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Project motivation 
 

Mammographic screening for breast cancer was established in many European, North 

American, and Oceanian countries over 20 years ago. This PhD has allowed me to 

contemplate the impact of breast cancer screening as public health initiative and the social 

and political history that has shaped it into what it is today. I am grateful for having had the 

opportunity to explore a field that truly interests me.  

Organized mammographic screening was borne out of a desire to help women survive a 

deadly disease and has been shown to reduce deaths from breast cancer. Most scientists 

and policymakers familiar with the large body of evidence about mammographic screening 

agree that its potential benefits outweigh its potential risks. However, polarized views on this 

topic contribute to it being a recurring point in a highly charged debate. In my opinion, part of 

the reason this debate is so heated is because there are many who have been impacted by 

breast cancer, whether directly or indirectly, and truly care about women’s health.  

My thesis investigates some potential risks associated with organized mammographic 

screening, including overdiagnosis and a contrasting circumstance we have called 

“underdiagnosis”. The intangible nature of these risks can make them contentious topics. 

This is particularly true of overdiagnosis. In light of this, before I present my work from the 

last three years, I would like to note that I am employed at the Cancer Registry of Norway in 

the breast screening section, which administers BreastScreen Norway. I worked in this 

section for 13 months prior to starting my PhD. My salary comes from a PhD stipend granted 

by The Dam Foundation via the Norwegian Breast Cancer Society.  

Overdiagnosis and “underdiagnosis” are issues that affect how women think about and value 

screening. There is a need for additional knowledge about these topics internationally, and 

nationally using Norwegian data. This project investigated concrete aspects of overdiagnosis 

and “underdiagnosis” that are not well-described in the peer-reviewed literature and largely 

did so from a Norwegian perspective. The aim of this project was to generate useful 

information about the potential risks associated with screening. I hope that the results of this 

research can help us move toward our shared goal of continually improving mammographic 

screening services for women and reducing the burden of breast cancer.  
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Summary 
 

Attending mammographic screening may help detect breast cancer in an early stage. It may 

also reassure women that they do not have mammographic signs of the disease. However, 

participating in screening can also have negative consequences for some, such as 

overdiagnosis or “underdiagnosis”. Accurate diagnosis and staging is crucial for ensuring that 

women receive personalized and effective treatment for their disease and can help mitigate 

some negative consequences associated with over- or “underdiagnosis”. This thesis 

addresses lesser-studied aspects of these topics with the aim of generating knowledge about 

the potential risks associated with organized mammographic screening. 

In this thesis, overdiagnosis was defined as the diagnosis of a slow growing breast cancer 

that would never present symptomatically during a woman’s lifetime, no matter how long she 

lived. This term and definition are commonly used in screening. “Underdiagnosis”, however, 

is not a common term. In this thesis, I defined “underdiagnosis” as the so-called inverse of 

overdiagnosis: “failing” to diagnose a breast cancer in a woman whose cancer would present 

symptomatically during her lifetime. The definition of overdiagnosis is counterfactual and 

cannot directly be observed in individuals. The definition of underdiagnosis can also be 

counterfactual in certain situations. As a result, observational studies investigating these 

topics are typically based on a set of assumptions.  

In the first paper, my co-authors and I described the distribution of tumour diameters reported 

to the Cancer Registry of Norway. International guidelines specify that tumour diameters 

should be reported to the nearest millimetre and it is generally assumed that these 

measurements are accurate. The results of this study showed that radiologists and 

pathologists have a tendency to round tumour diameter measurements to the nearest whole 

or half-centimetre value and that this can lead to reporting a cancer as having a lower (but 

not higher) T stage than its size or spread would dictate. This understaging has the potential 

to lead to undertreatment. Additional analyses indicated that preferential rounding 

disproportionally affected women with cancers diagnosed outside of organized screening 

compared to women diagnosed through BreastScreen Norway. The prevalence of potential 

understaging due to this type of rounding is difficult to estimate, but I hope that shining a light 

on this source of measurement error will make breast radiologists and pathologists more 

cognizant of the impact it can have in their daily practice. 

In the second paper, we described how a diagnosis of breast cancer that was or was not 

retrospectively visible on a woman’s previous screening examination affected her survival. 
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We compared “missed” cancers (visible in retrospect but not diagnosed at a woman’s 

previous screening examination) to “true” cancers (that did not have retrospectively visible 

mammographic signs on a woman’s previous screening examination). Panels of five 

radiologists made these classifications through a consensus-based review of screening and 

diagnostic mammograms with access to pathological reports. We considered missed cancers 

that were diagnosed between screening examinations due to clinical symptoms as 

underdiagnosed. Further, we considered whether missed cancers that remained 

asymptomatic and were diagnosed at a woman’s subsequent screening examination could 

be underdiagnosed if the woman would have benefited from earlier detection. We also 

considered whether these missed screen-detected cancers could be overdiagnosed if they 

represented indolent disease.  

Missed cancers (including underdiagnosed cancers) are hypothesized to generally have a 

more favourable prognosis than true cancers because they are thought to be slower-growing. 

The results of this study did not show a difference in overall survival between missed and 

true cancers. Effective treatment options may explain this finding, but this result may also be 

due to low statistical power. The discussion of this paper highlights some challenges 

associated with secondary use of data from review studies.  

In the third paper, my co-authors and I used an online survey to explore women’s conceptual 

knowledge about breast cancer screening and overdiagnosis. The survey targeted women 

aged 45–75 and asked them about the breast cancer mortality benefit, false positive 

screening examinations, and overdiagnosis associated with screening. Most participants in 

this cross-sectional study chose the correct answers to questions about the first two topics. 

The proportion of correct responses to questions about overdiagnosis was lower. Responses 

to individual questions about false positive screening examinations and overdiagnosis 

suggested that women may confuse these two topics. This is one of the first studies to 

document Norwegian women’s knowledge about overdiagnosis. Future research using 

qualitative methods may be warranted to better understand women’s knowledge about false 

positives versus overdiagnosis. Results from this type of study could be used to improve the 

quality of Norwegian-language information available to women. 

The results of the three studies in this thesis could have implications for clinicians and 

administrators working in organized screening programs and will be important to consider 

going forward to develop a multifaceted understanding of the potential harms associated with 

organized mammographic screening.  
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Norwegian summary 
Deltagelse i Mammografiprogrammet kan bidra til å oppdage og diagnostisere kreft i et tidlig 

stadium av sykdomsutviklingen og kan forsikre kvinner om at de ikke har mammografiske 

tegn til brystkreft. Samtidig utgjør overdiagnostikk og «underdiagnostikk» to potensielle 

risikoer. Denne avhandlingen omhandler aspekter ved disse risikoene, som det foreløpig er 

forsket relativt lite på. Målet er å få større innsikt i potensielle ulemper knyttet til organisert 

mammografiscreening. 

I dette gradsarbeidet ble overdiagnostikk definert som diagnostisering av sakte-voksende 

brystkreft, som aldri ville gitt symptomer i kvinnens levetid. «Underdiagnostikk» ble definert 

som en forsinket brystkreft diagnose, der tidligere diagnostikk ville ført til en mer gunstig 

prognose.  

I den første studien beskriver mine medforfattere og jeg fordelingen av svulststørrelser som 

blir rapportert til Kreftregisteret. Ifølge internasjonale retningslinjer skal svulstdiameter skal 

måles og rapporteres til nærmeste millimeter. Det er generelt stor tillit til disse målingene og 

rapporteringene. Studien viser likevel at radiologer og patologer har en tendens til å 

rapportere avrundede mål for svulstdiameter, der målet avrundes til nærmeste hele eller 

halve centimeter. Vår studie viste at denne avrundingen kan føre til at svulster blir klassifisert 

i et lavere stadium enn de virkelig er, noe som kan få følger for behandlingen kvinner blir 

tilbudt og gjennomgår.  

Den andre studien er knyttet til over- og underdiagnostikk. Her beskriver vi hvordan kvinners 

overlevelse etter en brystkreftdiagnose påvirkes av hvorvidt svulsten enten var eller ikke var 

synlig på foregående screeningundersøkelse. Vi sammenlignet overlevelse blant kvinner 

som fikk diagnostisert brystkreft som hadde mammografiske tegn på forrige 

screeningundersøkelse, men som ikke ble diagnostisert («oversett» kreft) med de som fikk 

diagnostisert brystkreft som ikke viste tegn på forrige screeningundersøkelse, men som ga 

symptomer og ble diagnostisert i perioden mellom to screeningundersøkelser («sann» kreft). 

Fem brystradiologer klassifiserte tilfellene i en konsensusbasert regranskning av screening 

og diagnostiske mammogrammer. Informasjon knyttet til diagnostikk, utredning og 

behandling var tilgjengelig for regranskerne. Brystkreft som i regranskingen ble klassifisert 

som oversett kan være underdiagnostisert dersom den ble diagnostisert på grunn av 

symptomer, mens de som forble symptomfri og diagnostisert i neste screeningrunde, kan 

være overdiagnostisert. 

Oversette kreftsvulster (inkludert underdiagnostisert kreft) antas å ha en mer gunstig 

prognose enn sanne kreftsvulster. Grunnen er at de antas å vokse mer langsomt. Vi fant 

ingen forskjeller i generell overlevelse for kvinner diagnostisert med svulster som 
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retrospektivt var klassifisert som oversette eller sanne. Effektiv behandling kan forklare dette 

funnet, men det er også mulig at resultatet skyldes manglende statistisk styrke. I studien 

diskuterer vi utfordringer knyttet til gjennomføring og tolkning av resultater fra 

regranskningsstudier.  

I den tredje studien undersøker vi kvinners kunnskap om mammografiscreening og 

overdiagnostikk. Vi gjennomførte en web-basert spørreskjemaundersøkelse blant kvinner i 

alderen 45–75 år. Spørsmålene var knyttet til brystkreftdødelighet, falske positive 

screeningundersøkelser og overdiagnostikk. De fleste kvinnene valgte riktige svar på 

spørsmålene om brystkreftdødelighet og falske positive, mens andelen riktige svar på 

spørsmål om overdiagnostikk var noe lavere. Responsen kan tyde på at kvinnene blander 

begrepene falske positive screeningundersøkelser og overdiagnostikk. Studien er blant de 

første som dokumenterer kvinners kunnskap om overdiagnostikk i Norge. 
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Background 
 

Development of breast cancer  
Whether invasive breast cancer is limited to the breast or is a systemic disease throughout 

the body has been questioned for centuries (1). Despite this long history of research, we do 

not fully understand the natural history of breast cancer, that is, how the disease progresses. 

This remains an active field of research (2). 

As recently as 2006, researchers questioned whether cancerous cells limited to milk ducts in 

the breast, so-called ductal carcinoma in situ, always develop into invasive breast cancer – in 

other words, whether this is an obligate precursor of invasive disease (3). However, it is now 

accepted that ductal carcinoma in situ is a heterogeneous disease and that not all ductal 

carcinoma in situ will progress to invasive breast cancer if a woman lived indefinitely (3-5). 

The research presented in this thesis is epidemiological – not biological – in nature and is 

limited to invasive breast cancer, hereafter referred to as breast cancer.  

Historically, breast cancer was considered a progressive and fatal disease (1). The 

Halstedian model of breast cancer from the late 1800s proposed that breast cancer grew 

from a single cell that spread to regional lymph tissues before spreading to other body parts 

(1, 6). The Fisherian model of breast cancer proposed in the 1980s posited that breast 

cancer was a systemic disease that could spread through the blood and that its 

aggressiveness was predetermined at its onset based on innate tumour characteristics (2). 

Our current understanding of breast cancer suggests that it is not a single disease, but many 

different diseases (so-called “subtypes”) that can range from indolent and slow growing to 

aggressive with high potential to spread to other organs (Figure 1) (4, 7). 

Breast cancers generally have a long natural history and risk for late recurrence (4). Tumour 

biology, including characteristics such as subtype and size at diagnosis, is an important 

indicator of a woman’s prognosis and the probability that her cancer will respond to certain 

treatment. Some tumour characteristics are thought to influence or reflect the potential for 

tumour growth. 
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Figure 1: Possible growth trajectories for breast cancer, adapted from an infographic courtesy of The 
National Cancer Institute.1 

 

Tumour characteristics and staging 
The Union for International Cancer Control and American Joint Committee on Cancer 

(AJCC), provide advice about breast cancer staging using the tumour-node-metastasis 

(TNM) system for malignant tumours (8, 9). The TNM staging system was first published in 

1959 and provides information about a patient’s prognosis, including whether they would 

benefit from systemic therapy (9). This staging system defines breast cancer stages based 

on anatomic features of the cancer, namely a description of the primary tumour (T), regional 

lymph node involvement (N), and the absence or presence of distant metastases (M) (9). 

Clinical information obtained from physical examination, imaging, and/or pathology prior to 

initiating treatment is used to determine the clinical stage (cTNM) and informs decisions 

regarding treatment before surgery (neoadjuvant treatment) and surgical treatment. 

Pathological information gained from surgical samples and the aforementioned clinical 

information is used to determine the pathological stage (pTNM) and informs post-surgery 

(adjuvant) treatment and follow-up. If a woman receives neoadjuvant treatment, a post-

treatment pathological stage (ypTNM) is assigned instead of pTNM. This is to indicate that 

the residual disease after treatment was assessed, not the untreated disease. 

                                                

1Original infographic available at https://prevention.cancer.gov/news-and-events/infographics/what-
cancer-overdiagnosis 
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Breast cancer tumour categories in the TNM system (so-called T stage) are denoted T1 to 

T4. Categories T1–T3 are based on maximum (clinical or histopathological) tumour diameter, 

where T1: ≤20 mm, T2: >20–50 mm, and T3: >50 mm. T4 indicates a tumour with direct 

extension to the chest wall or skin (8-10). Lymph node categories (N stage) indicate whether 

regional lymph node metastases are present, and to what extent. N0 indicates no nodal 

involvement, and N1–N3 indicate increasing nodal involvement at increasingly distant sites. 

The categories for distant metastases indicate whether they are absent (M0) or present (M1). 

Breast cancer stages are determined based on the overall TNM classification, as shown in 

Table 1.  

 

Table 1: Breast cancer TNM classifications and corresponding stage classifications. See reference (8) 
or (9) or for further details. 

TNM classification Breast cancer stage 

T1N0M0 Stage I 

T1-T2N1M0 

T2-T3N0M0 
Stage II 

T1-T2N2M0 

T3N1-N2M0 

T4N0-N2M0 

Any T, N3M0 

Stage III 

Any T, any N, M1 Stage IV 

 

 

 

Figure 2: Five-year relative survival for women diagnosed with breast cancer in Norway by stage and 
diagnosis period. See reference (11) for further details.  
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Among all women diagnosed with breast cancer during 2015–2019, the probability of 

surviving five years relative to a similar group of women without breast cancer (relative 

survival) was 92.0% (11). The probability of survival is higher for earlier stage cancers than 

later stage cancers: during 2015–2019, the five-year relative survival was 100.9% for women 

with stage I breast cancer, but 34.0% for women with stage IV breast cancer (Figure 2) (11).  

Although TNM classifications and staging provide useful clinical information, knowledge that 

breast cancer is a heterogeneous disease makes it evident that tumours with a similar TNM 

classification or stage may not behave similarly over time. Certain tumour characteristics can 

provide information about a woman’s prognosis, so-called prognostic characteristics, and 

others can provide information about how a woman will respond to certain treatment, so-

called predictive characteristics. Commonly reported tumour characteristics include 

histological grade, estrogen receptor (ER) and progesterone receptor (PR) status, human 

epidermal growth factor receptor 2 (HER2) status, and Ki67 proliferation. Table 2 highlights 

selected prognostic and predictive tumour characteristics.  

 

Table 2: Prognostic and predictive tumour characteristics. 

Tumour characteristic Prognostic? Predictive? Further reading 
(reference) 

Maximum tumour diameter Yes - (4, 9) 

Lymph node involvement Yes - (4, 9) 

Histologic Grade Yes - (4, 9) 

ER status Yes Yes (4, 9) 

PR status - Yes (4) 

HER2 status Yes Yes (4, 9) 

Ki67 proliferation Yes - (4, 12) 

Subtype Yes Yes (9, 12) 

 

Tumour characteristics are also used to define molecular subtypes. Breast cancer subtyping 

provides important information about a patient’s prognosis and potential response to 

treatment (9, 12, 13). Clinical breast cancer subtypes include: Luminal A-like, Luminal B-like, 

HER2 positive and triple negative. These are defined in Table 3. The majority of breast 

cancers are ER positive (i.e. luminal) cancers. These are associated with a more favourable 

prognosis than ER negative cancers (i.e. HER2 positive and triple negative cancers) (4) 

Triple negative breast cancers in particular are often associated with a poor prognosis (14). 
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Table 3: Clinico-pathologic surrogate definitions of intrinsic subtype based on immunohistochemical 
analyses (12). 

Subtype Definition 
Luminal A ER and PR positive, HER2 negative, and Ki67 proliferation < 20%a 

 
Luminal Bb ER positive, PR negative and HER2 negative; or 

ER positive, HER2 negative and Ki67 proliferation ≥ 20%a; or 
ER positive and HER2 positive 
 

HER2 positive ER and PR negative, and HER2 positive  
 

Triple negative ER, PR, and HER2 negative 
a The exact threshold for Ki67 proliferation varies between laboratories, but 20% has been put forward 
as a suitable threshold. See reference (12) for more details. 
b The Luminal B subtype is often subdivided as Luminal B (HER2 negative) and Luminal B (HER2 
positive) depending on a woman’s HER2 status. 

 

Incidence and risk factors 

Incidence describes the number of new cases in a certain population during a given period. It 

can be measured as a count, proportion, or rate. In Norway, 3726 women were diagnosed 

with breast cancer during 2019 (15). The median age at diagnosis is 62 years and, on 

average, one in eleven women will be diagnosed with breast cancer before she turns 75 (15). 

Breast cancer is a multifactorial disease with many non-modifiable and modifiable risk factors 

and causal agents; age and sex are the most influential (4, 15). Other non-modifiable factors 

that increase breast cancer risk include certain hereditary factors, being younger at 

menarche, and being older at menopause, among others (4). Modifiable risk factors include 

being older at first full-term pregnancy, having increased mammographic breast density, 

engaging in low levels of physical activity, being overweight or obese as an adult 

(postmenopausal breast cancer only), and using hormone replacement therapy, among 

others (4, 16, 17).  

On a population level, roughly 20% of breast cancers worldwide are attributable to physical 

inactivity and overweight/obesity (4). Trends in hormone replacement therapy use also affect 

breast cancer incidence on a population level. In Norway, an estimated 28% of women aged 

45–64 were using these drugs during 1996–1997 and 57% of women aged 55–59 had used 

them at least once (so-called ever users) (18). This is thought to have caused 27% of breast 

cancers among women in this age group during 1996–1998, and 16.6% of ductal carcinoma 

in situ and invasive breast cancers among women aged 47–63 during 2003–2008 (19, 20). 

Hormone replacement therapy use in Norway decreased in the mid-2000s after it was 

established as a risk factor for breast cancer (21-24). During 2019, 16% of women aged 45 

and older used hormone supplements associated with menopause (25). 
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On an individual level, only 5–10% of women diagnosed with breast cancer have heritable 

genetic mutations that put them at a high lifetime risk (4). Thus, most women diagnosed with 

the disease have a low or average lifetime risk of developing breast cancer. However, most 

risk factors confer only modest change in women’s risk of breast cancer and individualized 

risk models based on established risk factors have only demonstrated moderate 

discriminatory and calibration accuracy (26). 

 

Screening for breast cancer 

Early detection and the principles of screening 

When organized breast cancer screening with mammography (mammographic screening) 

started in the 1960s and 70s, modifiable risk factors for breast cancer were not well 

understood. Decades later, we still do not know how to entirely prevent the disease among 

average-risk women. However, after reaching a certain (small) size, many asymptomatic 

breast tumours can be identified on a mammogram by skilled radiologists. The time between 

when an asymptomatic breast cancer can first be detected with mammography and when it 

would cause clinical symptoms is called the sojourn time (27). Mammographic screening 

helps radiologists to find and diagnose small, asymptomatic breast cancers during their 

sojourn time. Detecting early stage breast cancer in women of a certain age through periodic, 

population-based mammographic screening is considered the best way to reduce breast 

cancer mortality. It is thought that early stage breast cancer will respond more readily to 

treatment and lead to fewer deaths than late stage breast cancer (4).  

Most women do not have breast cancer. Therefore, many need to be screened to detect one 

woman with the disease. Women without breast cancer cannot benefit from early detection 

and screening program administrators must balance the population-based effects of 

screening against the individual-level effects. This is challenging because programs are 

typically monitored using epidemiological methods that measure average (i.e. population-

level) effects (28). Although epidemiological studies have generated a wealth of knowledge 

about screening, this knowledge is not always directly applicable to individuals. 

In 1968, before any results were published regarding the population-level effects of 

organized mammographic screening for breast cancer, the World Health Organization 

released “Principles and practice of screening for disease” (29). These ten criteria served as 

guidelines for the establishment of organized screening programs around the world, including 

mammographic screening programs (Table 4). Additional criteria have been proposed and 

introduced in the years since, including those put forward by the Norwegian Directorate of 

Health in 2014 (Table 5) (30-32).  
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An important aspect of screening is that the screening examination itself does not provide a 

diagnosis. In the case of mammographic screening, mammograms are used to identify 

women with abnormal findings that could benefit from being recalled for diagnostic testing 

that often involves ultrasound and other supplemental imaging. Needle biopsy is necessary 

to make a definitive diagnosis. 

 

Table 4: Ten principles for early detection from the World Health Organization (29). 

