Taylor & Francis
Taylor & Francis Group

Journal of Medical Economics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ijme20

Economic evaluation of supplemental breast
cancer screening modalities to mammography

or digital breast tomosynthesis in women with
heterogeneously and extremely dense breasts and
average or intermediate breast cancer risk in US
healthcare

Michael Blankenburg, Irene Sanchez-Collado, Busayo Oladimeji Soyemi,
Orjan Akerborg, Amrit Caleyachetty, James Harris, Elizabeth Morris, Gillian
Newstead & Franziska Lobig

To cite this article: Michael Blankenburg, Irene Sdnchez-Collado, Busayo Oladimeji Soyemi,
Orjan Akerborg, Amrit Caleyachetty, James Harris, Elizabeth Morris, Gillian Newstead &
Franziska Lobig (2023) Economic evaluation of supplemental breast cancer screening
modalities to mammography or digital breast tomosynthesis in women with heterogeneously
and extremely dense breasts and average or intermediate breast cancer risk in US healthcare,
Journal of Medical Economics, 26:1, 850-861, DOI: 10.1080/13696998.2023.2222035

To link to this article: https://doi.org/10.1080/13696998.2023.2222035

A
© 2023 Bayer AG. Published by Informa UK h View supp|ementary material =
Limited, trading as Taylor & Francis Group.

@ Published online: 30 Jun 2023. Submit your article to this journal &'

A
||I| Article views: 715 h View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ijme20


https://www.tandfonline.com/action/journalInformation?journalCode=ijme20
https://www.tandfonline.com/loi/ijme20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/13696998.2023.2222035
https://doi.org/10.1080/13696998.2023.2222035
https://www.tandfonline.com/doi/suppl/10.1080/13696998.2023.2222035
https://www.tandfonline.com/doi/suppl/10.1080/13696998.2023.2222035
https://www.tandfonline.com/action/authorSubmission?journalCode=ijme20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ijme20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/13696998.2023.2222035
https://www.tandfonline.com/doi/mlt/10.1080/13696998.2023.2222035
http://crossmark.crossref.org/dialog/?doi=10.1080/13696998.2023.2222035&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1080/13696998.2023.2222035&domain=pdf&date_stamp=2023-06-30

JOURNAL OF MEDICAL ECONOMICS

2023, VOL. 26, NO. 1, 850-861
https://doi.org/10.1080/13696998.2023.2222035
Article 0096-FT.R1/2222035

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

8 OPEN ACCESS ‘ N Checkforupdates‘

Economic evaluation of supplemental breast cancer screening modalities to
mammography or digital breast tomosynthesis in women with heterogeneously
and extremely dense breasts and average or intermediate breast cancer risk in
US healthcare

, Orjan Akerborg® (),
and Franziska Lobig®

, Irene Sénchez-Collado® (®, Busayo Oladimeji Soyemi®

Michael Blankenburg®
, James Harris® @, Elizabeth Morris¢ (), Gillian Newstead®

Amrit Caleyachetty®

®Bayer AG, Berlin, Germany; "Wickenstones Ltd, Carlow, Ireland; “Department of Radiology, University of California Davis, Sacramento, CA,
USA; “Department of Radiology, University of Chicago, Chicago, IL, USA

ABSTRACT
Objective: To evaluate the cost-effectiveness of supplemental breast imaging modalities for women
with heterogeneously and extremely dense breasts and average or intermediate risk of breast cancer
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(BQO) in the USA, and analyze capacity requirements for supplemental magnetic resonance imaging
(MRI) and contrast-enhanced mammography (CEM).

Methods: Clinical and economic outcomes for supplemental imaging modalities including full- and
abbreviated-protocol MRI (Fp-MRI, Ab-MRI), CEM, and ultrasound (U/S) as add-on to x-ray mammog-
raphy (XM) or digital breast tomosynthesis (DBT), were compared to XM or DBT alone, in a decision
tree linked to a Markov chain validated by comparison with a microsimulation analysis. A Delphi panel
supplemented model input parameters from the literature. A capacity model evaluated the number of
additional daily scans and scanners required for Fp-MRI and CEM.

Results: Compared to XM or DBT alone, all supplemental imaging protocols were cost-effective. Both
Fp- and Ab-MRI, and to a lesser extent CEM and U/S, yielded superior clinical outcomes to XM or DBT.
Compared to XM alone, U/S and Ab-MRI had the lowest incremental cost-effectiveness ratios (ICER).
For U/S, the ICER was $23,394 for the average-risk population and $13,241 for the intermediate-risk
population. For CEM, the ICER was $38,423 and $23,772, respectively. For the extremely dense subpo-
pulation with intermediate risk, supplemental screening requirements could be accommodated by
conducting one Fp-MRI scan per day per existing general scanner.

Conclusions: While ultrasound had the lowest ICER, MRl and CEM demonstrated the best clinical out-
comes, compared to XM or DBT alone for women with dense breasts and intermediate and high risk.
Existing MRI scanner capacity has the potential to meet most of the supplemental screening needs of
this population.
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Introduction breast density is associated with elevated cancer risk.
Women with dense breasts face a 3-5-fold higher risk of
developing breast cancer than those with non-dense
breasts*?. Secondly, breast malignancies are more likely to

be missed with routine screening modalities, such as x-ray

Breast cancer is the world’s most common cancer, and the
leading cause of cancer death among women - accounting
for 2.3 million diagnoses and 685,000 deaths in 2020". While
breast cancer detection is a topic of high public awareness

and prioritization, the specific risks women with dense breast
tissue face are relatively overlooked. This is despite the fact
that approximately 35% of women in the USA aged 40-74
have heterogeneously dense breasts (Breast Imaging
Reporting and Data System [BI-RADS] category C) and 8%
have extremely dense breasts (BI-RADS category C)*>.
Women with dense breasts face a “four-fold challenge”
related to accurate detection of breast cancer. Firstly, greater

