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Purpose: To evaluate the effectiveness of combined biennial digital 
mammography and tomosynthesis screening, compared 
with biennial digital mammography screening alone, 
among women with dense breasts.

Materials and 
Methods:

An established, discrete-event breast cancer simulation 
model was used to estimate the comparative clinical effec-
tiveness and cost-effectiveness of biennial screening with 
both digital mammography and tomosynthesis versus dig-
ital mammography alone among U.S. women aged 50–74 
years with dense breasts from a federal payer perspective 
and a lifetime horizon. Input values were estimated for 
test performance, costs, and health state utilities from 
the National Cancer Institute Breast Cancer Surveillance 
Consortium, Medicare reimbursement rates, and medical 
literature. Sensitivity analyses were performed to deter-
mine the implications of varying key model parameters, 
including combined screening sensitivity and specificity, 
transient utility decrement of diagnostic work-up, and ad-
ditional cost of tomosynthesis.

Results: For the base-case analysis, the incremental cost per qual-
ity-adjusted life year gained by adding tomosynthesis to 
digital mammography screening was $53 893. An addi-
tional 0.5 deaths were averted and 405 false-positive find-
ings avoided per 1000 women after 12 rounds of screen-
ing. Combined screening remained cost-effective (less 
than $100 000 per quality-adjusted life year gained) over 
a wide range of incremental improvements in test perfor-
mance. Overall, cost-effectiveness was most sensitive to 
the additional cost of tomosynthesis.

Conclusion: Biennial combined digital mammography and tomosynthe-
sis screening for U.S. women aged 50–74 years with dense 
breasts is likely to be cost-effective if priced appropriately 
(up to $226 for combined examinations vs $139 for digital 
mammography alone) and if reported interpretive perfor-
mance metrics of improved specificity with tomosynthesis 
are met in routine practice.

q RSNA, 2014
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more false-positive findings and benign 
biopsy results (8). Screening magnetic 
resonance (MR) imaging is the most 
sensitive breast imaging test, but it is 
also more expensive, requires intrave-
nous contrast material injection, and is 
currently reserved for screening women 
with at least 20%–25% lifetime cancer 
risk (9).

Digital breast tomosynthesis, in 
contrast to US and MR imaging, may 
offer operational and ease-of-use ad-
vantages, since it is an integrated part 
of newer-generation mammography 
units (10). With tomosynthesis, mam-
mographic projections are acquired at 
different angles to generate a three-
dimensional image of the breast during 
the standard mammographic compres-
sion (11). It may be of particular inter-
est for evaluating women with dense 
breasts, since it partially overcomes the 
masking effect seen with mammogra-
phy (12). Two European prospective, 
population-based screening studies and 
one United States–based retrospective 
analysis have shown that adjunct tomo-
synthesis increases cancer detection 
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Advances in Knowledge

 n Combined biennial digital mam-
mography and tomosynthesis, 
compared with biennial digital 
mammography alone, for U.S. 
women aged 50–74 years with 
dense breasts would avert one 
additional breast cancer death 
per 2000 women screened.

 n Combined biennial digital mam-
mography and tomosynthesis, 
compared with biennial digital 
mammography alone, for U.S. 
women aged 50–74 years with 
dense breasts would avert 405 
false-positive screening examina-
tion findings per 1000 women 
screened.

 n Adding tomosynthesis to biennial 
digital mammography screening 
approaches the cost-effectiveness 
threshold (cost of less than 
$100 000 per quality-adjusted life 
year) for U.S. women aged 
50–74 years with dense breasts, 
even with no improvement in the 
sensitivity of combined screening 
and moderate improvement in 
specificity.

 n The cost-effectiveness of com-
bined biennial screening for U.S. 
women aged 50–74 years with 
dense breasts is most sensitive to 
the additional cost of 
tomosynthesis.

Implications for Patient Care

 n Combined biennial digital mam-
mography and tomosynthesis 
screening is likely to decrease 
the number of false-positive find-
ings and increase the number of 
cancers detected in women aged 
50–74 years with dense breasts, 
compared with biennial digital 
mammography alone.

 n Compared with biennial digital 
mammography alone, combined 
biennial digital mammography 
and tomosynthesis screening is 
likely to improve outcomes at 
reasonable additional cost for 
U.S. women aged 50–74 years 
with dense breasts.

Mammography remains the only 
screening test proven to de-
crease mortality from breast 

cancer (1). The U.S. Preventive Ser-
vices Task Force currently recommends 
routine biennial screening for women 
50–74 years old (2). However, mam-
mography is less accurate in women 
with dense breasts for whom cancers 
may be masked by overlapping breast 
tissue (3,4). Moreover, dense breasts 
compared with average-density breasts 
are associated with a moderate to high 
relative risk (1.2–2.3) for develop-
ing breast cancer, independent of the 
masking effect (5).

Given the limitations of mammog-
raphy and the increased cancer risk 

among women with dense breasts, 
there is a strong advocacy push for 
mandatory breast density reporting 
directly to women with dense breasts. 
As of July 2014, 19 states have enacted 
laws that require women to be told that 
they have dense breasts at mammog-
raphy and that they may benefit from 
supplemental screening (6). Fifteen ad-
ditional states are considering similar 
laws, and federal density notification 
legislation has been introduced. Given 
that nearly half of the U.S. screening 
population has dense breasts (4), an 
increasingly large number of women 
may be encouraged to consider supple-
mental screening beyond conventional 
mammography.

