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Purpose: To assess cancer detection rates, false-positive rates be-
fore arbitration, positive predictive values for women re-
called after arbitration, and the type of cancers detected 
with use of digital mammography alone and combined 
with tomosynthesis in a large prospective screening trial.

Materials and 
Methods:

A prospective, reader- and modality-balanced screening 
study of participants undergoing combined mammography 
plus tomosynthesis, the results of which were read indepen-
dently by four different radiologists, is under way. The study 
was approved by a regional ethics committee, and all partic-
ipants provided written informed consent. The authors per-
formed a preplanned interim analysis of results from 12 631 
examinations interpreted by using mammography alone and 
mammography plus tomosynthesis from November 22, 2010, 
to December 31, 2011. Analyses were based on marginal log-
linear models for binary data, accounting for correlated in-
terpretations and adjusting for reader-specific performance 
levels by using a two-sided significance level of .0294.

Results: Detection rates, including those for invasive and in situ can-
cers, were 6.1 per 1000 examinations for mammography 
alone and 8.0 per 1000 examinations for mammography 
plus tomosynthesis (27% increase, adjusted for reader; P = 
.001). False-positive rates before arbitration were 61.1 per 
1000 examinations with mammography alone and 53.1 per 
1000 examinations with mammography plus tomosynthe-
sis (15% decrease, adjusted for reader; P , .001). After 
arbitration, positive predictive values for recalled patients 
with cancers verified later were comparable (29.1% and 
28.5%, respectively, with mammography alone and mam-
mography plus tomosynthesis; P = .72). Twenty-five addi-
tional invasive cancers were detected with mammography 
plus tomosynthesis (40% increase, adjusted for reader; P 
, .001). The mean interpretation time was 45 seconds for 
mammography alone and 91 seconds for mammography 
plus tomosynthesis (P , .001).

Conclusion: The use of mammography plus tomosynthesis in a screening 
environment resulted in a significantly higher cancer detec-
tion rate and enabled the detection of more invasive cancers.
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minor modifications to the conven-
tional examination.

Materials and Methods

Hologic (Bedford, Mass) sponsored the 
study by providing tomosynthesis equip-
ment and financial support for addi-
tional interpretations. L.T.N. and D.G. 
are employed by Hologic. The Depart-
ment of Biostatistics at the University of 
Pittsburgh, Penn (A.I.B.), was contract-
ed to perform all statistical analyses 
independently. D.G. performed the 
analyses for Hologic at the time that 
revisions were being processed. The 
remaining authors were not employed 
by Hologic and were without potential 
conflicts of interest; these authors had 
control of the data and presented the 
material as submitted for publication.

Study Group
This large, single-institution prospective 
study was approved by a regional ethics 
committee, and written informed con-
sent was obtained from all participants. 
Herein, we summarize results of a pre-
planned interim analysis of two arms of 
a four-arm study covering all consent-
ing participants during the period from 
November 22, 2010, to December 31, 
2011. Figure 1 shows a detailed study 

incorporate these technologies into 
routine clinical practice (9–12). The 
feasibility of using tomosynthesis in 
breast imaging was demonstrated 
more than a decade ago (13), and the 
U.S. Food and Drug Administration 
recently approved the first commercial 
system for clinical use (14). Digital 
mammography–based tomosynthesis 
produces cross-sectional sections by 
using multiple, low-dose acquisitions 
with total radiation exposure and 
breast compression similar to that 
used in conventional mammography. 
A number of small retrospective stud-
ies in which investigators evaluated 
tomosynthesis primarily in laboratory 
settings by using cancer-enriched pop-
ulations demonstrated the potential 
for decreasing recall rates and possi-
bly increasing cancer detection rates; 
however, none of these studies was 
performed in a manner that could af-
fect treatment decisions (15–22). We 
performed this study to assess cancer 
detection rates, false-positive rates 
before arbitration, positive predic-
tive values for women recalled after 
arbitration, and the type of cancers 
detected with use of digital mam-
mography alone and combined with 
tomosynthesis in a large prospective 
screening trial. Because of the com-
plexities of the four-arm Oslo Tomo-
synthesis Screening Trial and because 
two of these arms were designed spe-
cifically to assess the possible effects 
of different experimental parameters 
on performance, we focus herein on 
a preplanned interim analysis of two 
arms—one constituting the commonly 
used practice of mammography alone 
and one constituting a mammography 
plus tomosynthesis arm approved by 
the U.S. Food and Drug Administra-
tion that operationally requires only 

