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1A History of Contrast-Enhanced 
Mammography

John M. Lewin and Martin J. Yaffe

1.1  Full-Field Digital Mammography

When the first full-field digital mammography (FFDM) systems were introduced 
around 2000, there was great hope that they would significantly outperform the 
standard mammography technology of the time, film mammography (technically 
“screen-film” since a phosphorescent screen was used to convert the X-ray energy 
to visible light, which was then recorded on the film). Physics testing confirmed that 
digital mammography had better contrast resolution than film, an advantage that, it 
was hoped, would lead to better detection of breast cancers, especially in dense tis-
sue. Unfortunately, clinical trials comparing digital to film mammography for 
screening showed, at best, only a limited advantage for digital mammography, 
mainly in premenopausal women and those with dense breasts [1, 2]. Cancers were 
still missed due to the masking effects of the overlap of dense breast tissue and also 
because some cancers simply did not provide inherent X-ray contrast from their 
surroundings. Researchers were motivated to build upon the platform of digital 
mammography technology to extend its capabilities and overcome these two limita-
tions. Digital breast tomosynthesis addressed the overlap problem by reconstructing 
quasi 3D image sets from a set of digital projection images acquired over a range of 
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angles about the breast. Contrast-enhanced mammography (CEM) attacked both 
problems by providing contrast only where iodinated agent was concentrated, pri-
marily in areas of tumor angiogenesis. Fortunately work on these technologies had 
started even before the results of the large clinical trials of digital versus film had 
been published.

1.2  Concepts/Background/Stimulus

1.2.1  Breast Angiography

The concept of using intravenous contrast with mammography was discussed in 
print long before the introduction of digital mammography made it feasible. Some 
of the early evidence that iodine contrast imaging would be useful in detecting 
breast cancers was provided by clinical studies on CT scanning of the breast, using 
a dedicated breast CT device, performed as early as 1975 at the Mayo Clinic [3] and 
by Chang et al. at the University of Kansas [4, 5]. On these early systems, the CT 
slices were 1 cm thick, the pixels were 1.56 mm in dimension, and doses were over 
30 mGy. Breast CT was further validated at other centers in Europe and Asia in the 
1990s [6, 7]. These studies demonstrated that intravenous iodinated contrast 
enhancement of breast cancers could be readily depicted on CT. These early scan-
ners were used primarily as a proof of principle for computed tomography. In sub-
sequent years emphasis in CT shifted to whole body systems, whose geometrical 
design was less suitable for imaging the breast.

Fritz et al. at the University of Kansas wrote a paper on optimizing beam quality 
for iodine contrast in 1983 [8]. Successful contrast enhancement with film mam-
mography was not really practical, however, due to the fixed dynamic range of film 
compared to digital detectors as well as the cumbersome nature of performing 
image subtraction using film. Watt et al. in 1985 performed digital subtraction angi-
ography (DSA) on 18 pre-biopsy patients at Henry Ford Hospital in Detroit using a 
standard body DSA system following an intravenous injection of ionic iodinated 
contrast. [9] Imaging was performed in the MLO projection with the patient prone 
and her breast compressed within a custom built device. The criteria for malignancy 
were the presence of tumor “blush” and of abnormal feeding vessels. DSA per-
formed well, demonstrating seven out of the eight malignancies in the group and 
having only two false-positive results, a fibroadenoma and an area of fat necrosis.

1.2.2  Breast MRI

Breast MRI was introduced in the 1990s as the first practical contrast-enhanced 
imaging technique for breast cancer detection. It was immediately apparent that 
breast cancers would enhance with gadolinium-based contrast agents. It was also 
apparent, however, that benign tumors as well as normal tissue would often enhance, 
causing the technique to gain a reputation for low specificity. Breast MRI was also 
time-consuming, with scans lasting around one hour, and expensive, due to the high 
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cost of MRI machines. With technical improvements, primarily to the MRI equip-
ment, but also to the technique itself, MRI has become a practical and useful tool, 
with extremely high sensitivity, although the high expense and claustrophobia in 
some women due to the confined magnet bore remain an issue.

It was initially not clear whether iodinated contrast, as would be used for breast 
CT, would work as well as gadolinium does with MRI. Because free gadolinium is 
toxic, gadolinium-based agents require the gadolinium to be chelated to a large 
anion. Iodinated agents differ in that it is only required that the iodine atoms be ioni-
cally bound to a medium-sized ion. Hence the diameter of a molecule of gadolinium 
chelate, such as is used in MRI contrast agents, is about five to ten times that of 
iodinated contrast agents. Additionally, a much smaller number of gadolinium 
atoms are needed to concentrate in a tumor for a detectible MRI signal change com-
pared with the number of iodine atoms needed to for a detectible change in X-ray 
absorption. Whether or not iodinated contrast would work as well as gadolinium- 
based contrast was an open question.

1.3  Temporal Subtraction CEM

Although digital mammography had superior contrast resolution and effective 
dynamic range to film mammography, it was still a projection radiography technique, 
and its contrast resolution was inferior to that of CT or MRI. To improve the detection 
of small cancers radiologically, it was necessary to make use of new types of signals 
such as angiogenesis. The phenomenon of tumor angiogenesis had been noted as 
early as 1971 by Folkman [10] who observed that in malignant neoplasia, the tumors 
grow rapidly without the normal control mechanisms associated with healthy tissue. 
Upon reaching a size of 2–3 mm, they rapidly outgrow their supply of nutrients and 
oxygen and, in response, send out growth factors such as vascular endothelial growth 
factor (VEGF) which promotes the development of new microvasculature. These new 
vessels, which sprout from existing nearby vasculature, tend to be poorly constructed 
with loose intercellular junctions causing leakage of blood into the interstitial space. 
If an iodinated contrast agent has been injected into the bloodstream, it will also leak, 
and the increased local concentration of iodine can be imaged radiographically. The 
concentration of interstitially pooled iodine is related both to the microvascular den-
sity and the increased permeability associated with angiogenesis [11, 12].

Around 2000, at Sunnybrook Research Institute in Toronto, Martin Yaffe’s group, 
aware of the successful application of digital subtraction angiography and having 
read the earlier reports of Watt, Ackerman, Chang, and Fritz in imaging the breast 
as described above [8, 9], asked if the improved imaging performance (spatial reso-
lution and dynamic range) of the new digital mammography systems could be used 
effectively for contrast-enhanced detection of breast cancers.

The first question was—how much intravenous iodine was required to obtain ade-
quate uptake in breast lesions. This question was addressed by reviewing a large 
number of CT examinations in which women had received contrast-enhanced tho-
racic CT. The researchers looked for focal areas of enhancement in the breast (mainly 
representative of benign lesions) on these scans and measured the elevation in CT 
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number in these areas. From this information it was possible to estimate the concen-
tration of iodine in these lesions. With knowledge of the amount of injected iodine, it 
was possible to develop a quantitative relationship between the two. Maria 
Skarpathiotakis, working as a graduate student in the lab, developed a theoretical 
model and performed benchtop experiments to ascertain the required concentrations 
of iodine to reliably visualize simulated lesions in a two-dimensional imaging system 
[13]. CEM was then implemented by making some in-house modifications to an 
early clinical digital mammography system, the General Electric Senographe 2000D.

Although the presence of iodine increases radiographic contrast, this may not be 
adequate to visualize subtle areas of uptake, especially if there is superposition of 
signal from layers of attenuating surrounding soft tissue. For this reason, radio-
graphic excretory urography, for example, does not show lesions in the kidneys and 
liver to the same degree that abdominal CT (where overlapping signals are not pres-
ent) does. To enhance contrast and suppress tissue superposition effects, the approach 
used was temporal subtraction, similar to that used in other contrast imaging, such 
as contrast-enhanced breast MRI. A digital image of the breast was acquired prior to 
injection of the contrast agent. This was then subtracted from an image, acquired 
ideally under identical positioning, after administration of the contrast. Signals in 
common to the two images would then be canceled by the subtraction, while differ-
ences, presumably due to the iodine contrast signal, would remain. In a digital pre-
sentation, the displayed contrast of the residual iodine signal could be amplified by 
manipulation of “window” and “level” adjustments on the computer display.

Because X-rays are attenuated exponentially in passing through any object such 
as the breast, a more effective isolation of the iodine signal could be obtained by 
transforming the pixel signal values in both the mask and post-contrast images to 
their natural logarithms before subtraction. This is essentially equivalent to dividing 
one of the images by the other.

There are key differences between the techniques of angiography and contrast- 
enhanced mammography however. In angiography, multiple arterial injections are 
used to allow depiction of the anatomy in multiple projections. In CEM, because the 
injection is intravenous, repeat injections are not an option. Only a single (pre- 
contrast) mask image can be obtained to use for subtraction, and, as in angiography, 
any patient motion between the pre- and post-contrast images results in misregistra-
tion artifacts when the two images are subtracted.

These two limitations, the inability to obtain a second projection and the need to 
have the breast immobilized during the injection, limited the practicality of this 
exam. Without the ability to obtain a second projection, it is not possible to localize 
enhancing lesions in the orthogonal plane. It is also not possible to image the other 
breast, something that is routine in MRI. Immobilizing the breast during the injec-
tion poses its own problems. The way to immobilize the breast is to compress it, but 
the compression, which causes pressures above that of venous return, would be 
expected to decrease contrast uptake to the breast. This effect has been noted anec-
dotally, such as in MRI biopsies, and was recently confirmed in a formal study [14]. 
To avoid this problem, it would be necessary to use lighter than normal compres-
sion, but this raises the likelihood of movement, a problem exacerbated by a 
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relatively long injection time (about 30 s using a power injection), as compared to 
either angiography or MRI (typically less than 10 s). Lighter compression also pro-
vides less tissue separation, important for standard mammography, although of 
unknown importance to CEM. Additionally, the increased tissue thickness resulting 
from decreased compression increases both the dose to the breast and the amount of 
X-rays scattered in the breast that are recorded by the imaging detector.

John Lewin’s group at the University of Colorado experimented with breast 
immobilization using clear adhesive plastic (shelf liner) and found that it provided 
fairly good non-contrast images (Fig. 1.1). Another alternative, used in Toronto, was 
to use light compression with standard compression paddles and correct for misreg-
istration during post-processing (Fig. 1.2).

a b

Fig. 1.1 (a) Unenhanced MLO view mammogram using adhesive sheet immobilization instead of 
paddle compression. Positioning is reasonable, but the lack of compression decreases the overall 
contrast, due to increased scatter, and decreases the conspicuity of the malignant mass in the cen-
tral breast (arrow). (b) Standard compressed mammogram has higher contrast and better shows the 
mass (arrow)

1 A History of Contrast-Enhanced Mammography



6

Along with light compression, the key to depicting iodine enhancement using 
mammography lies in optimizing the X-ray beam for iodine absorption rather than 
tissue absorption. The goal of optimization is to increase the relative absorption of 
iodine, as compared to tissue, in order to increase the conspicuity of iodine. Because 
the absorption curve of iodine increases sharply at 33.2 keV, the k-edge of iodine, 
the optimal beam is one that where as many photons as possible has an energy just 
above 33.2 keV. This optimum is achieved by increasing the kV to a higher value, 
usually 44–49, and adding filtration to the beam to filter out the low-energy photons 
[15]. In Toronto a thin (5 mm) layer of copper was added to the filter wheel, while 
in Colorado a thicker (8 mm) layer of aluminum was used, due to easy availability 

a b

Fig. 1.2 Same case as in Fig. 1.1. Temporally subtracted images obtained at two energies. The 
source images were acquired without breast compression before and 2 min after contrast agent 
administration. (a) High-energy subtracted image shows the cancer as an enhancing mass (arrow). 
(b) Low-energy subtracted image does not the show enhancement of the cancer due to decreased 
visibility of iodine at lower X-ray energies

J. M. Lewin and M. J. Yaffe
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of aluminum sheets used for half-value layer physics testing. The aluminum was 
manually placed in the beam prior to each high-energy exposure.

