relevant to this paper) manner due to the disease. The women 

found to be negative are declared healthy and sent home. They return to screening two years later. At 

the end of each cycle the women end up in one of the following three health (or Markov) states; 

“healthy”, “breast cancer” and “dead”. 

 

The arrows show how a woman can progress through the model over each cycle, which was taken to 

be one year. If she starts in the “healthy” state, she can either remain there or make a transition to the 

states “breast cancer” (which will be found through screening every second year) or “dead”. If she 

develops breast cancer, in the next cycle she has been treated but she cannot move back to the state 

that implies being healthy. Instead, for the second and following years after diagnosis she will be 

considered as remaining in the state “breast cancer”. She also faces the possibility of dying.  

 

4.2 Input data 

4.2.1 Average glandular dose (AGD) 

The radiation dose to the breast is given in average glandular dose (AGD). It is measured in milligray 

(mGy) and is according to earlier studies the most relevant quantity when estimating the risk from 

radiation in mammography [32]. The AGDs used in the model are given in table 2 and should be 

interpreted as the average values per exposure [33]. It was obtained from a study by Heddson et al. 

[34], where they estimated the AGD to a normal-sized breast and weighted it by the number of 

examinations performed with various dose levels which were measured once, twice and three times for 

SFM, CR and PC-DR, respectively.  
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Table 2. AGD per exposure [34] 

Technology 
Weighted AGD 

(mGy) 
SFM 1.1 
CR 0.92 
PC-DR 0.28 

SFM: screen-film mammography, PC-DR: photon-counting direct radiography, CR: computed radiography. 
 

While age has been found by previous studies not to be a significant factor affecting the dose to 

screened women [12], the doses may vary between women depending on breast thickness [7]. This 

possibility has however not been taken into account in the model, nor has genetic predisposition even 

though it is possible that women with a family history may suffer a greater risk of developing breast 

cancer due to the radiation exposure [12].  

 

4.2.2 Equation for excess risk from radiation 

The excess absolute risk (EAR) model developed by Preston et al. [35] (with typographical errors 

corrected in an erratum [36]) was used to estimate the risk of radiation-induced breast cancers. In the 

EAR, the increased risk is dependant on age at exposure (agex) and attained age (age), with different 

age dependence before and after the age of 50.  

 

  for attained age ≤ 50  

   for attained age > 50 

 

These equations give excess cancers per gray (Gy) and 10 000 women years. To get excess cancers per 

mGy and woman year, the estimates obtained from the above equations were divided by 1 000 and 

again by 10 000. They were then multiplied with four times the AGD from each technology to account 

for the two-view screening (images taken from two different angles) of each breast, which is standard 

procedure in Sweden [34]. Furthermore, a dose and dose rate effectiveness factor (DDREF) of 2, i.e. 

halving of the numerical values, was applied as is customary in radiation risk estimation to allow for 

the uncertainty associated with the extrapolation from higher doses [11]. Thus, the excess risk 

increases linearly with increased dose.  

 

The total (life-time) excess cases of radiation-induced breast cancer per woman, from screening 

between the ages of 40 and 74, was then obtained by summing the cumulative excess risks for each 

attained year, including a ten year latency period, from the age of 50 until 100, when it was assumed 

that she would be dead. The cumulative excess risk can be clarified with an example: a woman aged 
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56 has been screened eight times, but due to the latency period of ten years her cumulative excess risk 

is the sum of the risks from only four rounds of screening, with age at exposure being 40, 42, 44 and 

46.  

 

4.2.3 Probabilities 

The probability of developing breast cancer varies depending on age and while the EAR model 

mentioned above was used to calculate the probability of the disease occurring due to radiation, the 

probability of developing the disease naturally was based on the age adjusted incidence rates obtained 

from the Swedish National Board of Health and Welfare [37]. The probability of dying from the 

disease is not so much dependant on age as time from diagnosis and was thus added to the model as a 

time-dependent probability using a Weibull-regression, which is customary in survival analysis to 

translate hazard rates into transition probabilities [38]. The constant in the regression was 0.044 and 

the ancillary gamma parameter was 1.06. The results of the Weibull-regression therefore indicated a 

slightly increasing hazard of dying from breast cancer with respect to time elapsed since diagnosis. 

