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Digital mammography replaces screen-film mammography 

 

Where at the beginning of this century most conventional diagnostic techniques in radiology were 

modified to digital modalities, and light boxes were replaced by computerised workstations, 

mammography stayed far behind. Because of the high image quality required for adequate soft copy 

reading it took long before a suitable successor for screen-film mammography (SFM) was found.  

 

At first computed radiography (CR) mammography systems were developed, as CR had proven to be 

successful in the digitisation of other imaging techniques. CR makes use of conventional 

(mammography) equipment complemented by a phosphor plate that captures the image 

information. Subsequently this information had to be converted to a digital signal. The delay in image 

acquisition and display, and the suboptimal image quality, led to the development of direct 

radiography (DR) systems using a flat-panel detector. With DR, the X-ray signal can be converted 

directly to a digital signal at the acquisition stand in the detector and the resultant image will be 

displayed at the workstation shortly after it is acquired. DR has a higher signal-to-noise ratio for the 

same dose level and a slightly higher intrinsic resolution compared to CR, that is in favour of image 

quality [1]. Furthermore, in contrast to conventional radiography, the acquisition and processing of 

digital images can be adjusted separately. Once the computer-generated image is acquired it can be 

modified for presentation by using image-processing techniques.   

 

In 2000 the United States FDA approved soft copy reading in mammography with a GE Senographe 

2000D digital mammography system. Initially, digital images were made to resemble screen-film 

mammograms. After all, radiologists were comfortable reading these images and it facilitated 

comparison with prior examinations. But aiming for familiarity could squander the potential 

improvement in diagnostic performance available with digital mammography (DM). Soon it was 

acknowledged that appropriate adjustment of image processing was eminent to make optimal use of 

the digital technique and manufacturers all started to determine their own methods. New algorithms 

were developed, such as local contrast enhancement, allowing optimisation of brightness and 

contrast in all areas of the image, and possibilities of Computer Aided Diagnosis were explored. At 

the same time, the film processing technique was already being phased out, leading to quality and 

safety issues and increasing costs for the ongoing maintenance of these systems.  

 

While scientific support for a preferred processing technique was lacking, DM rapidly gained terrain, 

due to the practical and market driven pressure on digitisation. From 2002, already shortly after 

most DR systems became available, digital mammography units were installed in the Dutch hospitals. 

One can imagine that a transition from conventional to digital mammography images, with its, by 

then, marked differences in image presentation (Figure 1.1), was not without consequences. 
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Figure 1.1: SFM versus DM in image presentation 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Screening performance of digital mammography compared to screen-film mammography 

 

Although digital mammography images met all quality standards, there were serious doubts whether 

DM could equal SFM in diagnostic performance in daily practice. Early evaluations of digital screening 

programmes showed inconsistent results [2,3]. This motivated the American College of Radiology 

Imaging Network (ACRIN) to conduct the ‘Digital Mammographic Imaging Screening Trial’ (DMIST), 

comparing DM to SFM. The study included 49,528 asymptomatic women presenting for screening 

mammography at 33 sites in the United States and Canada. Participants underwent both DM and 

SFM. Results of this large clinical trial convincingly demonstrated that DM was at least as good as 

SFM (p=0.18) and might perform even better in younger women (p=0.002) and those with dense 

breast tissue (p=0.003) [4]. Where accuracy of SFM fell short in dense breasts, with a sensitivity of 

55-57% in case of heterogeneously dense or extremely dense breast tissue (ACR type 3 and 4) [4,5], 

these results suggested an increase in sensitivity in these categories up to 70% with the use of DM. 

At the same time a large randomised trial from Norway was published, comparing DM to SFM in a 

population-based screening programme. In total 23,929 women participated in the study, who were 

randomly assigned to undergo either SFM or DM. Results showed that DM might be even better than 

SFM, irrespective of breast density, with a cancer detection rate of 0.83% compared to 0.54% 

respectively (p=0.053) [6]. Subsequently, several other European countries started to publish their 

screening evaluation data, all showing similar results with a general tendency towards higher 

detection rates with the use of DM [7]. In some studies this was particularly marked for ductal 

carcinoma in situ (DCIS) [8,9]. Still, results are hard to compare, as study approaches differ and 

screening programmes, within their particular health care context, may vary in setup and objective. 

To illustrate this, the characteristics of the afore mentioned studies are outlined in Table 1.1. 
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Table 1.1: Characteristics of previous large studies comparing DM to SFM 

 
Study approach Screening programme 

Design Size Exams Population Age Views
 

Reading Priors 

DMIST 

Pisano  

et al. [4]  

Prospective 

paired 

SFM and DM 

42,760 
- 

Non 

population-

based 

All 2 

Soft 

and/or 

hard copy 

No 

Oslo II 

Skaane  

et al. [6] 

Prospective 

randomised 

SFM 16,985 

DM 6,944 

Initial and 

subsequent 

Population-

based 

Biennial 

45-69 2 Soft copy 

At 

conse

nsus 

Del Turco  

et al. [8] 

Retrospective 

cohort 

SFM 14,385 

DM 14,385 

Initial and 

subsequent 

Population-

based 

Biennial 

50-69 ? Soft copy Yes 

Vigeland  

et al. [9] 

Retrospective 

review 

SFM 324,763 

DM 18,239 

Initial 

exams only 

Population-

based 
50-69 2 Soft copy - 

Vinnicombe  

et al. [7] 

Retrospective 

cohort 

SFM 31,720 

DM 8,478 

Initial and 

subsequent 

Population-

based 

Triennial 

>50 2 Hard copy No 

 

 

Also in the Netherlands studies were initiated to evaluate possible effects of digitisation of the breast 

cancer screening programme. The Dutch programme offers a mammographic examination to 

asymptomatic women between the ages of 50 and 75, and is characterised by a centralised 

organisation, including centralised technical and radiological quality control and audit, and a 2-year 

screening interval [10]. To evaluate the quality of digital mammography in screening and the 

organisational consequences of implementation a pilot study was carried out at three screening 

centres (Preventicon, SBBZWN, BBNN). During this period digital mammography units operated next 

to conventional units allowing the performance of both modalities to be compared in one cohort. 

 

DM should be at least as good as SFM in cancer detection before implementation of the digital 

technique in the screening programme can be considered. Yet, cancer detection is not the only 

performance indicator. Detection has to be in balance with the recall fraction. False positive recalls 

should be kept as low as reasonable to minimise anxiety and medical costs, and to keep participation 

high. In Chapter 2 the screening performance of DM compared to SFM in the Dutch screening 

programme is evaluated. 

 

Despite the distinct success of breast cancer screening, that has contributed to a substantial decrease 

in breast cancer mortality in the Netherlands [11,12], concerns have been raised about possible 

harms of screening programmes. In particular the overdiagnosis of breast cancer; that is, the 

diagnosis of cancer that, if left undetected and therefore untreated, would never have surfaced 

clinically in the person’s lifetime. While models estimate overdiagnosis in breast cancer screening to 

be limited [13,14], the introduction of digital mammography and the subsequent rise in detection of 

DCIS [4,9,15] heated up this discussion. In this perspective, we compared the performance of DM and 

SFM with a focus on the clinical relevance of detected cancers (Chapter 3). 
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Parallel to the assessment of the diagnostic performance of DM, the effects of implementation of 

DM on the daily screening practice were evaluated. In Chapter 4 we describe the impact of DM in 

population-based screening on recall by evaluating recall patterns over time stratified by lesion type. 

 

The end of the SFM life cycle, together with encouraging results of the pilot studies, had led to a 

nationwide roll-out of a fully digital screening programme; a process that was completed in 2010. 

Chapter 5 reviews this transition period, in the Netherlands as well as across the border, and 

evaluates the impact of digital screening mammography on breast cancer diagnosis and therapy. 

 

 

Digital mammography opens doors to innovation 

 

One of the main principles in radiology is to keep radiation doses as low as reasonably achievable 

(ALARA) at all times. This derives from the linear dose-response relation that directly affects the risk 

of radiation-induced cancer [16,17], resulting in a classic trade-off between patient safety and 

optimal image quality for diagnostic efficacy.  

 

Digital radiography is especially suited for image optimisation in this perspective, as it introduced 

customised imaging by separating image acquisition and presentation. With the opportunity of post-

processing, a new era for dose reduction has begun. In digital mammography this has led to a lower 

mean glandular dose per acquired view compared to conventional mammography [18,19]. But it also 

has the potential to obtain and optimise images with a low radiation dose level for specific purposes.  

 

Although it seems that the effect of dose adjustment on image quality is well known, it is not. With 

regard to medical devices and software, image quality is commonly assessed by physical tests. Such 

measurements are objective, efficient and well described. They are performed by physicists for 

hospitals and screening institutes, as well as for the industry. But these tests are basically a first 

impression of image quality and it is difficult to translate their outcome to clinical image quality and 

thereby to clinical diagnostic performance.  

 

In practice persistent radiation concerns often limit proper diagnostic evaluation. The vulnerability of 

young women for the effects of radiation [17], for example, has hampered the introduction of 

screening for women under 50 in a significant number of countries thus far, even though researchers 

recommend mammography screening from the age of 40 [20–23]. In the same perspective, policy 

makers decided at the beginning of the Dutch screening programme to obtain merely MLO views in 

subsequent examinations, where the acquisition of CC images was justified on indication only.  

 

In the clinical setting, similar trends are observed, where, guided by the ALARA principle, radiologists 

are often reticent to obtain additional images in mammography evaluation. After all, every additional 

view inevitably contributes to a person’s cumulative effective radiation dose. On the other hand, 

previous trials comparing DM to SFM with a paired setup showed that both modalities combined 

have a 30% higher sensitivity compared to each technique separately [2–4]. This outcome appeared 

to be the result of the increased number of observers and, more importantly, the increase in 

mammographic views [24]. 
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Given the value of additional images in mammography, minimising the amount of views does not 

seem to be the right choice to reduce the radiation burden. Therefore, the solution of this diagnostic 

dilemma has to be sought in low-dose imaging. 

 

Low-dose imaging is gaining in popularity and the applications are wide-spread. Radiation reduced 

computed tomography (CT) images (in paediatrics [25], screening [26,27] and surveillance [28]) and 

breast tomosynthesis [29] have outgrown their experimental status and are being implemented 

world-wide. Also, combined standard and low-dose protocols have been developed for CT, such as in 

PET/CT [30] and cardiac imaging [31]. However, to our knowledge this has never been clinically 

considered for standard mammography. Thus far dosimetry studies focussed on generalised dose 

reduction in mammography. A promising 50% dose reduction has been suggested, as the 

radiologists’ performance in standard and half dose images did not differ significantly [32–34]. 

Inspired by these results and the success of low-dose imaging and combined protocols in other 

imaging modalities, we are interested whether a differentiated approach in mammography could be 

achievable. For example, dose reduction in specific views only. 

 

The standard mammography examination consists of a mediolateral oblique (MLO) and craniocaudal 

(CC) view. While the MLO view is used as a view to detect, the CC view is more often used to confirm 

or refute the presence of a lesion. Therefore, we hypothesised that performing mammography with 

a standard MLO view complemented by a CC view obtained with a markedly reduced radiation dose 

will not affect the diagnostic performance of digital mammography significantly. 

 

The introduction of extreme low-dose images in addition to standard (MLO) images would serve a 

dual purpose. Most importantly, it would confine the cumulative exposure to ionising radiation and 

with it the overall risk of mammography induced breast cancer. Otherwise, they may contribute to 

diagnostic efficacy by creating more flexibility in the number of views obtained at a certain dose 

level. 

 

To explore the potential of such low-dose images a threshold dose level, with respect to image 

quality, had to be determined. Thereto, we examined a series of mastectomy specimen images with 

different acquisition parameters, including target-filter combination, dose level, and noise reduction 

settings (Chapter 6). This experimental study formed the basis for a clinical base-line study in which 

the diagnostic performance of low-dose images in combination with standard images was evaluated. 

The study results are described in Chapter 7, where standard 2-view mammography is compared to 

standard 1-view (MLO) mammography complemented by an extremely low-dose CC view.  

 

In the general discussion (Chapter 8) the overall findings are placed in a wider context and future 

perspectives are considered. A summary of the results of this thesis is presented in Chapter 9. 
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Abstract 

 

Purpose: To compare full-field digital mammography (FFDM) using computer-aided diagnosis (CAD) 

with screen-film mammography (SFM) in a population-based breast cancer screening programme for 

initial and subsequent screening examinations. 

 

Materials and methods: The study was approved by the regional medical ethics review board. 

Informed consent was not required. In a breast cancer screening facility, two of seven conventional 

mammography units were replaced with FFDM units. Digital mammograms were interpreted by 

using soft-copy reading with CAD. The same team of radiologists was involved in the double reading 

of both FFDM and SFM images, with differences of opinion resolved in consensus. After five years, 

the screening outcomes obtained with both modalities were compared for initial and subsequent 

screening examination findings. 

 

Results: A total of 367,600 screening examinations were performed, of which 56,518 were digital. 

Breast cancer was detected in 1,927 women (317 with FFDM). At initial screens, the cancer detection 

rate per thousand was 7.7 with FFDM and 6.2 with SFM. At subsequent screens, detection rates   

were 5.5 and 4.9, respectively. Differences were not statistically significant. Recalls based on 

microcalcifications alone doubled with FFDM. A significant increase in the detection of ductal 

carcinoma in situ was found with FFDM (p<0.01). The fraction of invasive cancers with micro-

calcifications as the only sign of malignancy increased significantly, from 8.1% to 15.8% (p<0.001). 

Recall rates were significantly higher with FFDM in the initial round (4.4% vs 2.3%, p<0.001) and in 

the subsequent round (1.7% vs 1.2%, p<0.001).  

 

Conclusion: With the FFDM-CAD combination, detection performance is at least as good as that with 

SFM. The detection of ductal carcinoma in situ and microcalcification clusters improved with FFDM 

using CAD, while the recall rate increased. 
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Introduction 

 

Screen-film mammography (SFM) is increasingly being replaced with digital systems because of their 

consistent image quality, the ability of post-processing, and improved storage and communication 

capabilities. To benefit effectively from the new technology, screening organisations have to make a 

transition that goes far beyond replacement of mammography units, because a new infrastructure 

has to be implemented for archiving, soft-copy reading, and reporting. In screening organisations 

that operate nationwide, the scale at which digital technology is to be implemented is much larger 

than in clinical environments. This requires careful planning and may partly explain the relatively 

slow uptake of digital mammography in these programmes. 

 

Some large-scale studies have been conducted to date to compare digital with conventional 

mammography. Results suggest that digital mammography is at least as good as SFM in the clinical 

screening setting [1,2] and in population-based screening practice [3–7]. A review of studies 

comparing digital with SFM was presented by Skaane [8].  

 

In preparation of digitisation of the nationwide breast cancer screening programme in the 

Netherlands, digital mammography was installed in 2003 in a project at the Preventicon screening 

centre in Utrecht. The purpose of the project was to demonstrate the effectiveness of digital breast 

cancer screening using soft-copy reading with computer-aided diagnosis (CAD) and to study 

problems related to the transition, such as dealing with prior SFM images [9]. During this project, the 

majority of the screening examinations performed at the centre remained film-based.  

 

The purpose of this study was to compare full-field digital mammography (FFDM) using CAD with 

SFM in a population-based breast cancer screening programme for initial and subsequent screening 

examination findings. 

 

 

Materials and methods 

 

MeVis Medical Solutions (Bremen, Germany) was a participant in the European funded project in 

which this study was initiated. N.K. was a scientific consultant to R2/Hologic (Santa Clara, CA) during 

part of the study period. Non-consultant authors had full control of the data and the information 

submitted for publication. 

 

Study population 

 

This study was conducted within the context of an on-going population-based breast cancer 

screening programme for asymptomatic women aged 50–75 years at the Preventicon screening 

centre (Utrecht, the Netherlands). In this programme, screening is conducted at a regular 2-year 

interval involving only mammography. Participation is on the basis of a written invitation by mail 

according to information provided by the national population registry. There are no exclusion 

criteria. Details concerning the programme have been described previously [10,11].  
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Digital mammography was introduced at Preventicon in 2003, with the replacement of one of two 

mammography units with a FFDM system in one facility. Five other conventional units were kept 

operational at other locations. In the 1st year after the introduction, only women attending their first 

screening examination were offered digital mammography. From 1 year after the introduction, 

women attending subsequent screens were also included. Assignment of women to FFDM or SFM 

was based on the availability of the units when participants presented at the screening centre. 

However, women who already had a previous digital screening mammogram were always offered 

FFDM. In 2007, a second FFDM system was installed at the study location, and after July of that year 

almost all mammograms at this facility were digital. 

 

Participants were informed in writing about the possibility of undergoing digital mammography, and 

they had the right to refuse and undergo conventional mammography. To comply with privacy 

regulation, they signed a general informed consent that permits use of data from the screening 

programme for evaluation and scientific research. The study was approved by the regional medical 

ethics review board. Specific written informed consent for this study was not required. 

 

Image acquisition and interpretation 

 

SFM images were acquired with two types of systems: one using a molybdenum target and filter 

(600T; GE Healthcare, Buc, France) and one using a molybdenum target and molybdenum and 

rhodium filter (800T; GE Healthcare). Both systems used a Min-R 2000/Min-R 2190 (Kodak, 

Rochester, NY) screen-film combination. All digital mammograms were acquired by using Lorad 

Selenia FFDM systems (Hologic, Danbury, Conn). Technique factors and breast doses for the FFDM 

and SFM units were monitored and found to be in compliance with the national and, where 

applicable, European guidelines. Mammograms were processed with commercially released, 

proprietary imaging processing algorithms. During the course of the study, imaging processing 

algorithms were regularly updated.  

 

Initial screening examinations performed with FFDM or SFM always included the two standard views, 

mediolateral oblique (MLO) and craniocaudal (CC). At subsequent screening examinations, MLO 

views of each breast were routinely acquired and, when indicated, CC views were also obtained by 

using criteria based on breast density and visible abnormality. The radiographers involved in the 

study received extensive training in the use of FFDM. They were instructed to obtain the best 

possible positioning and compression with each modality and used the same protocol to determine 

whether to acquire CC views at subsequent screening examinations. To this end, a dedicated 

workstation with a high-resolution monitor was installed in their work area to allow proper viewing 

of digital mammograms.  

 

Mammograms were interpreted in a batch mode within 2 days of acquisition. All mammograms were 

read independently, with final decisions about recall resolved by consensus. Diagnostic assessment 

was performed in nearby hospitals without involvement of the screening centre. One of two 

radiologists (J.D., D.B., each with more than 15 years of experience in mammography screening) was 

involved in each screening examination performed during the entire study period. In total, they 

performed approximately 75% of the readings. The rest of the readings were performed by a team of 

six, and later seven, radiologists, each performing more than 5,000 screening examinations per year. 
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All radiologists were involved in SFM and FFDM screening, and they all had more than 2 years of 

experience with working in a digital radiology environment before the study started. None of the 

readers had experience with use of FFDM in screening or with the type of processing implemented in 

the FFDM system used in the study. All radiologists had extensive experience with clinical use of 

digital mammography with a computed radiography detector.  

 

Conventional mammograms were read in a darkened room by using mammogram alternators with a 

luminance of at least 2500 cd/m2. In subsequent screens, the most recent prior mammogram was 

always mounted with the current mammogram. FFDM cases were interpreted in a separate room, 

with reading conditions optimised for soft-copy reading. A dedicated mammography workstation 

equipped with two 5-megapixel displays (Mevis Medical Solutions) was used. To facilitate softcopy 

reading of subsequent screening examinations, the most recent prior mammogram of women who 

underwent FFDM was digitised by using a film scanner and archiver designed for mammography 

(DigitalNow; R2/Hologic). Original prior screening mammograms were also available for viewing.  

 

A default protocol for presentation of mammograms was installed on the workstation. First, the 

current mammogram was displayed along with available prior mammograms. Next, all view s were 

inspected in full-screen mode, where readers could use quadrant roaming and/or zooming for full 

resolution. Image manipulation tools could be used and included contrast manipulation and image 

inversion. For making comparisons with prior images, most readers used toggling. CAD was available 

for FFDM (ImageChecker; R2/Hologic), with software upgraded to the most recent versions as they 

became available. CAD was not available for SFM. 

 

Data collection and analysis 

 

In this study, we included all screening examinations performed within 5 years after the start of the 

programme in September 2003. We collected data from all participants who were recalled after 

screening, as well as the total number of women screened per unit per month. For recalled women, 

the collected data included patient-related information, date of the examination (and for subsequent 

screening examinations, the date of the previous screening examination), and reports from the 

screening radiologists that included mammographic lesion characterisation and assessment. If recall 

led to biopsy, results of histologic examination were included. Cases that were recalled were grouped 

in three categories on the basis of the reported abnormality: (a) mass or architectural distortion, (b) 

clustered microcalcifications as only sign, and (c) other.  

 

All performance indicators were computed separately for initial and subsequent screening 

examinations. The recall rate was computed by dividing the number of recalls by the number of 

screening examinations. Detection rates were computed by dividing the number of recalled woman 

in whom cancer was detected by the number of screening examinations. Screening intervals were 

computed for subsequent screening examinations by taking the period between the current and the 

previous screening examination. Because intervals were somewhat different in the two populations, 

we computed detection and recall rates per 24 months by multiplying the observed rates by 24/T, 

with T denoting the median screening interval. The difference occurred due to different logistics in 

the permanent facility where FFDM was installed and the other facilities that were all mobile.  
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We compared the breast cancer detection rate, recall rate, and positive predictive value (PPV) for the 

two screening modalities. Differences in radiologic characteristics of lesions and tumour type 

(invasive vs ductal carcinoma in situ (DCIS)) were evaluated. Statistical software was used for data 

analysis (R, version 2.3.1 for Linux; R Foundation for Statistical Computing, Vienna, Austria). 

Screening outcomes were compared by using Pearson χ2 tests. A p-value of less than 0.05 was 

considered to indicate a statistically significant difference. For comparisons of detection 

performance, a Bonferroni correction was applied, because a total of six tests were performed to 

evaluate detection of all cancers, invasive cancers, and DCIS, for initial as well as subsequent 

screening examinations. A p-value less than 0.008 was considered to indicate a significant difference 

in these comparisons. For testing age and screening interval differences, the independent two-

sample t-test was used. 

 

 

Results 

 

During the study period, a total of 367,600 screening procedures were performed, of which 56,518 

were conducted with FFDM and 311,082 were conducted with SFM. Of these, 10,307 initial 

procedures were FFDM examinations and 38,754 were SFM examinations. Refusal of FFDM was 

extremely rare (less than one per 1,000) and could be neglected. A total of 1,239 women were 

recalled in the FFDM group and 4,071 in the SFM group. Age of the participants ranged from 50 to 75 

years in both groups. The median screening interval was 22.7 months in the group of recalls screened 

with FFDM and 24.6 months in the group of recalls screened with SFM. The difference in the interval 

was significant (p<0.001). The mean age of recalled participants in the first screening examination 

was 51.3 years for FFDM and 51.9 years for SFM (p<0.001). In subsequent screening examinations, 

the mean age in the two groups was 61.6 and 62.7 years, respectively, (p<0.001). 

 

Breast cancer was detected in 1,927 women, 317 of whom had digital mammograms (Table 2.1). 

Cancer detection rates per 1,000 women standardised to a 24-month interval were higher with 

FFDM. In initial screens, the detection rate was 7.7 with FFDM and 6.2 with SFM (p<0.11). In 

subsequent screens, the respective detection rates were 5.4 and 4.9 (p<0.46).  

 

The detection rate of DCIS in film-based screening was 1.2 in initial and 0.8 in subsequent screening 

examinations. With digital mammography, detection of DCIS increased to 2.2 (p<0.015) and 1.2 

(p<0.007) per thousand, respectively. The difference is statistically significant for subsequent 

screening examinations. 

 

The recall rate was significantly higher with FFDM, both in initial screening, where it increased from 

2.3% to 4.4% (p<0.001), and in subsequent screens, where it increased from 1.2% to 1.7% (p<0.001). 