Mammographic screening for 
the early detection of breast 
cancer reduces mortality and 

is a widely accepted practice in many 
countries (1,2). Despite recent contro-
versy regarding the benefits of mam-
mographic screening, mammography 
remains the most commonly used pro-
cedure for this purpose (3,4). Because 
of the recognized limitations of mam-
mography, in particular the issue of 
overlapping imaged tissue, a number of 
x-ray– and non-x-ray–based procedures 
are being investigated as possible re-
placements for or adjunct modalities to 
mammography, whether for universal 
use or for use in specific subpopulations 
(5–8). Each of these approaches repre-
sents a separate procedure that neces-
sitates substantial additional technical 
and professional resources.

The ability to perform tomosyn-
thesis reconstruction from limited 
two-dimensional data sets has been 
known, but it was only with the ad-
vent of large-area, fast-reading digital 
detectors that it became possible to 

Implication for Patient Care

 n The implementation of tomosyn-
thesis in breast cancer screening 
will improve cancer detection, 
especially for invasive cancer, 
and should also reduce an indi-
vidual radiologist’s recall rate.

Advances in Knowledge

 n The overall performance level 
during the interpretation of 
screening mammograms 
improved significantly with the 
addition of tomosynthesis; the 
combination of tomosynthesis 
and digital mammography 
resulted in a significantly higher 
cancer detection rate (27% 
increase, P = .001) and a reduc-
tion in false-positive findings 
(15%, P , .001) compared with 
digital mammography alone.

 n A significantly higher detection 
rate for invasive cancers (40% 
increase, P , .001) was observed 
for the interpretation of 
screening mammograms with 
tomosynthesis.

 n Interpretation time was longer 
for digital mammography com-
bined with tomosynthesis than 
for digital mammography alone 
(91 vs 45 seconds, respectively; P 
, .001).
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view. The additional time required to 
obtain the tomosynthesis images was 
about 10 seconds per view. The radia-
tion dose levels for mammography plus 
tomosynthesis combined were approxi-
mately twice those for mammography 
alone. All images were transferred to 
the Breast Imaging Center at Ullevaal 
University Hospital for interpretation 
and treatment recommendation.

examinations before participation as a 
reader in the prospective trial.

Imaging Techniques
Two views (craniocaudal and medio-
lateral oblique) were obtained of each 
breast with digital mammography and 
tomosynthesis by using a commercially 
available system (Dimensions, Holog-
ic), with single breast compression per 

flowchart. A total of 29 652 women 
(age range, 50–69 years) were invited 
by means of personal letter to undergo 
routine, biennial, two-view (craniocau-
dal and mediolateral oblique) screen-
ing mammography during this period 
as part of the Oslo screening program. 
Of the 29 652 women, 17 960 (60.6%) 
attended the screening program, with 
12 631 consenting to participate in the 
study. The Oslo screening program 
has been described in detail previously 
(23,24). The program is part of the 
Norwegian Breast Cancer Screening 
Program administered by the Cancer 
Registry of Norway. Independent dou-
ble reading was the standard of prac-
tice, and mammograms considered sus-
picious for malignancy by at least one 
reader were discussed at a consensus-
based arbitration meeting. Diagnostic 
work-up, including additional views, ul-
trasonography, magnetic resonance im-
aging, and needle biopsy (if indicated), 
was performed by the same group of 
radiologists. Short-term follow-up im-
aging was not used. Disabled women 
(eg, unable to stand) and women with 
breast implants were excluded.