1 The condition sought should be an important health problem 
2 There should be an accepted treatment for patients with recognised disease 
3 Facilities for diagnosis and treatment should be available 
4 There should be a recognisable latent or early symptomatic stage 
5 There should be a suitable test or examination 
6 The test should be acceptable to the population 
7 The natural history of the condition, including development from latent to declared disease, 

should be adequately understood 
8 There should be an agreed policy on whom to treat as patients 
9 The cost of case-finding (including diagnosis and treatment of patients diagnosed) should be 

economically balanced in relation to possible expenditure on medical care as a whole 
10 Case-finding should be a continuing process and not a “once and for all” project 

 

Table 5: Six additional principles for organized screening programs put forward by the Norwegian 
Directorate of Health (32). 

1 The health benefits should outweigh the harms 
2 The protection of personal privacy and adherence to the law be ensured 
3 The program should be ethically acceptable 
4 Information about participation should be evidence-based and empower making an informed 

choice about participation 
5 The program should be cost-effective 
6 There should be a plan for program administration, quality assurance and evaluation 

 

Effect of screening on breast cancer incidence 
Breast cancer incidence has been increasing in Norway for decades (Figure 3) (15). The 

increase in incidence from 1996–2005 can be partly attributed to changes in background risk, 

improvements in screening and diagnostic tools, and increased breast cancer awareness, 

but also to the introduction of organized screening.  

When a cohort of women enters a screening program, many of their breast cancers are 

detected earlier, thereby inflating the incidence in that group. This abrupt increase is called a 

prevalence peak and is shown around age 50 in Figure 4A. In an ideal program, subsequent 

rounds of screening will help detect existing (prevalent) and newly occurring (incident) breast 

cancers earlier than they would have been without screening. The incidence rate is therefore 
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expected to be higher among screened women than similarly aged non-screened women. 

When a cohort of women leaves a screening program, their incidence is expected to be 

lower than a comparable non-screened cohort. This is because many of the prevalent breast 

cancers in the screened cohort have already been detected through screening and incident 

cancers can take some time to develop before they become symptomatic. The drop in 

incidence among women who leave screening is called a compensatory drop. In Figure 4A, 

women leave screening at age 70 and this drop is visible thereafter.  

 

Figure 3: Observed breast cancer incidence among women of all ages in Norway from 1965–2019.2 

 

 

Figure 4: (A) Expected breast cancer incidence in two-year age groups for screened (dotted line) and 
non-screened (solid line) women3, and (B) observed breast cancer incidence among all women aged 
45–79 in Norway during 2016.4

                                                

2 Figure adapted with permission from Cancer Registry of Norway. Cancer in Norway 2019 - cancer 
incidence, mortality, survival and prevalence in Norway. Oslo: Cancer Registry of Norway, 2020. 
3 Reprinted from The Lancet, Vol. 343, Boer R, Warmerdam R, de Koning H, van Oortmarssen G, Extra 
incidence caused by mammographic screening, p. 979, Copyright (1994), with permission from Elsevier. 
4 Figure data from Danckert B, Ferlay J, Engholm G, et al. (2019). NORDCAN: Cancer incidence, 
mortality, prevalence, and survival in the Nordic countries, Version 8.2 (26.03.2019). Association of the 
Nordic Cancer Registries. Danish Cancer Society. Available from: http://www.ancr.nu, accessed on 30 
December 2020. 
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In countries with population-based screening programs, factors such as screening at private 

clinics (particularly among women outside the target age for screening) and irregular 

attendance or non-participation in organized programs can make it difficult to observe the 

prevalence peak or compensatory drop. Figure 4B shows the age specific incidence rates for 

women aged 45–79 in Norway during 2016. The prevalence peak that should be visible 

around age 50 is not as obvious as the compensatory drop around age 70.  

Mammographic screening can also affect breast cancer incidence by leading to the detection 

of slow growing cancers that would not cause any symptoms during a woman’s lifetime (33). 

These cancers are often called “overdiagnosed” and increase the number of breast cancer 

diagnoses made compared to a situation with no screening. See page 31 for more details. 

The origins of modern-day screening 
Screening for breast cancer with mammography gained popularity during the early 1960s 

and was borne out of a desire to help women survive a deadly disease (recall that the 

Halstedian model of disease progression prevailed at that time) (34). Reports of diagnostic 

mammography go back as far as the 1930s, but routine mammographic screening was not 

reported on before the 1950s (34, 35). General analogue (film) x-ray equipment was used for 

mammography until the first dedicated mammography device was developed in the 1960s 

(34). Contemporary mammographic screening uses digital x-ray equipment designed 

specifically for breast imaging. 

In 1963, a randomized controlled trial was started in New York to determine whether 

mammographic screening together with clinical breast examination could reduce breast 

cancer mortality among women aged 40–64 (36). Several additional randomized controlled 

trials followed (4). Together these trials provided the evidence base for implementing 

organized mammographic screening in countries around the world.  

The utility of organized mammographic screening has been debated publicly since at least 

the late 1970s. This debate started because the Breast Cancer Detection Demonstration 

Project in the United States was offering mammographic screening to women age 35–74, 

based on evidence created from women aged 40–64 who participated in the New York trial 

(37). Later discussions in the 1990s questioned the quality of the Canadian National Breast 

Screening Studies and the mortality results from Swedish trials (38-41). The randomized 

trials generally provided a high level of scientific evidence for the questions they were 

designed to answer, but these debates illustrate how these trials cannot provide definitive 

answers for all the questions we might have about screening. Further questions arise when 

considering improvements in mammographic imaging since the 1960s. 
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Epidemiological considerations 

Much of the new knowledge developed about screening comes from observational 

epidemiological studies. The precision and validity of results, particularly from observational 

studies, is often discussed or debated. Study precision refers to a “relative lack of random 

error” or “the quality of being sharply defined or stated” (27). Epidemiologists divide the 

concept of validity into internal and external validity. Internal validity relates to the amount of 

systematic error or bias in a study and refers to how well a study’s results relate to the 

population of interest (27, 42). External validity refers to how well a study’s results can be 

generalized to other populations or settings (27, 42). 

Epidemiologists often appraise internal validity by considering the risk and potential impact of 

selection bias, information bias, and confounding. Selection bias refers to “bias in the 

estimated association or effect of an exposure on an outcome that arises from the 

procedures used to select individuals into the study or the analysis” (27). Information bias 

refers to a distortion of study results due to measurement error (27, 42). Confounding refers 

to a systematic distortion of an effect estimate between exposure and outcome due to a third 

variable (confounder). A confounder must be a risk factor for the outcome, associated with 

the exposure in the population of interest, and not affected by the exposure or outcome (42). 

To obtain valid results from breast cancer screening studies, careful consideration must go 

into selecting sufficiently similar control groups and information sources for screening, 

diagnosis, and cause of death. Sufficiently long follow-up time – preferably 10 years or more 

– is also important because 5-year breast cancer survival is high (Figure 2), which can affect 

study precision. Further, when comparing breast cancer mortality among screened versus 

non-screened women, for example, it is important to ensure that breast cancer deaths 

among screened women resulted from incident cancers diagnosed after a woman was first 

invited to or attended screening so that the temporal sequence of the exposure and outcome 

is logical (internal validity) (4). Moreover, researchers must be careful to avoid drawing 

incorrect conclusions about the effects of screening on individual women based on 

population-level data (ecological fallacy; external generalizability).  

Breast cancer screening in Norway 
BreastScreen Norway is the population-based screening program in Norway. The program 

offers women in the target group a screening appointment every other year for 20 years (10 

appointments total). The target group is women aged 50–69, but offers to attend screening 

are sent based on birth cohorts and residential region, and a woman’s age at screening can 

range from 48–72 (43). Offers to attend screening are sent electronically or by letter-mail and 

women can call to change their appointment if the suggested time does not suit them. All 
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offers to attend screening are sent with an information leaflet about different aspects of 

screening to help inform women about the practical aspects of screening, as well as the 

major potential benefits and risks. This is discussed in the section Information about 

mammographic screening on page 34. 

The Cancer Registry of Norway administers BreastScreen Norway based on national and 

European guidelines (28, 44). Two radiologists independently read all screening 

mammograms. A consensus or arbitration meeting determines whether a woman should be 

recalled for further assessment if both radiologists do not interpret a case as “normal”. 

BreastScreen Norway started in one county in late 1995 and three others in early 1996. The 

program was nationwide by the end of 2005 (45). The transition from screen film 

mammography to digital mammography was gradual, beginning in a research setting in 2000 

(45). Routine screening with digital mammography began at two centres in 2004 and the 

program was fully equipped with digital mammography in the fall of 2011.  

Screen-detected and interval breast cancers 
Breast cancers diagnosed because of a recall for further assessment after routine 

mammographic screening are called screen-detected breast cancers. Because we do not 

(and cannot) screen continuously for breast cancer, some breast cancers will inevitably be 

diagnosed between two routine screening examinations. These so-called interval cancers 

are often – but not always – diagnosed as a result of clinical symptoms. Cancers detected 

among women who have not attended a planned screening examination in an organized 

program are referred to as detected “outside screening”. 

On a population level, screen-detected cancers are detected earlier in their disease course 

than interval cancers; the time between the diagnosis of a screen-detected breast cancer 

and when that cancer would have been detected in the absence of screening is called lead 

time (Figure 5). Slow growing breast cancers with long sojourn times are most susceptible to 

being screen-detected because they are less likely to become symptomatic between 

screening examinations. On the other hand, fast growing cancers are more likely to be 

diagnosed as interval cancers. This phenomenon is known as length bias (Figure 6). 

 
Figure 5: Illustration of breast cancer progression in the context of organized screening.  
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Figure 6: The arrows represent a cancer’s sojourn time. Screen-detected cancers are represented by 
grey arrows, while interval cancers are represented by black arrows. Periodic screening is more likely 
to detect slow growing tumours with a longer sojourn time, this is known as length bias.5 

 

Interval cancers represent roughly 25% of breast cancers detected among women attending 

BreastScreen Norway. On a population level, interval cancers have less favourable tumour 

characteristics than screen-detected cancers (45). Specifically, interval cancers are more 

likely to have a larger tumour diameter, be lymph node positive, and have a higher histologic 

grade than screen-detected breast cancers (46, 47). This is partially due to lead time and 

length bias. These biases complicate comparing survival outcomes for screen-detected and 

interval cancers. However, even after adjustment for patient and tumour characteristics, 

women diagnosed with interval cancer have lower survival than those diagnosed with 

screen-detected cancer (46, 47). It is desirable to avoid a diagnosis of an interval cancer if 

the abnormality could have been detected and diagnosed as a screen-detected cancer at the 

previous screening examination. 

Radiographic assessment of “true” and “missed” cancers 
Through a process called retrospective radiological review, radiologists can evaluate prior 

screening mammograms to determine whether a screen-detected or interval cancer was 

                                                

5 Reprinted from Clinical Radiology, Vol 73, 1. Wallis MG. How do we manage overdiagnosis/ 
overtreatment in breast screening? Page 374, Copyright (2018), with permission from Elsevier 
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visible at that time. Common classifications used in radiological reviews are “true”, “minimal 

signs”, “missed” and “occult” cancers (28). Definitions used in this thesis for true, minimal 

signs, and missed cancers are provided in Table 6. These are illustrated for screen-detected 

and interval cancers in Figure 7. Briefly, true cancers were defined as those diagnosed in 

women with no visible abnormalities on the prior screening mammograms. Minimal signs 

cancers were defined as those diagnosed in women with minor abnormalities on the prior 

screening mammograms at the cancer site, but where these did not necessarily warrant a 

recall for additional workup. Missed cancers were defined as those diagnosed in women with 

obvious visible findings at the cancer site on the prior screening mammograms, but that were 

not diagnosed as a result of attending the screening examination. Occult cancers were 

defined as those with no mammographically visible malignancy at the time of diagnosis.  

The underlying rate of true cancers is positively associated with the amount of time between 

two regularly scheduled screening examinations (i.e. the duration of screening intervals). 

Shorter screening intervals will increase the number of true screen-detected cancers and 

longer screening intervals will increase the rate of true interval cancers (Figure 6). Again, 

because most women do not have breast cancer, screening programs must strike a balance 

between screen-detected cancer rates and the frequency that women are offered screening.  

 

Table 6: Definitions of true, minimal signs, and missed breast cancers used in this thesis. 

Radiological 
classification 

Definition 

True No abnormalities visible on prior screening mammograms at the cancer site (true 
negative prior screen), followed by a diagnosis of interval breast cancer, or 
screen-detected breast cancer during the subsequent screening round. 
 

Minimal signs, 
actionable 

Minor abnormalities visible on prior screening mammograms at the cancer site. 
Recall would have warranted, but was not expected within the screening 
program. 
 

Minimal signs, 
non-actionable 

Non-specific findings visible on prior screening mammograms at the cancer site. 
Recall not possible or expected within the screening program.  
 

Missed Obvious abnormalities visible on prior screening mammograms at the cancer 
site (false negative prior screen) that resulted in interval breast cancer or screen-
detected breast cancer during the subsequent screening round. 
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Figure 7: Missed cancers are those for which mammographic abnormalities were visible on the prior 
mammogram, but ultimately not diagnosed as breast cancer. True cancers are those that develop 
between two screening examinations. 

 

In addition to being affected by the underlying rates, the observed proportions of missed and 

true cancers are affected by the radiological review methodology used to assign these 

classifications. This is the case for both screen-detected and interval cancers. Consensus-

based reviews can lead to a lower proportion of cancers classified as missed than reviews 

based on the assessment of a single radiologist (48). However, the proportion of cancers 

classified as missed is more affected by whether screening and diagnostic imaging is 

available (so-called informed reviews result in higher rates of missed cancers) or whether 

only the prior screening images are available (so-called blinded reviews have lower rates of 

missed cancers) (48-51). Further, radiologists also classify a higher proportion of cancers as 

missed when reviewing only cancer cases (non-mixed reviews) than when reviewing cancer 

cases together with normal screening examinations (mixed reviews) (52). It is important to 

note that nearly all radiologic reviews, regardless of their design, are performed in a study or 

training setting. This limits the extent that their results can be generalized to an ordinary 

screening setting.  

Among interval cancers, a literature review of radiological review studies concluded that 

roughly 20–25% may be missed (46). To the best of my knowledge, a comparable literature 

review about screen-detected cancers has not been published in the peer-reviewed 

literature. Individual studies report 10–53% of screen-detected cancers as potentially missed 
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depending on the radiological review process (53-56). Among five studies presenting the 

proportions of missed screen-detected and missed interval cancers, one study found no 

difference, one found that the proportion of missed screen-detected cancers was higher than 

that of missed interval cancers, and three more recent studies found the opposite (54-57). 

Among the latter, the difference in proportions ranged from 3.4%–13% (54, 57). Women with 

missed interval cancers could potentially have benefitted from earlier detection at their 

previous screening examination, but it is less apparent whether women with missed screen-

detected cancers could also have benefitted from earlier detection. This is further discussed 

on the section “Underdiagnosis” on page 33. 

 

Benefits associated with screening  
The primary aim of mammographic screening is to reduce deaths from breast cancer through 

early detection and this is the focus of this section. There are other benefits associated with 

mammographic screening, including that women with screen-detected cancers may receive 

gentler treatment than if their cancer had been detected due to clinical symptoms.  

Reduced breast cancer mortality 
Mortality can be calculated as a count or a proportion, but is often calculated as a rate. To 

evaluate screening, it is generally calculated with respect to death from breast cancer (breast 

cancer mortality). In 2018, 650 women residing in Norway died of breast cancer and the age-

standardized breast cancer mortality rate was 22 per 100,000 woman years (58). 

In Norway, breast cancer mortality started decreasing around 1996 (Figure 8). This coincides 

with an increase in 5-year relative survival that is attributable to improvements in breast 

cancer treatment and the introduction of organized screening (15). This mortality reduction 

could reflect the increase in survival, and it is important to consider how changes in incidence 

and survival may affect mortality. It can be difficult to disentangle these effects but one study 

has estimated that, for women over 50, organized screening in Norway was associated with 

a 20% decrease in breast cancer mortality and improvements in treatment were associated 

with a 23% decrease (59). This estimate is in keeping with those from the initial randomized 

trials about mammographic screening and later observational studies, which demonstrated 

that periodic mammographic screening reduces breast cancer mortality among average-risk 

women aged 50–69 by roughly 22% among those invited to screening (4, 59, 60), and 

approximately 33% among those attending screening (60). 
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Figure 8: Age standardized breast cancer incidence, mortality, and survival in Norway from 1965–
2019, among women of all ages.6 

 

Risks associated with screening 
Early detection through screening deceases breast cancer mortality, but participating in 

organized screening can also have negative consequences for women. These include false 

positive screening examinations, overdiagnosis, and “underdiagnosis”. Other risks 

associated with participating in organized screening include false negative screening 

examinations and exposure to ionizing radiation (4).  

False positive screening examinations 
A commonly recognized risk associated with mammographic screening is false positive 

screening examinations. This refers to “having a screening mammogram that caused a recall 

for further assessment and therefore led [a woman] to believe [she] might have breast cancer 

when [she] do[es] not” (item 9 on page 13) (61). Women can experience uncertainty, stress, 

anxiety, and fear after being recalled for further assessment (4, 62). This recall examination 

may help reassure a woman that she does not have the disease, but will also expose her to 

further imaging and potentially a breast biopsy. Women who undergo biopsy may wait longer 

to obtain their test results than women who do not. False positive screening examinations 

have been studied extensively. One systematic review reported that 46–98% of women were 

aware of this risk (63). Two other such reviews reported that women appear to be willing to 

be exposed to this risk for the potential benefit of early detection (62, 64).  

                                                

6 Figure adapted with permission from Cancer Registry of Norway. Cancer in Norway 2019 - Cancer 
incidence, mortality, survival and prevalence in Norway. Oslo: Cancer Registry of Norway, 2020. 
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Overdiagnosis 

Overdiagnosis generally refers to “too much medicine”, often in the case where a disease 

diagnosis doesn’t benefit a patient (65). In mammographic screening, overdiagnosis 

(sometimes called “overdetection”) typically refers to the detection of a breast cancer that 

never would have presented symptomatically during a woman’s lifetime in the absence of 

screening (33). Overdiagnosis may refer to diagnosing a woman with a slow-growing or 

indolent breast cancer that would never have caused symptoms or death, no matter how 

long she lived. It may also refer to diagnosing a woman with a progressive breast cancer if 

she dies of another cause before her breast cancer would have otherwise become 

symptomatic (66). The consequences of having an overdiagnosed breast cancer, including 

potentially unbeneficial treatment, are similar for all women with both “types” of 

overdiagnosed cancers. However, a modelling study estimated that competing risk of death 

caused less than 4% of overdiagnosed cases (67). This thesis thus limits its scope to 

overdiagnosis caused by slow-growing or indolent cancers.  

Overdiagnosis in mammographic screening was recognized during the 1960s, but was not 

considered a major risk associated with screening until the 2000s (33, 68). Today, it is 

considered one of the most serious potential risks associated with screening. Although the 

definition for overdiagnosis applies to individuals, our current knowledge about the 

progression of breast cancers in individuals is insufficient to differentiate women whose 

cancers will develop into harmful disease from those whose will not. As a result, treatment is 

offered to all women with breast cancer. Women with overdiagnosed breast cancers may 

undergo treatment that confers little or no medical benefit (overtreatment). Further, these 

women are unnecessarily exposed to the psychological and physical harms associated with 

breast cancer diagnosis, treatment, and survivorship (69). However, because most 

overdiagnosed women are assumed to be diagnosed with cancers that have a favourable 

prognosis (e.g. small tumours size, low grade), they are likely to be offered less aggressive 

treatment than women whose cancers are associated with a poor prognosis. 

As long as we cannot identify slow-growing or indolent breast cancers that will never cause 

clinical symptoms in individuals, overdiagnosis will remain an inevitable aspect of breast 

cancer screening. However, the definition of overdiagnosis can be operationalized, and 

thereby quantified, on a population-level using epidemiological methods. One such approach 

compares the breast cancer incidence in a group of screened women to a similar group of 

non-screened women. Women are followed-up for breast cancer from the start of screening 

until such a time when the compensatory drop associated with stopping screening has 

passed. In this way, an excess of breast cancer cases in the screened group indicates 

overdiagnosis. Ideally, this would be performed in the context of a randomized controlled 
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trial, however, many studies use retrospective observational data to estimate overdiagnosis. 

These observational studies are highly sensitive to the study design, data, and analytical 

approach used (69-72). Although there is no agreement on the optimal methodology to 

estimate overdiagnosis, studies using individual-level data are generally more valid than 

studies using group-level information (ecological studies) (43). Aggregated data sources do 

not always have accurate information about which women attended screening or were 

diagnosed with breast cancer, or the dates of these events. The risk of misclassification 

(information bias) is therefore higher in ecological studies than those using individual-level 

data. Further, researchers may incorrectly draw conclusions about individual-level effects 

from group-level information (ecological fallacy). 

The proportion of overdiagnosis in BreastScreen Norway is debated. Estimates range from 

0% to over 75% (73, 74), but most are under 30% (73, 75-79). Less than half of these 

studies exclusively used individual-level data (73, 76, 77, 80). Studies using aggregate data 

have produced the highest estimates of overdiagnosis; more recent studies using individual-

level data have reported lower rates (Figure 9). 

 

Figure 9: Estimates of overdiagnosis in BreastScreen Norway published during 2005–2017.7 Studies 
A, B, and C used group-level data.  

