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OBJECTIVE. The purpose of this article is to discuss whether the sensitivity and speci-
ficity of contrast-enhanced digital mammography (CEDM) render it a viable diagnostic alter-

native to breast MRI.

CONCLUSION. That CEDM couples low-energy images (comparable to the diagnostic
quality of standard mammography) and subtracted contrast-enhanced mammograms make it
a cost-effective modality and a realistic substitute for the more costly breast MRI.

n 2013, health care spending was
approximately 17% of the U.S.
gross domestic product, nearly
twice that of other developed
countries [1]. The Affordable Care Act cre-
ated incentives for health care providers to
focus on cost-effective, preventive, and out-
come-focused strategies [2, 3]. Although the
high cost of extraordinary services generally
receives the most attention, routine care ac-
counts for a considerable portion of the $2.7
trillion in annual U.S. health care spending
[1]. In 2010, the estimated cost of screening
mammography was $7.8 billion [4], with
false-positive results generating additional
diagnostic costs [5]. Nearly one-half of wom-
en more than 40 years old undergo annual
screening mammography; therefore, a de-
crease in related diagnostic expenditures
may lead to substantial cost savings. Ad-
vancements in technology and novel modali-
ties, such as rapid-processing digital imaging
techniques, are potential sources of both cost
savings and improved cancer detection.
Screening mammography has reduced
breast cancer mortality in a cost-effective man-
ner [6] but has limitations [7, 8]. Mammogra-
phy has an overall sensitivity of 75-85%, but
in patients at high risk who have BRCA mu-
tations or dense breasts, sensitivity decreases
to 30-50% [9—-13]. The reduced sensitivity of
mammography in women with dense breasts
most likely results from the masking effect of
increased fibroglandular tissue [14]. Improved
imaging techniques to detect breast cancer in
patients at high risk include dedicated breast

CT, breast MRI, and, more recently, contrast-
enhanced digital mammography (CEDM), all
of which entail the use of contrast medium to
highlight the neovascularity of breast cancer
induced by angiogenesis.

Dedicated breast CT and mammography
yield comparable breast lesion visualization.
Breast CT better depicts masses (p = 0.002),
whereas mammography better depicts micro-
calcifications (p = 0.006) [15]. Breast MRI
has sensitivity of 77-100% in the detection of
breast cancer [16, 17], but calcifications can-
not be identified with breast MRI, which re-
sults in variable sensitivity for in situ cancers
[18-21]. Given its higher sensitivity, breast
MRI is frequently used as a clinical tool for
screening patients at high risk (women with >
20% lifetime risk of breast cancer), detecting
and characterizing breast disease, screening
the contralateral breast in patients with a new
breast cancer, assessing the local extent of
disease, evaluating neoadjuvant treatment re-
sponse, localizing biopsy, and surveilling for
recurrence. Use of breast MRI has increased
more than 20-fold, from 6.5 examinations per
10,000 women in 2000 to 130.7 examinations
per 10,000 women in 2009 [22].

CEDM is the newest contrast-enhanced
technology for breast imaging and holds great
promise for addressing clinical indications
similar to those of breast MRI while also ad-
dressing its potential limitations. CEDM gen-
erates a high-resolution, low-energy, full-field
digital mammography (FFDM) image and,
as does MRI, a contrast-enhanced image that
provides information on lesion vascularity
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TABLE I: Sensitivity and Specificity of Imaging Modalities in the Detection of Breast Cancer

CEDM vs FFDM CEDM vs MRI? or FFDM + Ultrasound®
MRI or FFDM +

CEDM FFDM CEDM Ultrasound

No. of Sensitivity | Specificity | Sensitivity | Specificity | Sensitivity | Specificity | Sensitivity | Specificity

Author Year Lesions (%) (%) (%) (%) (%) (%) (%) (%)
Fallenberg et al. [30] 2014 107 95 — 78 — — — — —
Badr etal. [31] 2014 37 95 85 — — — — — —
tuczynska etal. [25] 2015 173 100 4 91 15 — — — —
Jochelson et al. [22] 2013 52 96 — 81 — 96 — 96 —
Dromain et al. [29] 20Mm 142 93 63 78 58 93 63 90 47

Note—Adapted with permission from [32]. Dash (—) indicates not applicable. CEDM = contrast-enhanced digital mammography, FFDM = full-field digital mammography.

aJochelson et al.[22], CEDM vs MRI.
bDromain et al. [29], CEDM vs FFDM + ultrasound.