During the current screening cycle, 
a selected group of women were asked 
to participate in the study. Potential 
candidates were selected on the basis 
of whether technical staff members and 
imaging systems were available to per-
form the additional imaging examination 
and not on the basis of any personal 
information about the women. Before 
commencement, all radiographers, ra-
diologists, and staff were trained spe-
cifically in how to obtain and interpret 
tomosynthesis images. All readers re-
ceived individualized intensive personal 
training (lasting approximately 4 hours) 
in reviewing examination results by us-
ing the same workstation and hanging 
protocols. In addition, seven readers 
(P.S., E.B.E., U.E., U.H., I.N.J., G.J., 
M.K.) had previously taken part in a 
pilot experimental clinical study of to-
mosynthesis (25), and one reader (M.I.) 
underwent the same training program 
used in the pilot study. As a result, 
training of each participating radiologist 
included a detailed review with feedback 
of enriched sets with a minimum of 100 

Figure 1

Figure 1: Study flowchart. Malignancy rate is number of subjects with malignancy per 1000 
women screened. Cancer detection rate is based on breast-based scoring and includes only 
screening-detected primary breast cancers. After exclusion of 10 patients with nonscreening-
detected breast malignancies (n = 5) and nonbreast primary cancers (n = 5), 121 cancers were 
detected in 120 women. The 121 cancers may have been detected by any of the four radiolo-
gists reading cases in the study. Of these 121 cancers, 77 were detected with mammography 
alone (cancer detection rate, 6.1 of 1000 women) and 101 were detected with mammography 
plus tomosynthesis (cancer detection rate, 8.0 of 1000 women). 2D = mammography alone, 
2D+3D = mammography plus tomosynthesis.
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confirmed as a result of arbitration and 
follow-up diagnostic work-up for which 
the screening score was 2 or higher with 
use of a specific modality was considered 
detected with that modality and attrib-
uted to that modality as a true-positive 
finding. Conversely, a participant with-
out a verified cancer who originally was 
referred to arbitration according to re-
sults of a specific modality but who was 
later dismissed at arbitration was attrib-
uted to that modality as a false-positive 
event. These definitions of true-positive 
and false-positive events are analogous 
to paradigms used in other detection 
and localization studies (26,27). Can-
cer detection was verified for partici-
pants referred to arbitration accord-
ing to the results of at least one of the 
screening modalities, and only limited 
data about interval cancers are available 
at this time; therefore, we cannot esti-
mate conventional absolute sensitivity 
or specificity. However, because of the 
paired design of the study, namely that 
the technologies being compared are ap-
plied simultaneously to the same popu-
lation, we are able to estimate relative 
performance levels rather than absolute 
sensitivity or 1 2 specificity (28–31).

We defined the cancer detection 
rate attained with each modality as the 
number of detected cancers attributed 
to that modality (ie, screening score of 
2 or higher) per 1000 screenings. The 
false-positive rate before arbitration 
for each modality was defined as the 
number of women per 1000 partici-
pants who were assigned a score of 2 
or higher for that modality but were not 
found to have cancer. PPV was defined 
as the percentage of women who had 
received a score of 2 or higher during 
screening, were later recalled as a re-
sult of arbitration, and were found to 
have cancer (number of cancers divided 
by number of recalls).

Statistical Analyses

Because the technologies used in this 
trial continue to be developed, the in-
terim analysis was planned primarily 
to assess whether all performance in-
dicators were in accordance with the 
European Guidelines (32), whether we 
should fix all four arms in the study for 

by using astandardized five-point rating 
scale (Table 1). Furthermore, if a reader 
recorded a positive score (2), mam-
mographic features had to be specified. 
Scores were recorded directly into the 
Norwegian Breast Cancer Screening 
Program database and locked after 
each reading session. Interpretation 
time was recorded automatically.

Arbitration Meeting
All cases that received at least one 
score of 2 or greater in at least one 
arm were discussed at arbitration be-
fore a consensus-based clinical treat-
ment decision was made. All imaging 
and nonimaging information was made 
available. A minimum of two screening 
radiologists participated in these con-
sensus-based arbitration meetings, dur-
ing which a binary decision was made 
to (a) dismiss the initially suspected 
findings or (b) invite the participant to 
return for diagnostic work-up. A con-
sensus-based breast parenchyma den-
sity score was assigned according to the 
American College of Radiology Breast 
Imaging Reporting and Data System 
(categories 1–4).