Because of the increase in recalls, the PPV of recall decreased with digital mammography. For initial 

screening examinations, the PPV decreased from 26.8% to 17.4%. For subsequent screening 

examinations, the PPV decreased from 43.1% to 30.4%. 
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Table 2.1: Recall rates and screening performance 

Variable 
Screen-film 

mammography 

Full-field digital 

mammography 
p value (χ

2
) 

 N Rate (‰)
1 

N Rate (‰)
1 

 

Initial screening exams
2
      

  Screened women 38,754  10,307   

  Recalled women 898 23.2 455 44.1 <0.001 

  Breast cancers detected 241 6.2 79 7.7 0.11 

  Invasive cancers 188 4.9 56 5.4 0.46 

  Ductal carcinoma in situ 47 1.2 23 2.2 0.015 

  Unknown disease 6 0.2 0 0.0  

      
Subsequent screening exams

3
      

  Screened women 272,328  46,211   

  Recalled women 3,173 11.7 784 17.0 <0.001 

  Breast cancers detected 1,369 4.9 238 5.5 0.12 

  Invasive cancers 1,122 4.0 175 4.0 0.96 

  Ductal carcinoma in situ 216 0.8 51 1.2 0.007 

  Unknown disease 31 0.1 12 0.3  

      1
 Detection rates for subsequent screening examinations are per 24 months 

2
 PPV of recall was 26.8% for SFM and 17.4% for FFDM 

3
 PPV of recall was 43.1% for SFM and 30.4% for FFDM 

 

 

Table 2.2: Radiologic characteristics of recall with positive predictive value per lesion type 

Variable Screen-film mammography Full-field digital mammography 

 N Fraction Rate (‰)
 

PPV (%) N Fraction Rate (‰)
 

PPV (%) 

Initial exams         

  Mass 650 72.4 16.8 24.0 249 54.2 24.2 17.3 

  Arch. Distortion 45 5.0 1.2 35.6 15 3.3 1.5 26.7 

  Clustered MCs 

ected 

171 19.0 4.4 31.0 179 39.3 17.3 15.6 

  Other 32 3.6 0.8 34.4 12 2.6 1.2 0.0 

         
Subsequent exams         

  Mass 2,250 70.9 8.3 43.8 419 53.4 9.1 34.1 

  Arch. Distortion 118 3.7 0.4 44.9 29 .37 0.6 41.4 

  Clustered MCs 685 21.6 2.5 38.7 323 41.2 7.0 23.8 

  Other 120 3.8 0.4 27.5 13 1.7 0.3 15.4 
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The radiologic characteristics of lesions on the basis of which the women were recalled are shown in 

Table 2.2. It was found that with digital mammography, the fraction of cases recalled on the basis of 

clustered microcalcifications as only sign increased from 19.0% to 39.3% (p<0.001) in initial screens 

and from 21.6% to 41.2% (p<0.001) in subsequent screens. The majority of recalls remained related 

to the presence of masses, architectural distortion, and asymmetry. The PPV decreased for all lesion 

types. This decrease was most striking for recalls based on the presence of microcalcifications alone, 

for which the PPV decreased from 31.0% to 15.6% (p<0.001) for initial screens and from 38.7% to 

23.8% (p<0.001) for subsequent screens.  

 

Most of the recalled cases due only to microcalcifications that turned out to be malignant concerned 

DCIS. However, some women with invasive breast cancer presented with no other sign of 

abnormality than microcalcifications. Of the invasive cancers, 38 were reported with micro-

calcifications as the only sign of malignancy in the FFDM group and 106 in the group screened with 

SFM. The fraction of invasive breast cancer cases with microcalcifications alone increased 

significantly with FFDM, from 8.1% to 15.8% (p<0.001). 

 

 

Discussion 

 

We found that the detection rates tended to be higher with FFDM than with SFM. Significantly more 

DCIS was found with FFDM. In initial screens, the detection rate of DCIS almost doubled. This finding 

confirms results reported in previous studies [4–7]. Increased detection of DCIS with FFDM is related 

to better detection of microcalcifications. In our study, the fraction of recalls based solely on 

microcalcifications increased from 21.0% to 40.5% with FFDM. This suggests that microcalcifications 

are depicted better with FFDM. However, another factor is the use of CAD in our study, which most 

likely resulted in more sensitive detection. The fact that previous studies without CAD also reported 

increased detection of microcalcifications suggests that this result should not be attributed to CAD 

alone. It is noted that additional microcalcifications found with FFDM apparently are more difficult to 

interpret because the PPV associated with microcalcifications strongly decreased.  

 

Results suggest that improvement of detection with FFDM may be more substantial at initial screens, 

which include the youngest women in the screening population. At initial screening examinations, 

the mean age of participants was 51 years and the detection rate per thousand was 7.7 with FFDM 

and 6.2 with SFM (p<0.11). At subsequent screening examinations, the mean age of the participants 

was 62 years and the detection rate was 5.4 with FFDM and 4.9 with SFM (p<0.46). These findings 

would be in accordance with the results of the Digital Mammographic Imaging Screening Trial, or 

DMIST [2], where a significant increase in performance with digital mammography was found only in 

younger women, while film-based mammography tended to perform non-significantly better for 

women aged 65 years or older and with fatty breasts [12]. It should be noted, however, that the 

study period covered several screening intervals and many participants underwent more than one 

digital examination. A smaller effect of FFDM on the detection rate is expected after the first digital 

screening round, as earlier detection of screening-detected cancers does not have a permanent 

effect on the detection rate [11]. Detection rate only increases because of a smaller proportion of 

interval cancers.  
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Recall rates were significantly higher with FFDM. This led to smaller PPVs of recall in initial and 

subsequent screening examinations. It is noted, however, that recall rates remain relatively low in 

comparison with other breast cancer screening programmes. The largest decrease of PPV with FFDM 

was seen for microcalcifications. Although we did not have access to data to analyse detailed 

histopathologic characteristics of the cancers detected, we may assume detection of low grade DCIS 

increased with FFDM. Early detection of these cancers may not have much effect on breast cancer 

mortality [13]. However, with FFDM the fraction of invasive cancers visible only because of micro-

calcifications doubled from 8.1% to 16.4%. This shows that improved detection of microcalcifications 

with FFDM is beneficial for earlier detection of invasive cancers.  

 

The higher detection found with FFDM may partly be explained by the higher recall rate. The effect 

of recall rate on screening performance has been studied by Otten et al. [11]. They estimated the 

effect of additional recalls in the screen-film setting to be much lower than what we observed in this 

study. On the basis of data obtained within the context of the Dutch screening programme, they 

estimated that in subsequent screening rounds increasing the recall rate from 0.9% to 2% would 

increase detection rate from 4.2 to 4.5 per thousand  because of earlier detection of interval cancers. 

As in our study the increase in recall rate in subsequent screens is much less, the expected effect of 

additional recalls is also smaller in our study. Therefore, it is unlikely that the higher detection with 

FFDM in this study was caused only by a higher recall rate.  

 

In this study, potential biases due to changes in the screening centre or population, which hampered 

some of the previous studies, were avoided. By making a concurrent comparison in the same 

screening centre, we ensured that variation in the group of readers or changes in their criteria for 

recall over time, other than those related to learning to work with FFDM and CAD, did not affect 

results. The group of readers remained very stable during the study period. As they all were involved 

in both FFDM and SFM screens, the risk of bias due to reading-skill differences was minimised.  

 

Because of the study design, the fraction of women who underwent FFDM was larger in initial 

screening examinations than in subsequent screens. Therefore, we analysed results of initial and 

subsequent examinations separately. Because all women who underwent digital mammography 

automatically were assigned to digital mammography at subsequent screens, we expected a slight 

difference in the mean age of the groups screened with both modalities. We found that the group 

screened with FFDM in subsequent screens was 0.8 year younger on average. Since this difference is 

small, we do not believe this will have had a substantial effect on our results. Yet, the effect of age 

difference on detection would be in favour of SFM, since the incidence is higher in older women. 

 

The screening interval for FFDM was shorter than that for SFM. This was caused by the fact that 

scheduling was organised in a different way for mobile units, and most of the conventional units 

were mobile. Therefore, we computed detection rates for subsequent screens per standardised 

screening interval of 24 months. While this compensates for most of the bias caused by the different 

screening interval, this correction does not take into account that with a larger screening interval 

cancers can grow longer and will become easier to detect. Since the difference in interval was only 2 

months, we believe the latter effect to be negligible. If it had some influence, it would be in favour of 

conventional mammography, where the interval was longer.  
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The design of our study included the use of CAD, because we believe that with digital mammography 

this will become standard practice in screening programmes. In particular, the high performance of 

CAD in detection of clustered microcalcifications is appreciated by radiologists, especially when soft-

copy reading is practiced. Measurement of the effect of CAD as a separate variable was not a subject 

of this study. Most reports in the literature demonstrate a benefit of CAD when single reading is 

practiced, and findings of a recent study [14] suggest that single reading with CAD may yield results 

comparable to those of double reading. In our study, each mammogram was read by two readers 

who both could use CAD, representing the combined effect of digital mammography and CAD. 

 

It is noted that the screening approach in this study, and in Europe in general, is different from the 

practice in the United States and Canada: The screening interval was 2 years, studies were double 

read, part of the examinations had MLO views only, and recall rates were much lower than typical in 

the United States. One should be aware of this when interpreting results. Detection rates are higher 

because the 2-year screening interval is higher than the typical interval of 1 year that is common in 

the United States. On the other hand, detection rates are lower due to interval cancers associated 

with the longer interval and to lower recall rates. Double reading minimises perception errors and 

improves decisions, but most likely reduces the incremental benefit of CAD. Despite these 

differences, we do not believe that our main findings strongly depend on the screening context, since 

these relate to a comparison of cancer detection by using the two techniques rather than to absolute 

values of performance indicators. It is unlikely that differences in detection strongly depend on the 

operating point chosen in a screening programme, as long as this is the same in both modalities. On 

the other hand, the increase in recall we found with FFDM-CAD may be related to the low recall in 

the Netherlands and not translate to screening approaches where recall is much higher. 

 

A limitation of our study design was that the contribution of FFDM and CAD could not be evaluated 

separately because they were introduced at the same time. Another important limitation was the 

unavailability of detailed pathology reports, which prohibited reliable analysis of the histologic 

grades of DCIS. In future research, we will address this issue. The study was not designed as a 

randomised controlled trial. Assignment of modality was determined according to availability, which 

was random, and also according to the previous screening, as women who once had undergone 

FFDM remained in the digital track. As at first all FFDM screens were initial screens, this led to a slight 

bias toward younger women being assigned to FFDM. This was visible as a small bias in mean age in 

the two groups. The effect was judged to be marginal, and we did not correct for it. Bias would be in 

favour of SFM, since incidence increases with age. Finally, we mention the effect of multiple 

screening rounds on the expected screening outcome. When more early-stage cancers are found 

with FFDM using CAD, this will lead to less-invasive cancers in subsequent FFDM screens and less 

interval cancers. Because of incomplete data on interval cancers, we could not investigate this issue. 

 

To our knowledge, our study is the largest to date in comparisons of SFM with FFDM. Results indicate 

that with the FFDM-CAD combination and double reading, the detection is as good as that with SFM, 

and detection of clustered microcalcifications and DCIS is improved with FFDM using CAD. 
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Abstract 

 

Purpose: To compare screen-film mammography (SFM) with digital mammography (DM) in breast 

cancer screening programmes with a focus on the clinical relevance of detected cancers. 

 

Materials and methods: The study was approved by the regional medical ethics review board. 

Informed consent was not required. Prior to the nationwide transition to DM in the Dutch biennial 

screening programme, the performance of DM was studied in three screening regions. For           

initial screening examinations a mediolateral oblique (MLO) and craniocaudal (CC) view were taken 

of each breast. In subsequent examinations, the MLO view was standard. A CC view was added if 

indicated. Screening outcomes obtained with SFM and DM, including radiologic and pathologic 

characteristics, were compared for initial and subsequent examinations.  

 

Results: A total of 1,198,493 screening mammograms was performed between 2003 and 2007. Recall 

was indicated in 18,896 cases (SFM 2.6% initial, 1.3% subsequent; DM 4.4% initial, 2.1% subsequent; 

both p<0.001). Breast cancer was diagnosed in 6,410 women (detection rate per thousand SFM 5.6 

initial, 5.2 subsequent; DM 6.8 initial, 6.1 subsequent; resp. p=0.02 and p<0.001). DM depicted 

significantly more ductal carcinoma in situ (DCIS), irrespective of screening round. Invasive carcinoma 

was detected significantly more often in subsequent exams, particularly when associated with 

microcalcifications. Overall DCIS and invasive carcinoma showed a similar distribution in 

histopathologic differentiation grades with both modalities. However, with DM more high grade DCIS 

lesions were detected in subsequent exams (p=0.013). 

 

Conclusion: DM in population-based breast cancer screening has a substantially better detection of 

DCIS and invasive carcinoma than SFM. There is no sign of an increase in detection of low grade DCIS 

lesions –indicative of possible overdiagnosis– with digital breast cancer screening. Rather, DM 

appears to be adding to the detection of high grade DCIS. 
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Introduction 

 

The ultimate goal of screening mammography is to reduce the stage at which cancers are detected 

and treated, resulting in improved survival. With this ambition population-based breast cancer 

screening was initiated in the Netherlands in 1989. In the years that followed, the Dutch screening 

programme has proven to be successful [1]. Compared with data from the years just before the start 

of the nationwide screening breast cancer mortality rates in women aged 55-74 years decreased 

substantially after 1997, reaching a low of 31% in 2009 [2]; an effect similar to that in other countries 

in Western Europe and North America [3]. 

 

Despite this distinct success, concerns have been raised about possible harms of mammography 

screening programmes, in particular the overdiagnosis of breast cancer; that is, the diagnosis of 

cancer that, if left undetected and therefore untreated, would never have surfaced clinically in the 

person’s lifetime. The large increase in the incidence of ductal carcinoma in situ (DCIS) in the years 

after the introduction of population-based screening [4–6] was the basis for this concern. Yet, 

implementation of digital mammography in breast cancer screening seems to be associated with 

further increases in the incidence of ductal carcinoma in situ. Large studies comparing screen-film 

mammography (SFM) to digital mammography (DM) showed such an effect [7–11], sparking the 

debate about overdiagnosis in breast cancer screening programmes. 

 

Some researchers state that DCIS, as a precursor for invasive breast cancer, is the ideal screening 

target [12]. Critics of breast cancer screening, on the other hand, often argue that high detection 

rates of DCIS represent overdiagnosis, claiming many cases to be biologically unimportant [13,14].  

 

Such criticism, however, seems to be unfounded without data about tumour characteristics of the 

detected lesions. After all, DCIS is considered to be a heterogeneous disease with varying 

morphology and behaviour; ranging from rather indolent lesions to aggressively growing DCIS with 

invasive components [15,16]. To date, standardised analysis of nuclear grade and associated necrosis 

is used to classify DCIS by biologic potential and separate it into three risk groups: low, intermediate, 

and high grade [17,18]. Because high grade DCIS is more aggressive and often associated with 

invasive disease, the detection of these lesions in screening is likely to be of great importance in the 

prevention of life-threatening invasive cancer [19].   

 

In population-based screening programmes, most detected DCIS lesions are high grade [19,20]. 

However, with the advent of digital mammography in breast screening and the associated increase in 

DCIS detection, it is uncertain whether this favourable distribution of subtypes in screen-detected 

DCIS still holds. To our knowledge, detailed data concerning the pathologic characteristics of both in 

situ and invasive cancers detected at digital mammography screening have not yet been published. 

 

The aim of our large observational study was to compare screen-film and digital mammography in 

breast cancer screening with a focus on the clinical relevance of cancers. 
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Materials and methods 

 

The study was approved by a medical ethics review board. To comply with privacy regulation, all 

women signed a general informed consent permitting the use of data for evaluation and scientific 

research. Specific written informed consent for this study was not required. 

 

Setting 

 

In anticipation of the nationwide transition from conventional to digital mammography in the Dutch 

screening programme, three pilot studies were set up in 2003/2004 to test the quality of digital 

screening and the organisational consequences of implementation. 

 

The results of one these pilot studies have been used to analyze the screening performance of DM 

and led to previous publications [10,21]. The current observational study encompasses the results of 

all three digital mammography pilot studies conducted from October 2003 to December 2007 at the 

screening centres of Preventicon (Utrecht), SBBZWN (Rotterdam), and BBNN (Groningen). 

 

At the start of the pilot studies, digital mammography was introduced at each participating centre by 

replacing at least one of the conventional units with a DM system. All other conventional units were 

kept operational. The pilot studies were part of the national screening programme in which all 

women aged 50 to 75 years receive a personal invitation to participate in screening every two years. 

Women are invited according to postal code and assigned to the nearest screening centre. It is not 

possible for a woman to self-select her screening location. The screening programme specifically 

targets asymptomatic women. The technicians are instructed and trained not to screen symptomatic 

women but to refer them to their general practitioners instead. Details concerning the Dutch 

screening programme have been reported previously [22,23]. 

 

Participants  

 

Between October 2003 and December 2007 all women attending the screening programme at the 

participating centres were included in the study. If both modalities were present at the same 

screening location, assignment of women to DM or SFM was based on the availability of the units 

when participants presented to the screening centre. However, women who already had a previous 

digital screening mammogram were always offered DM. In other cases, the assigned screening 

location determined the modality used. 

 

All women invited for screening were informed in writing about the possibility of undergoing digital 

mammography. Refusing digital mammography for any reason did not have any consequences for 

screening participation and hardly ever occurred. 

 

Procedures 

 

The three screening centres worked independently and were responsible for imaging, reading and 

recall for diagnostic work-up.  
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Conventional images were acquired on one of five different systems: GE 600 and 800T (GE 

Healthcare, Buc, France), Instrumentarium Alpha RT, Planmed Nuance (Planmed Oy, Helsinki, 

Finland), all four using the Min-R 2000/min-R 2250 screen/film combination (Kodak, Rochester, NY), 

and Mammomat 3000 (Siemens AG, Erlangen, Germany) with the Agfa HDR/MR Detail-R screen/film 

combination (Agfa-Gevaert, Mortsel, Belgium). For the acquisitions of digital images three different 

systems were used: a Lorad Selenia DM system and an Agfa Embrace DM1000 (Hologic Inc., Danbury, 

CT) both 70-μm pixel size and 24×29 cm field of view, and a Lorad M-IV (Hologic Inc., Danbury, CT) 

with a Profect CS reader with HR-BD screens (Fuji, Tokyo, Japan), which used a 50 micron pixel size 

and 18×24 cm and 24×30 cm fields of view.  

 

For initial screening examinations a mediolateral oblique (MLO) and craniocaudal (CC) view were 

taken of each breast. The standard subsequent examination consisted of MLO views only. A CC view 

was added when indicated (in 40-50%), by using criteria based on breast density and visible 

abnormality. One screening centre however, routinely obtained both views in initial as well as 

subsequent screens. In case of a subsequent screening exam prior mammograms were available for 

comparison at all times in all three screening centres. Computer aided diagnosis (CAD) was optional 

in one of the screening centres, as described in our previous study [10]. 

 

Only certified and well trained radiologists, reading 3,000 to 5,000 screening mammograms per year, 

performed the readings throughout the study period. Two radiologists read and rated the images 

independently. According to the current Dutch screening protocol recall was indicated in case of 

incomplete examination (BI-RADS 0) or suspicious findings (BI-RADS ≥ 4). In case of discordance the 

final decision on recall was attained by consensus. 

 

Data collection 

 

Study data were collected from the database of the national breast cancer screening programme, 

which included radiology reports and pathologic tumour characteristics, and staging data. 

 

Radiologic abnormalities were classified as a mass, a mass with calcifications, microcalcifications 

only, or other (e.g. architectural distortion and asymmetry). In one of the pilot studies part of the 

radiology reports in the SFM group was not stored electronically. For the same reason, a small part of 

the radiologic DM data was missing as well. Because these data could not be retrieved otherwise, we 

compared the distribution of radiologic features for the SFM group, both including and excluding the 

data of this pilot study, and found them to be remarkably similar. We therefore believe the missing 

data to be random and included the pilot study’s data in the overall analysis. 

  

The source of data about pathologic tumour characteristics was the original pathology report. 

Central pathologic review has not been carried out. Pathologic characteristics of two pilot studies 

could be assembled from the screening database complemented by data from PALGA, the 

nationwide network and archive of pathology reports. One pilot region, however, was not connected 

to PALGA. Therefore, detailed pathology data had to be extracted from reports obtained from the 

individual pathology laboratories. To make this practically feasible we chose to retrieve the data     

for all DM cases and a random sample of the SFM cases (equal in size to the number of DM cases).       
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The sample of SFM cases was appropriately weighted by initial and subsequent exams. Histological 

type and grade of the tumours were recorded. In situ carcinomas were classified based on nuclear 

grade and necrosis [17,18], whereas for invasive carcinoma the Bloom and Richardson grading 

system modified by Elston and Ellis was used, all according to the WHO classification system [24]. 

Staging data were recorded according to the TNM classification system developed by the 

International Union Against Cancer (IUCC) [25]. In addition to separate T- and N-staging, two 

categories were created: T1N0 (small tumours without lymph node involvement) and >T1N0 

(tumours > 20mm and/or lymph node involvement). 

 

Statistical analysis 

 

Groups were compared for baseline characteristics, such as age and screening interval. Screening 

intervals longer than 36 months were not taken into account, as they were indicative of a missed 

screening round. We compared the two screening modalities with respect to breast cancer detection 

rate, recall rate, and positive predictive value (PPV) for recall. Furthermore, differences in radiologic 

and pathologic characteristics of detected cancers were evaluated. Study results were evaluated 

separately for initial and subsequent screening exams, thereby avoiding possible bias caused by any 

imbalance in the number of initial and subsequent exams between both groups. 

 

For data management and analysis SPSS version 16.0 for windows (SPSS Inc., Chicago, IL) was used. 

Descriptive statistics were applied to explore the radiologic and pathologic characteristics of the 

lesions. Means were compared with an independent two-sample t-test, whereas categorical 

variables were compared using the Pearson Chi-square test. A p-value equal to or less than 0.05 was 

considered indicative of a statistically significant difference.  

 

 

Results 

 

During the study period a total of 1,198,493 screens were performed, which consisted of 1,045,978 

SFM (87.3%) and 152,515 DM (12.7%) screening procedures. Recall was indicated in 18,896 cases. 

 

The mean age of recalled women at the time of the screening exam was 60.5 years in the group of 

SFM screening and 59.3 for the DM group (p<0.001). The mean age of women diagnosed with cancer 

was also lower in the DM group compared to SFM, respectively 61.4 years and 62.3 years. This trend 

was true for both patients with in situ carcinoma (60.1 and 60.9) and those with invasive carcinoma 

(61.7 and 62.6). The screening interval (range 18-36 months) was comparable with means of 24.3 

and 24.9 months, respectively (p<0.001).  

 

In the SFM group 15,238 women were recalled, and in the DM group 3,658. Overall rates are not 

presented, because an imbalance in the number of initial and subsequent examinations between 

both groups could create a bias. Recall rates were lower for screen-film mammography (2.6% for 

initial exams; 1.3% for subsequent exams) than for digital mammography (4.4% and 2.1% 

respectively), and both differed significantly (p<0.001) (Table 3.1). 
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Table 3.1: Screening performance: screen-film versus digital mammography in initial and subsequent exams 

Variable SFM DM p value 

 

Screened women (n (%)) 

 - initial screening exam 

 - subsequent screening exam 

 

1,045,978 

127,521 (12.2) 

918,457 (87.8) 

 

152,515 

22,860 (15.0) 

129,655 (85.0) 

 

 

<0.001 

<0.001 

 

Recalled women (n (%)) 

 - initial screening exam 

  - subsequent screening exam
 

 

15,238 

3,278 (2.6) 

11,960 (1.3) 

 

3,658 

1,002 (4.4) 

2,656 (2.0) 

 

 

<0.001 

<0.001 

 

Breast cancers detected (n (rate)
1
) 

 - initial screening exam 

  - subsequent screening exam 

 

5,468 

711 (5.6) 

4,757 (5.2) 

 

942 

156 (6.8) 

786 (6.1) 

 

 

0.022 

<0.001 

 

PPV of recall (%)
2 

 - initial screening exam 

  - subsequent screening exam 

 

35.9 

21.7
 

39.8 

 

25.8 

15.6 

29.6 

 

 

<0.001 

<0.001 

1
 rates are per 1,000 women screened 

2
 Positive Predictive Value (PPV) - proportion of recalled patients with cancer 

 

 

Significantly more cancers were detected with DM than with SFM, both for initial (p=0.022) and 

subsequent (p<0.001) screening examinations. For initial screens the detection rate per thousand 

was 5.6 with SFM and 6.8 with DM. The difference in detection for subsequent screens was also in 

favour of digital mammography, with respective rates of 5.2 and 6.1 per thousand. 

 

For DM the positive predictive value (PPV) of recall was significantly lower than for SFM, in both 

initial (15.6 vs 21.7%) and subsequent (29.6 vs 39.8%) screening examinations. 

 

The proportion of lesions recalled on the basis of microcalcifications was significantly higher in the 

DM group, with relatively fewer recalls based on mammographic masses (Table 3.2). With 

conventional mammography 19.6% of all recalled lesions were based on microcalcifications without 

an associated density, whereas with digital mammography 31.1% were based on microcalcifications 

alone. 

 

Overall, a mass with microcalcifications was the radiologic feature with the highest PPV for recall. 

With DM 48.1% were positive at diagnostic work-up, of which 86.3% concerned invasive carcinoma 

and 13.7% DCIS. On the other hand, approximately one-fourth of recalled masses only or 

microcalcifications only were true positive (24.6% and 23.3% respectively). 

 

DM shows a significantly better detection of invasive carcinoma based on masses associated with 

microcalcifications (p=0.047). The detection of DCIS on the basis of microcalcifications tended to be 

better as well. 

