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Novelty and Impact 
Higher breast cancer detection (CD) for Digital Breast Tomosynthesis (DBT) compared to Digital 
Mammography (DM) has been demonstrated, however data relating to interval cancers, CD at 
subsequent screening, and overdiagnosis are very limited. Proteus Donna is a randomised 
controlled trial aimed at prospectively evaluating screening with DBT compared to DM. We 
report the interval and cumulative CD over subsequent screenings. Outcomes are consistent 
with a lead time gain of DBT, with an increase in false positives and moderate overdiagnosis. 
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Abstract  
 
Proteus Donna is a randomised controlled trial aimed at prospectively evaluating screening with 
Digital Breast Tomosynthesis (DBT), including interval cancer detection (ICD) and cancer 
detection (CD) in the analysis as a cumulative measure over subsequent screening episodes. 
Consenting women aged 46-68 attending the regional Breast Screening Service were randomly 
assigned to conventional digital mammography (DM, control arm), or DBT in addition to DM 
(DBT, study arm). At the subsequent round all participants underwent DM. 36-months follow-
up allowed for the identification of cancers detected in the subsequent screening and inter-
screening interval. Relative risk (RR) and 95% confidence interval (95%CI) were computed. 
Cumulative CD and Nelson-Aalen incidence were analysed over the follow-up period. 
Between 31/12/2014 and 31/12/2017, 43022 women were randomised to DM and 30844 to 
DBT. At baseline, CD was significantly higher (RR 1·44; 95%CI 1·21-1·71) in the study arm. ICD 
did not differ significantly between the two arms. (RR 0·92; 95%CI 0·62-1·35). At subsequent 
screening with DM, the CD was lower (nearly significant) in the study arm (RR 0·83; 95%CI 0·65-
1·06). Over the follow-up period, the cumulative CD (comprehensive of ICD) was slightly higher 
in the study arm (RR 1·15; 95%CI 1·01–1·31). The Nelson-Aalen cumulative incidence over time 
remained significantly higher in the study arm for approximately 24 months. Benign lesions 
detection was higher in the study arm at baseline and lower at subsequent tests. 
Outcomes are consistent with a lead time gain of DBT compared to DM, with an increase in 
false positives and moderate overdiagnosis.   



  

Introduction  
Breast cancer (BC) screening using mammography reduces breast cancer mortality, as shown in 
randomised controlled trials (RCTs)1,2. However, beyond concerns about potential 
overdiagnosis1, the application of mammography in screening has limitations related to its 
lower sensitivity in women with dense breast parenchyma3. Breast imagers are adapting to this 
challenge with the development of new technologies. Digital breast tomosynthesis (DBT) is an 
imaging technology that provides a three-dimensional reconstruction of the breast from a 
limited angle scan involving a series of low-dose mammographic exposures, hence the 
commonly used synonym of “3D mammography”4. Several studies have demonstrated a higher 
breast cancer detection (CD) for DBT either in adjunct to digital mammography (DM), or as a 
single test, integrated alongside “synthetic 2D” mammography images  5–13. However, data 
relating to how this affects interval cancers detection (ICD) and CD at subsequent screening, 
and whether it produces overdiagnosis are very limited5,14–17. There are also challenges linked 
with using DBT in organised screening programmes, including increased radiation doses, longer 
reading times for radiologists, increased cost of the technology, and increased data storage 
requirements18. We designed the Proteus Donna RCT to prospectively compare DBT with DM in 
a population-based screening setting. While its primary outcome was to assess the impact of 
DBT on ICD, the trial design also allowed us to provide a relevant analysis of CD as a cumulative 
measure over subsequent screening episodes. In this paper, we reported the main trial results 
from two consecutive screening tests, and we attempted to elucidate whether the CD increase 
in the study arm was due to a gain in lead time, overdiagnosis, or both. Secondary outcomes of 
the study, such as diagnostic performance indicators and characteristics of BC detected, were 
also reported and briefly discussed. A further analysis of these and other outcomes, such as 
reading issues and cost-effectiveness will be the object of upcoming papers. 
 
Materials and Methods 
Study design and participants 
Proteus Donna was a multicenter, multivendor prospective RCT on DBT implementation in BC 
screening. Recruitment began in December 2014 and was completed in December 2017, within 
the setting of the organised BC screening programme of the Piedmont Region Health Screening 
Service, Italy. In this Region, women aged 50-69 years are routinely invited to perform DM 
every 2 years, while women aged 45-49 may participate spontaneously and receive annual 
screening tests untill they reach the age of 50. All tests are double read, and further assessment 
is offered free of charge to all screen-positive women. 
A total of six provincial screening centres, including 13 clinical hospitals, participated in the trial  
and 38 radiologists at these centres interpreted screening examinations. All radiologists fulfil 
the regional screening quality assurance criterion of at least 5000 mammograms read per year 
and participate in periodic audits of individual reading performance19. 