                                                

7 Reprinted from European Journal of Cancer, Vol. 89, Lund E, Nakamura A, Thalabard J, No 
overdiagnosis in the Norwegian Breast Cancer Screening Program estimated by combining record 
linkage and questionnaire information in the Norwegian Women and Cancer study (DOI: 
10.1016/j.ejca.2017.11.003), p. 109, Copyright (2017), this work is licensed under CC BY-NC-ND 4.0. 
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“Underdiagnosis” 

“Underdiagnosis” is not a common term in breast cancer screening and does not have an 

agreed-upon definition in this field. However, it can be understood in the context of 

overdiagnosis. Thus, where overdiagnosis can refer to “too much medicine” (65), 

“underdiagnosis” can refer to “too little medicine”. For the purposes of this thesis, I defined 

“underdiagnosis” in mammographic screening as the inverse of overdiagnosis. Where 

overdiagnosis was defined as “diagnosing a woman with a slow-growing or indolent breast 

cancer that would never have caused symptoms or death, no matter how long she lived” 

(page 31), underdiagnosis was defined as not diagnosing a woman with a progressive breast 

cancer that would have caused symptoms or death during her lifetime.  

This thesis focused on the potential for underdiagnosis to occur when a cancer 

retrospectively visible at routine screening was missed and subsequently diagnosed as an 

interval cancer or screen-detected cancer in the subsequent round (i.e. diagnosed following 

a false negative screening examination). For example, if a “missed” interval cancer was 

diagnosed after a woman developed clinical symptoms of breast cancer, I assumed this was 

underdiagnosed based on the definition above. However, I could not determine whether 

“missed” asymptomatic screen-detected cancers would have eventually caused symptoms 

during a woman’s lifetime (in the absence of her diagnosis). I could only speculate whether 

these cancers were potentially underdiagnosed based on their tumour characteristics. 

The prognostic and predictive tumour characteristics and survival profile of missed 

(potentially underdiagnosed) screen-detected breast cancers are not well established and I 

am not aware of any studies evaluating women’s survival after a diagnosis of true or missed 

screen-detected cancer. Among interval breast cancers, it has been hypothesized that 

missed cancers represent less aggressive disease with favourable prognostic features 

compared to true cancers that have a shorter sojourn time (56, 81). Indeed, a number of 

studies have observed that missed interval cancers are less frequently histopathologic grade 

3 than true interval breast cancers, but they also often have a larger tumour diameter (82-

87). Results have been less consistent for other aspects of histopathology. Three out of four 

published studies have failed to detect a difference in the overall survival associated with true 

and missed interval cancers (81, 83, 84, 86). More studies are needed to better describe the 

impact of missed versus true cancers in organized screening. 

Diagnostic accuracy  

Because breast cancer staging and personalized treatment are closely tied to histopathologic 

tumour characteristics, diagnostic accuracy is important to help ensure that women are 

offered appropriate treatment for their disease. This is particularly the case for women with 
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overdiagnosed breast cancers, whose treatment confers little or no medical benefit to them. 

Diagnostic accuracy is therefore crucial to minimize the negative consequences of 

overtreatment by helping to ensure these women are offered the most targeted and least 

invasive treatment required to treat their disease. With respect to underdiagnosed cancers, 

diagnostic accuracy is important to ensure that women are offered appropriate and 

personalized treatment that can mitigate some of the potentially unfavourable consequences 

associated with a delayed diagnosis of breast cancer. 

Consider the preferential overrepresentation of certain digits (so-called terminal digit 

preference) in reporting numerical tumour descriptors. This is a potential source of 

measurement error when radiologists and pathologists report the maximum diameter of a 

tumour (referred to as “tumour diameter” hereafter). The T1–T3 classifications for breast 

cancer are defined by tumour diameter and inaccurate measurements could affect T staging. 

Although it has rarely been evaluated as a primary outcome, some studies report that breast 

pathologists over-report tumour diameters that are a multiple of five millimetres (88-90). 

Terminal digit preference is not well-described among breast radiologists, but is important to 

describe because radiological tumour diameter measurements inform cT staging and can 

therefore affect neoadjuvant and surgical treatment decisions (9). In this thesis, I explored 

terminal digit preference among breast radiologists and pathologists and examined whether 

this could cause under- or overstaging and thereby affect treatment decisions. 

 

Information about mammographic screening 
Screening is associated with potential benefits and risks, as previously described. Although 

these risks may be outweighed by the benefits on a population-level, individual women who 

experience some of the potentially negative aspects of screening may not experience the 

benefit of early breast cancer detection. For example, a woman with a false positive 

screening result may never develop breast cancer and never benefit from early detection of 

the disease. It is therefore important that women have access to accurate and balanced 

information about the potential consequences of participating in organized screening. This 

can help them make a decision whether to attend. 

In Norway, the national screening program is responsible for developing information about 

screening for the women it serves and has always included information about screening 

alongside the invitations it sends to women. Surveys at selected screening units in 2015 and 

2018 found that 84%–96% of women attending screening read at least some of the 

information they received with their invitation (91, 92). The 2015 survey indicated that less 

than 20% of women had searched for additional information about screening (92). This 
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underlines the important role that BreastScreen Norway has in communicating accurate and 

complete information about screening to women. 

Informed choice  

Initially, much of the information material created for women by screening programs focused 

on the benefits of screening (93). This aimed to increase the participation rate, which is a 

quality indicator used to monitor the performance of organized screening programs. In 

BreastScreen Norway, the participation rate is roughly 75% (45, 94). The 2006 European 

Guidelines indicated that >70% participation is acceptable and >75% is desirable (28). 

Participation rates are still under consideration as potential performance indicator by the 

European Commission Initiative on Breast cancer (28, 95).  

Women’s autonomy has been increasingly valued by the medical establishment, and 

informed choice is becoming a key tenet in guidelines for organized screening. For example, 

the Norwegian Directorate of Health has suggested that information about participation in 

organized screening programs should be evidence-based and empower making an informed 

choice about participation (Table 5) (32). Additionally, the 2006 European Guidelines noted 

that it is “vital that … women know the pros and cons of breast screening to help them make 

an informed decision about whether or not to attend” (Page 382, §12.1) (28). The most 

recent European Guidelines conditionally recommend providing women with a decision aid to 

help them make an informed choice about whether they want to attend screening (96).  

Informed choice in screening is often defined as a woman making a decision whether to 

attend screening based on relevant information or knowledge (97). This definition is difficult 

to operationalize but generally involves assessing women’s knowledge and values toward 

screening, as well as their screening behaviour. A woman makes an informed choice if her 

decision to attend screening is consistent with her values and she demonstrates “adequate” 

knowledge about screening (97). Measuring informed choice requires making judgements 

about how to define, measure, and interpret women’s knowledge and values and there is no 

consensus on how to do this (97). Further, the classification “informed”/“not informed” can 

oversimplify the complex individual components that make up this concept and the 

interactions that occur between them (97). Reporting detailed information about each 

individual element of informed choice may provide more nuanced, and perhaps more 

actionable, information about women’s decision making processes.  

It is unclear whether screening programs can achieve high participation rates while 

simultaneously enabling informed choice. Moreover, some women prefer not to make an 

active decision whether to participate in organized screening (98). However, this does not 

absolve screening programs from their obligation to provide accurate and balanced 
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information about screening. Most contemporary European screening programs do provide 

women with some information about the potential benefits and risks of mammographic 

screening. Many such programs, including BreastScreen Norway, also have policies to 

support women in making an informed choice when considering mammographic screening 

(99). Nonetheless, a number of screening programs have been criticized for providing 

women with unbalanced or incomplete information about screening, particularly with respect 

to overdiagnosis (100-105). It is important for women to be aware of, and have access to, 

information about overdiagnosis and overtreatment because their knowledge about this topic 

can affect how they think about and value mammographic screening (106-108). 

BreastScreen Norway’s information leaflet has described overdiagnosis since 2009 (45). This 

information was updated in 2017 and 2020 (45, 109). The program aimed to encourage 

women to make an informed choice while making these updates. More detailed information 

about overdiagnosis and other aspects of screening is available on the program’s website.8 A 

routine questionnaire sent with screening invitations in 2015 indicated that 96% of 154,884 

participants felt that the quality of information offered by BreastScreen Norway was “good” or 

“very good” (results unpublished). Focus groups performed in the same year indicated that 

participating women did not feel the need for information about the benefits and harms of 

mammographic screening, but they felt it might be important for others (92). 

Women’s knowledge about overdiagnosis in Norway 
A systematic review of literature from countries in the International Cancer Screening 

Network’s breast cancer division indicated that women have low levels of awareness and 

knowledge about overdiagnosis (63). Studies have shown that overdiagnosis is difficult to 

define and understand, and that it is not uncommon for women to confuse false positive 

screening examinations and overdiagnosis (106, 107, 110). 

In Norway, a 2018 survey (n = 204) conducted as part of a Bachelor’s degree thesis reported 

that 65% of women attending screening reported that they had heard of overdiagnosis and 

knew what it was and 16% reported having heard of the word, but were unsure of its 

meaning (91). Women were not asked to provide a definition for overdiagnosis in this study, 

however focus group discussions in 2015–2016 among screening-aged women indicated 

that overdiagnosis was difficult for them to understand and was sometimes confused with 

false positive screening examinations (92). Additional information about the extent to which 

women in Norway are knowledgeable about mammographic screening, overdiagnosis in 

particular, is scarce.   

                                                

8 https://www.kreftregisteret.no/screening/Mammografiprogrammet/ 
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Research objectives 
 

The objective of this PhD project was to investigate over and underdiagnosis in 

BreastScreen Norway. This project consisted of three papers based on separate studies that 

explored concepts related to overdiagnosis, underdiagnosis, and women’s knowledge about 

breast cancer in general and overdiagnosis in particular.  

The research objectives this PhD project sought to address were: 

1. To determine whether terminal digit preference is present among tumour diameter 

data registered at the Cancer Registry of Norway and evaluate whether this had the 

potential to lead to under- or overstaging. 

2. To determine whether tumour histopathology and survival are differentially associated 

with true, minimal signs, and missed screen-detected and interval cancers, and 

explore whether this could indicate if missed cancers were over- or underdiagnosed. 

3. To describe Norwegian women’s conceptual knowledge about mammographic 

screening in general, and overdiagnosis in particular. 

Paper 1 addressed the first research objective, Paper 2 the second, and Paper 3 the third.
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Materials and methods 
 

The three studies included in this thesis are summarized in Table 7. 

Table 7: Study characteristics of the three papers included in this thesis. 

 Paper 1 Paper 2 Paper 3 
 Terminal digit 

preference 
Survival associated 
with true and missed 
cancers 

Knowledge about 
screening and 
overdiagnosis 

Ethical approval PVO 19/02585 PVO 2016/4696 
 

Not applicablea  

Data sources Cancer Registry of 
Norway 

Cancer Registry of 
Norway 
Radiologic review 
 

Anonymous online 
survey 

Study design Cross-sectional Cohort 
 

Cross-sectional 

Study sample after 
exclusions 

14,168 women of all 
ages diagnosed with 
T1–T3 breast cancer 
during 2012–2016 (all 
modes of detection)  

1022 women 
diagnosed with 
screen-detected 
breast cancer and 788 
women diagnosed 
with interval breast 
cancer 
 

1892 women aged  
45–75 in 2020 

Primary outcome Terminal digit 
preference 

Overall survival Knowledge about 
breast cancer screening 
and overdiagnosis 
 

Main statistical 
methods 

Descriptive statistics Cox regression Descriptive statistics 

a This study was exempt from ethical approval because it was based on anonymous information.  

 

Ethical approvals 
The study for Paper 1 fell under the umbrella of quality assurance and improvement since it 

could highlight measurement error in data registered at the Cancer Registry of Norway. This 

study was approved by the privacy ombudsman at the Oslo University Hospital (PVO 

19/02585). Access to the study data was sought from the Registry’s data delivery unit (ref. 

19/39, DU-3292) after determining that a data privacy impact assessment was not required. 

The study for Paper 2 was a part of a quality assurance and improvement project approved 

by the privacy ombudsman at the Oslo University Hospital in 2016 (PVO 2016/4696). To limit 

the risk of re-identifying individuals, all dates were set to the 15th of the month and no unique 

personal identifiers were included in the analytical data set. 
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The study for Paper 3 was exempt from review by the local research ethics board and 

institutional privacy ombudsman. This was because the study data came from a 

questionnaire that only collected categorical data that were considered anonymous. 

Submitting a completed questionnaire was deemed as consent to participate. Non-

consenting women could exit the questionnaire at any time with no consequence.  

 

Data sources 

Cancer Registry of Norway 
The Cancer Registry of Norway provided data used in Paper 1 and Paper 2. The Registry 

was established in 1952 and registers information about all cancer cases diagnosed among 

residents in Norway. Cancer reporting is mandated by law, and the Registry obtains 

information about cancer patients from clinical sources, pathology reports, and death 

certificates (Figure 10) (15). Nearly 100% of breast cancer cases in Norway are reported to 

the Registry and over 99% of these are morphologically verified (111).  

As the administrator of BreastScreen Norway, the Registry also maintains individual-level 

records of screening invitations, attendance, screening results, and any follow-up or 

diagnosis of screen-detected or interval breast cancer. Information about mode of detection 

(screen-detected, interval, or outside screening) is therefore available for all women 

diagnosed with breast cancer. Women have the right to opt out of having their normal 

screening results saved at the Registry and used for research. As of December 31, 2016, 

less than 2% of women had ever exercised this right (45).  

The Registry is also responsible for the National breast cancer quality registry (Norwegian: 

Nasjonalt kvalitetsregister for brystkreft). Using an electronic portal, this quality registry 

collects information about diagnosis, treatment, and follow-up for all female breast cancer 

patients (11). Surgical and pathological information is highly complete, but radiological and 

oncological information is less so. Oncological information was not used in this thesis. 

Radiological information is submitted by radiologists via an electronic “radiology form”. 

Radiologists working at breast diagnostic centres in BreastScreen Norway have had access 

to and submitted a version of this form since the inception of the program. These forms have 

historically been submitted for nearly all women diagnosed within BreastScreen Norway 

(112, 113). In 2015, radiology forms were submitted for 47% of cancers diagnosed outside 

the program (113). At this time, one large referral hospital did not have access to the 

electronic system required to access and submit these forms to the Registry. This access 

was established in 2016, and forms were submitted for 72% of all women diagnosed with 
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breast cancer that year (114). To date, access has not been established at private centres 

and some smaller public centres – both of which diagnose cancers outside of BreastScreen 

Norway – and the overall submission rate therefore cannot reach 100% (11). Moreover, 

although processes for reminding radiologists about missing forms are well established for 

women diagnosed within BreastScreen Norway, these were not established for women 

diagnosed outside the program until 2017–2018 (115). This has also contributed to the 

excess of missing radiology forms for cancers diagnosed outside the screening program.  

Paper 1 used information about breast cancer diagnoses and associated tumour 

characteristics (including tumour diameter) sent to the Registry by radiologists and 

pathologists. Paper 2 used information about breast cancer diagnoses and associated 

tumour characteristics sent to the Registry by pathologists. This paper also used information 

on emigration and cause of death from the Registry. Information about missing data for 

individual variables is provided in the section Missing data on page 48. 

 

 

Figure 10: Data sources and registration processes at the Cancer Registry of Norway.9  

                                                

9 Figure reprinted with permission from Cancer Registry of Norway. Cancer in Norway 2019 - Cancer 

incidence, mortality, survival and prevalence in Norway. Oslo: Cancer Registry of Norway, 2020. 
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Retrospective radiological review 

Paper 2 linked data from the Cancer Registry of Norway to radiologic classifications obtained 

during a nationwide radiological review of ductal carcinoma in situ and breast cancer 

diagnosed in women attending BreastScreen Norway. The purpose of the review was 

“quality improvement for radiologists’ performance and the program” (116). The review itself  

is described in detail elsewhere (116). It was performed between September 2016 and April 

2017 by 37 radiologists who had read at least 5000 mammograms during the past two years. 

It involved all 16 breast centres across the country. Centres were randomly paired and a 

panel of five radiologists reviewed cases from paired centres. Each panel consisted of two 

radiologists from the reviewing centre, two from the paired centre, and Dr. Tone Hovda. Dr. 

Hovda and a representative from the Registry were present at every session to ensure 

consistency in the review process, data collection and coding. 

The panels performed an informed review using screening and diagnostic images. 

Information on surgical treatment and tumour histopathology was provided after each case 

was reviewed. Based on whether a tumour was retrospectively visible on the prior screening 

examination, a panel of radiologists classified all cancer cases as “true”, “minimal signs”, 

“missed”, or “occult” (defined on page 27). This classification was determined through 

consensus, or a majority vote if consensus could not be reached. 

Each centre aimed to identify a sample of 75 screen-detected and 75 interval cancers 

diagnosed with digital mammography for review. However, some low-volume centres 

oversampled screen-detected cancers to obtain 150 cases for review. 

Online questionnaire 

Paper 3 used data collected through an online questionnaire between April 8 and June 8, 

2020. The questionnaire targeted women aged 45–69 living in Norway and was written in 

Norwegian (bokmål). It was shared through a Facebook post made by the Cancer Registry of 

Norway’s Kreftsjekken page10, which has roughly 8200 followers (mostly women). 

The questionnaire was administered through a secure platform for survey management 

developed by the University of Oslo (Nettskjema) (117). Internet protocol (IP) addresses and 

other such personal identifiers were not saved. Further, Nettskjema did not save information 

about the time a survey was submitted, and cookies were not used while the survey was in 

progress (118). In other words, responses were not saved temporarily while the survey was 

being completed, they were saved only when submitted by a participant. 

                                                

10 https://www.facebook.com/kreftsjekken/  
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Our questionnaire included four sociodemographic questions and five background questions; 

the latter included two questions about breast cancer screening. Further, the questionnaire 

included nine graded conceptual questions covering three themes associated with screening: 

breast cancer mortality benefit (n = 2), false positive screening examinations (n = 1), and 

overdiagnosis (n = 6). Both graded and non-graded questions about breast cancer screening 

were based on the work of Hersch and colleagues (119). Key questions and response 

alternatives used in our study are described in the section Key variables on page 44; these 

have been back translated to English. 

Questions and potential responses from the work of Hersch and colleagues were translated 

from English to Norwegian (bokmål) by four of the authors of Paper 3, who included a native 

English speaker and native Norwegian speakers (119). The Norwegian questions are 

presented in the Appendix. They were tested by five women aged 50–69 before the survey 

was made publicly available.  

 

Study designs 
The studies for Papers 1 and 3 were both cross-sectional. Cross-sectional studies describe 

the characteristics of a group at a particular point in time (27). In this thesis, Paper 1 used 

retrospectively available data from 2012–2016 and Paper 3 used data collected in 2020. 

The study for Paper 2 used a historical cohort design. A strength of cohort studies is that 

they can make use of temporal information about an exposure that precedes the outcome of 

interest (120). In our study, women were selected based on a diagnosis of screen-detected 

or interval cancer, which was then classified as true, minimal signs, or missed. These women 

were followed-up from their diagnosis of breast cancer until December 31, 2018 and we used 

this temporal information to investigate overall survival. This is described in more detail in the 

section Main statistical analyses on page 49. 

 

Study samples 
The sample described in Paper 1 included 16,767 women of all ages residing in Norway who 

were first diagnosed with invasive breast cancer during 2012–2016. We excluded women 

with pT4 lesions, whose mammographic or histopathologic tumour diameter was > 99 mm, 

and women for whom no tumour diameter information was registered. The final sample 

consisted of 14,468 women (Figure 11). Mammographic tumour diameter was available for 

7792 women, histopathologic tumour diameter for 13,541 women, and both for 6865 women. 
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Figure 11: Number of individuals included and excluded in Paper 1. Individuals were excluded 
sequentially using the exclusion criteria. 

 

 

Figure 12: Number of individuals included and excluded in Paper 2. Individuals were excluded 
sequentially using the exclusion criteria. 

 

The sample used in Paper 2 was based on the 1127 screen-detected and 1015 interval 

ductal carcinoma in situ and breast cancers included in the aforementioned radiological 

review. These cancers were diagnosed during 2005–2016. We excluded women diagnosed 

with ductal carcinoma in situ (n = 180 screen-detected and 49 interval cancers), women with 
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mammographically occult tumours (n = 2 screen-detected and 116 interval cancers), and 

women with no recorded tumour diameter information (n = 23 screen-detected and 62 

interval cancers) (Figure 12). The final sample consisted of 1022 women with screen-

detected cancer and 788 women with interval cancer classified as true, minimal signs, or 

missed. We followed these women from the date of their breast cancer diagnosis until death 

from any cause, emigration, or December 31, 2018.  

In Paper 2, we also conducted a sensitivity analysis in which we did not exclude women 

missing tumour diameter information. This sample consisted of 1045 women with screen-

detected cancer and 850 women with interval breast cancer. 

Paper 3 was based on a convenience sample of 2033 women who responded to our 

questionnaire. We excluded women outside the ages of 45–74 (n = 13) and limited our 

analyses to women without missing data (n = 128). This left 1892 women in the final sample. 

 

Key variables  
The tumour diameter was the primary outcome in Paper 1. This refers to the longest distance 

across the outermost boundaries of an invasive breast cancer and was measured in 

millimetres (mm). The examining radiologists measured mammographic tumour diameter 

from screening or diagnostic mammograms. These could be acquired from standard 2D 

digital mammography, tomosynthesis, or synthetic 2D images derived from tomosynthesis, 

and could include spot compression views (with or without magnification). Pathologists 

measured histopathologic tumour diameter using a transparent ruler. Measurements were 

taken from the macroscopic examination (formalin fixed specimen) if they could not be 

obtained using the microscopic slide. Measurements were taken from a single tissue slice or 

estimated across all slices containing microscopically verified invasive tumour tissue (9). 

In Paper 2, the primary exposure was whether women were classified as having a true, 

minimal signs, or missed cancer based on the classification assigned during the radiological 

review. The review classified minimal signs cancers as either actionable or non-actionable, 

but we grouped these categories together. 

