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Abstract

Purpose of Review To provide an update on contrast-en-

hanced mammography (CEM) regarding current technique

and interpretation, the performance of this modality versus

conventional breast imaging modalities (mammography,

ultrasound, and MRI), existing clinical applications,

potential challenges, and pitfalls.

Recent Findings Multiple studies have shown that the low-

energy, non-contrast-enhanced images obtained when

performing CEM are non-inferior to full-field digital

mammography with the added benefit of recombined post-

contrast images, which have been shown to provide com-

parable information compared to MRI without sacrificing

sensitivity and negative predictive values. While CEMs’

usefulness for further diagnostic characterization of inde-

terminate breast findings is apparent, additional studies

have provided strong evidence of potential roles in

screening intermediate to high-risk populations, evaluation

of disease extent, and monitoring response to therapy,

particularly in patients in whom MRI is either unavailable

or contraindicated. Others have shown that some patients

prefer CEM over MRI given the ease of performance and

patient comfort. Additionally, some health systems may

find significantly reduced costs compared to MRI. Cur-

rently, CEM is hindered by the limited availability of

CEM-guided tissue sampling and issues of intravenous

contrast administration. However, commercially available

CEM-guided biopsy systems are on the horizon, and small

changes in practice workflow can be quickly adopted. As of

now, MRI remains a mainstay of high-risk screening,

evaluation of the extent of disease, and monitoring

response to therapy, but smaller studies have suggested that

CEM may be equivalent to MRI for these indications, and

larger confirmatory studies are needed.

Summary CEM is an emerging problem-solving breast

imaging modality that provides complementary informa-

tion to conventional imaging modalities and may poten-

tially be used in place of MRI for specific indications and/

or patient populations.

Keywords Breast cancer � Contrast-enhanced

mammography � Breast MRI � Background parenchymal

enhancement � Breast cancer screening

Introduction

Contrast-enhanced mammography (CEM) is an emerging

modality that has the potential to become a first-line

problem-solving tool in breast imaging. Although digital

mammography has undoubtedly demonstrated its effec-

tiveness as a screening tool with sensitivity for cancer

detection ranging from 70 to 78% [1–3], mammography

continues to be limited in the setting of dense breasts with
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sensitivities in the range of 47.8–64.4% [4]. Additionally,

the inherent lack of soft tissue contrast between malig-

nancy and normal surrounding tissue continues to plague

breast imagers to this day. The introduction of digital

breast tomosynthesis (DBT) has reduced the impact of

overlapping breast tissue, improving the conspicuity of

masses and architectural distortions. However, DBT does

not address the challenge of poor contrast between cancer

and normal tissue. The use of dynamic contrast-enhanced

breast magnetic resonance imaging (MRI) with gadolin-

ium-based contrast agents reduces the impact of these

particular issues, increasing the sensitivity of lesion

detection to 92% (95% CI [0.89, 0.94]) in a 2017 meta-

analysis [5]. The limitations of MRI include extended

imaging times, increased costs, and high rates of false

positives [6]. CEM combats these issues by taking advan-

tage of the inherent hypervascularity typically induced by

malignancy and applying dual-energy imaging techniques

with post-processing software to improve the diagnostic

accuracy of this modality to approach that of MRI.

Application of contrast in breast imaging was proposed

even before development of digital mammography. Con-

trast-enhanced mammography has evolved over the past

few decades and finally was approved by the U.S. Food and

Drug Administration (FDA) in 2011 as an adjunct imaging

modality. This technique is performed utilizing digital

subtraction angiographic technique, which relied upon

algorithmic subtraction of a pre-contrast, masked image

from post-contrast angiogram while maintaining the breast

in the same position [7]. This concept of temporal sub-

traction was soon thereafter adapted to digital mammog-

raphy [8]. After a non-contrast mammogram was obtained,

intravenous contrast was administered via a power injector.

Multiple post-contrast images of the same breast were

obtained, with the breast kept in the same position over a 5-

to 10-min period. Despite successfully identifying

enhancing breast lesions, multiple challenges arose. During

image acquisition, the breast compression required to

decrease intrinsic scatter from fibroglandular tissue would

impede tissue perfusion, contributing to decreased lesion

enhancement. Only one breast projection could be practi-

cally obtained per bolus, drastically limiting its utility

compared to breast MRI with provided 3D data via a single

bolus. Lastly, prolonged imaging times lead to patient

motion, further decreasing contrast-to-noise. Eventually, a

dual-energy or spectral technique was developed, allowing

multiple breast projections to be obtained using a single

contrast bolus [9], which has become the preferred method.