  

Eligible women were randomly assigned to either standard DM (control arm) or DBT, which was 
carried out in the so-called ‘combo-mode’ (i.e., combined tomosynthesis plus DM, study arm) 
(see Figure 1). Participants were followed for 36 months (18 months for women younger than 
50 years of age) to identify cancers detected at the subsequent screening with DM alone, as 
well as during the inter-screening interval. The study design allowed us to compute: 1) CD at 
baseline and at subsequent screening; 2) ICD, i.e., BC occurred within the follow-up period after 
a negative study examination,; 3) overall cumulative detection (CD + ICD) after two screenings 
in the study and control arm. 
The target population was women aged 46-68 years invited to the regional BC screening 
programme. Exclusion criteria were a personal history or symptoms of BC, oncological 
treatment for other malignancies, terminal or critical illness, inability to express informed 
consent, and breast implants. Eligible women received, with the standard letter of invitation to 
screening, a special leaflet outlining the potential benefits and risks of the study and specifying 
that their participation in the trial entailed the consent to receive additional DBT according to 
random allocation. The leaflet included a reference to the study website and a telephone 
contact number to make further information readily accessible. The information about 
screening arm assignments would be disclosed only after the woman’s consent to participate 
had been signed. This occurred after registration at the screening facility and only a few 
minutes before the actual test was performed. Moreover, at the study clinical sites, the trial 
protocol was fully explained by trained volunteers. Women who agreed to participate signed 
the informed consent form. Before the exam, the radiographer reviewed the participants 
eligibility criteria. Those who did not meet all of the eligibility criteria were excluded from the 
study and offered DM screening according to the standard regional screening protocol. 
The ethics committees of all participating hospitals approved the study protocol (Appendix 2) 
Procedures  
For DM and DBT examinations, mammography systems from Hologic, GE, Siemens, and Fujifilm 
were used at the study clinical sites20. All systems allowed for taking DM and DBT images with a 
single breast compression. All women underwent standard two-view (craniocaudal and 
mediolateral oblique views) DBT, or DM performed by trained radiographers. Radiation doses 
of a DBT acquisition were automatically determined by the mammography unit and set to a 
moderately higher dose than a standard mammographic view. Therefore, the complete dose 
entailed by the combination of a two-view DM and a two-view DBT, which was approximately 
2.5 times higher than that of a standard DM alone. This increased dose was still within the 
limits of the radiation doses allowed by the Italian guidelines at the time of the study for a 
screening examination and was deemed acceptable by the ethical committees for a single 
round of screening within the experimental arm. 
The radiologists participating in the trial received basic training in integrated DM and DBT 
mammography (details in Appendix 1). In both arms, examinations were interpreted 



  

independently by two readers (independent double reading) as per regional screening protocol. 
In the DM arm, both readings for each examination were reported as usual. In the DBT arm, 
each reading was randomly allocated (on a per-case basis) to one of these three modes: DM 
plus DBT (DBT was only read after initial DM interpretation), DBT plus DM (DM was only read 
after DBT interpretation), and "concurrent mode" (DBT and DM were simultaneously available 
to the reader) (details in Appendix 1). In both arms of the study, breast imaging was reported 
based on an established European classification (1 – normal, 2 – benign, 3 – probably benign, 4 
– suspicious for malignancy, and 5 – malignant). If either of the radiologists assigned a score of 
three or higher to one or both breasts, the case was considered as a positive test result and the 
woman was recalled for further investigations (without consensus or arbitration). Previous DM 
screening mammograms were available to readers. 
For any suspected abnormalities, data related to the side, quadrant, and morphology were 
collected . Interpretation time (defined as the time taken to read the data once loaded onto the 
workstation) was automatically recorded. Reading issues, i.e., reading modes and times, will be 
the subject of further publications.  
Participants recalled for further assessment underwent diagnostic work-up according to local 
routines, typically involving triple assessment (clinical assessment, further imaging 
[supplementary mammographic views, microfocus magnification, further 3D projections, and 
ultrasound], and needle biopsy when needed). All cancer diagnoses were histologically proven 
either after surgery or by a core biopsy.  
Outcomes 
Primary outcomes (recalls for further assessment, screen-detected cancers, and interval 
cancers) were ascertained by the population-based screening database, excision histology 
reports in patients who received surgery, and core biopsy reports and work-up imaging. Clinical 
information was extracted from a clinical database21,22 and the population cancer registry, with 
both covering the entire study population. If any doubts persisted, the original clinical 
documents were retrieved. All screening participants were followed up to ascertain interval 
cancers, defined as cancers occurring after a baseline negative examination and before a 
subsequent screening test within the follow-up period. The follow-up was conducted by 
employing the clinical databases at the hospitals and the regional hospital discharge records 
(2014–2020). For hospital discharge records, the record linkage was based on two independent 
identifiers (social security number and an algorithm derived from name and birth date). 
International Classification of Diseases-9-CM diagnosis codes related to breast malignancy or 
codes for surgical, diagnostic, or medical procedures possibly related to breast cancer were 
selected. Histopathologic tumour characteristics were based on biopsy reports on the surgical 
specimen or, in the case of primary chemotherapy, on the core biopsy. The histologic type was 
defined as ductal carcinoma in situ (DCIS), invasive cancer (non-special type, lobular carcinoma, 
tubular carcinoma, or other invasive carcinoma). Prognostic tumour characteristics for invasive 