mammography (XM) and digital breast tomosynthesis (DBT)
- due to reduced sensitivity in dense breast tissue®™. Thirdly,
while guidelines recommend supplemental screening for
women with dense breasts'®, there is a lack of clarity on
which supplemental modalities are preferred, and there is
restricted access to supplemental modalities. Finally, breast
density assessment and reporting in XM is inconsistent
across the USA. Currently, 38 states are required to inform
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women about their breast density, but which patients are
informed and the type of information received is not stand-
ardized across states''. A national requirement by the FDA
has been recently issued where, by 2024, all states will need
to send federal density notification statements (“not dense”
or “dense”) to patients'?. This has the potential to enhance
the low understanding of elevated risk among women with
dense breasts'>.

Add-on modalities to XM or DBT have demonstrated
improved sensitivity in dense breasts and include contrast-
enhanced breast magnetic resonance imaging (MRI - in its
full [Fp-MRI] or abbreviated [Ab-MRI] protocols), contrast-
enhanced mammography (CEM), and ultrasound (U/S)'*""7.
However, no supplemental imaging modality is recognized
as being standard of care'® and no consensus exists among
guidelines on what the preferred supplemental modality
should be. Guidelines state that there is insufficient evidence
on relative screening accuracy of supplemental imaging
modalities and a lack of cost-effectiveness studies across all
available supplemental modalities'®'®22. A recent umbrella
literature review?® found the systematic literature too hetero-
geneous to enable comparisons between modalities on spe-
cificity but concluded that, regardless of modality, all women
with dense breasts may benefit from supplemental screening
after mammography or DBT. Moreover, individual studies
and another recent systematic literature review have sug-
gested improved cancer detection rates (CDR) for contrast-
enhanced modalities, and especially for MRI**~2°,

The evidence on the cost-effectiveness of add-on modal-
ities to XM and DBT for the dense breast population is
sparse, results are mixed, and stratification by breast cancer
risk is usually not considered?’. Thus, there is a substantial
barrier to informed decision-making around reimbursement
for supplemental imaging modalities. To date, the cost-
effectiveness of supplemental MRI after XM has only been
reported for the following populations:

e Extremely dense breast population with average breast
cancer risk?®2%;

e Intermediate risk of breast cancer and dense breasts in its
full?® and abbreviated®' protocols; and

e Intermediate risk of breast cancer and extremely dense
breasts in its abbreviated protocol®2.

To our knowledge, the cost-effectiveness of other supple-
mental modalities (to either XM or DBT) or for other breast
cancer risk subpopulations has not been reported.

There is also little information on the investment require-
ments necessary to develop capacity for supplemental
screening for women with dense breasts. While CEM is some-
times believed to be a more affordable and standardizable
option than MRI*3, with a lower sensitivity but a higher spe-
cificity®®, this hypothesis has not been robustly tested across
supplementary screening modalities.

This study, in the setting of the USA, compares the cost-
effectiveness of all currently available supplemental imaging
modalities to XM or DBT (Fp-MRI, Ab-MRI, CEM, U/S) with XM
or DBT alone for women with dense breasts and average or
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intermediate breast cancer risk (as defined by ACR guide-
lines). A separate analysis calculates capacity investment
(number of additional scans per existing scanner and num-
ber of additional scanners) that would be required to enable
supplemental screening with Fp-MRI and CEM.

Materials and methods
Cost-effectiveness analysis

Population

Asymptomatic women in the USA with dense (meaning het-
erogeneously or extremely dense henceforth) breasts
between 40-74years of age annually invited to screening®’
were studied, with two subpopulations according to ACR
breast cancer risk classification®*°: average risk (women
with unknown personal or family history of breast cancer, or
<15% lifetime risk of breast cancer), and intermediate risk
(women with a personal history or first-degree family history,
or who have 15-20% lifetime risk of breast cancer).

Model structure

A decision tree (Figure 1) linked to a Markov chain (Figure 2)
modeled the screening pathway for asymptomatic women
with dense breasts. The decision tree compared clinical out-
comes of supplemental screening after a negative XM or
DBT against outcomes of XM or DBT alone. It accounted for
all potential diagnostic work-up outcomes (true positive,
false positive, true negative, false negative) based on input
values for sensitivity and specificity associated with a particu-
lar imaging modality.

Each diagnostic outcome was directly associated with a
terminal health state also represented in the Markov chain.
True positive screening outcomes were related to detected
breast cancer of a particular tumor size following the tumor,
node, metastasis (TNM) system for staging breast cancer’®,
False positives and true negatives were interpreted as lack of
breast cancer. False negatives were assumed to relate to
undetected breast cancer.