As CEM provides an assessment of lesion vascularity, it

can be surmised that many current applications of this

modality would be similar to indications typically requiring

breast MRI. CEM could be conceivably used for breast

cancer screening, preoperative staging, characterization of

indeterminate findings, and monitoring of response to

therapy. Recent studies have provided promising data in

cancer screening and evaluating treatment response to

neoadjuvant therapy, suggesting that CEM may be com-

parable to MRI in specific populations [10••, 11]. Addi-

tionally, increased specificity and PPV have been reported

for diagnosing malignancy when CEM is performed in the

workup of suspicious findings noted on screening exami-

nation [12]. CEM could be offered as a reasonable alter-

native with comparable diagnostic performance in specific

patient populations that cannot obtain MRI.

This review will discuss current CEM technique and

interpretation, compare the performance of this modality

versus conventional breast imaging modalities (mammog-

raphy, ultrasound, and MRI), provide a case-based review

of common imaging findings and current applications in

the literature, as well as analyze common challenges and

pitfalls seen in everyday practice. As of this publication,

there is no Breast Imaging-Reporting and Data System (BI-

RADS) lexicon used to interpret CEM. Current interpre-

tation relies on a combination of terms already in use in the

BI-RADS lexicon for mammography and MRI. A discus-

sion of potential terms specific for CEM will also be pro-

vided in preparation for the upcoming iteration of the BI-

RADs manual.

Technique

CEM is often performed with standard mammographic

equipment only requiring minimal modifications, typically

including specialized software permitting dual-energy

technique as well as an additional copper filter allowing for

the formation of higher-energy X-rays [13]. Before

beginning the examination, patients are screened for a

history of allergic-like and physiologic reactions to iodi-

nated contrast per guidelines established by the American

College of Radiology [14]. Women of child-bearing age

are screened for pregnancy as data of iodinated contrast use

during gestation are limited, and other imaging modalities

could be preferable. No animal studies have demonstrated

teratogenic or mutagenic effects of iodinated contrast

administered during pregnancy, and no evidence of ter-

atogenesis in humans has been identified [15, 16].

After intravenous access has been established (via an

antecubital vein usually using a 20-gauge IV catheter),

low-osmolar nonionic iodinated contrast is administered

via a power injector set-up at a dose of 1.5 mL/kg and a

rate of 3 mL/s. Typically, a 2 min waiting period from the

time of contrast administration to image acquisition is

recommended based on data from multiple prior studies

which have shown that cancer typically becomes visible

after 2 min and less conspicuous by the 8 min post-
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injection time point, predominantly secondary to physio-

logic background enhancement and tumor washout

[17, 18]. Jochelson et al. demonstrated that enhancement of

cancer with iodinated contrast is relatively time-indepen-

dent during the first 2–10 min post-injection [10••].

After the brief waiting period, both the low- and high-

energy images can be obtained. The lower-energy image is

acquired most commonly utilizing a molybdenum filter to

produce an energy spectrum ranging from 26 to 32 kVp,

which best optimizes the visualization of breast tissue and

microcalcifications [19]. While maintaining the breast in

the same compression, a higher-energy image is obtained

using copper-filtered X-rays, increasing the X-ray energy

range to around 45–49 kVp [20] to take advantage of the

K-edge of iodine (33.2 keV).

The two images are processed using logarithmic sub-

traction algorithms to provide a recombined image that

highlights areas of iodine uptake while simultaneously

suppressing normal background tissue. Although iodine has

a higher attenuation coefficient compared to breast tissue,

the iodine concentration in most lesions after contrast

administration is too low to produce an appreciable dif-

ference on standard digital mammography. Because the

K-edge of iodine occurs in the photon energy range used

for digital mammography, the inherent suddenly increased

absorption that typically occurs at its K-edge can be used to

distinguish lesion enhancement from the non-enhancing

background. The dual-energy algorithm uses three inputs to

produce the recombined image: the low-energy image, the

high-energy image, and the thickness of the compressed

breast to provide a gray-scale density map of iodine con-

centration per pixel. The breast thickness is assumed to be

equal in thickness throughout, although uniform compres-

sion is typically not feasible, particularly at the edges of the

paddles. Because X-ray photons are exponentially attenu-

ated, the data are logarithmically transformed before

undergoing weighted subtraction to produce the final

recombined image.