  

tumours included pathologic tumour size (pT <=1c, >1c), lymph node status (pN negative or 
positive), tumour stage23 (<=I, II+), and histologic grade (1–3). Lesions were classified according 
to maximum size, stage, grade.  
Statistical analyses  
For the present study, follow-up was available up to 31 December 2019. The sample size of the 
study was calculated by assuming an incidence of interval cancers of 15·2/1000024 in the 
control arm. The study envisaged a variable randomisation ratio, to maximise the yield of DBT 
examinations according to changing local availability of DBT machines and time slots for DBT in 
the different sites of the trial. Assuming an average 1:1·3 DBT (study) to DM (control) allocation, 
a sample size of 70000 women (30000 in the experimental arm) would allow a power of 80% to 
observe a decrease in the ICD of at least 50%, accepting a 5% probability of alpha error with a 
chi-squared test. The sample size provides a power of 80% to observe an increase in breast 
cancer detection of at least 34% (6·7/1000 in the experimental arm versus 5·0/1000 in the 
control arm) with a 5% probability of alpha error.   
For each study arm, we calculated the number of screen-detected cancers and CD per 1000 
women performing the test, the number and percentage of screened women recalled to 
assessment (recall, %), the positive predictive value (PPV) for recall, and the benign to 
malignant (B/M) surgical biopsy ratio (i.e., the proportion of operated cases who had a benign 
histological diagnosis to those with a malignant outcome). The main characteristics of detected 
cancers (stage, size, histology, grade, and node status) were tabulated for DBT versus DM. All 
indicators were computed separately for initial and subsequent screening examinations. Data 
on interval cancers detection (ICD) were based on cancers identified over the follow-up period 
from the screening date (median, 25 months, range, 0-36) and were estimated accounting for 
all negative screens. The relative risk (RR), risk difference (RD), and 95% confidence interval 
(95% CI) were computed to compare the distribution of outcomes between those screened 
with DBT versus DM. 
Cumulative incidence of breast events (malignant lesions, i.e., invasive and in situ BC, and 
benign lesions) was analysed for complete follow-up. A chi-square test of homogeneity was 
used to assess effect modification by age and screening history at baseline. The Nelson-Aalen 
estimator24 was used to compare the cumulative incidence of breast events over time between 
women undergoing DBT versus DM screening. The outcome variables were time to first 
malignant lesions, or benign lesions. 
We attempted to estimate the further gain, if any, in lead time of DBT over DM, assuming that 
the excess number of cases observed in the experimental arm was just due to advancement in 
the time of diagnosis. At index screening, we calculated this excess number of cases as 
observed to expected absolute difference (O-E). 



  

Given the study design, where the experimental arm reverts to the control arm procedure at 
the subsequent screening, we assumed that the further lead time gained by DBT is exhausted 
when the cumulative incidence in the DBT and DM arms are equal.    
For under and over age 50 we estimated the actual average interval (I) (in days) before the 
subsequent screening round, and we multiplied the excess number of cases (O-E) in each age 
group (i) by the interval, as the total amount of lead time that DBT excess cases could have 
experienced. We divided the total lead time by the number of cases detected by DBT at 
baseline (N), to obtain the average lead time for cases detected at the experimental arm (LTa) 
over the control arm.  
The average gain in lead time “LTa” with DBT was calculated as LTa =[(O-E)*I]i/N, where “O-E”  
is the observed to expected absolute difference of screen-detected cancers in the DBT arm 
compared to DM arm,  “I“ is the time interval before the subsequent screening, and “N” is the 
total number of DBT cases at baseline25. Under the same assumption, we estimated the 
difference in the number of cancer cases per 1000 women who may have been detected one or 
two years earlier between the DBT arm and the DM arm at baseline screening. 
Categorical variables were reported as a frequency, while continuous variables as a mean and 
standard deviation (SD). 
Statistical analyses were performed using STATA version 1526. All significance tests were two-
sided and considered statistically significant at p<0.05. 
The trial was registered with ClinicalTrials.gov (number NCT02590315)27.  
 
Results 
The flow diagram in Figure 1 summarises the main results of the trial.  Of the 212794 women 
invited, 129778 attended the screening programme during the study period. Trial information 
was given to 108842 (84·0%) attendees, of whom 77057 (70·8%) accepted to participate. After 
application of the exclusion criteria (n=3190 exclusions), a total of 73866 participants were 
included in the final analysis: 30844 randomised to the DBT (experimental) arm and 43022 
randomised to the DBT (control) arm, with an average study to control randomisation ratio of 
1:1·39.  
Baseline screening  
Age was balanced in the two arms: mean 56·99 (SD 6) vs. 56·83 (SD 6) years in the experimental 
and control arms, respectively. As for screening history, first tests were 3316 (10·75%) in the 
DBT arm and 3842 (8·93%) in the DM arms (p<0·05). 
Table 1 reports the results of the baseline tests. In the DBT arm significantly more women were 
recalled for further assessment (RR: 1·24; 95%CI 1·17-1·32), underwent needle biopsy (RR: 1·60; 
95%CI 1·35-1·90), and were referred for surgery (RR: 1·54; 95%CI 1·31-1·83). 
Also, a higher proportion of women in the DBT arm (443, 1·44%) were recalled for a further test 
within six months or one year, compared with the DM arm (RR: 1·36; 95%CI 1·19-1·56).  