Findings Categories and Summary 
Measures
The primary end points of this prospec-
tive screening study are based on com-
parisons of cancer detection rates, false-
positive rates before arbitration, and 
diagnostic performance in terms of pos-
itive predictive value (PPV) for patients 
recalled after arbitration. A cancer 

Image Interpretation
Images from examinations performed 
with each modality were interpreted in-
dependently in a batch mode by using 
a dedicated workstation. Eight radiolo-
gists with 2–31 years of experience in 
screening mammography participated in 
this study. Images were interpreted in-
dependently by four radiologists by using 
each of the reading modes. A scheduler  
determined independently the specific 
cases to be interpreted and which of the 
eight radiologists would be assigned (by 
session and mode) to interpret them. 
The scheduler attempted to balance the 
number of cases interpreted by each ra-
diologist with each modality. The four 
arms included mammography alone, 
mammography plus computer-aided 
detection, mammography plus tomo-
synthesis, and synthesized mammogra-
phy plus tomosynthesis (in which mam-
mographic images were reconstructed 
from the three-dimensional data set). 
Hanging protocols for the interpreter’s 
assigned arm were preset; hence, radi-
ologists had access only to the images 
required for the assigned arm. If avail-
able, previous screening mammograms 
were reviewed. Hanging protocols for 
mammography plus tomosynthesis ini-
tially displayed the mammograms alone 
(similar to the mammography hang-
ing protocol) and then displayed the 
mammograms for each view on the left 
monitor and the tomosynthesis image 
for the same view on the right monitor.

Each radiologist independently 
rated the images from each examination 

Table 1

Scale Used to Score Breasts and Cases

Score Description

1 Negative for suggestive findings or definitely benign
2 The breast (case) would have been recalled for a probably benign finding, but the interpreter  

 referred final decision to an arbitration meeting
3 Recalled by the interpreter for a suggestive finding, but he or she wants the case discussed with  

 the final decision made at the arbitration meeting
4 Recalled by the interpreter for a probably malignant finding, and the woman must be recalled for  

 additional imaging and needle biopsy; not allowed to dismiss at arbitration meeting
5 

 
Recalled by the interpreter for a highly suggestive finding of typical malignancy; a benign  
  diagnosis at needle biopsy is not expected, so surgical biopsy is mandatory if the needle 

biopsy result is negative or inconclusive
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the ratio of false-positive rates for 
mammography alone versus mammog-
raphy plus tomosynthesis was 0.85 (P 
, .001; 98.5% CI: 0.76, 0.96). Over-
all, with 97% confidence (correspond-
ing to a significance level of .0294), 
mammography plus tomosynthesis led 
to a simultaneous increase in cancer 
detection rates and decrease in false-
positive rates.

Seventy-seven cancers were detect-
ed with mammography alone and 101 
were detected with mammography plus 
tomosynthesis (a difference of 24 can-
cers, 31% increase) (Table 3). Notably, 
25 additional invasive cancers (81 vs 56 
cancers) were detected with mammog-
raphy plus tomosynthesis (Fig 2). The 
corresponding reader-adjusted ratio of 
detection rates of 1.40 was significant 
(P , .001; 98.5% CI: 1.13, 1.71). The 
additional abnormal findings detected 
with mammography plus tomosynthesis 
were neither high-risk lesions nor duc-
tal carcinoma in situ alone but rather 
were invasive cancers at detection. Al-
though many of the cancers were pri-
marily small and of lower grades at de-
tection, 10 of the 25 additional cancers 
detected only with use of mammogra-
phy plus tomosynthesis (40%) were 
grade 2 or higher (six cancers with 
grade 2 and four with grade 3), consti-
tuting a 26% (48 vs 38 cases) increase 
in the detection of higher-grade cancers 
(Table 3).