Medio-lateral oblique (MLO) and craniocaudal (CC)

projections are subsequently obtained per institutional

protocol. A review of 84 articles totaling over 14,000

patients has shown that no established acquisition protocol

has been determined. In that review, the most common

convention performed was MLO projections of each breast

followed by CC projections of each breast (Fig. 1). Of the

studies that provided length of acquisition time, a total of

65 of 66 studies reported obtaining all the desired projec-

tions within 10 min of contrast administration [21]. After

all the desired images have been obtained, IV access

should be maintained for at least 15–30 min while moni-

toring for signs and symptoms of adverse contrast reac-

tions. The same study by Zanardo et al. reported that of the

over 14,000 patients, a total of 30 patients developed an

adverse reaction, with only one patient requiring brief ICU

admission with following day discharge.

Interpretation

The interpretation of CME relies on the evaluation of the

low-energy and post-processed subtraction images. The

high-energy images are typically noninterpretable due to

poor soft tissue contrast and are only used to produce post-

processed images. The study can be interpreted on the

same dedicated PACS workstations used to interpret

mammograms, although different hanging protocols may

be required to optimize workflow.

Low-energy images are initially interpreted for the

presence of abnormalities, such as calcifications and mas-

ses. Despite the presence of iodinated contrast, low-energy

images have been shown in the literature to be non-inferior

to conventional digital mammography [22•]. Subtraction

images are then reviewed for areas of increased contrast

enhancement relative to background parenchymal

enhancement (BPE).

Understanding the concept of BPE, as in MRI, is critical

to successful interpretation. Current descriptors of BPE are

adapted from the MRI BI-RADs lexicon, including mini-

mal, mild, moderate, and marked (Fig. 2). A study of over

200 patients has shown significant inter-reader agreement

in characterizing background enhancement in CEM and

MRI between the readers and the modalities themselves

[23]. Despite anecdotal evidence, it has been shown that

menstrual cycle timing appears to have minimal impact on

the extent of parenchymal enhancement [23, 24].

Abnormal enhancement in CEM is typically character-

ized as increased contrast uptake relative to enhancing

background tissue. Subsequently, as BPE increases in

intensity, the likelihood of overlooking a lesion also

increases. Regions of focal enhancement should be ree-

valuated on the low-energy images, as some findings may

become more conspicuous retrospectively. The area can

also be further evaluated on spot compression or

tomosynthesis images. The next step will be a sonographic

evaluation of the area. If there is no sonographic or

mammographic correlate, MRI should be performed (if

feasible). At any of these examinations, if there are any

suspicious findings, a biopsy should be performed. If no

imaging correlate and in the absence of capability for

CEM-guided biopsy, 6-month follow-up CEM should be

recommended (Fig. 3).

While many malignant lesions demonstrate avid

enhancement, so do many benign entities, ultimately

decreasing the specificity of the modality, similar to MRI.

Many common benign enhancing breast lesions including

fibroadenoma, papilloma, PASH, radial scar, ductal
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hyperplasia, infection, and inflammatory lesions [25] may

not be easily diagnosed on imaging and require tissue

sampling for confirmation. Additionally, some malignan-

cies demonstrate little to no enhancement on MRI and

presumably CEM [26].

Currently, there is no standard BI-RADS lexicon for

interpreting and reporting CEM images. As of now, the

proposed language for CEM includes the use of mam-

mography BI-RADS lexicon for low-energy images and

MRI BI-RADS lexicon for enhancement-related findings.

Comparing the Diagnostic Performance of CEM
to Ultrasound, Mammogram, and MRI

Diagnostic workup for an imaging finding or area of clin-

ical concern begins with obtaining different mammo-

graphic projections followed by a sonographic assessment.

If further characterization is required, an MRI is typically

performed. As CEM provides similar diagnostic informa-

tion, the question is raised whether it can be performed

instead of MRI in certain situations. Multiple studies have

shown that the low-energy CEM images are non-inferior to

full-field digital mammography [22•, 27]. A recent study by

Fig. 1 Standard protocol for performing CEM

Fig. 2 Background enhancement on CEM. A Minimal BPE, B mild BPE, C moderate BPE, D marked BPE
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an Egyptian group including 82 patients compared the

diagnostic performance of CEM and MRI. The results were

comparable with Fallenberg et al. [28], showing clinically

significant higher sensitivities and negative predictive

values (NPV) with MRI compared to CEM (100% vs. 94%

in sensitivity [p = 0.014] vs. 100 vs. 82.5% in NPV

[p = 0.013]), but no significant difference in specificity,

positive predictive value (PPV), and accuracy [29]. Ultra-

sound is typically still utilized regardless as it provides

complementary information, specifically if the target is

accessible for ultrasound-guided biopsy. Additional studies

are needed to determine which imaging findings or patient

populations could be effectively evaluated with CEM.