The Markov chain allows for recursiveness of the health
states from the decision tree and captures long-term clinical
and economic outcomes of screening. Annual cycle length
was deployed, and half-cycle correction was applied. An
annual screening frequency was modeled, as this is the
standard recommendation from breast experts in the USA
for women of 40years old and above'®?’. Full screening par-
ticipation was assumed. XM or DBT was repeated every
screening round and only women who had a negative XM or
DBT result underwent supplemental screening. After a
screening round, it was assumed women remained in the
breast cancer health state or transited to another health
state. Individuals with no breast cancer (true negatives or
false positives) could develop cancers in subsequent rounds.
Individuals with breast cancer were distributed between
health states according to cancer tumor size (true positives)
or were moved to the undetected breast cancer health state
(false negatives).
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Figure 1. Decision tree structure. Abbreviations: DBT, digital breast tomosynthesis; D, disease; T, test; +, positive; -, negative; TP, true positive; FP, false positive;
FN, false negative; TN, true negative. TIm, tumor size <1 mm; T1a, tumor size >1mm and <5mm; T1b, tumor size >5mm and <10 mm; T1c, tumor size >10 mm
and <20 mm; T2, tumor size >20 mm and <50 mm; T3 tumor size >50 mm. Notes: T+ and T- represent screening modality outcomes. TP, FP, FN, and TN repre-
sent pathological (biopsy) diagnosis outcomes. Supplemental imaging modalities under study: Ab-MRI, full MRI, CEM, and U/S. Dashed line (+/-) indicates that the
supplemental modality screening can be implemented or not depending on the result from the XM/DBT screening. When not implemented, the diagnostic out-
comes FN/TN come directly from XM/DBT screening. When implemented, the diagnostic outcomes FN/TN come after the supplemental modality screening. The
lower arm represents standard of care (i.e. screening with XM or DBT alone) and does not include supplemental modality screening. Each diagnosis outcome was
directly associated with a terminal node in the decision tree and was each linked to a health state in the Markov model, as illustrated in Figure 2. True positive
screening outcomes were related to detected breast cancer of a particular tumor size following the tumor, node, and metastasis (TNM) system for staging breast
cancer*®, False positives and true negatives were interpreted as no breast cancer. False negatives were assumed to relate to undetected breast cancer.
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Figure 2. Markov model structure. Notes: adapted from Kaiser, Dietzel®. ?Re-enter the decision tree after two cycles (some will develop cancer). bRe-enter the deci-
sion tree after two cycles (some undetected will be rescreened - and potentially detected at larger size). Interval cancers aim to capture the number of cancers
that occur between screening intervals for undetected and no breast cancer individuals. DCIS, ductal carcinoma in situ, TTmi, tumor size <1mm; T1a, tumor size
>1Tmm and <5 mm; T1b, tumor size >5mm and <10 mm; T1¢, tumor size >10mm and <20 mm; T2, tumor size >20mm and <50 mm; T3 tumor size >50mm.



When a cancer was first detected in one of the screening
rounds, individuals were assumed to remain in that health
state for one cycle and to transit to a post-treatment stage A
(treatment for localized tumors) or B (extensive and systemic
treatment of large tumors)**3" in the subsequent cycle. A
100% treatment success rate was assumed. Screen-
undetected cancers could be detected in subsequent screen-
ing rounds, when they were assumed to have grown to a
larger tumor size*®*°, It was assumed individuals could tran-
sit to the absorbing state of death (due to breast cancer or
due to any other cause) at any time.

Model input parameters

Screening accuracy and epidemiology data. Sensitivity and
specificity values for standalone XM and DBT, and supple-
mental screening modalities after a negative XM or DBT for
women with dense breasts by average and intermediate
breast cancer risk subpopulations were taken from the litera-
ture. Given the lack of sensitivity and specificity data for the
intermediate-risk subpopulation for most supplemental
screening modalities after negative XM, and for the average-
risk subpopulation after negative DBT, a combined data
point for the average and intermediate-risk subpopulation
was used per each first-line screening modality (XM or DBT).

Delphi panel. An expert elicitation exercise was conducted
to validate literature derived sensitivity and specificity values
for screening modalities in the combined average/intermedi-
ate risk population (validation of Supplementary Table S1-1).
Given the sparsity of the data in the existing literature”® and
the lack of a common baseline that would allow sensitivity
and specificity comparisons across modalities, a set of values
that would better represent clinical practice experience than
the literature was developed for a model scenario analysis.

Six experts were selected according to their knowledge
and involvement in breast screening accuracy in the real
world. They also had to meet the following expert’s partici-
pation criteria:

1. Role/expertise should align with one or more of the
following:

a. (Clinical expertise in breast imaging,

b. Clinical trial investigator for imaging modalities in
breast cancer screening,

c. Researcher with experience conducting or evaluat-
ing breast cancer screening accuracy studies (obser-
vational) for imaging modalities,

d. Published peer-reviewed papers/technical reports/-
conference proceedings on the screening accuracy
for breast cancer imaging modalities, or

e. Teaches medical students/residents/fellows on
screening accuracy evidence for imaging modalities
in breast cancer screening.

2. Five or more years of experience in their area of
expertise.

3. Be extremely/very familiar with screening test accuracy
measures.
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4. One to 20 years of experience reading exams from sup-
plemental screening imaging modalities following a nor-
mal mammogram or DBT:

a. Be fairly/very confident in providing an expert opin-
ion on their supplemental screening modality of
choice, for the screening of women with dense
breasts.

5. Publication requirements:

a. Be aware of ongoing/published research on supple-
mental breast cancer screening for women with
dense breasts, and

b. Published more than one empirical peer-reviewed
article on the screening performance of breast
imaging modalities.

Experts were asked to rank supplemental modalities in
terms of screening accuracy and provide sensitivity and spe-
cificity estimates for values seen in clinical practice, including
relative differences between screening modalities according
to whether they were supplemental to XM or DBT. Expert
estimates were collected independently and consolidated by
Wickenstones. Consensus was prospectively defined as being
achieved when 80% of the experts were in agreement*®*', A
virtual meeting with all the available experts was conducted
at the end to sign off on consensus achieved. See
Supplementary Section 1 for further details on the Delphi
Panel methodology.