Nevertheless, the type of supple-
mental screening, if any, that should be 
recommended for women with dense 
breasts is currently unclear. The sen-
sitivity for detecting cancer in dense 
breast tissue is improved with digital 
mammography over screen-film mam-
mography (3), and digital mammogra-
phy now represents more than 90% of 
the mammography market in the United 
States (7). However, two-dimensional 
image interpretation is still influenced 
by the masking effect caused by dense 
tissue overlying cancers. Supplemental 
screening ultrasonography (US) may in-
crease cancer detection in women with 
dense breasts and at least one other 
risk factor, but often at the expense of 
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rates while decreasing recall rates (13–
15). Moreover, tomosynthesis, which 
obtained U.S. Food and Drug Admin-
istration approval in 2011, is quickly 
diffusing into community practice with 
sparse data to guide best practices in 
U.S. populations (16).

We evaluated the comparative ef-
fectiveness of combined biennial digi-
tal mammography and tomosynthesis 
screening, compared with biennial 
digital mammography screening alone, 
among women with dense breasts. Our 
analysis was intended to provide ad-
ditional information and highlight the 
variables most likely to influence the ul-
timate economic effect of incorporating 
tomosynthesis into routine U.S. breast 
cancer screening practices.

Materials and Methods

This study was supported in part by the 
National Cancer Institute and in part by 
a Radiology Research Academic Fellow-
ship, co-sponsored by GE Healthcare 
(Waukesha, Wis) and the Association 
of University Radiologists. The spon-
sors had no role in the study concept, 
study design, data analysis, interpreta-
tion, or reporting of the results. The 
authors had full control of the data and 
information submitted for publication.

By using a discrete-event breast 
cancer simulation model (17), we pro-
jected the population-level effects of 
adding tomosynthesis to digital mam-
mography screening. Specifically, we 
compared biennial combined screening 
with biennial mammography screening 
for women aged 50–74 years with dense 
breasts, as biennial mammography 
screening reflects U.S. Preventive Ser-
vices Task Force recommendations (2). 
We modified our model to study only 
the U.S. subpopulation of women with 
heterogeneously dense or extremely 
dense breasts at mammography. For 
our screening scenarios, all women un-
derwent mammography alone at age 
50 (breast density can be determined 
only after obtaining a baseline mammo-
gram) and then either mammography 
alone or in combination with tomosyn-
thesis starting with their first follow-up 
visit at age 52 and thereafter through 

age 74. We assumed full screening ad-
herence and optimal treatment for ev-
ery patient in the event of cancer de-
tection. Health care costs and benefits, 
measured in terms of quality-adjusted 
life years (QALYs), were discounted 3% 
annually (18). We performed sensitivity 
analyses to explore the implications of 
varying key parameters.

Model Overview
The model, developed by the University 
of Wisconsin in collaboration with the 
National Cancer Institute Cancer Inter-
vention and Surveillance Modeling Net-
work, is used to explore ramifications 
of alternative programs of breast can-
cer screening and treatment (17) (Ap-
pendix E1 [online]). Briefly, this model 
simulates the life histories of women in 
the U.S. population by using four inter-
acting processes: breast cancer natural 
history, detection, treatment, and com-
peting-cause mortality. The model is 
calibrated on the basis of real-world ob-
servations, including U.S. stage-specific 
breast cancer incidence and mortality 
(19–21). Treatment effectiveness in the 
model is a function of age, estrogen re-
ceptor status, calendar year, and stage 
at diagnosis. Women may die of breast 
cancer or other causes. The model 
is based on continuous-time tumor 
growth and accounts for overdiagnosis 
by allowing a proportion of early-stage 
breast cancer cases that do not lead to 
breast cancer–related death (17). The 
same model was used to determine the 
cost-effectiveness of digital mammogra-
phy for breast cancer screening in the 
United States in 2008 (22) and was one 
of six models used to update the U.S. 
Preventive Services Task Force screen-
ing recommendations in 2009 (2).

Model Parameter Inputs
The National Cancer Institute–funded 
Breast Cancer Surveillance Consortium 
(BCSC) provided breast density and 
digital mammography performance 
measures for the model. The population 
served by the BCSC has been shown to 
be comparable to the U.S. population 
(23). Each registry prospectively col-
lects patient-level data from commu-
nity radiology facilities, including the 

American College of Radiology Breast 
Imaging Reporting and Data System 
(BI-RADS) breast density categorical 
assessments, imaging assessments, and 
overall recommendations (24). Breast 
cancer diagnoses and tumor charac-
teristics are available through data 
linkages to regional Surveillance, Epi-
demiology, and End Results programs, 
state tumor registries, and pathology 
databases (25).

With BI-RADS, breast density is 
classified into four subjective categories 
by the interpreting radiologist: almost 
entirely fat, scattered fibroglandular 
densities, heterogeneously dense, or 
extremely dense. As breast density re-
porting legislation does not differenti-
ate between the two higher-density cat-
egories, we consider women with dense 
breasts to have either heterogeneously 
dense or extremely dense breasts. 
Women’s breast density can decrease 
with menopause; however, we assumed 
that the breast density category as-
signed at age 50 years (the average age 
of menopause) remained constant over 
the remainder of a woman’s life.