The primary outcome in Paper 2 was overall survival. We calculated survival time from the 

date of a histologically verified diagnosis of screen-detected or interval cancer until death 

from any cause. Women’s survival time was censored if they emigrated before or were still 

alive on December 31, 2018. Breast cancer specific survival was measured from a woman’s 

diagnosis until death from breast cancer. Women’s survival time was censored if they died 

from any other cause, emigrated before, or were still alive on December 31, 2018.  
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The covariates in Paper 2 included age at diagnosis (five-year age groups), tumour diameter 

(continuous variable, measured as described above), histologic grade, and subtype. We 

derived information about subtype using the surrogate definition of intrinsic subtype from the 

St Gallen consensus based on individual-level information about ER and PR status, as well 

as HER2 positivity and Ki67 expression (12). These variables are defined in Table 8; the 

subtype definitions are presented in Table 3. 

 

Table 8: Definitions of variables used to determine subtype in Paper 2. 

Variable 
 

Description 

Estrogen receptor 
(ER) status 

Positive if the sample displayed ≥10% reactivity, and negative otherwise. 
We prioritized histopathologic samples from the diagnostic biopsy and 
used histopathologic results from the surgical specimen if the former were 
not available.  
 

Progesterone receptor 
(PR) status 

Positive if the sample displayed ≥10% reactivity, and negative otherwise. 
We prioritized histopathologic samples from the diagnostic biopsy and 
used histopathologic results from the surgical specimen if the former were 
not available.  
 

HER2a positivity If in situ hybridization (ISH) was performed, a borderline or amplified result 
was considered positive. If ISH was not performed, positivity was 
determined using immunohistochemistry (IHC). HER2 positivity was 
assessed using the surgical specimen. 
 

Ki67 expression Percentage of Ki67 positive cells from a sample of 500 tumour cells from 
the surgical specimen. 

a Human epidermal growth factor receptor 2 

Variables used in Paper 3 described women’s sociodemographic characteristics and 

conceptual knowledge about mammographic screening. They were derived from the online 

questionnaire. Briefly, the questionnaire asked women about their age (44 or younger, 45–

49, 50–54, 55–59, 60–64, 70–74, 75 or older), highest completed formal education, region of 

residence, and birth country. These variables were designed to match categorizations used 

in population statistics by Statistics Norway (121-124). 

As described earlier, questions about breast cancer screening were based on the work of 

Hersch and colleagues (119). All questions were closed-form. A back translation of the 

background and graded questions and potential answers women could select are outlined in 

Table 9. The graded questions were assigned marks based on the rubric published by 

Hersch and colleagues (119).
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Missing data  
Missing data are common in medical research and refer to incomplete information about 

study subjects. Information may be missing because was it was not acquired (i.e. does not 

exist), or because it was not registered with a particular data source (i.e. is not available). In 

the case of questionnaire data, a participant may not respond to certain questions.  

Pathological tumour diameter is a key variable in Papers 1 and 2. It is generally highly 

complete at the Cancer Registry of Norway (11). However, pT information is missing for 

women who receive neoadjuvant therapy and ypT information is available instead. This is 

because histopathologic tumour diameter measurements made after neoadjuvant treatment 

may not reflect the diameter of the untreated tumour. Neoadjuvant treatment is often offered 

to women with larger and/or more aggressive tumours and is therefore disproportionally 

offered to women with interval cancers or cancers detected outside of screening. Thus, 

larger (untreated) tumours are more likely to have missing pT information and the size of the 

missing (untreated) histopathologic tumour diameters is missing not at random. 

Mammographic tumour diameter is a key variable in Paper 1. It is reported to the Cancer 

Registry of Norway via the “radiology form” submitted by radiologists. As described 

previously, radiologic information is less complete than histopathologic information. Further, 

mammographic tumour diameter information is not always reported on the radiology form 

and is therefore missing at a higher rate than the form itself. This missingness is likely 

attributable to mammography occult tumours (which cannot be measured), or to the field 

simply not being filled in. Overall, there is a high proportion of missing mammographic 

tumour diameter information. Mammographic information is more complete for women with 

screen-detected cancers than women with larger tumours detected outside screening (11). 

Papers 1 and 3 were based on a complete case analysis whereby women were excluded 

from the final analytical sample if they had missing data for any variable of interest. In Paper 

2, we used multiple imputation with chained equations to handle missing data (125). We 

assumed that the probability of a missing value was random given a set of measured 

auxiliary variables (this type of missing data is called “missing at random”) (126). Given data 

about detection mode and year of diagnosis, we believed this assumption was justified for 

missing information about histopathologic grade; lymph node status; ER, PR, and HER2 

positivity; and Ki67 expression, but not tumour diameter. Without more information about 

tumour diameter or receipt of neoadjuvant therapy, we decided to exclude women missing 

pT tumour diameter information from our primary analysis. 
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Survey weights 
Poststratification is an adjustment technique used in survey research to rebalance a sample 

to better reflect the population with respect to a set of variables (127). In Paper 3, we 

calibrated survey weights for age, education, and region based on population statistics from 

Statistics Norway (121-123). Control statistics from Statistics Norway represented women 

aged ≥ 40 for education, and women aged 45–74 for region. Because our study variables for 

age, education, and region used the same categorization as those from Statistics Norway, no 

variable transformations were required to calibrate the survey weights.  

Survey weights were calibrated using an iterative proportional fitting (raking) procedure 

(128). This procedure produces weights that preserve the marginal distributions of the 

auxiliary (weighting) variables, but does not guarantee that the joint distributions are 

preserved.  

 

Main statistical analyses 
We used various descriptive techniques across the three papers. Generally, we used means 

and standard deviations (SD) to describe normally distributed variables such as age, and 

medians to describe skewed variables such as tumour diameter. We constructed 95% 

confidence intervals (CIs) for medians using quantile regression with standard errors based 

on 100 bootstrap replications. Frequencies and proportions were used to describe the 

distribution of categorical variables observed in the different study samples; 95% CIs for 

proportions were constructed using the Wilson score interval (129). Further, we used 

histograms and bar charts to illustrate the distributions of pertinent variables.  

The primary analysis in Paper 1 focused on describing the frequencies of the last (terminal) 

digit of tumour diameters recorded at the Cancer Registry of Norway. We created histograms 

that plotted the frequencies of tumour diameters in 1 mm increments to visualize the 

distribution of tumour diameters. Further, we created histograms to visualize the frequencies 

of the terminal digits of tumour diameters and reported the proportion of terminal digits that 

corresponded to half- or whole-centimetre values (i.e. had 0 or 5 as a terminal digit). This 

was to evaluate whether there was an excess of certain digits in the reported measurements. 

For this thesis, I also performed these analyses stratified by mode of detection: screen-

detected or “clinically detected”. Clinically detected cancers represented both interval 

cancers and those detected outside of the screening program among women aged 50–69. 

The analysis in Paper 2 used frequencies and proportions to describe the tumour 

histopathology of true, minimal signs, and missed cancers, both screen-detected and 
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interval. The main analysis in this paper described the survival associated with a diagnosis of 

true, minimal signs, or missed cancer stratified by mode of detection (screen-detected or 

interval). We used Kaplan-Meier curves to describe the overall survival associated with these 

classifications. We used the Nelson-Aalen estimator to describe the cumulative risk of death 

from breast cancer for women with interval cancers (130). There were too few deaths among 

women with screen-detected cancer to perform a similar analysis. We used the log-rank test 

to test for differences in overall survival and breast cancer specific survival between the 

classification groups (130). 

Using 40 sets of imputed data, we used Cox regression to estimate the relative hazard (risk) 

of death from any cause for minimal signs or missed cancers compared to true cancers. Due 

to the length and lead time associated with screen-detected cancers, this analysis was 

performed separately for screen-detected and interval cancers. Multivariable models were 

adjusted for age at diagnosis, tumour diameter, histopathologic grade, and subtype. These 

variables were selected as confounders based on a priori knowledge generated from studies 

of missed and true interval cancers (82-87). Hazard ratios and their corresponding 95% CIs 

were derived using Rubin’s rules (131).  

Cox regression assumes that the relative risk of death is proportional for different levels of a 

variable throughout the entire follow-up period (130). We evaluated the validity of this 

assumption using Schoenfeld residuals and graphical methods (130). There are multiple 

ways to handle non-proportionality, should it arise. A simple method is to create a stratified 

regression model using a categorical variable with non-proportional hazards (130, 132). A 

second method involves splitting the follow-up period to obtain proportionality in each 

individual period (132). We used both of these methods in Paper 2. 

Lastly, we performed a sensitivity analysis to evaluate the effect of including women with 

missing tumour diameter information on the observed hazard ratios. To this end, we 

repeated the Cox regression methodology described above using the larger sample, but 

excluded tumour diameter as a covariate in the regression models.  

The primary analysis in Paper 3 described women’s knowledge about breast cancer 

screening and overdiagnosis. We used frequencies and proportions to describe how women 

responded to different questions in our questionnaire. Further, we calculated the mean 

number of marks awarded in each of the three thematic categories covered by the 

questionnaire, and overall. In this paper, we tested the null hypothesis that certain 

demographic variables were not independent of women’s answers to questions about 

screening. Because this analysis was based on a survey sample, we used the second-order 

correction for Pearson’s chi-square test statistic described by Rao and Scott (133).   
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Main findings 
 

Paper 1 – Terminal digit preference 
The age of study subjects ranged from 23–103 years (mean 62). Fifty seven percent of 

women were aged 50–69 and 35% of all cancers were screen-detected. 

Breast radiologists and pathologists tended to record rounded tumour diameter 

measurements from mammograms and histopathologic specimens, respectively. National 

and international guidelines indicate that measurements should be made to the nearest 

millimetre (8, 9, 13, 134), but many tumour diameters registered at the Cancer Registry of 

Norway appeared to be rounded to the nearest whole or half-centimetre (Figure 13). 

 

Figure 13: Longest recorded tumour diameter for T1–T3 breast cancers ≤ 55 mm diagnosed during 
2012–2016, as measured by (A) radiologists from mammography (7792) and (B) pathologists from 
surgical specimens (cases reported at whole numbers only, n = 13,167) 
 

Overall, 38.7% of mammographic tumour diameters and 35.8% of histopathologic 

measurements were measured as a whole- or half-centimetre value. Radiologists 

demonstrated a preference for whole-centimetre values over half- centimetre values, but this 

was not observed among pathologists (Table 10).The proportion of rounded cases generally 

increased with increasing tumour diameter.  

The distributions of tumour diameters observed in the full sample (Figure 13) were similar to 

those observed for screen-detected cancers (Figure 14). The distributions of tumour 

diameters for clinically detected cancers among women aged 50–69 also showed signs of 

terminal digit preference (Figure 15). Further, a high frequency of cases were reported as 

having a 20 mm diameter on mammography. A higher proportion of cases were reported as 

having whole-centimetre values by radiologists than by pathologists for screen-detected 

cancers (21.0% vs 16.5%) and clinically detected cancers (26.1% vs 18.7%) (Table 10). 
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Table 10: Proportion of tumours registered as a whole- or half-centimetre value (millimetre 
measurement with a terminal digit of 0 or 5) by radiologists from mammography or pathologists from 
surgical specimens for T1–T3 breast cancers diagnosed during 2012–2016 

Terminal digit Overalla Screen-detectedb  Clinically detectedc 
Radiologists    
     0 23.4% 21.0% 26.1% 
     5 15.3% 15.1% 14.4% 
     Total 38.7% 36.1% 40.5% 
Pathologists    
     0 17.9% 16.5% 18.7% 
     5 17.9% 16.5% 18.3% 
     Total 35.8% 33.0% 37.0% 

a Among women of all ages and through any mode of detection 
b Among women attending BreastScreen Norway 
c Interval cancers among women attending BreastScreen Norway and clinically detected cancers 
diagnosed among women aged 50–69 who did not attend BreastScreen Norway 
 

 

Figure 14: Longest recorded tumour diameter for screen-detected T1–T3 breast cancers ≤ 55 mm 
diagnosed during 2012–2016, as measured by (A) radiologists from mammography (n = 4357) and (B) 
pathologists from surgical specimens (cases reported at whole numbers only, n = 4839) 
 

 

Figure 15: Longest recorded tumour diameter for clinically detected T1–T3 breast cancers ≤ 55 mm 
diagnosed during 2012–2016 among women aged 50–69, as measured by (A) radiologists from 
mammography (n = 1138) and (B) pathologists from surgical specimens (cases reported at whole 
numbers only, n = 3183)  
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Paper 2 – Survival associated with true, minimal signs, and missed cancers  
The mean age at diagnosis was similar for women with true, minimal signs, and missed 

screen-detected cancers (62, 62, and 63, respectively). It was also similar for women with 

true, minimal signs, and missed interval cancers (59, 60, and 61, respectively) 

True cancers were associated with a number of less favourable tumour characteristics than 

minimal signs and missed cancers when stratified by mode of detection. Within each mode of 

detection, minimal signs and missed cancers had similar tumour characteristics. There was a 

higher proportion of histopathologic grade 3 tumours among true screen-detected cancers 

(30.0%) than minimal signs (14.9%), or missed screen-detected cancers (13.7%). Further, 

true screen-detected cancers were more likely to be triple negative than minimal signs or 

missed screen-detected cancers (9.8% versus 2.3% and 2.9%). Similarly, a higher proportion 

of true interval cancers were histopathologic grade 3 (46.7%) than minimal signs (36.1%) or 

missed interval cancers (35.9%). The proportion of triple negative true interval cancers was 

18.1%, compared to 14.5% for minimal signs and 9.6% for missed interval cancers. 

The median follow-up was 5.4 years (range 0.2–12.8) for women with screen-detected 

cancer and 5.6 years (range 0.3–14.8) for women with interval cancer. During the follow up 

period, there were 43 (4.2%) deaths from any cause among women with screen-detected 

cancer, and 81 (10.3%) among women with interval cancer. The Kaplan-Meier estimates of 

overall survival did not differ between true, minimal signs, and missed screen-detected (p = 

0.82, Figure 16A) or interval cancers (p = 0.43, Figure 16B). Additionally, the Nelson-Aalen 

cumulative hazard estimates did not differ for interval breast cancer deaths from true (16 

deaths), minimal signs (11 deaths), or missed cancers (12 deaths; p = 0.80, Figure 17). 

 

 

Figure 16: Kaplan-Meier estimates of overall survival for true, minimal signs, and missed (A) screen-
detected, and (B) interval breast cancers.  
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Figure 17: Nelson-Aalen estimate of the cumulative hazard of dying from interval breast cancer. 

 

Using the imputed data sets in the multivariable Cox regression, we found that the risk of 

death from any cause did not differ between women with minimal signs screen-detected 

cancers and women with true screen-detected cancers [HR = 1.04, 95% CI (0.51, 2.13)]. We 

obtained similar results for women with missed versus true screen-detected cancers [HR = 

1.10, 95% CI (0.49, 2.46)]. Due to lack of proportional hazards, we split the follow-up time at 

three years after diagnosis for women with interval cancers. Women with minimal signs 

interval cancers had a lower risk of death from any cause than those with true interval 

cancers during the first three years after diagnosis [HR = 0.29, 95% CI (0.10, 0.86)]. This 

finding did not persist after the first three years [HR = 1.40, 95% CI (0.70, 2.80)]. Women with 

missed and true interval cancers had a similar risk of death from any cause both before and 

after three years of follow up. Our main conclusions did not change based on results from the 

sensitivity analysis. 
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Paper 3 – Women’s conceptual knowledge about screening and overdiagnosis  
Compared to statistics from Statistics Norway, women who responded to our survey were, on 

average, younger and had longer formal post-secondary education than the female 

population aged 45–74. After weighting, the marginal distributions of age, education, and 

region were similar for participants and the population. Over half of women in the weighted 

sample (52.4%) reported that they had previously looked up at least some information about 

mammographic screening.  

Roughly 40% of women indicated that they had heard of a “false positive mammography 

examination” (Figure 18A), and roughly half (51.3%) indicated that they had heard of 

“overdiagnosis” (Figure 18B). Similar proportions of women indicated that they were unsure 

of having heard either term (8.7% for false positive screening examinations and 10.7% for 

overdiagnosis). 

 

 

Figure 18: Proportion of women reporting whether they had heard of the terms “false positive 
screening examination” (panel A) or “overdiagnosis” (panel B), n = 1892. 

 

One question asked women to select the correct definition for “false positive screening 

examinations” from a definition for a false positive screening examination, a definition for 

overdiagnosis, and “unsure”. A similar question asked women to select the correct definition 

of overdiagnosis from the same alternatives. The majority of women (86.2%) chose the 

correct definition for the question about false positive screening examinations and a minority 

(14.8%) chose the correct definition for the question about overdiagnosis. Most women 

(63%) chose the definition for false positive screening examinations to describe both terms. 

Questions with the highest proportion of “unsure” responses were related to overdiagnosis: 

22.1% of women were unsure if they had ever heard of the term “overdetection” and 17.1% 
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were unsure which of the two aforementioned definitions best represented the term 

“overdiagnosis”. The proportion of “unsure” responses for all other questions was ≤ 12%. 

With respect to the graded questions, the mean score for the two questions about the breast 

cancer mortality benefit was 2.59 of a possible 3 (Figure 19A), and it was 0.93 of a possible 1 

for the question about false positive screening examinations (Figure 19B). The mean score 

was 2.23 of a possible 6 for questions about overdiagnosis (Figure 19C). The mean total 

score was 5.75 of a possible 10. 

 

 

Figure 19: Distribution of marks assigned for correct responses in the weighted study sample (n = 
1892) within the thematic categories of (A) breast cancer mortality benefit, (B) false positive screening 
examinations, and (C) overdiagnosis. Questions and answers were adapted from Hersch J, Barratt A, 
Jansen J, et al. Use of a decision aid including information on overdetection to support informed 
choice about breast cancer screening: a randomised controlled trial. The Lancet. 
2015;385(9978):1642-52.  
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Discussion 
 

Interpretation of main findings 

Under- and overstaging 
Paper 1 investigated whether terminal digit preference was present among tumour diameters 

reported to the Cancer Registry of Norway. We analysed tumour diameters for breast 

cancers diagnosed during 2012–2016 from any mode of detection among women of all ages 

and investigated whether this could lead to over- or understaging. We did not include 

information about terminal digit bias stratified by mode of detection in Paper 1, but included 

supplemental analyses in this thesis.  

Our findings confirmed previous reports of terminal digit preference among breast 

pathologists (88-90, 135), and demonstrated that this preference also exists among breast 

radiologists. Overall, we found that terminal digit preference among radiologists and 

pathologists appeared to be more prevalent among larger tumours where the relative effect 

of this measurement error would have been lesser than that for smaller tumours. We 

suggested that understaging could occur if tumour measurements were rounded down to the 

nearest 5 mm increment (i.e. whole or half centimetre value) and then fell on boundary 

values that define a T stage. We posited that overstaging could not occur if tumour 

measurements were rounded up to the nearest 5 mm increment because the lower bounds 

of T stages are exclusive. Examples of rounding and its potential effect are given in Table 11. 

 

Table 11: Fictional examples of how preferential rounding due to terminal digit preference could lead 
to understaging for breast cancers with a tumour diameter close to boundary values 

Before rounding After rounding Potential effect 
on T stage Tumour diameter  T stage Tumour diameter T stage 

18 mm T1 20 mm T1 None 

21 mm T2 20 mm T1 Understaged 

49 mm T2 50 mm T2 None 

52 mm T3 50 mm T2 Understaged 

 

 

In our sample, roughly 36% of histopathologic measurements were measured as a whole- or 

half-centimetre value, compared to 23% in a registry-based study performed by den Bakker 

and Damhuis in the Netherlands (88). In the latter, breast pathologists appeared reluctant to 

record tumour diameters that fell on T stage category boundary values. Although the TNM 
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guidelines clearly specify categorization rules for tumours that are on boundary values (9), 

den Bakker and Damhuis speculated that clinicians may hesitate to set tumour sizes on 

thresholds that may require additional discussion at multidisciplinary team meetings (88). We 

did not observe a reluctance among Norwegian radiologists or pathologists to record tumour 

diameters that fell on a T stage category boundary, which likely explains why a higher portion 

of cases were measured as a whole- or half-centimetre value in our study. In fact, we 

observed that many clinically detected tumours had a mammographic tumour diameter of 20 

mm (T1 upper bound). We hypothesize that the risk of understaging due to terminal digit 

preference is mediated by tumour characteristics (including tumour size) and regional 

differences in clinical practice. 

When stratified by mode of detection, we observed that a lower proportion of screen-

detected cancers had a tumour diameter with a terminal digit of 0 or 5 than clinically detected 

cancers among similarly-aged women. This finding held for mammographic and pathologic 

assessments. It is difficult to estimate the true proportion of rounded measurements without 

reviewing the original samples, but this finding may suggest that terminal digit preference is 

somewhat less prevalent among screen-detected cancers. This can potentially be explained 

by the fact that, overall, terminal digit preference was less prevalent among smaller tumours, 

which are disproportionately screen-detected. If this understaging resulted in undertreatment, 

it would have disproportionally affected women diagnosed with interval cancers or diagnosed 

outside BreastScreen Norway. We are not aware of any other studies that have stratified 

analyses of terminal digit preference by mode of detection. 

 

Overdiagnosis 
Paper 2 considered whether women with missed cancers that were subsequently screen-

detected benefited from their diagnosis, or whether they could have been overdiagnosed. A 

woman could have been overdiagnosed with a missed screen-detected cancer if her cancer 

represented slow-growing or indolent disease that would never have caused symptoms or 

death, no matter how long she lived. Assuming that all missed screen-detected cancers were 

asymptomatic when diagnosed, it is possible that some women diagnosed with missed 

screen-detected cancers have been overdiagnosed. 