The survival data used in the regression was obtained from the Oncology Centre at Linköping 

University Hospital [39].The mortality rate for the women with radiation-induced breast cancer was 

taken to be that of the other women suffering from “natural” breast cancer since it is impossible to 

distinguish between the two. For every cycle, the women also face the risk of dying from other causes 

than the disease and this was included in the model as the age-specific standardised mortality, obtained 

from Statistics Sweden [40]. From these different variables, it was found that having breast cancer 

implies the same probability of death as that of an 80-year-old woman. The probabilities accounted for 

here can be found in the appendix.  

 

4.2.4 Costs 

The costs used in the model are found in table 3 and have been obtained from Östergötland County 

Council [41] and from a study by Lidgren et al [42]. Costs for establishing diagnosis and treating the 

disease are not specific to the mammography technology and it was assumed that this applies to 

screening costs as well. While the cost of screening and those for further testing are given as cost per 

occasion, the remaining costs should be interpreted as annual average costs. The direct, informal and 

indirect costs were initially given in 2005 years price levels, but they were adjusted to 2009 years price 

levels using the Swedish Consumer Price Index [43]. The direct costs concern the resources used 

within the health care sector for treatment of breast cancer (including cost of staff, equipment and 

overheads) whereas the indirect costs are defined as the production losses due to absence from work 

and early retirement for the women affected by the disease. The informal costs represent the resources 

used outside the health care sector in relation to treatment, i.e. care by family and friends. The costs 
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are higher for the first year following breast cancer diagnosis due to the fact that treatment is mostly 

concentrated to that year.  

 

Table 3. Costs of breast cancer. 

Type Cost (SEK) Reference 
Screening 457  [41] 
   
Diagnostics [41] 
Screening 990  
Ultra sound 1 575  
Biopsy 2 435  
  
Treatment  
Direct costs  [42] 
First year   
Mean inpatient4 episode cost 28 949   
Mean outpatient5 cost 49 802   
Outpatient drug cost 6 092   
 
Second and following years   
Mean inpatient episode cost 9 918   
Mean outpatient cost 12 840   
Outpatient drug cost 641   
    
Informal care  [42] 
First year 11 106   
Second and following years 2 356   
    
Indirect costs  [42] 
First year   
Absence from work:   age <50 242 097   

age 50-64 220 114   
 
Second and following years   
Absence from work:   age <50 63 929   

age 50-64 47 436   
Early retirement:        age <50 7 707   

age 50-64 41 969   
Costs are expressed in SEK. 

 

                                                 
4 A patient admitted to a hospital or clinic for treatment that requires at least one overnight stay 
5 A patient admitted to a hospital or clinic for treatment that does not require an overnight stay 
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4.2.5 QALY-weights 

The QALY-weights used in the model are given in table 4. The values for being healthy were obtained 

from a study by Burström et al. [44], where people in the Swedish general population were asked 

about their health states. These are divided into age-strata and as men are excluded from this analysis, 

only the female values from the study have been used. The QALY-weights for the two different states 

of breast cancer were obtained from a study by Lidgren et al. [45] and these show that after the initial 

year of diagnosis and treatment, the health-related quality of life of breast cancer patients increases but 

it does not return to a level equal to that of being healthy. Thus, developing breast cancer causes a 

permanent negative effect on quality of life and this also explains why women in the model cannot go 

back to the healthy state. The QALY-weight for being dead is the required anchor point mentioned in 

chapter three. 