Combining beam optimization; light compression, either with the paddle or the 
shelf liner; and subtraction led to the technical success of temporal subtraction 
(Fig. 1.2). Cancers could be shown to enhance with iodine. If serial exposures were 
made, a kinetic curve could be constructed (Fig. 1.3). Still, the single breast/single 
view limitations explained above put CEM at a big disadvantage to contrast- 
enhanced MRI, which allowed bilateral imaging and provided 3D positional 
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Fig. 1.3 Infiltrating ductal carcinoma CEM subtraction (a) CC image obtained 1 min after the 
start of contrast injection showing small nodule with rim enhancement of entire mass (arrow). (b) 
CEM subtraction CC image obtained 10 min after start of contrast injection showing washout of 
contrast from mass. (c) Kinetic curves for the mass and an area of normal tissue adjacent to the 
mass. Curve for carcinoma shows early enhancement with a decrease over time, while the curve 
for normal tissue continues to rise at 10 min. Reproduced with permission from Ref. [23]
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information with a single injection. Interestingly, contrast-enhanced breast MRI 
started as a single breast technique, due to limitations in breast coils and acquisition 
speed, but by the early 2000s was typically a bilateral technique.

1.4  Dual-Energy Subtraction CEM

1.4.1  Development of Dual-Energy CEM

To overcome the limitations of temporally subtracted CEM, Lewin and colleagues 
developed a dual-energy subtraction technique. In dual-energy contrast imaging, 
contrast agent administration is completed before positioning is started so that the 
compression effect on contrast uptake is not an issue. Imaging can, therefore, be 
performed in full compression.

The principle of dual-energy imaging relies on the X-ray attenuation properties of 
the component materials to be imaged. Overall the X-ray attenuation by any material 
tends to be strong at low energies and progressively weaker with increasing energy. 
Therefore, these materials tend to become more transparent to X-rays as energy 
increases. At the same time, image contrast, which depends on the difference in 
X-ray attenuation of two materials, tends to fall with increasing energy. Therefore, in 
general, a compromise exists between imaging at low or at higher energies. At low 
energies good contrast is achieved, but the increased opacity of the material necessi-
tates that a higher radiation dose be given to get enough X-rays through the body to 
obtain an acceptable signal-to-noise ratio. The alternative of imaging at high energy 
allows doses to be reduced but with a loss of contrast. When the goal is to image a 
high atomic number metal, such as iodine, however, the best result is obtained 
by  combining both a high-energy and a low-energy image. As mentioned above, 
the  attenuation coefficient of iodine increases dramatically at the k-edge energy 
of  33.2  keV.  The attenuation remains high for a range of energies above 
33.2 keV. Therefore, if the breast is imaged with a spectrum rich in X-rays above 
33 keV, there will be strong absorption in areas where there is iodine, but the breast 
will be quite transparent to X-rays elsewhere. This makes it feasible to obtain a strong 
iodine signal at reasonably low dose. For the soft tissue in the breast, the attenuation 
coefficient decreases slowly and smoothly with increasing energy. Therefore images 
acquired with X-rays at energies just below and just above the iodine k-edge will be 
similar in areas of soft tissue and differ mainly where there is iodine. The dual-energy 
procedure utilizes two images, one at an energy optimized for iodine (high energy) as 
described above and one with the kV set below the k-edge (low energy), acquired in 
a single compression. A weighted logarithmic subtraction of the low-energy image 
from the high-energy image is then performed to create the final iodine-enhanced 
image. The physics of dual-energy CEM is described more fully in the next chapter.

Because dual-energy subtraction does not rely on a mask image for subtraction, 
multiple acquisitions can be obtained of both breasts in multiple projections, limited 
only by the length of time until the contrast “washes out” of the lesion, i.e., equal-
izes between the lesion and the normal tissue.

J. M. Lewin and M. J. Yaffe
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1.4.2  History of Dual Energy in Radiology

The concept of using dual-energy subtraction was new to contrast-enhanced mam-
mography, but it had a long history in other aspects of radiology. Dual-energy digital 
subtraction angiography was developed by William Brody and colleagues at 
Stanford in the 1980s as a way to perform angiography with an intravenous injection 
[16]. It was later incorporated into a “hybrid” technique combining both dual- energy 
and temporal subtraction in order to improve the iodine visibility [17]. Although the 
technique was an improvement on temporal subtraction, it could not compete with 
standard arterial angiography and never came into routine clinical use.

Dual-energy subtraction tuned for calcium has also been studied and has been 
included in some commercial chest radiography equipment to improve pulmonary 
nodule detection by subtracting out overlapping ribs or, alternatively, to evaluate for 
calcification in a nodule by subtracting out soft tissues [18, 19]. Calcium dual- 
energy subtraction was studied for use with digital mammography to enhance the 
visibility of calcifications [20, 21] but was not shown to be a significant improve-
ment over standard single-energy digital mammography, which is already quite 
good at calcium detection. Today, in addition to its use with contrast-enhanced 
mammography, dual-energy is used with contrast-enhanced CT for applications 
such as evaluating organ perfusion [22].

1.4.3  The Colorado Dual-Energy CEM Clinical Trial

In Colorado the CEM project was started in 1998 using a prototype digital mam-
mography unit. The technology was transitioned to a commercial digital unit after 
FDA approval for digital in 2000. After phantom studies to optimize the technique 
factors, a clinical trial was started to evaluate both temporal subtraction and dual- 
energy subtraction CEM on a series of subjects with suspicious mammographic or 
palpable lesions scheduled for biopsy. Phantom studies led to a choice of 44 kV Rh/
Rh with an additional 8 mm of Al filtration for the high-energy beam and 30 kV Mo/
Mo for the low-energy beam (changed to 33 kV Rh/Rh for the last few subjects to 
place the beam closer to the k-edge). Iohexol, at a concentration of 350 mgI/ml, was 
selected as the contrast agent.

The protocol provided contrast-enhanced MLO views of the breast of interest 
obtained using both temporal and dual-energy subtraction, the former acquired with 
immobilization but no compression and the latter with full compression.

The imaging sequence was as follows:

• Breast placed in full compression (MLO view).
 – Low-energy image obtained.
 – High-energy image obtained.

• Compression released.
• Breast immobilized with shelf liner (MLO view).

 – High-energy image obtained.

1 A History of Contrast-Enhanced Mammography
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• 100 ml of contrast injected using a power injector
 – High-energy image obtained.

• Shelf liner removed.
• Breast place in full compression (MLO view).

 – Low-energy image obtained.
 – High-energy image obtained.

• Compression released.

The first two exposures were used to create a pre-contrast dual-energy image 
(helpful for comparison to the post-contrast image); the next two exposures, strad-
dling the injection, were subtracted to create a temporal subtraction image, and the 
last two, both obtained after contrast administration, were used to create a post- 
contrast dual-energy image. Figures  1.4 and 1.5 show temporal and dual-energy 
subtracted images from the study. Even though temporal subtraction should give 
perfect subtraction and therefore a stronger iodine signal, in practice the dual-energy 

Fig. 1.4 Subject with invasive ductal carcinoma studied a protocol producing both temporal and 
dual-energy subtraction CEM. (a) High-energy temporal subtraction, performed without breast 
compression, shows the cancer (arrows). (b) Dual-energy subtraction without breast compression 
gives better delineation of the entire mass (arrow). (c) Dual-energy subtraction with breast com-
pression shows the entire lesion (arrow) and better delineates its margins

a b
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images were usually superior due to the use of full compression. For this reason, in 
the second half of the study, the temporal portion was eliminated, and serial dual- 
energy imaging was performed instead (Fig. 1.6). Following completion of the ini-
tial cohort, in 2003, a second series was started using bilateral dual-energy imaging. 
That year the technique was also evaluated for ductography in two patients but was 
not deemed worth pursuing given the excellent visibility of contrast in standard 
ductography. In one of the two subjects, the technique did allow for the detection of 
additional lesions not shown by standard ductography in a patient with multiple 
central papillomas (Fig. 1.7).

1.5  Early CEM Literature

The first temporal subtraction paper was published by Jong et al., from the group in 
Toronto in 2003 [23]. Imaging was performed both on GE Senographe 2000D sys-
tems and a Fischer Senoscan unit. Neither system was designed specifically for 
contrast imaging; modifications to the systems were implemented by the research 
team.

c

Fig. 1.4 (continued)

1 A History of Contrast-Enhanced Mammography
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In that study of 22 subjects, ten with breast cancers were studied with single- 
energy contrast mammography. All but 1 of the 9 invasive cancers showed iodine 
enhancement, while 7 of the 12 benign lesions that were originally of concern on 
ultrasound or mammography did not enhance. The results suggested that CEM may 
be more specific than contrast-enhanced breast MRI.  Low-dose contrast images 
were obtained at six time points allowing construction of kinetic curves. In some 
cases, enhancement characteristics were similar to those from malignant and benign 
lesions as observed in breast MRI, but this was not consistent. One of the limitations 
in this study was the use of manual injection of the contrast agent. The time required 
for the administration of contrast limited the temporal resolution of the imaging 
procedure, likely diminishing the quality of the kinetic information.

The following month the first dual-energy subtraction paper was published by 
Lewin et al. in Colorado [24]. Starting in 2000, 26 subjects scheduled for biopsy and 
were studied with both single-energy and dual-energy CEM on a GE Senographe 
2000D digital mammography system, approved that year for clinical use, using the 
technique and protocol described above with manual insertion of aluminum filtra-
tion to generate the high-energy beam. Thirteen of the 26 subjects were shown at 

Fig. 1.5 Invasive ductal carcinoma. (a) High-energy temporal subtraction shows the cancer 
(arrow) as only a faint blush. (b) Dual-energy subtraction without breast compression shows the 
cancer (arrow) with moderately higher contrast. (c) Dual-energy subtraction with breast compres-
sion best shows the cancer (arrow) and best delineates its margins

a b c
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subsequent biopsy to have invasive cancer, 1 had DCIS, and the other 12 had benign 
lesions. For simplicity, only the dual-energy results were reported in the paper. 
Eleven of the 13 invasive cancers enhanced strongly on DE CEM, 1 enhanced mod-
erately, and 1 weakly. The one case of DCIS showed up as a mildly enhancing duct 
containing calcifications. Two of the benign cases showed diffuse enhancement, 
what we would now call background parenchymal enhancement [25]. Two others 
showed weak focal enhancement and were considered false positives.