Table 1 summarizes the current literature comparing the

diagnostic performance of CEM to digital mammography,

sonography, and MRI in various clinical settings. Notably,

sensitivity and specificity data between CEM and MRI are

comparable across multiple studies. While Table 1 may

also suggest that ultrasound is comparable to CEM and

MRI, ultrasound as a stand-alone modality is not as com-

monly studied as the other modalities. More data are likely

needed before accepting ultrasound as a stand-alone

modality.

Assessment of Masses

Many lesions, whether benign or malignant, may present

on CEM as an enhancing mass. Data from a Dutch group in

2016 studying CEM evaluation of 199 screening recall

found 152 out of 199 findings (76%) were masses [34].

Based on prior studies, they assumed that low-energy

images be equivalent to digital mammography. They found

increased sensitivity (93.0% to 96.9%) and specificity

(35.9% to 69.7%) when comparing mammography vs.

CEM for evaluation of masses. Currently, most masses are

evaluated with a diagnostic mammogram followed by tar-

geted ultrasound. To our knowledge, there have been no

specific studies comparing the characterization of masses

with diagnostic mammography and ultrasound versus

CEM, presumably due to the ease of sonographic charac-

terization. While CEM may not play a significant role in

characterizing a mass, the ability to evaluate the remainder

of the breasts for multifocal, multicentric, or contralateral

disease remains useful, particularly in staging.

In most cases, a solid, enhancing mass will be further

evaluated on ultrasound and most likely biopsied for

pathology confirmation (Fig. 3A). A circumscribed mass

with a thin rim of peripheral enhancement without any

central-enhancing component probably corresponds to a

simple inflamed cyst. This thin rim of enhancement is

known as the ‘‘eclipse’’ sign [42] (Fig. 3B). This finding,

however, should be confirmed on low-energy images with

possible ultrasound to exclude a complex cystic and solid

mass. A complex cystic and solid mass may demonstrate

thick, asymmetric, or nodular rim enhancement, possibly

with non-enhancing central components (Fig. 3C). Ultra-

sound with a possible biopsy is always warranted in this

case.

Assessment of Architectural Distortion

Architectural distortion (AD) is one of the most overlooked

findings on screening mammography, with an estimated

prevalence of about 6% [43]. AD represents various benign

and malignant entities, including post-surgical distortion,

radial scar, trauma/infection, or breast cancer. In one study

Fig. 3 Presentation of masses

on CEM as an area of abnormal

enhancement. A Solid

enhancing mass, B peripherally

enhancing mass, C complex

cystic and solid mass with

nodular enhancement (arrow)
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over ten years, including over 200,000 patients, the sole

finding of AD was estimated to have PPV of 74.5% for

malignancy (274/369) [44]. The same study found that in

the absence of a sonographic correlate, the likelihood of

malignancy is lower but remains greater than 20%. The

addition of tomosynthesis has allowed for greater confi-

dence in detecting AD. However, it has been reported that

the PPV of AD found on tomosynthesis can be over 50%,

particularly if the AD is occult on conventional mam-

mography views [45]. MRI has also been a valuable

adjunct for further characterization of these lesions. Some

have suggested benignity based on the absence of

enhancement post-contrast administration and specific

threshold ADC values [46]. As CEM also characterizes

lesion enhancement, it could likely be used in place of MRI

for diagnostic characterization. Patel et al. studied a small

group of patients with a total of 49 cases of AD identified

on tomosynthesis images to determine if CEM could

effectively exclude malignancy [47]. Out of 49 lesions, 30

were identified as malignant, with the remainder repre-

senting benign lesions (9 radial scar, 10 other benign

pathologies), with 37 out of 49 lesions demonstrating

enhancement. High sensitivity and NPV were noted at

96.7% and 91.7%, respectively, suggesting that CEM could

be useful in risk stratifying for biopsy in the setting of AD.

Given that 1 of the 12 (8.3%) non-enhancing lesions

eventually led to a cancer diagnosis, the absence of

enhancement does not necessarily exclude the presence of

malignancy, and more extensive studies are needed for

further evaluation.