We specified the prevalence of dense 
breasts by age and the relative risk of 
breast cancer according to density among 
U.S. women on the basis of previously 
published BCSC data (Table 1) (26,27). 
We determined the overall sensitivity 
and specificity for digital mammography, 
stratified by breast density and age, by 
fitting logistic regression models to data 
from nearly 2 million BCSC examina-
tions performed in 2001–2008 (28). We 
incorporated digital mammography per-
formance characteristics among women 
50–74 years of age with dense breasts 
who underwent biennial screening and 
for whom 2-year follow-up data were 
available (Table 1). The BCSC has only 
recently started collecting data regard-
ing tomosynthesis, so performance data 
were not available for use at the time 
of modeling. We therefore estimated 
base-case combined mammography and 
tomosynthesis performance character-
istics from the published literature. Two 
European population-based screening 
trials and one U.S. retrospective analysis 
have demonstrated statistically signifi-
cant improvements in recall rates and 
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Table 1

Screening Population and Imaging Performance Characteristics

Parameter Base-Case Value Source

Prevalence of dense breasts in U.S. women (50 y)
 Heterogeneously dense (category 3) 0.35 Reference 26
 Extremely dense (category 4) 0.05 Reference 26
Relative risk of breast cancer according to density  

 (category 2, scattered fibroglandular, as  
 referent group)

 Heterogeneously dense (category 3) 1.43 Reference 27
 Extremely dense (category 4) 1.85 Reference 27
Biennial digital mammography performance  

 characteristics in dense breasts
 Sensitivity* 0.77 BCSC
 Specificity* 0.88 BCSC
Biennial combined tomosynthesis with digital  

 mammography performance characteristics
 Sensitivity 0.80 (0.77–0.83) Reference 14
 Specificity 0.92 (0.88–0.95) Reference 14

Note.—Numbers in parentheses are ranges.

* Digital mammography sensitivity and specificity were calculated with a 24-month follow-up period and weighted according to 

prevalence of women with heterogeneously dense versus extremely dense breasts.

women and women with breast cancer 
derived from published EuroQol-5D 
survey results (Table 2) (31). These 
health utilities include reductions for 
treatment morbidity and loss of quality 
of life for patients with breast cancer 
(32). We also included small, transient 
reductions in utility for women under-
going screening and those undergo-
ing diagnostic work-up after positive 
screening findings (33). The utility re-
duction from diagnostic work-up varied 
widely in sensitivity analyses. Since to-
mosynthesis is completed during stan-
dard mammographic compression and 
requires only a few additional seconds, 
no further reduction in utility was as-
sumed for adjunct tomosynthesis.

Sensitivity Analyses
We performed multiway sensitivity 
analyses to explore the implications of 
varying key parameters, including com-
bined tomosynthesis and digital mam-
mography screening sensitivity and 
specificity, cost of adjunct tomosyn-
thesis, and transient utility reduction 
for diagnostic work-up after positive 
screening (Tables 1, 2). We also per-
formed a sensitivity analysis to com-
pare biennial combined screening to 
annual digital mammography screening 
by using BCSC digital mammography 
performance characteristics among 
women 50–74 years of age with dense 
breasts.

Results

Cost-Effectiveness Analysis
The cost-effectiveness of adding tomo-
synthesis to biennial digital mammog-
raphy screening for women aged 50–74 
years with dense breasts is summarized 
in Table 3. For our base-case analysis, 
combined screening demonstrated a to-
tal discounted cost of $4440 (compared 
with $4091 for mammography alone), 
20.652 life-years (compared with 
20.647 life-years for mammography 
alone), and 16.814 QALYs per woman 
screened (compared with 16.807 QA-
LYs for mammography alone). The in-
cremental cost per life-year gained for 
combined screening compared with 

cancer detection when tomosynthesis is 
added to digital mammography screening 
among women at least 50 years old (13–
15). We chose the Oslo screening trial to 
estimate base-case sensitivity and spec-
ificity for combined biennial screening, 
as it was the only study in which figures 
were provided for false-positive and false-
negative screening results in an interim 
analysis (Table 1) (14). To be conserva-
tive, we used the combined Oslo screen-
ing performance values as the best-case 
performance scenario and chose more 
moderately improved screening perfor-
mance values for our base-case scenario. 
We varied performance characteristics 
for combined biennial screening widely 
in sensitivity analyses.

Costs
We included age-specific average costs 
for breast cancer screening, diagnosis, 
and treatment in our model (Table 2). 
For mammography screening and diag-
nostic work-up costs, we used average 
Medicare reimbursement rates (29) and 
resource utilization figures from a man-
aged care registry of the BCSC, stratified 
by patient age and diagnostic result (false-
positive screening findings, true-positive 

screening findings, and clinically detected 
cancers) (28). We also assigned age-spe-
cific average costs for women undergo-
ing additional invasive diagnostic proce-
dures, including image-guided biopsy and 
surgical excision (10.6% of all positive 
BCSC screening examination findings). 
For treatment costs, we used the most 
recently published average costs stratified 
by cancer stage (30).

The average cost of adjunct tomosyn-
thesis is based on reported out-of-pocket 
charges for women at private radiology 
practices ($50), since there was no direct 
Current Procedural Terminology (CPT) 
code at the time of modeling (16). This 
figure is also consistent with average re-
imbursement from payers for accessory 
CPT code 76499, an unlisted diagnostic 
radiographic procedure, which was also 
commonly used for adjunct tomosynthe-
sis reimbursement at the time of mod-
eling. Since the cost of tomosynthesis is 
currently in flux, we varied it widely in 
sensitivity analyses. We adjusted all costs 
to 2013 U.S. dollars (34).

