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Abstract
Objectives To evaluate the economic implications of our previous study on the use of MR-mammography (MRM) as a solitary
imaging tool in women at intermediate risk due to dense breasts.
Background In our previous study, we found MRM to be a specific diagnostic tool with high accuracy in patients with dense
breasts representing a patient collective at intermediate risk of breast cancer. For this study, we examined whether MRM is an
economical alternative.
Methods For the determination of outcomes and costs, a decision model based on potential diagnostic results of MRM was
developed. Quality of life was estimated in a Markov chain model distinguishing between the absence of malignancy, the
presence of malignancy, and death. Input parameters were utilized from the prospective TK-Study. To investigate the economic
impact ofMRM, overall costs in € and outcomes ofMRM in quality-adjusted life years (QALYs) were estimated. A deterministic
sensitivity analysis was performed.
Results MRMwas associated with expected costs of 1650.48 € in the 5-year period and an expected cumulative outcome of 4.69
QALYs. A true positive diagnosis resulted in significantly lower costs and a higher quality of life when compared to the
consequences of a false negative result. In the deterministic sensitivity analysis, treatment costs had more impact on overall
costs than the costs of MRM. The total costs per patient remained below 2500 € in the 5-year period.
Conclusion MRM, as a solitary imaging tool in patients at intermediate risk due to dense breasts, is economically feasible.
Key Points
• In patients with dense breasts (i.e., patients at intermediate risk of breast cancer), the relative cost of MR-mammography
examinations only had moderate impact on overall costs.

• This is due to cost-savings through the application of a sensitive imaging technique resulting in an optimized staging and
therapy planning.

•MR-mammography, unaccompanied by mammography or ultrasound in patients with dense breasts, was economically feasible
in our analysis.
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Abbreviations
MRM MR-mammography
QALY Quality-adjusted life year

WTP Willingness to pay
XM X-ray-based mammography

Introduction

Screening women for breast cancer has been a classical do-
main of conventional imaging. X-ray-based mammography
(XM) herein represents the main diagnostic pillar as it is con-
sidered affordable, accompanied by a reasonable sensitivity
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and specificity level in order to cope with the number of pa-
tients at aim [1–3].

Recently, cost-effectiveness analyses of XM for breast can-
cer screening have gained further interest [4–6].

MR-mammography (MRM) today is accepted to be a
highly accurate imaging technique in the detection of
breast cancer [7–11].

However, it has so far not been recommended by the major
breast societies as a standard technique for any other indica-
tion than patients at high risk of developing breast cancer and
as an occasional problem solver [12, 13].

Reasons may have been some studies suggesting MRM to
be generally unspecific and therefore not cost-effective, con-
sidering the higher “per examination” cost [14].

However, some publications in recent years indicated a
possible new role for MRM in patients with BI-RADS 3 or
4 findings as a problem solver [15] or in patients at interme-
diate risk due to dense breast tissue [9, 16].

To our knowledge, the first study examining convention-
ally difficultly assessable patients at intermediate risk due to
dense breasts with MRM, unaccompanied by conventional
imaging as a solitary imaging tool, was the TK-Study [9].

The study was able to demonstrate sensitivity levels for
MRM of 100%, as well as specificity levels of 97% in approx-
imately 1200 patients, either biopsied or followed-up as the
gold standard of reference.

In line with the results of several studies on MRM in high-
risk patient samples, the study gave arguments against a com-
monly spread presumption that a lack of specificity should be
a reason against the use of MRM beyond common indications
[7, 8, 17].

Another argument mentioned against a possible role of
MRM in a broader set of indications has always been its
cost-effectiveness compared to conventional imaging,
which—as of today—is yet to be verified.

The determination of the cost-effectiveness of MRM in
women at intermediate risk due to dense breasts so far was
difficult, as data on the accuracy of MRM was mainly avail-
able in high-risk patient collectives.

Additionally, data suggested that reader experience may
have a considerable impact on accuracy and therefore on the
cost-effectiveness of MRM. Experience levels in MRM are
still reported to be heterogeneous, also as a result of limited
utilization of MRM [9].

Therefore, concerns regarding the economic feasibility of
an extension of the current set of indications for MRM remain
popular [18].

The aim of this study is to assess the economic impact of
MRM, based on the data from our previously published, pro-
spective TK-Study collective, examining patients with dense
breasts in a stand-alone setting outside the current list of
indications.