 

Table 4. QALY-weights 6 

Health state 
QALY-

weights Reference 
Healthy; age-strata   [44] 
40-49 0.858  
50-59 0.833  
60-69 0.784  
70-79 0.792  
80+ 0.740  
     
Breast cancer   [45] 
First year 0.696  
Second and following years 0.779  
     
Dead 0  

 

The mean age in the Burström-study was in the range of 50-59 and the QALY-weight for this stratum 

was therefore used as a base-QALY to calculate an age-adjusted (dis)utility for having breast cancer. 

From this, the (dis)utility of developing breast cancer at for example age 50-59 becomes 

(0.696/0.833)×0.833=0.696 and at age 70-79 (0.696/0.833)×0.792=0.662.  

 

4.2.6 Performing the analysis 

Running the analysis was similar to the Markov simulation depicted in figure 4. A matrix was 

constructed using Microsoft Excel where each row represented one cycle. The number of women in 

the three different health states – “healthy”, “breast cancer” and “dead” – at each cycle was calculated 

based on the probabilities of developing breast cancer, both naturally and due to radiation (which was 

                                                 
6 Based on the EQ-5D 
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included from cycle 11 due to the latency period), and those of dying from breast cancer as well as 

other causes. These probabilities were, as mentioned previously, based on the age-adjusted incidence, 

the values obtained from the EAR model and survival data, respectively. The probabilities of 

developing cancer and dying of natural causes are depending on the age of the women whereas the 

probability of dying from the disease is dependent on time since diagnosis.  

 

The costs for each cycle were obtained from multiplying the number of women in a particular health 

state with the costs associated to that state and then summing the costs from each state. Thus, several 

aspects were considered; whether or not the women were screened, if further testing was done and if 

the women who had the disease were in their first or second and following year of breast cancer. The 

“healthy” state is associated with the cost of screening, which was only included in every other cycle 

between the ages of 40 and 74. The “dead” state is not associated with any costs. The “breast cancer” 

state is associated with the costs of screening and further testing (but only for the year of diagnosis and 

only every other year between the ages of 40 and 74) and the costs of treatment, where the direct and 

informal care costs were included for all years from 40 until death and the indirect costs from the age 

of 40 to 64 after which the women retire from work. The total cost over a life-time was then obtained 

from summing the costs of all cycles. The QALYs were obtained in a similar way with account taken 

to age, health state and what year of breast cancer the women who had the disease were in. The costs 

and QALYs were all discounted by three percent annually according to guidelines [46]. This is done in 

consideration of time preferences since people generally prefer to incur benefits sooner rather than 

later and costs later rather than sooner. Future costs and effects are thus given a lower value. 
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5. Results 
After having presented the model and necessary input data, it is now time to put forward the results 

from running the model. The results are first given in a base-case analysis where the costs and effects 

are based on the parameters presented in the previous chapter. This is followed by different sensitivity 

scenarios, which were done in order to show how the results change when varying some of the 

assumed parameters in the model.  

 

5.1 Base-case analysis 

Running the analysis resulted in 0.000286 radiation-induced cases of breast cancer per woman over a 

life-time with the use of SFM, 0.000233 with the CR and 0.000071 with the PC-DR. With a cohort of 

48 000 hypothetical 40-year-old women7 [47] who are followed throughout life, these numbers would 

be 13.714 excess cancers with the use of SFM, 11.200 with the CR and 3.409 with the PC-DR. Put in 

a different way, one in 14 100 screened women develops breast cancer due to radiation over a life-time 

with the use of the PC-DR compared to one in 3 500 with SFM and one in 4 300 with the CR.  

 

The results of the base-case analysis, where only the radiation dose differs between the three 

technologies, are shown in table 5. These are based on a cohort of one 40-year-old woman who is 

followed until death and are to be interpreted as the total costs of breast cancer (including screening 

and diagnostics) and total QALYs gained over a life-time for each technology. The results showed that 

the PC-DR is the dominating screening technology to use; over a life-time, using the PC-DR would 

cost 123 041 SEK less per QALY compared to SFM and 122 814 SEK less per QALY compared to 

the CR.  