[17, 22-24]. The resulting contrast-enhanced
subtraction images maximize depiction of io-
dinated contrast agent in the breast and de-
crease the structured noise of nonenhancing
fibroglandular tissue, thus revealing lesions
with higher neovascularity and extracellular
leakage of contrast agent (two common char-
acteristics of early neoplasm) (Fig. 1). The
digital detector depicts lesion detail with 10-
fold greater resolution than does breast MRI
[25]. Because use of CEDM improves lesion
detection and increases the overall specificity
of screening mammography, it has potential
as a substitute for breast MRI. Several blind-
ed interobserver studies have shown that the
sensitivity of CEDM (93-100%) is superior
to that of conventional FFDM (78-91%) [26—
29] (Table 1).

Contrast-Enhanced Digital
Mammographic Technique

Installation of CEDM is straightforward
and requires a power injector, a review of
risk mitigation policies regarding contrast
administration, a standard software upgrade,
and the insertion of a copper filter into an ex-
isting mammography unit. The CEDM tech-
nique has been previously described [32].

Relative Efficacy of Contrast-
Enhanced Digital Mammography
Versus Breast MRI

Although some studies have shown that
CEDM and MRI result in comparable sensi-
tivity (96—-100% of index tumors) [18], more
recent studies have shown that CEDM may
have lower false-positive rates (Table 1). At

Fig. 1—54-year-old woman with biopsy-proven invasive ductal carcinoma.
A and B, Craniocaudal (A) and mediolateral oblique (B) low-energy (/eft) and subtracted contrast-enhanced (right) digital mammogram show heterogeneously dense

left breast. Focal asymmetry is evidentin left central and inferior breast, mid depth, corresponding to area of avid enhancement of irregular mass on digitally subtracted
enhanced image.
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our institution, we successfully identified
97 of 99 pathologically proven cancers us-
ing CEDM (98%) [33]. Of the two false-neg-
ative cases, one tumor in a 35-year-old wom-
an with a triple-negative cancer had marked
background enhancement (Fig. 2). The other
was a malignant recurrence along the medial
chest wall and was therefore excluded from
the FOV.

CEDM also has comparable effectiveness
to that of MRI with regard to the preopera-
tive assessment of disease extent [23]. One
study showed statistically significant im-
provement in microcalcification visualiza-
tion on low-energy CEDM images compared
with FFDM images [34]. This suggests that
CEDM could increase diagnostic accuracy
for ductal carcinoma in situ because the low-
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TABLE 2: Summary of Cost Comparison of Mammography, MRI, and Contrast-Enhanced Digital Mammography (CEDM)

Screening Diagnostic

Charge FFDM FFDM + MRI CEDM FFDM MRI CEDM
Screening FFDM 179.10 179.10
Diagnostic FFDM 179.01 179.01 179.01
Breast MRI 586.10 586.10
Breast MRI computer-assisted detection 150.00 150.00
Gadolinium contrast agent 39.00 39.00
lodinated contrast agent 17.00 17.00
Total 179.10 954.20 196.01 179.01 775.10 196.01

Note—Values are U.S. dollars. FFDM = full-field digital mammography.

energy images may capture the extent of dis-
ease more effectively than does MRI.
Although additional studies and larger
clinical trials of CEDM are needed, the rest
of this discussion follows from the assump-
tions that CEDM is comparable to MRI in
sensitivity and specificity and that the imag-
es are not of lesser quality than MR images.
We discuss reasons for implementing CEDM
from perspectives of quality, overall cost of
care, health care access, and patient comfort.
We also discuss efficiencies that may be re-
alized through accessibility, allocation of re-
sources, and ease of image reading. Our sur-

A
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vey of the literature indicated that this is the
first report to discuss the potential cost sav-
ings associated with implementing CEDM at
an institution.

