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RESEARCH IN CONTEXT
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Evidence before this study
We searched PubMed on November 30, 2018, with terms ‘breast cancer screening’, ‘MRI screening’, ‘breast
cancer’, ‘family history’, ‘familial risk’ in several combinations, for prospective studies written in English with
no restrictions in publication date. Several screening trials in women with a familial or genetic predisposition
have been performed, all applying MRI and mammography at the same time, showing that by the addition of
MRI to mammography screening, many breast cancers are detected in an earlier stage. A meta-analysis of
these studies showed that MRI and mammography combined, resulted in a sensitivity of 98% while sensitivity
of MRI and mammography alone were 89% and 55%, respectively. Specificity of MRI combined with
mammography was 79%.
Unfortunately, all previous studies were performed in a non-randomised setting. As all participants were
screened with MRI and mammography at the same time, it is unknown after what time a tumour, detected by
MRI only, would have been detected by mammography, and whether this would cause a stage difference that
is clinically relevant. With this limited evidence, screening guidelines for women with familial risk differ
between countries.
Added value of this study
Our study is the first randomised controlled trial to our knowledge, to show the extent of the stage shift by
adding MRI to mammography screening. We showed that the median size of invasive cancers detected under
the MRI protocol was significantly (8 mm) smaller and cancers were far less often node positive than those
detected under the mammography protocol. Importantly, in the incident rounds, without interval cancers with
MRI, the absolute numbers of late-stage tumours (large or node positive) were also smaller. High density
indicated poorer stage, and lower specificity for both MRI and mammography and was more informative than
age.
The downside of screening of false-positive results occurs especially in the highest density category, also in
the MRI-protocol. Some overdiagnosis (e.g. part of ductal carcinoma in situ, especially grade 1) occurs also
with MRI-screening
Implications of all the available evidence
In addition to previously published evidence, our study indicates that MRI-screening in high risk women leads
to significant and relevantly earlier detection of breast cancer, and fewer late-stage cancers, which may reduce
the need for adjuvant chemotherapy and most likely reduce mortality. Density is relevant for the choice of a
screenings strategy. Our findings can be used to inform policy discussions about the implementation of MRI in
(high risk) screening.
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ABSTRACT
Background: Screening guidelines for women at familial risk of breast cancer without a known causative gene
mutation differ internationally. To our knowledge, no randomised controlled MRI-screening trial has been
performed. The FaMRIsc-study aims to assess the efficacy of MRI versus mammography screening for familial
risk and furthermore assesses the influence of breast density.
Methods: In 12 Dutch hospitals, 1355 women aged 30–55 years with a cumulative lifetime risk of ≥20% without
a BRCA1/2 mutation were randomised with a web-based computer generated hospital sequence, concealed for
participants, physicians and researchers, in either the MRI-group with yearly MRI, clinical breast examination
and mammography biennially, or the Mammography-group with yearly mammography and clinical breast
examination. Breastfeeding, pregnancy, previous screening and previous ductal carcinoma in situ were
permitted, but no previous invasive cancer. Primary outcomes were number, size and nodal-stage of breast
cancers. Secondary outcomes were sensitivity, specificity and positive predictive value. Results were also
stratified by mammographic density (BI-RADS A-D). Intention to screen analyses were performed. This trial was
registered with the Netherlands Trial Register, NTR2789.
Findings: Between Jan 1 2011, and Dec 31 2017 in the MRI-group (674 women) compared to the Mammographygroup (680 women) with a median follow-up of 5.2 years for both groups, more breast cancers were detected
(40 versus 15, p<0·001), invasive cancers were smaller (median size 9 versus 17 mm, p=0·010) and less frequently
node positive (4/24, 17% versus 5/8, 63%, p=0·023). In the MRI-group, specificity was significantly lower
compared to the Mammography-group (83·8% versus 91·0%, p<0·001), while sensitivity hardly differed (97·5%
versus 86.7%, p=0.18). Clinical breast examination contributed hardly to detection (1/55). In incident cancers,
tumour stage was better in the MRI-group (p=0·035), with lower numbers of node positive and ≥T2 tumours,
while specificity improved in both arms (MRI-group: 87·4%, Mammography-group: 92·6%, p<0·001). All tumours
≥T2 were in the two highest density categories. In BI-RADS density A-C MRI was most effective.
Interpretation: The earlier detection by MRI screening and especially the fewer late-stage cancers in incident
rounds, may reduce adjuvant chemotherapy and mortality. However, especially for women with the highest
breast density at the cost of more false positive results.
Funding: Dutch Government ZonMw, The Dutch Cancer Society, A Sisters Hope, Pink Ribbon, Stichting
Coolsingel, J&T Rijke Stichting
INTRODUCTION
Approximately 15% of all female breast cancers occur in women with a family history of breast cancer, in
whom no causative hereditary gene mutation has been found (familial risk).1 These women are at greater risk
for breast cancer, also at a relatively young age.2
Overall survival decreases considerably with increasing breast cancer size at detection and number of axillary
lymph nodes involved, even with optimal adjuvant systemic therapy. 3,4 Screening aims to improve survival, by
detecting breast cancer in an early stage. However, it also causes false positive results.
A decade ago several screening trials, comparing Magnetic Resonance Imaging (MRI) and mammography
screening in high-risk women concluded that adding MRI to mammography screening improves early breast
cancer detection in women with a familial or genetic predisposition.5-7 As a result, guidelines for breast cancer
screening were modified globally.8-10
Unfortunately, these studies were all in a non-randomised paired design in which MRI and mammography
were performed simultaneously.5-7,11 Therefore, it is unknown when an MRI-only detected tumour would have
been detected by mammography, and whether a possible stage difference is clinically relevant. With this
limited evidence, screening guidelines for women with familial risk differ between countries. American
guidelines advise annual mammography, clinical breast examination, and MRI for women >30 years with a
cumulative lifetime risk ≥ 20%.8 Dutch and British guidelines omit MRI for women at familial risk without a
BRCA1/2 mutation.9,10
Furthermore, breast density has not been considered in these studies. 5,6 Higher breast density, caused by
more glandular and connective breast tissue in relation to fat, indicates a higher cancer risk also in women
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with familial risk.12 It impairs sensitivity of mammography,12 but less of MRI,13 and may cause more false
positive results. Breast density is high in about 74% of women between 40 to 49 years, and in 45% of women
in their 60s.14 MRI might not be necessary for all women with familial breast cancer risk, 15 but breast density
might be a parameter to identify subgroups for whom MRI screening could be useful.
The Familial MRI Screening study (FaMRIsc) was performed to address these issues. In this multicentre
randomised controlled trial, women with a familial breast cancer risk were randomised between screening