 

 



36 | Chapter 3 
 

Table 3.2: Radiologic characteristics of all recalled lesions and detected cancers (n (%)
1
) 

Variable SFM DM p value  

 

Recalled lesions (benign & malignant) 

 - mass 

 - mass with microcalcifications 

 - microcalcifications only 

 - other 

 

 

6,820 (65.4) 

953 (9.1) 

2047 (19.6) 

603 (5.8) 

 

 

1,883 (57.3) 

266 (8.1) 

1,022 (31.1) 

113 (3.4) 

 

 

<0.001 

0.067 

<0.001 

<0.001 

 

Detected DCIS 

 - mass 

 - mass with microcalcifications 

 - microcalcifications only 

  - other
 

 

 

59 (11.4) 

46 (8.9) 

409 (78.8) 

5 (1.0) 

 

 

18 (9.9) 

17 (9.4) 

144 (79.6) 

2 (1.1) 

 

 

0.598 

0.830 

0.831 

0.869 

 

Detected invasive carcinoma
 

 - mass 

 - mass with microcalcifications 

 - microcalcifications only 

  - other 

 

 

1,767 (65.8)
 

348 (13.0)
 

321 (12.0) 

248 (9.2) 

 

 

433 (64.3) 

107 (15.9) 

92 (13.7) 

41 (6.1) 

 

 

0.465 

0.047 

0.227 

0.009 

1
 missing values ignored in estimating percentages 

 

 

In both initial and subsequent screens, digital mammography detected significantly more DCIS          

(p=0.002 and <0.001, respectively). Also, DM detected relatively more invasive cancers, but the 

difference was only significant for initial screens (p<0.001) (Table 3.3). This higher detection of 

invasive cancers was completely accounted for by ductal carcinoma (p=0.010), whereas the detection 

of lobular carcinoma and other subtypes was similar for both modalities (p=0.527 and p=0.105 

respectively). Table 3.4 shows the majority of invasive cancers was small and non-advanced, as 

judged by the proportion classified as T1N0. In this category, marginally more cancers were detected 

using DM (63.6 vs 61.7%; p=0.347). In general, tumour stages were comparable. 

 
Table 3.3: Histopathologic characteristics of detected cancers in initial and subsequent exams (n (rate)

1
) 

Variable SFM DM p value  

 

Ductal carcinoma in situ 

- initial screening exam 

 - subsequent screening exam 

 

679 (15.4%) 

104 (0.1) 

575 (0.7) 

 

195 (20.9%) 

34 (0.2) 

161 (1.1) 

 

 

0.002 

<0.001 

 

Invasive carcinoma 

- initial screening exam 

 - subsequent screening exam 

 

3,732 (84.6%) 

474 (0.6) 

3,258 (3.8) 

 

740 (79.1%) 

121 (0.8) 

619 (4.1) 

 

 

<0.001 

0.185 

1
 rates are per 1,000 women screened 

2
 missing values: SBBZWN 0.5% SFM, 0.8% DM; BBNN 0.2% SFM, 0% DM; Preventicon 0.6% SFM, 0.6% DM screening 
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Overall the histopathologic grade distribution of DCIS did not differ significantly between the two 

modalities (p=0.105). The share of low grade (grade 1) DCIS was similar (14.4%). The relative amount 

of high grade DCIS was higher with DM, primarily in subsequent screens (p=0.013, Table 3.5). This 

poorly differentiated type of DCIS (grade 3) occurred most often and accounted for 58.5% of all 

digitally detected in situ carcinomas (compared with 50.5% at conventional screening). High grade 

DCIS lesions most often manifested as microcalcifications (90,0%). 

 

The overall distribution of the differentiation subtypes of invasive carcinoma was similar for both 

modalities (p=0.122). In screen detected invasive carcinoma the moderately differentiated type 

(grade 2) was most frequent. The proportion of well differentiated grade 1 invasive carcinoma was 

higher with DM than with SFM (33.2% vs 29.7%, respectively) owing to the detection of significantly 

more grade 1 lesions in initial screening exams (p<0.001, Table 3.5). 

 
Table 3.4: Staging data for detected invasive cancers (n (%))

1
 

Variable SFM DM p value  

 

T-stage 

- T1 

 - T2 

- T3 

 - T4 

 - missing values 

 

 

3,519 (79.3) 

866 (19.5) 

48 (1.1) 

5 (0.1) 

69 

 

 

595 (80.8) 

132 (17.9) 

9 (1.2) 

0 (0) 

10 

 

 

0.335 

 

N-stage 

- N0 

 - N1(mic) 

- N2 

 - N3 

 - missing values 

 

 

3,044 (71.6) 

981 (23.1) 

153 (3.6) 

76 (1.8) 

96 

 

 

535 (71.4) 

190 (25.4) 

20 (2.7) 

4 (0.5) 

19 

 

 

0.943 

 

 

Tumour category 

- T1N0 

 - >T1N0 

 

 

2,709 (61.7) 

1,682 (38.3) 

 

 

463 (63.6) 

265 (36.4) 

 

 

0.327 
 

1 
according to the TNM classification system developed by the International Union Against Cancer (IUCC) 

2 
calculated for all detected invasive carcinomas 

 

 

Discussion 

 

The results of our study showed that DM is superior to SFM in the screening setting in the early 

detection of clinically relevant cancers. Similar to what was found in other studies, the sensitivity of 

DM was higher than that of SFM [8–10,26]. More DCIS and invasive ductal carcinoma were detected 

in digital screening, the latter particularly when associated with microcalcifications. Therefore, the 

enhanced depiction of microcalcifications on digital images has most likely added to its higher 

detection performance. The histologic profile of these cancers, however, did not differ between the 

two screening modalities. 
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Table 3.5: Histopathologic grade of differentiation of detected cancers in initial and subsequent exams (n (%)) 

Variable SFM DM p value  

 

DCIS
1
 total 

 

DCIS
1
 grade 1 

- initial screening exam 

- subsequent screening exam 
 

DCIS
1
 grade 2 

- initial screening exam 

- subsequent screening exam 
 

DCIS
1
 grade 3 

- initial screening exam 

- subsequent screening exam 
 

Missing / not assessed 
 

Overall distribution 

 

679 
 

98 (14.4) 

22 

76 
 

221 (32.5) 

33 

188 
 

343 (50.5) 

49 

294 
 

17 (2.5) 
 

 

195 
 

28 (14.4) 

10 

18 
 

49 (25.1) 

13 

36 
 

114 (58.5) 

10 

104 
 

4 (2.1) 
 

 

 
 

 

0.216 

0.436 
 

 

0.319 

0.009 
 

 

0.306 

0.013 
 

 
 

0.105 

 

Invasive carcinoma total 
 

Invasive carcinoma grade 1 

- initial screening exam 

- subsequent screening exam 
 

Invasive carcinoma grade 2 

- initial screening exam 

- subsequent screening exam 
 

Invasive carcinoma grade 3 

- initial screening exam 

- subsequent screening exam 
 

Missing / not assessed 
 

Overall distribution 

 

3732 
 

1,110 (29.7) 

130 

980 
 

1,734 (46.5) 

225 

1509 
 

777 (20.8) 

106 

671 
 

111 (3.0) 
 

 

740 
 

246 (33.2) 

50 

196 
 

330 (44.6) 

44 

286 
 

139 (18.8) 

23 

116 
 

25 (3.4) 
 

 

 
 

 

<0.001 

0.898 
 

 

0.931 

0.365 
 

 

0.691 

0.133 
 

 
 

0.122 

1 
Ductal carcinoma in situ (DCIS) 

 

 

Consistent with our previous work [10], as well as with other studies evaluating screening 

programmes [8,26,27] we found recall rates to be higher with DM. This in turn led to lower PPVs of 

recall in initial and subsequent screening examinations. It is noteworthy, however, that the recall 

rates might be slightly overestimated, as calculations were based on the complete study period, 

including the first months after the introduction of DM, which are typically characterised by 

disproportionately high rates of recall [21]. Nevertheless, the recall rates remain relatively low in 

comparison to those of other breast cancer screening programmes. Considering the work by Otten et 

al. [28], the high recall rates might have had a positive effect on cancer detection at DM, but it is very 

unlikely that the high detection rates seen with DM in our study were caused by this effect alone. 
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The aim of screening is not to detect cancer as such, although that is its mechanism: the point of 

screening is to prevent tumour progression to disseminating, metastatic cancers [29]. Hence, 

depending on the biologic potential of cancers, early detection is only beneficial as long as it 

contributes to a decrease in cancer mortality and morbidity. All other diagnoses of malignancies 

could be termed overdiagnosis, which is the diagnosis of cancer that, if left undetected and therefore 

untreated, would never have surfaced clinically in a person’s lifetime. 

 

Overdiagnosis is an inevitable side effect of every screening programme. In breast cancer screening it 

is accepted because the benefits clearly outweigh the harms [30,31]. However, overdiagnosis 

continues to be cited by critics of screening who assume that with the introduction of DM in 

screening even more clinically unimportant cancers will be detected [32]. 

 

Potential candidates for overdiagnosis are present predominantly in the group of non-invasive 

cancers (DCIS), typically of the well-differentiated, low grade type. Although all grades have potential 

to progress and become invasive [33], the development of low grade DCIS can extend over more 

than 3 decades [34], whereas high grade DCIS is associated with far more rapid cancer invasion [16]. 

 

Although the biologic indolence of low grade DCIS makes detection of this subtype less important in 

mass screening, the detection of high grade DCIS might contribute to mortality reduction by 

preventing development of life-threatening invasive carcinoma. 

 

We did not find a significant difference in the overall distribution of differentiation subtypes of both 

DCIS and invasive cancers detected with DM and SFM. This similarity indicates that the increased 

detection with DM covers the complete spectrum of breast cancer. According to our data there is no 

sign of a disproportionate increase in low grade DCIS lesions –indicative of possible overdiagnosis– 

with the transition to digital mammography in breast cancer screening. 

 

When observed as separate entities, low grade DCIS accounted for 14.4% of all DCIS cases with both 

modalities in our study. This means that although detection rates increased with DM, still only 3.0% 

of all digital screen-detected cancers involved low grade DCIS. Consistent with previous studies, 

screen-detected DCIS predominantly concerned high grade lesions [5,19]. We observed the detection 

of high grade DCIS to be higher with digital mammography (58.5% vs 50.5%), particularly as a result 

of a significantly better detection at subsequent screening examinations. Although the overall 

distribution did not change significantly, this might imply a more favourable subtype profile of 

screen-detected DCIS with digital mammography. 

 

Because cancers associated with microcalcifications are more often detected with DM, our findings 

suggest that the improvement in detection performance with DM is primarily due to better depiction 

of microcalcifications. Recently, other researchers have reported similar results [35,36]. 
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Our study has some limitations. Because digital mammography was used in a pilot setting, most of 

the screening examinations were performed with conventional units. This was reflected in our study 

population where SFM represented 87.3% of the cases. As the study was not to interfere with the 

ongoing screening programme, matching all baseline characteristics in the three digital pilot studies 

was not feasible. Regional differences in screening setup were foreseen and accepted, as this study 

had to be purely observational to evaluate the digital programme in daily practice. Even though the 

results for each screening centre showed similar trends, this site-to-site variability might have had an 

influence on screening performance. It is unlikely however, that this had any effect on the 

distribution of detected cancer subtypes. Another drawback is the missing radiology data for screen-

film examinations in one pilot study. However, because we found the results to be quite similar 

whether including or excluding the data from this pilot study, we felt reassured that the missing 

values represented a random sample and did not compromise the validity of our study. The source of 

data on pathologic tumour characteristics was the original pathology report. No central pathologic 

review was carried out, which may influence the consistency of histologic grading. One pilot region 

was not connected to the nationwide network and archive of pathology reports. Therefore, detailed 

pathology data had to be extracted from reports obtained from the individual pathology 

laboratories. To make this practically feasible, we chose to retrieve the data for all DM cases and an 

equal random sample of the SFM cases. 

 

The setup of the Dutch screening programme differs in some aspects (e.g. number of views, 

screening interval and low recall rate) from other screening programmes such as that in the United 

States. For the Dutch programme the focus is on a financially and socially acceptable balance 

between detection, recall and false positive rate, whereas the US approach focuses more on a high 

detection rate, resulting in higher recall and false positive rates. This is also reflected in the types of 

lesions that are detected, such as higher detection of low grade DCIS [37]. These differences should 

be kept in mind when comparing results between the Dutch, US and other screening programmes. 

This large multi-centre study, similar to previous studies, showed DM to have a significantly better 

detection performance than SFM in population-based breast cancer screening. This gain is largely 

due to enhanced depiction of microcalcifications, resulting in improved detection of both DCIS and 

invasive carcinoma. Although, as with SFM, digitally detected DCIS predominantly consisted of high 

grade lesions, the detection of low grade DCIS in digital screening remained fairly uncommon. The 

overall distribution of subtypes according to differentiation grade did not change significantly with 

use of DM. This finding suggests that presumed overdiagnosis does not increase with the use of 

digital mammography in breast cancer screening programmes.  
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Abstract 

 

Purpose: To investigate the recall pattern after the transition to full-field digital mammography 

(FFDM) in a population-based breast cancer screening programme. 

 

Materials and methods: Preceding the nation-wide digitalisation of the Dutch screening programme, 

a FFDM feasibility study was conducted. Detection and recall rates for FFDM and screen-film 

mammography (SFM) were compared for initial and subsequent screens. Furthermore, radiologic 

characteristics of recalls in digital screening were assessed. 

 

Results: 312,414 screening mammograms were performed (43,913 digital and 268,501 

conventional), with 4,473 consecutive recalls (966 following FFDM). Initially the FFDM recall rate 

peaked, and many false-positive results were noted as a consequence of pseudo lesions and 

increased detection of (benign) microcalcifications. A higher overall recall rate was observed in FFDM 

screening in both initial and subsequent exams (p<0.001), with a significant increase in cancer 

detection (p=0.010).  

 

Conclusion: As a result of initial inexperience with digital screening images implementing FFDM in a 

population-based breast cancer screening programme may lead to a strong, but temporary increase 

in recall. Dedicated training in digital screening for radiographers and screening radiologists is 

therefore recommended. Recall rates decrease and stabilise (learning curve effect) at a higher level 

than in conventional screening, yet with significantly enhanced cancer detection. 
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Introduction 

 

Screening mammography has been shown to be effective in reducing breast cancer mortality [1,2]. 

Full-field digital mammography (FFDM) is increasingly used in the clinical setting, with a number of 

advantages resulting in better detection of (early) breast cancer and improvements in workflow [3]. 

Because of innovations, fast technical developments, and emerging evidence that FFDM as screening 

test is at least as effective as conventional screen-film mammography (SFM), the national 

coordination of the Dutch breast cancer screening decided to start digital pilot projects in 2003. Their 

main aim was to gain experience and to test the feasibility of digitalisation of the nationwide Dutch 

screening programme. 

 

More recent studies concerning diagnostic accuracy confirmed that digital mammography as 

screening modality in a population-based screening programme is at least as accurate as SFM [4–11]. 

In several studies an increase in recall rate following the implementation of FFDM has been reported 

[4,5,8], a tendency we also recognised in our previous study [11]. Nevertheless, this effect on recall 

rate has never been analysed in detail. Since changes in recall rate directly affect the daily screening 

practice and work-up, understanding this increase in recall rate is of crucial importance, and analysis 

could be useful to design a dedicated training programme. 

 

The focus of this study, as part of the Dutch digital pilot projects, was to investigate the recall pattern 

after the introduction of digital mammography in the national screening programme. We provide a 

comprehensive evaluation of the changes in recall rates over time, reported separately for initial and 

subsequent screening examinations compared to those in conventional mammography. Additionally, 

a detailed analysis of the radiographic characteristics of the recalled lesions will be given. 

 

 

Materials and methods 

 

Setting 

 

The current observational study encompasses the results of the first four years of the digital 

mammography pilot, which started in October 2003 at the Preventicon screening centre (Utrecht, 

the Netherlands). At that time digital mammography was introduced by replacing one of the 

conventional units by a FFDM system. The pilot was part of the national screening programme, which 

offers mammography to all women aged 50 to 75 years every two years. Participation is on the basis 

of a written invitation by mail based on information provided by the national population registry. 

Details concerning the national screening programme have been published elsewhere [12]. When 

further assessment is indicated, women are recalled to a breast team of a nearby hospital. 

 

Study population 

 

All women participating in the screening programme at Preventicon between October 2003 and 

December 2007 were included in the study. In the first year after the introduction of the FFDM 

system only women attending their first screening examination were offered digital mammography.  



48 | Chapter 4 
 

One year after the introduction, FFDM also became available for women attending subsequent 

screens. Assignment of women to FFDM or SFM was based on the random availability of the units 

when participants presented at the screening centre. However, women who already had a previous 

digital screening mammogram were always offered FFDM. 

 

Participants were informed in writing about the possibility of obtaining a digital mammogram. They 

had the right to refuse this offer and obtain conventional mammography. To comply with privacy 

regulation, they signed a general informed consent form which permits use of data from the 

screening programme for evaluation and scientific research. Refusal of sharing data for these 

purposes was extremely rare. The study was approved by the regional medical ethics review board. 

Specific written informed consent for this study was not required.   

 

Image acquisition and interpretation 

 

Screen-film mammograms were acquired on two types of systems (GE 600/800T, GE Healthcare, Buc, 

France). All digital mammograms were acquired using a Lorad Selenia FFDM system (Hologic Inc., 

Danbury, CT) with a 70 µm pixel size and a 232x286 mm field of view. Initial screening examinations 

always included mediolateral-oblique (MLO) and craniocaudal (CC) views. At subsequent screening 

examinations MLO views of each breast were routinely acquired and when indicated, CC views were 

also obtained. Radiographers are extensively trained to decide on obtaining CC views in subsequent 

screening examinations (FFDM as well as SFM) based on pre-specified criteria for breast density and 

visible abnormality. In case of a subsequent screening exam (digitised) prior mammograms were 

present at all times. Computer aided detection (CAD) was freely available for FFDM (ImageChecker, 

Hologic/R2, Santa Clara, CA). Digital mammograms were interpreted using soft-copy reading. The 

same team of radiologists was involved in the double-reading of FFDM and SFM, with differences of 

opinion decided upon by consensus. One of two radiologists (D.B., J.D.), both with more than 15 

years of experience in mammography screening, was involved in each screening examination 

performed during the entire study period. They were complemented by a team of six screening 

radiologists, each performing over 5,000 readings per year. They all had at least 2 years of experience 

with working in a digital radiology environment before the study started. None of the readers had 

experience with the use of FFDM in screening. 

 

More detailed descriptions of image acquisition and interpretation, reading conditions, and 

diagnostic work-up used in the Preventicon pilot are published elsewhere [11]. 

 

Data collection 

 

Retrospectively we collected screening outcomes and demographic features of all women included in 

the study. Normal findings at assessment or benign breast disease (including lobular carcinoma in 

situ) were reported as a negative (or false positive) screening outcome, whereas a positive screening 

outcome indicated malignancy (including ductal carcinoma in situ). Radiologic characteristics of all 

recalled women screened digitally during the study period were reviewed.  
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Study data were collected from the Preventicon archive and digital database, which includes number 

of women screened and recalled, radiology reports, and final diagnoses. A search of the nationwide 

network and archive of histocytopathology (PALGA) completed the data. Abnormalities seen on 

mammograms followed by recall were categorised as: mass, calcifications, and other.  

 

Data analysis 

 

All performance indicators were computed separately for initial and subsequent screening 

examinations. Screening intervals were calculated for subsequent screening exams by taking the 

period between the current and previous screen. Because screening intervals where somewhat 

different in the two populations we computed detection per 24 months, by multiplying the observed 

rates by 24/T, with T denoting the median screening interval. The difference occurred due to 

different logistics in the permanent facility where FFDM was installed, where most SFM units were 

functional in mobile facilities.  

 

We compared recall rate, breast cancer detection rate, and positive predictive value (PPV) for FFDM 

and SFM separately for initial and subsequent screening exams. In addition, radiologic characteristics 

of recalls in digital screening were assessed. Statistical software was used for data management and 

analysis (SPSS, version 15.0 for windows; SPSS Inc., Chicago, IL, USA). Results were compared using 

the Chi-square test. A p-value of less than 0.05 was considered statistically significant. Dot graphs 

were drawn with a loess fitted curve to evaluate trends in recall rates for both modalities. Bar graphs 

were used to present changes in radiologic characteristics of recalled lesions and the concurrent 

screening results. For all graphs variables were assessed per two months.  

 

 

Results 

 

During the four year study period a total of 312,415 screens were performed, consisting of 43,914 

digital and 268,501 conventional mammography exams. In the FFDM group 966 women were 

recalled, in the SFM group 3,507. The mean age of recalled women was 58.5 years for conventional 

screening and 57.4 years for digital screening (range 50-75). The median screening interval was 22.7 

months in the group of recalls screened with FFDM and 24.6 months for recalls after SFM screening. 

Breast cancer was detected in 1,619 women of whom 250 had digital mammograms. 

 

Screening performance 

 

The screening performance is summarised in Table 4.1. Significantly more cancers were detected 

with FFDM, corrected for screening interval (p=0.010). In initial screening examinations the detection 

rate was 7.6‰ with FFDM and 6.0‰ with SFM (p=0.092). In subsequent screens detection rates 

were 5.5‰ and 4.9‰, respectively (p=0.085). Recall rate was significantly higher with FFDM, both in 

initial screens (from 3.4% to 4.3% with FFDM (p<0.001)), and in subsequent screens (from 1.0% to 

1.7% (p<0.001)). Due to the increase in recalls the overall PPV of recall decreased significantly with 

digital mammography. For initial screening examinations the PPV decreased from 25.9 to 17.9. For 

subsequent screens the PPV went from 43.7 to 31.4. 
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Table 4.1: Screening performance: screen-film versus digital mammography in initial and subsequent exams 

Variable SFM FFDM p value 

 

Screened women (n) 

 - total 

 - initial screening exam 

 - subsequent screening exam 

 

 

268,501 

33,361 

235,140 

 

 

43,914 

8,577 

35,337 

 

 

Recalled women
2
  (n (rate)

1
) 

 - total 

 - initial screening exam 

  - subsequent screening exam
 

 

 

3,507 (13.1)  

1,136 (34.1) 

2,371 (10.1) 

 

 

966 (22.0) 

368 (42.9) 

598 (16.9) 

 

 

<0.001 

<0.001 

<0.001 

 

Breast cancers detected (n (rate)
1
) 

 - total 

 - initial screening exam 

  - subsequent screening exam 

 

 

1,369 (5.0
3
) 

199 (6.0) 

1,170 (4.9
3
) 

 

 

250 (5.9
3
) 

65 (7.6) 

185 (5.5
3
) 

 

 

0.010
3
 

0.092 

0.085
3
 

 

PPV of recall (%)
 

 - total 

 - initial screening exam 

  - subsequent screening exam 

 

 

39.7
 

25.9
 

43.7 

 

 

26.2 

17.9 

31.4 

 

 

<0.001 

0.147 

0.002 

1
 rates are per 1,000 women screened 

2
 result recall, missing values: 2 SFM screens (both subsequent exams), 13 FFDM screens (5 initial and 8 subsequent exams) 

3
 per 24 months (regular screening interval) in subsequent screens 

 

 

Trends in recall and detection rate in conventional and digital screening 

 

In Figure 4.1 the recall rates for initial and subsequent screening examinations with FFDM and SFM 

respectively are presented separately. The implementation of FFDM induced an increase in recall in 

initial screens (73‰). With the introduction of subsequent screens in July 2004 another peak in recall 

was noted. This second peak in recall (37‰) was significantly higher (p<0.001) compared to its future 

baseline and relatively much higher than the decreasing, though still elevated, recall rate in initial 

screens during that same period. 

 

Within a few months the rate started to decline in both groups. Recall stabilised after a little more 

than 1 year of digital screening, however at a higher level than in conventional screening. 

 

The high recall rate was reflected in the detection. In the first year the mean detection rate in digital 

screening was 7.8 per 1,000 women screened. Detection stabilised with decreasing recall rate, but 

overall remained higher than the detection in conventional screening: 5.9‰ versus 5.0‰ 

respectively. Recall and detection rates with SFM remain relatively constant over the entire study 

period.  
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Figure 4.1: Time course of recall in (a) FFDM and (b) SFM for initial (○) and subsequent (♦) screening exams 

 

 

Trends in digitally recalled lesions 

 

To evaluate the initial peak and subsequent changes in the recall rate in digital screening 

mammography we analysed the radiologic characteristics of the recalled lesions (Figure 4.2). In the 

first months masses and densities were largely responsible for all recalls. Asymmetry and distortion 

(elements of the rest category ‘other’) were also observed more frequently. Half a year later the 

relatively high rates of recall were due to microcalcifications. Both masses and suspect calcifications 

appeared to be evenly responsible for recall at the time the mean recall rate stabilised. 

 
Figure 4.2: Radiologic characteristics of recalled lesions in digital mammography (rates / 1,000) 
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Figure 4.3 depicts the share of detected cancers in all recalled lesions, separately for masses and 

microcalcifications. The elevated recall rate seen in the first period of digital mammography led to a 

disproportionately high amount of false-positive results (up to 88%), with masses recalled twice as 

often as microcalcifications. Cancer detection in masses remained at a relatively high and constant 

level. In the first 6 months nearly all recalled microcalcification clusters turned out to be benign after 

histological assessment. The subsequent increase in recalls based on detected microcalcifications 

coincided with a transient higher cancer incidence. When recall and detection stabilised roughly         

1 in 4 recalls led to the detection of cancer (PPV 25%). 

 
Figure 4.3: Results of (a) recalled masses and (b) recalled microcalcifications (rates / 1,000) 

  

 

Discussion 

 

In accordance with previous European studies [4–10] we found an improved detection with digital 

mammography, although this time significantly. In initial screening examinations, i.e. the youngest 

women of the screening population, the relative increase in detection was most prominent. This 

finding is in line with the results of the DMIST trial that first showed FFDM to perform markedly 

better in younger women than SFM [13]. In our study, the overall recall rate was higher in digital 

screening mammography. Recall rates may fluctuate in time, and an increase may sometimes be 

observed, for example after a course or meeting is attended. Since the recall rate in conventional 

mammography did not change during that same period, such a temporary trend is highly unlikely. 