Patient Cost Savings

For comparative purposes, we assume
standard 2015 Medicare costs for diagnos-
tic imaging. A screening MRI study with
contrast administration costs $586, plus ap-
proximately $39 for 10 mL of contrast medi-
um and $150 for computer-assisted detection
(Table 2). Screening MRI generally requires
that a patient also undergo FFDM at a cost

B
Fig. 2—37-year-old woman with two palpable abnormalities in right breast biopsied at outside institution; both were found to be invasive ductal carcinoma.

A and B, Craniocaudal low-energy (A) and subtracted contrast-enhanced (B) digital mammograms show heterogeneously dense right breast with postbiopsy clips in
area of biopsy-proven cancers.
Cand D, Craniocaudal low-energy (C) and subtracted contrast-enhanced (D) digital mammograms show contralateral heterogeneously dense left breast. Marked
background enhancement limits ability to detect two right-sided breast cancers.

of $179, which brings the total patient cost
of screening MRI to $954. Currently, our
institution bills CEDM as diagnostic mam-
mography, plus the cost of contrast materi-
al. We expect that as use increases, CEDM
will receive a separate billing code, which
may increase because of the cost of IV line
placement and extra technologist resourc-
es. Because the low-energy CEDM image is
equivalent to a standard FFDM image [35],
a separate screening mammogram is not re-
quired. The current patient fee for CEDM is
$196 ($179 for FFDM plus $17 for 100 mL
of contrast material). Based on current Medi-

C
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TABLE 3: Comparison of Equipment Costs for Contrast-Enhanced Digital
Mammography (CEDM) and MRI

Equipment Cost CEDM Breast MRI

System cost 275,000 600,000
CEDM upgrade 95,000
MRI breast coil 85,000
MRI CAD software 50,000
Power injector 25,000 32,000
Maintenance

Year2 40,000 98,000

Year3 40,000 98,000

Year 4 40,000 98,000

Year5 40,000 98,000

Year 6 40,000 98,000

Year7 40,000 98,000
Total 635,000 1,355,000

Note—Values are U.S. dollars. CAD = computer-assisted detection.

care rates, the cost of screening MRI is ap-
proximately four times that of CEDM.

Studies have shown that patients have a
higher overall preference for CEDM relative
to MRI because of reduced procedure time,
less noise, and reduced feelings of claustro-
phobia [36]. The examination time savings
is substantial: MRI acquisition in most insti-
tutions lasts approximately 30—60 minutes
[36], whereas CEDM requires 7-10 min-
utes. As in MRI, an additional 10-15 min-
utes is required for contrast injection and to
ensure that laboratory values are within nor-
mal limits, so we schedule 30 minutes for
each CEDM examination. There are also
potential savings for the 1-15% of patients
who need sedation during MRI because of
associated claustrophobia [24]. Patient anxi-
ety and satisfaction are a complex measure,
but studies have shown improvements with
CEDM [24].

Institutional Savings

Assessing the costs associated with MRI
versus CEDM at an institutional level is
complex because of the many infrastruc-
ture, process, and staffing-related costs. Use
of CEDM instead of MRI may alleviate the
high direct and indirect costs associated with
screening MRI examinations.

Equipment

The median price of a 1.5-T MRI machine
including coils is approximately $685,000,
with an annual maintenance cost of $98,000.
An MRI-safe injector costs $32,000 (Table
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3). The cost of a 2D mammography unit with
CEDM is approximately $370,000 with an-
nual maintenance costs of $40,000; a single-
head injector costs $25,000. Existing mam-
mography units can be upgraded to include
CEDM capabilities at a cost of approximate-
ly $95,000. CEDM can be implemented with
relative ease without the additional cost and
space requirements of an MRI magnet.

Staffing Needs

Breast MRI protocols typically require up
to 40 minutes and generate several hundred
images [37]. In contrast, CEDM acquisition
time is a maximum of 10 minutes. Both mo-
dalities require 10—15 minutes for placing an
IV line and reviewing laboratory values. A
CEDM examination requires 25 minutes of a
technologist’s or nurse’s time versus 60 min-
utes for an MRI examination. Thus, CEDM
requires approximately 59% lower unit staff-
ing expense. At our institution, a breast imag-
ing nurse or technologist assists with IV line
placement, contrast administration, and breast
biopsy procedures (Fig. 3), which accounts
for approximately 10% of his or her day. We
recognize that not all institutions use similar
staffing models, but the reduced staffing re-
quirements of CEDM remain compelling.