We hypothesized that if women with missed screen-detected cancers were overdiagnosed, 

they would have a longer (infinite) lead time and therefore better survival than women with 

true screen-detected cancers. However, we did not observe a difference in the overall 

survival for women with missed and true screen-detected cancers in our study sample, and 

posited that overdiagnosis was not highly prevalent among women with missed screen-
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detected cancers. Some individuals with missed screen-detected cancers may have been 

overdiagnosed, but it is not possible to identify who based on the scientific knowledge 

available about overdiagnosis. Breast cancer specific outcomes may provide more insight 

into this epidemiological perspective on possible overdiagnosis. However, the 10-year 

relative survival of women diagnosed with breast cancer is 85.8% in Norway (15), and a 

larger sample and/or longer follow-up would be required to obtain over 80% statistical power 

to investigate such outcomes. Additionally, advances in treatment over the course of a 

decade can be significant and may make the individual effects in such studies difficult to 

disentangle. 

Women’s knowledge about overdiagnosis is important in the context of making an informed 

choice whether to attend screening. Paper 3 described the knowledge women in Norway 

have about breast cancer screening with a focus on overdiagnosis. Although half (51.3%) of 

participants reported having heard of the term “overdiagnosis”, a minority (14.8%) correctly 

identified its definition. Our results are similar to those reported a British study, in which 64% 

of women eligible for organized mammographic screening reported being aware of 

overdiagnosis (110). Our results are also corroborated by an Australian study evaluating a 

decision aid, which reported that only 12% of women who had not been provided with 

information about overdiagnosis (i.e. in the control group) correctly distinguished 

overdiagnosis from false positive screening examinations (136). Overall, the results reported 

in Paper 3 indicated that women’s conceptual knowledge about overdiagnosis was relatively 

lower than their knowledge about the breast cancer mortality benefit and false positive 

examinations associated with screening. However, the varying number of questions on each 

topic may have also affected these results.  

Since a high proportion of women have reported reading at least some of the information 

developed and provided by BreastScreen Norway (91, 92), the results from our study may 

suggest that women find it difficult to fully understand overdiagnosis as described in the 

information material revised in 2017. However, overdiagnosis in mammographic screening 

has been intensely discussed in newspapers and on high profile radio and television shows 

in the Norwegian mainstream media in recent years, including Dagsnytt 18, 

Folkeopplysningen, and Debatten (137-140). This could also affect women’s understanding 

about overdiagnosis. These programs have highlighted disagreements between experts 

about the extent of overdiagnosis and may not provide clear information about this 

complicated topic for the public.  
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Underdiagnosis 

Paper 2 touched on the topic of underdiagnosis due to a false negative screening 

examination and delayed breast cancer diagnosis that lead to a diagnosis of screen-detected 

breast cancer in the subsequent screening round or interval cancer (i.e. “missed” screen-

detected or interval cancers). Women with missed screen-detected cancers could be 

underdiagnosed if their cancers have more aggressive tumour characteristics and women 

experience poorer survival outcomes than women with true screen-detected cancers. In this 

study, we observed that missed screen-detected cancers had similar or more favourable 

histopathology than true screen-detected cancers. Further, women with missed screen-

detected cancers did not have worse overall survival than women with true screen-detected 

cancers. Since these women were diagnosed with breast cancer as a result of their routine 

screening examination, we assumed they did not experience any clinical symptoms at the 

time of screening. It follows that, as a group, women with missed screen-detected cancers 

were not underdiagnosed and likely would not have benefited from earlier detection. As 

discussed above, it also seems unlikely that overdiagnosis is a major concern among women 

with missed screen-detected cancers. Thus, in terms of tumour histopathology and survival 

outcomes, these women appear to have received a timely diagnosis of breast cancer. 

Missed interval cancers can be considered underdiagnosed in the sense that they could 

have been diagnosed earlier as asymptomatic screen-detected cancers, which, on a 

population level, have more favourable tumour histopathology and better survival than 

symptomatic interval cancers (45-47). Paper 2 did not provide information about whether 

missed interval cancers would have had a favourable prognosis had they been detected 

earlier as screen-detected cancers. Instead, we compared true and missed interval cancers 

and evaluated whether true cancers were associated with a less favourable prognosis than 

missed cancers. 

We observed that true interval cancers were more likely to be grade 3 than missed cancers, 

which is supported by other peer-review studies (82-84, 86, 87). We also observed that true 

and missed interval cancers had a similar tumour diameter. This diverges from previously 

published results indicating that true interval cancers are smaller (82, 83, 85-87) and may 

partially be because we reported the median diameter, which is less sensitive to outliers than 

the mean. Another possible explanation is that a higher proportion of women with larger 

cancers were offered neoadjuvant therapy in our contemporary sample and excluded from 

our analysis. We also observed that true interval cancers were more likely to be triple 

negative than missed interval cancers. Overall, although true interval cancers were 

associated with some less favourable tumour characteristics, we did not observe any 

differences in the risk of death from breast cancer for women with true or missed interval 
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cancers. This may be due to the availability of effective treatment options for more 

aggressive cancers, but is likely also be related to the precision of our results.  

 

Precision of results  
The results from Paper 1 are based on a nation-wide registry with highly complete 

pathological data. However, 45% of women in our study sample were missing information 

about mammographic tumour diameter. The proportion of missing data was 14.2% among 

screen-detected cancers and 63.4% among clinically detected cancers. The reasons for this 

are discussed in the section Missing data (page 48). This missing data would have 

decreased the precision of the proportions estimated in Paper 1. However, mammographic 

tumour diameter information was available for nearly 8000 women overall and the effect of 

random error was therefore likely minimal. With respect to the stratified analyses, over 4000 

women were included in the screen-detected group. The clinically detected group was limited 

to women aged 50–69 for comparability, and mammographic tumour diameter information 

was available for 1138 women. The histograms plotted these data in 1 mm increments over a 

range of 55 mm and the number of observations in some “bins” was scarce. This would have 

decreased the precision of the observed results, particularly where smaller differences were 

observed between groups. 

The primary results from Paper 2 were derived from Cox regression models generated using 

data from a sample of women whose mammograms were included in a retrospective 

radiologic review. The purpose of this review was “quality improvement for radiologists’ 

performance and the program” (116). Radiological reviews are resource intensive and the 

sample size in Paper 2 was limited by a number of practical factors including the number of 

cases that could be reviewed by radiologists and the availability of digital screening and 

diagnostic mammograms from lower volume centres. Further, the median follow-up time in 

this study was roughly 5.5 years and there were a modest number of deaths during the 

follow-up period; the five-year relative survival from breast cancer has been over 88% since 

2005–2009 (15). The sample size, modest number of deaths, study specific exclusion 

criteria, missing histopathology data, and adjustment for covariates limited the statistical 

power of the Cox regression models and decreased the precision of the resulting estimates 

(141). It is worth noting, however, that the adjustments improved the internal validity of our 

estimates. Although the adjusted complete case analyses left out over 25% of the available 

observations due to missing histopathology information, we used multiple imputation to 

overcome this limitation in our primary analysis. The final sample size was modest, but our 
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study is one of the largest to evaluate the overall survival associated with missed and true 

cancers in population-based screening to date. This is an important strength of our work. 

In Paper 3, we reported point estimates for proportions and means, but no corresponding 

confidence intervals or standard deviations. The sample size in this study was large enough 

to produce stable estimates of proportions and means (n = 1892) and small changes to the 

study weights would not have substantially affected our results (this is can be observed by 

comparing the unweighted and weighted results). With respect to the means, these 

corresponded to the mean number of marks awarded to women for correct answers to 

graded questions and was interpreted with respect to the total number of marks available. 

Although we did not present standard deviations for these estimates, we provided histograms 

that showed the distribution of the underlying data for each of these means. From these, we 

can observe that there is less variability in the mean marks for questions about the breast 

cancer mortality benefit and false positive screening examinations associated with screening 

than for questions about overdiagnosis or overall. 

 

Internal validity 
In Paper 1, mammographic tumour diameter information was missing for nearly half of the 

sample. As noted earlier, women without a record of this information are more likely to have 

clinically diagnosed cancers. Indeed, screen-detected cancers were overrepresented in the 

final sample. Because our results indicated that terminal digit preference was more frequent 

among larger (i.e. clinically detected) tumours, the direction of this selection bias was likely 

was toward the null (less/no preferential rounding). The proportion of mammographic tumour 

diameters reported with a terminal digit of 0 or 5 is therefore likely to be higher in the 

population than observed in our study. Moreover, the overall distribution of mammographic 

tumour diameters in the population may be less right skewed than our figures suggest. 

The analysis in Paper 2 used multiple imputation with chained equations to overcome the 

limitations associated with incomplete histopathology data (125). This technique can produce 

unbiased results if the data are missing at random, but results may be biased if the data are 

missing not at random (142). We assumed that missing histopathologic tumour diameter data 

was missing not at random because the probability of missingness was associated with 

neoadjuvant therapy and, therefore, tumour diameter. However, tumour diameter is an 

important confounder in the relationship between being diagnosed with a true, missed, and 

minimal signs cancer, and survival (81, 85-87, 143). In Paper 2, we excluded women who 

were missing tumour diameter information in order to adjust for this confounder in the Cox 

regression models, but this would have introduced a selection bias into this analyses. For 
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this reason, we performed a sensitivity analysis in which we included women with missing 

information about tumour diameter in the Cox regression models (but did not include it as a 

covariate in the model to prevent women with missing data from being excluded by the 

software). The results of the sensitivity analysis did not change the conclusions we drew from 

the original analysis. 

Information bias is a relevant concern in Paper 3. We based the conceptual questions and 

rubric used in our study on those developed by Hersch and colleagues (119). These 

questions and rubric have been used in randomized controlled trials to evaluate the effect of 

a decision aid on informed choice in the context of deciding whether to participate in 

organized screening (119, 144). The multiple choice and true/false nature of the questions 

we used simplified complex and debated topics in breast cancer screening, particularly 

estimates of overdiagnosis (69). However, we felt these conceptual questions would be more 

valid in Norway than the corresponding set of numeric questions. In fact, our decision to 

exclude numeric questions from our study was heavily influenced by challenges in 

establishing a conclusive Norwegian reference standard to questions like, “If these 1000 

[ordinary women who are 50 years old] have screening every 2 years for 20 years, in that 

time about how many will be diagnosed and treated for a breast cancer that is not harmful?” 

(119). Estimates of overdiagnosis are highly sensitive to the assumptions and methods used 

to determine them (69). It is difficult to estimate the prevalence overdiagnosis in most 

organized screening programs, but the non-random, stepwise implementation of 

BreastScreen Norway further complicates such estimations. Published rates range from 0 to 

over 75%, making it difficult to determine a “correct” reference standard (43, 73, 74). 

Consequently, we excluded numeric questions from our questionnaire. 

Feedback in the pilot testing indicated that women felt the questions were easy to 

understand. However, it is possible that women did not understand or misinterpreted the 

conceptual questions used in our questionnaire and this could have affected the internal 

validity of our conclusions. We often provided an “unsure” option that women could select if 

they were not certain of the correct answer and only 6% (n = 128) of participants were 

excluded due to missing data caused by not responding to a question at all. This could 

indicate that women felt sure enough about their understanding of the questions to provide 

an answer. The highest proportions of “unsure” responses were observed for questions 

related to overdiagnosis: 22.1% were unsure of having heard of the word “overdetection”, 

and 17.1% were unsure when asked to choose the correct definition of overdiagnosis. This 

finding is in keeping with published literature indicating that overdiagnosis is difficult to define 

and understand (106, 107). The proportion of “unsure” responses for all other questions was 

less than 13%. Guessing could have also affected the internal validity of the data we 
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collected in this study, particularly since only one question about false positive screening 

examinations was included in the set of graded questions. However, most questions had a 

relatively high ratio of correct to incorrect responses (or vice versa), and this is unlikely to 

have been a major limitation. Similarly, although women could have looked up correct 

answers to questions they were unsure about online, the overall score for graded questions 

was 5.75 of a possible 10 and we do not think this was a major threat to the internal validity 

of this study. 

Selection bias is also a relevant concern with respect to Paper 3. The population of interest 

was all women aged 45–74 living in Norway, but the study was based on a convenience 

sample recruited primarily through a Facebook page administered by the Cancer Registry of 

Norway. The resulting selection bias was mainly due to internet and social media access 

precluding some women from having access to the survey, and a volunteer bias related to 

women deciding to complete the survey. Regarding the former, 92% of women in Norway 

aged 45–54 and 60% of women aged 65–74 used social media in late 2018 (145). Further, 

87% of Norwegian residents aged 16–74 communicate with public authorities online (146). 

Regarding the latter, participants were younger and had longer formal education compared 

to population statistics from Statistics Norway. Even after weighting the sample, a higher 

proportion of women in our study indicated that they had looked up information about 

screening (52.4%) than was reported among a sample of women attending screening in 

2015 (< 20%) (92). Thus, this volunteer bias likely persisted in the weighted sample. We 

hypothesize that participants were more interested in, or knowledgeable about, breast cancer 

screening than women of a similar age in the general population. As such, we posit that the 

estimates derived from our survey overestimate those that would be observed from a more 

representative sample of general population. 

 

External validity  
Breast cancer screening programs have been established worldwide and under- and 

overdiagnosis are inevitable consequences of any such program based on the knowledge 

that exists today about the natural history of breast cancer. This makes the results presented 

in this thesis of interest internationally. However, screening programs in countries outside of 

Europe, the United States in particular, are administered very differently than programs that 

follow the European Guidelines (147). Moreover, international treatment guidelines and 

clinical practice may also differ. This limits the degree to which the results included in this 

thesis can be generalized to other countries.  
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With respect to Paper 1, the preferential rounding appears to be common internationally and 

across cancer types. It has been reported regarding the measurement of breast cancers in 

Sweden, the Netherlands, and the United States, (88-90), as well as the measurement of 

colorectal cancers (148), kidney cancers (149), lung cancers (88, 150), and melanomas 

(151) in the United States, the United Kingdom, and Norway. It therefore seems reasonable 

to hypothesize that terminal digit preference is present in tumour diameter data for other 

cancer types in Norway and other countries. However, the “stage border avoidance” 

observed by den Bakker and Damhuis in the Netherlands was not corroborated by our 

findings, which could indicate that specific findings related to terminal digit preference may 

not be as generalizable between settings (88).  

Another important factor limiting the external generalizability of the results described in Paper 

1 and Paper 2 is the exclusion of women with missing tumour diameter data, particularly 

related to those who received neoadjuvant therapy. Because these tumours are likely 

inherently different from those diagnosed in women who do not receive neoadjuvant therapy, 

we caution against generalizing our results to women who have received neoadjuvant 

therapy. This may not substantially affect the external generalizability of the results of Paper 

1 since this exclusion does not have a major impact on our overall conclusions. However, it 

is an important limitation for the interpretation of results from Paper 2 because these women 

are likely to have a worse prognosis (and therefore poorer survival) than the women who 

were included in our main analysis. 

In Paper 2, the exposure classifications of true, minimal signs, and missed cancers were 

made through an informed, consensus-based radiological review. The methodology used to 

classify cancers affects the proportion of cases in each category and the informed nature of 

the review likely resulted in a higher proportion of missed cancers than would have been 

observed in a blinded review setting (48-51). Additionally, the proportion of cases in each 

category was also affected by the classification definitions used in this study. A previous 

informed, consensus-based review performed in Norway using different classification 

definitions observed a lower proportion of missed cancers and a higher proportion of minimal 

signs cancers (54). This illustrates the challenge in generalizing results from review studies, 

even those conducted within a screening program. Across screening programs, rates of true 

and missed cancers are also affected by organizational factors including screening sensitivity 

and screening intervals. Because of this, the underlying rates of true, minimal signs, and 

missed cancers – whether screen-detected or interval – is probably unknowable. Overall, our 

survival results from Paper 2 corroborate the finding of no difference in overall survival 

between true and missed cancers observed in three studies conducted in other countries 
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with different review methods, but this may be related to the precision of estimates in all 

studies (83, 84, 86). 

The results in Paper 3 reflect conceptual knowledge among a select group of women 

residing in Norway, but can be compared to results from Australia (Hersch et al.) and Spain 

(Pérez-Lacasta et al.) derived from a similar questionnaire (119, 144). These studies both 

used a randomized controlled trial to investigate the effect of a decision aid on informed 

choice – women in these studies were aged 48–50, but results from the control groups offer 

an opportunity to explore the potential external validity of our results. Our study reported a 

similar mean number of marks assigned within the topic of the breast cancer mortality benefit 

and false positive screening examinations associated with screening. With respect to 

overdiagnosis, the mean number of marks awarded was lower in our study than observed in 

Australia or Spain (2.32, 3.48, and 2.88, respectively). This may be because we asked 

women one fewer question. Overall, it appeared that our results may be broadly 

generalizable to other Western countries with organized screening programs, however, there 

was some variation between studies in women’s responses to individual questions. For 

example, 49% of women in our study incorrectly reported that the statement “all breast 

cancers will eventually cause illness and death if they are not found and treated” compared 

to 33% in Hersch et al. (119), and 24.9% in Pérez-Lacasta et al. (144). This could reflect 

differences in study design and sampling, but likely also reflects local variations in knowledge 

that limit the external generalizability of results from these types of questionnaires. 

 

Conclusions 
In the first study (Paper 1), we aimed to determine whether terminal digit preference was 

present among tumour diameter data at the Cancer Registry of Norway. We observed that 

breast radiologists and pathologists exhibited a preference for 0s and 5s as a terminal digit 

when they reported tumour diameter measurements to the Registry. We also described a 

mechanism by which this preferential rounding could lead to potentially understaged breast 

cancers among women of all ages. Additional analyses included in this thesis demonstrated 

that terminal digit preference disproportionally affected cancers detected outside of 

organized screening among women aged 50–69. 

In the second study (Paper 2), we aimed to determine whether a diagnosis of true, minimal 

signs, or missed cancer was differentially associated with tumour histopathology and 

women’s survival when stratified by mode of detection. Further, we explored whether this 

information could be used to indicate whether missed cancers were over- or 

underdiagnosed. Within each mode of detection, we observed that missed cancers had 
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some favourable tumour characteristics compared to true cancers, but women in all groups 

experienced similar overall survival. Based on the results of this study, we posited that 

women with missed screen-detected cancers received a timely diagnosis and were not likely 

to be over- or underdiagnosed. Further, we posited that missed interval cancers were not 

underdiagnosed compared to true interval cancers. Some of these cancers may have been 

underdiagnosed in the sense that they could have benefited from being diagnosed earlier as 

screen-detected cancers, but this was not examined in this study. 

In the third study (Paper 3), we aimed to address the research gap that exists around 

Norwegian women’s conceptual knowledge about mammographic screening in general, and 

overdiagnosis in particular. We identified that women in Norway reported less knowledge 

about overdiagnosis than about the breast cancer mortality benefit and false positive 

screening examinations associated with organized screening. 

Directions for future research  
The papers in this thesis investigated overdiagnosis and underdiagnosis within BreastScreen 

Norway; they also describe a mechanism for potential understaging in breast cancer 

diagnosis. The results of these studies ought to have implications for radiologists, 

pathologists, administrators, and other stakeholders in organized screening programs and 

should be important to consider going forward to develop a multifaceted understanding of the 

potential harms associated with organized mammographic screening. The results described 

in these papers also point to a number of areas for future research. 

Tumour diameter provides important information about a woman’s prognosis and is therefore 

a key variable for breast cancer researchers. Accurate tumour diameter measurement can 

be affected by a variety of factors including mammographic density, multifocal or diffuse 

lesions, and histopathologic grade (152-154). Some rounding may therefore be expected for 

cases that are challenging to measure accurately and terminal digit preference may play a 

role in the outcome of such measurements. Indeed, terminal digit preference may be more 

prevalent among cases with certain tumour characteristics that make them borderline 

candidates for certain therapies. The relationship between terminal digit preference and 

tumour histopathology has not been investigated and could provide more information about 

the potential clinical implications associated with this type of rounding, particularly for women 

who are diagnosed with interval breast cancers or outside BreastScreen Norway. 

Missing information about histopathologic tumour diameter (pT) affected the external 

generalizability of the results described in Papers 1 and 2. Although it is not often discussed, 

this is a challenge for many studies that include information about histopathologic tumour 

diameter because standard regression models omit observations with missing data (155). 
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Moreover, this disproportionally excludes information from women who have larger or more 

aggressive cancers (e.g. diagnosed with breast cancer outside of an organized screening 

program), which may threaten the external generalizability of research results. 

Histopathologic tumour diameter data is difficult to impute because it is completely missing 

for all women who receive neoadjuvant therapy. As more women are offered this type of 

therapy, radiologic measurements of tumour diameter, such as those from mammography, 

ultrasound, or magnetic resonance imaging (MRI), may provide a surrogate for 

histopathologic information. However, this information is missing at the Cancer Registry of 

Norway for a substantial proportion of women diagnosed with cancers outside the screening 

program (11). Moreover, radiologic measurements cannot always measure the same aspects 

of a tumour as histopathologic measurements. For example, the longest axis may be 

different on standard 2D mammography compared to a surgical specimen, and the limits of 

agreement between radiologic and histopathologic measurements can be wide enough to 

have clinical implications (156, 157). A discussion of how to address the challenge of missing 

tumour diameter information in research should be a priority. 

As highlighted in Paper 2, review studies can provide important information about the 

prognosis of women with potentially over- or underdiagnosed cancers. However, review 

studies are resource intensive and death is relatively rare among women with breast cancer. 

This limits the statistical power of such studies. Future studies could consider treatment 

regimens and quality of life measures as alternative endpoints to generate shorter-term 

information about outcomes for women with missed and true cancers. Longer follow up 

would be advantageous to improve the precision of published estimates of overall survival 

and provide more information about breast cancer specific outcomes that could better relate 

to over- and underdiagnosis, particularly for women with screen-detected cancers. 