Therefore, the high recall rate may be ascribed to the introduction of digital screening. The increase 

in recall was most distinct in the first period when only initial screens were performed. However, a 

following substantial increase was present when subsequent examinations were introduced while     

a part of the learning curve had already been passed. The increase in recall in turn led to a lower PPV 

of recall.  

 

 

a b 
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An increase in recall in FFDM has been reported by previous studies evaluating screening 

programmes resembling the Dutch [4,5,8]. On the other hand, two studies describing digital 

screening mammography in Scandinavia, found the highest recall rate in SFM [6,7]. Both 

Scandinavian studies involved a subset of the screening population, concerning subsequent screens 

or initial screens only. Furthermore, the study by Heddson et al. [6] was performed after a 6 months 

learning period, which might have lowered the overall recall rate. Two studies conducted in Spain 

and the UK reported no differences in recall after transition to FFDM in their screening programme 

[9,10]. The relatively high baseline recall rate in Spain (11.5% in initial screens, and 3.6% in 

subsequent screens) and the UK (overall 4.4%) might explain this outcome. 

 

While former studies [4–11] focus on the aggregate screening results of FFDM compared to SFM, this 

study, to our knowledge, is the first to analyse the effects over time after the transition to digital 

screening mammography. Recall peaks were seen in the first months, followed by a rapid decrease. 

The overall recall rate stabilised at a higher level than in screen-film mammography. The significant 

rise in recall might have affected the cancer detection rate as the overall detection rate tends to be 

higher in FFDM. Our previous study showed this to be largely attributable to relatively more detected 

cancers in initial screens [11].  

 

The introduction of FFDM in the screening programme initially caused a disproportionate increase in 

recall with subsequent false-positive results. Three reasons for this effect can be distinguished; all 

related to the use of post-processed high contrast images. First of all, high contrast resolution 

accentuates not only lesions, but normal architecture as well. Therefore, simulated lesions, or 

pseudo lesions, could be more often encountered in FFDM (Figure 4.4). Although true lesions should 

be better distinguishable, the reading and interpretation of digital high volume screening images is a 

learning process. This might explain the high recall rate caused by densities and distortions, 

accompanied by an increase in the number of false-positives in the first months. Secondly, higher 

contrast resolution improves the detection of microcalcifications [14]. This explains the increased 

share of recalls on the basis of microcalcifications and is in line with the significant increase in 

detection of ductal carcinoma (both in situ and invasive) found in our previous study [11]. Since most 

clusters of microcalcifications do not represent malignancy, interpreting calcification type is another 

challenge in FFDM. Therefore, it is not surprising that in the first few months of digital screening we 

have seen an exceedingly high proportion of false-positive recalls due to microcalcifications. The 

superior contrast resolution of digital mammography had yet a third effect. Compared to a previous 

conventional image, a digital mammogram can falsely give the impression that a lesion or cluster of 

microcalcifications is new or has increased. This doubt about progression in the presence of prior 

conventional mammograms can cause more women to be recalled. While in other studies prior 

mammograms were offered only on request [5] or not until consensus meeting [4], we had (digitised) 

priors present at all times. Prior mammograms increase the specificity of screening [15] and not 

presenting them instantaneously was considered unethical. Accordingly, the inclusion of subsequent 

screens a few months after the pilot started resulted in a second rise in recall. Thus, while the higher 

overall recall rate can be justified by the improved cancer detection, the peak in recall and the high 

proportion of false-positive results just after implementation of FFDM primarily reflected 

inexperience with the interpretation of digital images and the comparison with digitised conventional 

prior mammograms in the screening setting. 
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The design of our study included the use of CAD, because we believe that with digital mammography 

this will become standard practice in screening programs. The fact that previous studies without CAD 

also reported increased detection of microcalcifications suggests that this result should not be 

attributed to CAD alone. On the other hand, CAD tends to increase recall rate as well [16]. However, 

this should not have influenced the course of recall over time.  

 

Measurement of the effect of CAD as a separate variable was not a subject of this study. Most 

reports in the literature demonstrate a benefit of CAD when single reading is practiced. However, 

double reading with consensus may yield comparable results [16]. Our study shows a combined 

effect of double reading and CAD. Double reading minimises perception errors and improves 

decisions, but most likely reduces the incremental benefit of CAD. We therefore reckon the possible 

confounding effect of CAD in this study to be marginal. 

 

Two weaknesses of this study need to be addressed. This study was performed on one type of 

mammography unit (i.e. Lorad Selenia) with its proprietary image processing and display. It is, 

therefore, not clear whether these results can be generalised to other manufacturers as well. A 

comparative multi-centre study is needed to evaluate the applicability of these results in all 

mammography units. Secondly, a pilot setting in which screening radiologists read conventional as 

well as digital mammograms, may not be entirely representative for the screening practice in which 

all examinations have the same imaging characteristics. The mixture of conventional and digital 

mammograms in the pilot setting may have contributed to the increase in recall. 

 

  

Figure 4.4: Pseudo lesion in high contrast FFDM. (a) Prior screening mammogram (SFM), (b) screening   
mammogram followed by recall (FFDM), (c) mammogram in subsequent clinical assessment (FFDM).  
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Screening programmes around the world vary in many different aspects. For instance, compared to 

screening on the basis of self-referral, as performed in the United States, population-based screening 

is characterised by a relatively low baseline recall rate. The Dutch national screening programme in 

particular is known for its low recall rate. Generalisation of our findings to other screening 

programmes is therefore not straightforward. However, our study results might still be of interest to 

those programmes with a similar setup, planning a transition to digital mammography. 

 

In the Netherlands, as a consequence of our findings we developed a dedicated training in digital 

screening mammography for radiographers and screening radiologists. Preliminary reports suggest 

this training is effective in the Netherlands since a similar effect in newly digitalised screening centres 

is not observed. We therefore recommend dedicated training in digital mass screening when 

converting to FFDM in a population-based breast cancer screening programme, especially when 

characterised by a relatively low recall rate. 
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Introduction 

 

Screening can be defined as the application of a relatively simple test to identify early, asymptomatic 

disease [1]. The primary aim of cancer screening is to reduce mortality from this disease. This is 

possible if cancers detected and treated at an early stage are associated with better survival than 

those detected symptomatically. From the literature, there is convincing evidence that early 

detection of cancer contributes significantly to public health and has a profound impact on health 

care. As such, screening is a key instrument in the fight against cancer [2]. 

 

In breast cancer screening we distinguish between opportunistic screening and population-based 

breast cancer screening programmes. The latter have a high level of central organisation and a 

quality assurance scheme that target a specific age group. In this editorial we only discuss 

population-based programmes, also referred to as ‘service screening’ [3]. 

 

Recently, in most of these programmes in Western Europe and in the United States, we have seen a 

gradual implementation of digital mammography as primary screening method [4]. Mammography 

makes use of low energy X-ray transmission to produce high contrast projection images in soft 

tissues. Contrast resolution is improved by digital mammography at the slight expense of spatial 

resolution. Furthermore, the raw data of digital images can be manipulated with dedicated display 

algorithms enhancing the ability to detect subtle structures, such as microcalcifications and small 

densities. Digital mammography has been accepted as a valuable successor to conventional     

screen-film mammography.   

 

An important step towards the implementation of digital mammography was the outcome of the 

Digital Mammographic Imaging Screening Trial (DMIST), carried out in the United States and 

published in 2005 [5]. The results showed that digital mammography was at least as good as    

screen-film mammography and even better in dense breasts, in younger and pre-menopausal 

women.  

 

In the Netherlands, implementation of digital screening mammography was preceded by pilot 

studies. The complete roll-out of a fully digital mammographic service screening programme started 

in 2009 and was completed in 2010. In addition to digitisation of the screening examination, the 

Dutch programme implemented a nationwide digital environment with a completely filmless and 

paperless workflow, a central information system and central archiving.  

 

The ultimate outcome of a screening programme in terms of benefit is a decline in breast cancer 

mortality. However, it is obvious that to assess the impact on breast cancer mortality, the screening 

programme follow-up should be at least 10-15 years, but preferably even longer [6]. To evaluate the 

performance of a screening programme on a yearly basis, we use so-called ‘proxy’ performance 

parameters such as tumour size and disease stage at diagnosis. It is important to understand how 

these parameters may change in the transition from conventional to digital screening.   
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Results of digitisation of mammographic breast cancer service screening 

 

On the introduction of digital mammography, there were serious doubts whether it could match 

screen-film mammography in diagnostic performance. Early evaluations of digital screening 

programmes between 2001 and 2005 showed conflicting results and were hard to compare because 

of differences in setup and national backgrounds [7–10]. In fact, this uncertainty was one of the 

reasons the American College of Radiology Imaging Network (ACRIN) conducted the DMIST trial. 

 

In the first decade of the new millennium, evaluations were reported by several European countries 

including Sweden, Italy, Norway, UK, Spain and the Netherlands. Again, with conflicting results but 

showing a general tendency towards higher recall and higher detection rates [11–14]. This was 

confirmed by studies in 2010 showing an increase in recall and cancer detection using digital 

mammography compared to screen-film mammography in screening. An interim evaluation of the 

Dutch digital pilot studies performed by the National Evaluation Team for Breast Cancer Screening 

compared 150,000 digital to 700,000 screen-film screening examinations [15]. This showed a 17% 

increase in detection of invasive tumours and a 69% increase in detection of DCIS. Although these 

results are encouraging, the outcomes need to be interpreted with care because ‘The point of 

screening is not to detect cancer per se, although that is its mechanism: the point of screening is to 

prevent progression to large or node-positive cancers from occurring’ [16].   

 

It is therefore necessary to take a closer look at adverse side effects of digitisation, like a higher false 

positive recall rate and a consequently lower positive predictive value, possibly resulting from an 

imbalance between recall and detection. There will always be a trade-off between the latter two 

performance indicators which can potentially result in a sharp decrease of the positive predictive 

value of recall [17]. A Dutch observer study, involving both national and international screening 

experts, showed, for example, that increasing the recall rate from 2% to 4% results in 100 extra  

false-positive recalls and only 1 prevented interval carcinoma. This stresses the necessity to seek the 

balance between harms and benefits of screening.  

 

In addition, overdiagnosis has to be acknowledged as an inevitable side effect of screening which has 

to be minimised. In more detailed analyses of the Dutch digital pilot studies, we did not find a 

disproportionate shift in the detection of ductal carcinoma in situ (DCIS) towards low grade lesions 

with digital mammography, rather towards high grade DCIS [18]. Still in absolute numbers, we found 

relatively more cases of low grade DCIS. The more recent nationwide figures also show that the rise 

of DCIS is most striking in young women, which concurs with early results of the DMIST trial. The 

harms of overdiagnosis in this group might be outweighed by the benefit of early detection because 

of the longer life expectancy and increasing life time risk for invasive cancer. 

 

However, DCIS is considered to be a heterogeneous disease with varying morphology and behaviour; 

ranging from rather indolent lesions to aggressively growing DCIS with invasive components [19,20]. 

Low grade DCIS lesions are known for their mild behaviour and it may take decades to develop into a 

(low grade!) invasive cancer. Hence, they seem to be the most likely candidates for overtreatment.  
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With the improvements in the detection techniques and the variety of detected lesions, we now 

think it is time to take a closer look at treatment plans. While aggressive lesions need aggressive 

treatment, less burdensome therapies or even surveillance might be the best option in case of 

lesions of low biologic potential. There are advanced plans of starting a trial in the United Kingdom to 

compare conventional therapy with active monitoring in low grade DCIS and recruitment seems to be 

feasible [21].  

 

After completing digitisation of the Dutch screening programme, an evaluation between screen-film 

and digital screening on a much larger scale was possible. A comparison of 6 million screens, soon to 

be published, confirmed the general trends observed in the Dutch digital pilot studies. In the 

transition to digital mammography, we found that recall increased to around 2%, detection of DCIS 

almost doubled, and a significantly higher proportion of small tumours (T1a) was observed among 

invasive cancers detected.   

 

Further analysis of the treatment consequences of digital screening showed that breast conserving 

surgery was performed more often on cancers detected by digital mammography. This difference 

was significant in both DCIS and invasive carcinoma. Furthermore, in the digital group more sentinel 

node procedures were performed at the expense of lymph node dissections.   

 

 

Conclusion  

 

Digital screening mammography has resulted in further improvement of screening performance in 

the context of well-organised, large-scale service screening programmes. We observed that cancers 

detected with DM in screening tend to be smaller. This may reflect a favourable prognosis resulting 

in continuation of a decrease in breast cancer mortality. Moreover, these cancers need less radical 

surgery, that might cause a reduction in morbidity. 

 

Internationally, there is considerable discussion about overdiagnosis, but the side effects associated 

with digital screening have been extensively investigated in the Netherlands, and are still within 

acceptable limits [18]. Nevertheless, the excess numbers of well differentiated DCIS, especially in 

older women, and the treatment consequences represent a serious challenge, urgently necessitating 

a European trial. Further research is required to minimise the harms of screening, especially in 

relation to the issue of overdiagnosis and related overtreatment. 
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Chapter 6 

 

Alternative exposure parameters and post-process 

noise reduction permit considerable dose reduction     

in single mammography views 

Initial experience on mastectomy specimens 
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Abstract 

 

Purpose: To experimentally indicate a lower limit of radiation dose in mammographic imaging 

yielding adequate image quality for complementary diagnostic views, by evaluation of image series 

with different exposure parameters and additional image processing on mastectomy specimens with 

diverse pathology.  

 

Materials and methods: Image series were obtained on seven specimens with different target-filter 

combinations at different exposure values. Three experienced radiologists assessed the lowest 

acceptable dose level per specimen using a relative grading technique. With the standard image as a 

reference, fibroglandular tissue and pathological structures, including microcalcifications, were 

evaluated. Subsequently, a series of pixel binning processes was tested and subjectively assessed on 

the selected images.  

 

Results: The lowest dose level at which image quality was rated acceptable, was achieved with a 

W/Ag target-filter combination at 32kV and 4mAs. These images can be acquired with 10 to 22% of 

the average glandular dose in standard images. Post-process pixel binning added to the 

interpretability of such low-dose images.  

 

Conclusion: This specimen study suggests that dose level of mammography images might be reduced 

substantially by general application of a W/Ag spectrum, particularly when combined with            

post-process noise reduction. Future studies should focus on the feasibility of this technique in 

clinical mammography. 
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Introduction 

 

Mammography is one of the most widely used diagnostic modalities, playing a major role in the 

detection of early breast cancer. The ever increasing demand for mammography, in a largely 

asymptomatic population, calls for optimisation of radiation dose in mammography.  

 

In digital mammography the image acquisition and processing can be customised, as exposure 

parameters and post-processing algorithms can be adjusted separately. As a result, digital 

mammography has the potential to obtain and optimise images with a low radiation dose level for 

specific purposes. Dosimetry studies carried out for digital mammography [1–3], suggest a possible 

50% dose reduction, as the radiologists’ performance in standard and dose reduced images did not 

differ significantly. All of these were experimental and performed with phantoms or manipulated 

mammography images. Although the effects of dose reduction on image quality parameters are well 

known, the balance between dose and perceived image quality is still unclear. 

 

The current digital mammography units are quantum noise limited for a very wide range of dose 

levels, including (very) low dose levels. With low signal and relatively high noise level the quality of 

low-dose images is restricted, due to a relatively low number of X-ray quanta, resulting in high 

quantum noise, in which the signal is difficult to detect. The use of a tungsten/silver (W/Ag) target-

filter combination increases the number of X-ray quanta reaching the detector, while the absorbed 

dose for the breast is similar. This reduces the amount of quantum noise and therefore increases the 

visibility of structures. Therefore, the use of a W/Ag spectrum might be particularly interesting in 

dose reduced imaging. The expected noise level in (very) low-dose images might be decreased 

further by post-process noise reduction techniques. There are previous studies that show potential 

for dose reduction with different beam qualities [4,5], but W/Ag images were not included in the 

evaluation.  

 

Most studies focus on generalised dose reduction in mammography, with consequent concerns 

about the potential loss of image quality and the resultant effect on diagnostic efficacy [1–3]. The 

aim of this pilot study is to investigate whether a differentiated approach could be feasible, such as 

dose reduction in specific views only. For that, we were looking for a threshold radiation dose 

applicable for single views that can add to mammography.  

 

To explore the potential of low-dose images we evaluated series of mastectomy specimen images 

with different exposure parameters and noise reduction settings. Because physical parameters 

poorly correlate with diagnostic efficacy [6], we choose subjective rating to assess image quality. By 

relative grading of perceived image quality an indication for a threshold level of radiation dose 

needed for acquiring mammographic images useful for diagnostics was determined.  
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Materials and methods 

 

Specimens 

 

From January to April 2010 we collected whole breast specimens of every mastectomy performed in 

the St Elisabeth hospital, Tilburg, the Netherlands. In this period we obtained seven specimens with 

diverse pathology; two stellate lesions, one mass with microcalcifications, and two clusters of 

microcalcifications. One specimen also contained a well-defined benign mass. Two specimens did not 

have any visible pathology. 

 

Image acquisition 

 

All images were acquired on a Lorad Selenia FFDM system (Hologic Inc. Danbury, CT) with 70-μm 

pixel size and 24x29 cm field of view. Dose series of all specimen started with a standard 

mammography image acquired under automatic exposure control (AEC) conditions. For every 

specimen the same X-ray spectrum selected by the AEC, target-filter combination (i.e. tungsten/ 

rhodium (W/Rh)) and tube voltage (kV) was used for the image series with incremental exposure 

values (mAs). These series contained images obtained with circa 5, 10, 15 and 20% of the mAs-value 

used with the AEC. For specimens with microcalcifications series were extended up until a 50% dose 

level. In case of visible pathology an additional image was acquired with 32kV tube voltage and the 

W/Ag target-filter combination with an exposure comparable to 5% of the AEC mAs-value. The 

fractions mentioned are approximations, as mAs-value selection was limited by a minimum value of 

3.8 and an interval scale. Incident air kerma (ESAK) values were measured. In addition, the average 

glandular dose was estimated based on a breast thickness of 4 cm (Table 6.1), in accordance with the 

average specimen compression thickness. 

 

Observer study 

 

Three screening radiologists, all experienced with digital mammography images, were involved in 

reading the low-dose series. Review was performed independently on a dedicated mammography 

workstation (SecurView DX, Hologic Inc., Danbury, CT) with customised software (MeVis Medical 

Solutions, Bremen, Germany) and two high-resolution 5-megapixel portrait monitors (Barco NV, 

Kortrijk, Belgium). Overall perceived image quality and appearance of suspicious lesions were 

assessed. The quality of the images was rated with the AEC dose image visible on the left screen, 

while displaying incremental low-dose images on the right screen. By instant comparison with the 

AEC dose image the (loss of) information in the low-dose image could be determined. This sort of 

relative grading of image quality was applied for three feature categories: fibroglandular tissue, mass 

(when present), and microcalcifications (when present). Per specimen the diagnostic quality of the 

images was scored as either acceptable or unacceptable in the presentation of these features. 

Additionally, the quality of the W/Ag image was indicated by a comparison with the first acceptable 

image of the Rh-series, using a nominal scoring scale (better / similar / worse). 
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Table 6.1: Exposure parameters of dose series images per specimen 
 

Specimen Target Filter 
Tube 

voltage (kV) 
Tube current 

(mAs) 
ESAK (mGy) AGD  (mGy) 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

26 
26 
26 
26 
26 

67.2 (100%) 
3.8 (5.7%) 

6.7 (10.0%) 
9.8 (14.6%) 

13.6 (20.2%) 

2.23 
0.13 
0.22 
0.33 
0.45 

0.71 
0.04 
0.07 
0.10 
0.14 

 

A 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

26 
26 
26 
26 
26 

71.3 (100%) 
3.8 (5.3%) 
6.7 (9.4%) 

9.8 (13.7%) 
13.6 (19.1%) 

2.37 
0.13 
0.22 
0.33 
0.45 

0.75 
0.04 
0.07 
0.10 
0.14 

 

B 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

 

tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

 

silver 

26 
26 
26 
26 
26 

 

32 

63.4 (100%) 
3.8 (6.0%) 
5.7 (9.0%) 

9.8 (15.5%) 
11.9 (18.8%) 

 

3.8 (6.0%) 

2.10 
0.13 
0.19 
0.33 
0.40 

 

0.28 (13.3%) 

0.67 
0.04 
0.06 
0.10 
0.13 

 

0.11 (16.4%) 

 

C 

 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

 

tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

 

silver 

26 
26 
26 
26 
26 
26 
26 
26 

 

32 

79.5 (100%) 
3.8 (4.8%) 
7.8 (9.8%) 

11.9 (15.0%) 
15.7 (19.7%) 
19.6 (24.7%) 
23.9 (30.1%) 
40.0 (50.3%) 

 

3.8 (4.8%) 

2.64 
0.13 
0.26 
0.40 
0.52 
0.65 
0.79 
1.33 

 

0.28 (10.6%) 

0.86 
0.04 
0.08 
0.13 
0.17 
0.21 
0.26 
0.43 

 

0.11 (12.8%) 

 

 

D 

 

 

 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

 

tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

 

silver 

27 
27 
27 
27 
27 

 

32 

85.3 (100%) 
3.8 (4.5%) 
7.8 (9.1%) 

13.6 (15.9%) 
17.8 (20.9%) 

 

3.8 (4.5%) 

3.22 
0.14 
0.29 
0.51 
0.67 

 

0.28 (8.7%) 

1.06 
0.05 
0.10 
0.17 
0.22 

 

0.11 (10.4%) 

 

E 

 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

 

tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

 

silver 

25 
25 
25 
25 
25 
25 
25 
25 

 

32 

55.1 (100%) 
3.8 (6.9%) 

5.7 (10.3%) 
7.8 (14.2%) 

11.9 (21.6%) 
15.7 (28.5%) 
21.7 (39.4%) 
27.5 (49.9%) 

 

3.8 (6.9%) 

1.58 
0.11 
0.16 
0.22 
0.34 
0.45 
0.62 
0.79 

 

0.28 (17.7%) 

0.49 
0.03 
0.05 
0.07 
0.11 
0.14 
0.19 
0.25 

 

0.11 (22.4%) 

 

 

F 

 

 

 

 

 

 tungsten 
tungsten 
tungsten 
tungsten 
tungsten 

 

tungsten 

rhodium 
rhodium 
rhodium 
rhodium 
rhodium 

 

silver 

25 
25 
25 
25 
25 

 

32 

75.5 (100%) 
3.8 (5.0%) 
6.7 (8.9%) 

11.9 (15.8%) 
15.7 (20.8%) 

 

3.8 (5.0%) 

2.16 
0.11 
0.19 
0.34 
0.45 

 

0.28 (13.0%) 

0.68 
0.03 
0.06 
0.11 
0.14 

 

0.11 (16.2%) 

 

G 
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Image processing 

 

The images acquired with parameters that appeared to be most suitable for low-dose imaging, as 

resulted from the observer study, underwent further processing. In an attempt to increase the 

perceptual image quality post-process noise reduction was applied. Hereto, we used a simple 

method, known as pixel binning, in which the signal in blocks of neighbouring pixels is combined 

(Figure 6.1). At the expense of detail information, binning can average out uncorrelated noise 

effectively, thereby increasing the visibility of all correlated elements in an image like breast 

structures. As (very) low-dose images should not be used for detail analysis the associated decrease 

in signal transfer at high frequencies is assumed to be less relevant. Binning was done manually, 

using image analysis software (ImageJ, version 1.38 for Windows; National Institutes of Health, 

Bethesda, MD, USA). Different kernels (2x2, 3x3, and 4x4) were tested. All binned images were read 

by a senior screening radiologist and a mammography physicist. They compared the binned series 

with the original low-dose image to subjectively determine the optimal binning settings. 

 

 
Figure 6.1: The effect of post-process pixel binning on the quality of low-dose images. A phantom image,      
with the same window/level, pre (left) and post (right) pixel binning. It is easily recognised that the low  
contrast artefact (encircled) is more clearly visible on the binned image due to the decreased noise level. 

 
 
 

Results 
 

The range of acceptable lowest dose levels of W/Rh images, as indicated by three radiologists, 

differed per specimen and feature (Table 6.2). We observed that for presentation of normal breast 

tissue the quality was acceptable when the image was acquired with 10-20% of the standard dose. 

Pathological masses could be presented acceptably at a 5-20% dose level. For adequate depiction of 

clustered microcalcifications a 20-40% dose fraction was required. 