The PPVs in women who were re-
called as a result of arbitration, which 
reconsidered all available imaging and 
other information, were similar for 
those initially assigned a positive score 
with mammography alone (77 women 
with cancer of 265 women with positive 
scores at mammography alone [29.1%]) 
and with mammography plus tomosyn-
thesis (100 women with cancer, includ-
ing one bilateral, of 351 women with 
positive scores at mammography plus 
tomosynthesis [28.5%]; P = .72; 95% 
CI for odds ratio: 0.72, 1.60). These re-
sults suggest that despite the fact that 
the number of cases assigned a positive 
score before arbitration and recalled af-
ter arbitration was greater with mam-
mography plus tomosynthesis, there 
was no substantial decrease in the PPV 

(n = 3), metastatic (n = 5, one bilateral), 
and palpable (n = 2) cancers that were 
excluded from the primary analysis.

Results

A total of 12 631 women were enrolled 
in the study and underwent mammog-
raphy plus tomosynthesis (Fig 1). After 
exclusion of 10 malignant cases, the 
remaining 12 621 cases, including 121 
screening-detected cancers, were in-
cluded in the primary analysis.

Table 2 summarizes the cancer de-
tection and false-positive rates as vali-
dated up to March 31, 2012, for each 
radiologist with mammography alone 
and with mammography plus tomosyn-
thesis. The cancer detection rate was 
6.1 per 1000 screenings (77 of 12 621 
cases) with mammography alone and 
8.0 per 1000 screenings (101 of 12 621 
cases) with mammography plus tomo-
synthesis (31% increase). Because the 
images in different cases were read by 
each reader with use of each modality, 
prevalence varied within the groups. 
Hence, we provide the fraction of de-
tected cancers in addition to detection 
rates. For seven of the eight radiolo-
gists, the fraction of cancers detected 
was increased with the addition of to-
mosynthesis. A large number of can-
cers were detected with mammography 
plus tomosynthesis by radiologist 5, 
who happened to be assigned to inter-
pret more cases with cancer with this 
modality. After adjusting for differences 
among reader-specific performance 
levels, the ratio of cancer detection 
rates for mammography alone versus 
mammography plus tomosynthesis was 
1.27 (P = .001; 98.5% CI: 1.06, 1.53).

The false-positive rate was 61.1 
per 1000 screenings (771 of 12 621 
cases) with mammography alone and 
53.1 per 1000 screenings (670 of 
12 621 cases) with mammography plus 
tomosynthesis (13% decrease) (Table 
2). Five of the eight radiologists re-
ferred proportionally more patients 
for arbitration with use of mammog-
raphy alone than with use of mam-
mography plus tomosynthesis. After 
adjusting for differences among the 
reader-specific performance levels, 

the duration, or whether we have suf-
ficient reference data to consider ad-
justing one or more of the modalities 
at the end of phase I. As of January 
2012, one of the experimental modal-
ities (ie, the use of synthesized images) 
was changed substantially for phase II 
of the trial. We performed this interim 
analysis at a significance level of .0294 
to maintain for the study an overall 
type I error rate at .05 while maintain-
ing an equal significance criterion at the 
interim and final analyses (33). Infer-
ences for ratios of the rates adjusted 
for differences among radiologists were 
conducted by using a Wald test in the 
context of a log-linear binary regression 
model (Proc Genmod, SAS 9.2; SAS In-
stitute, Cary, NC), accounting for the 
correlation between interpretations re-
lated to examinations in the same pa-
tient (31). Confidence intervals (CIs) 
were obtained by means of exponenti-
ation of the CIs around the estimated 
logarithms of these ratios.

Separate statistical models were 
built for comparisons of cancer de-
tection and false-positive rates. Half 
the overall significance level (a = .0147 
or .0294/2) was used in each model 
to enable simultaneous inferences. 
Both models were fit by using the en-
tire screened cohort (17 960 women); 
however, the comparison of rates was 
based on the mammography-plus-tomo-
synthesis subcohort (12 621 women), 
and the mammography-alone subco-
hort contributed toward estimation of 
reader effects. The results from the full-
cohort models were verified by using 
models fitted by using mammography-
plus-tomosynthesis participants only. A 
similar analysis was performed for the 
detection rates for invasive cancers.