 

Table 5. Comparison of costs and effects 

Technology 
Total costs 

(SEK) 
Incremental 
costs (SEK) 

Effectiveness 
(QALYs) 

Incremental 
effectiveness 

(QALYs) ICER 
SFM 58 793 19.758   
   -33 0.000269 -123 041
PC-DR 58 760 19.759   
   -26 0.000210 -122 814
CR 58 785  19.759    

SFM: screen-film mammography, PC-DR: photon-counting direct radiography, CR: computed radiography. 
Costs are expressed in SEK.  
 

                                                 
7 48 000 women represent 80 percent (which is the attendance rate) of the 40 year-old women in Sweden as of 
31/12/2009  
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5.2 Sensitivity scenarios 

Since the results of the base-case analysis are based on the assumptions that have been accounted for 

in previous chapters, different sensitivity scenarios were performed to test the impact on the 

conclusions from altering some of these assumptions. In the first scenario, the QALYs were based on 

TTO-values from the studies by Burström et al. [44] and Lidgren et al. [45] instead of the EQ-5D. 

Secondly, a DDREF of 1 was tested to account for the possibility that lower radiation doses do not 

have less effect than higher doses [11]. Discount rates of zero and five percent as recommended by the 

Swedish Dental and Pharmaceutical Benefits Agency [46] were also tested.  

 

Furthermore, lower values of the AGD from the PC-DR were applied. This was done in line with the 

purpose of this paper to see what the effects would be of continuing to lower the radiation dose. 

Higher screening costs of the PC-DR were also analysed to see if it would still be the dominating 

technology if there was a difference in screening costs between the systems and where the line for it 

being worth paying for would be drawn. The results from all these different scenarios are given in 

table 6 and are, as in the previous table, based on a cohort of one 40-year-old woman followed 

throughout life. 
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Table 6. Results from the sensitivity scenarios 

Scenario Technology 
Total costs 

(SEK) 
Incremental 
costs (SEK)

Effectiveness 
(QALYs) 

Incremental 
effectiveness 

(QALYs) ICER 
QALYs SFM 58 793 21.761    
from TTO-  -33 0.000255 -129 825
values PC-DR 58 760 21.761   
   -26 0.000199 -129 543
  CR 58 785  21.761     
DDREF of 1 SFM 58 837 19.758    
   -66  0.000538 -123 041
  PC-DR 58 771  19.759    
   -52  0.000420 -122 814
  CR 58 823   19.758     
Discount SFM 100 998 34.717   
rate 0%   -81 0.000880 -92 339
  PC-DR 100 917  34.718    
   -63  0.000686 -91 863
  CR 100 980   34.717     
Discount SFM 44 234 14.829   
rate 5%   -20 0.000130 -150 911
  PC-DR 44 214  14.829    
   -15  0.000101 -150 780
  CR 44 229   14.829     
PC-DR  SFM 58 793 19.758   
AGD: 0.2   -36 0.000295 -123 021
mGy PC-DR 58 756  19.759    
   -29  0.000236 -122 814
  CR 58 785    19.759     
PC-DR SFM 58 793 19.758   
AGD: 0.1  -40  0.000328 -123 000
mGy  PC-DR 58 752  19.759    
   -33  0.000269 -122 814
  CR 58 785   19.759     
PC-DR SFM 58 793 19.758  
No  -44 0.000361 -122 983
radiation PC-DR 58 748 19.759   
  -37 0.000302 -122 814
 CR 58 786 19.759  
Screening SFM 58 793 19.758  
cost for   50 0.000269 184 229
PC-DR of  PC-DR 58 842 19.759   
5 SEK  57 0.000210 271 143
more  CR 58 785 19.759  
Screening SFM 58 793 19.758  
cost for   132 0.000269 491 500
PC-DR of  PC-DR 58 925 19.759  
10 SEK  140 0.000210 665 099
more  CR 58 785 19.759  
Screening SFM 58 793 19.758  
cost for   298 0.000269 1 106 041
PC-DR of  PC-DR 59 090 19.759  
20 SEK  305 0.000210 1 453 012
more  CR 58 785 19.759  