 

The 5% images acquired with a W/Ag target-filter combination at 32kV resulted in an average 

glandular dose (AGD) of 0,1mGy. The diagnostic quality of the very low-dose Ag-images was 

perceived as at least as good as the ‘diagnostically acceptable’ image in the Rh-series. In two 

specimens (one with a stellate mass, one with microcalcifications) the Ag-images performed even 

better. They appeared to have the least loss of information, illustrated in Figure 6.2, with a more 

than reasonable diagnostic quality overall, even concerning microcalcifications (Figure 6.3). Optimal 

noise reduction was achieved by post-process pixel binning with a 3x3 kernel, resulting in 

improvement of perceived image quality and interpretability by expert opinion. 
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Table 6.2: Fraction (%) of AEC tube current with which the specific mammographic features (breast tissue (BT), 
mass (M) and microcalcifications (MCs)) were acceptably presented on a W/Rh image scored by 3 reviewers 
 

Specimen Feature Reviewer 1 Reviewer 2 Reviewer 3 

A 

 

Breast tissue 
Mass 
Microcalcifications 

15 
- 
- 

10 
- 
- 

15 
- 
- 

B 

 

Breast tissue 
Mass 
Microcalcifications 

20 
- 
- 

15 
- 
- 

20 
- 
- 

C 

 

Breast tissue 
Mass 
Microcalcifications 

20 
15 
- 

10 
5 
- 

15 
10 
- 

D 

 

Breast tissue 
Mass 
Microcalcifications 

20 
20 
25 

15 
20 
40 

20 
20 
40 

E 

 

Breast tissue 
Mass 
Microcalcifications 

15 
15 
- 

10 
20 
- 

15 
20 
- 

F 

 

Breast tissue 
Mass 
Microcalcifications 

15 
- 

25 

20 
- 

20 

20 
- 

25 

G 

 

Breast tissue 
Mass (not shown) 
Microcalcifications 

20 
10 
25 

15 
5 

25 

20 
15 
40 

 

 

Discussion 

 

Although the risk of radiation-induced breast cancer due to (screening) mammography is small [7,8], 

minimising radiation exposure should always be pursued, particularly as the vast majority of the 

population involved is relatively young and asymptomatic. 

 

This pilot study illustrates the potential of low-dose images in mammography. Using a W/Ag target-

filter combination for obtaining these images generates an image quality that is much better 

compared to W/Rh imaging, as selected by the AEC, at similar dose level. While in standard practice a 

W/Ag spectrum is advised to be used for thicker breasts only [9], it shows advantages in low-dose 

imaging irrespective of breast thickness, due to the more penetrating beams that compensate for the 

relative small amount of X-ray quanta. In this experimental setting the AGD could be reduced by 

approximately 78-90%, depending on breast composition and thickness. This suggests there is room 

for investigation of substantial dose reduction in clinical mammography images, without 

compromising considerably on diagnostic efficacy. 
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Figure 6.2: Difference in image quality using W/Ag or W/Rh in specimen imaging with similar 
AGD and window/level settings 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Standard AEC versus W/Ag low-dose specimen image with microcalcifications with 
same window/level settings 

 

 

 

 

 

 

 

 

 

 

 

This result differs from previous study findings that conservatively suggested a 50% dose reduction in 

mammography [1–3]. One factor might be the use of mastectomy specimens here as study substrate. 

A phantom, as used by Samei et al. [1], does not have the ligaments and glandular structures of a 

breast, thereby lacking the most prominent source of noise, i.e. anatomical noise [10]. Processing 

real mammograms, as performed in the study by Chawla et al. [2], has the drawback of noise level 

and pathology simulation, which might be an oversimplified reflection of image modifications seen at 

low doses. But more importantly, our study had a different purpose. Previous studies were focussed 

on generalised dose reduction in mammography, with consequent concerns about the potential loss 

of image quality and the resultant effect on diagnostic efficacy. In this study, we were looking for a 

threshold radiation dose level for single views primarily, in a way they can add to standard 

mammography views, for example in the screening programme. 

 

 

W/Ag 
 

32 kV 
4 mAs  

0,11 mGy 

 

W/Rh 
 

26 kV 
12 mAs  

0,13 mGy 
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When using a W/Rh target-filter combination we found that a higher dose level is needed for 

adequate depiction of clustered microcalcifications, compared to pathological densities. This finding 

is in accordance with previous observer performance study results [1,11]. However, with the use of a 

higher energy X-ray spectrum obtained with a W/Ag combination, depiction of microcalcifications 

improved, due to the increase in detector dose level and associated lower quantum noise level. 

 

Pixel binning improves the interpretability of the images by reducing uncorrelated noise; a technique 

that has already been applied in processing low-dose images of breast tomosynthesis systems [12].  

It has specific potential in low-dose imaging, as for low-dose images the inevitable effect of reduced 

signal transfer at high frequencies, impairing detail analysis, is relatively small.  

 

As the increased noise level in low-dose imaging, especially in combination with noise reduction, 

might conceal subtle structures, such as microcalcifications, we believe substantial dose reduction 

should not be used in all mammography projections. However, these low-dose images may be 

helpful as additional views, without a substantial increase in the absorbed radiation dose. With 

standard images available for detection, additional low-dose images can be useful for differentiation, 

for example to distinguish suspect lesions from summation artefacts (superimposition of normal 

structures). This might be true for screening mammography in particular, where recall rates are 

increasing after the introduction of digital mammography. As a consequence of the high contrast 

resolution detection increased, but pseudo lesions were often seen and recalled as well [13]. With 

additional projections this may be intercepted, thereby reducing false positive recalls [14]. Moreover, 

as an extra view, it is expected to contribute to the early detection of breast cancer [15,16]. Finally, 

low-dose mammography images could be applied in post-interventional mammography [17], such as 

marker or wire verification, or in high frequency surveillance. 

 

This pilot study has some limitations. First of all, the set of specimen is small, which makes it difficult 

to draw hard conclusions. Furthermore, it encompasses a subjective study. Nevertheless, it 

demonstrates the potential of low-dose images obtained with certain parameters that gives us a tool 

for future research. The use of mastectomy specimens can be an advantage over other study 

substrates, but it will not be equivalent to mammography practice. Therefore, it is uncertain to what 

degree the results generalise; a shortcoming that is inherent to an experimental study setup.  

 

 

Conclusion 

 

In the digital era, low-dose mammographic views may have great potential in screening and 

diagnostic imaging practices. The observations of this pilot study suggest that application of a W/Ag 

spectrum for low-dose imaging permits a substantial reduction of the AGD in single digital 

mammographic images, particularly when combined with post-process noise reduction. These results 

encouraged us to start a clinical study focussed on the potential for dose reduction in specific 

mammography views as a feasibility test in mammography practice. 
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Abstract 

 

Purpose: To estimate the potential of low-dose images in digital mammography by analysing the 

effect of substantial dose reduction in CC views on clinical performance.  

 

Materials and methods: At routine mammography additional CC views were obtained with about 

10% of the standard dose. Five radiologists retrospectively read the standard (MLO + CC) and 

combination low-dose mammograms (standard MLO + low-dose CC). If present, lesion type, 

conspicuity, and suggested work-up were recorded. Final diagnoses were made by histology or 

follow-up. A t-test or Chi-square test was used to compare results. 

 

Results: 421 cases were included, presenting 5 malignancies, 66 benign lesions and multiple non-

specific radiologic features. Using MLO with low-dose CC all lesions were detected by at least one 

reader, but altogether less often compared to standard mammography (sensitivity 73.9% versus 

81.5%). Missed lesions concerned all types. Lesions detected with both protocols were described 

similarly (p=0.084) with comparable work-up recommendations (p=0.658).  

 

Conclusion: Mammography with ultra-low-dose CC images influences detection particularly. While 

sensitivity decreased, specificity was unaffected. In this proof-of-concept study a lower limit was to 

be determined, that is not intended nor applicable for clinical practice. This should facilitate further 

research in optimisation of a low-dose approach, that has potential in a relatively young and largely 

asymptomatic population. 
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Introduction 

 

Mammography is the most widely used modality in breast imaging. An increasing number of women 

throughout the world undergo mammography frequently, either in the diagnostic or screening 

setting. With the growing incidence of breast cancer, and the decreasing age of onset, the demand 

for mammography, particularly in the younger population, is still rising. Also, a considerable number 

of high-risk women is identified and advised to have annual mammograms, as part of a multimodality 

approach, preceding regular screening. With this development, in a relatively young and largely 

asymptomatic population, every opportunity to lower radiation dose in mammography should be 

investigated.  

 

Standard mammography is gradually being extended to tomosynthesis. When used with synthetic 2D 

mammography the mean radiation dose might be comparable to standard mammography [1], but 

lower doses are not to be expected. Moreover, implementation of a new technology, in screening 

and diagnostic imaging practices, takes both time and money. It is therefore that in low-income 

countries and countries in transition 2D mammography will continue to play a significant role for 

many years. Hence, on-going research in radiation protection in this field is of undiminished 

importance. 

 

Since the digitisation of radiology, low-dose imaging is receiving increased attention. In digital 

mammography radiation dose can be easily adapted. Due to image processing the unfavourable 

effect of dose reduction on image quality can be compensated for to a certain level. This has the 

potential to decrease dose level with different X-ray spectra without impairing lesion detectability. 

Mammography studies on dosimetry suggested that the radiologists’ performance in detecting 

abnormalities with standard radiation dose images and markedly dose reduced images (33-55%) 

does not differ significantly [2–4]. 

 

These results motivated us to perform a small scale study on breast specimen with the objective to 

determine a threshold dose level for single views. The results of this experimental study show that 

application of a W/Ag beam quality for low-dose imaging permits a substantial reduction of the 

average glandular dose (AGD), possibly up to 90%, in single digital mammographic images, 

irrespective of breast thickness, particularly in combination with post-process noise reduction [5].  

 

In the current study the potential of these low-dose images in a clinical setting was assessed. Physical 

image quality is not synonymous to perceived image quality or the clinical value of an image. The 

current information on this aspect of mammography is mainly based on phantom studies. As 

degradation of clinical performance caused by dose reduction is inacceptable, mammography 

systems use radiation dose levels that are set on the safe side. However, it is unclear at what point 

dose reduction starts to influence clinical performance negatively. To find information on this 

crossover point where dose reduction meets performance degradation, we set up this clinical 

observer study that evaluates the potential of low-dose imaging in digital mammography by 

analysing the effect of substantial dose reduction in CC views on clinical performance.  

 

 



82 | Chapter 7 
 

We considered the CC view to be the most suitable candidate for this trial. As, in general, the CC view 

is most valuable for differentiation, for example to distinguish suspect lesions from summation 

artefacts that concern as many as 83% of the 1-view only lesions [6], but much less so for detection, 

particularly when microcalcifications are concerned [7]. 

 

To determine the lower limit in dose reduction we obtained additional images with an extremely low 

radiation dose. These images are meant to be compared with regular images and are not intended to 

set a baseline for clinical practice. Instead, this proof-of-concept study is intended to pave the way 

for further research. With data on both ends of the spectrum, intermediate dose levels can be 

simulated, generating a potential clinical alternative for the current protocols under specific 

circumstances. With this, we aim to do evidence based and justified assessments of pragmatic dose 

reduction in mammography in the future. To our knowledge, this is the first clinical study dedicated 

to dose reduction in digital mammography. 

 

 

Materials and methods 

 

Setting 

 

This observer performance study was approved by the institutional Medical Ethics Committee. All 

examinations were performed at the St. Elisabeth hospital in Tilburg, the Netherlands, with accepted 

protocols, including signed informed consent by the participants. In a single visit a scheduled clinical 

mammography was complemented by the acquisition of a low-dose CC view of each breast. The 

standard digital mammography images used for this study were acquired for diagnostic purposes, 

followed by an additional low-dose CC view of each breast for research purposes only. A paired study 

design was used, with each woman serving as her own control, by creating two sets of examinations 

per case for image interpretation (i.e. standard MLO with standard CC, and a combination protocol of 

standard MLO with low-dose CC).  

 

Study population 

 

During the study period, from 1 October 2010 to 1 May 2011, every woman having mammography 

scheduled in our hospital was invited to participate, irrespective of medical complaints or history. 

Informed consent was the only prerequisite. As this needs time, women with an urgent request for 

mammography could not be included in the study. In total 438 women participated. The procedure 

had to be ceased four times because of perceived pain during (extended) compression. Seven cases 

were disqualified, because of incorrect parameter settings (2), incompleteness (2), and system errors 

(3). For the reviewing process the images were uploaded on a dedicated mammography workstation, 

which failed 6 times because of technical reasons. The remaining 421 women were enrolled in the 

observer study. The mean age was 52.7 years (range 27-84). In 267 women medical history was 

unremarkable, 14 had underwent (excision) biopsy, 11 cosmetic surgery, 59 breast conserving 

therapy and 70 breast amputation. The reason for current mammography, according to the physician 

request form, was diverse. Most requests related to surveillance (262) or follow-up (78). Other 

indications included: pain (32), palpable lump (39), nipple discharge (8) and nipple retraction (2). 
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Image acquisition and processing 

 

All images were acquired on a Lorad Selenia FFDM system (Hologic Inc. Danbury, CT) with 70-μm 

pixel size and 24x29 cm field of view. Standard mammography images were acquired under 

automatic exposure control (AEC) conditions. The acquisition of a standard CC view was directly 

followed by a low-dose image of the compressed breast, to create a similar pair. Based on previous 

study results [5] low-dose images were acquired with a tungsten/silver (W/Ag) target-filter 

combination at 35kV and a tube current of 4, 5 or 8 mAs, depending on breast thickness. Doses, 

calculated based on the model by Dance [8], were read from the DICOM header. Post-process noise 

reduction was applied to these raw images by 3x3 pixel binning implemented in a home-made 

algorithm using a Gaussian kernel. 

 

Image interpretation 

 

Each case consisted of 6 images out of which two mammography examinations were created: one 

standard dose protocol (SDP) and one combination low-dose protocol (LDP) with a standard MLO 

and ultra-low-dose CC. These were separated into two sets and randomised in order to offer a mix of 

standard and combination low-dose examinations per reading session (Figure 7.1). To overcome 

memory bias, at least 6 weeks had passed before the complementary set was offered for reading.  

 

A team of five experienced (screening) radiologists, reading an average 8,500 screens per year apart 

from their clinical practice, was involved in reading the anonymised image sets. They had worked 

with digital mammography for at least 2 years, before the start of the study. Review was performed 

independently; hence, every set was read five times in total, without knowledge of other readers’ 

results. Images were viewed on a dedicated mammography workstation (SecurView DX, Hologic Inc., 

Danbury, CT) with customised software (MeVis Medical Solutions, Bremen, Germany) and two high-

resolution 5-megapixel portrait monitors (Barco NV, Kortrijk, Belgium). The setting of our 

retrospective reading study design was aimed to resemble the clinical setting. Therefore, relevant 

data such as age, and reason for the examination, were presented. Moreover, observers were free to 

use all the available options of the digital viewing system. Prior mammograms, however, were left 

out, as these could contain information that might influence the study outcome. 

 

All examinations were read as regular clinical mammograms with detection of pathology as the major 

outcome parameter. To this end, readers were instructed to report all (probable) lesions, including 

benign lesions. Breast density was scored according to the ACR BI-RADS classification. In case of 

perceived pathology, localisation and type of lesion (well-defined mass, less / ill-defined mass with or 

without microcalcifications, spiculated mass with or without microcalcifications, microcalcifications 

only, distortion, asymmetry, and post-operative changes) were recorded. For a more sophisticated 

evaluation, rather than using the BI-RADS classification, the level of suspicion was indicated on a      

0-100 Visual Analogue Scale (VAS), where 0 is not suspicious for malignancy and 100 is undoubtedly 

malignant. Also, a recommendation was given regarding the need for further imaging (no further 

imaging needed, additional mammography projection, ultrasound assessment, or other). In case of 

multiple lesions, readers were asked to describe the most conspicuous only.  
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Figure 7.1: Reading setup with 421 cases resulting in 4,210 case readings 

 

   
 

 

Further diagnostic work-up was not performed or interpreted by any of the readers. Final diagnoses, 

by biopsy or imaging only, were recorded after a follow-up period of one year. This allowed us to 

distinguish true and false positive feature reports, i.e. true lesions –features with a pathologic 

substrate– and non-true, or pseudo, lesions. 

 

Variables representing practical outcome measures, such as reading time, were not addressed. 

Reading conditions were, however, similar to daily practice. 

 

Analysis 

 

Sets were compared for diagnostic performance and clinical benefit. Thereto, we compared the SDP 

and LDP with respect to lesion detection and lesion interpretation (type, conspicuity, and possible 

further imaging).  

 

We chose to compare the total amount of lesions reported with each protocol to point out the 

information that might be missed when using (very) low-dose CC imaging. We regarded the clinical 

work up (and one year follow-up) as a surrogate gold standard to determine a proxy variable for 

sensitivity, specificity and diagnostic accuracy only to allow comparison of both protocols. 

Concordant cases (where a feature has been reported in both protocols of one case) and discordant 

cases (where a feature has been reported in only one of the case protocols) have been evaluated 

separately. Furthermore, results were stratified by reader. 
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For data management and analysis SPSS version 16.0 for windows (SPSS Inc., Chicago, IL) was used. 

Descriptive statistics were applied to explore the radiologic and pathologic characteristics of the 

lesions. Means were compared with a paired sample t-test. For categorical variables the Pearson  

Chi-square test was used. A p-value equal to or less than 0.05 was considered indicative of a 

statistically significant difference.  

 

 

Results 

 

The average glandular dose of mammography images depends on breast volume and composition. In 

this study the standard CC images were obtained with an AGD ranging from 0.71 to 4.24 mGy. For 

the acquisition of the low-dose images 0.05 to 0.24 mGy was used. This was an average dose fraction 

of 10.4% of the AEC dose (sd 3.48), meaning an average decrease in radiation dose of 89.6%. Doses 

were similar for both breasts with mean breast thicknesses of 54.9mm (sd 12.79) and 55.6mm         

(sd 12.77) of the right and left breast respectively. 

 

Table 7.1 shows that significantly less mammographic features were reported in the LDP group          

(p=0.020). In 357 (84.8%) of the SDP examinations a feature was reported by at least one of the 

readers, while this was true for 331 (78.6%) of the LDP examinations. 

 
Table 7.1: Overall performance – Standard (SDP) versus combination low-dose (LDP) mammography 

 SDP LDP p value 

 

All cases 

Cases with reported features (n (%)) 

 

 

Total number of features reported (n (%)) 

- ACR BI-RADS density type 1 

- ACR BI-RADS density type 2 

- ACR BI-RADS density type 3 

- ACR BI-RADS density type 4 

 

421 

357 (84.8) 

 

2,105 

988 (46.9) 

392 (39.7) 

288 (29.1) 

233 (23.6) 

75 (7.6) 

 

421 

331 (78.6) 

 

2,105 

887 (42.1) 

357 (40.2) 

252 (28.4) 

222 (25.0) 

56 (6.3) 

 

 

0.020 (χ
2
) 

 

 

0.002 (χ
2
) 

 

 

 

0.279 

 

Mean suspicion level 0-100 (n (sd)) 

- ACR BI-RADS density type 1 

- ACR BI-RADS density type 2 

- ACR BI-RADS density type 3 

- ACR BI-RADS density type 4 

 

Work-up (n (%)) 

- ACR BI-RADS density type 1 

- ACR BI-RADS density type 2 

- ACR BI-RADS density type 3 

- ACR BI-RADS density type 4 

 

11.8 (17.7) 

11.9 

9.5 

13.6 

14.6 

 

608 (61.5) 

230 (37.8) 

177 (29.1) 

155 (25.5) 

46 (7.6) 

 

10.8 (16.5) 

10.7 

8.9 

12.4 

13.9 

 

537 (60.5) 

188 (35.0) 

154 (28.7) 

156 (29.1) 

39 (7.3) 

 

0.084 (t-test) 

0.332 

0.528 

0.505 

0.851 

 

0.658 (χ
2
) 
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Per protocol 2,105 (5x421) case readings have been performed. In SDP examinations 988 (46.9%) 

noteworthy features were reported, and in LDP exams 887 (42.1%; p=0.002). For all features that 

have been described the mean level of suspicion (p=0.084) and work-up (p=0.658) did not differ 

significantly for both protocols. Also, distribution of lesion detection and interpretability throughout 

the density spectrum was similar. 

 

True lesions were diagnosed, by biopsy or (additional) imaging only, in 66 cases (15.7%). These 

included 61 benign lesions (7x adenosis/sclerosis, 7x fibrocystic changes, 19x cyst, 9x fibroadenoma 

and 19x other), and 5 malignancies (2x DCIS, 2x invasive ductal carcinoma, 1x tubular carcinoma). 

Pseudo lesions related to ectopic fibroglandular tissue, intramammary lymph nodes, post-operative 

architectural changes or summation artefacts. 

 

Significantly more lesions were reported in the SDP group (Table 7.2). However, in either group all 

lesions were detected by at least one of the readers, and malignancies by at least two (Figure 7.2). If 

detected, mean suspicion level (p=0.228 all lesions; p=0.098 malignancies only) and work-up 

(p=0.578 all lesions; p=0.851 malignancies only) were comparable for both protocols. Overall the 

unreported lesions were evenly distributed among all lesion types, i.e. a specific type of lesion that is 

prone to be missed with the LDP could not be identified. 

 
Table 7.2: Diagnostic performance - Standard (SDP) versus combination low-dose (LDP) mammography in all 
true lesions including malignancies and malignant lesions only 

 
SDP LDP p value 

 

All case readings 
 

All true lesions (n) 

 

2,105 
 

330 

 

2,105 
 

330 

 

 

 

  Detected (n (%)) 269 (81.5) 244 (73.9) 0.019 (χ
2
) 

  Mean suspicion level (n (sd)) 21.8 (25.7) 19.1 (23.7) 0.228 (t-test) 

  Work-up (n (%)) 213 (79.2) 198 (81.1) 0.578 (χ
2
) 

 

Malignant lesions (n) 
 

25 
 

25 
 

 

  Detected (n (%)) 22 (88.0) 17 (68.0) <0.001 (χ
2
) 

  Mean suspicion level (n (sd)) 66.0 (29.4) 56.5 (36.4) 0.098 (t-test) 

  Work-up (n (%)) 21 (95.5) 16 (94.1) 0.851 (χ
2
) 

 

 

As more lesions were detected with the SDP the sensitivity was higher (81.5%) compared with that of 

the LDP (73.9%). Specificity on the other hand was higher with the use of the LDP (63.8% versus 

59.3%), resulting in a slightly better diagnostic accuracy (65.4% versus 62.6%).  

 

Discordant cases were seen in both groups, with 10.0% (n=210) of the features reported on the SDP 

mammogram only, and 5.2% (n=109) reported only on the LDP mammogram. The overall distribution 

of feature types that have been reported in one of both sets only was similar, mostly concerning 

features from the category ‘other’, such as architectural distortion and asymmetry.  
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Figure 7.2: Depiction and detection of malignancies in SDP (left column) and LDP (right column).  

In brackets the amount of observers out of 5 that reported the lesion. 
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Well-defined masses were reported more often with the use of the LDP (p=0.405). In the SDP group 

more spiculate masses (p=0.395) and clustered microcalcifications (p=0.393) were seen. However, 

none of these differences was statistically significant. 

 

In concordant cases additional imaging was requested in approximately 60% of the lesions reported, 

irrespective of mammography protocol (Table 7.3). However, the suggested imaging modality 

showed intra- and inter-observer differences. In about 30% of cases the suggested work-up plan was 

different for both protocols. Overall, when using the LDP, supplementary mammography projections 

were significantly more often requested as the first step in additional imaging. 

 
Table 7.3: Work-up - Standard (SDP) vs combination low-dose (LDP) mammography in concordant cases (n (%)) 

All reviewers SDP LDP p value (χ
2
) 

 

All reported features 

Concordant case readings 

 

- No additional exams 
-  

- Additional exams 

-  - additional views  

-  - ultrasound  

-  - stereotactic biopsy 

-  - other  

 

988 

778 

 

293 (37.7) 
 

485 (62.3) 

148 

269 

27 

41 

 

887 

778 

 

305 (39.2) 
 

473 (60.8) 

180 

232 

18 

43 

 

 

 

 

 
 

0.532 

0.014 

 

 

 

Discussion 

 

Incremental dose reduction, or adding noise otherwise, is presumed to cause loss of relevant 

information in clinical decision making. But, to our knowledge, in clinical DM its extent has never 

been objectified. In this study we compared two similar sets of mammograms with dose level of the 

CC view as the only variable. It is the first study to evaluate the loss of information, and with it lesion 

detectability, in the low end of the X-ray spectrum by observing its impact on clinical performance. 

 

Similar to a previous experimental study [2], we found a marked reduction in mammographic 

sensitivity with the reduced dose protocol compared to the standard examination. We did not 

observe a significant effect of dose reduction on other test characteristics, like specificity and 

accuracy. While performance of individual observers varied, all showed similar trends. The observed 

73.9% sensitivity of LDP mammography seems comparable with clinical SFM [9,10], but the 

sensitivity as determined in this study, including detection of benign pathology, makes it hard to 

compare these results directly. In general, a relatively low sensitivity was observed. This might be 

due to the relatively large share (20%) of women included in the study who previously underwent 

breast conserving procedures, as this is known to have a significant impact on the sensitivity of 

mammography [11,12]. Yet, all lesions were reported by at least one of the observers using the LDP. 

 

[2/5] 
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This suggests that, although lesions might have been more concealed, the information needed to 

detect a lesion was still available. The overall specificity was rather low. To some extent this is 

inherent to the clinical setting, where additional imaging is easily accessible. Moreover, for this study 

observers were encouraged to report all (possibly) aberrant features, which might have lowered the 

threshold for requesting further imaging even more. As these were constant factors it is not 

expected to have had an impact on specificity comparison. 