Utilities
We used age-specific and stage-specific 
health state utility values for healthy 
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mammography screening was $70 500. 
The incremental cost per QALY gained 
(or the incremental cost-effectiveness 
ratio [ICER]) of combined screening 
compared with mammography screen-
ing was $53 893. In sensitivity analyses, 
the ICER was most sensitive to the cost 
of tomosynthesis, followed by combined 
screening specificity, combined screen-
ing sensitivity, and transient utility re-
duction from diagnostic work-up after 
positive screening findings (Figure).

Our base-case analysis involved 
more modest performance improve-
ments with combined screening (sen-
sitivity of 0.80 and specificity of 0.92, 
compared with digital mammography, 
with sensitivity of 0.77 and specificity 
of 0.88) than what was observed in 
the Oslo study (sensitivity of 0.83 and 
specificity of 0.95). When we increased 
the absolute improvement in sensitivity 
of combined screening to those values 
observed in the Oslo study, combined 
screening was slightly more cost-effec-
tive (ICER of $37 548, cost-effectiveness 
threshold of $100 000). We also calcu-
lated an ICER for the scenario with no 
incremental improvement in sensitivity 
after adding tomosynthesis to mam-
mography screening. In this situation, 
combined screening approached the 
cost-effectiveness threshold, owing to 
moderately improved specificity alone 
(ICER of $104 447). When we in-
creased absolute improvement in spec-
ificity of combined screening to what 
was observed in the Oslo trial, com-
bined screening was very cost-effective 
(ICER of $33 749). When we decreased 
the absolute improvement in specificity 
of combined screening to be minimal 
(from 0.92 to 0.90, with mammography 
specificity of 0.88), combined screen-
ing remained cost-effective (ICER of 
$75 846).

In a best-case performance sce-
nario of marked improvements in 
sensitivity and specificity as seen in 
the Oslo trial, combined screening 
had an incremental cost per QALY of 
$26 107. In a worst-case performance 
scenario of no improvements in sensi-
tivity and specificity, combined screen-
ing had an incremental cost per QALY 
of $792 264. Varying the amount of 

Table 2

Costs and Utilities

Parameter Base-Case Value Source(s)Q5

Costs*
 Screening digital mammography examination $139 Reference 29
 Adjunct screening tomosynthesis examination† $50 ($0–$139) Reference 16
 Diagnostic work-up for true-positive screening  

  findings or clinically detected cancer
Reference 28

  Age of 50–64 y $2105
  Age of 65–74 y $2116
 Diagnostic work-up for false-positive screening  

  findings
Reference 28

  Age of 50–64 y, imaging only $138
  Age 50–64 y, imaging and invasive  

  procedure(s)
$1461

  Age 65–74 y, imaging only $138
  Age 65–74 y, imaging and invasive  

  procedure(s)
$1468

 Treatment according to cancer stage Reference 30
  Stage I, in situ: initial year $13 376
  Stage I, in situ: last year $36 205
  Stage II, local: initial year $13 376
  Stage II, local: last year $36 205
  Stage III, regional: initial year $25 290
  Stage III, regional: last year $42 855
  Stage IV, distant: initial year $39 058
  Stage IV, distant: last year $60 019
Age-specific utilities for healthy and cancer  

  statesQ6

 Healthy References 31, 32
  Age of 50–59 y 0.845
  Age of 60–69 y 0.812
  Age of 70–79 y 0.788
  Age of 80+ y 0.762
 Stage I, in-situ cancer (first year, later years) References 31, 32
  Age of 50–59 y 0.764, 0.845
  Age of 60–69 y 0.734, 0.812
  Age of 70–79 y 0.712, 0.788
  Age of 80+ y 0.689, 0.762
 Stage II, local cancer (first year, later years) References 31, 32
  Age of 50–59 y 0.715, 0.828
  Age of 60–69 y 0.687, 0.796
  Age of 70–79 y 0.667, 0.772
  Age of 80+ y 0.645, 0.747
 Stage III, regional cancer (first year, later years) References 31, 32
  Age of 50–59 y 0.636, 0.765
  Age of 60–69 y 0.611, 0.735
  Age of 70–79 y 0.593, 0.713
  Age of 80+ y 0.574, 0.690
 Stage IV, distant metastases (first year, later years) References 31, 32
  Age of 50–59 y 0.636, 0.703
  Age of 60–69 y 0.611, 0.676
  Age of 70–79 y 0.593, 0.656
  Age of 80+ y 0.574, 0.634

Table 2 (continues)
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Parameter Base-Case Value Source(s)Q5

Utility reductions for screening and diagnostic work-up Reference 33
 Screening attendance 0.006 for 1 wk
 Diagnostic work-up phase 0.105 for 5 wks‡

* All costs were adjusted to 2013 U.S. dollars.
† Numbers in parentheses are the range.
‡ The utility reduction for diagnostic work-up was varied in sensitivity analyses; range, 0–0.105.

Table 2 (continued)

Costs and Utilities 

transient utility reduction from diag-
nostic work-up with base-case perfor-
mance parameters did not have a large 
effect on the relative cost-effective-
ness of combined screening (ICER of 
$85 658 for no transient utility reduc-
tion). Finally, increasing the cost of ad-
junct tomosynthesis did not affect the 
relative cost-effectiveness of combined 
screening until the added cost of to-
mosynthesis exceeded $87 (for a total 
screening cost of $226).