SFM: screen-film mammography, PC-DR: photon-counting direct radiography, CR: computed radiography. 
Costs are expressed in SEK.  
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6. Discussion 
Many epidemiological studies on radiation-related breast cancer have been performed previously and 

reviewed by Ronckers et al. [6]. From these it has been concluded that radiation is a risk factor. 

Although these studies concern medically exposed populations (for example tuberculosis patients and 

childhood cancer survivors) and Japanese atomic bomb survivors, there are also studies available that 

have investigated the radiation risk from mammography screening, for example a study by Law et al. 

[11]. However, the effects from lower radiation doses have not yet been investigated and 

consequently, it is hoped that this study will contribute with valuable information to decision makers 

who are faced with choosing what mammography unit to invest in.  

 

Both the CR and the PC-DR have been shown by Heddson et al. [34] to have a lower radiation dose 

than SFM and the use of the PC-DR enables a further reduction in dose than the CR. While 

information regarding mammography screening generally states that the risk of radiation-induced 

breast cancer is very small since the amount of radiation is low [26], the fact that the PC-DR has been 

manufactured suggests that there is a desire to decrease the risk even further. In line with the linear no-

threshold approach when estimating the risk of induced cancer the lower dose of the PC-DR was in 

this study found not to eliminate the risk but it did prove to decrease the number of induced breast 

cancers with 75 percent compared to using SFM (70 percent compared to the CR).  

 

From the base-case analysis it can be concluded that the PC-DR both is more effective and less costly 

than the other two technologies. Although it involves very small numbers, with a 0.001 percent gain in 

effectiveness over a life-time and 0.056 percent more money saved compared to SFM (0.044 percent 

more compared to the CR), using the PC-DR would cost approximately 123 000 SEK less per QALY 

over a life-time compared to the other two technologies. It is important to remember that these 

numbers are based on the assumption that there is no difference between the three technologies other 

than radiation dose. It also needs to be clarified that this analysis has been made under the premise that 

a hospital’s existing mammography unit is in need of replacement. If the PC-DR was to replace the 

existing unit before all of its economic value has depreciated, this would of course have to be taken 

into consideration and could have a negative effect on the cost-effectiveness of the PC-DR. Thus, 

under these particular circumstances there is no question about what mammography system to invest 

in – the PC-DR is the obvious choice. 

 

Assuming that only the radiation dose differs between the technologies is most likely a simplification 

of reality. When time comes to purchase a new mammography unit, the PC-DR could very well be 

more expensive per screening occasion than the other systems. Hence, various differences in cost were 
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tested for in order to find out how big of a scope there is for the PC-DR to be more expensive and still 

be the better choice due to it reducing the AGD with up to 75 percent. As it turned out, if the PC-DR 

was to be even slightly more expensive it would no longer save money. In this situation, the 

willingness to pay per QALY gained also has to be considered and consequently, the fact that the PC-

DR no longer is less costly does not imply that it would not still be a reasonable alternative. However, 

this study found that there is not much room for excessive pricing. Assuming a willingness to pay of 

500 000 SEK per QALY, the PC-DR can only be approximately ten SEK more expensive per 

screening occasion than SFM (eight SEK more expensive than the CR) in order to still be the optimal 

choice. The exact prices of the three alternatives were not available when this study was performed 

and as a result, it is not known whether or not the PC-DR is in fact more expensive. It is also possible 

that there is no fixed price and that negotiations are instead held with each purchase. In terms of policy 

implications, these costs need to be known in order for decision makers to choose the “best” 

technology based on their willingness to pay per QALY, but the results of this analysis provides them 

with a sort of benchmark level of what is possible. In addition, decision makers may also consider 

other variables that have not been investigated in this paper when deciding what technology to invest 

in and it is possible that this may justify a somewhat higher price. One example of other variables is 

how easy the units are to operate. 