with 1) annual MRI and clinical breast examination plus biennial mammography; and 2) annual mammography
and clinical breast examination.
METHODS
Study design and participants
The FaMRIsc study was a Dutch multicentre randomized controlled trial . The study follows the Helsinki
declaration and was approved by the Institutional Review Board of the Erasmus University Medical Centre,
Rotterdam, the Netherlands (reference-number: MEC-2010-292). The study protocol was published
previously.16
Women aged 30–55 years with a cumulative lifetime risk ≥ 20% because of a familial predisposition according
to the modified tables of Claus5,17 or as assessed at a Clinical Genetics Centre were eligible. Exclusion criteria
were previous invasive cancer, BRCA1, BRCA2 or TP53 mutation (proven or 50% risk of) since MRI screening is
already advised for this group,8-10 and a contraindication for contrast-enhanced MRI. Previous screening, a
ductal carcinoma in situ diagnosis, pregnancy and breast feeding were permitted.
Participants were recruited from outpatient breast clinics or family cancer clinics at seven academic medical
centres in the Netherlands and five of the larger hospitals (see Appendix). The physician of the outpatient clinic
or family cancer clinic enrolled participants after written informed consent,
Randomisation
Randomization was performed via a web-based system and stratified per centre. Allocation was based on a
general number between 1-100 that was randomly generated by the computer, half of them for either group.
An algorithm decreased the possibility of the computer generating a number that led to allocation in an
overrepresented study-group by a factor 5 minus 1. However, it remained impossible to predict what
allocation would follow for the randomising physician, participant or researcher.
Procedures
The Mammography-group received annual mammography according to Dutch guidelines 9 plus clinical breast
examination, which Dutch guidelines recommend in women with a lifetime risk of ≥30%. The MRI-group was
screened with annual MRI and clinical breast examination, and mammography biennially. Leaving out
mammography every other year was considered safe in the MRI-group and might prevent overdiagnosis of
low-grade ductal carcinoma in situ .18 Women who did not provide consent for randomisation, were asked
consent for participation in the registration group arm (reg-group). Women in the reg-Mammography-group
were screened according to the Mammography-group, usually because they did not want an extra
investigation but screening according to our national guidelines ; and women in the reg-MRI-group according
to the MRI-group, a choice of both the woman and her physician. A participant was removed from the study if
she met one of the exclusion criteria (e.g. she developed invasive cancer, not being a screen-detected or
interval breast cancer, or she appeared to be BRCA1/2 mutation carrier), or no longer met the inclusion criteria
(e.g. lifetime risk fell below 20% because the family history was now explained by a BRCA1/2 mutation of
which she was no carrier)
Mammographic examination was performed using full field digital mammography (FFDM). All mammography
examinations were assessed according to the Breast Imaging Reporting and Data System (BI-RADS, 4th edition)
and all MRI examinations were assessed to the Breast Imaging Reporting and Data System (BI-RADS, 1th
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edition) of the American College of Radiology.19 MRI and mammography were preferably scheduled on the
same day.
A positive screening test was defined as a mammographic or MRI examination with a BI-RADS score of 3, for
which additional investigation or a repeat examination at 6 months per radiologic judgement followed, or a
score of 4-5, indicating histology; or a clinical breast examination with an abnormality, for which additional
diagnostic testing was recommended. In the MRI-group, MRI and mammography were not independently
read. To determine mammographic density, an automated breast density measurement (Volpara, version
1.3.0)20 was done on raw data of the first FFDM of all participants, and estimated by radiologists at the
mammograms according to the ACR BI-RADS breast composition categories: A = fatty; B = scattered
fibroglandular; C = heterogeneously dense; D = extremely dense. 19 Dynamic contrast-enhanced breast MRI
exams were performed according to the published protocol.16 The study was planned to take 4 years.
Outcomes
Primary outcomes of this study were number, size and nodal status of detected breast cancers, both ductal
carcinoma in situ and invasive. Secondary outcomes were false-positive results, sensitivity, specificity, and
Positive predictive value (BI-RADS ≥3) and Positive predictive value of biopsies. Cost-effectiveness will be
assessed in future analyses. Outcomes were also stratified by mammographic density (BI-RADS A-D).
Statistical analysis
The sample size needed was calculated based on the incidence rate of 7/1000 women years among women at
familial risk screened in the Dutch MRI Screening Study (MRISC). 5 We expected, based on previous studies a
sensitivity of 70% for MRI and 40% for mammography and after 4000 women year at risk in the study-groups,
the detection of 32 tumours in the MRI-group and 18 in the Mx-group. With these 50 cancers, a difference in
tumour size of 8 mm (SD tumour size: 9 mm) was expected to be statistically significant (two sided alpha=0·05)
with a power of 80%. A difference of 8 mm was considered to be clinically relevant. With fewer women
included, the number of 50 breast cancers was not reached in 4 years, so the study was continued for 3 more
years.
All women who provided consent for randomisation and were accordingly screened at least once, were
assessed. Randomised women, who requested the screening protocol of the other group during follow-up
remained in the analyses in the group they were randomised to (intention to screen analyses).
Women were excluded after randomisation when they ultimately proved to have a cumulative lifetime risk
below 20%, or because of diagnosis with a BRCA1/2 or TP53 mutation. However, data up until exclusion were
used in the analyses.
Tumour type (invasive or ductal carcinoma in situ), tumour stage stage (pT), lymph node status (pN) BloomRichardson grade (BR grade), estrogen receptor (ER) status, progesterone (PR) status, HER2 status and ductal
carcinoma in situ grade were compared between the randomisation groups, using two-sided Fisher’s exact
tests; and age at detection, tumour size and ductal carcinoma in situ size using Mann-Whitney U test.
Numbers of cancers were calculated per 1000 screening rounds or woman-years at risk and compared using
Exact Rate Ratio Test assuming Poisson counts. Corresponding 95% confidence intervals (CIs) were calculated
using a Poisson distribution. Woman-years at risk were calculated from the first screening examination to the
date of discontinuation, bilateral prophylactic mastectomy, detection of invasive cancer, reaching the age of
60, death, or one year after the last screening visit to be able to account for interval cancers. In case a woman
was lost to follow up after a screening visit, one year at risk was added after the last screening moment, with
the same aim.
Interval cancers were defined as cancers diagnosed between two screening rounds due to symptoms, while
the result of the previous screening round was negative. We performed linkage with the Dutch national
Pathology Registry PALGA in 2017 and Jan 1 2019, in order not to miss interval cancers. To compare biopsy
rates and false positive rates between the randomisation group, we used the Exact Rate Ratio Test. Sensitivity
was calculated by dividing the number of screen-detected breast cancers by the number of all cancers.