Fig. 1.6 Serial dual-energy contrast-enhanced mammography. (a) Pre-contrast standard energy 
mammogram shows an invasive ductal carcinoma presenting as a 2 cm mass with coarse calcifica-
tions (arrow). (b) Dual-energy subtracted image at 3 min shows bright enhancement of the cancer. 
(c) Dual-energy subtracted image at 6 min shows less bright enhancement of the mass. (d) Dual- 
energy subtracted image at 9 min shows even less contrast difference between the mass and the 
background. The 9-min image in this case is degraded by misregistration artifact caused by patient 
movement between the low-energy and high-energy images. Note that each acquisition of each 
high- and low-energy image pair is obtained under a separate compression; compression is released 
between image pairs

a b
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Two additional temporal subtraction studies were published in 2005 and 2006. 
Both studies were performed on commercial GE digital units. Diekmann et al., at 
Charite Hospital in Berlin, studied 25 lesions, 14 malignant [26]. Dromain et al., 
at the Institut Gustave Roussy outside Paris, studied 20 lesions, all malignant [27]. 
All of the malignant lesions enhanced in the former study, and all but two enhanced 
in the latter; the two false-negative cases were cancers not included on the image 
due to positioning issues. Both trials included serial imaging and resulted in 
kinetic curves similar to those seen in contrast-enhanced breast MRI.  As with 
MRI, however, the curve shapes were highly variable among the cancers and, 
therefore, not especially useful for discriminating between benign and malignant 
lesions.

By this point, GE had decided to invest in building a prototype unit to perform 
dual-energy CEM. The GE system employed a copper filter in the filter wheel and 
allowed for automatic switching of the filter and the kilovoltage between the 

c d

Fig. 1.6 (continued)
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high- and low-energy image acquisitions. The first dual-energy CEM paper using 
this prototype system was published by Dromain et al. in 2011 [28]. In this study 
120 patients with 142 suspicious lesions, some palpable and others detected by 
mammography and/or ultrasound, were studied with two-view dual-energy 
CEM. As in the earlier papers, only the affected breast was studied. The data set 
included 80 cancers and 62 benign lesions. Seventy-four of the 80 cancers enhanced. 
The six non-enhancing lesions included two cases of DCIS and four invasive ductal 
cancers. Thirteen benign lesions also enhanced. The primary outcome of the study 
was area under the receiver operating characteristic (ROC) curve generated based 
on a single radiologist reading of mammography alone, mammography plus CEM, 
and mammography plus ultrasound. As expected, the ROC curve for CEM plus 
mammography was significantly better than that for mammography alone or 

a b

Fig. 1.7 Patient with nipple discharge. (a) Standard ductogram shows an intraductal lesion 
(arrow). (b) Dual-energy subtraction ductogram subtracts out the background breast tissue, allow-
ing detection of additional smaller lesions (arrowheads). Papillomas were found at surgery
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mammography plus ultrasound. The same results were obtained when the image set 
was evaluated in a multi-reader study [29].

Given the obvious superiority of CEM to standard mammography, work then 
switched to comparisons of CEM to contrast-enhanced MRI.  Prospective trials, 
using a GE-designed prototype unit, at Charite and at Sloan Kettering in New York, 
compared bilateral CEM to MRI in patients with known cancers [30, 31]. These 
trials showed MRI and CEM to have similar levels of performance, with each 
modality slightly outperforming the other by some measures. The results of trials 
comparing CEM to MRI are discussed more fully in a later chapter of this book.

The idea of combining the benefits of contrast-enhanced mammography with the 
quasi-3D imaging of tomosynthesis is a logical conclusion of the successful demon-
stration of the two individual modalities. A limited amount of preliminary data has 
been published on both a temporal [32] and a dual-energy [33] approach to contrast- 
enhanced digital breast tomosynthesis. The first trial comparing CEM to MRI using 
a prototype device from Hologic was conducted in Taiwan and Colorado and 
included both 2D CEM and contrast-enhanced tomosynthesis. The results of that 
study showed that CEM, contrast-enhanced tomosynthesis, and MRI were all supe-
rior to unenhanced mammography and unenhanced tomosynthesis based on ROC 
analysis from a multi-reader study. The three contrast-enhanced modalities were not 
significantly different. Notably, the addition of contrast-enhanced tomosynthesis to 
2D CEM did not improve performance [34]. Fig. 1.8 shows an example from that 
study.

1.6  Clinical Introduction/Commercialization

The first commercial CEM system was introduced by General Electric in 2010. It 
obtained CE mark approval for sale in Europe at that time and received FDA 
510(k) approval in 2011. Hologic obtained CE mark and FDA 510(k) approval for 
their system in 2012. Their first commercial units were installed in 2014. Units 
from both companies included the typical ease of use features found on clinical 
mammography units, such as autoexposure methods, to make the technique practi-
cal in a standard clinical environment. The Hologic unit also included the ability 
to perform a low-energy tomosynthesis view in the same compression. As of this 
writing, these are the only two commercial systems approved for use in the United 
States. A system made by Siemens is available for use outside the United States. 
Working research systems have been developed, Fuji and Philips, and have been 
used in clinical trials but have not yet been commercialized. The introduction of 
commercial systems allows both clinical adoption and clinical research to proceed 
more rapidly. The use of CEM in clinical settings allows for expanded experience 
in a variety of settings, not just the academic settings common to research. 
Additional techniques not easily adapted to a clinical protocol, such as the use of 
spot compression or special projections, can be employed and their usefulness 
evaluated. To date there are an estimated 800 commercial units installed world-
wide and an estimated 500,000 CEM examinations have been performed [35]. 
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Note that, as manufacturers have introduced dual-energy CEM systems, they have 
also introduced new names for the procedure. For example GE coined the term 
contrast-enhanced spectral mammography (CESM) when it introduced its com-
mercial system. Other synonyms for the technique include contrast-enhanced digi-
tal mammography (CEDM), contrast media mammography (CMM), and 
contrast-enhanced 2D (CE2D) used by Hologic to differentiate its 2D system from 
any future contrast-enhanced tomosynthesis product. Siemens uses TiCEM for 
their system, reflecting the use of a titanium filter for the high-energy beam. 
Among these names, CEM, CEDM, and CESM are the most commonly used in 
the literature.

Fig. 1.8 Invasive ductal carcinoma studied with both CEM and contrast-enhanced tomosynthesis 
using a prototype research system. A metallic ribbon-shaped mark was placed anterior to the mass 
at the time of biopsy. (a) Standard mammogram. (b) 2D CEM. (c) Tomosynthesis slice. (d) Dual- 
energy contrast-enhanced tomosynthesis slice. Note that the 2D CEM and the contrast-enhanced 
tomosynthesis slice are equally good at showing the lesion

a b
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1.7  Conclusion

The demonstration of CEM occurred fairly rapidly after the development and dis-
semination of the first full-field digital mammography systems, with the first 
research subjects being imaged less than 1 year after FDA approval of FFDM. The 
introduction of dual-energy subtraction to the technique made it clinically viable. 
Nonetheless, it took many years and the interest/effort/commitment of a large com-
pany to bring the technology to market. More than a decade later, adoption of the 
technique remains modest, due to competition with the well-established technique 
of MRI, which has had a 20 year head start. A major barrier to CEM’s ability to 
compete with MRI, especially in the United States, is a lack of appropriate reim-
bursement codes. Without the ability to get adequately reimbursed for CEM, centers 
have no incentive to switch patients from MRI, which is highly profitable on a 

c d

Fig. 1.8 (continued)
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per-case bases, to this more cost-effective (and, therefore, less profitable) technique. 
An absence of robust data on screening with CEM is also in issue. Hopefully these 
hurdles will be crossed in the next few years, and adoption of CEM will accelerate, 
so that its benefits can be fully realized.
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2Physics of Contrast-Enhanced 
Mammography

Cécile R. L. P. N. Jeukens

2.1  Image Formation in Mammography

To acquire a mammogram, the breast is compressed by a paddle to make the breast 
uniform in thickness and to minimize superimposition of fibroglandular tissue, 
which could mimic breast lesions. X-rays produced in the X-ray tube of the mam-
mography unit are directed to the breast below which the detector is located 
(Fig. 2.1).

2.1.1  Generation of X-Rays

In the X-ray tube, the X-rays are generated as follows (Fig. 2.2a). The cathode is 
heated by the tube current, resulting in the release of electrons. The electrons are 
accelerated toward the anode by the tube voltage and hit the anode, also called the 
target. In the anode, the electrons interact with nuclei of the anode material, and 
bremsstrahlung is released, which in fact is the X-ray radiation used for imaging 
(Fig. 2.2b). The energy of the photons depends on the strength of the interaction: the 
closer the electron approaches the nucleus, the stronger the interaction becomes. 
The interaction strength varies per electron hitting the anode, and consequently the 
X-ray photons have many different energies resulting in an X-ray spectrum rather 
than a single photon energy. The maximum energy is determined by the maximal 
acceleration of the electrons which is dictated by the tube voltage. By adding a filter 
in the X-ray beam, the low-energy X-ray photons are absorbed. This is beneficial for 
the dose to the breast as the low-energy photons are so strongly attenuated in the 
breast that they are completely absorbed in the breast before reaching the detector. 
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X-ray tube

Compression paddle

Breast with lesion

Anti-scatter grid and
Detector

Fig. 2.1 Schematic set-up 
of a mammography system

a b
Tube voltage

Electrons

Cathode

X-rays

Anode

Electron

Nucleus
Brehmstrahlung/
x-rays

Fig. 2.2 (a) Schematic of an X-ray tube showing the cathode where the electrons are released 
and attracted towards the positively charged anode. X-rays are generated in the anode during the 
interaction of electrons with the nuclei of the anode atoms. The cathode and anode are positioned 
in a vacuum indicated by the grey shaded area. (b) Depending on the distance the electron 
approaches the nucleus a stronger or less strong interaction takes place resulting in higher and 
lower energy photons. This is the reason that an X-ray tube emits a multi-energetic spectrum of 
photons
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As such, these low-energy photons do not contribute to image formation, while they 
do contribute to the radiation dose of the breast. The final X-ray spectrum is deter-
mined by the combination of tube voltage, anode material, and filter material.

2.1.2  Attenuation of X-Rays in the Breast

In the breast the X-rays are partly absorbed and partly transmitted. The transmitted 
X-rays reach the detector to form the image. The challenge is to visualize both 
benign and malignant breast structures. Differences between attenuation properties 
of the glandular, adipose, and cancerous tissue lead to image contrast. The attenua-
tion of tissue (or any material in fact) is characterized by the linear attenuation coef-
ficient indicated by the symbol μ, which describes how much the tissue attenuates 
radiation per cm of tissue. The value of the attenuation coefficient depends on the 
type of tissue and the energy of the X-ray radiation.