MRI also requires more radiologist inter-
pretation time. In our experience, breast MRI
requires 3-10 minutes for interpretation,
whereas mammographic screening is simpler
and more highly standardized [37]. Special-
ized screening radiologists can batch-read as
many as 100 mammograms per hour [37]. At

our institution, a full CEDM study can be in-
terpreted in approximately 1-2 minutes.

Potential approaches to decreasing MRI
protocol and image interpretation time have
been proposed. Kuhl et al. [37] developed an
abbreviated breast MRI protocol that con-
sists of acquiring one unenhanced and one
contrast-enhanced image. This abbreviat-
ed protocol reduces image acquisition time
from a reported 17 minutes to 3 minutes; the
abbreviated examination can be read in 28
seconds. Although abbreviated breast MRI
is becoming more common, CEDM provides
similar information at a lower cost.

Advocates of breast MRI may claim that
the lack of dynamic imaging in dual-energy
CEDM limits the interpretation of images;
however, enhancement of both invasive breast
cancers and ductal carcinoma is best visual-
ized in the early arterial phase after contrast
injection. Other phases and additional pulse
sequences traditionally used in MRI protocols
have been used to characterize, rather than de-
tect, enhancing structures [37].

Accessibility

Patient access to breast MRI is limited
[38—40]. One study [41] showed that 30% of
women in the United States live more than
20 minutes from the nearest breast MRI site,
whereas 85% of women live within 20 min-
utes of mammographic services. As a result,
the relative ease with which CEDM can be
implemented at sites that already have mam-
mography units may result in increased ac-
cess to contrast-enhanced imaging.

Dose

The ionizing radiation dose from CEDM
continues to be studied, and the current lit-
erature varies. Low-energy mammogra-
phy is the main contributor to total glandu-
lar breast dose [42]. One study [30] showed
that CEDM resulted in a dose comparable
to that of mammography (1.72 vs 1.75 mGy).
Dromain et al. [26] reported that CEDM ra-
diation dose was comparable to that of stan-
dard mammography and was 20% higher
than the FFDM dose. Other studies [31, 43,
44] showed CEDM radiation doses 1.54—
1.81 times those of FFDM. The authors spec-
ulated that variability in dose may be re-
lated to the use of a prototype CEDM unit
that requires manually setting exposure on
the basis of breast thickness and glandular-
ity. Commercially available products deter-
mine settings with automatic exposure con-
trol [43]. Overall, studies have shown that

AJR:208, June 2017
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CEDM radiation is well below the maximum
mammographic dose. Prospective phantom
studies are being performed to more accu-
rately determine the mean glandular dose
of CEDM. MRI requires no ionizing radia-
tion, but FFDM is still frequently prescribed
in conjunction with MRI because MRI is not
effective for imaging of calcifications, which
may indicate cancer.

Contrast Reactions

The risk of a severe adverse reaction to io-
dinated contrast medium in CEDM is 0.2—
0.4% (similar to that for CT contrast reaction)
[45], whereas the rate of adverse gadolini-
um reactions in MRI examinations is quot-
ed at 0.001-0.01% [46—49]. Recent research,
however, has shown that IV gadolinium ex-
posure may be associated with neuronal tis-
sue deposition, even with normal renal func-
tion. Although additional studies are needed
to investigate the clinical significance of these
findings, it is an important consideration in
women undergoing annual high-risk screen-
ing MRI [50]. Mild allergic reactions, such as
hives, nausea, vomiting, headaches, and vaso-
vagal episodes, occur in approximately 1% of
patients receiving iodinated contrast material.
No publications on CEDM have reported se-
vere reactions or death. To address these po-
tential reactions, however, all staff should un-

dertake routine training to handle these rare
but potentially dangerous situations. At our
institution, a dedicated breast imaging radi-
ologist or nurse is always present who is ca-
pable of managing contrast reactions. For in-
stitutions where this may not be the case, the
cost of training personnel to manage contrast
reactions should be accounted for.