 

The uncertainty associated with costs is not the only limitation facing this paper. In the construction of 

the model it was assumed that mammography screening has perfect diagnostic accuracy, i.e. all 

cancers were thought to be detected properly. Although this is desirable, it is a simplification of reality 

since a number of breast cancers are not detected right away (causing false negative results) and some 

cases go on to further testing even though there is no malignancy (causing false positive results). This 

is a conservative assumption on behalf of the PC-DR, i.e. the results are to a disadvantage of the PC-

DR. Since the PC-DR induces fewer cancers there would be proportionally fewer cancers that can be 

missed if the “correct” diagnostic abilities had been used. Furthermore, the possibility of developing 

metastatic cancer was not included in the analysis and neither was that of recurrence, which are also 

conservative assumptions since if these variables had been included, breast cancer would be more 

dangerous than now depicted and it would be even more important to reduce the number of radiation-

induced cancers.  

 

If the above mentioned limitations had been included, the total costs for each technology would have 

been higher than reported due to unnecessary follow-ups, overtreatments and the fact that both 

metastatic disease and recurrence are associated with more costs [42] compared to the breast cancer 

states used in the analysis. Fewer QALYs would also have been gained because of anxiety and 

depression in the patients receiving false positive results and because metastatic disease and recurrence 

imply a lower health-related quality of life [45] than those presented in the paper. At the same time, it 
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is likely that anxiety only produces a temporary decrease in QALYs and some of the costs may be 

cancelled out due to a number of necessary follow-ups not being performed. These effects on costs and 

QALYs would essentially still be the same for all technologies since the only difference between them 

once again is assumed to be found in the radiation dose and thus the number of radiation-induced 

breast cancers. However, a more favourable ICER would have been created and although the real 

conditions and true nature of the disease would have been better represented if these effects had been 

taken into account, the obtained results are at least not overestimating the true values. Thus, the PC-

DR is not depicted as better than it actually is. If on the other hand the PC-DR would be more 

expensive in combination with these higher costs and fewer QALYs, a more unfavourable ICER 

would be created and in the end, this would affect the possible room for excessive pricing.  

 

While on the subject of underestimates, it is also worth mentioning that there is a rapid development in 

the care of breast cancer and since most of the costs were obtained from a study made three years ago, 

it is possible that these are not up-to-date. On the other hand, the same reasoning as before applies 

here; since the costs still would be the same for all three technologies it would produce a more 

favourable ICER on behalf of the PC-DR.  

 

There is a debate regarding whose preferences to use when performing an economic evaluation. In this 

study, it can be argued that since the societal perspective has been used so should societal preferences 

and for that reason the EQ-5D index values were used to represent QALYs. However, it is also 

possible that individual patients are best informed since they experience the health state concerned and 

therefore, the TTO-values were used in a sensitivity scenario. The TTO generates higher values than 

the EQ-5D [45] and this produced a somewhat worsened percentage gain in effectiveness but a more 

favourable ICER. On the other hand, if TTO-values would have been used in combination with the 

PC-DR being more expensive than the other systems, using the PC-DR would cost more per QALY 

over a life-time than previously. Thus, the choice of whose preferences to use do not affect the 

conclusion that the PC-DR is the dominating technology to use (assuming all things equal except for 

AGD) but it has an effect on the PC-DR being more or less costly per QALY gained. In the end, it 

could therefore affect the possibility of the new technology being more expensive per screening 

occasion than the traditional systems.  