The attenuation properties of glandular, adipose, and cancerous tissue are com-
parable (Fig. 2.3). This makes it challenging to achieve sufficient contrast in mam-
mographic images. For lower photon energies, the differences between the 
attenuation coefficient of the different tissues increase leading to improved contrast 
between these tissues [5]. This is the reason for using very low tube voltages (range 
25–34  kV) in mammography when compared to other radiological applications 
(typically 50–140 kV). However, for low photon energies, increasing attenuation 
results in increasing photon absorption in the breast, decreasing the number of pho-
tons reaching the detector and noisier images while increasing the dose to the breast. 
The choice of the most ideal X-ray spectrum is therefore a trade-off. With modern 
full-field digital mammography (FFDM) units employing low-energy X-ray spectra 
(kVp ~25–34 kV, with additional filtration), advanced digital detectors, anti-scatter 
grids, proper breast compression, and advanced post-processing algorithms, high- 
quality diagnostic images can be obtained with low dose to the breasts.
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2.2  Enhancement by Iodine Contrast Agent

Iodinated contrast enhances the contrast between malignant lesions and normal breast 
tissue enabling improved breast cancer detection: When tumors grow, they develop 
blood vessels to provide nutrients and oxygen to the tumor in a process called “angio-
genesis.” These new blood vessels are rapidly formed and therefore “leaky,” which 
allows contrast agent to extravasate from these vessels into the tumor itself, causing 
it to enhance when dedicated imaging protocols are used [6]. The attenuation coeffi-
cient μ of the iodine shows a discontinuity called the k-edge at an energy level of 
33.2 keV, while the attenuation coefficient μ of the breast tissue continues to gradu-
ally decrease (Fig. 2.4). These differences in attenuation between the iodine contrast 
agent containing breast lesion and the surrounding breast tissue are exploited in dual-
energy mammography to visualize the iodine contrast enhancement.

2.2.1  The k-Edge of Iodine

The X-ray radiation is absorbed in the iodinated contrast agent primarily by the 
photoelectric effect. This is a process in which an X-ray photon interacts with the 
innermost electron shells of the iodine atom (Fig. 2.5). The incoming X-ray photon 
is completely absorbed, and an electron is ejected from the atom. Depending on its 
energy, the X-ray photon interacts with the first (K), second (L), third (M), etc. 
electron shell. A higher energy is required for the lower, innermost shells. The 
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Fig. 2.4 Attenuation coefficient as a function of photon energy for breast tissue and 1 mg/ml 
iodine [7], where the latter shows a k-edge at 33.2 keV. Note the logarithmic scale on the y-axis. To 
appreciate the small contribution of the iodine to the total attenuation the sum of the breast and 
1 mg/ml iodine attenuation is shown
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probability that the X-ray photons are absorbed decreases with increasing photon 
energy. However, when the photon energy is high enough to match the energy 
required for ejecting an electron from the innermost shell, the so-called K-shell, the 
X-ray photon absorption probability suddenly increases (about five times for iodine 
[7], Fig.  2.4), after which it gradually decreases again with increasing photon 
energy. This sudden increase is called the k-edge, and the energy value at which it 
occurs is specific for the atom with which the incoming photon interacts. For iodine, 
the k-edge is at 33.2 keV. In analogy, also a L- and M-edge occurs, but for iodine 
these are observed at much lower photon energies to be clinically relevant.

2.2.2  Visualizing Iodine in the Breast

Although the iodine has a much higher attenuation coefficient per unit mass than the 
breast tissue, it is not visible in a regular mammogram because the iodine concentra-
tion in breast lesions is very low. For the standard injection protocol used in CEM 
(1.5 ml/kg body weight, iodine concentration: 300–350 mg/ml), the concentration 
in low to normal enhancing lesions is in the order of 1–4 mg/ml [8]. To illustrate, 
Fig. 2.4 also shows the sum of the breast and iodine attenuation where 1 mg/ml 
iodine leads to only a small increase of the total attenuation.

The iodine can be visualized by acquiring two images, taken with sufficiently 
different photon energies and subsequently performing post-processing on these 
images. Iodine shows a k-edge in the photon energy range used in mammography, 
and this sudden increase in absorption can be exploited to enhance differences 
between iodine-enhanced lesions and non-iodinated normal breast tissue. To this 
extent, it is important to choose the spectra of the two images properly: one with an 
X-ray spectrum below the k-edge of iodine and one with a spectrum above. These 
two CEM images are called low-energy and high-energy images, respectively.

Electron

Nucleus

X-ray
photon

K

L

M

Fig. 2.5 Illustration of the 
photoeffect: an X-ray 
photon interacts with an 
electron from the inner 
shells. The energy of the 
photon is completely 
absorbed and the electron 
is ejected from the atom
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2.2.3  Spectra of the Low-Energy and High-Energy Image

The X-ray spectrum of the low-energy image is equal to that of a FFDM image. 
Typically, a tube voltage of 25–34  kV is used, tungsten (W), rhodium (Rh), or 
molybdenum (Mo) as anode material and silver (Ag), Rh, or Mo as filter material. 
The low-energy image spectrum is below the k-edge of iodine (see, e.g., spectrum 
Fig. 2.6), and although iodine is present in the breast (as it is injected approximately 
2 min prior to image acquisition), it is invisible on the low-energy image. Recent 
studies have shown that the low-energy CEM images are diagnostically equal to 
“regular” FFDM images [9–11].

For the high-energy image, the X-ray spectrum is generated with a higher tube 
voltage of 45–49 kV and a titanium (Ti) or copper (Cu) filter, with the same anode 
materials (see, e.g., Fig. 2.6). The filter is chosen to remove as many X-ray photons 
as possible with energies below the k-edge of iodine and to separate the high-energy 
spectrum from the low-energy spectrum.

2.2.4  Acquisition of CEM Images

To begin the CEM exam, patients are injected intravenously with a nonionic, mono-
meric, low-osmolar iodine contrast agent at a dose of 1.5 ml/kg of body weight. The 
most frequently used dose is 300 mg/ml iodine or more. The use of an automated 
injector is recommended (flow rate of 2–3 ml/s, followed by a saline bolus) using at 
least a 20 G needle. After an at least 2-min delay to allow the contrast agent to dis-
perse in the breast, acquisition of mammographic images can commence ideally in 
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Fig. 2.6 Example of a low-energy (solid line) and high-energy (dotted line) spectrum used in 
clinical practice. The vertical line indicates the iodine k-edge at 33.2 keV showing that the low- 
energy spectrum is well below the kedge, while the high-energy spectrum is largly above. For 
visualization, the spectra are normalized to the same area under the curve. In practice the high- 
energy spectrum delivers a lower dose than the low-energy spectrum
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the same order as is normally used in FFDM. The image acquisition usually takes 
5–8 min postinjection which is well within the generally accepted time window of 
10  min after contrast administration in which the image acquisition needs to be 
completed [12].

During each CEM acquisition, the low- and high-energy images are acquired directly 
after each other during the same breast compression: after the first acquisition, the 
mammography system rapidly switches the filter and the tube voltage to minimize the 
time between the two acquisitions. The total breast compression time of a single CEM 
exposure is typically 2–22 s, depending on the breast composition and thickness.

2.3  Post-processing to Obtain the Contrast-Enhanced 
(Recombined) Image

2.3.1  Concept of Post-processing

To obtain the contrast-enhanced image (also called the recombined image), the low- 
and high-energy images are processed using a weighted subtraction [13–16]. This 
involves three steps (Fig. 2.7). First, the images are log-transformed using the natu-
ral logarithm. The reason for this step is that X-ray radiation is exponentially attenu-
ated when passing through the breast and the natural logarithm is the mathematical 

High energy image Low energy  image

Recombined  image

In – W In•

Fig. 2.7 Visual presentation of the postprocessing to obtain the contrast-enhanced recombined 
image from the low- and high-energy acquisition
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counterpart of an exponential function. Second, the log-transformed low-energy 
image is multiplied by the weighting factor w, which is a number that depends on 
the low- and high-energy attenuation coefficients of normal breast tissue, which in 
turn depends on the used spectra. Finally, the weighted log-transformed low-energy 
image is subtracted from the log-transformed high-energy image. The resulting 
image, which shows areas of iodine accumulation or “enhancement,” is called the 
recombined image.

It is important that in the second step the weighting factor w is chosen so that the 
normal tissue is canceled out, while the iodine contrast agent is not. In choosing the 
weighting factor, the k-edge of iodine is exploited. For the breast tissue, the attenuation 
coefficient gradually decreases for increasing photon energy (Fig. 2.4), while for the 
iodine a marked increase at the k-edge is present. These differences in attenuation coef-
ficients between low- and high-energy for tissue and iodine allow to further enhance 
the iodine signal resulting in an image that is dominated by the iodine signal.

2.3.2  Mathematical Description of the Post-processing

For simplification, it is assumed that images are obtained with monoenergetic 
X-rays, i.e., not a poly-energetic X-ray spectrum as in clinical practice but a single 
X-ray energy. Although the attenuation coefficients of the glandular and adipose 
tissue are energy dependent (Fig. 2.3), they are also assumed to be represented by a 
single attenuation coefficient.

To explain the principle, the attenuation in the breast is considered in a single 
voxel (Fig. 2.8). The voxel is a 2D projection of a volume and contains a lesion with 
iodine contrast agent and normal breast tissue. The thickness of the lesion is denoted 
by T, and the thickness of the normal breast tissue is denoted by t, which equals the 
total compressed breast thickness (CBT) minus the lesion thickness. Both the lesion 
and the normal tissue absorb the X-rays. The absorption is given by an attenuation 
coefficient μ which is different for the lesion and the normal tissue. Moreover, the 
attenuation coefficient is different for the low- and high-energy X-rays. Four 
μ-values are involved: lesion low- and high-energy (denoted by ml

LE  and ml
HE , 

where l indicates lesion and LE and HE indicate low-energy and high-energy) and 
normal tissue low- and high-energy ( mt

LE  and mt
HE , where t denotes tissue). The 

X-ray radiation is attenuated by the lesion and the normal tissue. How much attenu-
ation takes place is determined by the attenuation coefficient of the material 
 multiplied by the thickness: ( m mt

LE
l
LE× + ×t T ) and ( m mt

HE
l
HE× + ×t T ) for the low- 

and high-energy image, respectively. According to the Lambert-Beer law, the inten-
sity of the incoming X-rays is attenuated exponentially when passing through the 
tissue and the lesion. The X-ray intensity reaching the detector can be described by 
the following equation:

 
I I I Iand

t T t T

d
LE LE

d
HE HEe et

LE
1
LE

t 1
LEHE

= × = ×
- × + ×( ) - × + ×( )

0 0

m m m m
 (2.1)
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where I0
LE  and I0

HE  are the intensities of the incoming X-rays for the low- and high- 
energy image, respectively; Id

LE  and Id
HE  are the intensities of the X-rays reaching 

the detector for the low- and high-energy image, respectively; μ denotes the attenu-
ation coefficient; the sub- and superscripts are explained above; and T and t are the 
thickness of the lesion and normal tissue, respectively.