Future Advanced Contrast-Enhanced
Breast Imaging Techniques

Contrast-enhanced tomosynthesis (CET)
has been proposed as an alternative to ad-
dress limitations of CEDM due to tissue su-
perimposition. In a study of 13 patients, Chen
et al. [51] found that dual-energy contrast-en-
hanced breast tomosynthesis had results sim-
ilar to those of MRI in lesion localization,
assessment of breast cancer margins and
morphologic features, and kinetic assess-
ment. A more recent study [52] showed that
MRI, CET, and CEDM had greater sensitivi-
ty than conventional FFDM and unenhanced
tomosynthesis. That study is the largest (n =
185) to date to our knowledge, and the results
suggest that MRI, CEDM, and CET have
comparable accuracy in the diagnosis of pri-
mary breast cancer in patients with abnormal
mammographic findings.

Dedicated breast CT is another emerging
mammographic technique that exploits neo-

vascular angiogenesis in breast cancers. In a
study that included 46 women, Prionas et al.
[53] found that malignant lesions were visu-
alized statistically significantly better with
contrast-enhanced breast CT than with un-
enhanced breast CT or mammography. A
more recent study of 42 women [54] showed
that contrast-enhanced breast CT may have
an advantage over mammography by reduc-
ing the rate of false-positive examinations
when calcifications are analyzed, in particu-
lar facilitating differentiation of ductal carci-
noma in situ from benign calcifications. Fur-
ther studies are needed to directly compare
these contrast-enhanced modalities and the
amount of radiation exposure.

Conclusion

CEDM is a viable alternative to breast
MRI, having comparable sensitivity and spec-
ificity. Compared with breast MRI, CEDM is
an affordable alternative for patients and is
less costly for practices to implement and op-
erate than is breast MRI. Existing mammo-
graphic equipment can be modified with rela-
tive ease to enable CEDM, possibly increasing
patient access to contrast-enhanced breast im-
aging at minimal incremental cost while im-
proving clinical resource efficiency.

When the American Cancer Society is-
sued screening MRI guidelines in 2007, it

Patient checks Patient completes
into breast —» contrast material

—> CEDM —» contrast material

Tech explains RN reviews

creatinine value

Does patient

RN measures
have current

point-of-care

imaging center screening form procedure screening form (30 days)? creatinine value
Tech 1 monitors ] Tech 1 begins
timer and operates 2 minutes contrast injection
mammography | | afterinjection, |, Iwhiletech 2starisle| Techloads |¢ RNstaris IV [¢
console while techs begin time on power injector GEE
tech 2 positions Imaging mammaography
patient console
A

All images Patient hydrates Tech reviews Radiologist Tech Patient
acquired within —» afterimaging [—» images with —» shares results removes [—

5 minutes (2 bottles water) radiologist with patient \%

O Patient O Nurse O Technologist @ Radiologist

Fig. 3—Chart shows work flow for contrast-enhanced digital mammography (CEDM) at breastimaging center. RN = registered nurse, [V =V line, Tech = technologist.
(Adapted from Palmieri J, DeYoung D, McDonough M, Patel B, Eversman W. How to implement a successful contrast-enhanced digital mammography program.
Presented atthe 2016 ARRS Annual Meeting, Los Angeles, CA. Used with permission.)
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was estimated that as many as 1.4 million
women would qualify for breast MRI screen-
ing [18]. If CEDM were deemed a viable sub-
stitute for breast MRI, at current Current
Procedural Terminology codes and Medi-
care reimbursement rates, the savings would
be approximately $750 per examination and
as much as $1.1 billion annually ($750 per
study x 1.4 million studies). If only a portion
of the women in the breast MRI screening
population were to qualify for CEDM, there
would still be the potential for substantial ef-
ficiencies. Nearly 250,000 cases of invasive
breast cancer were expected to be diagnosed
in 2016 [55], and many of the women with
these cancers would benefit from a preopera-
tive contrast-enhanced study to better assess
the extent of disease. The use of CEDM in
lieu of MRI in these patients may also result
in substantial efficiencies.

CEDM couples low-energy FFDM-quali-
ty images with contrast-enhanced subtracted
images in a manner that achieves sensitivi-
ty and specificity superior to those of FFDM
and comparable to those of breast MRI. The
use of CEDM continues to be validated, but
the resulting efficiencies and acceptable lev-
els of radiation suggest that it may be a prom-
ising modality for routine screening and a
potential substitute for costlier breast MRI.
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