Additional Deaths and False-Positive 
Findings Averted
In our base-case analysis, with mod-
erate improvements in both sensitivity 
and specificity after adding tomosyn-
thesis to biennial digital mammogra-
phy screening for women aged 50–74 
years with dense breasts, 0.5 breast 
cancer-related deaths were averted 
and an additional 405 false-positive 
findings averted per 1000 women after 
12 screening rounds (Table 4). With 
marked improvements in both sensitiv-
ity and specificity, as seen in the Oslo 
trial, combined biennial screening re-
sulted in one additional breast cancer–
related death averted and an additional 
727 false-positive findings averted per 
1000 women compared with biennial 
mammography screening alone. In our 
sensitivity analysis, we compared the 
base-case biennial combined screening 
scenario to annual digital mammogra-
phy screening for women aged 50–74 
years with dense breasts and found 
that biennial combined screening pre-
vented an additional 1723 false-positive 
findings per 1000 women; however, an-
nual digital mammography screening 

averted 1.7 more breast cancer–related 
deaths per 1000 women after 12 rounds 
of screening.

Discussion

In light of new breast density report-
ing legislation and the immediate need 
for guidance on supplemental screen-
ing beyond conventional mammogra-
phy for women with dense breasts, we 
provided estimates of the clinical effect 
and cost-effectiveness of adjunct tomo-
synthesis screening on the basis of cur-
rently available evidence. Our analysis 
suggested that adding tomosynthesis to 
biennial digital mammography screen-
ing for women aged 50–74 years with 
dense breasts was likely to improve 
health outcomes at a reasonable cost 
relative to biennial digital mammogra-
phy screening alone. Our findings were 
robust over a range of assumptions, in-
cluding suboptimal combined screening 
performance characteristics.

In contrast to supplemental screen-
ing US and MR imaging, which are 
associated with increases in both can-
cer detection and false-positive find-
ings, adjunct tomosynthesis has been 
shown to increase cancer detection 
while decreasing false-positive find-
ings (11,13,14). For our base-case 
analysis, combined digital mammog-
raphy and tomosynthesis screening 
averted one additional breast cancer–
related death per approximately 2000 
women screened (4% added mortality 
rate reduction compared with digital 
mammography screening alone) after 
12 rounds of biennial screening. In 
comparison, a meta-analysis of prior 

randomized controlled trials demon-
strated that one breast cancer–related 
death was averted per 1339 women 
aged 50–59 years invited for mammog-
raphy screening after five rounds of bi-
ennial screening (2).

The decrease in false-positive screen-
ing findings after adding tomosynthesis is 
a major contributor to the cost-effective-
ness of combined screening. Our study 
suggests that adding tomosynthesis at 
the time of mammography screening has 
the potential to decrease the number of 
unnecessary diagnostic work-ups and 
invasive procedures that result from 
false-positive screening findings. The re-
duction of these known harms of mam-
mography may serve to shift current 
opinions regarding the balance between 
the benefits and harms of breast cancer 
screening.

This cost-effectiveness analysis was 
challenging for a number of reasons. 
Since tomosynthesis is a relatively new 
technology, its use in the U.S. popula-
tion has not been well studied. To date, 
no randomized controlled trials on the 
comparison of combined screening 
with mammography and tomosynthesis 
versus mammography alone have been 
performed. Detailed population-based 
performance data for tomosynthesis are 
currently limited to two prospective, non-
randomized trials performed in Europe. 
Both the Screening with Tomosynthesis 
or Mammography—or STORM—trial, 
based in Italy, and the Oslo trial, based 
in Norway, suggested performance im-
provements with adjunct tomosynthesis, 
with increased cancer detection rates 
and decreased recall rates (13,14). A re-
cent retrospective analysis of aggregate 
data from multiple U.S. facilities dem-
onstrated comparable improvements in 
overall cancer detection rate and recall 
rate to those of European studies, but 
without detailed data needed to calcu-
late raw sensitivity and specificity values 
for combined screening that could be 
used as model input parameters (15).

While our analysis focused on the 
subpopulation of women with dense 
breasts, the Oslo data were not strat-
ified by breast density. However, a re-
cent study in the United States dem-
onstrated increasing improvements  
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Graph depicts sensitivity analysis for the cost-effectiveness of adding digital breast tomosynthesis (DBT ) to stan-
dard biennial digital mammography (DM) screening in women aged 50–74 years with dense breasts. Additional 
cost of digital breast tomosynthesis ranged from $0 to $139; digital mammography with tomosynthesis speci-
ficity ranged from 0.88 to 0.95; digital mammography with tomosynthesis sensitivity ranged from 0.77 to 0.83; 
and transient utility reduction for diagnostic work-up after positive screening findings ranged from 0 to 0.105.