  

CD was significantly higher in the DBT arm (8·30 per 1000 women vs 5·76 per 1000 women; RR: 
1·44; 95%CI 1·21-1·71, RD: 2·54; 95%CI 1·30-3·78). When considering only invasive cancers, 224 
lesions were detected out of 30844 women in the DBT arm (7·26 per 1000 women) vs 214 
lesions out of 43022 women (4·97 per 1000 women) in the DM arm (RR: 1·46; 95%CI 1·21-1·77). 
DCIS detection was 39% higher in the experimental arm (1·04 per 1000 women vs 0·74 per 1000 
women), although not significantly (RR: 1·39; 95%CI 0·83-2·35). Significantly more benign 
lesions were detected in the experimental arm (52 out of 30844, 1·69 per 1000 women) as 
compared to the control arm (29 out of 43022, 0·67 per 1000 women; RR: 2·50; 95%CI 1·59-
3·94, RD: 1·01 95%CI 0·49-1·53). The ratio between a benign and a malignant outcome for 
lesions referred for surgery was increased to 0·20 in the DBT arm vs 0·12 in the control arm 
(p<0·05). A higher PPV of surgical referral was observed with DBT, however, false positive 
recalls were significantly higher by 22% in the DBT arm. In the DBT arm, the increase in CD was 
significant for smaller (pT<=1c; RR: 1·54; 95%CI 1·24-1·92), node negative invasive lesions (RR: 
1·54; 95%CI 1·23-1·97). The CD gain was especially relevant for stage <=I (RR: 1·67; 95%CI 1·30-
2·15), and grade 1 and 2 invasive cancers (RR: 1·73; 95%CI 1·25-2·40; 1·38; 95%CI 1·01-1·89; 
respectively). The observed increase in CD was not significant for larger lesions, above 2 cm in 
size (RR: 1·12; 95%CI 0·64-1·97) (Table 1).  
Subsequent screening 
After the baseline testing, 30039 women in the DBT arm and 42216 in the control arm, were 
due to be recalled for their subsequent screening test after one year if younger than 50 years of 
age and  after two years if above this cut-off.   
Within the follow-up period, 1414 women in the DBT and 1966 in the DM arm did not receive 
an invitation, 4860 and 6705, respectively, received an invitation but did not participate, while 
five and 11 women could not perform the screening test for technical reasons. As a result, 
23760 women in the DBT arm and 33534 in the DM arm performed subsequent screening test. 
Results are reported in Table 2. 
Age was balanced in the two arms: mean age was 59·06 (SD 6) vs 59·18 (SD 6) years in the DBT 
and DM arm, respectively. Cases were also balanced when considering the interval between the 
baseline and the subsequent test: the mean was 718·47 (SD 144) and 715·35 (SD 138) days in 
the study and control arms. 
For consecutively screened women, a reduction in all the considered outcomes was observed 
with respect to baseline tests. Recall to further assessment was 4·21 per 100 women (1000 of 
23760) in the DBT arm and 4·34 per 100 women (1456 of 33534) in the DM arm (RR 0·97; 95%CI 
0·89-1·05). Surgery referral was markedly reduced compared to baseline and significantly lower 
in the DBT arm compared to the DM arm (RR: 0·76; 0·59-0·97). A similar pattern was observed 
for CD, with a marked reduction vs baseline values for DBT and a non-significant, lower CD in 
the DBT arm (4·21 per 1000 women) as compared with the DM arm (5·07 per 1000 women) (RR 
0·83; 95%CI 0·65-1·06, RD -0·86; 95%CI -1·98-0·26). When considering only invasive cancers, 81 



  

lesions were detected out of 23760 women in the DBT arm (3·41 per 1000 women) vs 135 
lesions out of 33534 women (4·03 per 1000 women) in the DM arm (RR: 0·85; 95%CI 0·63-1·12). 
DCIS detection was 25% lower in the experimental arm, although not significantly different (RR: 
0·75; 95%CI 0·39-1·39). Surgery with a benign outcome was markedly reduced compared to 
baseline and, non-significantly, lower in the DBT arm compared to the DM arm (0·25 per 1000 
women in the DBT arm, vs 0·57 in the DM arm, RR 0·45; 95% CI 0·18-1·12, RD -0·31; 95% CI -
0·64-0·01). Among invasive BCs detected in the DBT arm, a reduction of the more advanced 
cases was observed compared to the baseline test and in comparison with the DM arm, 
although non-significant, in pT>1c cases (RR: 0·74; 95%CI 0·31-1·68), positive nodes BC (RR: 
0·71; 95%CI 0·34-1·39), and stage II+ (0·72 per 1000 women in the DBT arm vs 1·10 in the 
control arm;  RR: 0·65; 95%CI 0·34-1·18). No difference was observed between the study and 
control arms with respect to histologic grade.  
Interval cancers  
The mean follow-up period was 25 months (range 0-36 months). No statistically significant 
difference in ICD was observed between the two arms (RR: 0·92; 95%CI 0·59-1·40) (Table 3). In 
the DBT arm 42 interval cancers were observed among 30588 women (1·37 per 1000 women). 
In the control arm the ICD was 1·50 per 1000 women (64 of 42776). As reported in Table 3, no 
difference in stage was observed between the two arms. The ICD was similar for smaller 
lesions, while a reduction of the more advanced cases was observed (pT>1c RR: 0·52; 95%CI 
0·09-2·18), although non-significant. When considering grade, ICD was similar comparing DBT 
to DM, except for grade 3, even if not significantly (RR: 0·54; 95%CI 0·15-1·61). 
Cumulative cancers 
In the complete period of follow-up (Table 4), there were 880/73866 BCs (1·19 per 1000 
women) including invasive and in situ lesions. The cumulative detection of BCs (including events 
at the baseline screening) was significantly higher in the DBT arm than in the DM arm, with 
398/30844 (12·90; 95% CI:11·67-14·23 per 1000) cancers in the DBT arm versus 482/43022 
(11·20; 95% CI:10·23-12·24) cancers in the DM arm (RR 1·15; 95% CI 1·01–1·31; RD 1·70; 95% CI 
0·10-3·30).  The cumulative detection of a benign diagnosis was also significantly higher in the 
DBT than in DM arm (RR: 1·69; 95% CI: 1·15-2·47, RD 0·76; 95% CI 0·19-1·34).  
For malignant lesions, age (i.e., 46-49 versus 50-69) and screening history at baseline were not 
effect modifiers (p=0·47 for age; p= 0·86 for screening history); the same applies to benign 
lesions (p=0·11 for age; p= 0·05 for screening history). 
When considering the Nelson-Aalen cumulative incidence over time (Figures 2), a significant 
excess of cases was observed in the DBT arm with respect to the DM arm up to 24 months. 
After that, the cumulative incidence curves for malignant lesions crossed (Figure 2A), showing a 
non-significant lower cumulative incidence in the DBT arm after two subsequent tests within 36 
months of follow-up. For benign lesions (Figure 2B), the Nelson-Aalen cumulative incidence 
remained higher throughout the follow-up period, although not significantly different.  