5

Specificity was defined as the proportion of negative screens of all screens in women without breast cancer.
Positive predictive value was calculated by dividing the number of screen-detected cancers by the number of
positive screening tests (BI-RADS ≥3). Positive predictive value for biopsy was calculated by dividing the
number of breast cancers by the number of biopsies. To compare sensitivity, specificity and Positive predictive
value between the randomization groups, we used Fisher’s exact test, and confidence intervals were
calculated using the Clopper-Pearson interval. We also investigated these results of incident screens only (all
screens after the first screening round).
The results of the registration groups were only used to examine the influence of density on the screening in
both groups. Therefore all analyses were also performed after combining the reg-MRI-group with the MRIgroup and reg-Mammography-group with the Mammography-group.
To test for linear trends in the number of breast cancers, interval cancers, pT stage, sensitivity, specificity and
the number of false positive results when stratified by both BI-RADS breast density and automated Volpara
density, we used Linear-by-Linear association tests.
To determine the level of agreement between the automated density measures and BI-RADS density estimates
by the radiologists, Cohen’s Kappa was calculated. A post-hoc analysis of pT stage, pN status and specificity
stratified by age (<50 years, ≥50 years) was performed per group.
Analysis data consisted of all data of women during the study up until withdrawal or the end of the study
follow-up. In case a woman was withdrawn from the study, data until withdrawal was included in the analyses.
Statistical analyses were performed using IBM SPSS Statistics (version 24) and RStudio (version 1.0.44). A twosided p-value ≤0.05 was considered statistically significant. No independent data monitoring committee
oversaw the study.
This trial was registered with the Netherlands Trial Register, number NTR2789.
Role of funding source
The funders of the study had no role in study design, data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full access to all the data in the study and had final
responsibility for the decision to submit for publication.
RESULTS
Inclusion and follow up took place from Jan 1, 2011 until Dec 30, 2017. In total, 1355 women provided consent
for randomisation and 231 for registration (Figure 1). Figure 2 shows the number of participants per screening
round. In total, 675 women were randomised to the MRI-group, and 680 women to the Mx-group. Data of all
randomised women were included in the analyses, except for one woman in the MRI-group due to a breast
cancer diagnosis after randomisation but before the first MRI screening. Therefore, our modified intention to
treat analyses contained 674 women in de MRI-arm. The average number of screening rounds per woman was
4.3 (SD:1.76), and the median follow-up after inclusion was 5.2 years for both groups (IQR MRI-group 3.4-6.2;
IQR Mammography-group 3.6-6.3). Of the randomised women, 57 requested the screening protocol of the
other group during follow-up (MRI-group 45/675, 7%; Mammography-group 13/680, 2%) but in the analyses
they remained in the group they were randomised to (intention to screen analyses). Before the end of followup, 234 women withdrew (MRI-group 107/675, 16%; Mx-group 127/680, 19%), of whom 166 (71%) did not
provide a reason. Thirteen women were excluded after randomisation, because they ultimately proved to have
a cumulative lifetime risk below 20%, another twelve because of diagnosis with a BRCA1/2 mutation and one
with a TP53 mutation. Table 1 shows the characteristics of the participants per group (Table S1 including
registered participants). MRI and mammography were mostly performed on the same day, median 1 day (IQR:
0-14) , on average 12.8 days (SD 26.6), between the MRI and mammogram in the incident rounds.
In the randomised participants, 55 cancers (32 invasive cancers, 23 ductal carcinoma in situ) were detected: 24
invasive cancers and 16 ductal carcinoma in situ in the MRI-group, and 8 invasive cancers and 7 ductal
carcinoma in situ in the Mammography-group (p0·002). Table 2 lists details of the cancers per group. No
bilateral breast cancers were detected and none was metastasized. Two triple-negative cancers were detected
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in the Mx-group, one in the MRI-group. Invasive cancers in the MRI-group were smaller than those in the
Mammography-group (median size 9 versus 17 mm; p=0·010). Fourteen (58%) cancers were ≤10 mm in the
MRI-group, versus one (13%) in the Mammography-group. The difference in pT-stage was significant in the
incident cancers (p=0·035).
Invasive breast cancers in the MRI-group were less often node positive compared with the Mammographygroup (4/24; 17% versus 5/8; 63%, p=0·023). BR grade, ER/PR/HER2 status, ductal carcinoma in situ grade and
ductal carcinoma in situ size were not statistically significantly different.
Results after combining the results of the registration groups to the randomisation groups are shown in table
S2.
Table 3 shows the performance of the two screening strategies within the randomisation groups. The number
of breast cancers per 1000 screening rounds was significantly higher in the MRI-group than in the
Mammography-group (14·2 versus 4·9 per 1000 screening rounds; p<0·001). The difference decreased and was
no longer significant after the first screening round (MRI-group: 10·0 versus Mammography-group: 5·9;
p=0·722). Figure 2 shows the incidence per group per screening round. One of the forty cancers in the MRIgroup was an interval cancers and two of the fifteen cancers in the Mammography-group. The interval cancer
in the MRI-group occurred ten months after screening (T2, node positive, BI-RADS density D). One interval
cancer in the Mammography-group occurred nine months after screening (T2, node positive, BI-RADS density
C), the second in the year after closure of the study (T1c, node negative, BI-RADS density B). Sensitivity was
non-significantly higher and specificity was significantly lower in the MRI-group, compared with the