Each voxel in both the low- and high-energy image contains information of the 
lesion and the normal tissue. Because two images are acquired with different ener-
gies, the iodine attenuation from the lesion can be unraveled by manipulating the 
two equations above [13–16].

d
LE

0
LE

0
HE

Low / High-energy acquisition

d
HE

CBTT

Fig. 2.8 Schematic 
representation of the breast 
for the mathematical 
description of the 
postprocessing. I indicates 
the intensity of the 
incoming (0) and 
transmitted (d) low- (LE) 
and high- (HE) energy 
X-rays, CBT is the total 
compressed breast 
thickness and T is the 
lesion thickness
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The first mathematical step is to transform the intensities using the natural loga-
rithm. This removes the exponential function from the equations making them eas-
ier to handle:

 

ln ln
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(2.2b)

It should be noted that the natural logarithm of the incoming intensity ( ln I0
LE( )  

and ln I0
HE( ) ) is a constant in Eq. (2.2b).

The second step is to subtract the logarithmic low-energy intensity from the loga-
rithmic high-energy intensity using a specifically chosen weighting factor w. This w 
has a certain value and is chosen to cancel out the attenuation due to the normal 
tissue in the final contrast-enhanced recombined image. The subtraction can be 
mathematically written as:

 

ln ln ln

ln

I w I I t T w

I

d
HE

d
LE HE

t
HE

l
HE
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( ) - × ( ) = ( ) - × + ×( )éë ùû -

× (
0

0

m m

)) - × + ×( )éë ùûm mt
LE

l
LEt T  (2.3)

This equation can be reshuffled to group the constant values, the tissue thickness 
(t)-dependent terms, and lesion thickness (T)-dependent terms together. This results 
in:

 

ln ln ln lnI w I I w I wd
HE

d
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 (2.4)

In this equation, there is only one term that contains the thickness of the normal 
tissue t and one term containing the thickness of the lesion T. Again, the natural 
logarithm of the incoming intensities is a constant value, indicated by C in the next 
equations.

The third step is to choose the weighting factor w such that the term containing 
the tissue thickness t becomes zero. This can be achieved by making m mt

HE
t
LE- ×éë ùûw  

to become zero, namely, by taking w = m mt
HE

t
LE/ . The used low- and high-energy 

X-ray radiation determine the value of mt
LE  and mt

HE  and consequently the numeri-
cal value of the weighting factor w.

The resulting equation shows only a dependency on the lesion thickness:

 
ln lnI w I C w Td

HE
d
LE

l
HE

l
LE( ) - × ( ) = - - ×éë ùû ×m m  (2.5)

Finally, because of the k-edge present in the iodine attenuation coefficient curve 
(Fig.  2.4), the low- and high-energy X-ray radiation can be chosen such that 
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m ml
LE

l
HE~< , while the attenuation of the tissue gradually decreases: m mt

LE
t
HE>  

and thus w = <m mt
HE

t
LE/ 1 . This reduces Eq. (2.5) further to:
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(2.6)

This image that is the result of the weighted subtraction is mainly dominated by 
the iodine attenuation factor for the high-energy X-ray radiation.

2.3.3  Post-processing for Poly-energetic X-Ray Spectra

The above mathematics that produce the iodine contrast-enhanced image simplifies 
the process by assuming that a monoenergetic X-ray source is used, e.g., the low- 
and high-energy X-ray radiations consist of a single energy or a very narrow spec-
trum. In practice, a poly-energetic low- and high-energy spectrum is used, which 
contains a wider range of energies, even to the extent that the tails of the spectrum 
may cross the k-edge (Fig.  2.6). In this case, the monoenergetic approximation 
method may introduce errors in the recombined image, such as an increase of visi-
ble residual background structures [17].

In literature, poly-energetic solutions are presented that have practical disadvan-
tages such as the requirement of calibrations [17, 18]. One vendor has implemented 
a practically feasible poly-energetic solution that in the basis expands the monoen-
ergetic weighted subtraction with so-called second-order terms [17]:

T w I w I w I w I wIodine d
HE

d
LE

d
HE

d
LE~ ln ln ln ln ln1 2 3

2

4 5× × × × ×- - ( ) - ( ) - II Id
HE

d
LE× ln

  
(2.7)

In this equation, T is the iodine thickness present in the voxel and I is defined as in 
Fig. 2.8. The constant C and the weighting factors w1–w5 are determined for each 
combination of breast thickness and low- and high-energy spectra. This is done by 
performing simulations using a detailed model of the imaging chain of the mammo-
graph (tube, anode/filter material, breast, anti-scatter grid, detector). Puong et al. [17] 
show that this indeed leads to a significant background texture removal. Another ven-
dor has implemented a slightly different approach using modeling based on a poly-
energetic spectrum to derive the optimal weighting factor used in Eqs. (2.3–2.6).

2.3.4  Further Steps in Post-processing

Besides the calculation to produce the contrast-enhanced image, the post- processing 
may entail other steps, such as a correction for movement of the breast between the 
two acquisitions and a correction for the reduced breast thickness toward the edge 
of the breast. Although the time between the two acquisitions is kept short (typically 
0.6–20 s) and the breast remains compressed during the whole CEM acquisition, 
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there may be some movement which may lead to ripple artifacts if unaccounted for 
[19]. To circumvent this, the low- and high-energy image can be co-registered 
before further post-processing takes place.

The post-processing algorithm assumes the breast thickness to be uniform which 
is the case when the breast is compressed except for the edges (see Fig. 2.9). As a 
result, the total attenuation at the edges is lower which may lead to errors in the 
calculation of the iodine content in those voxels. The post-processing incorporates 
corrections for this [17, 20].

2.3.5  Interpretation of Gray Values in Iodine 
Contrast-Enhanced Image

For each voxel in the image, the calculated iodine contrast enhancement is dis-
played as a gray value. Since CEM is a two-dimensional technique, each voxel is 
the result of a projection along a line through the breast (Fig. 2.8) and only the 
cumulative iodine content along that line can be determined. Consequently, no dis-
tinction can be made between a thick lesion with a low iodine concentration (low 
attenuation μ) and a thin lesion with a high iodine concentration (high attenuation 
μ) (Fig. 2.10). Therefore, it should be realized that the gray values never represent 
absolute iodine concentrations (mg/ml or mg/cm3) but represent the so-called iodine 
mass thickness (IMT, mg/cm2) [21, 22]. IMT is a cumulative value of the iodine 
present in the projection line of a voxel.

2.4  Commercial Implementation

At the time of writing this chapter, three vendors have four commercially available 
CEM systems. CEM is integrated in their FFDM units that are adapted to allow a 
rapidly switch to the HE spectrum, read out two acquisitions in a short time period, 
and perform the necessary post-processing. For the patient, CEM acquisition is 

Non-uniform
thickness

Compression paddle

Breast

Detector

Fig. 2.9 During compression the breast has a uniform thickness, except at the edges as is illus-
trated here
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similar to a regular FFDM acquisition: the machine has the same appearance and 
the same method of compression and positioning, and there is no additional move-
ment of the X-ray tube such as in digital breast tomosynthesis. The main difference 
during the acquisition is that the total acquisition time of the CEM is a few seconds 
longer than a FFDM acquisition.

As indicated in Sect. 2.2.3, the high-energy X-ray spectrum needs to be above 
the iodine k-edge and in addition as narrow or monoenergetic as possible. This can 
be achieved by choosing a higher tube voltage and inserting a filter that absorbs the 
low-energy photons thoroughly. By choosing a thicker filter, the spectrum becomes 
narrower, but to maintain enough X-ray intensity for imaging the X-ray, tube output 
needs to increase. In this respect, vendors have made a trade-off. The high-energy 
spectrum is generated by using the same anode material as in the low-energy acqui-
sition. For one vendor there are two available anode materials for the low-energy 
acquisition, and one is chosen based on breast thickness and composition. The same 
anode material is also always used for the high-energy acquisition. The filter mate-
rial and tube voltage are switched after the low-energy acquisition to obtain the 
high-energy spectrum for the second acquisition. The typical switching time ranges 
from 0.6 to 20 s depending on the vendor. The total acquisition time depends on 
breast thickness and composition and ranges from 2 to 22 s for the different ven-
dors. Table 2.1 shows the technical specification of the low- and high-energy spectra 
used in the commercial systems.

d 1
4

d 1
4

= 4
1
4

1
2

1
2

µ 1
2

µ 2

Total attenuation = 4 • (m • d) Total attenuation = (m • d)

= • •
1
4

1
22 •

Fig. 2.10 As CEM is a 2D projection technique only the cummulative iodine content along the 
projection line can be determined. A low concentration but thicker lesion can result in the same 
grey value as a high concentration thinner lesion
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2.5  Breast Dose: Mean Glandular Dose Calculation

During a mammographic acquisition, the breast is exposed to radiation which is 
partly absorbed. As the glandular tissue is the most radiosensitive tissue present in 
the breast, the mean dose to the glandular tissue or mean glandular dose (MGD) is 
recommended as a dosimetric quantity [23]. The MGD can be related to the carci-
nogenic risk. The MGD cannot be measured directly; however, it can be calculated 
from the incident dose or air kerma at the top surface of the compressed breast using 
appropriate conversion factors [23, 24]. The conversion factors are based on Monte 
Carlo computer simulations and are tabulated for a range of breast thicknesses, 
glandularity, and, initially, low-energy FFDM spectra [25–27]. To accommodate 
MGD calculation for high-energy spectra in CEM, later on also conversion factors 
were published for spectra in this energy range [28].

CEM acquires a high-energy acquisition in addition to the low-energy acquisi-
tion that is equal to an FFDM acquisition [9–11]. Therefore, it is to be expected that 
the MGD for CEM is higher compared to FFDM. Only a few studies have been 
reported regarding the MGD for a commercially implemented CEM. The reported 
mean MGD values for unilateral single-view CEM acquisition are in the range of 
2.49–3.0 mGy for a mean compressed breast thickness in the study population of 

Table 2.1 Settings for the low-energy and high-energy CEM acquisition for the four currently 
commercially available CEM systems

GE Healthcare Hologic
Siemens 
Healthineers

Senographe 
Essential 
SenoBright

Senographe 
Pristina 
SenoBright HD

Selenia Dimensions/ 
3Dimensions I-View

MAMMOMAT 
Revelation 
TiCEM

Low-energy acquisition
Anode/filter 
material

Mo/Mo; Mo/
Rh; Rh/Rh

Mo/Mo; Rh/Ag W/Rh; W/Ag W/Rh

Thickness filter 
(mm)

Mo: 0.03; Rh 
0.025

Mo: 0.03; Ag 
0.03

0.050 0.050

Tube voltage 
range (kV)

26–31 Mo/Mo: 26
Rh/Ag: 34a

25–33 28–34

High-energy acquisition
Anode/filter 
material

Mo/Al + Cu; 
Rh/Al + Cu

Rh/Cu W/Cu W/Ti

Thickness filter 
(mm)

Al: 0.3; Cu: 
0.3

0.25 0.3 1.0

kV range 45–49 49a 45–49 49
Total acquisition 
time (s)

2.5–7.5 2.5–7.5 <2 <22

Source: Personal communication with J.  Korporaal, Siemens Healthineers; S.  Muller, GE 
Healthcare; A. Smith, Hologic; May–Oct 2018
Mo molybdenum, Rh rhodium, Ag silver; W tungsten, Cu copper, Ti titanium
aWhen the automated exposure control is not used, a larger kV range is possible: LE 22–50 kVp; 
HE 40–49 kV

C. R. L. P. N. Jeukens



37

56–63 mm [29–32] (Table 2.2). Although the reported MGD values for CEM are 
very similar, the percentage increase with respect to FFDM varies considerably, 
ranging from 42% to 81%, due to variations in the reported MGD values for 
FFDM. It is therefore important also to consider both the CEM and FFDM dose 
values and not only the percentage increase. Both Badr et  al. and Jeukens et  al. 
found that the high-energy acquisition contributes 24–25% to the total MGD of a 
CEM acquisition. All reported doses are below the acceptable limits set by regula-
tory institutions [24, 33].