  

Lead time gain 
In the DBT arm at baseline screening, we observed an excess of 78 malignancies over those 
expected based on the observed DM detection. Weighing the results by the interval between 
screening tests (742 median days, accounting for both women under the age of 50 and those 
above this threshold), these cases account for 158 years of further advancement in the time of 
diagnosis, corresponding, on average, to 226 days for each of the 256 malignancies in the DBT 
arm. Given the difference in detection between the two arms at baseline screening (Table 4), 
2.54 per 1000 women experienced due to DBT further advancement in the time of diagnosis of 
one or two years.  
 
Discussion 
Significant increases in CD have been consistently reported in recent years for screening with 
DBT over standard DM screening. However, data relating to the effect of DBT screening on ICD 
and overdiagnosis related to this enhanced detection are still limited. The Proteus Donna 
randomised, controlled trial was designed to provide relevant information on such effects in a 
population-based screening setting. In this paper, we present the results of the primary 
outcomes of our study, i.e., CD and ICD at baseline, first subsequent screening test, and in the 
first interval. Secondary outcome measures, such as diagnostic performance indicators for 
organised screening, cost-outcome, and cost-effectiveness analyses will be the subject of 
further publications.  
At baseline, a significantly higher number of women was recalled for further assessment, and 
underwent biopsy and surgery, with a 44%, significant increase in CD in the DBT arm. Also, a 
significantly higher detection of benign lesions was observed. Among invasive cancers, a gain in 
detection was observed for smaller lesions. No statistically significant difference in ICD was 
observed between the two arms. ICD was still similar in the two arms when considering lesion 
size, stage and grade.  
A reduction in all outcomes was observed at the first subsequent round of screening. A non-
significant decrease in screen-detected BCs was observed in the DBT arm. Among invasive 
cancers, a non-significant greater reduction was observed pT>1c lesions, in those with positive 
lymph nodes, and in lesions of stage II+.  
These results are in line with results from prospective studies, as for CD at baseline5,9,28, interval 
cancer5,28, and subsequent screening16,17. 
This design allows to evaluate whether a net increase in CD of DBT vs DM exists in the screened 
population, overcoming the potential bias of the learning curve linked to successive DBT 
rounds, and to estimate the lead time gain of DBT vs DM.  
For asymptomatic women with an average risk of BC, the ECIBC's Guidelines Development 
Group29 suggests using either DBT or DM in the context of an organised screening programme. 
This is described as a ‘conditional recommendation, very low certainty of the evidence’. A 



  

similar recommendation was issued by the International Agency for Research on Cancer2 
(IARC), because studies have consistently showed higher CD compared to DM, with no 
significant decrease in the ICD.  
This raised the dilemma about the DBT’s ability to detect lesions that are clinically malignant 
rather than indolent (overdiagnosis). However, all but one observational study17, reported that 
the results of the first screening test alone, without a long enough follow-up period, required 
the measurements of cumulative CD over more than one screen. If the lead time of DBT was 
indeed longer than that of standard DM, then the CD would decrease when the DBT is stopped 
after one or more screens and DM is performed again. We observed that CD was 44% 
significantly higher at baseline and decreased by 17% (RR 0·83; 95% CI 0·65-1·06) at the 
subsequent screen, in the DBT arm compared to the DM arm. This finding suggests a trend in 
the reduction of CD at subsequent rounds after DBT, and thus, that some advancement in the 
time of diagnosis was gained by DBT over DM at the first screen. The cumulative CD, inclusive of 
interval cancers, in the DBT arm was significantly higher than the cumulative CD in the DM arm. 
However, according to the Nelson-Aalen cumulative incidence results (including interval 
cancers), the estimated CD in the DBT arm is equal to the estimated CD in the DM arm at 
around 30 months of follow-up. Detection of malignancies pT>1c, with positive nodes, or stage 
II+ was lower at the subsequent screening in the DBT arm (Table 2); however, none of these 
differences were significant. A similar trend was observed for benign lesions, even if the 
cumulative detection was still significantly higher in the DBT arm than in the DM arm. 
These results are compatible either with greater lead time gain with DBT screening in 
comparison with DM screening and/or with an excess of detection of indolent cancers 
(overdiagnosis) in the DBT arm. In fact, although a higher cumulative CD in the DBT arm was 
observed, the Nelson-Aalen cumulative incidence analysis (including interval cancers) showed 
the excess CD tends to disappear over time. We estimated an average lead time gain of 226 
days attributable to DBT over DM. This estimated lead time gain applies to the screening 
interval observed in our study, being a component of the total lead time (DM, DBT, and the 
interval cases). In the absence of regular screening or for longer intervals between tests, the 
advancement in the time of diagnosis should be measured when the cumulative incidence is 
equal in the two arms. 
We can alternatively speculate that: a) the non-significant decrease of CD and cumulative 
incidence of BC at the second screen in the DBT arm, plus the favorable distribution of the 
prognostic factors of BC in the study arm (size, node, and stage) are chance effects; b) the DBT 
diagnostic advancement did not fully emerge before the subsequent screen; c) longer 
advancement and higher overdiagnosis of DBT versus DM coexist. From a clinical significance 
point of view, the extent to which the advancement in the time of diagnosis of asymptomatic 
cancers detected by DBT would translate to clinical benefit is uncertain. It is possible that it 
would just extend the amount of time a woman lives with a breast cancer diagnosis, without 