Mammography-group.
The fourteen (61%) out of 23 invasive screen-detected cancers in the MRI-group detected by MRI only were
eight T1a/T1b, five T1c, one T2; two (T1c) of them node positive; and the three (13%) out of 23 detected by
mammography only were one T1a, two T1b. One ductal carcinoma in situ grade 1 was detected by MRI only,
one by mammography only and three by both MRI and mammography.
Specificity was significantly lower in the MRI-group due to more false positive results. Of the false positive
results in the MRI-group, 22% (99/450) resulted from a positive mammogram while MRI was negative. In
incident rounds, specificity improved in both groups.
Positive predictive value (for BI-RADS ≥3) was non-significantly higher in the MRI-group than in the
Mammography-group, whereas Positive predictive value for biopsy was similar.
With increasing breast density, numbers of detected cancers (including reg-group data) increased significantly
for the mammography protocol (p=0·018). All ≥T2 tumours (N=7) and three of five interval cancers when
including the registered women, were in the two highest density categories (Table 4). Estimated by
radiologists, MRI detected only more early stage cancers, and with ≤ 25% positive nodes, in the three lower
density categories A-C, in which it performed best. However, with automated (Volpara density) measurements
this was also true for the highest density category (D).
Sensitivity did not differ significantly with increasing density in either protocol. Specificity rates decreased
with increasing density for both screening protocols (p<0·001), as false positives were increasing (p<0·001).
Automated breast density measures were available for 80% of the participants and in slight agreement with
the density assessments by radiologists, with a kappa of 0·205.21 However, results stratified by automated
density grades (Appendix, table S4) were in accordance with those of BI-RADS breast density stratification.19
When stratifying our results by age (women <50 years versus women ≥50 years), we observed no difference in
tumour and nodal stage in either group (Table 2), but higher specificity in both groups in women aged ≥50
years compared to women <50 years(Table 3).
Median follow-up of patients after a breast cancer diagnosis was 4.3 years. None of the breast cancer patients
of the randomisation groups died during follow-up. One patient in the reg-Mammography-group died from
breast cancer. The trial was ended the year that the number of cancers as determined by the power
calculation was reached.
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DISCUSSION
In this randomized controlled trial, the first to our knowledge comparing MRI screening with mammography in
high risk women, median tumour size of the invasive breast cancers was 8 mm smaller (p<0·010) in the MRIgroup and they were far more often node negative20 (83%) of 24 versus 3 (38%) of 8 p=0·023) than in the
Mammography-group. Even more important for the effectiveness in the long run, are the results of the
incident rounds: MRI screening resulted in lower numbers of late stage cancers (≥T2 1/18 versus 2/8; and
node positive cancers 2/18 versus 5/8 p=0.014), both tumour stage and nodal status were significantly more
favourable. MRI screening may lead to a substantial mortality reduction, as in a study of 93,569 patients
diagnosed with primary breast cancer in the Netherlands in 2006-2012, five-year relative survival for T1c
tumours was 98%, decreasing in T2 tumours to 92%; for all N0 tumours 98%, but 86% for N2 tumours, despite
up to date adjuvant therapy.4 Furthermore, with substantially fewer node positive patients, less adjuvant
chemotherapy will be indicated, sparing many women the early and late side effects and cost.We certainly
intend to publish in the future, as prespecified, 10 year mortality results after linkage with our national
database, as mortality reduction is the aim of screening. The current follow-up, in which one patient from the
Reg-Mammography-group died from breast cancer, is too short, but tumour stage is a reliable proxy.3,4
Our MRI protocol caused an impressive favourable stage-shift compared to the mammography protocol,
while the tumour stages in our Mx-group were very comparable to the stages detected by MRI screening in
older multicentre studies in the familial group.5-7 This demonstrates how much both mammography and MRI
have improved over the last decade. Therefore, we cannot use the results of those older studies anymore 6 to
estimate the pros and cons of MRI screening as already shown by Obdeijn et al. 22
Not unexpectedly, MRI had the clear disadvantage of more false positive results and thus lower specificity for
the MRI protocol. Despite improvement in the incident rounds of both randomisation groups, the difference
between the groups remained significant and substantial. This is in accordance with other high-risk MRI
screening studies.6 The false positive rate is maybe explained by the average young age of our participants as
it clearly decreased above the age of 50 years and increased with increasing density, and it may furthermore
be the consequence of the very early stage at detection. The ACR expects a Positive predictive value of 24%
for performed biopsies, our Positive predictive value is just above this19. Our Positive predictive value for BIRADS ≥3 and for biopsy are comparable to the Positive predictive value ’s in two recent cohort studies of MRIscreening.11,23
Another drawback of screening is overdiagnosis. The incidence of all cancers was higher in the MRI-group than
in the Mammography-group. The difference declined after the first round and was not significant anymore,
although incidence remained higher up till the fourth round (figure 2). However, with a mean age at detection
of 49 years, at which the average Dutch life expectancy is 35 additional years, hardly any of the invasive
cancers are expected to be overdiagnosis, as even early stage estrogen positive breast cancers may have
metastasized after 20 years.3 Nevertheless, the substantial increase in ductal carcinoma in situ is expected to