Utilities. Utility values were used to estimate the health-
related quality-of-life (HRQoL) of women in each health state
(Supplementary Section 2). HRQoL differences related to
tumor size upon detection were considered by assuming util-
ity decrements by tumor size as follows: ductal carcinoma in
situ (DCIS); <1mm; >1Tmm and <5mm; >5mm and
<10mm; >10mm and <20 mm; >20mm and <50 mm; and
>50mm. A reduction in HRQoL of 0.01 for undergoing
screening was assumed to account for discomfort that
women may experience due to screening procedures*’. An
additional 0.01 decrement in utility was assumed to account
for cancers not detected by screening (false negatives).
Utility decrements were also implemented to account for
reduced HRQoL after treatment of localized tumors and
extensive and systemic treatment of large tumors>%3',

Health-care resource utilization. Screening costs were esti-
mated using the Medicare Physician Fee Schedule Look-up
tool [https://www.cms.gov/Medicare/Medicare-Fee-for-
Service-Payment/PFSlookup]*®. Using the Current Procedural
Terminology (CPT) codes for each screening modality, the
look-up tool provides the 2021 national average rate. Tumor-
size related treatment costs were collected from the existing
literature™ (Supplementary Section 2). No additional costs
were assumed for post-treatment health states. Undetected
breast cancers were assumed to incur no costs until the can-
cer is detected. All costs were adjusted to reflect 2021 prices.

Transition probabilities. Transition probabilities were based
on the number of screen detected and clinically detected
cancers (proxy for interval cancers) by TNM staging for
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supplemental MRI and first-line XM obtained from unre-
ported data in Geuzinge et al.?® (personal communication, see
acknowledgments). Mortality rates by tumor size were calcu-
lated using the NHS predict tool (https://breast.predict.nhs.
uk/tool)**?" (Supplementary Table S2-1).

Cost-effectiveness implementation

The cost-effectiveness of screening modalities was analyzed
for a simulated sample of 1,000 asymptomatic women with
dense breasts undertaking screening. Clinical and health eco-
nomic outcomes were reported. Costs and benefits beyond 1
year were discounted at a rate of 3%**. A lifetime horizon
was assumed, and a healthcare perspective was adopted.
Deterministic and probabilistic sensitivity analysis were
performed.

First, the cost-effectiveness of supplemental modalities as
an add-on to XM or DBT was calculated. Second, a cost-
effectiveness analysis was performed for relevant pair-com-
parisons across all supplemental imaging modalities when
applied after negative XM or DBT. The results were reported
for the average and the intermediate breast cancer risk sub-
populations and for relevant health states. Results for each
health state of the Markov chain are reported in
Supplementary Section 8.

The model was validated comparing the Markov model
results to an adapted microsimulation model (Supplementary
Section 6).

Capacity analysis

A capacity model was developed to estimate additional daily
scans per existing scanner needed to implement supplemen-
tary MRI or CEM screening for women with dense breasts. In
addition, the number of new scanners needed for breast can-
cer screening was calculated. It was assumed that the scan-
ner infrastructure could be grouped into: (a) existing
dedicated breast scanners, used only for breast imaging; (b)
existing general scanners, used for various types of imaging,
including breast imaging; and (c) new dedicated scanners,
where payers may need to invest in extra scanners not
included in the existing infrastructure. The relative propor-
tion of general scanners extended to breast imaging was var-
ied, and the corresponding investment needed and extra
number of scans needed were recorded.

Capacity model input parameters are
Supplementary Section 3.

The capacity model presents results over a 15-year time
frame for the extremely-dense (8% of women in the USA)
and heterogeneously-dense (35% of women in the USA)
breast population’ from 40-74years of age. Results are
shown for the combined average and intermediate risk pop-
ulations as well as for each risk subgroup, where the propor-
tion of individuals in the average and intermediate
subgroups was taken from the literature®’. For the main ana-
lysis, it was assumed that 40% of general MRI scanners could
be extended for breast imaging®® and that 3% were existing
dedicated scanners only used for breast imaging®®. For CEM,

listed in

the AMR Imaging H 1/19 reported that 0.15% of mammog-
raphy scans were currently contrast-enhanced in the USA,
resulting in 20 scanners.

Results
Cost-effectiveness analysis

Supplemental imaging as an add-on to XM or DBT
Add-on to XM. For women with dense breasts, all assessed
supplemental imaging modalities improved clinical outcomes
compared to XM alone, for both the average (Table 1) and
the intermediate (Table 2) breast cancer risk subpopulations
(with the exception of number of false positives). They were
able to detect more invasive cancers, low- and high-grade
DCIS, and reduce breast cancer deaths, the number of false
negatives and the total number of undetected cancers (false
negatives and interval cancers). These results were particu-
larly prominent for contrast-enhanced modalities (Fp-MRI,
Ab-MRI, and CEM) in the intermediate-risk subpopulation.

Over a lifetime horizon, the simulated long-term total
costs and effects were higher for all supplemental imaging
modalities than those for XM alone. For both average (Table
1) and intermediate (Table 2) breast cancer risk subpopula-
tions, the lowest incremental cost-effectiveness ratio (ICER)
was for U/S (523,394 and $13,241, respectively) followed by
Ab-MRI ($38,423 and $23,772, respectively). The correspond-
ing ICERs of all supplemental imaging modalities were below
a willingness-to-pay (WTP) threshold of $100,000 per quality-
adjusted life years (QALY), which is the standard health-bene-
fit price benchmark used by the United States Institute for
Clinical and Economic Review in its assessments>°.

The Markov model results for supplemental Fp-MRI as
add-on to XM and XM alone were validated using a
Microsimulation Screening Analysis (MISCAN)>'. Biennial
screening and a mixed-risk population (combined average
and intermediate populations) was assumed to align with
the assumptions of the MISCAN model. Supplementary
Section 5 shows results for different screening frequencies.
Overall, results in both models show the same directionality
with some differences in magnitudes due to structural mod-
eling differences. The Markov model yielded higher incre-
mental QALYs and costs, resulting in a lower ICER ($19,737)
than the MISCAN model ($24,940) (Supplementary Section 6).