  

improving her quality or quantity of life, or providing any other benefits. However, if confirmed, 
advancement in the time of diagnosis would permit the downstaging of screen-detected 
cancers, less harmful treatment, and/or longer screening intervals. 
The strength of our study is that it is a randomised trial of DBT screening reporting cumulative 
incidence where the study arm reverts to the same procedure as the control arm during the 
follow-up period. The alternative approach of repeating the DBT at subsequent screening would 
not help to disentangle the occurrence of further diagnostic advancement versus overdiagnosis 
with DBT30. Overdiagnosis with either DBT or digital mammography is likely to be present1,31.   
Our results suggest a gain in lead time with DBT screening, but statistical significance is not 
acquired. We are now monitoring the results of the third screening episode in the trial, 
including interval cancers in the first and second intervals for future analyses with a longer 
follow-up period. 
An important limitation of our study for accurately estimating comparative overdiagnosis is due 
to the need for a longer follow-up than is currently available. Another limitation is that our 
study eventually proved underpowered since we assumed a 50% reduction in ICD. Additionally, 
we could not collect breast density information and stratify for this important condition.  
In conclusion, the Proteus Donna randomised controlled trial, a comparative effectiveness 
study, adopted a longitudinal design for comparing CD, ICD, and cumulative incidence within a 
population-based screening programme, by reverting all participants to standard DM screening 
after one round of DBT in the study arm. Our results are not conclusive, although most of our 
outcomes are consistent with a probable lead time gain with DBT as compared to DM, while 
some concurrent increase of overdiagnosis cannot be excluded.  We are prolonging the follow-
up of the trial population at the following DM screens in order to estimate whether and when 
the detection in the two trial arms will be equal. 
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Figure 1. Flowchart of recruitment phase and study design.  
DBT = digital breast tomosynthesis, DM = digital mammography, CD = cancer detection , ICD = 
interval cancer detection, including all malignant cases detected during the inter-screening 
interval, within the study follow-up period (range, 0-36 months) * Cancer - inclusive of all 
invasive and in situ malignant lesions  
 
 
Figure 2. Nelson-Aalen Cumulative Incidence Estimates for malignant (A) and benign (B) breast 
lesions according to screening arm. 
 



DBT group (n=30844, 42%)


Women aged 46-68. Eligible to participate in the regular BC screening program. 

Randomized and invited 


(n=212794) 

Attended BC screening at the study centers

 (n=129778, 61%) 

The trial was presented 

 (n=108842, 84%) 

  Excluded  (n=34976,32%):


Not meeting inclusion criteria (n=3191)
Declined to participate (n=31597)
Other reasons (n=188)



DM group (n=43022, 58%)



BASELINE

Negative 

(n=40831, 95%)

Further assessment
(n=2191, 5%)

Negative 

(n=28889, 94%)

Further assessment
(n=1955, 6%)

Total negative 

(n=42774, 99%)


Re-Screened with DM 

(n=33534, 78%)


Not Re-Screened**

(n=9242, 22%)


Total negative

(n=30588, 99%)


Re-Screened with DM 

(n=23760, 78%)


Not Re-Screened**

(n=6828, 22%)


FOLLOW-UP

 ◆ Baseline CD (248/43022, 5.76 ‰)
 ◆ ICD (64/42774, 1.50 ‰)

 ◆ Subsequent CD (170/33534, 5.07 ‰)

 ◆ Baseline CD (256/30844, 8.30 ‰)
 ◆ ICD (42/30588, 1.37 ‰)

 ◆ Subsequent CD (100/23760, 4.21 ‰)

ANALYSIS

Negative

(n=1943, 89%)

Cancer*

(n=248)

Negative

(n=1699, 87%)

Cancer*

(n=256)

Interval Cancer

(n=64)

Cancer*

(n=170)

Interval Cancer

(n=42)

Cancer*

(n=100)

* Cancer - inclusive of all invasive and in situ malignant lesions
** Assessed for interval cancer



0

10

20

0 6 12 18 24 30 36
Time since recruitment (months)

C
u

m
u

la
ti

ve
 In

ci
d

en
ce

 (
p

er
 1

00
0)

DBT DM

(A)