be partly overdiagnosis: especially ductal carcinoma in situ grade 1 for which trials are ongoing to investigate
whether active surveillance is safe.24,25
A possible unwanted side-effect of MRI-screening is retention of minute amounts of Gadolinium in brain and
other tissues after MRI investigations, although less with the macrocyclic gadolinium products used in our 12
hospitals, of which so far no harmful effect has been identified. A letter we sent to all participants in the MRIgroup in 2016 on this new evidence did not lead to substantial withdrawal of participants.
Both when breast density was estimated by radiologists as well as measured fully automated (Volpara
density), all ≥T2 tumours, as well as most of the interval cancers were only seen in the two highest density
categories. Estimated by radiologists, MRI detected only more early stage cancers, and with ≤ 25% positive
nodes, in the three lower density categories A-C, in which it performed best. However, with automate Volpara
density measurements this was also true for the highest density category (D).With increasing breast density,
specificity decreased in both the MRI protocol and Mammography protocol, consistent with the results of
Kerlikowske et al.12 Density seems to be more important than age when choosing a screening strategy.
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Also previous studies concluded that mammography is of limited additional value to MRI screening in women
with familial risk.26 Of the false positive results in the MRI-group 22% was caused by mammography only. On
the other hand three (12%) minimal cancers (≤1 cm) with a considerable area of ductal carcinoma in situ with
microcalcifications were only detected by our low frequent mammography. We do not know in which stage
they would have been detected by MRI, but either an even lower frequency of mammography should be
considered or omitting mammography. Clinical breast examination generated also substantial false positive
results in both groups, and detected only one of all cancers, making the additional value of clinical breast
examination negligible.
Studies have demonstrated that digital breast tomosynthesis (DBT) has the potential to increase screening
sensitivity and specificity in comparison with digital mammography. Therefore, if DBT would have replaced
mammography, we would expect a gain in diagnostic accuracy in the Mammography-group. However the
average additional cancer yield published for DBT is 1·2 per 1000 cases 27,28, for additional ultrasound 3·5-4·4
per 1000 cases (with considerable false positive rate increase: the reason why it is not recommended in Dutch
screening guidelines)9,29, but for MRI 15·5 per 1000 cases.30 We therefore do not expect as large a stage shift
as demonstrated in our MRI-group, could have been attained with either DBT or ultrasound.
A limitation of our study is, that being powered to demonstrate a difference in tumour size between the two
screening groups, the numbers of the detected cancers were small when stratified according to density or age
categories. Maybe therefore we were unable to demonstrate a significant sensitivity decrease with increasing
density which has been shown previously.12 Importantly, in the MRI-group the number of later stage cancers
decreased clearly in incident rounds, but we also have to evaluate long-term survival, and cost-effectiveness.
Another limitation is, that previous screening may have influenced our incidence. However, a nearly equal
amount of previous MRI-screening was performed in both groups: ≤ 2 years 9·2% in the MRI-group and 11·9%
in the Mammography-group. It may have reduced the incidence possibly more in the Mammography-group.
Fortunately the study continued for 7 years, with an average of 4·3 screening rounds per person. We see in
figure 1 the highest cancer incidence in the Mammography-groupat the second year and a nearly equally steep
decline in both groups thereafter. This suggests it is a quite limited influence for the complete study and it will
not have influenced our primary endpoint: tumour size and nodal status.
The biggest strength of our study, aside from the randomised character, is that the results are representative
for daily real-life practice, as patients were not only included at university hospitals with specialized high-risk
breast screening units, but also at five larger general hospitals throughout the Netherlands. However, in a
study with MRI performed in a MRI-expert screening-practice only, better results may be achievable. Further
improvements may come from abbreviated MRI and, for specificity, artificial intelligence based assistance.
We conclude that in real-life practice the MRI-screening causes an important favourable stage shift compared
to mammography and can by reducing late-stage cancers reduce chemotherapy use and mortality. Certainly
at density categories A-C,.but especially in density D, at the cost of lower specificity. Clinical breast
examination may be omitted and the frequency of mammography beside MRI-screening may be further
reduced.
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Data Sharing
De-identified participant data will be made available 6 months after the trial primary and
secondary endpoints have been published. Any requests for trial data and supporting material
(data dictionary, protocol, and statistical analysis plan) will be reviewed by the trial PI group
in the first instance. Requests that have a methodologically sound proposal and whose
proposed use of the data has been approved by the trial steering committee and do not
interfere with planned analyses, e.g. cost-effectiveness and 10 yr. mortality results, will be
considered in the first instance. To gain access, data requestors will need to sign a data access
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Table 1. Characteristics of randomised women at baseline, according to study group
Characteristic
MRI-group
Mammography(N=674)
group (N=680)
44·7 ± 6·3
44·7 ± 6·3
Mean age (years ± SD)
Menopausal status
Premenopausal
Postmenopausal
Unknown
Hormonal contraceptive use
Now
In the past
Never
Unknown
Hormone replacement therapy use
Now
In the past
Never
Unknown
Previous screening
No screening
Unknown
Mammography