Add-on to DBT. Similar results were seen when DBT was the
primary imaging modality instead of XM, for the average
(Table 3) and intermediate (Table 4) breast cancer risk subpo-
pulations. All clinical outcomes were improved when adding
a supplemental modality to DBT, except for false positives.
The lowest ICER was for U/S followed by Ab-MRI. The corre-
sponding ICERs of all supplemental imaging modalities were
below a willingness-to-pay (WTP) threshold of $100,000 per
QALY?° and, therefore, supplemental imaging as an add-on
to XM was consistently cost-effective.

It is notable that the number of detected cancers when
using standalone DBT was lower than the number detected
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Table 1. Clinical and economic outcomes by supplemental imaging modality as an add-on to XM (annual screening) for the dense
breast population and average breast cancer risk subpopulation per 1,000 screenings and lifetime horizon.

Clinical outcomes per supplemental imaging modality — add-on to x-ray mammography

XM only Fp-MRI Ab-MRI CEM u/s
Detected cancers, tumor size <20 mm 72 119 119 118 106
Detected cancers, tumor size >20 mm 46 13 13 14 21
Undetected cancers, total 201 114 114 17 142
False negatives, total 54 3 3 5 24
False positives, total 1,790 4,034 3,922 8,494 3,473
Breast cancer deaths 36 22 22 22 26
Cancer deaths averted — 14 14 14 10
Economic outcomes per supplemental imaging modality — add-on to x-ray mammography

Mammography only Fp-MRI Ab-MRI CEM u/s

False negatives cost ($) 5,386,191 258,537 247,765 511,688 2423,786
False positives cost ($) 1,559,928 3,515,038 3,417,283 7,400,820 3,026,261
Total costs ($) 12,536,702 21,599,596 19,445,162 21,181,214 15,407,411
Total QALYs 21,916 22,096 22,096 22,090 22,039
Total LYs 22,213 22,375 22,375 22,369 22,322
ICER, $/QALY — 50,476 38,423 49,824 23,394

Detected cancers have been collapsed into two categories (tumor size <20 mm and tumor size >20 mm) for simplicity. Undetected
cancers include false negatives and interval cancers. Total costs include the cost of overtreatment, first year costs, and long-term costs.
Abbreviations. XM, x-ray mammography; Fp-MRI, full-protocol magnetic resonance imaging; Ab-MRI, abbreviated MRI; CEM, contrast-
enhanced mammography; U/S, ultrasound; DCIS, ductal carcinoma in situ; QALY, quality adjusted life years; LY, life years; ICER, incre-

mental cost-effectiveness ratio.

Table 2. Clinical and economic outcomes by supplemental imaging modality as an add-on to XM (annual screening) for the dense breast
population and intermediate breast cancer risk subpopulation per 1,000 screenings and lifetime horizon.

XM only Fp-MRI Ab-MRI CEM u/s
Clinical outcomes per supplemental imaging modality — add-on to x-ray mammography
Detected cancers, tumor size <20 mm 104 173 173 171 154
Detected cancers, tumor size >20 mm 67 18 18 20 31
Undetected cancers, total 283 157 157 161 198
False negatives, total 79 4 4 7 35
False positives, total 1,720 3,875 3,767 8,159 3,336
Breast cancer deaths 51 31 31 31 37
Cancer deaths averted — 21 21 20 14
Economic outcomes per supplemental imaging modality — add-on to x-ray mammography
False negatives cost ($) 7,795,193 374,169 358,579 740,543 3,507,837
False positives cost ($) 1,504,837 3,390,900 3,296,597 7,139,450 2,919,385
Total costs ($) 16,176,899 24,583,844 22,438,861 24,058,983 18,556,882
Total QALYs 21,786 22,050 22,050 22,041 21,966
Total LYs 22,097 22,333 22,333 22,325 22,256
ICER, $/QALY — 31,960 23,772 31,009 13,241

Detected cancers have been collapsed into two categories (tumor size <20 mm and tumor size >20mm) for simplicity. Undetected cancers
include false negatives and interval cancers. Total costs include the cost of overtreatment, first year costs, and long-term costs.

Abbreviations. XM, x-ray mammography; Fp-MRI, full-protocol magnetic resonance imaging; Ab-MRI, abbreviated MRI; CEM, contrast-
enhanced mammography; U/S, ultrasound; DCIS, ductal carcinoma in situ; QALY, quality adjusted life years; LY, life years; ICER, incremental

cost-effectiveness ratio.

by standalone XM. This is due to the sensitivity values found
in the existing literature (39% for DBT and 59% for XM).

Supplemental imaging modalities as add-ons to XM and
DBT - sensitivity analysis and scenarios. Deterministic and
probabilistic sensitivity analyses were performed to evaluate
the reliability of results (Supplementary Section 4). Variables
were breast cancer prevalence and incidence, undetected
breast cancer mortality and utility, the discount rates for
costs and effects, the cost of screening modalities, and the
age at model start. The scenario analyses substantiated the
conclusions of the main analyses.

Additional variables that could influence the model results
were explored, i.e. changing the screening frequency, exclud-
ing DCIS, accounting for decline of breast density with age,
assuming false positives decrements, and accounting for
equipment costs. The ICERs for these scenarios for

supplemental imaging modalities as an add-on to XM and
for the average breast cancer risk subpopulation are reported
in Supplementary Section 5. Despite ICERs being higher for
all the scenarios compared to the base case model, they all
sustained the conclusions of the main analyses.

Cost-effectiveness analysis using Delphi panel clinical
experience estimates for sensitivity and specificity. Figure 3
compares ICER results for supplemental screening modalities
after XM when using sensitivity and specificity values derived
from the existing literature against clinical experience esti-
mates (estimated using a Delphi panel methodology, see
Supplementary Tables S1-1 and S1-2, respectively) by breast
cancer risk subpopulations.