International multi-centre studies and meta-analyses offer another potential solution to 

improve the precision of published survival estimates, but heterogeneity in the organization 

of screening programs and review study designs likely precludes this from being a viable 

solution. Machine-learning algorithms could review prior screening mammograms and triage 

or identify true negative screens in the future (158). Since true interval cancers are typically 

the largest group in review studies, this has the potential to reduce the classification 

workload for radiologists and simultaneously facilitate larger review studies (46). However, 

this could detract from the educational aspect of such review studies. 

As described earlier, the definition of underdiagnosis presented in this thesis suggests that 

missed interval cancers are underdiagnosed. It follows that decreasing the number of missed 

interval cancers is desirable. However, increasing a radiologist’s sensitivity to reduce the rate 

of missed interval cancers could result in decreased specificity. Since most women do not 
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have breast cancer, this could unnecessary increase the rate of false positive screening 

examinations. Moreover, increased sensitivity could also increase the risk of overdiagnosis 

since some women may be recalled for findings that, previously, would not have warranted a 

recall and some of these women could risk being diagnosed with a slow-growing or indolent 

breast cancer as a result. Studies evaluating interventions to improve screening sensitivity 

(e.g. screen-detected cancer rates) should also focus on screening specificity (e.g. recall 

rates), positive and negative predictive values, and interval cancer rates. Additionally, 

information about tumour characteristics, such as tumour morphology, diameter, and grade, 

should be reported, as this may provide insights into the potential for overdiagnosis 

associated with any gains in screening sensitivity.  

Many European screening programs have policies in place to enable women to make an 

informed choice about screening, which includes providing information about different 

aspects of screening, including overdiagnosis. Providing information about overdiagnosis can 

be challenging because epidemiological and biological knowledge about this complex topic in 

mammographic screening is limited. The results from Paper 3 do not provide information 

about women’s values and cannot be used to provide information about whether women in 

Norway can make an informed choice about screening. Focus group studies centered on the 

topic of overdiagnosis may provide information about where women have previously heard of 

the term, what specific aspects of overdiagnosis are unclear to them, and how they would 

like these to be explained to them. This research may be used to generate women-oriented 

solutions for more clearly conveying information about this challenging topic, for example 

with respect to the content or format of this information. BreastScreen Norway continually 

updates its information materials and knowledge gained from this type of research could help 

improve the quality of information about overdiagnosis available to women in the future. In 

turn, this would further the program’s goal of enabling women to make an informed choice 

about screening.  
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Appendix 
Online questionnaire (Norwegian language) 
Table 12: Original survey questions and potential responses; where applicable, correct answers are 
marked in italics.a 

Survey question  Response format 

Har du noen gang oppsøkt informasjon 
om mammografiscreening? 

- Ja, mye 
- Ja, noe 
- Nei 
- Husker ikke/usikker 

 
Hvor har du søkt etter informasjon om 
mammografiscreening? (Flere kryss er 
mulig) 

- Fra fastlege/annet helsepersonell  
- Venner og familie 
- Kreftregisterets/Mammografiprogrammets nettsider  
- Andre nettsider  
- Fagartikler  
- Bøker  
- Aviser og ukeblader  
- Annet 

 
Velg den setningen du mener er riktig. - Mammografiscreening er å ta mammografi når du ikke 

har merket kul eller andre symptomer på brystkreft 
- Mammografiscreening er å ta mammografi når du har 

oppdaget en kul eller har andre symptomer fra brystet 
- Vet ikke  

 
Har du noen gang hørt om disse tre 
begrepene?b 
- Falske positive 

mammografiundersøkelser 
- Overdiagnostikk 
- Overdeteksjon 

 

- Ja 
- Nei 
- Vet ikke 

 

Velg den setningen du mener forklarer 
begrepet «falsk positiv 
screeningundersøkelse» best. 

- Unormale funn på screeningmammogrammene, men 
hvor tilleggsundersøkelser ikke viste brystkreft  
- Brystkreft som aldri ville blitt oppdaget dersom man ikke 

hadde deltatt i screening Vet ikke 

Hvem tror du har høyest sannsynlighet 
for å dø av brystkreft? 

- Kvinner som deltar i screeningprogram for 
brystkreft/mammografiscreening  
- Kvinner som IKKE deltar i screeningprogram for 

brystkreft/mammografiscreening  
- Vet ikke 

 
Vil screening med mammografi finne 
all brystkreft? 

- Ja 
- Nei 
- Vet ikke 

 
Vil alle kvinner som har unormale funn 
på screeningmammogrammet få påvist 
brystkreft? 

- Ja 
- Nei 
- Vet ikke 
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Survey question  Response format 

Hvem tror du har høyest sannsynlighet 
for å få påvist brystkreft? 

- Kvinner som deltar i screeningprogram for 
brystkreft/mammografiscreening  
- Kvinner som IKKE deltar i screeningprogram for 

brystkreft/mammografiscreening  
- Vet ikke 

 
Sett kryss ved de setningene du mener 
er sanne: (Flere kryss er mulig) 

- [Correct if not crossed off] All brystkreft vil til slutt føre til 
sykdom og død hvis den ikke blir påvist og behandletc 

 - [Correct if not crossed off] Med stor sikkerhet kan leger 
skille farlige brystkreftsvulster som må behandles fra 
«snille» svulster som ikke trenger behandlingc 

 - [Correct if crossed off] Det finnes saktevoksende 
brystkreft som blir behandlet selv om de ikke ville gitt 
helseproblemerc 

 - [Correct if crossed off] Mammografiscreening fører til 
diagnose av saktevoksende svulster og unødvendig 
behandlingc 

 

Velg den setningen du mener forklarer 
begrepet «overdiagnostikk» best. 

- Unormale funn på screeningmammogrammene, men 
hvor tilleggsundersøkelser ikke viste brystkreft 
- Brystkreft som aldri ville blitt oppdaget dersom man ikke 

hadde deltatt i screening 
- Vet ikke 

a Questions and responses were adapted from Hersch J, Barratt A, Jansen J, et al. Use of a decision 
aid including information on overdetection to support informed choice about breast cancer screening: 
a randomised controlled trial. The Lancet. 2015;385(9978):1642-52. 
bThese terms were shown together in a grid, and participants could select one response for each term. 
cThese sentences were shown together in a grid and participants had the option to cross off any item. 
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ABSTRACT
Objectives: Women diagnosed with breast cancer are offered treatment and therapy based on tumor
characteristics, including tumor diameter. There is scarce knowledge whether tumor diameter is accur-
ately reported, or whether it is unconsciously rounded to the nearest half-centimeter (terminal digit
preference). This study aimed to assess the precision (number of digits) of breast cancer tumor diame-
ters and whether they are affected by terminal digit preference. Furthermore, we aimed to assess the
agreement between mammographic and histopathologic tumor diameter measurements.
Material and Methods: This national registry study included reported mammographic and registered
histopathologic tumor diameter information from the Cancer Registry of Norway for invasive breast
cancers diagnosed during 2012–2016. Terminal digit preference was assessed using histograms.
Agreement between mammographic and histopathologic measurements was assessed using the intra-
class correlation coefficient (ICC) and Bland-Altman plots.
Results: Mammographic, histopathologic, or both tumor measurements were available for 7792,
13,541 and 6865 cases, respectively. All mammographic and 97.2% of histopathologic tumor diameters
were recorded using whole mm. Terminal digits of zero or five were observed among 38.7% and
34.8% of mammographic and histopathologic measurements, respectively. There was moderate agree-
ment between the two measurement methods (ICC¼ 0.52, 95% CI: 0.50–0.53). On average, mammo-
graphic measurements were 1.26mm larger (95% limits of agreement: "22.29–24.73) than
histopathologic measurements. This difference increased with increasing tumor size.
Conclusion: Terminal digit preference was evident among breast cancer tumor diameters in this
nationwide study. Further studies are needed to investigate the potential extent of under-staging and
under-treatment resulting from this measurement error.
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Introduction

Preferential overrepresentation of certain terminal digits (ter-
minal digit preference) is a well-known source of measurement
error in medicine, including the measurement of malignant
tumors [1–3]. Some evidence suggests that pathologists meas-
uring breast tumor diameter favor terminal digits of zero or
five, though few studies have evaluated this type of measure-
ment error as a primary objective [3–6]. Moreover, terminal
digit preference in breast radiology is not well described.

Pretreatment clinical tumor size (cT) informs neoadjuvant
and surgical treatment decisions, while pathological tumor
size (pT) informs adjuvant therapy and follow-up. The tumor-
node-metastasis (TNM) framework defines breast tumor size
categories (T categories) T1–T3 based on maximum diameter,

where T1: #20mm, T2: >20–50mm, and T3: >50mm [7,8].
T4 refers to any tumor with direct extension to the chest
wall and/or skin, and TX refers to cases where the tumor
diameter has not or cannot be assessed [7–9].

In Norway, the clinician responsible for securing a
patient’s diagnosis reports the cT category from either palpa-
tion (calipers), ultrasound, mammography, or magnetic res-
onance imaging. In the absence of information from
palpation, radiologic imaging, including mammography, pro-
vides influential information when determining cT, but cT
can under- or overestimate pT [10,11]. Accurate estimates of
cT and pT are important for optimal clinical decision-making
and personalized treatment.
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The World Health Organization (WHO) and American
Joint Committee on Cancer have advised for many years
that breast cancer tumor measurements be reported to the
nearest mm – recent editions provide detailed guidance on
rounding [7–9]. Norwegian guidelines are based on
the WHO guidelines and also adhere to those from the
national breast cancer screening program, BreastScreen
Norway [12,13].

In Norway, mammographic and histopathological tumor
diameters are routinely reported and registered at the
Cancer Registry of Norway (CRN). We wanted to determine
whether terminal digit preference was present among
these population-based data, and describe the precision to
which pathologic tumor diameter was reported. As a sec-
ondary objective, we aimed to assess the agreement
between mammographic and histopathologic tumor diam-
eter measurements.

Methods

Data source

All data were extracted from the CRN. Mandatory reporting
of cancer cases from multiple sources ensures complete and
high quality data [14,15]. Roughly 30% of all breast cancers
nationwide are screen-detected through BreastScreen
Norway, which is administered by the CRN and offers bien-
nial mammographic screening to all female residents aged
50–69 [15,16].

Information about mammographic and histopathologic
tumor diameter is sent to the CRN via standardized elec-
tronic radiology reports from radiologists, and via electronic
or paper-based histopathology reports from pathologists.
Radiology reports are registered automatically at the CRN,
while histopathology reports are registered manually.

Study sample

We included information about mammographic and histo-
pathological tumor diameter from all incident invasive breast
cancers diagnosed during 2012–2016 among women resid-
ing in Norway.

The first invasive breast cancer diagnosed per woman
during the study period was included. Only the largest lesion
was included for women diagnosed with multifocal or bilat-
eral breast cancer. We excluded women with pT4 lesions,
cases where the longest measured mammographic or histo-
pathologic tumor diameter was $100mm, and cases with no
recorded tumor diameter (e.g., pTX).

This project was approved by Oslo University Hospital’s
privacy ombudsman (PVO 19/02585) [17].

Study variables

We extracted information about women’s age and year of
diagnosis, and mode of detection, which was classified as
screen-detected (diagnosed within six months after a positive
screening mammogram in BreastScreen Norway), or clinically

detected (not screen-detected). Histologic tumor classifica-
tion (invasive carcinoma of no special type (NST), lobular, or
other), the largest mammographic and histopathologic tumor
diameter measured (mm; hereafter referred to as mammo-
graphic and histopathologic tumor diameter, respectively),
and cT and pT classifications were also extracted.

Mammographic tumor diameter
Mammographic tumor diameter was measured on digitally
acquired images using electronic calipers in a clinical setting
by the examining radiologist. Measurements could be taken
from screening or diagnostic mammographic examinations,
from either standard 2D images (with or without contrast),
spot compression views (with or without magnification),
tomosynthesis images, or synthetic 2D images derived from
tomosynthesis. Images were displayed on DICOM-compliant
workstations after retrieval from a picture archiving and com-
munication system (PACS). The type of mammography
equipment, viewing workstations, and PACS varied
between centers.

There are no national guidelines describing mammo-
graphic tumor measurement methods. For mammographi-
cally visible cases, radiologists typically reported the tumor
diameter in whole mm in the patient’s radiology report on
the day of the examination. Thereafter, this measurement
was entered into the report sent to the CRN.

Histopathologic tumor diameter
Based on national recommendations, tumor diameter was
determined from microscopic slides by measuring the outer-
most boundaries of the invasive lesion, and measured to the
nearest mm using a transparent ruler [12]. If this could not
be done using the available slides, the measurement was
based on the macroscopic examination (formalin fixed speci-
men), either from a single tissue slice, or as an estimate
across all tissue slices containing microscopically verified
invasive tumor tissue [7].

Measurement precision
All mammographic measurements must be sent to the CRN
as whole mm.

Histopathologic tumor diameter could be registered with
one decimal place if it was reported as such (e.g., for small
invasive lesions), but national recommendations advise path-
ologists to report tumor diameter using whole mm [12,13].

T-category information
The clinician responsible for securing a patient’s diagnosis,
often the patient’s surgeon, reported the cT category directly
to the CRN. Due to a high proportion of missing and unavail-
able data [18], we derived a surrogate assessment, mT, using
the mammographic tumor diameter. The mT variable was
used in all analyses requiring information about cT.

The pT category was manually set by dedicated coders at
the CRN based on the maximum tumor diameter and tumor
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invasion information included in the submitted path-
ology reports.

Statistical analysis

Descriptive results were presented as means (standard devia-
tions, SDs, or ranges), or frequencies (%). Histograms were
used to present the frequency distributions of tumor diam-
eter measurements, stratified by measurement type (mam-
mographic vs histopathologic), and the number of decimal
places (zero or one). To focus on the cut-points for T1–T3
tumors, some figures were restricted to cases with tumors
#55mm. Using the same stratification variables, we reported
the proportion of different terminal digits among tumors of
varying sizes and used histograms to visualize overall ter-
minal digit frequencies.

To study agreement between mammographic and histopa-
thologic tumor diameter for cases where both measurements
were available, we estimated means and 95% confidence
intervals (CIs); Pearson’s correlation coefficient (r) and an
asymptotic 95% CI based on Fisher’s z transformation; and the
intraclass correlation coefficient (ICC) and 95% CI based on a
single measurement, one-way random effects model for abso-
lute agreement [19]. A scatterplot and Bland-Altman plot were
used to visualize the differences between mammographic and
histopathologic measurements and to calculate the absolute
and relative mean differences and 95% limits of agreement
(LOA) using raw and natural log transformed data. We pre-
sented the relative mean difference and 95% LOA because
the magnitude of the differences appeared to be associated
with tumor diameter [20]. Lastly, the mT and pT categories
were compared using proportions of agreement/disagree-
ment, and a weighted Kappa with Cicchetti-Allison weights
(jw). Bowker’s test was used to test symmetry.

An ad hoc analysis of cases with a terminal digit of zero
or five from mammography or histopathology was con-
ducted using a scatterplot, and Bland-Altman plots for raw
and natural log transformed data.

All statistical analyses were performed in R version 3.5.0
for Windows [21]. The irr package was used to calculate the
ICC and corresponding CI, while the DescTools package was
used to calculate jw and its corresponding CI [22,23].

Results

During 2012–2016, 16,767 women were diagnosed with
invasive breast cancer in Norway. After applying exclusion
criteria, the final study sample consisted of 14,468 invasive
breast tumors with mammographic or histopathologic tumor
diameter information in the same number of women (Figure
1(A)). Tumor diameter information from mammography,
histopathology, or both sources was available for 7792;
13,541; and 6865 cases, respectively (Figure 1(B)).

The mean age at diagnosis in the final study sample was
62 years (range 23–103), and 57% of women were aged
50–69 (Table 1). Overall, roughly 35% of cancers were
screen-detected, and 82% of all cancers were invasive carcin-
oma of no special type (Table 1). The subsample of women
with mammographic tumor information was slightly older
than that with histopathologic information (means (SDs) 62.2
(11.7), and 61.7 (12.6) years, respectively).

Precision

All mammographic tumor diameters were recorded as whole
numbers (median 18mm, range 1–99). Nearly all (97.2%,
n¼ 13,167) of the histopathologic diameters were recorded
as whole numbers (median 17mm, range 1–95); the remain-
ing cases (2.8%) were recorded with a single decimal
(median 7.4mm, range 0.1–50.1).

Terminal digit preference

Histograms of the distribution of mammographic and histo-
pathologic tumor diameters recorded as whole numbers
showed high frequencies of multiples of five and drops
around these peaks that corresponded to numbers ending in

Figure 1. (A) Flow diagram (B) Venn diagram indicating whether tumor diameter information on mammographic (yellow area), histopathologic (blue area), or
both (green area) was available for women diagnosed with invasive T1–T3 breast cancer in Norway during 2012–2016, n¼ 14,468.
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Table 1. Characteristics of women diagnosed with invasive T1–T3 breast cancer in Norway during 2012–2016, n¼ 14,468, stratified by whether mammographic,
histopathologic , or both assessments were available.

Characteristic
Total, n (%)
n¼ 14,468

Mammographic assessments, n (%)
n¼ 7792

Histopathologic assessments, n (%)
n¼ 13,541

Both assessments, n (%)
n¼ 6865

Age at diagnosis
20–49 2503 (17.3) 893 (11.5) 2249 (16.6) 639 (9.3)
50–69 8251 (57.0) 5313 (68.2) 7985 (59.0) 5047 (73.5)
70þ 3714 (25.7) 1586 (20.4) 3307 (24.4) 1179 (17.2)

Year of diagnosis
2012 2482 (17.2) 849 (10.9) 2434 (18.0) 801 (11.7)
2013 2810 (19.4) 1222 (15.7) 2715 (20.1) 1127 (16.4)
2014 2993 (20.7) 1567 (20.1) 2806 (20.7) 1380 (20.1)
2015 3072 (21.2) 1942 (24.9) 2831 (20.9) 1701 (24.8)
2016 3111 (21.5) 2212 (28.4) 2755 (20.3) 1856 (27.0)

Method of detection
Screen-detected 5078 (35.1) 4357 (55.9) 4987 (36.8) 4266 (62.1)
Clinically detected 9390 (64.9) 3435 (44.4) 8554 (63.2) 2626 (37.9)

Histological type
Invasive NSTa 11883 (82.1) 6579 (84.4) 11122 (82.1) 5818 (84.8)
Lobular 1571 (10.9) 765 (9.8) 1467 (10.9) 661 (9.6)
Other 1014 (7.0) 448 (5.8) 952 (7.0) 386 (5.6)

aNST: no special type.

Figure 2. Longest measured tumor diameter recorded for T1–T3 breast cancers (#55mm) diagnosed during 2012–2016, based on (A) mammography (n¼ 7792)
and (B) histopathology (whole numbers only; n¼ 13,167); light blue bars emphasize tumor diameters with zero or five as a terminal digit. The lower panels indicate
the frequency of terminal digits from the longest measured tumor diameter (#100mm) for T1–T3 breast cancers diagnosed during 2012–2016, based on (C) mam-
mography (whole numbers only; n¼ 7792), (D) histopathology (whole numbers only; n¼ 13,167), and (E) histopathology (decimals only; n¼ 374).
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one, four, six, or nine (Figure 2(A,B)). A histogram of the his-
topathologic tumor diameters recorded with one decimal
place also showed a high frequency had a terminal digit of
five (Supplementary Figure S1).

Histograms of the terminal digits from mammographic
and histopathologic tumor diameters recorded as whole
numbers also showed a high frequency of zeroes and fives,
compared to ones, fours, sixes, and nines (Figure 2(C,D)). A
terminal digit of zero was more frequent than five among
tumor diameters measured from mammography (23.4% and
15.3%, respectively), but not from histopathology (17.9% for
both; Supplementary Table S1). The proportion of tumor
diameters with terminal digit of five generally increased as
mammographic or histopathologic tumor diameter increased.
This was also observed for a terminal digit of zero, but only
for tumors $20mm (Supplementary Table S1). Among the
histopathologic measurements recorded with one decimal,
61% of cases had a decimal value of five, and none had a
decimal value of zero (Figure 2(E)).

Agreement between mammographic and
histopathologic assessments

Among cases for which a mammographic and histopatho-
logic tumor diameter were available (n¼ 6865), the median
(range) tumor diameters were 16mm (1–99) and 15mm
(0.1–90), respectively. We observed moderate correlation
between the two assessments: r¼ 0.52 (95% CI: 0.51–0.54),
and ICC¼ 0.52 (95% CI: 0.50–0.53). On average, mammo-
graphic tumor diameters were 1.26mm (95% LOA:
"22.29–24.73) larger than the corresponding histopathologic
diameters. However, there was evidence of disagreement in
both directions, and agreement between the two decreased
as the average tumor diameter increased (Figure 3). On a
relative scale, the mammographic tumor diameters were 1.06
times (6%) larger than the pathologic values (95% LOA:
0.34–3.28) (Supplementary Figure S2). A subgroup analysis

stratified by histologic type showed that for invasive NST,
lobular, or other carcinomas, the mammographic tumor
diameters were, on average, 1.53mm (95% LOA:
"21.39–24.45) larger, 1.59mm (95% LOA: "28.85–25.67)
smaller, and 2.04mm (95% LOA: "21.06–25.14) larger than
the corresponding histopathologic measurements,
respectively.

Ad hoc analysis of all cases with mammographic and his-
topathologic tumor diameter with a terminal digit of zero or
five (n¼ 3890) displayed clear graphical patterns in the scat-
ter plot (checkerboard pattern) and the Bland-Altman plots
(lattice pattern; Supplementary Figure S3).

The mT and pT categories were the same in 5313 cases
(77%), while the mT category was highest in 823 (53%) of
the discordant cases (psymmetry<0.0001; Table 2). Overall,
there was moderate agreement between the mT and pT cat-
egories: jw¼0.50, 95% CI: 0.48–0.53.