≤ 2 years ago
> 2 years ago
Unknown
MRI

≤ 2 years ago

512 (76%)
109 (16%)
53 (8%)

505 (74%)
116 (17%)
59 (9%)

103 (15%)
462 (69%)
55 (8%)
54 (8%)

111 (16%)
442 (65%)
50 (7%)
77 (11%)

7 (1%)
14 (2%)
593 (88%)
60 (9%)

10 (2%)
12 (2%)
577 (85%)
81 (12%)

58 (9%)
13 (2%)

53 (8%)
21 (3%)

535 (79%)
23 (3%)
14 (2%)

542 (80%)
29 (4%)
7 (1%)

62 (9%)
90 (13%)
1 (0%)

81 (12%)
89 (13%)
1 (0%)

> 2 years ago
Unknown
BI-RADS density categorya
A (entirely fat)
88 (13%)
92 (14%)
B (scattered densities)
248 (37%)
229 (34%)
C (heterogeneously dense)
237 (35%)
243 (36%)
D (extremely dense)
98 (15%)
102 (15%)
Unknown
3 (0%)
14 (2%)
No. of first-degree relatives with a
history of breast cancer below the age of
50
362 (54%)
397 (58%)
1
44 (7%)
37 (5%)
2
2 (0%)
2 (0%)
≥3
a. Determined by radiologists, according to the fourth ACR BI-RADS (4th edition)
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Figure 1. Trial profile
1768 women were invited
413 were not randomised:
53 did not meet inclusion criteria or met exclusion criteria
14 because of a contraindication
102 because of psychological reasons or claustrophobia
73 did not want additional tests or had no time for it
31 did not want MRI screening
11 wanted MRI screening
107 provided no reason
22 because of other Of
reasons
the declining women:

1355 randomised

218 participated in the RegMammography-group

675 were allocated to the MRI-group

12 participated in the Reg-MRI-arm
680 were allocated to the Mammography-group

107 withdrew themselves
54 were excluded

127 withdrew themselves
27 were excluded

26a because of breast cancer diagnosis
7 because of breast cancer diagnosis
5 because of other cancer diagnosis
3 because of other cancer diagnosis
6 ultimately proved to have a cumulative
7 ultimately proved to have a cumulative
lifetime risk below
lifetime risk below
20%
20%
2 underwent prophylactic mastectomy
5 underwent prophylactic mastectomy
8 proved to be BRCA1/2 mutation carriers
4 proved to be BRCA1/2 mutation carriers
6 because of a contraindication
a
674 were included in the modified
680 were included in intention
to
1 diagnosed
with Li-Fraumeni syndrome
1 was included at a too old age

intention to screen analyses

screen the analyses

. One woman was diagnosed with an interval cancer after randomization but before the first MRI screening
was performed. Due to our exclusion criteria, we excluded this woman from our analysis data.
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Table 2. Characteristics of detected breast cancers, according to study group.
MRI-group (N=674)
Mammography-group
(N=680)

Mean age at detection (years

49·4 ± 7·1

50·0 ± 4·6

634 (94%)
24 (4%)
16 (2%)
Mean: 11·9 ± 12·3
Median: 9

665 (98%)
8 (1%)
7a (1%)
Mean: 18·0 ± 8·1
Median: 17

7/24 (292%)
14 (58%)
7/24 (29%)
7/24 (29%)
2/24 ( 8%)
1/24 ( 4%)
3 (13%)
0

0
1/8 (13%)
5/8 (63%)
2/8 (25%)
0
0

4/24 (17%)
20/24 (83%)

5/8 (63%)
3/8 (38%)

10/24 (41·7%)
9/24 (37·5%)
4/24 (16·7%)
1/24 (4·2%)
22/24 (91·7%)
18/24 (75%)
2/24 (8%)

2/8 (25%)
3/8 (38%)
3/8 (38%)
0
6/8 (75%)
5/8 (63%)
0

5/16 (31%)
8/16 (50%)
3/16 (19%)
Mean: 34·18 ± 43·8
Median: 14c

2/7 (29%)
4/7 (57%)
1/7 (14%)
Mean: 30·29 ± 26·9
Median: 20

7/ 25 (28%)
12/25 (48%)
5/25 (20%)
1/25 ( 4%)