Using clinical experience estimates of sensitivity and speci-
ficity values yielded lower ICERs for all supplemental modal-
ities (Fp-MRI, Ab-MRI, CEM, U/S), for both the average- and
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Table 3. Clinical and economic outcomes by supplemental imaging modality as an add-on to DBT (annual screening) for the dense breast
population and average breast cancer risk subpopulation per 1,000 screenings and lifetime horizon.

DBT only Fp-MRI Ab-MRI CEM u/s
Clinical outcomes per supplemental imaging modality — add-on to DBT
Detected cancers, tumor size <20 mm 55 121 121 119 114
Detected cancers, tumor size >20 mm 49 12 12 13 16
Undetected cancers, total 288 111 111 114 125
False negatives, total 80 o' 0 3 12
False positives, total 776 3,537 3,420 6,298 3,682
Breast cancer deaths 49 21 21 22 24
Cancer deaths averted — 27 27 27 25
Economic outcomes per supplemental imaging modality — add-on to DBT
False negatives cost ($) 7,961,628 796 0 284,657 1,194,244
False positives cost ($) 675,969 3,081,638 2,980,347 5,487,308 3,208,252
Total costs ($) 12,203,280 22,275,360 20,114,634 20,293,957 16,621,731
Total QALYs 21,778 22,102 22,102 22,095 22,072
Total LYs 22,075 22,380 22,380 22,374 22,353
ICER, $/QALY —_ 31,090 24,419 25,485 14,984

Detected cancers have been collapsed into two categories (tumor size <20 mm and tumor size >20 mm) for simplicity. Undetected cancers
include false negatives and interval cancers. Total costs include the cost of overtreatment, first year costs and long-term costs. Decimal point
rounded to zero.

Abbreviations. Fp-MRI, full-protocol magnetic resonance imaging; Ab-MRI, abbreviated MRI; CEM, contrast-enhanced mammography; U/S,
ultrasound; DBT, digital breast tomosynthesis; DCIS, ductal carcinoma in situ; QALY, quality adjusted life years; LY, life years; ICER, incremen-
tal cost-effectiveness ratio.

Table 4. Clinical and economic outcomes by supplemental imaging modality as an add-on to DBT (annual screening) for the dense breast
population and intermediate breast cancer risk subpopulation per 1,000 screenings and lifetime horizon.

DBT only Fp-MRI Ab-MRI CEM u/s
Clinical outcomes per supplemental imaging modality — add-on to DBT
Detected cancers, tumor size <20 mm 80 175 175 173 165
Detected cancers, tumor size >20 mm 71 17 17 19 24
Undetected cancers, total 408 153 153 157 173
False negatives, total 116 o' 0 4 17
False positives, total 745 3,397 3,286 6,049 3,537
Breast cancer deaths 70 30 30 31 33
Cancer deaths averted — 40 40 39 36
Economic outcomes per supplemental imaging modality - add-on to DBT
False negatives cost ($) 11,522,507 1,152 0 403,288 1,728,376
False positives cost ($) 652,096 2,972,806 2,875,092 5,293,516 3,094,949
Total costs ($) 15,625,727 25,254,067 23,103,295 23,220,677 19,694,879
Total QALYs 21,583 22,058 22,058 22,049 22,016
Total LYs 21,894 22,340 22,340 22,332 22,302
ICER, $/QALY — 20,277 15,747 16,322 9,415

Detected cancers have been collapsed into two categories (tumor size <20 mm and tumor size >20 mm) for simplicity. Undetected cancers
include false negatives and interval cancers. Total costs include the cost of overtreatment, first year costs, and long-term costs. Decimal
point rounded to zero.

Abbreviations. Fp-MRI, full-protocol magnetic resonance imaging; Ab-MRI, abbreviated MRI; CEM, contrast-enhanced mammography; U/S,
ultrasound; DBT, digital breast tomosynthesis; DCIS, ductal carcinoma in situ; QALY, quality adjusted life years; LY, life years; ICER, incremen-

tal cost-effectiveness ratio.

the intermediate-risk subpopulations, except for U/S in the
intermediate risk subpopulation. In particular, the ICER for
CEM decreased by more than 60% in both subpopulations,
and the ICER for Fp-MRI decreased by around 40%. The differ-
ence for Ab-MRI was a bit smaller than for the other modal-
ities (ICER decreased by 38% for the average-risk
subpopulation and by 24% for the intermediate-risk
subpopulation).

The main drivers for the differences between the literature
and Delphi-derived values were the less positive clinical
experience estimate of the sensitivity of standalone XM
(30%) compared to the literature derived value (59%), the
less positive sensitivity and specificity estimates for supple-
mental U/S (50% sensitivity and 85% specificity against 55%
sensitivity and 94% specificity literature values), and the
decrease in specificity for MRI (87% clinical practice values

against 92% literature derived value) (see Supplementary
Section 1).

Clinical outcome results for supplemental screening after
XM, and economic and clinical outcomes results for supple-
mental screening modalities after DBT, using the clinical
experience estimates, are reported in Supplementary Tables
S5-2 and S5-3, respectively.

Capacity analysis

Table 5 shows capacity results for Fp-MRI and CEM for the
three scenarios under study for the extremely and the het-
erogeneously dense breast population.

A total of 2,321,688 women in the extremely dense breast
group and a total of 10,157,386 mammogram-negative
women in the heterogeneously dense group were modeled
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Figure 3. ICER results by supplemental imaging modality as add-on to XM when using sensitivity and specificity literature derived values vs clinical practice esti-
mated values. (a) Average risk subpopulation; (b) Intermediate risk subpopulation. Abbreviations. Fp-MRI, full-protocol magnetic resonance imaging; Ab-MRI, abbre-
viated MRI; CEM, contrast-enhanced mammography; ICER, incremental cost-effectiveness ratio.