Assessment of Microcalcifications

Microcalcifications are commonly depicted on low-energy

images and are characterized based on their imaging

appearance and distribution, similar to conventional

mammography. CEM allows for additional characteriza-

tion of the calcifications according to the extent and

magnitude of enhancement characteristics on the recom-

bined images, potentially stratifying the calcifications into

different risk categories for malignancy. Few studies have

evaluated the potential role that CEM has in the charac-

terization of microcalcifications. Cheung et al. [48] ana-

lyzed a total of 94 lesions that were diagnosed as

suspicious for malignancy (BI-RADS 4) and found 27

malignancies, 32 pre-malignant lesions, and 35 benign

lesions, with 33 enhancing lesions (35%) and 61 without

enhancement (65%). Of the malignancies, all biopsies with

invasive ductal carcinoma demonstrated enhancement (8

cases; 100% of invasive cancers), with 16 of 19 biopsies

with DCIS showing enhancement (84% of DCIS cases). A

larger study by Houben et al. [49] found enhancement in

84.4% cases of invasive ductal carcinoma (27 of 32) and

81.1% of DCIS (27 of 33). Based on this data, the presence

of enhancement suggests malignancy. However, the

absence of enhancement in the setting of suspicious cal-

cifications does not exclude malignancy, and biopsy should

still be pursued.

Assessment of Non-mass Enhancement (NME)

Focal or linear enhancement above BPE on CEM is man-

aged similar to NME on MRI. In the absence of a corre-

sponding finding on low-energy CEM images, ultrasound,

and MRI, the presence of malignancy is less likely but

theoretically possible. To our knowledge, no study has

characterized the incidence of focal enhancement on CEM

without a correlating lesion on another modality. False

positives may be related to focal background enhancement,

which is, for whatever reason, more conspicuous compared

to the surrounding parenchyma. A study by Chikarmane

and colleagues including 205 women showed that up to

20% of cases of NME on MRI were reclassified as BPE on

re-evaluation, with only 1 out of the 77 patients that were

reclassified ultimately being diagnosed as a malignancy on

pathology [50]. Subtle AD, including radial scars or inva-

sive lobular carcinoma, tend to be more elusive on mam-

mography and typically better characterized on MRI. Prior

research has shown that AD depicted on screening mam-

mography without an imaging correlate on diagnostic

mammography or ultrasonography is less likely to be

malignant [51, 52]. Additional research is needed to

determine if these enhancing lesions on CEM without a

discrete correlating lesion on other modalities are associ-

ated with underlying early or developing pathology. Fig-

ure 4 and Fig. 5 demonstrate two cases of abnormal NME

on CEM with subsequent biopsy yielding invasive cancer.

Applications

Screening

While mammography has been the accepted standard for

breast cancer screening in women with an average risk for

developing breast cancer, studies have shown decreased

sensitivity in women with dense breasts [53, 54]. In addi-

tion, populations with an intermediate to high ([ 20%)

lifetime risk of breast cancer can benefit from supplemental

screening. MRI has been used to fulfill this role for the past

30 years due to improved sensitivity. However, it has been

associated with increased false-positive rates, unnecessary

biopsies, and increased costs [55, 56]. Multiple studies

have shown that CEM outperforms standard digital mam-

mography in the detection of malignancy [36, 37, 57] with

sensitivities comparable to that of MRI (CEM: 94–100%
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vs. MRI: 93–99%) [58–60]. In an initial study by Jochelson

et al. [61], they discovered a total of 3 cancers in a cohort

of 307 patients with an intermediate- to high-risk category.

Digital mammography did not detect any malignancy,

CEM detected 2 out of 3 cancers (both invasive cancer),

and MRI detected all 3 (two invasive CA and 1 DCIS).

CEM demonstrated a PPV of 15.4% (95% CI [1.9–45.4], 2

out of 13 biopsies) with specificity of 94.7% (95% CI

[91.6–97]), compared to PPV of 14.3% (95% CI

[3.0–36.3%] 3 out of 11 biopsies) and specificity of 94.1%

(95% CI [90.8–96.4]) for MRI. A larger follow-up study

including nearly 1200 patients with a similar intermediate

to high risk for breast cancer showed CEM to have a PPV

of 20.9% (95% CI [11.9, 32.6], 14 out of 67 biopsies)

[62••], ultimately concluding that CEM could potentially

be performed for both primary and supplemental screening.