Material and methods

Patient collective

For this cost-effectiveness analysis, the results for the ac-
curacy of MRM as a solitary imaging tool in women at
intermediate risk due to dense breasts as part of the pro-
spective TK-Study [9] were examined. Between April
2006 and December 2011, a consecutive total of 1488
women were prospectively examined. Of 1488 included
patients, 393 patients were lost to follow-up, and 1095
patients were evaluated. One hundred twenty-four patients
were diagnosed with malignancy by DCE-MRI (76 true
pos i t ive (TP) , 48 fa lse pos i t ive (FP) , 971 t rue
negative (TN), and 0 false negative (FN) cases). Positive
cases were confirmed by histology and negative cases by
MR follow-ups or patient questionnaires over the next 5
years in 1737 cases (sensitivity 100%; specificity 95.2%;
positive predictive value (PPV) 61.3%; negative predictive
value (NPV) 100%; accuracy 95.5%). For invasive cancers
only (DCIS excluded), the results were 63 TP, 27 FP, 971
TP, and 0 FN cases (sensitivity 100%; specificity 97.2%;
PPV 70%; NPV 100%; accuracy 97.5%) [9].

Model overview

For the economic evaluation, a Markov model discriminating
between patients with and without malignancy (ground truth)
was constructed (Fig. 1a). A Markov model represents certain
relations between health states and corresponding costs and
outcomes. In this context, the probability of true positive, false
negative, true negative, and false positive results is delivered
by the sensitivity and specificity of the underlying diagnostic
tool—in our case MRM.

Depending on the diagnostic results, the corresponding
state in a Markov chain model was assigned. These Markov
states were “Alive - No cancer present,” “Alive - Present can-
cer,” and “Dead” (Fig. 1b). Corresponding costs in € and
quality of life estimated in quality-adjusted life years
(QALYs) were assigned to each state. The cumulative out-
comes and costs were calculated as the sum over a 5-year
period.

Input parameters

Input parameters for the analysis were derived from published
and unpublished data collected in the TK-Study. For the
Markov model, input parameters were derived from the pub-
lished literature. The model input parameters are summarized
in Table 1.
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Diagnostic efficacy parameters

The diagnostic efficacy was adopted from the published data
of TK-Study (see above). For each positive diagnostic finding,
a consecutive biopsy was assumed. For modeling purposes,
sensitivity and specificity of a biopsy were set to 100%, as-
suming it revealed the ground truth.

Utilities

For the assessment of the quality of life (QOL), respective
utilities were derived from the literature. The QOL of patients
without cancer was assumed to be not impaired, whereas the
QOL of patients with present tumors was assumed to be re-
duced. Due to the relatively early tumor stage of the patients in
the TK-Study at the time of diagnosis [7, 8, 25], 0.7 QALY
was assumed to be the QOL [21].

Cost estimates

The direct costs of MRM were negotiated with a participating
national insurance provider to the amount of 418.50 €. Costs
for biopsy and surgery variations were drawn from the local
reimbursement database of our university hospital and result-
ed in biopsy costs of approximately 300.00 € and 4000.00 €
and 10,000.00 €, respectively, for an early vs. delayed

surgery. These estimates were based on the assumption that
the majority of biopsies are performed as ultrasound-guided or
stereotactically XM-guided biopsies. A delayed diagnosis was
assumed to be associated with more extensive surgery in
higher-stage tumors.

Furthermore, long-term costs in patients with persisting
cancer were set to 10,000.00 € per year, based on a conserva-
tive estimate [20]. Given a relatively young patient age in the
study collective, the breast cancer–attributable costs in this
age group may be considered particularly high.

Transition probabilities

Transition probabilities for the Markov model were derived
from the published literature (Table 1). The risk of death with-
out present cancer was derived from the US life tables [22].
According to the TK-Study, the prevalence of breast cancer
was assumed to be 7.00% [9]. Further transition probabilities
were derived from the published literature [26].

Economic analysis

The economic analysis was performed in a dedicated decision
analysis software program (TreeAge Pro Healthcare 2020,
version 20.1.0, TreeAge Software Inc.).

Fig. 1 a Tree structure for MR-mammography strategy. For every potential outcome, respective Markov Models were applied. b Markov model
estimating outcomes
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Cost and cost-effectiveness analysis

For a base case scenario, the total costs during the 5-year
simulation period were estimated along with the cumulative
QOL in QALYs. Costs and outcomes were discounted with a
yearly rate of 3.0%. Also, a willingness to pay (WTP) thresh-
old of up to 100,000 € per QALY was regarded as acceptable
in this setting as described in the literature [27].

Sensitivity analysis

To evaluate the stability of the model with respect to its input
parameters, deterministic sensitivity analyses, estimating the
impact of input parameters on total costs and cumulative ef-
fectiveness in the study period, were performed. Given that

diagnostic efficacy measures and pre-test probability have a
significant impact on expected costs and outcomes, the sensi-
tivity and specificity of MRM as well as the probability of the
presence of a malignant lesion were incorporated into the
analysis. Furthermore, for the estimation of costs, the cost of
MRM itself was investigated regarding its influence on overall
costs.