Table 5. Capacity results by various availability scenarios of scanners and dense breast population: supplemental Ab-MRI and CEM as an add-on to XM.

No existing dedicated nor
general scanners being used

Both dedicated scanners and
general scanners being used

Only dedicated scanners and
no general scanners being used

Fp-MRI CEM Fp-MRI CEM Fp-MRI CEM

Extremely dense breast population (8%)

Additional number of scans per existing general scanner — — — — 3 —

Additional number of new dedicated scanners 1,972 2,014 1,573 1,994 0 1,994

Additional cost of new dedicated scanners (million $) 1,512 834 1,206 826 0 826
Heterogeneously dense breast population (35%)

Additional number of scans per existing general scanner — — — — 12 —

Additional number of new dedicated scanners 8,630 8,810 8,230 8,790 2901 8,790

Additional cost of new dedicated scanners 6,616 3,649 6,310 3,640 2,224 3,640

General scanners do not apply for CEM as all scanners are dedicated scanners (mammography scanner with contrast).
Abbreviations. XM, mammography; Fp-MRI, full protocol magnetic resonance imaging; CEM, contrast-enhanced mammography.

over a 15-year time horizon. This was based on the screening
accuracy of XM and the prevalence of extremely (8%) and
heterogeneous (35%) dense breasts among women in the
USA. Forty percent of general MRI scanners were assumed to
be extended for breast imaging use.

For the extremely dense breast with average and inter-
mediate risk population, approximately three extra scans
(two for the average risk and one for the intermediate risk
subpopulations) per existing general scanner per day would
be required to meet the 2,321,688 additional scans per year
in the USA (if existing dedicated breast Fp-MRI scanners and
general scanners combined were to be used [Table 5, 4th

columnl]). In contrast, if only CEM were to be used to supple-
ment XM, an additional 1,994 CEM scanners would be
needed with investment costs of $826 million.

The results for the heterogeneously dense breast with
average and intermediate risk population show that if dedi-
cated breast Fp-MRI scanners and general scanners were to
be used, 12 extra scans per existing general scanner per day
(eight for the average risk and four for the intermediate risk
subpopulations) or, alternatively, an additional investment of
2,901 dedicated scanners (with investment costs of $2,224
million) would be required to meet the 10,157,386 additional
scans per year in the USA. If only CEM were to be used to
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supplement XM, an additional 8,790 CEM scanners would be
needed, with investment costs of $3,640 million.

The above results are for the entire dense breast popula-
tion from 40-74years of age. When considering the dense
breast population over 65 years of age (Supplementary Table
S5-3), where breast density prevalence is assumed to decline
and a proportion of patients no longer require supplemental
screening for MRI, there was a reduction in the additional
Fp-MRI scanners needed and the number of additional Fp-
MRI scans. Moreover, if using abbreviated protocols, invest-
ment requirements would further decrease.

Discussion

To our knowledge, this is the first study analyzing the cost-
effectiveness of all available supplemental imaging modal-
ities (Fp-MRI, Ab-MRI, CEM, U/S) as add-ons to XM or DBT in
women with dense breasts, by breast cancer risk subpopula-
tions (average and intermediate risk). In the absence of a
clinical trial comparing the screening efficiency of all cur-
rently available supplemental modalities for XM and DBT, the
present study provides robust evidence on clinical and eco-
nomic outcomes.

Cost-effectiveness of modalities

Over a lifetime horizon, all the supplemental imaging modal-
ities were consistently and robustly cost-effective, when com-
pared to XM or DBT alone, within a WTP threshold of
$100,000/QALY"°. In general, supplemental modalities were
able to detect more cancers than XM or DBT, as well as ena-
bling fewer breast cancer deaths, and the occurrence of false
negative results and undetected cancers.

Each supplemental imaging modality presented a unique
combination of clinical and economic strengths and weak-
nesses. Clinical outcomes were particularly improved for sup-
plemental contrast-enhanced modalities (Fp-MRI, Ab-MRI,
CEM) and, within this group of modalities, false positives and
false negatives were lower with supplemental MRI than with
CEM. Contrast-enhanced modalities, especially MRI, were able
to detect more cancers, particularly those of smaller tumor
size (below 20 mm) compared to ultrasound. Detecting can-
cers at an earlier tumor stage led to more cancer deaths
averted when using contrast-enhanced modalities than when
using ultrasound after XM. Ultrasound was the supplemental
modality with the highest number of undetected cancers,
false negatives, and cancer deaths, but the lowest number of
false positives.

However, despite MRI having higher sensitivity than
CEM>?, the number of cancers detected (including DCIS) was
similar for both; suggesting that CEM should be considered
as an alternative option when MRI is not available or contra-
indicated. From a purely economic perspective, U/S seemed
more advantageous as it showed the lowest ICER.
Consequently, the preferred supplemental screening modal-
ity after a negative XM or DBT could be determined accord-
ing to the WTP threshold selected. Without adjusting for
local system specificities, supplemental U/S might be

preferred in healthcare systems that operate within WTP
thresholds below $25,000/QALY. Ab-MRI may be preferred in
those operating within WTP thresholds between $20,000 to
40,000/QALY.

While costs for the contrast-enhanced modalities were
higher than for U/S, these costs were offset by higher QALY
gains, that were driven by superior clinical outcomes.
Compared to U/S, all contrast-enhanced supplemental
modalities, especially Ab-MRI, had an increased CDR for inva-
sive and precancerous (low- and high-grade DCIS) lesions, a
reduction in the number of undetected and false-negative
results, and a higher number of cancer deaths averted. The
predicted clinical benefits for supplemental contrast-
enhanced modalities were significant for both average- and
intermediate-risk subpopulations. These clinical benefits may
be more important than formal ICER considerations alone,
especially from the patient perspective and in the context of
population-based screening programs.