Table 3

Cost-Effectiveness Analysis Results

Scenario Description

Sensitivity of Digital  
Mammography and  
Tomosynthesis

Specificity of Digital  
Mammography and  
Tomosynthesis

Additional  
Tomosynthesis  
Cost ($)

ICER (cost per  
life year gained) ($)

ICER (cost per 
QALY gained) 
($)

Base case: moderately improved sensitivity  
  and specificity with combined digital  

mammography and tomosynthesis
 Base-case tomosynthesis cost 0.80 0.92 50 70 500 53 893
 No additional tomosynthesis cost 0.80 0.92 0 210 805 28260
 Screening cost doubled by tomosynthesis 0.80 0.92 139 215 222 164 527
Markedly improved sensitivity with combined  

 digital mammography and tomosynthesis
 Markedly improved specificity 0.83 0.95 50 33 602 26 107
 Moderately improved specificity 0.83 0.92 50 40 491 37 548
 Minimally improved specificity 0.83 0.90 50 45 105 48 033
 No improvement in specificity 0.83 0.88 50 49 701 62 155
Moderately improved sensitivity with combined  

 digital mammography and tomosynthesis
 Markedly improved specificity 0.80 0.95 50 57 471 33 749
 Minimally improved specificity 0.80 0.90 50 79 228 75 846
 No improvement in specificity 0.80 0.88 50 87 919 112 584
No improvement in sensitivity with combined  

 digital mammography and tomosynthesis
 Markedly improved specificity 0.77 0.95 50 321 675 51 630
 Moderately improved specificity 0.77 0.92 50 400 685 104 447
 Minimally improved specificity 0.77 0.90 50 453 618 202 674
 No improvement in specificity 0.77 0.88 50 506 332 792 264

Note.—All scenarios are for biennial screening of women aged 50–74 years with dense breasts who underwent both digital mammography and digital breast tomosynthesis. Digital mammography 
sensitivity in dense breasts = 0.77; digital mammography specificity for dense breasts = 0.88; digital mammography cost = $139 in 2013 dollars. ICER refers to the incremental cost-effectiveness 
ratio of digital mammography and tomosynthesis screening versus digital mammography screening alone.

that the Oslo parameters represented 
the best available estimates of adjunct 
tomosynthesis effectiveness in popula-
tion-based screening at the time of our 
analysis.

Another challenging aspect was de-
termining an average cost of adjunct to-
mosynthesis, as there was no direct CPT 
code at the time of modeling. We chose 
an average cost of $50 on the basis of 
current out-of-pocket charges among 
private practices in different regions of 
the country and the average reimburse-
ment for accessory CPT code 76499, an 
unlisted diagnostic radiographic proce-
dure code accepted by some payers at 
the time of modeling (16). In sensitivity 
analyses, the combined screening strat-
egy remained cost-effective until the 
added cost of tomosynthesis increased 
to $87, effectively increasing the cost 
of screening to $226 (compared with 

in adjunct tomosynthesis performance 
with increasing breast density categories 
(35). Thus, our use of combined screen-
ing performance characteristics for all 

women, regardless of breast density, 
may undervalue the effectiveness of ad-
junct tomosynthesis for women with 
dense breasts. Nevertheless, we believed 
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$139 for digital mammography alone). 
Whether or not adjunct tomosynthesis 
will be reimbursed below such a thresh-
old value, or at all, remains uncertain.

There were several additional limi-
tations to our study. First, we focused 
our analysis on biennial screening of 
women with dense breasts who were 
50–74 years of age, since tomosynthe-
sis data were only available for this age 
group and screening interval; thus, our 
results were not applicable to women 
40–49 years of age or those undergoing 
annual combined screening. However, 
we do provide a sensitivity analysis to 
compare biennial combined screening 
to annual digital mammography screen-
ing for women aged 50–74 years with 
dense breasts. This analysis demon-
strated that biennial combined screen-
ing averts a large number of false-pos-
itive findings but averts slightly fewer 
cancer deaths than annual digital mam-
mography screening. Second, we do not 
stratify our results for women with het-
erogeneously dense versus extremely 
dense breasts. This is due to the fact 
that breast density reporting legislation 
does not distinguish between these two 
BI-RADS density categories, and our 
analysis is meant to be informative to 
current real-world practice. Third, we 
did not address increased radiation ex-
posure from tomosynthesis. The added 
dose, which is equivalent to the dose 
of a digital mammography examination, 
still puts combined screening at a total 
dose lower than the limit for a standard 
screening examination set by the Mam-
mography Quality Standards Act (36). 
In addition, the U.S. Food and Drug Ad-
ministration recently approved imaging 

software that reconstructs standard 
mammography images from the three-
dimensional tomosynthesis acquisition, 
negating the need for additional radi-
ation exposure. Finally, we built our 
model with the assumption that a wom-
an’s breast density would not change 
over time after age 50. This might lead 
to overestimation of the density at long 
follow-up times and thus overestimation 
of the added benefit of tomosynthesis. 
However, varying breast density in 
the model would have substantially in-
creased the complexity of the analysis.

Large breast imaging registries, 
such as those comprising the BCSC and 
the Population-based Research Opti-
mizing Screening through Personalized 
Regimens—or PROSPR—consortium, 
may provide valuable U.S.-based perfor-
mance data from community practices. 
In future cost-effectiveness analyses, 
investigators should consider different 
density subgroups, breast cancer risks, 
imaging frequencies, and perspectives. 
The cost-effectiveness of adjunct to-
mosynthesis should also be compared 
directly with those of other potential 
supplemental screening modalities, in-
cluding MR imaging and US.

Our analysis, conducted by us-
ing currently available data, provides 
women, physicians, payers, and poli-
cymakers in the United States with 
much-needed information regarding 
the comparative effectiveness of com-
bined mammography and tomosynthe-
sis screening relative to mammography 
screening alone. Our results suggest 
that biennial combined screening for 
women aged 50–74 years with dense 
breasts is a cost-effective approach 

from a federal payer perspective if 
priced appropriately (below a thresh-
old combined screening cost of $226 vs 
$139 for digital mammography alone) 
and if interpretive performance metrics 
of improved specificity are met in rou-
tine practice.