 

We found that lesion characterisation by the radiologists was comparable for both mammography 

protocols. Therefore, image interpretability did not seem to be affected by the dose reduction in this 

setting. As a consequence, for a similar fraction of cases additional work-up was requested. While 

the decision on whether or not to perform diagnostic work-up did not depend on the imaging 

protocol that was used, the LDP led to significantly more requests for additional mammography 

projections before another modality, such as ultrasound, was recommended. This suggests that a 

certain loss of information has been perceived by the observers when reading these mammograms. 

When these images appear to be inconclusive, they might require additional mammographic imaging 

that would cancel out the advantages of low-dose imaging. This should be kept in mind when 

planning future studies on this topic. 

 

Several studies have been published that evaluated the effect of dose reduction upon detection of 

mammographic lesions in digital images [2,13]. As increased noise associated with dose reduction 

mostly affects the high-frequency features, they found the detection of microcalcifications to be 

impaired most. In contrast to these studies, we did not observe an effect in detection of a particular 

lesion type, while the loss of information was equal across the lesion spectrum. We assume this to be 

the effect of the availability of the standard MLO view in our study. Also, the use of a higher energy 

spectrum obtained with a W/Ag combination, and post-process pixel binning are expected to have 

contributed to the depiction of microcalcifications in the low-dose images. 

 

The added value of a CC view in mammography is beyond dispute. Our study underlines this by the 

fact that compromising on the image quality of a CC view already results in a decrease in the 

accuracy of mammography. It does, however, not seem likely that most of the image information in 

the combined protocol came from the MLO view only. In that case, we would expect to have seen a 

stronger decrease in the detection of less and ill-defined lesions, as in one-view mammography 

irregular masses are the type of lesions that are most at risk of being missed [14,15]. 

 

Our study has some limitations. In the first place, it should be noted that this study was performed 

on one type of mammography system, with its specific acquisition, processing and display. It is, 

therefore, unclear how these results translate to other systems. This should be kept in mind when 

further research is being considered. Secondly, the low-dose images were acquired using an existing 

imaging processing algorithm, that was not optimised for the selected exposure parameters. In the 

future we are planning to investigate possible improvements based on the raw data. This also applies 

to optimisation of the detector. Thirdly, it was not possible to obtain images at a very low level of 

radiation in automatic exposure control mode. Alternatively, tube currents had to be entered 

manually. For this purpose, an application scheme for mAs-values was designed depending on 

compression thickness. Compared to AEC this method is suboptimal, mostly because it did not 

comprise breast composition. This resulted in relatively large differences in received dose fractions. 
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In the fourth place, one of the observers recorded 5 times more mammographic features than the 

other four. The discrepancy was due to excessive scores of ‘asymmetry’ and a consequent high 

amount of follow-up procedures, particularly additional mammography images. We cannot explain 

this deviant scoring behaviour otherwise than diligence, since every observer was instructed before 

the study started, and during the reading sessions an instruction booklet, as well as telephone 

support, was available. Despite the difference in numbers, all observers showed a similar trend. As 

including or excluding the data from this reviewer did not show significant differences in the results, 

we felt reassured that aggregation of data would not compromise the validity of our study. Finally, 

the relative lack of pathologic cases can be regarded as a drawback. Although the study cohort 

represents clinical practice well, it offers only a small percentage of current pathology. Therefore, 

performance parameters, as sensitivity and specificity, were based on the detection of pathology in 

general, and not on cancer detection. Furthermore, analysis of missed carcinomas, was not 

substantial. Cases of particular interest, however, such as cancers that are only visible on the CC 

view, comprising approximately 8% of the cancers missed on the MLO view [15], would have added 

value to this evaluation. Further research might want to focus on this by using an enriched study 

sample. 

 

This baseline study was set up with ultra-low-dose images trying to avoid an indeterminate outcome 

as much as possible. It was not our goal to investigate whether a policy with CC views with a mean 

dose of 10% of the standard dose is feasible, but rather to determine the loss of information in a 

clinical setting. With this study we created a data set, with clinical images at both ends of the dose 

spectrum, from which point we can validate and compare simulated lower dose images by 

introducing noise. Herewith, a dose level feasible for additional mammography images for future 

research can be determined. Also, it generates the opportunity to analyse the discordant cases in 

detail in specific dose level steps. We expect that after further optimisation additional low-dose 

images in mammography can have a role in the clinical as well as the screening setting. 

 

 

Conclusion 

 

This study was designed to validate clinical aspects of low-dose imaging, in contrast to phantom and 

modelling studies, by comparing two similar sets of mammograms with a difference in CC dose level 

only. Obtaining images with ultra-low radiation doses (circa 10% of the AEC dose) caused, as we 

expected, a shift of the detectability threshold. Nevertheless, the images obtained with such a low 

dose fraction generally appeared to be of clinical value in combination with standard images. Results 

were not specifically affected by breast density, suggesting that further research in the younger 

population, for whom radiation protection is most relevant, might be worthwhile. 

 

In this proof-of-concept study we tried to identify a lower limit, that is not intended nor applicable 

for clinical practice. Future research with higher dose images, to be simulated on the basis of these 

data, will help us identify the dose level for additional images where the sensitivity of the 

examination is no longer affected. This knowledge may effectuate substantial dose reduction in 

digital mammography under specific circumstances, being of great value in controlling the radiation 

burden in a relatively young and largely asymptomatic population. 
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A baseline is set for further research in optimisation of low-dose images in digital mammography 

before this imaging approach can find its way in the clinical environment. Herewith, it is also 

important that manufacturers make low-dose imaging more easily accessible with the 

implementation of dedicated low-dose protocols. 

 

 

Conflicts of interest 

We declare that we have no relevant conflicts of interest.  

 

Funding 

The study was funded by NutsOhra (project number: 1002-054).  

 

Acknowledgments 

We would like to thank the observers who dedicated their time to read all the mammograms.  

Special thanks go to the women who volunteered to participate in this trial.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 | Chapter 7 
 

References 

 

1. Skaane P, Bandos AI, Eben EB, Jebsen IN, Krager M, Haakenaasen U, Ekseth U, Izadi M, Hofvind S, Gullien 
R. Two-view digital breast tomosynthesis screening with synthetically reconstructed projection images: 
comparison with digital breast tomosynthesis with full-field digital mammographic images. Radiology 
2014; 271(3):655–663. 

2. Samei E, Saunders RS jr, Baker JA, Delong DM. Digital mammography: effects of a reduced radiation dose 
on diagnostic performance. Radiology 2007; 243:396–404. 

3. Chawla AS, Samei E, Saunders R, Abbey C, Delong D. Effect of dose reduction on the detection of 
mammographic lesions: a mathematical observer model analysis. Med Phys 2007; 34:3385–3398. 

4. Svahn T, Hemdal B, Ruschin M, Chakraborty DP, Andersson I, Tingberg A, Mattsson S. Dose reduction and 
its influence on diagnostic accuracy and radiation risk in digital mammography: an observer performance 
study using an anthropomorfic breast phantom. Brit J Radiol 2007; 80:557–562. 

5. Bluekens AMJ, van Engen RE, Karssemeijer N, Schuur KH, Broeders MJM, den Heeten GJ. Alternative 
exposure parameters and post-process noise reduction expect considerable dose reduction in single 
mammography views – Initial experience on mastectomy specimens. Advances in Breast Cancer Research 
2013; 2(3):91–96. 

6. Sickles EA. Findings at mammographic screening on only one standard projection: outcomes analysis. 
Radiology 1998; 208(2):471–475. 

7. van Breest Smallenburg V, Duijm LEM, den Heeten GJ, Groenewoud JH, Jansen FH, Fracheboud J, Plaisier 
ML, van Doorne-Nagtegaal HJ, Broeders MJ. Two-view versus single-view mammography at subsequent 
screening in a region of the Dutch breast screening programme. Eur J Radiol 2012; 81(9):2189–2194. 

8. Dance DR, Young KC, van Engen RE. Further factors for the estimation of mean glandular dose using the 
United Kingdom, European and IAEA breast dosimetry protocols. Phys Med Biol 2009; 54(14):4361–4372. 

9. Jackson SL, Taplin SH, Sickles EA, Abraham L, Barlow WE, Carney PA, Geller B, Berns EA, Cutter GR, Elmore 
JG. Variability of interpretive accuracy among diagnostic mammography facilities. J Natl Cancer Inst 2009; 
101(11):814–827. 

10. Jensen A, Vejborg I, Severinsen N, Nielsen S, Rank F, Mikkelsen GJ, Hilden J, Vistisen D, Dyreborg U, Lynge 
E. Performance of clinical mammography: a nationwide study from Denmark. Int J Cancer 2006; 
119(1):183–191.  

11. van Breest Smallenburg V, Duijm LE, Voogd AC, Jansen FH, Louwman MW. Mammographic changes 
resulting from benign breast surgery impair breast cancer detection at screening mammography. Eur J 
Cancer 2012; 48(14):2097–2103. 

12. Taplin SH, Abraham L, Geller BM, Yankaskas BC, Buist DS, Smith-Bindman R, Lehman C, Weaver D, Carney 
PA, Barlow WE. Effect of previous benign breast biopsy on the interpretive performance of subsequent 
screening mammography. J Natl Cancer Inst 2010; 102(14):1040–1051. 

13. Ruschin M, Timberg P, Båth M, Hemdal B, Svahn T, Saunders RS, Samei E, Andersson I, Mattsson S, 
Chakrabort DP, Tingber A. Dose dependence of mass and microcalcification detection in digital 
mammography: free response human observer studies. Med Phys 2007; 34(2):400–407. 

14. Given-Wilson RM, Blanks RG. Incident screening cancers detected with a second mammographic view: 
pathological and radiological features. Clin Radiol 1999; 54(11):724–735. 

15. Hackshaw AK, Wald NJ, Michell MJ, Field S, Wilson AR. An investigation into why two-view mammography 
is better than one-view in breast cancer screening. Clin Radiol 2000; 55(6):454–458. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/24484063
http://www.ncbi.nlm.nih.gov/pubmed/24484063
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=33919
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=33919
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=33919
http://www.ncbi.nlm.nih.gov/pubmed/9680578
http://www.ncbi.nlm.nih.gov/pubmed/19550001
http://www.ncbi.nlm.nih.gov/pubmed/19550001
http://www.ncbi.nlm.nih.gov/pubmed/19470953
http://www.ncbi.nlm.nih.gov/pubmed/16450388
http://www.ncbi.nlm.nih.gov/pubmed/22513229
http://www.ncbi.nlm.nih.gov/pubmed/22513229
http://www.ncbi.nlm.nih.gov/pubmed/20601590
http://www.ncbi.nlm.nih.gov/pubmed/20601590
http://www.ncbi.nlm.nih.gov/pubmed/17388156
http://www.ncbi.nlm.nih.gov/pubmed/17388156
http://www.ncbi.nlm.nih.gov/pubmed?term=Given-Wilson%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=10580762
http://www.ncbi.nlm.nih.gov/pubmed?term=Blanks%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=10580762
http://www.ncbi.nlm.nih.gov/pubmed?term=given%20wilson%20radiological%20and%20pathological%20features
http://www.ncbi.nlm.nih.gov/pubmed?term=Hackshaw%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=10873691
http://www.ncbi.nlm.nih.gov/pubmed?term=Wald%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=10873691
http://www.ncbi.nlm.nih.gov/pubmed?term=Michell%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=10873691
http://www.ncbi.nlm.nih.gov/pubmed?term=Field%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10873691
http://www.ncbi.nlm.nih.gov/pubmed?term=Wilson%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=10873691
http://www.ncbi.nlm.nih.gov/pubmed?term=two-view%20hackshaw


Low-dose images in digital mammography ─ a clinical proof-of-concept study | 93 
 

 

 

 

 
 

 

 

  

 

 

 



94 | Chapter 8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General discussion | 95 
 

Chapter 8 

 

General discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 | Chapter 8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General discussion | 97 
 

Digital mammography replaces screen-film mammography 

 

Digitisation of mammography was inevitable. With all other imaging modalities in radiology being 

digitised and conventional mammography being ready to phase out, there was a call for rapid 

development of some form of digital mammography (DM). In the search for an at least equally 

performing successor to screen-film mammography (SFM), manufacturers chose between computed 

radiography (CR) and full-field digital radiography (DR) and independently developed their detectors 

and algorithms. This caused DM to be already in use before different systems (CR and DR) and 

acquisition methods were evaluated and compared. In 2000 General Electric’s Senographe 2000D 

was the first DM system to be approved by the FDA, but before that it was already in use in Europe 

and Canada. Besides, at least four companies –GE, Fischer Imaging Corp., Trex Medical Corp., and 

Fuji– had prototype digital systems running in clinical trials [1]. 

 

Only later performance studies indicated that DM was at least as good as screen-film mammography 

[2,3]. Also, performance of different DM systems was compared in large studies, demonstrating that, 

in general, CR is inferior to DR in (screening) mammography. Some CR systems even showed 

detection rates that are lower than those of conventional mammography [4,5]. And although both 

digital systems were certified and approved for clinical use by regulatory bodies, CR mammography 

has today become obsolete in the Netherlands, where only DR systems are operational in screening 

centres and hospitals. 

 

With the introduction of digital systems, mammography has made a step forward. The digital 

environment created a more efficient mammography practice by facilitating image acquisition, 

presentation, storage and retrieval. On the other hand though, interpretation time seemed to 

increase initially [6,7]. Obviously, digitisation also had a vast impact on perceived image quality. 

Furthermore, the ability to optimise contrast locally improved the interpretability, particularly in 

dense breasts [3].  

 

But there is more to digital imaging. The separate adjustment of acquisition parameters and post-

processing algorithms introduced tailored imaging. This is best demonstrated by the differences in 

image presentation that are encountered with different manufacturers. Possibilities are endless and 

consensus will probably never be reached on which processing is best for digital mammograms, not 

in the least since these algorithms are proprietary and a unique selling point for a specific vendor.  

 

Still, digital mammography offers plenty of scope for further development, like tomosynthesis and 

new types of image detectors. But it will take many years before their real value will become 

apparent. In this thesis, some current opportunities and challenges have been addressed. 
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Digital mammography in screening: Current status and future directions 

 

Population-based breast cancer screening 

 

Currently more than 1 in 7 Dutch women will develop breast cancer during their life [8]. But the 

incidence is still growing. In the last ten years (2001-2011) the number of women diagnosed with 

breast cancer in the Netherlands each year has increased by more than 25% [9]. With the peak in 

breast cancer incidence not yet in sight the number of prevalent cases will continue to increase 

considerably in the next couple of years. Conversely, breast cancer mortality has shown a marked 

decrease in the Netherlands and is expected to decline  further [10]. 

 

Most deaths from breast cancer occur in unscreened women [11]. Hence, early detection and 

treatment of breast cancer through population-based screening is an important strategy to reduce 

mortality. The Dutch screening programme has proven to be successful and contributed to the 

impressive decrease in breast cancer mortality observed in the age group invited for screening [12]. 

In 2009, breast cancer mortality was 30.9% lower than the average mortality in 1986-1988 before the 

start of the programme in the target population [10]. According to model estimates, screening and 

improvements in adjuvant therapy play an equal role in this evolvement [13,14]. Notwithstanding 

these figures, the effectiveness of screening continues to be subject to discussion. In an attempt to 

end the controversy and clear the view on benefits and harms of breast cancer screening several 

independent evaluations were carried out.  

 

An independent review, commissioned by the UK Department of Health, was published in October 

2012 in The Lancet [15]. In this review article, that includes a meta-analysis of 11 randomised 

controlled trials (RCTs), the panel concludes that invitation to screening results in a relative risk 

reduction in breast cancer mortality of 20%. The occurrence of overdiagnosis is estimated at 11%, 

considered from the population perspective, or 19% when considered from a participant’s 

perspective. A similar report on the effectiveness of population-based breast cancer screening came 

from the Dutch Health Council, by order of the Minister of Health, Welfare and Sport. Here, a 26% 

mortality reduction was described in women who are offered screening mammography with 8% 

overdiagnosis in screen-detected cancers [16]. In both countries continuation of breast cancer 

screening was recommended on the basis of these results. 

 

Digital mammography versus screen-film mammography in screening 

 

Many studies have been reported, comparing DM with SFM in the screening setting. Although at first 

results were not convincing, the DMIST [3], a large randomised trial, was the first study that 

demonstrated digital mammography to be at least as good as screen-film mammography for breast 

cancer screening. More recently, most results that are published are in favour of DM [5,17,18]. In line 

with this trend this thesis showed a higher breast cancer detection rate with the use of DM 

compared to SFM in the Dutch screening practice.  
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The strength of DM appears to lie in the improved contrast resolution that enhances the ability to 

detect subtle structures or changes. This is best reflected by the increase in carcinomas associated 

with microcalcifications that we found with DM. Furthermore, unpublished data from the Dutch 

digital pilot studies suggested that the average size of digital screen detected tumours tended to be 

smaller. Indeed more ductal carcinoma in situ (DCIS) and small invasive tumours, T1a (<=5 mm) and 

T1b (6-10 mm), have been detected in the Dutch screening programme since 2008 [10]. Regarding 

DCIS it directly correlates to the introduction of digital mammography in screening. Possibly, this is 

true for the small invasive tumours as well, as evaluations of screening programmes in other 

European countries show similar trends. 

 

Yet, future evaluations shall have to demonstrate whether these rates will hold. In fact, it might as 

well be a first round effect. In that case the detection rate is temporarily higher as a consequence of 

the introduction of the newly improved technique. The detection of these additional small tumours 

may then lead to a lower detection rate in future rounds. Furthermore, better cancer detection will 

not automatically result in a further decrease in breast cancer mortality, which is the ultimate 

outcome of a screening programme. However, to assess the impact on breast cancer mortality, the 

follow-up should be at least 10-15 years, but preferably even longer. 

 

Ideally, the introduction of DM will lead to a decrease in the occurrence of interval carcinomas (ICs). 

Interval carcinomas more frequently show biological features that are related to a significantly worse 

prognosis and long-term survival compared to their screen-detected counterparts [19]. However, 

audits demonstrate that, in retrospect and with prior knowledge, approximately 25% of all interval 

carcinomas could have been detected in the most recent screening round. Although these figures 

might be overrated, due to hindsight bias, they certainly suggest that there is room for improvement. 

But the chances seem rather remote, as the incidence of ICs is rather stable (around 2/1000) since 

the introduction of screening, despite earlier improvements in screening quality [10]. The first 

studies on this subject [20,21] show that also on a prior digital mammogram most ICs (65-68%) are 

occult or too subtle to take action upon, suggesting that the use of DM does not reduce the 

challenge of controlling interval cancers. After all, the number of ICs does not only depend on the 

sensitivity of the detection method, but is influenced by tumour growth rate and screening interval 

as well. Still, advanced tumours (T3 and T4), whether screen-detected or interval, are relatively rare 

in the screened population. This also translates into a higher survival rate in this group compared to 

the non-screened population [22].  

 

Another challenge is to be found on the other side of the spectrum, regarding an unknown number 

of biologically indolent lesions. As these lesions are assumed to grow slow and hardly ever 

metastasise, their early detection shall not contribute to a woman’s survival. Nevertheless, these 

lesions need surgical treatment, for the purpose of local tumour control. Therefore, detection of 

these tumours should not necessarily be considered as overdiagnosis. In a case of overdiagnosis the 

tumour would never have manifested clinically if left undetected (and untreated). As a result, a 

woman experiences all of the drawbacks, but not any of the benefits of early diagnosis and 

treatment. 
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With the advent of digital mammography and its improved detection of DCIS overdiagnosis is feared 

to reach serious proportions. In this thesis, however, we describe in Chapter 3 that the observed 

increase in detection with DM compared to SFM is mainly based on invasive cancers and high grade 

DCIS, both considered to be clinically relevant. Recently, this was fully underlined by Weigel et al. 

[18], who evaluated the German screening programme and reported very similar results. But DCIS is 

not the only candidate for overdiagnosis, as low grade invasive cancers also tend to behave non-

aggressively. Still, both can progress to a more unfavourable tumour stage. This implies that, in any 

given individual case, it is not (yet?) possible to determine whether or not overdiagnosis is involved. 

Therefore, in the current medical practice, treatment is routinely given. 

 

But perspectives are changing. As overdiagnosis is inherent to medical imaging, the emphasis lies 

more and more on minimising overtreatment. Here, less morbidity is aimed for with equal or 

improved outcomes, varying from less radical surgical treatment to watchful waiting. For example, 

large trials have focused on the necessity of complete axillary lymph node dissection in breast cancer 

patients with tumour-positive sentinel nodes. The outcome that sentinel node excision alone, 

whether with (AMAROS) or without (ACOSOG Z0011 [23]) subsequent radiotherapy, provides an 

equally good locoregional control compared with axillary lymph node dissection, has raised questions 

on current surgical management. The next step in this evolution might be the minimally invasive 

(cryo- or radiofrequency) or noninvasive (HIFU) ablation of breast cancers as an alternative to 

lumpectomy [24].    

 

In case of lesions with a low potential to progress, active surveillance might be considered over 

(surgical) treatment. Particularly regarding low grade DCIS, it now seems inappropriate to perform 

surgery in each individual case and label them with a diagnosis of cancer, where it merely concerns a 

high-risk lesion. Although this relates to only a small fraction (3%) of screen-detected cancers, this 

change in perspective might have a tremendous impact, as it could mark the end of the term 

‘carcinoma’ used in case of in situ neoplasms, as suggested by Esserman et al. [25]. Following the 

independent review of the UK National Health Service Breast Screening Programme [15] and the 

Dutch Health Council report [16], concluding that breast screening saves lives but overtreatment 

exists, randomised trials were recommended to elucidate the appropriate treatment of screen-

detected DCIS and to gain a better understanding of its natural history. Two important studies that 

address this subject are announced: the LORD trial, a European study initiated in the Netherlands, 

and the British LORIS trial (ISRCTN27544579). Both aim to establish whether patients with newly 

diagnosed low-risk DCIS can safely avoid surgery without detriment to their wellbeing (psychological 

and physical). Hereto, women presenting with low (and intermediate) grade DCIS will be randomised 

to the current standard treatment, which is surgery, or to active monitoring with yearly 

mammograms. Furthermore, as the processes involved in progression of DCIS to invasive disease are 

still poorly understood, the natural history will be assessed by the radiologic, pathologic and genetic 

data generated from this trial, in order to identify those patients who do require surgery. This would 

allow patients and clinicians to make an informed choice about options in breast care not currently 

available. 

 

 

 

http://www.isrctn.com/ISRCTN27544579?q=27544579&filters=&sort=&offset=1&totalResults=1&page=1&pageSize=10&searchType=basic-search
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From the same perspective high-risk lesions other than DCIS need scrutiny. The transition from SFM 

to DM was associated with a threefold increase in the number of false-positive recalls on the account 

of non-DCIS high-risk lesions [26], mainly because of the better depiction of microcalcifications. 

Although improved detection of these lesions may allow enhancement of screening in the long term 

through possible breast cancer prevention, it may also result in oversurveillance and overtreatment. 

This calls for a new strategy with respect to potential pre-malignant lesions as well.  

 

Yet, controlling overdiagnosis, oversurveillance and overtreatment can be regarded as challenges 

that are inherent to the introduction of every new technology. It should not detract from the 

benefits of digital mammography, including the improvements in detection.  

 

Besides that we found a higher detection rate with DM in screening we observed a higher recall rate 

as well (Chapter 2–4). This was particularly true in the first year of the pilot studies. But, as described 

in Chapter 4, there appeared to be a learning curve and the recall rate dropped to approximately 4% 

in initial screens and 2% in subsequent screens. This is still significantly higher than with SFM 

resulting in a lower positive predictive value (PPV) in both initial and subsequent screening 

examinations; 15.6% and 29.6% versus 21.7% and 39.8% with SFM (Chapter 3). 

 

It must be noted that our data, reported in Chapter 2–5, were derived from pilot studies that were 

performed to register the quality of digital screening mammography and the consequences of 

implementation. Although the outcomes on breast cancer detection were promising, the actual 

impact could only be assessed after digitisation had been effectuated. Two large studies evaluated 

the nationwide introduction of digital screening in the Netherlands by comparing DM and SFM in the 

course of the transition period. The results showed that DM has a significantly higher detection rate 

compared to SFM, at the cost of a higher recall rate and lower PPV [21,27], thereby confirming the 

findings of the pilot studies described in this thesis. Also, more DCIS and a higher fraction of very 

small tumours were detected with DM, which indicate a stage shift to earlier detection [27]. On the 

other hand, more false positive recalls were observed. Despite this increase the national evaluation 

report showed that relatively less biopsies were needed for diagnosis; in 33% instead of 50% in 2000 

[10]. This means that more false positives only required additional imaging and suggests that pseudo 

lesions, or summation artefacts, as emerged in the pilot studies (Chapter 4), continue to be a 

challenge in digital screening mammography. 

 

A similar effect is foreseen in the US. Despite a high pre-existing recall rate, simulation models show 

a significant increase in the amount of false positives with the implementation of digital 

mammography in screening [28]. In Norway, on the other hand, a decline in recall was observed after 

digitisation of the screening programme, reaching a recall rate just below 3% [17]. 