7/15 (47%)
1/15 (7%)
5/15 (33%)
2/15 (13%)

2/18 (11%)
16/18 (89%)

5/8 (63%)
3/8 (38%)

7/18 (39%)
6/18 (33%)

5/8 (63%)
0

Comparison MRIgroup vs
Mammography-group,
p-value
0·880

± SD)
No cancer
Invasive breast cancers
ductal carcinoma in situ
Size of invasive cancers (mm ±
SD)
T stage
T1a
T1b
T1c
T2
T3
T4
Node status
Positive
Negative
BR grade
1
2
3
Missing
ER positive
PR positive
HER2 positive
Ductal carcinoma in situ grade
1
2
3
ductal carcinoma in situS size
(mm ± SD)
T stage incident rounds
Tis
T1a+T1b
T1c
≥ T2
Node status incident rounds
Positive
Negative
T stage <50 years
Tis
T1a+T1b
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0·002
0·010

1 (12·5%)
0·065b
2 (25%)

0·023

0·504

0·254
0·654
1.000

1.000

1.000

0·035

0·014

T1c
4/18 (22%)
1/8 (13%)
≥T2
1/18 (6%)
2/8 (25%)
0·125d
T stage ≥50 years
Tis
9/22 (409%)
2/7 (29%)
T1a+b
8/22 (36%)
1/7 (14%)
T1c
3/22 (14%)
4/7 (57%)
≥T2
2/22 (9%)
0
0·180 d
Node status, <50 years
Positive
1/11 (9%)
3/3 (100%)
Negative
10/11 (91%)
0
0·011 d
Node status ≥50 years
Positive
3/13 (23%)
2/5 (40%)
Negative
10/13 (77%)
3/5 (60%)
0·583 d
a. One ductal carcinoma in situ was detected after the woman demanded screening with MRI and
mammography. The ductal carcinoma in situ was detected by both MRI and mammography
b. Based on categories ‘T1a+T1b’; ‘T1c’ and ‘T2+’
c. Contains missing values
d. p-value for T stage MRI-group < 50 versus ≥ 50 years: 0·928; p-value for T stage Mammography-group < 50
versus ≥ 50 yrs: 0·092; p-value for node status MRI-group < 50 versus ≥ 50 years: 0·596; p-value for node status
Mammography-group < 50 versus ≥ 50 years: 0·196
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Table 3. Screen-detected cancers, interval cancers, detection rates, detection technique,
biopsies, false positives, sensitivity, specificity, and PPV, according to study group and rounds
MRI-group (N=674) Mammographygroup (N=680)

Comparison MRIgroup vs
Mammographygroup, p-value

Screening rounds
Woman-years at risk
Screen-detected cancers
Interval breast cancers
No. of breast cancers per 1000 screening rounds
(95% CI)
All breast cancers
Screen-detected cancers
Invasive screen-detected cancers
ductal carcinoma in situ
Interval cancers per 1000 woman-years at risk
(95% CI)
Detection technique of invasive cancers
Mammographyc
MRIc
Both mammography and MRI
clinical breast examination only
Biopsies (rated)
False positives (rated) ≥BI-RADS 3
By mammographyc
By MRIc
By both mammography and MRIc
By clinical breast examination only

2812
3220
39a/40 (98%)
1/40 (3%)

3075
3326
13b/15 (87%)
2/15 (13%)

0·177

14·2 (10·0-18·8)
13·9a (9·6-18·5)
8·2 (5.0-11·7)
5·7a (3·2-8·5)
0·3 (0·0-0·9)

4·9 (2·6-7·5)
4·2b (2·0-6·8)
2·0 (0·7-3·6)
2·3b (0·7-4·3)
0·6 (0·0-1·5)

<0·001
<0·001
0·001
0·058
1·000

3/23 (13%)
14/23 (61%)
5/23 (22%)
1/23 (4%)
149 (53·0)
449 (159·7)
98/449 (22%)
275/449 (61%)
19/449 (4%)
57/449 (13%)

Sensitivity (95% CI)
Specificity (95% CI)
Positive predictive value BI-RADS ≥ 3 (95% CI)
Positive predictive value for biopsy (95% CI)

97·5% (86·8-99·9)
83·8% (82·4-85·2)
8·0% (5·7-10·7)
26·8% (20·0-34·7)

6/6 (100%)
n.a.
n.a.
0
54 (17·6)
276 (89·8)
157/276 (57%)
9/276 (3%)e
0
110/276 (40%)
86·7% (59·5-98·3)
91·0% (89·9-92·0)
4·5% (2·4-7·6)
27·8% (16·5-41·6)

Incident screening rounds
No. of breast cancers in incident round per 1000
screening rounds (95% CI)
Screen-detected in incident rounds
Interval cancers in incident rounds
Biopsies in incident rounds (rated)
False positives in incident rounds (rated)
Sensitivity in incident rounds (95% CI)

2141

2407

10·0 (6·4-14·0)
25a/25 (100%)
0
82 (38·3)
266 (124·2)
100·0% (86·3100·0)
87·4% (85·9-88·8)
8·6% (5·6-12·4)

5·9 (3·2-9·1)
13/15 (87%)
2/15 (13%)
38 (15·8)
176 (73·1)
86·7% (59·5198·3)
92·6% (91·5-93·7)
6·9% (3·7-11·5)

0·722

30.5% (20·8-41·6)

39·5% (24·0-56·6)