Discussion

Terminal digit preference in the measurement of breast
tumors is not well-studied and only one of four previously
published studies on this topic used population-based data
[3–6]. Our results from nationwide cancer registry data
showed evidence of terminal digit preference for zeroes and
fives in the reporting of maximum mammographic and histo-
pathologic tumor diameters of invasive breast cancers diag-
nosed during 2012–2016. This measurement error can lead
to T-category misclassification and has the potential to

Figure 3. Maximum tumor diameters for T1–T3 breast cancers diagnosed in Norway during 2006–2012, n¼ 6865. (A) Scatterplot displaying the maximum histopa-
thologic tumor diameter (mm; x-axis) versus the maximum mammographic tumor diameter (mm; y-axis), where the solid line indicates perfect agreement
(B) Bland-Altman plot illustrating the difference in tumor size measurement (mm) between mammographic and histopathologic measurements, against the average
of the two measurements (mm). The solid line represents the mean difference, while the top and bottom dashed lines represent the upper and lower limits of
agreement, respectively.

Table 2. Contingency table of mammographic vs histopathologic tumor cate-
gories (pT), n¼ 6865.

Histopathologic tumor category (pT)

pT1 pT2 pT3

Mammographic tumor category
mT1 3932 (57.3%) 615 (9.0%) 36 (0.5%)
mT2 657 (9.6%) 1335 (19.4%) 78 (1.1%)
mT3 87 (1.3%) 79 (1.1%) 46 (0.7%)
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impact patient treatment. Further, we observed moderate
agreement between mammographic and pathologic tumor
diameter. Mammographic tumor diameter both over- and
underestimated histopathologic tumor diameter, and the
absolute discrepancy between the two measurements
increased with increasing tumor diameter.

Among histopathologic tumor diameters, 97.3% of cases
were registered as whole mm, and the majority of those
reported with decimal values were <10mm. This is a slight
overestimate of the number of cases reported as whole mm
by pathologists because decimal values of zero are truncated
when registered at the CRN. More explicit national guidance
may improve compliance in reporting tumor diameter to the
nearest mm, as advised by international guidelines [7,8].

The overrepresentation of tumor diameters with a ter-
minal digit of zero or five corresponded largely to whole and
half cm values $1 cm on mammography and $1.5 cm from
histopathology. The resulting measurement error appeared
to be due in equal parts to rounding up and down to the
nearest whole or half cm value. A recent Dutch study sug-
gested that pathologists avoided reporting T category border
values of 10mm and 20mm, however, these results have not
been corroborated [3–6]. In our study, terminal digit prefer-
ence led to an excess of tumors recorded as 10, 20, or
50mm, which define the border values for T1c, T2, and
T3 tumors [7–9]. Any tendency to underestimate tumor
diameter by rounding down to the nearest cm increases the
likelihood of under-staging tumors with respect to their T
category and could lead to under-treatment. This limitation
of the TNM system was pointed out as early as 2006, but
even recent suggestions to simplify the TNM system have
overlooked this shortcoming [4,24].

On the other hand, rounding up to 10, 20 or 50mm does
not change the T category and therefore does not directly
lead to over-staging (e.g., an 18mm tumor rounded up to
20mm is classified as T1 in either situation). A tumor that is
under a boundary value (e.g., 18mm; T1) and is rounded up
to over the boundary value (e.g., 21mm; T3) would result in
over-staging in terms of the T category, but our study does
not provide evidence about whether this type of round-
ing occurs.

Without knowing which specific cases are affected by ter-
minal digit preference, it is difficult to speculate the scope of
the clinical implications of this measurement error. Studies
that report treatment data and re-measure histopathologic
samples are needed to quantify the number of women who
may potentially be undertreated for their breast cancer due
to under-staging and could have important consequences
for decisions regarding neoadjuvant treatment and surgical
planning, as well as the use of chemo and radiation therapy
and response monitoring.

On average, we observed that mammographic tumor
diameters were slightly larger than the corresponding histo-
pathologic measurements. However, the 95% LOA for this
estimate was wide and indicated that both under- and over-
estimation can occur, as has been observed in other studies
[10,11,25]. We observed decreasing absolute agreement
between mammographic and histopathologic tumor

diameter measurements as tumor size increases, which sup-
ports previous findings [10,25]. Despite the measurement dif-
ferences in mammographic and histopathologic tumor
diameter, the mT and pT categories assigned to a case were
the same in over 75% of cases. In the remaining cases, par-
ticularly the <2% categorized as mT3 and pT1 or vice-versa,
more accurate mammographic measurement may have
increased the likelihood of breast conserving surgery, or
reduced the need for reoperation.

When considering histologic subtype, our study indicated
that mammography underestimates histopathologic tumor
diameter for lobular carcinomas, but results from two single-
centre studies indicate the opposite [10,26]. This discrepancy
may be due to sampling variability, as these two studies
evaluated 99 [10] and 18 [26] cases of lobular carcinoma and
diffuse tumors can be difficult to measure. Our findings cor-
roborate those from a multicentre cohort study that analyzed
474 cases of lobular carcinoma, but do not corroborate their
finding that mammography underestimates histopathologic
tumor diameter for invasive carcinomas NST [25]. Both our
study and that of Stein et al. [25] used retrospective data
and had similar inclusion criteria, but the difference between
mammographic and histopathologic tumor diameter was
roughly 1.5mm larger across all subgroups in our study,
which would have been enough to change the direction of
the association observed for the sub-analysis of invasive car-
cinomas NST. Because the study samples were similar, we
believe that differences in measurement practices between
countries can explain this discrepancy.

Discrepancies between mammographic and histopatho-
logic measurements can occur due to differential terminal
digit preference between radiologists and pathologists, or
because the measurements are taken at different times and
potentially from different axes of the tumor. They may also
be attributed to measurement challenges associated with
endocrine responsiveness, mammographic breast density, dif-
fuse or multifocal lesions, or shrinkage as a result of neoadju-
vant treatment or formalin fixation [10,11,25,26]. Moreover,
histopathologic measurements can be influenced by the
degree of sampling, particularly from the tumor periphery
and surrounding tissues. We included only invasive T1-T3
breast cancer cases and aimed to exclude those who
received neoadjuvant treatment (pTX) to mitigate some of
these challenges.

Our study design did not allow us to determine whether
terminal digit preference is associated with factors that com-
plicate accurate tumor measurement; this was a limitation of
our study. We hypothesize that only factors that obscure the
tumor periphery (e.g., multifocal or diffuse lesions) may be
associated with increased terminal digit preference, and
future studies might investigate this topic. With respect to
our secondary outcome – agreement between mammo-
graphic and histopathologic tumor diameter measurements
– determining whether factors such as breast density con-
founded the relationships we observed was outside the
scope of this study. This was another limitation of our study.

To the best of our knowledge, studies measuring the
agreement between mammographic and histopathologic
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tumor diameter have not considered the potential for meas-
urement error due to terminal digit preference. In our study,
the effects of this preference can be seen in the checker-
board pattern arising in the scatterplot and lattice pattern
arising in the Bland-Altman plots. These patterns are also vis-
ible in the plots of other agreement studies, which suggests
that terminal digit preference is prevalent in the measure-
ment of tumor diameter from mammography and histopath-
ology, as well as from clinical examination, ultrasound and
MRI [10,11,25,27]. Terminal digit preference is therefore an
important source of measurement error in cT-category stag-
ing. This source of measurement error should be more
widely discussed and potentially taken into account when
making neoadjuvant and surgical treatment decisions, par-
ticularly for borderline cases.

The use of prospectively collated data from a population-
based registry is a strength of our study. Reporting to the
CRN is mandated by law, and clinicians working in oncology
do so as a part of routine clinical practice. The data included
in this study are continually used for research and surveil-
lance of BreastScreen Norway, and are constantly assured by
clinicians working in the program. Moreover, pathologic
tumor diameter data at the CRN are subject to annual quality
assurance against the original pathology report, as described
in the appendix. This validation work has not been docu-
mented extensively, but studies using colorectal cancer data
from the CRN and registry-based breast cancer data in
Denmark and Sweden support the notion that pathological
breast cancer tumor diameter data at the CRN reflects that
from the original pathology report [28–30]. Furthermore, the
data used in this study are not affected by clinicians’ aware-
ness of being studied (the Hawthorne effect) [31]. Our results
therefore reflect national standard clinical practice.

Although our sample includes tumor measurements from
a national pool of radiologists and pathologists, our study
did not include information about the individual clinicians
who performed the measurements, and it was not possible
to investigate inter- or intra-observer trends. Moreover, we
did not have information about the specific conditions in
which the mammographic tumor diameter measurements
took place, for example, whether standard 2D images or
tomographic images were used. This is unlikely to be a major
limitation since tumor diameter measurements from both
techniques are relatively similar compared to histopathology
[32]. Additionally, the reasons for missing tumor diameter
data are unclear: data could have been missing because the
clinicians were unable to measure the tumor (e.g., due to it
being mammographically occult), because they failed to
record the measured value, or because the recorded value
was not sent to the CRN. The latter is the most likely explan-
ation for the majority of missing mammographic information
as this data cannot be submitted by centers that are not
affiliated with BreastScreen Norway [33]. Nonetheless, the
overall reporting rate has improved since 2012, and was 72%
in 2016 [33,34]. Only 3% of histopathologic tumor diameter
information was missing for women who had surgery for
breast cancer during 2009–2011 [35], thus missing histopa-
thologic tumor diameter information in our study is likely

due to women receiving neoadjuvant therapy (where post-
treatment staging, ypT, is reported instead of pT). No reason
for missing data seems likely to have caused any systematic
bias in the terminal digits of tumor diameters in the
final sample.

In this population-based study, we observed a preference
for reporting tumor diameters with terminal digits of zero or
five, corresponding to whole and half centimeter values.
Further, our results support the notion that absolute agree-
ment between mammographic and histopathologic tumor
diameter is moderate and decreases with increasing tumor
size. The current guidelines for TNM staging do not consider
terminal digit preference and histopathological review stud-
ies are needed to investigate the potential extent of under-
staging and under-treatment resulting from this source of
measurement error.
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Table S1: Terminal digits of mammographic and histopathologic tumour diameters among 

women diagnosed with invasive T1–T3 breast cancer in Norway during 2012-2016 

 

Tumour diameter 

(mm) 
n 

Percentage with terminal digit 

1 2 3 4 5 6 7 8 9 0 

Mammographic             

     1-10 1801 0.1 0.3 0.7 2.6 9.0 9.8 14.9 16.2 16.7 29.8 

     11-20 2970 9.1 13.3 9.9 8.2 15.5 7.0 7.1 7.8 5.5 16.5 

     21-30 1495 6.7 12.2 9.4 7.9 19.3 7.6 7.1 6.3 3.6 19.9 

     31-40 706 6.5 11.9 10.2 7.4 16.1 7.1 7.2 5.8 2.5 25.2 

     41-50 378 6.1 2.9 7.9 5.8 24.1 5.6 5.8 4.8 1.9 35.2 

     > 50 442 3.8 7.0 4.5 6.3 16.5 5.9 4.5 5.7 2.3 43.4 

     Total 7792 5.9 9.1 7.3 6.5 15.3 7.6 8.7 9.0 7.1 23.4 

Histopathologic 

(whole numbers) 
           

     1-10 2753 0.8 2.0 2.5 4.1 6.5 10.9 14.2 17.8 19.5 21.8 

     11-20 5641 9.6 12.8 8.5 7.7 16.6 7.5 8.2 9.3 6.4 13.2 

     21-30 3107 11.0 12.8 10.1 8.1 23.0 4.6 5.4 5.3 2.4 17.2 

     31-40 997 5.9 11.9 6.7 5.9 31.7 4.1 4.1 3.3 2.0 24.3 

     41-50 369 3.8 10.3 5.1 3.3 33.9 1.6 5.7 4.9 1.9 29.5 

     > 50 300 7.7 6.0 4.0 4.0 28.7 1.7 2.0 3.0 0.7 42.3 

     Total 13,167 7.6 10.2 7.3 6.7 17.9 7.0 8.3 9.4 7.6 17.9 

  



Histopathologic  

(with decimal) 
           

     1-10.0 276 5.1 5.8 4.0 1.4 63.4 4.7 4.0 5.4 6.2 0.0 

     10.1-20.0 82 3.7 12.2 1.2 4.9 52.4 6.1 6.1 6.1 7.3 0.0 

     20.1-30.0 13 15.4 0.0 7.7 0.0 61.5 7.7 0.0 0.0 7.7 0.0 

     30.1-40.0 1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 

     40.1-50.0 1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 

     > 50.0 1 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

     Total 374 5.3 7.0 3.5 2.1 61.0 5.1 4.3 5.3 6.4 0.0 
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Abstract
Objectives “True” breast cancers, defined as not being visible on prior screening mammograms, are expected to be more
aggressive than “missed” cancers, which are visible in retrospect. However, the evidence to support this hypothesis is limited.
We compared the risk of death from any cause for women with true, minimal signs, and missed invasive screen-detected (SDC)
and interval breast cancers (IC).
Methods This nation-wide study included 1022 SDC and 788 IC diagnosed through BreastScreen Norway during 2005–2016.
Cancers were classified as true, minimal signs, or missed by five breast radiologists in a consensus-based informed review of
prior screening and diagnostic images. We used multivariable Cox regression to estimate hazard ratios (HRs) and 95% confi-
dence intervals (CIs) for the risk of death from any cause associated with true, minimal signs, andmissed breast cancers, adjusting
for age at diagnosis, histopathologic tumour diameter and grade, and subtype. Separate models were created for SDC and IC.
Results Among SDC, 463 (44%) were classified as true and 242 (23%) as missed; among IC, 325 (39%) were classified as true
and 235 (32%) missed. Missed SDC were associated with a similar risk of death as true SDC (HR = 1.20, 95% CI (0.49, 2.46)).
Similar results were observed for missed versus true IC (HR = 1.31, 95% CI (0.77, 2.23)).
Conclusions We did not observe a statistical difference in the risk of death for women diagnosed with true or missed SDC or IC;
however, the number of cases reviewed and follow-up time limited the precision of our estimates.
Key Points
• An informed radiological review classified screen-detected and interval cancers as true, minimal signs, or missed based on
prior screening and diagnostic mammograms.

• It has been hypothesised that true cancers, not visible on the prior screening examination, may be more aggressive than missed
cancers.

•We did not observe a statistical difference in the risk of death from any cause for women with missed versus true screen-detected
or interval breast cancers.
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Abbreviations
CI Confidence interval
CRN Cancer Registry of Norway
DCIS Ductal carcinoma in situ
ER Estrogen receptor
HER2 Human epidermal growth factor receptor 2
PACS Picture archiving and communication system
PR Progesterone receptor

Introduction

Mammographic screening is considered the best approach to
detect breast cancer at an early stage and thereby reduce breast
cancer mortality [1, 2]. For mass screening to be effective,
radiologist sensitivity, the ability to correctly identify women
with breast cancer, must be balanced against specificity, the
ability to correctly identify women without breast cancer.
False-positive screening exams are associated with temporary
uncertainty and anxiety [3–5], and healthcare costs for further
assessment [6]; however, this follow-up can provide confir-
mation that a woman does not have breast cancer. On the other
hand, false negatives may lead to a delayed diagnosis of breast
cancer and can lower women’s confidence in mammographic
screening [7].

Retrospective radiologic reviews of prior screening mam-
mograms can give insights into the effectiveness and quality
of mammographic screening [1, 8]. These reviews are typical-
ly limited to the prior screening mammograms of interval
breast cancers, but can also include the prior screening mam-
mograms of screen-detected breast cancers and are often per-
formed with access to diagnostic mammograms [9–11].
Typically, reviewing radiologists classify cancers as “true”,
“minimal signs”, “missed”, or “occult” [1]. Cancers that are
classified as not visible on prior screening mammograms but
that develop following a true-negative screening examination
are considered true. Minor abnormalities that are regarded as
visible on the prior screeningmammograms but did not lead to
a diagnosis of breast cancer are considered minimal signs.
Cancers that are retrospectively visible on prior screening
mammograms are considered missed at the prior screen and
the prior screening examination is then considered a false
negative. Occult cancers are those that are not regarded as
mammographically visible at diagnosis but may be symptom-
atic or diagnosed through other modalities such as ultrasound.
The rates of these types of cancers in an organised screening
program are associated with the sensitivity of the interpreting
radiologists and that of any follow-up assessment, as well as
the review process [12–15].

The histopathology of true, minimal signs, and missed
screen-detected breast cancers is not well described [9, 16].
True interval breast cancers have more often been histopatho-
logic grade 3with a smaller tumour diameter thanmissed breast

cancers, but other aspects of histopathology have not demon-
strated consistent results [17–22]. It has been hypothesised that
the short sojourn time of true breast cancers indicates that they
are more aggressive than missed breast cancers [9, 23].
However, we are not aware of any studies that report the sur-
vival of women with true and missed screen-detected breast
cancer, and three of four studies did not observe a difference
in the overall survival of women with true and missed interval
breast cancers [18, 19, 21, 23]. These survival results are based
on decades-old data, and breast cancer screening, diagnosis,
and treatment have since improved considerably [8, 24].

Radiologic reviews often aim to understand the distribution
of true, minimal signs, and missed cancers and reduce the rate
of missed cancers in order to improve the quality of mammo-
graphic screening. However, it is also important to evaluate
whether having a breast cancer classified as true, minimal
signs, or missed has prognostic implications for women at-
tending screening. The objective of this retrospective study
was to re-use data from a completed informed radiologic re-
view to describe the histopathologic findings and survival
associated with these three classifications of screen-detected
and interval breast cancers within a population-based breast
cancer screening program.

Methods

This study was part of a project approved by the Oslo
University Hospital data protection official for research
(PVO 2016-4696).

Retrospective radiological review

The radiologic classifications used in this study were obtained
during a nationwide, multicentre informed review of ductal
carcinoma in situ (DCIS) and invasive breast cancer diagnosed
in BreastScreen Norway. The Cancer Registry of Norway
(CRN) administers this population-based screening program
and also administered this review, which was performed be-
tween September 2016 and April 2017. The review included
digital mammograms from consecutive round screen-detected
breast cancers and interval breast cancers. BreastScreen
Norway offered screening with digital mammography in a
single-centre study starting in 2000, and this technology was
implemented at all 16 centres in the program by the fall of 2011
[25]. Screen-detected cancer was defined as breast cancer diag-
nosed after a recall for further assessment due to abnormal
mammographic findings, and interval cancer was defined as
breast cancer diagnosed within 24 months of a negative screen,
or 6–24 months after a false-positive screening result.

The review was designed to include a stratified sample of 75
screen-detected and 75 interval cancers diagnosed at each of the
16 breast centres. With respect to the national distribution of
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breast cancers, this non-proportional sampling method over-
represented smaller centres and under-represented larger cen-
tres. However, this gave participating radiologists an equal op-
portunity to review and learn from cases diagnosed within their
own centres. Screen-detected cancers were oversampled at low-
volume centres with too few interval cancers diagnosed after
screening with digital mammography. Recently diagnosed can-
cer cases were preferred over older cases to facilitate retrieval
from the picture archiving and communication systems
(PACS). The review is described elsewhere [26].

Briefly, the review was performed at the breast centres by a
pool of 37 radiologists who had read at least 5000mammograms
during the past 2 years. The centres were randomly paired and
radiologists from paired centres reviewed each other’s cases. A
panel of five radiologists reviewed each case: two from the
reviewing centre, two from the paired centre, and one (T.H.)
was present at every session. The panel had access to screening
and diagnostic images. Through consensus, or a majority vote if
consensus could not be reached, the panel of radiologists classi-
fied all cancer cases as “true”, “minimal signs, actionable”, “min-
imal signs, non-actionable”, “missed”, or “occult” indicating
whether a cancer was visible and/or perceived at the prior screen-
ing examination (Table 1). Information on surgical treatment and
histopathology was provided after a case was reviewed.

Study sample

The review included mammograms from 1227 screen-
detected and 1015 interval breast cancers (both DCIS and
invasive). However, in this study, we sequentially excluded
DCIS, occult cases, and cases for whom information about
postoperative histopathological tumour diameter was unavail-
able (Fig. 1). The proportion of DCIS in the review reflected
population averages in BreastScreen Norway [25]. Women
with DCIS in Norway are typically treated with breast-
conserving surgery and adjuvant radiation therapy, which is
associated with low long-term rates of local recurrence [27].
We excluded women with DCIS because the excellent surviv-
al in this group makes it difficult to conduct an informative
survival analysis. The largest tumour was included for multi-
focal (n = 44 screen-detected and 36 interval) and bilateral
cancers (n = 21 screen-detected and 15 interval).

Data sources and variables

Three radiological review classifications were used in this
study: true, minimal signs, and missed. The minimal signs
classification included both actionable and non-actionable
cases (Table 1).

The CRN provided information about cancer diagnoses
and prior screening exams, including women’s age at diagno-
sis, date of screening and diagnosis, screening location, and
mode of detection (screen-detected or interval). The CRN also

provided information on histopathologic type (invasive no
special type (NST), lobular, other), histopathologic tumour
diameter (mm), histopathologic grade (1, 2, 3), lymph node
status, estrogen receptor (ER) and progesterone receptor (PR)
status, Ki67 expression, and human epidermal growth factor
receptor 2 (HER2) status. Breast cancer subtype (Luminal A-
like, Luminal B-like, HER2+, triple negative) was determined
by applying a clinicopathologic surrogate definition of intrin-
sic subtypes to ER, PR, Ki67, and HER2 information [28].
These variables are described in detail in Table S1.

Women were followed from date of histologically verified
invasive breast cancer until death, emigration, or December
31, 2018. Information on death and emigration was obtained
from the CRN, which regularly receives information from the
national Cause of Death Registry [29].