 

In addition to assessing the cost-effectiveness of the current dose of the PC-DR, the effects from 

continuing to lower the radiation dose were also investigated. Three sensitivity scenarios were made; 

one with an AGD of 0.2 mGy, one with 0.1 mGy and one with no radiation. From these, it was found 

that the number of induced cancers would decrease with another 29 percent, 64 percent and 100 

percent, respectively, compared to the current dose level of 0.28 mGy. Although these numbers sound 

very good, two questions arise: Is a further reduction in radiation dose even achievable and would it be 
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worth it? While none of them really can be answered, the second question can at least be discussed. 

The current AGD of the PC-DR is already below that of the recommendations from the Swedish 

Radiation Safety Authority, which is 0.7 mGy for digital systems [48], and the percentage gain in 

effectiveness and costs saved from lowering the AGD even further was found in the different 

sensitivity scenarios to be negligible, even if the radiation was to be eliminated completely. 

Furthermore, it would still not be possible for the new technology to be much more expensive per 

screening occasion than the other technologies and still be the better choice, even though the scope 

increases with decreasing dose.  

 

With the current dose of 0.28 mGy, one in approximately 14 100 women screened over a life-time 

develops breast cancer due to the radiation and even though this is of course terrible for that woman, 

this is a big reduction compared to the traditional technologies. In order for the risk associated with 

screening to be accepted, lives saved need to exceed the number of induced cancers.  Around 500 000 

women between the ages of 40 and 74 are screened each year in Sweden and it is estimated that 200 

lives are saved each year due to screening [49]. This implies that over a life-time (consisting of 18 

screening rounds), one in 140 screened women are saved. Although it should be remembered that this 

includes all screened women and not just a cohort of 40-year-old women, this translates into 

approximately 101 women saved in 14 100 screened women over a life-time. Thus, it is safe to say 

that the benefits from screening exceed the risks.  

 

Since the risk of radiation-induced breast cancer is accepted (and has been even before the 

introduction of the PC-DR) and the gain from lowering the AGD even further would be negligible, 

perhaps it is not necessary to continue lowering the AGD, even if it is in fact possible. Future advances 

in the area of mammography screening could instead be focused on improving for example the 

diagnostic accuracy or the image quality. Unfortunately, these are dependent on a certain level of 

radiation [32]. Hence, it is possible that improving these would have to be done at the expense of the 

AGD but on the other hand, there is some room for increasing the dose without causing the number of 

induced cases to exceed lives saved.  

 

It is believed that the results from this study are representative of Sweden, even though some costs and 

probabilities were specific for the county of Östergötland but more research into the national average 

costs of screening and survival probabilities could of course be done before drawing any definitive 

conclusions. Furthermore, it is believed that it should be possible to use the model constructed for this 

study in other countries, although it should be pointed out that all variables (survival probabilities, 

incidence rates, costs, QALYs and AGD) most definitely would have to be modified to fit that specific 

country before any results could be obtained.  
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7. Conclusion 
According to the results of this study, the lower radiation dose from the new digital mammography 

technology reduces the number of radiation-induced breast cancers with up to 75 percent compared to 

traditional mammography. The base-case analysis showed that this reduction is achieved to a lesser 

cost and a gain in effectiveness; the PC-DR is associated with a 33 SEK lower cost and an incremental 

effect of 0.000269 more QALYs per woman over a life-time when compared to SFM and compared to 

the CR it costs 26 SEK less, with an incremental effect of 0.000210 QALYs per woman over a life-

time. Thus, the PC-DR is the dominating technology and the cost-effective alternative. However, these 

results rely on the assumption that only the radiation dose differs between the three systems. It is 

possible that the PC-DR is more expensive per screening occasion than the other systems and if so, it 

would no longer be less costly. The willingness to pay for a QALY would then play a decisive role on 

the extent of which a higher price is possible. Assuming a willingness to pay per QALY gained of 

500 000 SEK, the PC-DR could only be approximately ten SEK more expensive than SFM per 

screening occasion (eight SEK more expensive than the CR) and still be the cost-effective alternative. 