0·538

81·9% (80·1-83·6)

89·6% (88·2-90·9)

<0·001f

Specificity in incident rounds (95% CI)
Positive predictive value BI-RADS ≥ 3 (95% CI) in
incident rounds
Positive predictive value for biopsy in incident
rounds (95% CI)
Specificity < 50 yrs
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<0·001
<0·001

0.177
<0·001
0·074
1·000

0·135
<0·001
<0·001
0·135
<0·001
0·605

Specificity ≥ 50 yrs
87·7% (85·4-89·8)
93·5% (91.9-94·9) <0·001 f
a. One ductal carcinoma in situ was detected after the woman discontinued the trial protocol and went to the
national breast cancer screening program. Within the trial, this lesion was given a BI-RADS score 3, and was
considered stable over time. At the moment the woman underwent her first screening at the national
screening program, this lesion was given a BI-RADS score 4, and ultimately appeared to be ductal carcinoma in
situ
b. One ductal carcinoma in situ was detected after the woman demanded screening with MRI and
mammography. The ductal carcinoma in situ was detected by both MRI and mammography
c. Possibly in combination with a positive clinical breast examination
d. Rate per 1000 screening rounds
e. These false positives occurred in women who requested the MRI protocol while being randomised to the
Mammography-group (see paragraph ‘Study population’ of the Results)
f. p-value for results of specificity difference < 50 versus ≥ 50 yrs for MRI-group: <0·001; for Mammographygroup <0·001; and Positive predictive value difference <50 versus ≥ 50 yrs for MRI-group <0·001; and for
Mammography-group <0·001
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Table 4. All breast cancers, T staging, and false positives by BI-RADS density categories
BI-RADS breast densitya
A
B
C
All participants
N=206
N=549
N=562
Screening rounds
993
2412
2413
b
All breast cancers (rate )
5 (5.0)
22 (9.1)
27 (11.2)
b
Interval cancers (rate )
0
2 (0.8)
2c (0.8)
T stage
Tis
1 (20%)
8 (36%)
11 (41%)
T1a + T1b
2 (40%)
5 (23%)
8 (30%)
T1c
2 (40%)
9 (41%)
4 (15%)
T2+
0
0
4 (15%)
Node status
Positive
1 (25%)
3 (21%)
6 (38%)
Negative
3 (75%)
11 (79%)
10 (63%)
MRI-group + RegMRI-group
N=86
N=249
N=238
Screening rounds
403
1033
973
b
All breast cancers (rate )
5 (12.4)
15 (14.5)
17 (17.5)
b
Interval cancers (rate )
0
0
0
Sensitivity (95% CI)
100.0%
100.0%
100.0%
(47.8-10.0)
(78.2-100.0)
(80.5-100.0)
Specificity (95% CI)
90.5%
85.3%
82.8%
(87.1-93.2)
(82.9-87.4)
(80.3-85.2)
b
False positives (rate )
38 (94.3)
150 (145.2)
164 (168.6)
T stage
Tis
1 (20%)
7 (46.7%)
7 (41.2%)
T1a + T1b
2 (40%)
5 (33.3%)
7 (41.2%)
T1c
2 (40%)
3 (20.0%)
2 (11.8%)
T2+
0
0
1 (5.9%)
Node status
Positive
1 (25%)
0
2 (20.0%)
Negative
3 (75%)
8 (100.0%)
8 (80.0%)
Mammography-group +
N=120
N=300
N=324
RegMammography-group
Screening rounds
590
1379
1440
All breast cancers (rateb)
0
7 (5.1)
10c (6.9)
Interval cancers (rateb)
0
2 (1.5)
2 (1.4)
Sensitivity (95% CI)
n.a.
71.4%
80.0%
(29.0-96.3)
(44.4-97.5)
Specificity (95% CI)
93.7%
93.0%
89.0%
(91.5-95.5)
(92.3-93.6)
(87.3-90.6)
b
False positives (rate )
37 (62.7)
96 (69.6)
157 (109.0)
T stage
Tis
0
1 (14%)
4 (40%)
T1a + T1b
0
0
1 (10%)
T1c
0
6 (86%)
2 (20%)
T2+
0
0
3 (30%)
Node status
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D
N=239
1022
11 (10.8)
1 (1.0)

p trend

5 (50%)
1 (9%)
2 (18%)
3 (27%)

0.108
0.978
0.489
0.008

3 (50%)
3 (50%)
N=105
440
5 (11.4)
1 (2.3)
80.0%
(28.4-99.5)
77.0%
(72.8-80.9)
100 (227.3)

0.916
0.104
0.079

1 (20%)
0
1 (20%)
3 (60%)

0.969
0.535
0.424
0.007

0.132
0.474

<0.001
<0.001

2 (50%)
2 (50%)
N=134
582
6 (10.3)
0
100.0%
(54.1-100.0)
86.3%
(83.2-90.0)
79 (135.7)
4 (67%)
1 (17%)
1 (17%)
0

0.018
0.992
0.181
<0.001
<0.001
0.007
0.124
0.843
0.348

Positive
0
3 (50%)
4 (67%)
1 (50%)
Negative
0
3 (50%)
2 (33%)
1 (50%)
a. BI-RADS breast density estimated at baseline
b. Rate per 1000 screening rounds
c. One ductal carcinoma in situ was detected after the woman demanded screening with MRI and
mammography. The ductal carcinoma in situ was detected by both MRI and mammography
Figure 2. Incidence of all cancers (invasive + ductal carcinoma in situ) per screening round, according to
randomisation group
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