Results

Outcome modeling

Outcomes of patients were simulated in the Markov model
defined above for a 5-year period to account for outcome

Table 1 Model input parameters
Name Estimate Distribution Source

Pre-test probability of malignancy 7.00% β Kaiser et al (2015) [9]

Average age at enrollment in the
TK-Study

32 years β Kaiser et al (2015) [9]

Assumed WTP 100,000 €/QALY β Sanders et al (2016) [19]

Discount rate 3.00% β Sanders et al (2016) [19]

Markov model time 5 years β TK-Study

Diagnostic test performances

Biopsy sensitivity 100% β Assumption

Biopsy specificity 100% β Assumption

MRM sensitivity 100% β Kaiser et al (2015) [9]

MRM specificity 97% β Kaiser et al (2015) [9]

Costs (acute)

MRM 418.50 € γ TK-Study

Biopsy 300.00 € γ TK-Study

Early surgery 4000.00 € γ TK-Study

Delayed surgery 10,000.00 € γ TK-Study

Costs (long term)

Yearly costs without tumor 0.00 € γ Assumption

Yearly costs with tumor 10,000.00 € γ Gruber et al (2012) [20]

Utilities

QOL of patients without tumor 1 β Assumption

QOL of patients with tumor 0.7 β Sharma and Purkayastha
(2017) [21]

Lost QALYs for biopsy 0.05 β Assumption

Death 0 β Assumption

Transition probabilities

Probability of death without tumor
per year

Age-dependent β Arias et al (2017) [22]

Probability of death with tumor per year 5.44% β Howlader et al (2019) [23]

Probability of recurrence per year 4.50% β Colleoni et al (2016) [24]

Probability of successful treatment
per year

60.00% β Assumption

MRM MR-mammography, QOL quality of life, WTP willingness to pay
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differences of timely and delayed diagnosis. For patients with
an initial true positive diagnosis, the status “Alive without
malignancy” was assigned as a starting point, assuming im-
mediate successful treatment after diagnosis. True negative
and false positive patients were assigned “Alive without ma-
lignancy.” The simulated outcomes for these patients are sum-
marized in Fig. 2.

A timely diagnosis (true positive) in patients resulted not
only in significantly lower overall costs due to reduced treat-
ment costs but also in an expected gain of 0.67 QALY when
compared to a delayed diagnosis due to false negative results.
While the expected cost for a true positive finding in the pe-
riod was 7606.80 € with corresponding 4.62 QALYs, a false
negative finding resulted in expected costs of 17,518.54 €
with 3.95 QALYs. The corresponding costs and cumulative
outcomes per patient are summarized in Table 2.

Cost-effectiveness analysis

Derived from the Markov model results, the overall model
results were calculated: In the base case calculation of the
model, MRM resulted in expected costs of 1650.48 € over a
5-year period with an expected cumulative outcome of 4.69
QALYs.

Deterministic sensitivity analysis

Effect on total costs

To simulate the effect of input criteria on overall costs, a
respective deterministic sensitivity analysis was performed.
As the cost of treatment in patients with cancer had an impor-
tant impact on the total costs, the pre-test probability of

malignancy was identified as the most important driver when
compared to the cost of MRM examinations, as well as dif-
ferences in diagnostic performance (Fig. 2). However, the
expected total costs in the 5-year period did not exceed 2500
€ for the analyzed ranges (Fig. 3a).

Effect on cumulative outcomes

For the assessment of impact on overall effectiveness, a cor-
responding deterministic sensitivity analysis was performed
(Fig. 3b). Based on varying probabilities of the presence of a
malignant lesion (range from 0 to 20%) and varying sensitiv-
ity (70 to 100%) and specificity (70 to 100%) levels, the over-
all effectiveness ranged from 4.68 to 4.70 QALYs (Fig. 3b).

Discussion

The TK-Study in its two parts, to our knowledge, was the first
study to assess both the diagnostic accuracy and the economic
significance of MRM in patients at intermediate risk of breast
cancer due to their dense breast tissue.

Fig. 2 Markov modeling for
timely diagnosis. Estimated
outcomes for patients after timely
diagnosis and after first treatment
approach treatment for the 5-year
period

Table 2 Modeled results based on the decision model and Markov
model

Status Expected costs Expected outcomes

True positive 7606.80 € 4.62 QALYs

False negative 17,518.54 € 3.95 QALYs

True negative 1193.16 € 4.70 QALYs

False positive 1493.16 € 4.65 QALYs

Calculated per-patient costs and outcomes for each scenario
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In the first part of the study [9], the authors could find
evidence for a high diagnostic accuracy of MRM in patients
at intermediate risk due to dense breasts as a solitary imaging
tool, i.e., without the help of conventional imaging, in line
with quite recent and well-published data [28].