In addition to similar sensitivities with decreased false-

positive rates compared to MRI, CEM has additional

advantages in screening. Background enhancement is typ-

ically less problematic when interpreting CEM compared

to MRI. Li et al. [63] compared the enhancement intensity

of background parenchyma between CEM and MRI and

showed that BPE is significantly lower for CEM when

compared to MRI (P\ 0.01). They also showed that the

intensity of lesion enhancement was considerably lower on

CEM than MRI (P\ 0.01). Lower breast background

enhancement might contribute to a higher PPV and a lower

false-positive rate compared to MRI. CEM has the poten-

tial for significant cost savings for the patient as well as the

health system. Data suggest that if CEM was used instead

of MRI for high-risk supplemental screening instead of

MRI, the estimated cost savings could approach 1.1 billion

dollars annually [64]. Other reports have found that some

women would prefer to undergo CEM rather than MRI due

to a combination of factors, including relatively shorter

acquisition times and improved patient comfort [65, 66]. In

some instances, when MRI is contraindicated due to MRI-

incompatible devices/implants, weight limitations, or sig-

nificant imaging artifacts, CEM could be considered a first-

line alternative without sacrificing sensitivity. While using

Fig. 4 62 years old, history of right breast cancer, status post-

conservation therapy for screening. Focal area of nonmass enhance-

ment 8:00 axis left breast without correlate on conventional

mammographic views. Sonographic evaluation of the area showed

an irregular mass. Ultrasound-guided core needle biopsy yielded

invasive ductal carcinoma

Fig. 5 56 years old, history of left breast cancer, status post-left

mastectomy for screening. Focal area of non-mass enhancement 12

o’clock right breast without correlate on conventional mammographic

views. Sonographic evaluation of the area showed an irregular mass.

Ultrasound-guided core needle biopsy yielded invasive lobular

carcinoma
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ionizing radiation is not ideal in a screening population that

is intrinsically at high risk for malignancy, the prolonged

use of gadolinium deposition has come into question in

recent years [67], which needs to be considered given that

screening could potentially span decades.

Given the comparable diagnostic performance of CEM

versus MRI, some groups have evaluated the potential role

of CEM in screening populations with intermediate breast

cancer risk, defined by the ACR as those with a 15–20%

lifetime risk of developing breast cancer. Intermediate risk

typically includes women with a personal or family history

of breast cancer, those with previous biopsy demonstrating

atypia or lobular carcinoma in situ (LCIS), and those with

dense breasts [68]. Sorin et al. [33] studied a group of 611

consecutive intermediate risk with nearly 50% of patients

with a personal or family history of breast cancer and over

90% with dense breasts, diagnosing a total of 21 cancers.

CEM demonstrated superior sensitivity and specificity

compared to digital mammography (90.5% vs. 52.4% and

90.5% vs. 76.1%, respectively) with an incremental cancer

detection rate of 13.1 per 100 women (95% CI [6.1–20.1]).

Interestingly, an adjunct whole-breast ultrasound was per-

formed for negative screeners by CEM, leading to 73

additional suspicious findings, all of which were ultimately

determined to be false positives. They concluded that CEM

was significantly more sensitive than digital mammogra-

phy in this intermediate population. There was no added

benefit for performing screening whole-breast ultrasound in

those deemed negative by CEM screening. A recent study

of 132 women with a personal history of lobular neoplasia

(atypical lobular hyperplasia or LCIS) detected a total of 6

malignancies with sensitivity and NPV of 100% with

specificity and accuracy of 88%. It was concluded that

although a larger population should be studied to ascertain

the true diagnostic performance, CEM screening in this

subset of patients is very promising [69].

Diagnostic Evaluation

Multiple studies have demonstrated the added value that

CEM provides for the evaluation of screening abnormali-

ties. A European study evaluated the diagnostic perfor-

mance of CEM in 199 consecutive average-risk patients

who were called back from screening mammogram. They

demonstrated superior diagnostic performance of CEM

compared to convention mammography in this setting.

Even when less experienced readers use CEM, there is an

increase in all diagnostic accuracy parameters, especially

specificity and positive predictive value for breast cancer

[34].

In a follow-up study including 116 women recom-

mended for a callback from screening, the largest

improvements were detected while assessing specificity

and PPV, which increased from 42.0% and 39.7% to 87.7%

and 76.2%, respectively [38]. In the patients with a final

diagnosis of malignancy, the authors found that tumor size

was consistent between CEM, MRI, and pathology. Based

on the significant improvements in specificity and PPV, it

was concluded that CEM could improve the false-positive

rate relative to mammography alone.

A recent study performed a systematic review of 8

prospective trials assessing CEM, including in the meta-

analysis a total of 945 lesions [70]. They reported a sum-

mary area under the curve obtained from all the studies of

89% [95% CI 86%–91%], with a sensitivity of 85% [95%

CI 73%–93%] and a specificity of 77% [95% CI 60%–

88%]. This study concluded that CEM could be considered

only for diagnostic evaluation of indeterminate breast

findings when sonographic and conventional mammo-

graphic studies are inconclusive, or MRI is contraindicated

or not available.