In the secondary analyses, we com-
pared PPVs in women recalled for diag-
nostic work-up as a result of arbitration. 
Inferences for the odds ratio were con-
ducted by using the Wald test, and the 
CIs were estimated in the context of lo-
gistic regression for correlated data. We 
also evaluated the consistency of our re-
sults after excluding seven cases of can-
cer referred for the wrong breast that 
were included in the primary analysis and 
after including 10 cases of known interval 
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in these patients. For the recalled cases 
originally assigned a positive score at 
either mammography alone or mam-
mography plus tomosynthesis (but not 
both), the PPV was substantially higher 
for the cases initially referred at mam-
mography plus tomosynthesis (27 of 
167 cases [16.2%] vs five of 79 cases 
[6%]).

Our secondary analyses excluding 
the seven cancer cases with positive 
scores assigned to arbitration for the 
wrong breast and after including the 
10 cancers excluded from the primary 
analysis indicated that the study results 
would not be meaningfully changed and 
all conclusions (statistical inferences) 
remained the same. We note that dur-
ing an average of 9 months of follow-up 
to date we are aware of three interval 
cancers, but none changes the study 
conclusions because all three were as-
signed the same score with both mam-
mography alone and mammography 
plus tomosynthesis.

As expected, most cases were rated 
as Breast Imaging Reporting and Data 
System density category 2 or 3. No-
tably, the additional cancers detected 
with mammography plus tomosynthesis 
were distributed across all breast den-
sities, including fatty breasts (Table 3).

The mean (6standard deviation) 
compressed breast thickness during 
mammography plus tomosynthesis was 
53.9 mm 6 12.8. The mean glandular 
dose during the mammography and 
the tomosynthesis imaging procedures 
were 1.58 mGy 6 0.61 and 1.95 mGy 6 
0.58, respectively. The mean interpre-
tation time was 45 seconds for mam-
mography alone and 91 seconds for 
mammography plus tomosynthesis (P 
, .001).

Discussion

Tomosynthesis studies to date have fo-
cused primarily on the potential ben-
efit of reducing false-positive interpre-
tations (14,17) and were performed 
in experimental settings. In this large-
scale prospective study, we investigated 
the potential benefits and limitations 
of tomosynthesis, if any, in a popula-
tion-based mammographic screening 
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Table 3

Comparison of Cancers Detected at Mammography Alone and Combined with Tomosynthesis

Parameter* All†

No. of Cancers  
Missed with  
Both Modalities‡

No. of Cancers  
Detected with 2D 
Only

No. of Cancers  
Detected with 2D+3D 
Only

No. of Cancers  
Detected with  
2D and 2D+3D Total with 2D Total with 2D+3D Difference

Total no. of cancers 121 14 6 30 71 77 101 24
Invasive cancers with  

  or without DCIS
96 11 4 29 52 56 81 25

 Histologic findings
  IDC 57 6 2 16 33 35 49 14
  IDC and DCIS 19 3 0 5 11 11 16 5
  ILC 17 2 2 7 6 8 13 5
  Other primary invasive  

  cancer
3 0 0 1 2 2 3 1

 Grade
  1 37 4 1 16 16 17 32 15
  2 44 6 3 9 26 29 35 6
  3 13 0 0 4 9 9 13 4
  Unknown 2 1 0 0 1 1 1 0
 Lymph node status
  Negative 76 9 4 23 40 44 63 19
  Positive 15 2 0 4 9 9 13 4
  Unknown 5 0 0 2 3 3 5 2
 Radiologic finding
  Circumscribed mass 9 0 0 2 7 7 9 2
  Spiculated mass 43 3 3 12 25 28 37 9
  Architectural distortion 20 4 0 8 8 8 16 8
  Asymmetric density 6 1 1 1 3 4 4 0
  Calcifications 6 0 0 0 6 6 6 0
  Mass and calcifications 12 3 0 6 3 3 9 6
 Breast density score
  1 (Fatty) 6 0 0 2 4 4 6 2
  2 (Scattered) 44 7 1 11 25 26 36 10
  3 (Heterogeneous) 40 3 3 14 20 23 34 11
  4 (Extreme) 6 1 0 2 3 3 5 2
 Lesion size (mm)
  10 45 6 3 12 24 27 36 9
  11–15 27 4 0 13 10 10 23 13
  16–19 6 0 1 0 5 6 5 21
  20 15 0 0 3 12 12 15 3
  NA 3 1 0 1 1 1 2 1
  Mean§ 12.8 10.7 11.0 12.8 13.4 13.2 13.2 0
  Median§ 11 10 8.5 13 11 11 13 2
  Range§ 1–50 7–15 8–19 5–50 1–27 1–27 1–50 0–23
In situ cancers (DCIS) 25 3 2 1 19 21 20 21
 Grade
  Low or medium 5 1 0 0 4 4 4 0
  High 20 2 2 1 15 17 16 21
 Radiologic sign
  Calcifications 23 2 2 1 18 20 19 21
  Mass and calcifications 2 1 0 0 1 1 1 0
 Breast density score
  1 (Fatty) 2 0 0 0 2 2 2 0
  2 (Scattered) 10 1 1 0 8 9 8 21