This scientific sequel about the economic significance il-
lustrates that MRM may well be considered cost-effective in
this novel patient cohort, suggesting an adaption of interna-
tional guidelines, currently indicating MRM in high-risk pa-
tients only, along with a small role as problem solver [12, 13,
29] in special cases.

The results of this publication indicate clinical impact, as
they suggest utilizing MRM in patients with dense breasts, if
necessary, as a solitary imaging technique. MRM may be the
method of choice not only in terms of accuracy in the detec-
tion of small tumors [30, 31] but also in terms of cost-
effectiveness in patients with dense breasts, i.e., in patients,
where conventional imaging is facing problems in accuracy
due to breast density.

As this economic analysis is based on the prospective data
of the TK-Study, the results have to be interpreted in the con-
text of its input parameters: Due to its non-comparative nature,
this study investigated the overall costs ofMRM, uncompared
to any other diagnostic modality, claiming cost-effectiveness
only within the range of the WTP.

In other words, within the limits of the price range, most
international healthcare systems are willing to pay for an ad-
ditional QALY, and MRM in dense breasts in a setting unac-
companied by conventional imaging may be considered well
within the affordable range of the broad spectrum of theWTP.
This is supported by the results for false negative patients in
the study: Patients receiving a false negative diagnosis are
associated with high upstream costs in therapy as well as
lowered quality of life, preventable by the high sensitivity of
MRM.

In terms of diagnostic accuracy, most recent and high-
ranking published data [28, 32] comparing conventional
breast imaging and MRM is in line with our results. Thus,

Fig. 3 a Deterministic sensitivity
analysis for costs—modeled ex-
pected costs (in €) of MR-
mammography (MRM) strategy
in the 5-year period. Pre-test
probability and treatment costs
are the most important driver of
overall costs. b Deterministic
sensitivity analysis for
effectiveness—modeled expected
outcomes of MRM strategy in the
5-year period. Decreased sensi-
tivity and specificity affect quality
of life significantly
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accuracy as well as its economic interpretation in this publi-
cation may be considered consistent.

Literature describes economic aspects of XM and DBT in
the context of screening programs [33, 34]. First results on the
economic implications of MRM have also been published
[35]: Ahern et al [27] investigated the cost-effectiveness of
MRM in the context of high-risk patients reporting ICER
values consistently below the WTP threshold of $100,000/
QALY, supporting our results. Ahern et al [27] did apply
conservative results for MRM for their cost-effectiveness
analysis, assuming a relatively low specificity for MRM, yet
still confirming its cost-effectiveness.

Our analysis provides novel impact as it was conductedwith-
in a completely new patient indication (intermediate risk due to
dense breasts) and was based on prospectively generated data.

Literature on the cost-effectiveness of MRM is based on its
majority on conservative results of diagnostic performance
and may need re-evaluation in the light of recently published
literature.

The modeling performed in this study has to be interpreted
in the context of its input parameters: First, the underlying
hypothesis in this patient collective is that the diagnosis is
achieved in early stages of the disease (Tis or T1) in the vast
majority of cases. This assumption is in line with the pub-
lished literature [7, 8, 28] and leads to the further premise that
a M1 stage should be very uncommon in these patients. These
results are reflected in the Markov modeling presented above.

From the sensitivity analyses, certain conclusions can be
drawn: First, the pre-test probability of malignancy has themost
notable impact on overall costs. This is due to the fact that the
impact of potentially necessary therapy on costs (opportunity
costs) is vastly outnumbering the impact of diagnostic costs—
even assuming costly examinations of MRM. Furthermore, a
loss in sensitivity and specificity is associated with a significant
increase in overall costs (Fig. 3a) due to an increased number of
false positive and false negative patients. Therefore, a head-to-
head comparison with other modalities would be of high rele-
vance in future investigations. Likewise, a loss in diagnostic
accuracy was associated with quality-of-life losses. The results
point at the fact that an additional investment in sensitive diag-
nostic modalities such as MRM may be well justified, as they
result in better outcomes and lower resulting therapeutic costs.
However, the results of our analysis also show a certain impor-
tance of a high level of experience of MRM readers, given that
a lower accuracy is associated with losses of quality of life (Fig.
3b). This is important, given that a prerequisite for the high
accuracy of MRM in the TK-Study was reader experience.

In conclusion, our results suggestMRM to be a cost-effective
as well as accurate diagnostic option in patients at intermediate
risk of breast cancer due to dense breasts. Further studies exam-
ining the cost-effectiveness of MRM in women of average risk
should be a matter of future research, also investigating the cost-
effectiveness of other imaging techniques.
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