Xing et al. compared the diagnostic performance of

CEM with MRI in 235 patients with suspected breast

abnormalities based on clinical examination or mammog-

raphy [32]. They demonstrated a better accuracy and

specificity for CEM in breast cancer detection when com-

pared to MRI. Interestingly, the false-positive rate was

lower for CEM (10.5%) compared to MRI (19.8%). CEM

maintained comparable sensitivity, positive predictive

value, negative predictive value, and false-negative rate

(91.5%, 94.7%, 83.7%, and 8.5% vs. 91.5%, 90.5%,

82.1%, and 8.5%).

In summary, current data support the application of

CEM as a valuable problem-solving imaging modality in

the setting of recalls from the breast cancer screening

program and in the diagnostic setting.

Evaluating the Extent of Disease

Staging breast cancer is a critical component for the

appropriate treatment planning to assess the extent of dis-

ease in the ipsilateral breast or synchronous cancer in the

contralateral breast. The modalities used for staging vary

between institutions, and what imaging protocols constitute

adequate staging remains controversial. Comparisons

between CEM, digital mammography, US, and MRI in

characterizing lesion extent have been studied by multiple

authors. Łuczyńska et al. [35] characterized 225 known

lesions by CEM and digital mammography relative to

histologic samples. They found that CEM was significantly

more sensitive than digital mammography alone to detect

malignancy (100% vs. 90%), with enhancement in the

presence of a mass or calcifications being highly suggestive

of malignancy. Compared to histology, lesions were only

slightly overestimated in size by 2–3 mm, and it was

concluded that CEM could provide accurate lesion
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characterization within a few millimeters. In 2017, Patel

et al. [71] also compared the characterization of tumor

extent by CEM, US, and digital mammography relative to

histology in a cohort of 88 patients with a recent breast

cancer diagnosis. Overall, CEM demonstrated the strongest

correlation to histology followed by US and digital mam-

mography after analyzing Pearson correlation coefficients

(0.859, 0.649, 0.598, respectively, P\ 0.001). When fur-

ther stratifying patients based on breast density into dense

and non-dense breasts, it was noted that histopathologic

size correlated more closely with CEM compared to digital

mammography (Pearson correlation coefficient of 0.843 vs.

0.555 in dense breasts compared to 0.885 vs. 0.618 in non-

dense breasts). CEM was noted to slightly overestimate

lesion size by 3 mm, while US and digital mammography

underestimated tumor size by 1–3 mm. It was subsequently

concluded that CEM could be an effective tool for preop-

erative tumor measurement, particularly in dense breasts or

in those for whom MRI is contraindicated. With regard to

MRI, multiple studies have shown that CEM has similar

sensitivity and diagnostic accuracy with comparable esti-

mates of tumor size [10••, 59, 60], again noting that CEM

slightly overestimates tumor size compared to final

pathology. Fallenberg et al. [59] showed that CEM more

closely estimates tumor size in 80 patients with recently

diagnosed breast cancer than histologic references. How-

ever, no significant difference in absolute measurements

was seen between CEM and MRI, suggesting that they

could be used interchangeably. MRI continues to be more

sensitive to evaluating the chest wall and axilla, which is

not well assessed on CEM since it is a projection modality.

Monitoring Treatment Response

With neoadjuvant chemotherapy being used more fre-

quently, accurate imaging to assess for clinical response

and extent of residual disease is crucial in optimizing

patient outcomes. While a combination of mammograms

and ultrasound and MRI have been used to evaluate

changes related to treatment, there is increasing interest to

determine if CEM can also play a role in characterizing

residual disease. A study involving a cohort of 21 women

diagnosed with Stage II to III breast cancer found that

while CEM had 100% sensitivity at finding complete

pathologic response, a total of 6 out of 9 false negatives

were seen with minimal residual enhancement on imaging

and residual disease on histopathology [72]. Others have

reported that while both CEM and MRI underestimated the

extent of residual disease, CEM has better sensitivity for

detecting complete pathologic response than MRI [73]. In a

group of 65 patients with pathology-proven invasive breast

cancer, comparable sensitivities and PPV were observed in

detecting residual malignancy [74]. It should be noted that

based on current data, MRI is not nearly specific enough to

completely exclude residual disease after neoadjuvant

treatment [75] and the same likely applies to CEM. Given

the vast amount of additional information provided by

MRI, such as diffusion weighting imaging and changes in

kinetics, CEM cannot replace MRI for this indication and

should be considered an alternative if MRI is not available

or contraindicated.