 

The introduction of digital mammography in the Dutch screening programme has undeniably had its 

share in the observed increase in recall rate and associated decrease in PPV. But there are more 

factors that play a part in this evolvement, as there has also been a change in policy that influenced 

the recall rate [29]. Actually, the recall rate has been increasing for much longer, already in the SFM 

era (Figure 8.1).  
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As one can see from Figure 8.1, the 1990s were characterised by extremely low recall rates. At that 

time, these figures triggered the start for a study on the effect of changes in recall rate on earlier 

detection of cancers [30]. The results showed that breast cancer could be detected earlier by 

lowering the threshold for recall, with an optimum of 1-4%. In 2000, following the preliminary 

findings of this study, the Dutch Reference Centre for Screening (LRCB) recommended to gradually 

raise the recall rate from 9 to 20 per 1000, and propagated this during audits and training. With the 

introduction of DM this process accelerated and the intended rate of 2% had been rapidly reached 

and has even been exceeded. Hence, the optimum has to be reconsidered.  

   
Figure 8.1: Number of recall recommendations and crude recall rate per 1000 by year, 1990-2011 

 

  LETB/NETB 2014 

 

 

For the present there is no cause for alarm. According to the European guidelines for quality 

assurance in mammography screening and diagnosis the recall rates observed in our current digital 

screening practice are still considered ‘desirable’, with <5% in initial screens and <3% in subsequent 

screens. However, we must note that these guidelines were defined in the pre-digital era. It is 

therefore unclear how these fit in with the current digital practice. Moreover, recall rate is a 

performance indicator that should always be in balance with detection to prevent the occurrence of 

disproportionate numbers of false positive recalls. Achieving this will minimise anxiety and medical 

costs, and will help to keep participation high. 

 

Participation, however, is jeopardised by another phenomenon. A growing number of women does 

not re-attend the screening programme after a false positive recall, but rather undergoes regular 

clinical mammograms. Although other European studies report that false positive recalls hardly 

influence re-attendance [31,32], a study by Setz-Pels et al. [33] showed that 4 years after a false 

positive recall 21% continued to have clinical follow-up. This would result in additional costs and a 

reduced effectiveness of the screening programme.  
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A possible approach to confine this form of medicalisation is to separately assess recalled cases with 

high (BI-RADS 4 and 5) and low (BI-RADS 0) suspicion for malignancy. A BI-RADS 0 recall has the 

lowest chance of malignancy (14%) and in more than half of the BI-RADS 0 cases additional imaging is 

sufficient to rule out the presence of malignant disease and re-attend the screening programme [34]. 

It might, therefore, be more appropriate to refer them to the radiology department, rather than to a 

multidisciplinary team as is current practice. Timmers [34] states that policy makers should be aware 

of the possibilities of BI-RADS as a stratification tool and consider reviewing the current policies as it 

could possibly reduce waiting times, costs and needless anxiety. The proposed alternative referral 

pathway has not gone unnoticed as the Dutch Health Council has incorporated it in the 

recommendation section of their recent report [16]. 

 

Although there is room for improvement, the screening programme is still most valuable. Compared 

to other breast cancer screening programmes the Dutch population screening stands out in terms of 

its high participation rate and low recall rate combined with consistent detection rates. With these 

figures the Dutch screening programme offers significant benefit to the screening population 

considered to outweigh the harms. Therefore, its usefulness should be beyond dispute. 

 

 

Breast cancer screening: Mammography and beyond 

 
Mammography is one of the most widely used diagnostic modalities, playing a major role in the early 

detection of breast cancer. Only in Europe and the US alone some 100 million mammograms per year 

are being performed with an increasing amount of mammographic examinations in the rest of the 

world. But mammography is not faultless. The performance is correlated to breast composition and 

tumour type, where dense breast tissue and diffuse tumour growth tend to reduce its sensitivity. 

Furthermore, results depend on the setting in which it is being used. When standardly applied, as in 

population-based screening, mammography performs generally well. For example, in the Dutch 

screening programme a test sensitivity –not to be confused with programme sensitivity– of 88% and 

a specificity of 99% are observed [10]. On top of this, mammography is relatively inexpensive, 

practical, and widely available. 

 

Thus far, with 64 euro per examination [16], mammography is still the only cost effective modality 

available for breast cancer screening. With new technologies being developed and assessed, and 

established modalities being modified, various new approaches in breast cancer screening are 

conceivable.  

 

Probably, the most viable alternative to digital mammography in screening would be digital breast 

tomosynthesis (DBT). DBT is a pseudo-3-dimensional technique derived from digital mammography 

providing multiple slice images through the breast. By reducing the effect of tissue superimposition 

DBT has the potential to improve cancer detection and reduce false positive recalls [35]. Recently, 

two large studies comparing DBT with DM in a population-based screening programme similar to 

ours, could confirm this proposed improvement in sensitivity and specificity [36,37]. Both studies 

describe a significantly better detection with DBT with an associated cancer detection rate of 0.8%.  
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The observed increase in detection concerned invasive carcinoma only, assuming the supposed 

overdiagnosis to be marginal. Also, DBT showed a tendency to further decrease the recall rate, 

despite the fact that these screening programmes had a relatively low recall rate at forehand. 

 

At present, DBT is still an adjunct to DM. This implies an almost doubling of the radiation dose [38], 

and a significantly increased interpretation time [37,39]. Currently, the potential of synthetic 2D 

images, reconstructed from the DBT projections, is being evaluated. Study results are promising, 

suggesting that synthetic 2D mammography is at least as good as the standard DM images in addition 

to DBT [40,41]. This would make the total dose for DBT comparable to that for standard DM 

screening. As synthetic 2D mammography with DBT performs better than synthetic 2D 

mammography alone [41], the DBT slice images shall not be discarded from the reading protocol at 

this stage. Whether the slice images are a useful adjunct in every subpopulation, including 

subsequent screens, remains to be seen. Until that time, the introduction of synthetic images is not 

expected to reduce interpretation time. Probably, the prolonged interpretation time can be partly 

compensated for by a substantial decrease in recall rate, with less time and money spent on false 

positive recalls. This, however, depends on baseline characteristics, where screening programmes 

with a higher recall rate will benefit most. 

 

Clearly DBT holds great promise. However, it will take years before it might be implemented in the 

daily screening practice, at least in the Netherlands. Considering the already low recall rate, study 

results from other screening programmes may not resemble the influence that DBT would have on 

the balance between detection and recall in our programme. Therefore, future performance and 

cost-effectiveness analyses should indicate whether the Dutch screening programme would benefit 

from DBT. 

 

Another obvious candidate for screening would be breast MRI, as it is being used already as such in 

the high-risk population. However, a broader application for MRI in breast cancer screening is not 

considered feasible yet. Although dynamic breast MRI is more sensitive than mammography, as it is 

less affected by breast architecture, it is also less specific, resulting in more false positive recalls [42]. 

Furthermore, the long examination and interpretation time, with associated costs, and the need for 

an intravenous contrast agent make MRI less suitable for mass screening. Some of the disadvantages 

might be dealt with by the development of ultra-fast MRI sequences [43] and short acquisition and 

reading protocols using maximum intensity projections [44]. But, although this will cut costs, MRI will 

remain considerably more expensive than mammography or ultrasonography and for that reason not 

cost-effective at present. 

 

Automated 3D breast ultrasound (ABUS) is a newly developed technique to compensate for the 

limitations of mammography in dense proportions of the breast [45]. ABUS automatically acquires 

images of the whole breast. With this technique, image acquisition is operator-independent and 

separate from reading, in contrast to conventional handheld ultrasonography. The major advantage 

of ABUS over mammography or tomosynthesis is that it does not involve the use of radiation. 

Furthermore, ultrasonography is more sensitive than mammography, but false positive 

interpretations, mainly because of shadowing from dense parenchyma [46], often occur. 

Interpretation of ABUS images is time consuming, with an average reading time of 9 minutes for a 

normal examination [46]. The impact will be even greater when double reading is applied.   
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Currently, a computer-aided detection system is being developed. This, in combination with 

minimum intensity projections, should facilitate reading and possibly reduce reading time and 

interpretation errors [47]. Although it certainly holds promise, it is not yet suitable for clinical 

application, as the performance is still affected by tissue shadowing and artefacts from the thoracic 

wall. Considering this and the pre-existent high false positive rate and extensive acquisition and 

interpretation time, improvements are mandatory for ABUS to become a possible candidate for mass 

screening. 

 

In summary, ABUS and breast MRI, as stand-alone modality, are not expected to replace 

mammography in screening. Nevertheless, ultrasound and MRI are viable adjuncts to the breast 

cancer screening spectrum. Already MRI is accepted in intensified programmes for breast cancer 

detection in women at high genetic risk, while both MRI and ABUS might add value to screening in 

women with dense breasts. This raises the question whether all women should be submitted to the 

same screening procedure as it happens today. Rather, a range of alternatives could be developed, 

each tailored to the individual based on breast cancer risk estimation. Currently in Europe, large 

studies, such as the PRISMA study (Personalised RISk-based MAmmascreening), the PROCAS study 

(Predicting Risk Of breast Cancer At Screening), the KARMA study (KARolinska MAmmography project 

for risk prediction of breast cancer) and the ASSURE trial (Adapting breast cancer Screening Strategy 

Using personalised Risk Estimation), are carried out to get inside in risk assessment and the potential 

of personalised screening. Judging by the many on-going studies in this field, this development holds 

promise for further improvements in early detection of breast cancer. 

 

 

Innovations in digital mammography: Low-dose imaging 

 

The digital environment has created room for improvement and innovation in medical imaging, 

including mammography. One of the many advances may lie in dose control.  

 

Radiation dose in medical imaging: A hot topic 

 

The use of medical imaging, that accounts for 50% of the radiation we receive, has doubled the 

average annual effective dose per US citizen over the last 25 years [48]. This trend is observed across 

the world, also in the Netherlands, where the average radiation dose associated with medical 

imaging increases each year with 7% since 2002, corresponding to 0,045 mSv per individual per year 

[49]. This means that in 2014 the dose rate has already doubled compared to 2002.  

 

The significant increase in radiation exposure and uncertainty regarding the risk of radiation induced 

cancer have raised concerns in healthcare as well as at political levels. This has led to a recent change 

of direction within medical imaging. Several initiatives to lower dose levels are being established, 

such as the Image Wisely campaign launched by a Task Force of the American College of Radiology 

(ACR) and the Radiological Society of North America (RSNA). This should raise awareness of 

opportunities to eliminate unnecessary imaging examinations and to lower the amount of radiation 

used in necessary imaging examinations to only that needed to acquire appropriate medical images 

[50]. Furthermore, many healthcare providers have initiated dose reduction programmes to guard 

patient safety and to comply with new perspectives. 
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The risk of radiation induced cancer is assumed to be small in imaging techniques using low doses of 

radiation, such as mammography, with a mean glandular dose per view of 1.5 mGy. Yet, recent work 

by Pijpe et al. [51] showed a correlation between mammographic examinations and cancer induction 

in high-risk women. And also older women seem to be at risk for DNA damage caused by 

mammography [52]. The linear non-threshold dose-response model states that a maximum response 

is always possible no matter how small the dose received [53]. It is therefore that radiation dose 

should always be kept as low as reasonably achievable (the ALARA principle) according to the       

well-known radiological adage. This results in a classic trade-off between patient safety and the 

desire to achieve optimal image quality and, with it, diagnostic efficacy. 

 

Dose in digital mammography mainly affects the noise in the images. Noise in radiography can be 

defined as uncertainty or imprecision in the recording of an image, i.e. unwanted stochastic 

fluctuations. Noise can influence image quality and conceal subtle structures in the image that 

impairs diagnostic quality. The degree of fluctuation is related to the exposure level where the 

negative impact of image noise increases with decreasing dose levels. 

 

Acquisition parameters highlighted 

 

Present acquisition standards and radiation dose in mammography, predetermined by the industry, 

are assumed to be the lowest threshold of what could be accepted in clinical imaging. But they are 

mainly based on phantom and simulation data. They were adopted by the European and US guideline 

committees and the majority of the mammography systems were programmed accordingly, using 

automatic exposure control. Yet, digital mammography has the inherent potential to acquire 

valuable images with a lower than standard dose level. Although the current system settings 

guarantee adequate image quality, the association of image quality and clinical usefulness has not 

been properly investigated. To achieve this, we first initiated a small pilot study and adapted 

acquisition parameters in order to find a lower dose alternative. 

 

We speculated that the introduction of a W/Ag target-filter combination in standard examinations 

could allow lower doses. The different beam quality permits a better penetration of photons through 

the breast, resulting in a higher detector dose. This, together with a higher exposure, could 

compensate for the lower X-ray contrast. Because of less absorption of radiation in the breast the net 

result is a better image quality at the same dose level, or a lower dose at a certain level of image 

quality.  

 

Our pilot study with mastectomy specimens proved this theory and showed a much better image 

quality at a certain (low) dose level compared with W/Rh images. This promising result encouraged 

us to explore the clinical potential of these images, knowing that image presentation could be further 

optimised by post-processing. For the subsequent observer study the image noise was reduced by 

pixel binning, resulting in visibly acceptable images (Figure 8.2). Despite the ultra-low-dose 

acquisition the images clearly showed added value, again demonstrating the importance of a W/Ag 

spectrum in the quest for marked dose reduction. 
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Applications for low-dose mammography images 

 

While radiation risk associated with mammography often withholds decision makers and radiologists 

to obtain more views, large paired randomised trials, such as the DMIST [3], underline their added 

value. A 30% increase in breast cancer detection was observed when the results of SFM and DM 

were aggregated, while overall differences in detection between both modalities were negligible. An 

increase in mammographic views not only substantially contributes to detection [54,55], it can 

reduce recall rates in screening as well [56]. Therefore, lowering the threshold for obtaining 

additional views has the potential to increase the effectiveness of (screening) mammography. 

 

 
Figure 8.2: Ultra-low-dose CC image acquired with a W/Ag target-filter combination and post-process        
pixel binning compared with the standard CC image 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The current standard mammography examination originated in the early analogue era. It would be 

interesting, though, to contemplate what the examination would have looked like if mammography 

did not involve radiation. A 6 or 8 view mammogram would probably have been standard of care, 

particularly in the heterogeneously dense breast. Moreover, additional views of unknown structures 

would be routine, thereby reducing recalls in screening. But reality is the opposite, and we must be 

vigilant with regard to radiation risk. In an attempt to deal with this dilemma, we came up with a new 

approach (Chapter 6 and 7). As detection of pathology requires a different image quality than lesion 

confirmation or exclusion, we hypothesised that a combination of standard and low-dose images 

might form a new mammography exam that sits well with todays practice and the pledge to Image 

Wisely.  

  

25kV        

6 mAs  

0.35 mGy 

29kV           

96 mAs  

8.97mGy 
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In our opinion, low-dose imaging is particularly suitable for additional views, e.g. lateral or rolled 

view, or for specific purposes, such as biopsy marker or wire localisation. Using these images in 

addition to standard AEC images should guarantee the diagnostic quality of a digital mammographic 

examination as it is expected.  

 

Our observer study, described in Chapter 7, was designed to evaluate the performance of low-dose 

images in a broad perspective. To be able to assess the amount of information that is lost with the 

use of low-dose images a standard projection (here CC) had to be obtained with AEC as well as     

low-dose parameters. However, one might question whether this combination protocol cannot be 

seen as an end in itself, rather than a means to an end. After all, CC images might as well be regarded 

as additional views. Although the added value of a CC view is beyond dispute, the MLO view is still 

considered the primary view in mammography, as it holds most of the breast tissue. The CC view is 

more often used to differentiate, for example to distinguish suspect lesions from summation 

artefacts that concern as many as 83% of the 1-view only findings [57]. With this in mind, a 

substantial dose reduction in CC views (in screening) might be justifiable, resulting in a significant 

reduction of the cumulative radiation burden.  

 

But before this issue can be addressed in a more detailed clinical trial we had to set up a proof-of-

concept study (Chapter 7). To our knowledge this was the first to present data concerning the clinical 

significance of lower doses in mammography setting a baseline for further research. 

 

With this study we generated a data set, with clinical images at both ends of the dose spectrum, from 

which point we can validate and compare simulated lower dose images by introducing noise     

(Figure 8.3). Herewith, a dose level feasible for additional mammography images can be determined 

in future research. 

  

 

Figure 8.3: Image quality in standard mammography and different levels of (simulated) dose reduction using 
the same spectrum as the original image compared to W/Ag low-dose imaging 

          

 
 

Once optimisation of this protocol is achieved low-dose images might find their way into the clinical 

and screening environment. If so, the individual cumulative radiation burden can be diminished, or 

more flexibility can be created in the numbers of views that can be obtained at a certain dose level. 
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Alternatives in low-dose mammography 

 

The need for dose reduction in such a widely used diagnostic modality as mammography has also 

been noticed by manufacturers. An important step has been made with the development of the 

direct digital photon counting technology (MicroDose mammography) by Sectra Medical Systems, 

which is now part of Philips Women’s Healthcare. This technology is based on a higher detector 

sensitivity creating a paradigm shift in mammography. This enables a high dose efficiency that makes 

it possible to obtain images with low radiation dose without compromising image quality. Evaluations 

of MicroDose mammography in screening show a high diagnostic performance in 40-49 year-old 

women, even in those with dense breasts [58]. At a low average glandular dose per image acquisition 

(<0.64 mGy) the ability to detect is as least as good as with standard dose digital mammography [59]. 

MicroDose detection rates of both DCIS and invasive cancer were even higher in subsequent screens, 

but with higher recall rates. Higher recall rates are an expression of reader uncertainty. It remains to 

be seen whether this is caused by a loss of information in the low-dose images or if it is part of a 

normal learning process associated with the introduction of a new technology. 

 

A major disadvantage is the limited applicability, as it is developed and patented for a specific 

mammography system only. This means that whole new systems have to be purchased to make use 

of this new technique. However, if low income countries, where the call for mammography increases 

most, want to benefit from dose reduction as well, a more widely applicable protocol, suitable for 

existing systems, is needed. 

 

 

Recommendations and conclusion 

 

Where do we stand and where are we heading? 

 

With the introduction of digital mammography the screening programme has gone through certain 

changes. First and foremost, DM has significantly improved cancer detection. This, however, at the 

expense of a higher recall rate and a lower positive predictive value of recall. With DM (high grade) 

DCIS and invasive carcinoma are detected more often, while the share of low grade DCIS remains 

unaffected. Tumours detected with DM tend to be smaller, which may indicate that cancers are 

detected at an earlier stage. Future evaluations must demonstrate if these results will translate into a 

further reduction in breast cancer mortality.  

 

There is a substantial variation in performance measures among breast cancer screening 

programmes within Europe, as well as in the US. The recall rate in the Netherlands is still one of the 

lowest in Europe, although it slowly reaches European average [60]. The detection rate is comparable 

to other programmes, whereas the reduction in breast cancer mortality is among the highest [10]. 

Because of the current screening programme around 775 breast cancer deaths are prevented each 

year. This number is two to three times greater than the estimated number of women in whom 

breast cancer is overdiagnosed [16]. Based on these favourable figures the National Health Council 

concluded that in the Dutch screening programme the benefits still outweigh the harms. 
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But even in a successful screening programme there is room for improvement. One of the aspects 

that needs to be scrutinised is the involvement of a multidisciplinary team for every recalled case. As 

most recalls are false positive, additional imaging constitutes an obvious first step. For this, screening 

centres could be expanded with facilities for work-up after recall. Alternatively, recalled women can 

be referred to a radiology department at a nearby hospital for further assessment. For practical 

reasons this approach can be best applied in BI-RADS 0 cases only. This should cause a considerable 

reduction in anxiety, needless (follow-up) consultations and health care costs. The feasibility of such 

an alternative work-up strategy has been evaluated based on the results of the MASS trial (Modified 

Assessment of referred women in Service Screening). These data show that in a centrally organised 

breast cancer screening programme separate assessment of recalled women with a low suspicion of 

breast cancer (BI-RADS 0) is cost-effective [61]. Following the study results a group of experts 

discussed several scenarios for the implementation of this alternative work-up strategy in screening 

practice. Taking into account logistic, pragmatic, financial and legal issues the expert group recently 

delivered their opinion and recommends a fast-track assessment of BI-RADS 0 cases by (screening) 

radiologists in a hospital or diagnostic centre. 

 

Another aspect of the screening programme that needs attention is controlling the recall rate. After 

the intentional rise to reach an optimal level in balance with detection, it must now be ensured that 

the scales shall not be tipped. Similar to the intervention in the early 90s such a change in policy can 

be communicated and monitored through audits. 

 

The final consideration relates to transparency. As already mentioned, breast cancer screening is 

beneficial for the general population, but it also has unfavourable aspects. It is therefore of utmost 

importance that the provided information on the consequences of participating in the screening 

programme is lucid and accessible. For example, the possibility of a false positive recall as well as 

overdiagnosis should be communicated clearly and understandably. Moreover, it has to be 

emphasised that participation is and remains voluntary. Providing honest and balanced information 

should facilitate a deliberate and informed choice on whether or not to participate in screening.  

 

Given its rapid development digital breast tomosynthesis is expected to replace digital 

mammography in screening someday, particularly as in addition to a better cancer detection a 

relatively low recall rate can be achieved. Ultrasound and MRI, on the other hand, only seem to drive 

up the recall rates. But both can improve screening performance in certain groups, knowing that 

mammography is less sensitive in women with dense breast tissue and women at elevated risk. Most 

likely personalised screening will be the next advance in screening as soon as evidence based risk 

prediction models, suitable for risk stratification, become available.  

 

With the exponential increase in the demand for mammography worldwide research in the field of 

radiation protection remains eminent. In the pursuit of a widely applicable method to substantially 

reduce radiation dose in mammography without compromising on pathology detection we 

developed a protocol based on acquisition with higher effective energy beams and post-process 

noise reduction. Although further (clinical) research has to be done, we believe these images have 

the potential to be of great value in controlling the radiation burden, especially in a relatively young 

and largely asymptomatic population. 
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Although promising new breast imaging approaches are on the horizon, it will take years before 

these will be widely available. It may take even longer to empirically demonstrate the added value 

and cost-effectiveness that is crucial for implementation in a population-based screening 

programme. Meanwhile, mammography stays unrivalled in its ability to depict lesions in the fatty 

regions of the breast as well as calcifications in any breast. For these reasons, digital mammography 

is believed to remain the most commonly used modality in breast imaging for many years. 
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Chapter 1 

 

In the first chapter the background of this thesis is outlined. It describes the need for preliminary 

investigation and evaluation of digital mammography (DM) in screening at that time and points out 

one of many possible innovations that the introduction of DM brought forth. 

 

 

Chapter 2 

 

Is this chapter DM using computer-aided diagnosis (CAD) is compared with screen-film 

mammography (SFM) in a population-based breast cancer screening programme.  

In 2003, two of seven conventional mammography units were replaced with DM units at the  

Preventicon screening centre in Utrecht, in preparation of nationwide digitisation of the breast 

cancer screening programme. Digital mammograms were interpreted by using soft-copy reading  

with CAD. The same team of radiologists was involved in the double reading of DM and SFM images, 

with differences of opinion resolved in consensus. After five years, screening outcomes obtained with 

both modalities were compared for initial and subsequent screening examination findings.  

A total of 367,600 screening examinations were performed, of which 56,518 were digital. Breast 

cancer was detected in 1,927 women (317 with DM). At initial screens, the cancer detection rate per 

thousand was 7.7 with DM and 6.2 with SFM. At subsequent screens, detection rates were 5.5 and 

4.9, respectively. Differences were not statistically significant. Recalls based on microcalcifications 

alone doubled with DM. A significant increase in the detection of ductal carcinoma in situ (DCIS) was 

found with DM (p<0.01). The fraction of invasive cancers with microcalcifications as the only sign of 

malignancy increased significantly, from 8.1% to 15.8% (p<0.001). These results suggest that 

microcalcifications are depicted better with DM. Recall rates were significantly higher with DM in 

initial (4.4% vs 2.3%, p<0.001) as well as subsequent rounds (1.7% vs 1.2%, p<0.001).  

With the DM-CAD combination, detection performance is at least as good as that with SFM. The 

detection of ductal carcinoma in situ and microcalcification clusters improved with DM using CAD, 

while the recall rate increased. 

 

 

Chapter 3 

 

In this chapter we compared screen-film mammography with digital mammography in a breast 

cancer screening programme with a focus on the clinical relevance of detected cancers. 

Prior to the nationwide transition to DM in the Dutch biennial screening programme, the 

performance of DM was studied in 3 screening regions. For initial screening examinations a 

mediolateral oblique (MLO) and craniocaudal (CC) view were taken of each breast. In subsequent 

examinations, the MLO view was standard. A CC view was added if indicated. Screening outcomes 

obtained with SFM and DM, including radiologic and pathologic characteristics, were compared for 

initial and subsequent examinations.  
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A total of 1,198,493 screening mammograms was performed between 2003 and 2007. Recall was 

indicated in 18,896 cases (SFM 2.6% initial, 1.3% subsequent; DM 4.4% initial, 2.1% subsequent; both 

p<0.001). Breast cancer was diagnosed in 6,410 women (detection rate per thousand SFM 5.6 initial, 

5.2 subsequent; DM 6.8 initial, 6.1 subsequent; resp. p=0.02 and p<0.001). DM depicted significantly 

more DCIS, irrespective of screening round. Invasive carcinoma was detected significantly more often 

in subsequent exams, particularly when associated with microcalcifications. Overall DCIS and invasive 

carcinoma showed a similar distribution in histologic differentiation grades with both modalities. 

However, with DM more high grade DCIS lesions were detected in subsequent exams (p=0.013). 