The MGD can be used to relate the radiation exposure to risk of health detriment 
being the incidence of (non-)fatal cancer. To this extent age-dependent lifetime 
attributable risk (LAR) factors are published by the Biological Effects of Ionizing 
Radiation VII committee [34]. For a unilateral, single-view CEM acquisition having 
an MGD of 2.8  mGy, the LAR for cancer incidence is 2 (age  =  40  years), 0.4 
(age = 60 years), and <0.1 (age = 80 years) cases out of 100,000 persons. The LAR 
values for cancer mortality are about 2–3 times lower. From these data one can 
conclude that CEM exposure poses only a small additional risk compared to the 
lifetime risk for breast cancer incidence and mortality of 12,000 and 3000 cases per 
100,000 women, respectively [34].

Table 2.2 Comparison of MGD for unilateral single-view CEM and FFDM acquisitions reported 
in literature

CEM FFDM

Study 
population 
(images/
patients)

MGD 
(mean ± SDa) 
[mGy]

Mean 
(±SDa) 
compressed 
breast 
thickness 
(mm)

Study 
population 
(images/
patients)

MGD 
(mean ± SDa) 
[mGy]

Mean 
(±SDa) 
compressed 
breast 
thickness 
(mm)

Badr et al. 
[29] 
(system 1)

391/104 2.65 ± 0.78 56 360/104 1.72 ± 0.96 57

Jeukens 
et al. [30] 
(system 1)

193/47 2.80 ± 0.88 58 ± 14 2577/715 1.55 ± 0.48 56 ± 14

James 
et al. [31] 
(system 2)

173/173 3.0 ± 1.1 63 6214/6214 1.8 ± 0.9 47b

Phillips 
et al. [32] 
(systems 1 
and 2)

180/45 2.49c 56 180/45 1.40 
(system 1)c

2.16 
(system 2)c

56

System 1 indicates the GE Healthcare Senographe Essential, system 2 the Hologic Selenia 
Dimensions
aNot all studies report the SD
bJames et al. report in addition that the CEM MGD is 42% higher than the FFDM MGD for a 
63 mm compressed breast thickness
cThe study reports MGD values for CEM of system 1 and for FFDM for systems 1 and 2
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3Setting Up a CEM Program
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3.1  CEM Overview

A CEM is a four-view bilateral mammogram acquired using a dual-energy tech-
nique in standard craniocaudal and medial lateral oblique projections per-
formed  entirely after intravenous injection of nonionic low-osmolar iodinated 
contrast. During each compression, low-energy images are acquired that provide 
 morphologic and density information similar to a conventional mammogram [1], 
and high-energy images are acquired that provide vascular information similar to 
breast MRI. Recombined images are generated from subtracting and post-process-
ing the low- and high-energy images, highlighting areas of contrast uptake. A com-
bination of any findings seen on low-energy and/or recombined images is included 
in exam interpretation (Fig. 3.1). The added information on enhancement allows 
CEM to identify cancers that would otherwise be obscured on conventional mam-
mography due to tissue density. As a result, CEM in the diagnostic setting has shown 
improved performance relative to full-field digital mammography (FFDM) and 
similar performance to breast MRI [2–7]. The Food and Drug Administration (FDA) 
approved its use as an adjunct to mammography and ultrasound to localize a known 
or suspected lesion in 2011 [8]. Since that time, there has been increased interest in 
CEM primarily as a less costly and more accessible alternative to breast MRI.

3.2  Equipment Requirements

One of the perceived strengths of CEM is the relatively few equipment requirements 
necessary to perform the imaging exam. The minimum requirement includes a 
mammography unit capable of performing dual-energy imaging. Some older 
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mammography units can be upgraded to allow for the acquisition of dual-energy 
images. This upgrade includes the addition of software and firmware that includes 
new dose tables to allow for the correct display of dose for the low- and high-energy 
images. In addition, a copper filter is added to the mammography unit’s filter wheel 
(Fig. 3.2). This copper filter selects high-energy X-rays to be used for the high- 
energy image acquisition. Once the mammography unit has been upgraded, the 
physicists must test it to ensure it is functioning appropriately. The process of 
upgrading the mammography unit and undergoing physicist testing takes approxi-
mately 2 days. Practices will need to account for the time this unit will be out of use 
when planning the clinical schedule.

CEM can be viewed on many vendors’ digital workstations with varying func-
tionality. It is worthwhile to contact the vendor managing your imaging display to 
determine whether CEM can be viewed and what is required to allow viewing. A 
common method of viewing the CEM study is with the low-energy and recombined 
images stacked on top of one another. This allows the radiologist to flip between the 
two images for direct correlation of findings seen on low-energy and recombined 
images. Vendors distributing CEM mammography equipment typically have view-
ing workstations with added functionality, such as fading of the low-energy image 

Fig. 3.1 Interpretation of a contrast-enhanced mammogram (CEM) includes a low-energy image 
(left) and a recombined image (right). Pleomorphic calcifications (star) with associated density are 
noted throughout the outer right breast (left) with associated non-mass enhancement on the recom-
bined image (right)
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into the recombined image or the ability to co-register the contrast mammography 
images with tomosynthesis images, but this added functionality is not required for 
implementation. Setting up a workstation to be able to view CEM images may take 
up to a few hours, and this should be accounted for during the implementation 
schedule.

Lastly, a power injector is a worthwhile consideration for injection of the con-
trast agent. Although not required, the power injector allows the contrast to be 
injected more easily than using a manual technique. If using an injector, it must be 
able to inject the contrast material at a rate of 3 mL/s.

3.3  Physical Space Requirements

The CEM study takes place within the mammography room using CEM-capable 
mammography equipment. There are a few items that should be close at hand when 
preparing for the study. These items include a power injector and emergency sup-
plies should the patient develop a contrast reaction. Although it is possible to inject 
the intravenous line (IV line) outside the mammography unit, it is recommended to 
perform the injection in the room. This allows for appropriate timing of the CEM 
study while minimizing the possibility for interruption. It is also preferable to have 
the patient seated while injecting. This is not only more comfortable for the patient 
but also safer should the patient have a vasovagal or contrast reaction during, or 
immediately following, the injection.

To prepare for a possible contrast reaction, it is vital to have emergency supplies 
readily available. In our department, we keep a small emergency supply box within 
the contrast mammography room that contains medications used for treating con-
trast reactions. We also have a crash cart that includes an automated external defi-
brillator (AED) device and pacer pads close by on the floor. In addition, practices 

Fig. 3.2 Filter wheel of a 
mammography unit. The 
copper filter (white arrow) 
is added to the filter wheel 
to enable the 
mammography unit to 
acquire high-energy 
images for the CEM
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should have policies for how to manage a contrast reaction and who will manage it, 
should one occur. For hospital-based practices, this can include utilizing the hospi-
tal medicine resources. For outpatient sites, an arrangement can be made with local 
medicine practices, otherwise emergency services will need to be called. The rec-
ommended contrast training for technologists and radiologists will be discussed in 
more depth later in the chapter.

The final component for the CEM room that is worth considering is a scale. At 
the time of this writing, it is common practice to administer the contrast agent at a 
dose of 1.5 mL/kg. To determine the correct amount of contrast to administer, prac-
tices can choose to ask the patient to provide her weight or can directly weigh the 
patient. It is worthwhile to first discuss these options with radiology colleagues in 
the institution’s CT department to see if there are departmental standards for con-
trast administration.

In addition to preparing the CEM room, it is important to set up a space for plac-
ing the IV line. Ideally, this will be a separate room from where the CEM will be 
performed. It is also helpful to have someone place the IV who has experience 
performing this task, such as an experienced technologist or nurse. Doing so unlinks 
IV placement from the performance of the CEM which, in turn, will decrease tech-
nologist and mammography room utilization times [9]. A few items are needed to 
adequately prepare the IV placement room. This includes a chair for the patient to 
sit in while the IV is placed, IV placement supplies, a sharps container for the 
needles after they are used, and a point-of-care (POC) test kit for rapid bedside 
evaluation of renal function (further discussion in contrast safety section). It is 
worthwhile to consider a reclining chair for IV placement. This may be helpful 
should the patient have a vasovagal response during IV placement and needs to be 
laid down.

3.4  Storage Considerations

As reviewed earlier, the standard images for a CEM include standard craniocaudal 
and mediolateral oblique projections for each breast. Low-energy and high-energy 
images are acquired during each compression for a total of eight images. The mam-
mography unit automatically processes the low- and high-energy images into a 
recombined image. The processed recombined images and the processed low- 
energy images are sent to the imaging workstation for radiologist interpretation and 
long-term storage. At our institution, the low- and high-energy raw images, of which 
there are eight, are also sent for storage; however they are not used for 
interpretation.

The size of each low-energy, high-energy, and recombined image that is acquired 
and stored is roughly equivalent to a conventional mammographic 2D image. 
Therefore, the average storage size for a CEM is just a multiple of the average stor-
age size of a conventional 2D mammogram. The storage size will vary depending 
on whether your institution chooses to store the high-energy images in addition to 
low-energy and recombined images.
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The necessary storage space will increase if additional images are acquired. 
Additional imaging, such as 90° lateral views, magnification, or spot compression 
views, can be performed as requested by the interpreting radiologist. These addi-
tional images can be acquired using a dual-energy technique highlighting contrast 
uptake or using only FFDM or tomosynthesis. Should these images be performed 
using dual-energy, they must be obtained within the 10-min window after contrast 
administration as contrast is still visible during this time.

It is important to recognize these storage considerations when implementing 
CEM into your practice as the ability to store the images will depend on the capacity 
for your PACS.

3.5  Patient Selection

3.5.1  Study Indication

Since receiving FDA approval, CEM has been utilized and studied in many different 
clinical settings. In non-cancer patients, it has been used to evaluate abnormalities 
detected on screening mammography or ultrasound, as a follow-up to inconclusive 
imaging findings, to assess patients with clinical symptoms, and to better detect 
breast cancer in high-risk women and/or women in whom mammography is of lim-
ited value (e.g., dense breast tissue) [2, 3, 10–15]. In patients with suspected or 
known cancer, CEM has been used to evaluate extent of disease, better define mam-
mographically occult cancers, and monitor response to neoadjuvant chemotherapy 
[16–18].