  3 (Heterogeneous) 13 2 1 1 9 10 10 0

Table 3 (continues)
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Figure 2

Figure 2: Mediolateral oblique views of left breast in 57-year-old woman recalled after mammographic screening because of a spicu-
lated mass seen only at mammography plus tomosynthesis. A, Mammogram shows normal findings (score, 1). B, Tomosynthesis image 
demonstrates spiculated mass (score, 3). An 8-mm invasive ductal carcinoma was diagnosed at histologic examination.

Parameter* All†

No. of Cancers  
Missed with  
Both Modalities‡

No. of Cancers  
Detected with 2D 
Only

No. of Cancers  
Detected with 2D+3D 
Only

No. of Cancers  
Detected with  
2D and 2D+3D Total with 2D Total with 2D+3D Difference

  4 (Extreme) 0 0 0 0 0 0 0 0
 Lesion size (mm)
  10 5 2 1 0 2 3 2 21
  11–15 8 0 1 0 7 8 7 21
  16–19 2 1 0 0 1 1 1 0
  20 10 0 0 1 9 9 10 1
  Mean§ 22.0 8.0 10.0 85.0 22.2 21.0 25.3 4.3
  Median§ 15 3 10 85 17 15 18.5 3.5
  Range§ 3–85 3–18 9–11 85–85 5–50 5–50 5–85 0–35

Note.—Data are from 12 621 participants. 2D = mammography alone, 2D+3D = mammography plus tomosynthesis.

* DCIS = ductal carcinoma in situ, IDC = invasive ductal carcinoma, ILC = invasive lobular carcinoma, NA = not available. Ductal carcinoma in situ was graded according to the van Nuys classification.
† Includes all known cancers detected at screening by any of the four radiologists (includes readers at mammography alone, mammography plus computer-aided detection, mammography plus 
tomosynthesis, and synthetic mammography plus tomosynthesis).
‡ Cases missed by the readers at both mammography alone and mammography plus tomosynthesis that were detected at screening by one of the other two readers (at mammography plus computer-
aided detection or synthetic mammography plus tomosynthesis).
§ Numbers are lesion sizes (in millimeters).

Table 3 (continued)

Comparison of Cancers Detected at Mammography Alone and Combined with Tomosynthesis
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detection suggest that our inferences may 
be applicable to other practices. Third, 
our consensus-based arbitration step 
could have decreased preferentially the 
recall rates of women suspected of having 
an abnormality (rating 2) with only one 
modality whose case was later dismissed 
during arbitration; however, to date, we 
have found no evidence that interval 
cancers would have changed any of our 
conclusions. Fourth, during specific days, 
all women scheduled for screening were 
approached for possible participation; 
however, we cannot exclude a possible 
self-selection bias because we were not 
allowed to record the reasons why some 
women declined to participate. Fifth, de-
spite our efforts, we could not completely 
balance the interpretation load for each 
of the readers in all four modalities in a 
busy clinical environment because some 
radiologists are not at the clinic full time. 
This situation required us to adjust our 
analyses for individualized performance 
levels. Last, this is a single-institution 
study with a single group of radiologists. 
However, considering the size of the 
study and the interreader performance 
variability combined with the magnitude 
of the observed performance differences, 
we believe that similar gains are likely to 
occur across different practices.