The extra costs and QALYs that using the PC-DR would bring under different circumstances have 

been presented in this paper but choosing which technology to invest in is up to the decision makers. 

Based on price and willingness to pay for a QALY, the decision of what technology to invest in may 

very well differ from purchase to purchase. 
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Appendix 

The probabilities used in the model (except for those of developing breast cancer due to radiation, 

which instead can be obtained from the EAR-equations on page 26) are given in the tables below. 

These should be interpreted as the probabilities per woman.  

 
Table A 1. Probability of developing breast cancer (naturally) [37] 

Age strata Probability 
40-44 0.00116 
45-49 0.00205 
50-54 0.00244 
55-59 0.00269 
60-64 0.00359 
65-69 0.00422 
70-74 0.00390 
75-79 0.00301 
80-84 0.00387 
85+ 0.00324 
 
 
Table A 2. Probability of dying from breast cancer, from the Weibull-regression [39] 

Years since 
diagnosis Probability 

1  0.04321 
2  0.04690 
3  0.04840 
4  0.04941 
5  0.05016 
6  0.05077 
7  0.05129 
8  0.05173 
9  0.05213 
10  0.05248 
11  0.05279 
12  0.05308 
13  0.05335 
14  0.05360 
15  0.05383 
16  0.05404 
17  0.05425 
18  0.05444 
19  0.05462 
20  0.05480 
21  0.05496 
22  0.05512 
23  0.05527 
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24  0.05541 
25  0.05555 
26  0.05569 
27  0.05581 
28  0.05594 
29  0.05606 
30  0.05617 
31  0.05629 
32  0.05640 
33  0.05650 
34  0.05661 
35  0.05671 
36  0.05680 
37  0.05690 
38  0.05699 
39  0.05708 
40  0.05717 
41  0.05725 
42  0.05734 
43  0.05742 
44  0.05750 
45  0.05758 
46  0.05766 
47  0.05773 
48  0.05780 
49  0.05788 
50  0.05795 
51  0.05802 
52  0.05809 
53  0.05815 
54  0.05822 
55  0.05828 
56  0.05835 
57  0.05841 
58  0.05847 
59  0.05853 
60  0.05859 
61  0.05865 
62  0.05871 
63  0.05876 
64  0.05882 
65  0.05887 
66  0.05893 
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Table A 3. Probability of dying from other causes [40] 

Age Probability 
40 0.00067 
41 0.00072 
42 0.00081 
43 0.00094 
44 0.00106 
45 0.00116 
46 0.00126 
47 0.00143 
48 0.00161 
49 0.00181 
50 0.00198 
51 0.00211 
52 0.00226 
53 0.00249 
54 0.00279 
55 0.00313 
56 0.00354 
57 0.00399 
58 0.00437 
59 0.00465 
60 0.00500 
61 0.00547 
62 0.00600 
63 0.00644 
64 0.00689 
65 0.00761 
66 0.00848 
67 0.00937 
68 0.01026 
69 0.01134 
70 0.01265 
71 0.01398 
72 0.01540 
73 0.01704 
74 0.01898 
75 0.02135 
76 0.02401 
77 0.02718 
78 0.03101 
79 0.03566 
80 0.04085 
81 0.04643 
82 0.05239 
83 0.05909 
84 0.06731 
85 0.07753 
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86 0.08946 
87 0.10239 
88 0.11626 
89 0.13110 
90 0.14762 
91 0.16407 
92 0.18240 
93 0.20206 
94 0.22194 
95 0.24191 
96 0.26240 
97 0.28371 
98 0.30385 
99 0.32311 
100 0.33517 
101 0.35697 
102 0.37944 
103 0.40259 
104 0.42644 
105 0.45076 
106+ 0.49850 
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