This large multi-centre study showed that DM is superior to SFM in the screening setting in the early 

detection of clinically relevant cancers. This gain is largely due to enhanced depiction of micro-

calcifications, resulting in improved detection of both DCIS and invasive carcinoma. There is no sign 

of an increase in detection of low grade DCIS lesions –indicative of possible overdiagnosis– with 

digital breast cancer screening. Rather, DM appears to be adding to the detection of high grade DCIS.  

 

 

Chapter 4 

 

In the fourth chapter we investigated the recall pattern following transition to digital mammography 

in population-based breast cancer screening. 

Preceding the nation-wide digitalisation of the Dutch screening programme, a DM feasibility study 

was conducted. Detection and recall rates for DM and SFM were compared for initial and subsequent 

screens. Furthermore, radiologic characteristics of recalls in digital screening were assessed. 

In total 312,414 screening exams were performed (43,913 digital; 268,501 conventional) with 4,473 

recalls (966 following DM). Initially the DM recall rate peaked and many false-positive results were 

noted as a consequence of pseudo lesions and increased detection of (benign) microcalcifications. 

This was followed by a steady decrease. In DM screening the overall recall rate was higher (p<0.001), 

as well as cancer detection (p=0.010). The increase in recall in turn led to a lower PPV of recall. 

As a result of initial inexperience with digital screening images implementing DM in a population-

based breast cancer screening programme may lead to a strong, but temporary increase in recall. 

Dedicated training in digital screening for radiographers and screening radiologists is therefore 

recommended. Recall rates decrease and stabilise (learning curve effect) at a higher level than in 

conventional screening, yet with significantly enhanced cancer detection. 

 

 

Chapter 5 

 

This chapter presents an overview of our study results based on the Dutch digital pilot projects, 

including data on surgical work-up, compared to the literature. 

 

 

Chapter 6 

 

Digital mammography enables more detailed adjustments to image acquisition. This may lead to 

customised imaging with possible modifications such as dose optimisation. In Chapter 6 we describe 

the first step in the exploration of the potential of low-dose images in digital mammography.  
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A lower limit of dose in mammographic imaging yielding adequate image quality for complementary 

diagnostic views was indicated by evaluation of image series with different exposure parameters and 

additional image processing on mastectomy specimens with diverse pathology.  

On seven specimens image series were obtained with different target-filter combinations at different 

exposure values. Three experienced radiologists assessed the lowest acceptable dose level per 

specimen using a relative grading technique. With the standard image as a reference, fibroglandular 

tissue and pathological structures, including microcalcifications, were evaluated. Subsequently, a 

series of pixel binning processes was tested and subjectively assessed on the selected images.  

The lowest dose level at which image quality was rated acceptable, was achieved with a W/Ag target-

filter combination at 32kV and 4mAs. These images can be acquired with 10 to 22% of the standard 

average glandular dose (AGD). Post-process pixel binning further added to the interpretability.  

Low-dose mammographic views have potential in the digital imaging practice. Our observations 

suggest that application of a W/Ag spectrum for low-dose imaging permits a substantial reduction of 

the AGD in single digital mammographic images, particularly when combined with post-process noise 

reduction. These results encouraged us to start a clinical study (Chapter 7) focussed on the potential 

for dose reduction in specific mammography views as a feasibility test in mammography practice. 

 

 

Chapter 7 

 

In Chapter 7 we assessed the potential of low-dose images in digital mammography by analysing the 

effect of substantial dose reduction in CC views on clinical performance. To our knowledge, this is the 

first clinical study dedicated to specific dose reduction in digital mammography. 

At routine mammography additional CC views were obtained with about 10% of the standard dose. 

Five radiologists retrospectively read the standard (MLO + CC) and combination low-dose 

mammograms (standard MLO + low-dose CC). If present, lesion type, conspicuity, and suggested 

work-up were recorded. Final diagnoses were made by histology or follow-up. A t-test or Chi-square 

test was used to compare results. 

In total 421 cases were included, presenting 5 malignancies, 66 benign lesions and multiple non-

specific radiologic features. Using MLO with low-dose CC all lesions were detected by at least one 

reader, but altogether less often compared to standard mammography (sensitivity 73.9% versus 

81.5%). Missed lesions concerned all types. Lesions detected with both protocols were described 

similarly (p=0.084) with comparable work-up recommendations (p=0.658).  

The use of ultra-low-dose CC images in mammography particularly influences detection. While 

sensitivity decreased, specificity was unaffected. In this proof-of-concept study a lower limit was to 

be determined, that is not intended nor applicable for clinical practice. It should facilitate further 

research in optimisation of a low-dose approach, that has potential in a relatively young and largely 

asymptomatic population. 

 

 

Chapter 8 

 

In the general discussion (Chapter 8) the overall findings are interpreted and discussed with a view to 

future perspectives. 
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Hoofdstuk 1 

 

In het eerste hoofdstuk wordt de context van dit proefschrift geschetst. Het beschrijft de toenmalige 

noodzaak van vooronderzoek naar en evaluatie van het effect van digitale mammografie (DM) in het 

Nederlandse borstkanker screeningsprogramma alvorens dit te implementeren in de dagelijkse 

screeningspraktijk. Daarnaast wordt één van de vele mogelijke innovaties benoemd die met de 

komst van digitale mammografie mogelijk zijn gemaakt. 

 

 

Hoofdstuk 2 

 

In dit hoofdstuk is DM met computer-aided diagnosis (CAD) vergeleken met conventionele film-

scherm mammografie (SFM) in een bevolkingsonderzoeksprogramma voor borstkanker. 

In 2003 zijn bij screeningseenheid Preventicon in Utrecht twee van de zeven conventionele 

mammografen vervangen door digitale systemen in voorbereiding op de landelijk digitalisering van 

de borstkanker screening. Eén team van radiologen was betrokken bij de double reading van zowel 

de DM als de SFM onderzoeken, waarbij discrepanties werden opgelost door middel van consensus. 

Na vijf jaar zijn de screeningsresultaten van eerste en vervolgonderzoeken van beide modaliteiten 

vergeleken. 

In totaal zijn er 367600 screeningsmammogrammen vervaardigd, waarvan 56518 digitaal. 

Borstkanker werd ontdekt bij 1927 vrouwen (317 met DM). Voor de eerste ronde was de detectie 7.7 

per duizend met DM en 6.2 met SFM. Voor vervolgonderzoeken was de detectie resp. 5.5 en 4.9 per 

duizend. Verschillen waren statistisch niet significant. Het aantal verwijzingen op basis van alleen 

microcalcificaties verdubbelde met DM. De detectie van ductaal carcinoma in situ (DCIS) steeg 

significant (p<0.01) met DM, evenals het aandeel van invasieve carcinomen met microcalcificaties als 

enige kenmerk, dat toenam van 8.1% naar 15.8% (p<0.001). Deze uitkomsten suggereren dat 

microcalcificaties beter worden afgebeeld met DM. Het verwijspercentage was significant hoger met 

DM bij zowel eerste (4.4% ipv 2.3%, p<0.001) als vervolgonderzoeken (1.7% ipv 1.2%, p<0.001).  

Met DM en gebruikmaking van CAD is de kankerdetectie minstens gelijk aan die van SFM. De detectie 

van DCIS en clusters microkalk was beter met DM en CAD, terwijl het verwijscijfer toenam. 

 

 

Hoofdstuk 3 

 

In dit hoofdstuk hebben we in een bevolkingsonderzoeksprogramma voor borstkanker digitale 

mammografie vergeleken met film-scherm mammografie met de nadruk op de klinische relevantie 

van de gevonden tumoren. 

Voorafgaand aan de landelijke implementatie van DM in het Nederlandse borstkanker 

screeningsprogramma is DM getest in drie screeningsregio’s. Voor eerste onderzoeken werd zowel 

een mediolateraal-oblique (MLO) als een craniocaudale (CC) opname vervaardigd. Bij vervolg-

onderzoeken was alleen een MLO opname standaard. Een CC opname werd op indicatie gemaakt. De 

screeningsresultaten van SFM en DM, inclusief radiologische en pathologische karakteristieken, zijn 

voor eerste en vervolgonderzoeken vergeleken. 
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In totaal zijn er 1198493 screeningsmammogrammen vervaardigd tussen 2003 en 2007. Verwijzing 

was geïndiceerd in 18896 gevallen (SFM 2.6% eerste, 1.3% vervolg; DM 4.4% eerste, 2.1% vervolg; 

beide p<0.001). Bij 6410 vrouwen werd borstkanker gediagnosticeerd (detectiecijfer per duizend: 

SFM 5.6 eerste, 5.2 vervolg; DM 6.8 eerste, 6.1 vervolg; resp. p=0.02 en p<0.001). DM toonde 

significant meer DCIS, ongeacht de screeningsronde. Invasieve tumoren werden significant meer 

gedetecteerd bij vervolgonderzoeken, met name wanneer deze geassocieerd waren met 

microcalcificaties. De algehele onderverdeling op basis van differentiatiegraad van zowel DCIS als 

invasief carcinoom was vergelijkbaar voor beide modaliteiten. Echter, met DM werd meer 

hooggradig DCIS gevonden in vervolgonderzoeken (p=0.013). 

Deze grote multicenter studie heeft aangetoond dat DM superieur is aan SFM in de 

screeningspraktijk bij vroege opsporing van klinisch relevante carcinomen. Deze winst is met name 

toe te schrijven aan de verbeterde weergave van microcalcificaties, hetgeen resulteert in een betere 

detectie van zowel DCIS als invasief carcinoom. Er zijn geen aanwijzingen voor een toename in de 

detectie van laaggradig DCIS –indicatief voor eventuele overdiagnose– met digitale screening. 

Tegengesteld lijkt DM juist de detectie van hooggradig DCIS te bevorderen. 

 

 

Hoofdstuk 4 

 

In het vierde hoofdstuk hebben we het verwijspatroon onderzocht volgend op de overgang naar DM 

in een bevolkingsonderzoeksprogramma voor borstkanker. 

Voorafgaand aan de landelijke digitalisering van het Nederlands borstkanker screeningsprogramma 

werd een haalbaarheidsstudie naar DM uitgevoerd. Detectie- en verwijscijfers voor DM en SFM 

werden vergeleken voor zowel eerste als vervolgonderzoeken. Voorts zijn alle radiologische 

karakteristieken van de verwijzingen onderzocht.  

In totaal zijn er 312414 screeningsmammogrammen gemaakt (43913 digitaal en 268501 

conventioneel) met 4473 daaropvolgende verwijzingen (966 na DM). Aanvankelijk piekte het 

verwijscijfer met DM –met vele foutpositieve resultaten als gevolg van pseudo-laesies en een 

toegenomen detectie van (benigne) microcalcificaties– gevolgd door een gestage afname. Algeheel 

werd met DM een hoger verwijscijfer gezien in eerste en vervolgonderzoeken (p<0.001) met een 

significante toename in de detectie van borstkanker (p=0.010). De stijging in het verwijscijfer leidde 

tot een verlaging van de positief voorspellende waarde van een verwijzing. 

Als gevolg van onervarenheid met digitale screeningsmammogrammen kan de implementatie van 

DM in een bevolkingsonderzoeksprogramma voor borstkanker leiden tot een sterke, maar tijdelijke, 

stijging in het verwijscijfer. Specifieke training in het digitaal screenen voor laboranten en screenings-

radiologen is daarom aan te bevelen. Het verwijscijfer daalde en stabiliseerde (leercurve-effect) op 

een hoger niveau dan bij conventionele screening, maar met een significant betere detectie.  

 

 

Hoofdstuk 5 

 

Dit hoofdstuk geeft een overzicht van onze studieresultaten gebaseerd op het Nederlandse digitale 

pilot project, inclusief gegevens over het chirurgische natraject, vergeleken met de literatuur. 
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Hoofdstuk 6 

 

Met DM zijn gedetailleerde aanpassingen mogelijk ten aanzien van beeldacquisitie. Dit maakt 

beeldvorming op maat mogelijk door allerhande modificaties, bijvoorbeeld op het gebied van 

stralingsdosis. In Hoofdstuk 6 beschrijven we een eerste stap in de zoektocht naar het potentieel van 

lage-dosis opnamen in DM. 

In deze experimentele studie werd een drempelwaarde bepaald voor de dosis waarbij mammografie 

opnamen over voldoende beeldkwaliteit beschikken om als aanvullende diagnostische projecties te 

dienen  door series van specimenopnamen met diverse pathologie te evalueren met verschillende 

dosis parameters en aanvullende beeldbewerking. 

Van zeven mastectomie specimens werden beeldseries gemaakt met verschillende anode-filter 

combinaties en variërende dosis. Drie ervaren radiologen scoorden het laagst acceptabele 

dosisniveau per specimen gebruikmakend van relative grading. Met de standaard beelden als 

referentie werden klierweefsel en pathologische structuren, inclusief microcalcificaties, beoordeeld. 

Daarnaast werd het effect van (de mate van) pixel binning getest en subjectief toegepast op de 

geselecteerde beelden. 

Het laagste dosisniveau waarbij de beeldkwaliteit als acceptabel werd beoordeeld, werd verkregen 

met een W/Ag anode-filter combinatie op 32kV en 4mAs. Deze beelden kunnen worden gemaakt 

met 10 tot 22% van de gemiddelde glandulaire dosis van standaard mammografie opnamen. 

Nabewerking met pixel binning droeg verder bij aan de beoordeelbaarheid van de lage-dosis 

beelden. 

In het digitale tijdperk lijkt er ruimte te zijn voor lage-dosis opnamen bij mammografie in de 

screening en klinische praktijk. De observaties van deze pilot studie suggereren dat toepassing van 

een W/Ag spectrum voor lage-dosis beelden een substantiële reductie van de gemiddelde 

glandulaire dosis kan realiseren voor digitale mammografische opnamen, met name wanneer dit 

gecombineerd wordt met post-procedurele ruisreductie.     

Gemotiveerd door deze resultaten zijn we een haalbaarheidsstudie gestart (Hoofdstuk 7) gericht op 

de waarde van dosisverlaging in specifieke mammografische projecties in de klinische praktijk. 

 

 

Hoofdstuk 7 

 

In Hoofdstuk 7 is het potentieel van lage-dosis opnamen in DM onderzocht door het analyseren van 

het effect van substantiële dosisverlaging in CC projecties op de klinisch diagnostische kwaliteit. Bij 

ons weten, is dit de eerste klinische studie gewijd aan specifieke dosisverlaging in mammografie.  

Bij een regulier mammogram werden additionele CC opnamen gemaakt met circa 10% van de 

standaard stralingsdosis. Vijf ervaren mammaradiologen beoordeelden retrospectief het standaard 

onderzoek (MLO + CC) en de lage-dosis combinatie (standaard MLO + lage-dosis CC). Indien 

aanwezig, werd het type van de afwijking, de mate van verdachtheid, en de voorgestelde vervolgstap 

genoteerd. Een definitieve diagnose werd gesteld aan de hand van histologie of follow-up. Voor het 

vergelijken van de resultaten werd een t-test of χ2 test gebruikt. 
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In totaal zijn 421 onderzoeken geïncludeerd. Hierbij werden 5 maligniteiten en 66 benigne laesies 

gedetecteerd en multipele aspecifieke radiologische bevindingen beschreven. Met de standaard MLO 

in combinatie van de lage-dosis CC zijn alle laesies gedetecteerd door minstens een van de 

radiologen, maar over het algeheel minder vaak vergeleken met het standaard mammografie 

(sensitiviteit 73.9% versus 81.5%). Gemiste laesies betroffen alle soorten. Laesies gedetecteerd met 

beide protocollen werden gelijkaardig gekarakteriseerd (p=0.084) met vergelijkbare aanbevelingen 

voor eventueel vervolgonderzoek (p=0.658). 

Het gebruik van een ultralage dosis bij CC opnamen in DM heeft met name invloed op de detectie. 

Terwijl de sensitiviteit afnam, bleef de specificiteit gelijk. In deze proof-of-concept studie is een 

drempelwaarde bepaald voor de dosis bij (aanvullende) mammografie opnamen. Het is niet bedoeld 

noch geschikt om direct toe te passen in de klinische praktijk. Deze resultaten zijn echter 

onontbeerlijk voor vervolgonderzoek naar optimalisatie van een dergelijke lage-dosis strategie, die 

waardevol kan zijn in een relatief jonge en grotendeels asymptomatische populatie.  

 

 

Hoofdstuk 8 

 

In de algemene discussie (Hoofdstuk 8) worden de resultaten geïnterpreteerd en bediscussieerd met 

aandacht voor toekomstige ontwikkelingen. 
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Promotieonderzoek in combinatie met een gezin en de opleiding tot radioloog bleek een hele 

uitdaging. Maar de aanhouder wint! Gelukkig stond ik er niet alleen voor. Dit proefschrift is mede tot 

stand gekomen dankzij het vertrouwen en de inzet van velen. Graag wil ik enkelen van hen in het 

bijzonder bedanken. 

 

Allereerst natuurlijk mijn promotoren en copromotoren. 

Prof. dr. G.J. den Heeten, beste Ard, als een visionair was je elk onderzoek één stap (of meerdere) 

vooruit. Al gaf mij dit soms het gevoel aan een oneindige reis te zijn begonnen, jouw tomeloze 

energie en onuitputtelijke bron van ideeën waren bovenal motiverend. Veel dank voor je 

enthousiaste begeleiding en je buitengewoon snelle responses. 

Prof. dr. ir. N. Karssemeijer, beste Nico, ik heb je inbreng als tweede promotor erg gewaardeerd. 

Jouw fysische achtergrond bood een ander perspectief met waardevolle en verfrissende 

commentaren.  

Dr. M.J.M. Broeders, beste Mireille, hoe kan ik je genoeg bedanken? Zonder jou zou dit proefschrift 

pas voltooid zijn met Sint Juttemis als de kalveren op het ijs dansen. Je bracht structuur aan in de van 

tijd tot tijd ontstane chaos en spoorde me aan als ik weer eens dreigde te verzanden in 

perfectionistische pietluttigheden bij het schrijven van een artikel. Ik heb het verschil tussen een 

werkdag, weekenddag en vakantiedag bij jou nooit goed kunnen ontdekken: Je stond altijd voor me 

klaar. 

Dr. K.H. Schuur, beste Klaas, als coassistent nam je me onder de vleugels. Ik weet nog goed dat je me 

op een dag kwam opzoeken in de oude assistentenkamer en me vroeg of ik wellicht promotie-

onderzoek zou willen doen. Daar had ik geen bedenktijd voor nodig en riep meteen: Ja, heel graag! 

Niet veel later droeg je mij voor als promovendus bij het LRCB. Zeer veel dank voor het vertrouwen 

dat je mij van het begin af aan gegeven hebt. Dankzij jou heb ik een vliegende start gemaakt. 

 

Prof. dr. M.J. van de Vijver, prof. dr. J.H.G. Klinkenbijl, prof. dr. ir. C.A. Grimbergen, prof. dr. A.L.M. 

Verbeek, dr. A.A.M. van der Wurff en dr. R.M. Pijnappel, ik wil jullie bedanken voor de bereidheid 

zitting te nemen in de leescommissie en het proefschrift inhoudelijk te beoordelen. 

 

Medeauteurs van de artikelen, ik wil jullie bedanken voor de prettige samenwerking. Met name 

Ruben van Engen en Wouter Veldkamp voor de fysische inbreng en Roland Holland voor je 

aanstekelijke bevlogenheid. Daarnaast ben ik dank verschuldigd aan alle deelneemsters, uitvoerders 

en observers voor het mogelijk maken van de dosisstudie. 

 

Janine en Ellen, mijn onderzoeksmaatjes bij het LRCB, jullie gingen mij voor in het afronden van jullie 

promotieonderzoek. Goed voorbeeld doet volgen! 

 

Veel dank aan de maatschap radiologie van het St. Elisabeth Ziekenhuis in Tilburg die mij alle ruimte 

heeft gegeven voor dit project. Paul, ontzettend bedankt voor het meedenken en toekennen van 

menig (creatief) verzoek om meer tijd vrij te maken voor onderzoek. Albert, dank voor je adviezen en 

luisterend oor; alleen al je herkenning van de frustraties die elke promovendus van tijd tot tijd 

ervaart, was een steun in de rug. Kees, dankjewel voor je deelname aan de dosisstudie en je 

oprechte betrokkenheid en interesse in mijn onderzoekswerk en mijn leven daar buiten. 
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Arjon en Fleur, wat geweldig dat jullie mijn paranimfen zijn! Ik ken jullie al een groot deel van mijn 

leven: Arjon vanaf de middelbare school en Fleur vanaf de introductieweek in Maastricht. Dat wij 

elkaar toen pas echt hebben leren kennen, is overigens ook een wonder, want ook jij hebt bij mij op 

school gezeten. Jullie beiden zijn superslim en ambitieus en zullen als geen ander begrijpen waarom 

ik dit proefschrift wilde schrijven. Het verbaast me enigszins dat jullie deze uitdaging zelf nooit zijn 

aangegaan, maar in jullie vakgebieden is promoveren natuurlijk alleen maar tijdverlies op weg naar 

de top  Ondanks onze drukke agenda’s en de kilometers die ons scheiden, hebben we al die jaren 

contact gehouden. En alhoewel we elkaar wellicht niet zo vaak meer zien als we zouden willen, zijn 

we er op belangrijke momenten en voelt elk contact als vanouds.   

 

Buurvrouwen bedankt: Jullie hebben mij door het discussiehoofdstuk heen gesleept. Als jullie 

gezelligheid op straat mij via het zolderraam bereikte, wist ik dat het tijd was voor een welverdiende 

pauze! 

 

Lieve pa en ma, dank jullie wel voor een geweldig leuke en onbezorgde jeugd die garant heeft 

gestaan voor een solide basis. Pa, mijn grote voorbeeld, dankzij jouw inzicht en harde werken, heeft 

het mij nooit aan iets ontbroken. Ik hoop mede hiermee bewezen te hebben ook een werkpaard te 

zijn. Mama, dankjewel voor het warme nest met onophoudelijke liefde en zorg, ook nu nog. 

 

Marieke, mijn grote zus, wat fijn dat je deur altijd voor me open staat! Onbetaalbaar zijn de uren bij 

jou aan de keukentafel met of zonder onze kinderen verkleed als Roodkapje, Minion of 

brandweerman vrolijk rennend door het huis. Ik hoop dat we altijd zo dicht bij elkaar kunnen blijven 

wonen! 

 

Tobias, dank voor al je liefde en je rust. Met jou ben ik in balans. 

 

Allerliefste Floor en Tom, mijn grootste bezit, wat fijn dat jullie er zijn! Jullie vrolijkheid en 

ondeugende streken geven elke dag weer kleur. 
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Adriana Maria Josephina Bluekens, roepnaam Nanny, werd geboren 

op donderdag 29 januari 1981 in Breda en groeide daar ook op.  

In 1999 behaalde zij haar VWO diploma met acht vakken aan het 

Mencia de Mendoza Lyceum in Breda. Aansluitend startte zij met de 

studie psychologie aan de Universiteit Maastricht. Zij behaalde haar 

propedeuse, maar de studie voldeed niet aan haar verwachtingen. 

Nadat zij vervolgens werd uitgeloot voor de studie geneeskunde, 

evenals in het daaropvolgende jaar, begon ze aan de studie 

gezondheidswetenschappen aan de Universiteit Maastricht. Na het 

behalen van haar propedeuse vervolgde zij haar studie in de richting 

biologische gezondheidkunde. In 2002 werd zij dan toch ingeloot 

voor de studie geneeskunde en wel aan de voor haar inmiddels 

welbekende Universiteit Maastricht. In 2006 behaalde zij haar doctoraalexamen met predicaat cum 

laude. De daaropvolgende coschappen liep zij in verschillende ziekenhuizen in Limburg en Brabant, 

met keuze-coschappen in het Academisch Ziekenhuis Maastricht (pathologie, klinische genetica) en 

het Catharina Ziekenhuis in Eindhoven (radiologie). Haar laatste studiejaar wijdde zij volledig aan de 

radiologie met een gecombineerde klinische en wetenschappelijke stage op de afdeling radiologie 

van het St. Elisabeth Ziekenhuis in Tilburg. Deze stage, onder bezielende begeleiding van dr. K.H. 

Schuur, heeft haar interesse in de wetenschap gewekt en haar passie voor de mammaradiologie 

aangewakkerd. Na het behalen van haar artsexamen in het voorjaar van 2008 is zij gaan werken als 

onderzoeker bij het Landelijk Referentie Centrum voor Bevolkingsonderzoek (LRCB) in Nijmegen. 

Haar onderzoekswerk aldaar heeft geresulteerd in dit proefschrift. In het najaar van 2008 is zij 

begonnen aan de opleiding radiologie in het St. Elisabeth Ziekenhuis (opleider dr. P.N.M. Lohle), die 

zij in augustus 2014 heeft afgerond. Na een periode als chef de clinique te hebben gewerkt in het 

Diakonessenhuis in Utrecht is zij momenteel werkzaam als fellow mammaradiologie in het Elisabeth-

TweeSteden Ziekenhuis in Tilburg. Daarnaast is zij nog altijd verbonden aan het LRCB en is zij 

screeningsradioloog voor Bevolkingsonderzoek Oost. 

Nanny woont samen met Tobias en zij zijn samen de trotse ouders van Floor (2011) en Tom (2013). 
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