In conclusion, we found a significant 
increase in cancer detection rates, partic-
ularly for invasive cancers, and a simulta-
neous decrease in false-positive rates with 
use of mammography plus tomosynthesis 
compared with mammography alone.
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difference in the total count or number of 
detected cancers.

As noted by others (37), the inter-
pretation time was longer for mam-
mography plus tomosynthesis than for 
mammography alone. However, opti-
mization of interpretation efficiency by 
means of improved hanging protocols 
or work flow is beyond the scope of this 
investigation.

The current mammography-plus-to-
mosynthesis imaging procedure requires 
a radiation dose that is approximately 
double that for mammography alone. 
However, the radiation dose level for the 
combined examination was set to be be-
low limits approved by the U.S. Food and 
Drug Administration, which constitutes 
an acceptable risk. In our study, with 
an average breast thickness of 54 mm, 
computed radiation dose levels for mam-
mography plus tomosynthesis were 2.24 
times those for mammography alone 
(3.53 mGy and 1.58 mGy, respectively). 
However, several approaches for reduc-
ing dose are being investigated, one of 
which is the use of synthesized mammo-
graphic images reconstructed from the 
three-dimensional data set (38).

Our study has several limitations. 
First, there are four interpretation arms 
in the trial; however, our results are not 
affected by the other experimental arms 
as these were based on a comparison of 
relative performance levels. We included 
additional arms for investigating the use 
of computer-aided detection (not used 
clinically in our practice) and the possi-
ble use of synthesized images in lieu of 
original dose requiring images. The ru-
dimentary reconstructed or synthesized 
mammographic images we used had 
been developed 3 years previously and 
are not current state of the art, and they 
were not assessed in this study. In ad-
dition, tomosynthesis was not assessed 
as a stand-alone modality in our study. 
Second, our study included 50–69-year-
old women screened biennially, resulting 
in a higher cancer detection rate than 
that expected during annual screening. 
This practice is in accordance with the 
European Guidelines but is different from 
that implemented in the United States. 
However, the average cancer size, histo-
logic findings, and grade distributions at 

program. Our results demonstrated 
that a substantial number of additional 
cancers were detected with use of 
mammography plus tomosynthesis ver-
sus mammography alone. We did not 
observe an improvement in the detec-
tion of ductal carcinoma in situ.

In addition, there were significantly 
fewer false-positive findings before 
arbitration with mammography plus 
tomosynthesis, albeit the reduction 
was smaller than suggested in a retro-
spective study (17). The overall actual 
number of women recalled as a result 
of arbitration was larger for those ini-
tially assigned a positive score at mam-
mography plus tomosynthesis (351 vs 
265 women). However, the concordant 
increase in the detection of 24 addi-
tional cancers resulted in a similar PPV 
for the cases ultimately recalled for 
arbitration. Because of the paired na-
ture of the current study, these results 
could be biased against mammography 
plus tomosynthesis in that some of the 
dismissed cases initially referred on the 
basis of mammography alone might not 
have been dismissed if tomosynthesis 
had not been available at arbitration. 
Hence, the actual PPV based on mam-
mography alone could be lower.

As related to possible overdiagnosis, 
in the context of breast cancer screening 
where the survival rate is high, it is virtu-
ally impossible to assess overdiagnosis in 
studies of less than 10–20 years duration. 
This issue remains controversial and is 
clearly beyond the scope of this interim 
analysis (34–36). With rapidly advancing 
technology and short product life cycles, 
one can only assess detection rates and 
focus on certain types of cancers one as-
sumes that, left alone, would have high 
likelihood of eventually leading to mortal-
ity in at least some of the patients identi-
fied as having these types of cancers. We 
believe that many of the additional abnor-
mal findings detected with mammogra-
phy plus tomosynthesis in our study are 
the very types of cancers one would hope 
to detect early and treat. Perhaps our 
most important observation is that with 
the mammography-plus-tomosynthesis 
arm, the actual benefit, in terms of pos-
sibly improving outcome owing to earlier 
detection, may be larger than merely the 
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