Acknowledgments: The collection of BCSC can-
cer data used in this study to develop input pa-
rameters was supported in part by several state 
public health departments and cancer registries 
throughout the United States. For a full descrip-
tion of these sources, please see http://www.
breastscreening.cancer.gov/work/acknowledge-
ment.html. We thank the participating women, 
mammography facilities, and radiologists for the 
data they provided for this study. A list of the 
BCSC investigators and procedures for request-
ing BCSC data for research purposes are pro-
vided at http://breastscreening.cancer.gov/.

Disclosures of Conflicts of Interest: C.I.L. Ac-
tivities related to the present article: author 
received a GE Healthcare and Association of 
University Radiologists Research Academic Fel-
lowship. Activities not related to the present ar-
ticle: author received payment from GE Health-
care and Castlight Healthcare for consulting; 
author received royalties from UpToDate and 
McGraw-Hill. Other relationships: disclosed no 
relevant relationships. M.C. disclosed no rele-
vant relationships. O.A. Activities related to the 
present article: disclosed no relevant relation-
ships. Activities not related to the present arti-
cle: author received payment from Renaissance 
Rx and GE Healthcare for consulting. Other 
relationships: disclosed no relevant relation-
ships. B.L.S. disclosed no relevant relationships. 
A.N.A.T. disclosed no relevant relationships. 
D.L.M. disclosed no relevant relationships. 
K.K. disclosed no relevant relationships. N.K.S. 
disclosed no relevant relationships. J.G.J. Ac-
tivities related to the present article: disclosed 
no relevant relationships. Activities not related 
to the present article: author received payment 
from GE Healthcare for board membership and 
from HealthHelp for consulting; author and in-
stitution received payment from PhysioSonics 
for patents and royalties; author has stock and/
or stock options in PhysioSonics. Other rela-
tionships: disclosed no relevant relationships. 
S.D.R. disclosed no relevant relationships. 
C.D.L. Activities related to the present article: 
disclosed no relevant relationships. Activities not 
related to the present article: author received 
grants and personal fees from General Electric 
and Philips; author received personal fees from 
Bayer. Other relationships: disclosed no relevant 
relationships.

References
 1. Nyström L, Andersson I, Bjurstam N, Frisell 

J, Nordenskjöld B, Rutqvist LE. Long- 
term effects of mammography screening:  
updated overview of the Swedish ran-
domised trials. Lancet 2002;359(9310): 
909–919.

Table 4

Effects of Biennial Screening Strategies for 12 Rounds of Screening between Ages 50 
and 74 Years per 1000 Women

Screening Strategy
No. of  
Screenings

No. of Breast  
Cancers Detected

No. of Breast  
Cancer Deaths

No. of False- 
Positive Findings

Digital breast tomosynthesis and 
digital mammography*

10 901 208 14.9 856

Digital mammography alone* 10 935 202 15.4 1261
Incremental difference 234 +6 20.5 2405

* Results are for base-case performance values of digital mammography and digital breast tomosynthesis.



HEALTH POLICY AND PRACTICE: Effectiveness of Digital Mammography and Tomosynthesis in Dense Breasts Lee et al

780 radiology.rsna.org n Radiology: Volume 274: Number 3—March 2015

 2. US Preventive Services Task Force. Screening 
for breast cancer: U.S. Preventive Services 
Task Force recommendation statement. Ann 
Intern Med 2009;151(10):716–726, W-236.

 3. Pisano ED, Gatsonis C, Hendrick E, et al. 
Diagnostic performance of digital versus film 
mammography for breast-cancer screening. 
N Engl J Med 2005;353(17):1773–1783.

 4. Kerlikowske K, Hubbard RA, Miglioretti DL, 
et al. Comparative effectiveness of digital 
versus film-screen mammography in commu-
nity practice in the United States: a cohort 
study. Ann Intern Med 2011;155(8):493–502.

 5. Wang AT, Vachon CM, Brandt KR, Ghosh 
K. Breast density and breast cancer risk: a 
practical review. Mayo Clin Proc 2014;89(4): 
548–557.

 6. Nineteen state density laws as Missouri joins 
sister states to protect women from delayed 
and advanced diagnoses. Are You Dense Ad-
vocacy, Inc. http://areyoudenseadvocacy.org/
worxcms_published/news_page170.shtml. 
Updated July 8, 2014. Accessed July 14, 2014.

 7. MQSA National Statistics. U.S. Food and 
Drug Administration. http://www.fda.gov/
Radiation-EmittingProducts/Mammogra-
phyQualityStandardsActandProgram/Facili-
tyScorecard/ucm113858.htm. Updated May 
1, 2014. Accessed May 26, 2014.

 8. Berg WA, Blume JD, Cormack JB, et al. 
Combined screening with ultrasound and 
mammography vs mammography alone in 
women at elevated risk of breast cancer. 
JAMA 2008;299(18):2151–2163.

 9. Plevritis SK, Kurian AW, Sigal BM, et al. 
Cost-effectiveness of screening BRCA1/2 
mutation carriers with breast magnetic res-
onance imaging. JAMA 2006;295(20):2374–
2384.

 10. Smith A. Full-field breast tomosynthesis. 
Radiol Manage 2005;27(5):25–31.

 11. Gur D. Tomosynthesis: potential clinical role 
in breast imaging. AJR Am J Roentgenol 
2007;189(3):614–615.

 12. Baker JA, Lo JY. Breast tomosynthesis: 
state-of-the-art and review of the literature. 
Acad Radiol 2011;18(10):1298–1310.