When incorporating CEM into practice, a group must first decide for which cases 
they will be using the modality, i.e., screening callbacks or palpable lumps or to 
allow each radiologist to choose when they think CEM would be useful. A good 
population to learn from could be patients with known cancers. For the imager, the 
recombined images parallel findings seen on breast MRI, as both are technologies 
assessing vascularity and tumor angiogenesis. In fact, prior MRI can be used for 
comparison if there are no prior CEM examinations.

Moving forward, practices may opt to use CEM as an alternative to breast MRI 
given that it is a lower-cost, faster, more accessible option to breast MRI [9, 19]. 
Using CEM in this setting may also be more palatable to practitioners and 
patients given that an IV line is placed and contrast injected with both exams, and 
therefore no added discomfort or risk is being introduced with the CEM. CEM is 
particularly useful for patients with relative or absolute contraindications to MRI, 
including pacemakers, metal devices such as aneurysm clips and cochlear implants, 
increased body habitus limiting MRI scanner capacity, inability to lay prone, or 
claustrophobia.

As we gain experience with CEM in our practice, we are transitioning to using 
CEM as the first-line imaging tool for disease extent in women with newly diag-
nosed breast cancer who would otherwise be getting contrast-enhanced imaging 
with breast MRI. The most frequently imaged are those who are young (less than 
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50 years old), have invasive lobular carcinoma, or have mammographically occult 
malignancy. Should the CEM be difficult to interpret, such as when there is moder-
ate to marked background enhancement or the malignancy is near the chest wall, we 
will then recommend breast MRI. Using CEM in this way not only minimizes the 
wait time for the advanced imaging information but also allows greater interaction 
between the radiologists throughout the staging process. Often with breast MRI, the 
exam is interpreted after the patient leaves the department, and in some practices the 
referring clinician rather than the breast imager may transmit the results to the 
patient. In our practice, the CEM is performed similarly to a diagnostic mammo-
gram, where the patient waits in the department until all necessary imaging is com-
pleted. The results are then immediately transmitted to the patient by the radiologist 
who also can show the images and answer any questions.

Once the imagers and the rest of the breast care team have gained some familiar-
ity with CEM as a new technology, the practice can consider expanding indications 
for which CEM is performed.

3.5.2  Contrast Safety

In addition to choosing the indications for use, the practice must establish guide-
lines for determining who can safely receive the contrast agent. In general, the main 
concerns relate to allergic-like and physiologic reactions as well as other nonaller-
gic reactions, such as contrast-induced nephropathy (CIN), that may develop after 
contrast administration. Per the American College of Radiology (ACR) Contrast 
Manual, acute contrast reactions are rare, occurring in less than 1% of patients, and 
when occur they tend to be mild and self-limiting. Severe reactions to low-osmolar 
nonionic contrast agents are extremely rare, reported at 0.04%. Fatalities are also 
extremely rare with a conservative estimate of 1 fatality per 170,000 contrast- 
enhanced exams. Delayed allergic-like reactions occur in 0.5–14% of patients and 
are often cutaneous and self-limited [20].

Contrast-induced nephropathy (CIN) is defined as an acute deterioration of renal 
function caused by intravascular iodinated contrast administration. Unfortunately, 
there is very little data on the true incidence of CIN as few studies were designed to 
allow for differentiation of CIN from other causes of post-contrast acute kidney 
injury. Despite this, the ACR still supports this diagnosis but states that it is a rare 
entity.

When determining a patient’s risk for a contrast-related event, it is often neces-
sary to review the patient’s medical history. The ACR Contrast Manual indicates 
that patients with a history of prior reaction to iodinated contrast media have a five-
fold increased risk for developing a subsequent reaction [20]. This is the greatest 
predictor for subsequent contrast reaction. Beyond that, the manual identifies other 
medical conditions that may increase the likelihood of an acute reaction; however, 
the degree of this added risk is not clear. These conditions include asthma, multiple 
severe allergies, significant cardiovascular disease including aortic stenosis or 
severe congestive heart failure, anxiety, and renal insufficiency. Acute thyroid storm, 
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recent radioactive iodine therapy or imaging, or use of beta-blockers may also 
impact a patient’s response to the contrast. Given that the risks for acute contrast 
reactions are not well-defined, there may be some variability in how practices iden-
tify patients at risk for a contrast-related event and who they deem appropriate to 
receive contrast.

Consensus among all studies evaluating CIN is that underlying severe renal 
insufficiency is the main risk for development of CIN. However, there is no agreed 
upon cutoff for serum creatinine of estimated GFR measures to determine when the 
risk of CIN significantly increases. As a result, practices vary significantly in their 
guidelines for contrast administration in patients with underlying renal disease. 
Groups that use renal function measures to determine risk for CIN most commonly 
use serum creatinine. Increasingly, however, the calculated estimated glomerular 
filtration rate (eGFR) is being used due to limitations of using the serum creatinine 
alone. Both measures are limited in patients with acute renal insufficiency [20]. 
Renal function can be tested in a lab or at the bedside using a point-of-care (POC) 
test kit (Fig. 3.3). It is important to note that these POC tools may overestimate renal 
function [21, 22]. Therefore, while they may be an attractive option, it is worthwhile 
considering formal lab testing, if available.

Fig. 3.3 Example of a 
point-of-care (POC) testing 
tool. This allows the 
radiology practice to 
evaluate the patient’s renal 
function in the radiology 
department at the time of 
their visit rather than 
sending the patient to a lab
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If your breast imaging group is part of a hospital system or large radiology prac-
tice, guidelines for safe contrast administration are often predetermined by the CT 
section. Otherwise, the ACR Contrast Manual is a valuable resource for understand-
ing the risks of contrast agents, determining screening guidelines, as well as review-
ing treatment strategies should a reaction occur [20].

Ultimately, the benefit of imaging must always be weighed with the risk of any 
contrast-related event. Often CEM is not critical to a patient’s care, and therefore 
our practice has opted to only offer CEM to those patients without any risk factors 
for a contrast-related event. Otherwise, conversations are had with the referring staff 
regarding the medical need for the study.

Once you determine that a patient is safe to receive contrast, there is still the 
small possibility for a contrast reaction. Therefore, it is vital that staff, primarily the 
technologists and radiologists, be prepared to address a reaction should it occur. 
Staff training will be discussed in more depth later in the chapter. There is also the 
small chance (0.1–1.2%) that the contrast agent will extravasate into the surround-
ing tissue while being administered [20]. The patient may experience swelling, 
tightness, or burning at the IV site. When treated appropriately, extravasations often 
resolve without significant injury. Rarely, however, serious complications may 
occur. Your practice should have a formal system in place for managing extravasa-
tion when it happens.

Overall, determining that a patient is safe to receive contrast is a critical compo-
nent of the implementation process. Although contrast reactions can happen, sig-
nificant reactions are uncommon, and this should not deter a practice from 
implementing CEM.

3.6  Workflow Considerations

There are many aspects to consider when incorporating CEM into clinical work-
flow. To sufficiently address key components of implementation, we have chosen to 
divide the clinical experience into three stages: before the patient arrives in the 
department, while the patient is in the department, and after the patient has left the 
department (Table 3.1).

3.6.1  Prior to Patient Arrival in the Department

3.6.1.1  Appointment Times
A practice should decide the time that will be allotted for a CEM appointment. The 
image acquisition time for CEM is similar to that of a diagnostic mammogram; 
however, the preparation for the study including IV placement requires additional 
time [9]. Ideally, IV line placement will be performed outside the mammography 
room and therefore will not impact the appointment time slot, which is often based 
on mammography room and technologist utilization. In this scenario, the CEM can 
be scheduled in a routine diagnostic mammogram appointment slot. Should the 
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practice decide to use the mammography room or the mammography technologist 
for IV placement, it may be worth lengthening the appointment slot to account for 
this added use of mammography resources. Given that each practice has different 
available resources, individual groups will have to determine how much time to 
allocate to the appointment to complete these tasks.

3.6.1.2  Ordering
Once a practice routinely performs CEM, orders may originate from several parties. 
Many requests for CEM will originate from within the radiology department, such 
as in the setting of callbacks for abnormal screening studies or to further evaluate 
inconclusive findings on FFDM, tomosynthesis, and/or ultrasound. Other requests 
will originate from primary care providers or the breast care team of referrers (sur-
geons, breast nurse practitioners, medical oncologists, radiation oncologists). A 
practice must decide whether they will require radiologist approval prior to the 
clinician placing an order for the study, to ensure the CEM is ordered for the correct 
indication and is safe to perform, or whether they will allow referrers to place the 
order without radiologist input. In the latter scenario, it is vital that the breast prac-
tice employs a clinical decision support tool or creates an alternate protocoling 
system, whereby the practice can ensure that the CEM has been appropriately 
ordered. As with any diagnostic study, if a general practitioner is given the option 
to order a specific exam, it is important he/she have some knowledge of the 
indications.

3.6.1.3  Scheduling
Our academic center offers various breast imaging and intervention services at 
numerous sites throughout our network. Some sites are screening only, others offer 
diagnostic mammography and ultrasound services with ultrasound interventions 
only, and our main academic site offers all diagnostic imaging and interventions, 
including breast MRI and MRI-guided biopsies. Therefore, if a patient at one of 
these satellite sites needs an MRI biopsy, she would be instructed to go to the main 
campus for the procedure. Similarly, CEM is only offered at our main campus due 

Table 3.1 Workflow 
considerations before, during, 
and after the patient is in the 
department

Prior to patient arrival
Appointment times
Ordering
Scheduling
Validating appropriateness and protocoling
While patient in department
Screening for contrast contraindications
IV line placement
Contrast administration
Performing CEM and additional imaging if needed
Managing results
After patient departure
Coding and billing
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to equipment availability. As a result, patients must be appropriately scheduled at 
the main campus and clearly instructed to arrive at the main site for the imaging 
exam. For multisite practices like ours, it is important to create a system for how 
patients from one site will be scheduled at another site. Education of the administra-
tive staff at the different sites is critical.

3.6.1.4  Validating Appropriateness and Protocoling
It is important to make sure that patients who are scheduled for CEM are appropri-
ate candidates for the study before their visit. This is especially true when having 
patients travel to a satellite office to have the CEM. It is suboptimal for a patient to 
travel to a distant site only to later discover she cannot have the CEM. As mentioned 
above, practices with sophisticated ordering programs and IT support can use a 
decision support platform and incorporate a series of contrast screening questions 
into the order entry process. Screening can also take place after the CEM has been 
scheduled by a radiologist or radiologist-in-training.

Once a patient is deemed an appropriate candidate for CEM, a protocol should 
be provided that indicates three aspects: confirmation that it is safe for the patient to 
receive a CEM, whether any additional testing is necessary to prove it is safe for the 
patient to receive contrast (i.e., renal function testing), and what images should be 
performed at the time of the imaging exam.