Pitfalls and Challenges

Despite its utility as a diagnostic tool, some challenges and

potential pitfalls need to be considered before practice

implementation.

Unlike digital mammography and ultrasonography,

CEM requires the use of iodinated contrast agents. Main

contraindications to performing the CEM examination are

related to the use of iodinated contrast or non-ionizing

radiation, including a history of a severe allergy including

anaphylactic or anaphylactoid reaction to iodinated con-

trast, impaired renal function, and pregnancy. Other sug-

gested contraindications include known BRCA mutations

due to radiosensitive and MRI being superior for screening

in this population and known hyperthyroidism.

Although current literature about contrast-induced

nephropathy has been calling into question the true inci-

dence of renal injury from iodinated contrast [76], history

of renal disease including renal insufficiency, prior renal

transplant, and solitary kidney still need to be considered.

Previous history of allergic-like and physiologic reactions

to iodinated contrast may also limit usage in some patients.

The latest ACR Manual on Contrast Media estimates the

incidence of serious anaphylactic reactions due to iodinated

contrast material to be 0.04% [14]. If CEM is used as a

supplemental imaging modality, the risks of premedication

may not outweigh the benefits compared to other modali-

ties. Facilities performing CEM would also need to ensure

adequate staff training in identifying and managing con-

trast reactions, stock and maintain necessary equipment

and therapeutic interventions, and require an on-site

physician to address complications as they arise.

Unlike MRI, CEM lacks the anatomic resolution to

provide adequate soft tissue assessment. MRI allows for

simultaneous characterization of the bilateral breasts,

axilla, and chest wall, critical for the complete staging of

malignancy [77]. Additionally, CEM requires the use of

non-ionizing radiation. Fallenberg et al. [37] have esti-

mated the average glandular dose per projection at

2.80 mGy compared to 1.78 mGy for standard digital

mammography. The increase in dose is related to the fact

that two images (low and high keV) are required for CEM

relative to the 1 per projection in digital mammography.
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Considering data from Hendrick et al. which showed that

screening mammography with mean glandular doses

ranging from 3.7 to 4.7 mGy contributes to a lifetime

attributable risk of radiation-induced fatal breast cancer of

approximately 20–25 cases per 100,000 women screened

between the ages of 40 and 80 [78], the benefits likely

outweigh the risks.

The American College of Radiology Breast Imaging-

Reporting and Data System (5th edition) does not include

terminology for CEM, making it difficult to interpret and

compare it to other imaging modalities. Current interpre-

tation relies on a combination of terms already in use in the

BI-RADS lexicon for mammography and MRI. Future

research is required to refine the terminology further and

determine how reliable these terms are across modalities.

CEM-guided biopsy is not readily accessible. Some

groups have reported a two-procedure approach with initial

mammographic localization of a marker followed by

stereotactic biopsy [79], although this may not be clinically

feasible in many practice settings. Most commonly, any

suspicious imaging findings on the recombined images are

further characterized on other modalities, including digital

mammography, ultrasound, or MRI (Fig. 6). It is essential

to consider that some suspicious lesions noted on CEM

may lead to additional workup for patients with ultrasound

or MRI, which previously would have been ‘‘normal’’ by

digital mammography, potentially increasing costs and

patient anxiety. As of June 2020, GE healthcare has

received FDA clearance for the 1st CEM-guided biopsy

system (Serena Bright). Early reports suggest that some

patients prefer CEM-guided over MR-guided biopsies.

However, larger studies still need to be conducted. Another

biopsy option currently being explored is using an upright

stereotactic unit in a CEM-capable mammogram unit and

performing the biopsy immediately following the acquisi-

tion of CEM images. In this setting, the radiologist can

target the area of suspicious enhancement on the upright

stereotactic unit. If CEM-guided biopsy becomes clinically

accessible, the costs of cross-modality workup could be

potentially subverted.

Similar to MRI, CEM cannot readily distinguish benign

from malignant lesions, with false and negative results

being relatively common. Multiple benign histology,

including fibroadenoma, papilloma, PASH, and abscess, is

typically associated with enhancement and may be chal-

lenging to differentiate via imaging [80]. Smaller studies

have shown that up to 16% of DCIS will not demonstrate

enhancement on CEM [48].

Conclusion

CEM is an emerging problem-solving breast imaging

modality that provides complementary information to

conventional imaging modalities and may potentially be

used in place of MRI for specific indications and/or patient

populations.
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Fig. 6 Workup of an area of abnormal enhancement seen on CEM
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