Statistical analysis

Descriptive results were presented as proportions (95% confi-
dence intervals, CIs, calculated using the Wilson score inter-
val [30]), means (standard deviations, SDs), and medians
(95% CIs from quantile regression with standard errors based
on 100 bootstrap replications).

Kaplan-Meier estimates were used for overall survival in
true, minimal signs, and missed cancers. Nelson-Aalen cumu-
lative hazard estimates were used to estimate the risk of breast
cancer death. Differences between true, minimal signs, and
missed cancers were tested using the log-rank test. We used
Cox regression with time since diagnosis as the time variable
to estimate hazard ratios (HRs) with 95% CIs for the risk of
death from all causes in true, minimal signs, andmissed cancers.
We adjusted for age at diagnosis and included tumour diameter,
grade, and subtype as confounders based on a priori knowledge
of their relationship with the exposure and outcome in interval
cancers [17–22]. All analyses were conducted separately for
screen-detected and interval cancers due to the potential for lead
time bias in combined analyses. The proportional hazards as-
sumption was checked using graphical methods and Schoenfeld
residuals [31]. This assumption was initially violated in the
analysis of interval cancers, but was satisfied after splitting the
follow-up time after 3 years, and stratifying on subtype.

Multiple imputation with chained equations was used to
impute missing data for grade; lymph node status; ER, PR,
and HER2 positivity; and Ki67 expression. Subtype was de-
termined after imputation. Given detection mode and year of
diagnosis, data were assumed to be approximately missing
completely at random. To increase predictive power, the im-
putation models also included the radiological classification
(true, minimal signs, and missed), tumour diameter, screening
centre, age at diagnosis, information about whether women
were alive at the end of follow-up, and the Nelson-Aalen
cumulative hazard estimator for overall survival [32]. We pre-
sented results based on 40 imputed data sets.
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We conducted a sensitivity analysis in which we included
women without tumour diameter information, and did not use
tumour diameter as a covariate in the imputation or Cox re-
gression models.

All analyses were performed using Stata version 16.0
(StataCorp).

Results

The final study sample consisted of 1022 screen-detected and
788 interval cancers with prior screening examinations

between January 2005 and March 2016 (Fig. 1). Among
screen-detected cancers, 457 (45%) were classified as true,
336 (33%) as minimal signs, and 229 (22%) as missed.
Among interval cancers, 310 (39%) were classified as true,
254 (32%) as minimal signs, and 224 (28%) as missed.

Mean (SD) age at diagnosis did not differ by more than 2
years for women with true (62 (5.1)), minimal signs (62 (4.7)),
or missed (63 (4.8)) screen-detected cancer, or for women
with true (59 (5.8)), minimal signs (60 (5.7)), or missed (61
(5.2)) interval cancer.

Histopathologic findings

True screen-detected cancers had less favourable histopathol-
ogy than minimal signs and missed cancers, which had com-
parable histopathology (Table 2). In particular, true screen-
detected cancers had a higher proportion of grade 3 tumours
(30.0%) than minimal signs (14.9%), or missed cancers
(13.7%), and were more likely to be triple negative (9.8%
versus 2.3% and 2.9%). True interval cancers also had less
favourable histopathology than minimal signs and missed in-
terval cancers, which generally had comparable histopatho-
logic characteristics. True interval cancers were more likely
to be grade 3 (46.7%) than minimal signs (36.1%), or missed
cancers (35.9%). The proportion of triple negative cancers
was 18.1% among true interval cancers, 14.5% among mini-
mal signs, and 9.6% among missed cancers.

Survival

Median follow-up was 5.4 years (range 0.2–12.8) for women
with screen-detected cancer; 43 (4.2%) died from any cause
and 10 (1.0%) died from breast cancer. Among women
with interval cancer, median follow-up was 5.6 years (range

Table 1 Definitions of radiological and study classifications of true, minimal signs, and missed screen-detected and interval breast cancers

Radiological classification Study classification Definition

True True No abnormalities visible on prior screening mammograms at the
cancer site (true-negative prior screen), followed by a diagnosis of
interval breast cancer, or screen-detected breast cancer during the
subsequent screening round

Minimal signs, actionable Minimal signs Minor abnormalities visible on prior screening mammograms at the
cancer site. Recall would have warranted, but was not expected
within the screening program

Minimal signs, non-actionable Minimal signs Non-specific findings visible on prior screening mammograms at the
cancer site. Recall not possible or expected within the screening
program

Missed Missed Obvious abnormalities visible on prior screeningmammograms at the
cancer site (false negative prior screen) that resulted in interval
breast cancer or screen-detected breast cancer during the subse-
quent screening round

Occult Excluded No mammographically visible findings at diagnosis

Fig. 1 Number of individuals included and excluded. Individuals were
excluded sequentially using the exclusion criteria
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0.3–14.8); 81 (10.3%) died from any cause and 39 (4.9%) died
from breast cancer.

The Kaplan-Meier estimates for overall survival did not
differ between true, minimal signs, and missed cancers,
whether they were screen-detected (p = 0.82, Fig. 2a) or in-
terval cancers (p = 0.43, Fig. 2b). We did not examine the
Nelson-Aalen cumulative hazard for the risk of screen-
detected breast cancer death because of the small number of
deaths (5, 3, and 2 deaths among true, minimal signs, and
missed cancers). The Nelson-Aalen cumulative hazard esti-
mates of the risk of interval breast cancer death did not differ
for true (16 deaths), minimal signs (11 deaths), or missed
cancers (12 deaths; p = 0.80, Fig. 3).

The distribution of the imputed variables was comparable
with that observed in complete case data (Table S2), and the
results for complete case and multiple imputation analyses
were similar (Table 3). We report the multiple imputation
results here. In the multivariable Cox regression (Table 3), risk
of death from any cause did not differ between minimal signs
and true screen-detected cancers (HR = 1.04, 95% CI (0.51,
2.13)), or between missed and true screen-detected cancers
(HR = 1.10, 95% CI (0.49, 2.46)). Similarly, the average risk
of death from any cause during the entire follow-up period did
not differ between minimal signs and true interval cancers
(HR = 0.80, 95% CI (0.46, 1.37)), or missed and true interval
cancers (HR = 1.31, 95% CI (0.77, 2.23)). Due to lack of
proportional hazards, follow-up time was split for interval
cancers. The risk of death among women with minimal signs
interval cancers was lower than for women with true interval
cancers during the first 3 years after diagnosis (HR = 0.29,
95% CI (0.10, 0.86)), but did not differ after the first 3 years
(HR = 1.40, 95% CI (0.70, 2.80)). The risk of death from any
cause did not differ for missed and true interval cancers before
or after 3 years of follow-up.

Results from the sensitivity analysis did not change our
main conclusions (Table S3). This analysis included women
without tumour diameter information, and did not use tumour
diameter as a covariate in the imputation or Cox regression
models.

Discussion

We observed that true screen-detected and interval cancers
had less favourable histopathologic characteristics than mini-
mal signs and missed cancers in BreastScreen Norway.
However, we did not observe any differences in the overall
survival between these groups 3 years after diagnosis within
each mode of detection after adjusting for age at diagnosis,
tumour diameter, grade, and subtype. Our study included only
women whose histopathologic tumour diameter was available
(97.7% of screen-detected and 92.7% of interval cancers). For
these women, there may not be substantial inherent prognostic
differences associated with the classification of a true versus a
missed or minimal signs cancer within a given mode of diag-
nosis (screen-detected or interval cancer). Our study is, as far
as we know, the first to report overall survival among true,
minimal signs, and missed screen-detected and interval breast
cancers detected exclusively with digital mammography.

Missed screen-detected breast cancers could represent un-
derdiagnosis if they have aggressive tumour characteristics at
diagnosis, or overdiagnosis if they are indolent tumours. In
our study, missed screen-detected cancers were often invasive
NST, Luminal B-like, without lymph node involvement.

Fig. 2 Kaplan-Meier estimates of overall survival for true, minimal signs, and missed (a) screen-detected and (b) interval breast cancers

Fig. 3 Nelson-Aalen cumulative hazard estimates of breast cancer death
for true, minimal signs, and missed interval breast cancers
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Assuming the majority of these cancers never displayed any
clinical symptoms, we conject that women with missed
screen-detected cancer were not underdiagnosed and would
not have benefitted from an earlier diagnosis at the prior
screen. On the other hand, if these missed screen-detected
cancers were overdiagnosed, they would have a longer lead
time and higher survival than true screen-detected cancers.We
did not observe higher overall survival for missed screen-
detected cancers. Breast cancer–specific survival outcomes
will provide more information about potential overdiagnosis,
but longer follow-up is needed to obtain sufficient statistical
power.

The literature suggests that true interval cancers are more
likely to be smaller [17, 18, 20–22] and histologic grade 3
[17–19, 21, 22] than missed interval cancers. Our results con-
firmed that true interval cancers are more likely to be grade 3,
but found no more than a 1 mm difference in the median
histopathologic tumour diameter of true, minimal signs, and
missed cancers. In our study and others, such findings about
tumour diameter only apply to women for whom this infor-
mation was available. Contemporary use of neoadjuvant

therapy may have narrowed the observed range of tumour
diameters in our study compared with older studies that took
place when neoadjuvant therapy was less common.Moreover,
our results may differ from those in previous studies that cal-
culated a mean [17, 21], which is sensitive to the skewed
distribution of tumour diameter, or that used a categorical
variable [18, 21, 22], which may be misclassified at common-
ly used cut-points like 10 and 20 mm [33–35].

The tumour histopathology for true interval cancers indi-
cated these were less favourable than minimal signs or missed
cancers. However, we did not observe any differences in the
overall survival or risk of death from breast cancer between
true and minimal signs cancers 3 or more years following
diagnosis, or between true and missed cancers during the en-
tire follow-up period. We observed that minimal signs cancers
were associated with a lower risk of death from any cause than
true cancers during the first 3 years following diagnosis, even
after adjustment for tumour histopathology. Our study is the
first to report this finding and further studies are needed to
confirm this result. Effective treatment options for advanced
cancers may partially explain why the longer-term survival

Table 3 Hazard ratios (HRs) with 95% confidence intervals (CIs) for death due to any cause among women diagnosed with screen-detected and
interval breast cancers

Complete case Multiple imputationb

No. of subjects No. of deaths Age adjusted Multivariablea Age adjusted Multivariablec

HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Screen-detected breast cancers 921 35

True 410 16 1.00 - 1.00 - 1.00 - 1.00 -

Minimal signs 305 11 0.93 (0.43, 2.00) 1.05 (0.48, 2.31) 0.87 (0.43, 1.73) 1.04 (0.51, 2.13)

Missed 206 8 1.12 (0.48, 2.63) 1.28 (0.53, 3.07) 0.90 (0.41, 1.97) 1.10 (0.49, 2.46)

Interval breast cancers, overall 702 73

True 278 32 1.00 - 1.00 - 1.00 - 1.00 -

Minimal signs 223 18 0.69 (0.39, 1.23) 0.76 (0.42, 1.36) 0.77 (0.45, 1.32) 0.80 (0.46, 1.37)

Missed 201 23 1.02 (0.59, 1.76) 1.23 (0.71, 2.14) 1.13 (0.67, 1.90) 1.31 (0.77, 2.23)

Interval breast cancers, first 3 yearsd 702 29

True 278 18 1.00 - 1.00 - 1.00 - 1.00 -

Minimal signs 223 3 0.21 (0.06, 0.70) 0.23 (0.07, 0.78) 0.27 (0.09, 0.79) 0.29 (0.10, 0.86)

Missed 201 8 0.65 (0.28, 1.51) 0.83 (0.35, 1.96) 0.83 (0.38, 1.81) 1.01 (0.45, 2.25)

Interval breast cancers, after 3 yearsd 673 44

True 260 14 1.00 - 1.00 - 1.00 - 1.00 -

Minimal signs 220 15 1.31 (0.63, 2.73) 1.46 (0.70, 3.05) 1.34 (0.67, 2.66) 1.40 (0.70, 2.80)

Missed 193 15 1.51 (0.72, 3.17) 1.76 (0.83, 3.72) 1.50 (0.74, 3.07) 1.67 (0.81, 3.44)

a Adjusted for age at diagnosis, histopathologic tumour diameter and grade, and subtype
bMultiple imputation analyses conducted using chained equations and 40 generated data sets using 1022 screen-detected cancers (43 deaths) and 788
interval breast cancers (81 deaths)
cModel for screen-detected cancer adjusted for age at diagnosis, histopathologic tumour diameter and grade, and subtype. Models for interval cancer
adjusted for age at diagnosis, histopathologic tumour diameter, and histopathologic grade, and stratified by subtype
d Follow-up time was split at 3 years due to lack of proportional hazards, themultiple imputation analyses included 788 interval cancers (32 deaths) in the
model for the first 3 years, and 749 interval cancers (49 deaths) in the model for after 3 years
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was similar for all classifications, despite differences in tu-
mour histopathology. Our study did not include information
about treatment regimens or long-term side effects which have
the potential to highlight quality of life differences. Data com-
pleteness for oncological treatment is increasing at the nation-
al quality registry for breast cancer, and improved reporting of
this information to the CRNmay facilitate this type of analysis
in the future [36]. In the absence of treatment data, longer
follow-up may help us understand whether this survival pro-
file for true, minimal signs, and missed interval cancers per-
sists over a longer period, or whether any potential “treatment
effect” is temporary.

Reviews are usually performed in a study setting with an
artificially high volume of cancers, and radiologists are aware
that they are being studied. This was also the case in our study
and may limit the external generalizability of our results.
Moreover, the distribution of true and missed cancers is sen-
sitive to the review design used: higher proportions of missed
interval cancers are associated with informed [13–15], and
non-mixed reviews where cancer cases are not mixed in with
negative screening examinations [11]. Lower proportions of
missed interval cancers are associated with consensus-based
reviews [15]. In our study, a panel of internal and external
radiologists conducted a consensus-based informed review
with one radiologist (T.H.) present during all classification
activities to ensure methodological consistency. The panel
had access to information about tumour localisation and fea-
tures from diagnostic imaging, which may have led to a higher
proportion of missed cancers in our study compared with
studies with alternative review designs [21–23, 37].

Our study did not provide information about whether
missed interval cancers would have a favourable prognosis
had they been detected earlier as screen-detected breast can-
cers. Moreover, the statistical power was limited by the num-
ber of cases that the radiologists were able to review because
review studies are resource intensive. Deep learning algo-
rithms have the potential to interpret digital mammograms
with a sensitivity and specificity comparable with radiologists,
and there is now a focus on the potential for such algorithms to
triage or identify true-negative screens so expert radiologists
can focus on more challenging cases [38]. True interval can-
cers are the most frequent classification assigned in review
studies [39] and using this technology to classify prior screen-
ing mammograms could substantially reduce the review
workload for radiologists and facilitate larger studies than
those conducted to date.

Unavailable histopathology data further limited the
amount of information available for analysis—this is a
common limitation of regression-based analyses because
statistical software typically handles missing data by de-
leting the associated case [40]. We used multiple imputa-
tion to overcome the challenge of missing data and ob-
served similar results from complete case and multiple

imputation analyses. We could not impute tumour diame-
ter information because it was not missing completely at
random; therefore, we excluded women without this in-
formation from our sample. By excluding women whose
histopathologic tumour diameter was not recorded at the
CRN, we likely excluded women who received neoadju-
vant therapy to downstage their tumour prior to surgery,
thereby excluding women with the most aggressive tu-
mours, particularly for interval cancers. Indeed, women
without tumour diameter information in our study were
more likely to have died during the follow-up period than
women for whom this information was available. We per-
formed a sensitivity analysis in which we included wom-
en without tumour diameter information, and did not use
tumour diameter as a covariate in the imputation or Cox
regression models. The results of this analysis did not
change our main conclusions. However, we caution
against generalising the results of our study to women
who undergo neoadjuvant therapy.

The overall Cox regression model for interval cancers pro-
vided an estimate of the average risk of death over time. The
proportional hazards assumption was violated in that model,
which indicated that the risk of death in our sample was not
constant over time. The models with split follow-up time in-
dicated how that risk changed over time, but included fewer
cases and had less statistical power than the overall model.
Nonetheless, our study is one of the largest to evaluate the
overall survival associated with true, missed, and minimal
signs cancers in population-based screening. This is an impor-
tant methodological strength of our work, as the adjusted com-
plete case analyses omitted roughly 10% the available obser-
vations. Another strength of our study is that our sample in-
cluded only cases detected with standard digital mammogra-
phy, which is the current standard of care.

Conclusion

We did not observe any differences in the longer-term overall
survival between women classified as having true, minimal
signs or missed screen-detected or interval cancers. However,
the number of cases reviewed and follow-up time limited the
precision of our estimates. In the future, deep learning algo-
rithms may increase the number of prior screening mammo-
grams that can be reviewed and thereby facilitate the analysis
of breast cancer–specific survival associated with these classi-
fications. This could provide additional information about the
potential for “under” or “over” diagnosed breast cancer.

Supplementary Information The online version contains supplementary
material available at (https://doi.org/10.1007/s00330-020-07340-4).
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Supplemental material 

Table S1: Definitions of tumour characteristics used in this study 

Variable Definition 
Histopathologic tumour diameter Measured to the nearest mm using a transparent ruler and described the distance 

between the outermost boundaries of an invasive lesion from microscopic slides [1].  
 
If a measurement could not be obtained using the microscopic slide, one was taken from 
the macroscopic examination (formalin fixed specimen). This measurement was taken 
either from a single tissue slice, or estimated across all tissue slices containing 
microscopically verified invasive tumour tissue [2]. 
 

Lymph node status Positive if micrometastases or metastases were detected in one or more regional or 
axillary lymph nodes. We prioritized histopathologic results from the diagnostic biopsy 
and used histopathologic results from the surgical specimen if the former were not 
available. 
 

Estrogen receptor (ER) status Positive if the sample displayed ≥10% reactivity, and negative otherwise. We prioritized 
histopathologic samples from the diagnostic biopsy and used histopathologic results from 
the surgical specimen if the former were not available.  
 

Progesterone receptor (PR) status Positive if the sample displayed ≥10% reactivity, and negative otherwise. We prioritized 
histopathologic samples from the diagnostic biopsy and used histopathologic results from 
the surgical specimen if the former were not available.  
 

HER2a positivity If in situ hybridization (ISH) was performed, a borderline or amplified result was 
considered positive. If ISH was not performed, positivity was determined using 
immunohistochemistry (IHC). 
 

Ki-67 expression Percentage of Ki-67 positive cells from a sample of 500 tumour cells from the surgical 
specimen [1] 
 

Subtype Clinico-pathologic surrogate definition of intrinsic subtype based on the St Gallen 
consensus [3] 
Luminal A: 

ER and PR positive, HER2 negative, and Ki67 proliferation < 20% 
Luminal B: 

ER positive, PR negative and HER2 negative; or 
ER positive, HER2 negative and Ki67 proliferation ≥ 20%; or 
ER positive and HER2 positive 

HER2 positive (non-luminal):  
ER and PR negative, and HER2 positive  

Triple negative (ductal):  
ER, PR, and HER2 negative  

a Human epidermal growth factor receptor 2 

 

[1] Brystkreft – handlingsprogram [Internet]. Oslo: Norwegian Directorate of Health; 2019. [updated 2019/01/17; cited 2019/04/05]. Available from: 
https://helsedirektoratet.no/retningslinjer/nasjonalt-handlingsprogram-med-retningslinjer-for-diagnostikk-behandling-og-oppfolging-av-pasienter-
med-brystkreft  

[2] Badve SS, Beitsch PD, Bose S, et al. Part XI, Breast In: Amin MB, Edge S, Greene F, et al. editors. AJCC Cancer Staging Manual. 8th ed. 
Heidelberg, (Germany): Springer International Publishing; 2017. 

[3] Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, Thurlimann B, et al. Personalizing the treatment of women with early breast 
cancer: highlights of the St Gallen International Expert Consensus on the Primary Therapy of Early Breast Cancer 2013. Ann Oncol. 
2013;24(9):2206-23. 
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Table S3: Hazard ratios (HRs) with 95% confidence intervals (CIs) for death due to any cause among 
women diagnosed with screen-detected and interval breast cancers included in the original analysis in 
the main text (Table 3) and in a sensitivity analysis that additionally included those that without 
tumour diameter information 

 

Multivariablea,b results from 

original analysis 

(excluding women without 

tumour diameter information) 

Multivariablea results from 

sensitivity analysis 

(including women with without 

tumour diameter information) 

HR 95% CI HR 95% CI 

Screen-detected breast cancers     

True 1.00 - 1.00 - 

Minimal signs 1.05 (0.48, 2.31) 1.09 (0.55, 2.15) 

Missed 1.28 (0.53, 3.07) 1.15 (0.54, 2.46) 

     

Interval breast cancers, overall     

True 1.00 - 1.00 - 

Minimal signs 0.76 (0.42, 1.36) 0.90 (0.56, 1.45) 

Missed 1.23 (0.71, 2.14) 1.40 (0.88, 2.22) 

     

Interval breast cancers, first 3 years     

True 1.00 - 1.00 - 

Minimal signs 0.23 (0.07, 0.78) 0.54 (0.27, 1.10) 

Missed 0.83 (0.35, 1.96) 0.97 (0.51, 1.86) 

     

Interval breast cancers, after 3 years     

True 1.00 - 1.00 - 

Minimal signs 1.46 (0.70, 3.05) 1.47 (0.74, 2.91) 

Missed 1.76 (0.83, 3.72) 2.13 (1.07, 4.24)  
a Model for screen-detected cancer adjusted for age at diagnosis, and grade, and subtype. Models for interval cancer adjusted 

for age at diagnosis and histopathologic grade, and stratified by subtype 
b Models for screen-detected and interval cancer additionally adjusted for histopathologic tumour diameter 
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