43022 (245) 42696 (10) 42484 (32) 37223 (30) 27753 (145) 6589 (19) 3663

30844 (252) 30511 (11) 30359 (26) 26427 (18) 19456 (80) 4787 (9) 2313DBT

DM

Number at risk

0

1

2

3

0 6 12 18 24 30 36
Time since recruitment (months)

C
u

m
u

la
ti

ve
 In

ci
d

en
ce

 (
p

er
 1

00
0)

DBT DM

(B)

43022 (28) 42696 (1) 42484 (3) 37223 (1) 27753 (14) 6589 (0) 3663

30844 (49) 30511 (4) 30359 (2) 26427 (0) 19456 (2) 4787 (1) 2313DBT

DM

Number at risk



Table 1. Baseline results according to arm 

 
DBT (Study arm) 

N=30844 
DM (Control arm) 

N=43022 
 

Parameter n (%) n (%) RR (95%CI) 
Recalls 1955 (6·34) 2191 (5·09) 1·24 (1·17-1·32) 

Surgery referrals 305 (0·99) 276 (0·64) 1·54 (1·31-1·82) 

Invasive cancers 224 (0·73) 214 (0·50) 1·46 (1·21-1·77) 

DCIS 32 (0·10) 32 (0·07) 1·39 (0·83-2·35) 

B5 0 (0·00) 2 (0·00) NA 

Unknown 5 (0·02) 6 (0·02) 1·16 (0·28-4·57) 

Cancers detected (CD) 256 (0·83) 248 (0·58) 1·44 (1·21-1·71) 

PPV  256/1955 (13·09) 248/2191 (11·32) p>0·05 

Benign 52 (0·17) 29 (0·07) 2·50 (1·59-3·94) 
Benign/malignant ratio 52/256 (0·20) 29/248 (0·12) p<0·05 
False positives 1699 (5·51) 1943 (4·52) 1·22 (1·14-1·30) 

Characteristic of the invasive screen 
detected lesions 

n (‰) n (‰) RR (95%CI) 

Invasive  224 (7·26) 214 (4·97) 1·46 (1·21-1·77) 

pT    

<=1c  181 (5·87) 164 (3·81) 1·54 (1·24-1·92) 

>1c 25 (0·81) 31 (0·72) 1·12 (0·64-1·97) 

Unknown 18 (0·58) 19 (0·44) 1·32 (0·65-2·66) 

Lymph nodes     

Negative 155 (5·03) 140 (3·25) 1·54 (1·23-1·97) 

Positive 35 (1·13) 42 (0·98) 1·16 (0·72-1·86) 

Unknown 34 (1·10) 32 (0·74) 1·48 (0·89-2·48) 

Stage    

<=I 141 (4·57) 118 (2·74) 1·67 (1·30-2·15) 

II+ 38 (1·23) 53 (1·23) 1·00 (0·64-1·55) 

Unknown 45 (1·46) 43 (1·00) 1·46 (0·94-2·27) 
Histologic Grade    
1 88 (2·85) 71 (1·65) 1·73 (1·25-2·40) 
2 84 (2·72) 85 (1·98) 1·38 (1·01-1·89) 
3 17 (0·55) 22 (0·51) 1·08 (0·54-2·13) 
Unknown 35 (1·13) 36 (0·84) 1·36 (0·83-2·22) 
 
Subjects recalled to further assessment but without a final round result (17 in the study arm and 14 in the 
control arm) are not included. 
CD = cancer detection,  DBT = digital breast tomosynthesis, DCIS = ductal carcinoma in situ, DM = digital 
mammography, RR = relative risk, 95%CI = 95% confidence interval, PPV = positive predictive value, NA = 
not applicable. PPV was calculated as all cancers found in the total number of recalled women. A false 
positive result occurred when a woman was recalled but did not have cancer. 
 
 
 



Table 2. Subsequent screening results according to arm 

 
DBT (Study arm) 

N=23760 
DM (Control arm) 

N=33534  
Parameter n (%) n (%) RR (95%CI) 
Recalls  1000 (4·21) 1456 (4·34) 0·97 (0·89-1·05) 
Surgery referrals 103 (0·43) 191 (0·57) 0·76 (0·59-0·97) 
Invasive cancers 81 (0·34) 135 (0·40) 0·85 (0·63-1·12) 
DCIS 17 (0·07) 32 (0·09) 0·75 (0·39-1·39) 
B5 2 (0·01) 3 (0·01) 0·94 (0·08-8·21) 
Unknown 3 (0·01) 8 (0·02) 0·53 (0·09-2·20) 
Cancers detected (CD) 100 (0·42) 170 (0·50) 0·83 (0·65-1·06) 
PPV  100/1000 (10·00) 170/1456 (11·68) p>0·05 
Benign 6 (0·25) 19 (0·57) 0·45 (0·18-1·12) 
Benign/malignant ratio 6/100 (0·06)  19/170 (0·11) p>0·05 
No. of false-positive results 900 (3·79) 1286 (3·83) 0·99 (0·91-1·08) 
Characteristic of the invasive screen 
detected lesions 

n (‰) n (‰) RR (95%CI) 

Invasive  81 (3·41) 135 (4·03) 0·85 (0·63-1·12) 
pT    
<=1c  64 (2·69) 105 (3·13) 0·86 (0·62-1·18) 

>1c 10 (0·42) 19 (0·57) 0·74 (0·31-1·68) 

Unknown 7 (0·29) 11 (0·33) 0·90 (0·30-2·54) 