XM and DBT have lower sensitivity and, therefore, a
higher false-negative detection rate and higher costs in
women with dense breasts versus non-dense breasts®®. This
study shows that when using supplemental screening, in par-
ticular MRI, the number of false negatives significantly
decreases, being almost zero in some scenarios.

The Delphi panel concluded that literature-derived sensi-
tivity and specificity values were not representative of clinical
experience in the USA. Scenario analyses suggested that,
when using the alternative Delphi-derived estimates for sen-
sitivity and specificity, all supplemental imaging modalities
(excluding U/S) had substantially lower ICERs than when
using literature derived values. The Delphi panel participants
confirmed that some screening accuracy estimates in the lit-
erature, as reported in a recent SLR%, may lack clinical valid-
ity and could lead to overestimation of health gains
attributable to modalities such as U/S and DBT.

Capacity requirements

The required investment in capacity in the USA to enable
greater MRI adoption in the screening of women with dense
breasts was calculated assuming that 40% of existing general
MRI machines were also used for breast indications. For the
extremely dense breast population in the USA, approximately
three extra Fp-MRI scans per existing general scanner per
day (two for the average risk and one for the intermediate
risk subpopulations) would be required to meet the
2,321,688 additional scans per year required, with no need
to invest in new dedicated Fp-MRI capacity. For the hetero-
geneously dense breast population, 12 additional MRI scans
per existing general scanner per day (eight for the average
risk and four for the intermediate risk subpopulations), with
an investment of 2,901 dedicated scanners (with additional
cost of $2,224 million), would be required to meet the
10,157,386 additional scans per year. In contrast, a greater
investment would be needed for CEM in both dense breast
subpopulations (1,994 CEM scanners with investment costs
of $826 million for the extremely dense population; and
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8,790 more CEM scanners with investment costs of $3,640
million for the heterogeneously dense population).

The capacity results assumed a 100% screening participa-
tion to give a conservative estimate of possible capacity
requirements. The number of additional scans and scanners
would decrease if applying the actual screening participation
rate in the USA, which is around 76%>>.

Some studies have suggested that CEM may be less
costly®® and more accessible than MRI’>°¢, with potentially
faster examination and reading times. Capacity modeling in
the present study suggests that, when existing facilities are
considered, wide-scale CEM may be more challenging to
implement in practice than is typically anticipated as more
scanners at higher additional costs than MRI would be
needed. Not all existing mammography units can be adapted
or upgraded to deliver contrast-enhanced imaging - only
certain mammography suites can be upgraded, and this
varies across models. Therefore, the cost of a purpose-built
contrast-enhanced, mammography-capable facility may not
be that much different from the cost of acquiring a new MRI
facility.

Future perspectives

In some studies, supplemental MRI has been found to
increase false positive diagnoses®’, potentially leading to
overdiagnosis and overtreatment of breast cancer at early
stages”®. Recent improvements to MRI, such as application of
artificial intelligence (Al) to MRI’°™®, the use of Al for effect-
ive triage of negative examinations®'~®3, or the use of inci-
dent MRI screening rounds®® could reduce false-positive
rates and, consequently, the associated costs. That said, while
overtreatment is a concern, in many cases, false positives
could potentially be reclassified as true positives based on
histopathology of the lesion — with MRI better able to detect
high-risk proliferative precancerous lesions than XM or
DBT®.

The present study suggests that real-world evidence with
clinical validity could provide support for women’s access to
supplemental screening which can detect more breast malig-
nancies, at earlier stages, thereby improving disease progno-
sis and saving women'’s lives. Greater certainty around the
clinical and economic benefits of supplemental screening
could also drive awareness of the need for mandatory breast
density reporting and justify the necessary investments in
capacity to optimize screening practice.

Study limitations

The limitations of the current study include incomplete data
on the screening accuracy of all screening modalities in the
intermediate- and average-risk populations. For this analysis
the screening accuracy estimates were assumed to be equal
across the risk populations. This assumption was validated
using a Delphi panel of experts. Likewise, screening accuracy
estimates were assumed to be equal for prevalent and inci-
dent rounds, due to a lack of available data for all
modalities.
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The performance of screening modalities could vary
between incident and prevalent rounds and, thus, this could
be a weakness of this study’s economic evaluation. We also
made a simplifying assumption that breast cancer incidence
was constant regardless of age, due to lack of data in the
risk subgroups. While utility decrements associated with
biopsy are anticipated, these would have a minimal impact
on overall outcomes over a lifetime horizon. Consequently,
they were not considered in this analysis. While the
$100,000/QALY threshold is used by some US organizations
(e.g. ICER’®, there is no standardized criteria for “cost-
effectiveness” across the US system. Consequently, the ICER
thresholds presented in this study should be considered indi-
cative; however, it should be noted that results in the pre-
sent study were consistently below that threshold. The
Markov model results for Fp-MRI supplemental to XM alone
were validated using a MISCAN. Despite the above limita-
tions, both techniques showed aligned cost-effectiveness
results.

Conclusion

When used alone, XM and DBT are sub-optimal for screening
women with dense breasts in the average and intermediate
breast cancer risk subpopulations. Supplemental screening
modalities (Ab-MRI, Fp-MRI, CEM and U/S) were cost-effective
and led to better clinical outcomes compared to XM or DBT
alone. While U/S would be the preferred supplemental
modality from a purely economic perspective, MRI yielded
the best clinical outcomes, with the highest number of can-
cers detected and cancer deaths averted, and the lowest
number of false negative diagnoses and undetected cancers.
CEM should be the recommended modality when MRI facili-
ties are unavailable, as it yields similar clinical outcomes.
From a capacity perspective, investment in scanner infra-
structure was more favorable for MRI than for CEM.
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