 13. Ciatto S, Houssami N, Bernardi D, et al. In-
tegration of 3D digital mammography with 
tomosynthesis for population breast-cancer 
screening (STORM): a prospective compari-
son study. Lancet Oncol 2013;14(7):583–589.

 14. Skaane P, Bandos AI, Gullien R, et al. Com-
parison of digital mammography alone and 

digital mammography plus tomosynthesis in 
a population-based screening program. Ra-
diology 2013;267(1):47–56.

 15. Friedewald SM, Rafferty EA, Rose SL, 
et al. Breast cancer screening using to-
mosynthesis in combination with digital 
mammography. JAMA 2014;311(24):2499–
2507.

 16. Lee CI, Lehman CD. Digital breast tomo-
synthesis and the challenges of implement-
ing an emerging breast cancer screening 
technology into clinical practice. J Am Coll 
Radiol 2013;10(12):913–917.

 17. Fryback DG, Stout NK, Rosenberg MA, 
Trentham-Dietz A, Kuruchittham V, Rem-
ington PL. The Wisconsin Breast Cancer 
Epidemiology Simulation Model. J Natl Can-
cer Inst Monogr 2006 (36):37–47.

 18. Gold MR, Siegel JE, Russell LB, Weinstein 
MC, eds. Cost-effectiveness in health and 
medicine. Oxford, England: Oxford Univer-
sity Press, 1996.

 19. Cronin KA, Yu B, Krapcho M, et al. Mod-
eling the dissemination of mammography in 
the United States. Cancer Causes Control 
2005;16(6):701–712.

 20. Holford TR, Cronin KA, Mariotto AB, Feuer 
EJ. Changing patterns in breast cancer in-
cidence trends. J Natl Cancer Inst Monogr 
2006 (36):19–25.

 21. Early Breast Cancer Trialists’ Collaborative 
Group. Multi-agent chemotherapy for early 
breast cancer. Cochrane Database Syst Rev 
2002;(1):CD000487.

 22. Tosteson AN, Stout NK, Fryback DG, et al. 
Cost-effectiveness of digital mammography 
breast cancer screening. Ann Intern Med 
2008;148(1):1–10.

 23. Ballard-Barbash R, Taplin SH, Yankaskas 
BC, et al. Breast Cancer Surveillance Con-
sortium: a national mammography screen-
ing and outcomes database. AJR Am J 
Roentgenol 1997;169(4):1001–1008.

 24. American College of Radiology. The Ameri-
can College of Radiology Breast Imaging 
Reporting and Data System (BI-RADS). 4th 
ed. Reston, Va: American College of Radiol-
ogy, 2003.

 25. Ernster VL, Ballard-Barbash R, Barlow WE, 
et al. Detection of ductal carcinoma in situ in 
women undergoing screening mammography. 
J Natl Cancer Inst 2002;94(20):1546–1554.

 26. Barlow WE, White E, Ballard-Barbash R, et 
al. Prospective breast cancer risk prediction 

model for women undergoing screening mam-
mography. J Natl Cancer Inst 2006;98(17): 
1204–1214.

 27. Kerlikowske K, Ichikawa L, Miglioretti DL, 
et al. Longitudinal measurement of clinical 
mammographic breast density to improve 
estimation of breast cancer risk. J Natl Can-
cer Inst 2007;99(5):386–395.

 28. Stout NK, Lee SJ, Schechter CB, et al. Ben-
efits, harms, and costs for breast cancer 
screening after US implementation of digi-
tal mammography. J Natl Cancer Inst 2014; 
106(6):dju092.

 29. Centers for Medicare & Medicaid Services. 
CMS physician fee schedule search. http://
www.cms.gov/apps/physician-fee-schedule/
license-agreement.aspx. Accessed Septem-
ber 30, 2014.

 30. Yabroff KR, Lamont EB, Mariotto A, et al. 
Cost of care for elderly cancer patients in the 
United States. J Natl Cancer Inst 2008;100(9): 
630–641.

31.  Lidgren M, Wilking N, Jönsson B, Rehnberg 
C. Health related quality of life in different 
states of breast cancer. Qual Life Res 2007; 
16(6):1073–1081.

 32. Schousboe JT, Kerlikowske K, Loh A, Cum-
mings SR. Personalizing mammography by 
breast density and other risk factors for 
breast cancer: analysis of health benefits and 
cost-effectiveness. Ann Intern Med 2011; 
155(1):10–20.

33. de Haes JC, de Koning HJ, van Oortmars-
sen GJ, van Agt HM, de Bruyn AE, van Der 
Maas PJ. The impact of a breast cancer 
screening programme on quality-adjusted 
life-years. Int J Cancer 1991;49(4):538– 
544.

34. U.S. Bureau of Labor Statistics. Consumer 
price index, medical care component (US 
city average, not seasonally adjusted). http://
www.bls.gov/data/. Accessed September 30, 
2014.

 35. Haas BM, Kalra V, Geisel J, Raghu M, 
Durand M, Philpotts LE. Comparison of 
tomosynthesis plus digital mammography 
and digital mammography alone for breast 
cancer screening. Radiology 2013;269(3): 
694–700.

 36. Feng SS, Sechopoulos I. Clinical digital breast 
tomosynthesis system: dosimetric character-
ization. Radiology 2012;263(1):35–42. 