Lymph nodes     

Negative 55 (2·31) 86 (2·56) 0·90 (0·63-1·28) 

Positive 14 (0·59) 28 (0·83) 0·71 (0·34-1·39) 

Unknown 12 (0·51) 21 (0·63) 0·81 (0·36-1·72) 

Stage     

<=I 50 (2·10) 78 (2·33) 0·90 (0·62-1·31) 

II+ 17 (0·72) 37 (1·10) 0·65 (0·34-1·18) 

Unknown 14 (0·59) 20 (0·60) 0·99 (0·46-2·06) 
Histologic Grade    
1 28 (1·18) 39 (1·16) 1·01 (0·60-1·69) 
2 31 (1·30) 59 (1·76) 0·74 (0·46-1·16) 
3 12 (0·51) 14 (0·42) 1·21 (0·51-2·82) 
Unknown 10 (0·42) 23 (0·69) 0·61 (0·26-1·34) 
 
Subjects recalled to further assessment but without a final round result (8 in the study arm and 16 in the 
control arm) are not included. 
CD = cancer detection, DBT = digital breast tomosynthesis, DCIS = ductal carcinoma in situ, DM = digital 
mammography, RR = relative risk, 95%CI = 95% confidence interval, PPV = positive predictive value. PPV 
was calculated as all cancers found in the total number of recalled women. A false positive result occurred 
when a woman was recalled but did not have cancer. 
 
 
 
 
 



Table 3. Interval cancers according to arm 

 
DBT (Study arm) 

N=30588 
DM (Control arm) 

N=42774  
Parameter n (‰) n (‰) RR (95%CI) 
Invasive cancers 38 (1·24) 58 (1·36) 0·92 (0·59-1·40) 
DCIS 4 (0·13) 5 (0·12) 1·12 (0·22-5·20) 
B5 0 (0·00) 0 (0·00) NA 
Unknown 0 (0·00) 1 (0·02) NA 
Total 42 (1·37) 64 (1·50) 0·92 (0·62-1·35) 
Characteristic of the invasive interval 
cancers  

n (‰) n (‰) RR (95%CI) 

Invasive  38 (1·24) 58 (1·36) 0·92 (0·59-1·40) 
pT    
<=1c  19 (0·62) 26 (0·61) 1·02 (0·53-1·92) 
>1c 3 (0·10) 8 (0·19) 0·52 (0·09-2·18) 
Unknown 16 (0·52) 24 (0·56) 0·93 (0·46-1·83) 
Lymph nodes     
Negative 15 (0·49) 23 (0·54) 0·91 (0·44-1·82) 
Positive 6 (0·20) 7 (0·16) 1·20 (0·33-4·17) 
Unknown 17 (0·56) 28 (0·65) 0·85 (0·44-1·61) 
Stage     
<=I 14 (0·46) 20 (0·47) 0·98 (0·46-2·04) 
II+ 8 (0·26) 12 (0·28) 0·93 (0·33-2·48) 
Unknown 16 (0·52) 26 (0·61) 0·86 (0·43-1·67) 
Histologic Grade    
1 7 (0·23) 9 (0·21) 1·09 (0·34-3·28) 
2 7 (0·23) 9 (0·21) 1·09 (0·34-3·28) 
3 5 (0·16) 13 (0·30) 0·54 (0·15-1·61) 
Unknown 19 (0·62) 27 (0·63) 0·98 (0·52-1·84) 
 
DBT = digital breast tomosynthesis, DCIS = ductal carcinoma in situ, DM = digital mammography, 
RR=relative risk, 95%CI = 95% confidence interval, NA = not applicable.



Table 4. Cumulative (baseline + interval cancers + subsequent screening) detection  

  DBT (Study arm) DM (Control arm)     

  n N Detection  (‰) n N Detection  (‰) RR (95%CI) RD (95%CI) 

Malignant lesions                 

Baseline screening 256 30844 8·30 (7·30-9·40) 248 43022 5·76 (5·07-6·52) 1·44 (1·21-1·71) 2·54 (1·30-3·78) 

Interval cancers 42 30588 1·37 (0·99-1·90) 64 42774 1·50 (5·07-6·52) 0·92 (0·62-1·35) 0·12 (-0·68-0·43) 

Subsequent screening 100 23760 4·21 (3·40-5·10) 170 33534 5·07 (4·34-5·89) 0·83 (0·65-1·06) -0·86 (-1·98-0·26) 

Cumulative  detection      398 30844 12·90 (11·67-14·23) 482 43022 11·20 (10·23-12·24) 1·15 (1·01-1·31) 1·70 (0·10-3·30) 

Benign lesions                 

Baseline screening 52 30844 1·69 (1·26-2·21) 29 43022 0·67 (0·45-0·97) 2·50 (1·59-3·94) 1·01 (0·49-1·53) 

Subsequent screening 6 23760 0·25 (0·09-0·55) 19 33534 0·57 (0·34-0·88) 0·45 (0·18-1·12) -0·31 (-0·64-0·01) 

Cumulative detection            58 30844 1·88 (1·43-2·43) 48 43022 1·12 (0·82-1·48) 1·69 (1·15-2·47) 0·76 (0·19-1·34) 
 
DBT = digital breast tomosynthesis, DM = digital mammography, RR = relative risk, RD = risk difference, 95%CI = 95% confidence interval. 
 
 
 