There is no agreed upon ordering of images for a CEM. Jochelson and colleagues 
showed that the order of image acquisition did not impact a radiologist’s ability to 
identify breast cancer [5]. Some practices begin with one view of the affected side 
and alternate with the non-affected side, while others do both projections for the 
affected breast first. Still others will begin with the same projection for both breasts. 
For example, they will perform craniocaudal views for each breast first followed by 
the mediolateral oblique views. Lastly, some practices simply have their mammog-
raphy technologists perform the CEM similarly to how they would perform the 
diagnostic mammogram in order to keep the mammography technologists comfort-
able. Each practice should decide how they will acquire the images, and this will be 
part of their standing protocol for CEM.

Practices may also create protocols for CEM performed for specific indications. 
For example, a practice offering conventional FFDM may have a “lump protocol” 
for their technologist that includes routine CC and MLO views with additional 
images such as a lateral or spot compression or tangential view. If this patient could 
have CEM, the “lump protocol” may differ, with fewer or no additional images 
given the benefit of dual-energy imaging offering higher diagnostic capabilities.

3.6.2  During Patient Visit in the Department

When the patient arrives for a CEM, she interfaces with many different members of 
the breast imaging team. Figure  3.4 outlines the parallel steps involved by the 
patient, technologist, radiologist, and other staff during the CEM study. This is dis-
cussed in detail below.

J. Phillips and T. S. Mehta



51

N
P

=
 n

ur
se

 p
ra

ct
iti

on
er

, N
N

=
nu

rs
e 

na
vi

ga
to

r,
 P

O
C

=
 p

oi
nt

-o
f-

ca
re

 te
st

in
g

C
he

ck
-in

 a
nd

 c
om

pl
et

e
m

am
m

og
ra

ph
y 

an
d

co
nt

ra
st

 q
ue

st
io

nn
ai

re
s

R
ev

ie
w

 c
on

tr
as

t
sc

re
en

in
g 

qu
es

tio
ns

w
ith

 N
P

/N
N

G
et

 IV
 +

/-
 P

O
C

G
et

 C
E

M
 e

xa
m

W
ai

t i
n 

di
ag

no
st

ic
lo

un
ge

G
et

 IV
 r

em
ov

ed
 a

nd
ch

an
ge

R
ev

ie
w

 r
es

ul
ts

 w
ith

R
ad

io
lo

gi
st

S
et

-u
p 

in
je

ct
or

 in
m

am
m

og
ra

ph
y 

ro
om

P
er

fo
rm

 C
E

M
S

ho
w

 R
ad

io
lo

gi
st

ex
am

R
em

ov
e 

IV
 a

nd
 h

av
e

pa
tie

nt
 c

ha
ng

e

M
ee

t w
ith

 p
at

ie
nt

 a
nd

re
vi

ew
 c

on
tr

as
t

sc
re

en
in

g 
qu

es
tio

ns
P

la
ce

 IV
 +

/-
 p

er
fo

rm
P

O
C

In
te

rp
re

t 
ex

am
R

ev
ie

w
 r

es
ul

ts
 w

ith
pa

tie
nt

Patient Leaves Department

Patient Arrives in Department C
he

ck
-in

an
d

co
m

pl
et

e
m

am
m

og
ra

ph
y

an
d

co
nt

ra
st

qu
es

tio
nn

ai
re

s

R
ev

ie
w

co
nt

ra
st

sc
re

en
in

g
qu

es
tio

ns
w

ith
N

P
/N

N
G

et
IV

+/
-

P
O

C
G

et
C

E
M

ex
am

W
ai

t
in

di
ag

no
st

ic
lo

un
ge

G
et

IV
re

m
ov

ed
an

d
ch

an
ge

R
ev

ie
w

re
su

lts
w

ith
R

ad
io

lo
gi

st

S
et

-u
p

in
je

ct
or

in
m

am
m

og
ra

ph
y

ro
om

P
er

fo
rm

C
E

M
S

ho
w

R
ad

io
lo

gi
st

ex
am

R
em

ov
e

IV
an

d
ha

ve
pa

tie
nt

ch
an

ge

M
ee

t
w

ith
pa

tie
nt

an
d

re
vi

ew
co

nt
ra

st
sc

re
en

in
g

qu
es

tio
ns

P
la

ce
IV

+/
-

pe
rf

or
m

P
O

C

In
te

rp
re

t
ex

am
R

ev
ie

w
re

su
lts

w
ith

pa
tie

nt

P
at
ie
n
t

T
ec

h
n
o
lo
g
is
t

N
P
/N
N

R
ad

io
lo
g
is
t

Fi
g.

 3
.4

 
T

he
 p

ar
al

le
l s

te
ps

 in
vo

lv
ed

 b
y 

th
e 

pa
tie

nt
, t

ec
hn

ol
og

is
t, 

ra
di

ol
og

is
t, 

an
d 

ot
he

r 
su

pp
or

t s
ta

ff
 d

ur
in

g 
th

e 
C

E
M

 s
tu

dy
 a

re
 o

ut
lin

ed
 b

el
ow

. N
P

 n
ur

se
 p

ra
c-

tit
io

ne
r, 

N
N

 n
ur

se
 n

av
ig

at
or

, P
O

C
 p

oi
nt

-o
f-

ca
re

 te
st

in
g

3 Setting Up a CEM Program



52

3.6.2.1  Screening for Contrast Contraindications
Patients receiving IV contrast for CT are commonly given a questionnaire to evalu-
ate for contrast risk at the time of check-in. This questionnaire is reviewed by the 
technologist before performing the study and allows the technologist to identify any 
possible contraindications to contrast administration. Given that the contrast agent 
used for a CEM is the same as what is used for CT scans, patients receiving CEM 
should similarly complete these forms, per department protocol, in addition to any 
conventional mammography questionnaires. The screening questions should 
include identification of any allergies, any prior history of IV contrast administra-
tion or reaction, and questions related to renal function or conditions that may cause 
renal insufficiency. Breast imaging groups can either use the CT questionnaire itself 
or make their own based on accepted department guidelines. In our practice, this 
serves as the second safety check to make sure that the patient is an appropriate 
candidate for the CEM exam. (The first check occurs before the patient arrives in the 
department.)

After check-in but before the exam, our practice has opted to have a member of 
the breast imaging team (nurse, nurse practitioner, or physician) briefly speak to the 
patient about CEM. We discuss how the exam is performed and the added benefits 
of this imaging technique. We also ask the patients a series of questions related to 
contrast risk (Table 3.2). This serves as the third safety check for CEM.

Some practices may opt to perform a time-out procedure immediately prior to 
contrast administration, similar to what is performed for other imaging-guided pro-
cedures and surgical cases. This would serve as the final check before the exam is 
performed.

3.6.2.2  IV Placement
Although this may appear to be a simple task, IV placement may be one of the more 
challenging components of CEM implementation. Unlike MRI or CT technologists, 
mammography technologists may not be familiar with IV line placement and there-
fore may not embrace this new task. As a result, practices may need to identify other 

Table 3.2 Quick checklist to screen for 
contraindications to contrast 
administration

Checklist for contrast administration

Prior history of allergic reaction to contrast?
Significant allergies to food/medicine?
Severe asthma?
Diabetes?
Hypertension?
Renal disease?
Multiple myeloma?
Myasthenia gravis?
Actively treated thyroid disease?

Answering yes to any of these may not preclude 
CEM however would provide an alert to further 
investigate if contrast can be safely 
administered
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members of the breast imaging team who can comfortably and safely place the IV 
line. Practices can utilize preexisting resources, such as other CT/MRI technolo-
gists, who routinely place IV lines. The feasibility of this is related to how accessi-
ble the other services are to the breast imaging suite. Another option is to train other 
members of the team, such as a nurse navigator or nurse practitioner, if either is 
available. Lastly, a hospital-based practice may opt to use a specialized IV team; 
however, this may result in suboptimal efficiency depending on the travel distance 
required.

The person placing the IV line must learn the gauge of the angiocatheter and 
location for IV placement. Ideally, a 20 G angiocatheter will be used in the ante-
cubital fossa. However, smaller angiocatheters can be used, if needed. Most 
importantly, the angiocatheter must be able to support the flow rate of 3  cc/s 
from the power injector. It is worthwhile to reference the power injector for 
minimal gauge required for use. It is also important to have a system in place for 
handling technically challenging IV placements or those patients with chest wall 
ports.

Ideally, the person placing the IV line should also be trained to perform POC 
renal function testing, if being used. Not all patients will require this testing, and 
this should be determined ahead of time based on department guidelines for contrast 
administration. Independent breast practices should consult the ACR Contrast 
Manual and other local radiology groups to develop a formal practice guideline.

If the practice opts to have members of the breast imaging team perform IV 
placement and POC testing, it is useful to train at least two people for this task. This 
ensures that there is a backup person available should the main person be unavail-
able. If a second person is not available, then it is worthwhile to create a backup plan 
with the CT/MRI department or the IV team.

In addition to identifying the staff to place the IV line, it is important to also 
identify a room for IV line placement. Ideally, the IV line should be placed in a 
separate room from the mammography unit in order to minimize mammography 
room utilization times.

3.6.2.3  Contrast Administration
While the patient is having her IV line placed, the technologist can be preparing the 
mammography room and injector for contrast administration. As the CEM study is 
sensitive to timing of contrast, we suggest the patient receive the contrast in the 
same room that the mammography images are performed. Standard practice is to 
administer the nonionic iodinated contrast agent at a dose of 1.5 mL/kg and at a rate 
of 3 mL/s. Our group weighs each patient for accurate dosing but this is not univer-
sal practice. In addition, a power injector is recommended to administer the contrast 
agent at the abovementioned rate. It is also recommended that the technologists 
wear gloves when administering contrast to prevent contamination on the breast or 
detector.

Although the contrast is being administered by the technologist, all members of the 
breast imaging team (technologists, nurses, nurse practitioners, physicians-in-train-
ing, and physicians) should be trained to manage contrast reactions and extravasation. 
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This training should be performed at routine intervals. In addition, it is worthwhile to 
have a designated location to observe patients who may have a contrast-related event. 
This location should be separated from the mammography room to have minimal 
impact on workflow and other patients presenting for imaging evaluation.

3.6.2.4  Performing CEM (and Any Additional Imaging)
Once the patient has received the contrast, the IV line is disconnected, and the 
patient is ready for imaging. It is imperative that the dual-energy images be obtained 
within a 10-minute period to maintain the benefits of contrast enhancement [5]. It is 
conventional to obtain bilateral craniocaudal and mediolateral oblique dual-energy 
views, even if there is only one affected symptomatic or abnormal side. However, 
there is no set standard of which order the images should be acquired. In our prac-
tice, following a (minimum) 2-min delay, we alternate imaging of each breast, start-
ing with the craniocaudal view of the affected breast (Fig. 3.5).

Depending on the indication for the exam, additional dual-energy or conven-
tional views can be obtained following the initial four dual-energy views to assist in 
diagnosis. These views are often determined by the practice’s protocols, although 
may also be requested by the interpreting radiologist based on the individual case. 
Having established protocols helps streamline workflow so that any additional 
images can be obtained while the patient is in the mammography room for the CEM 
study. This is especially important if additional dual-energy images are being 
obtained as these should be performed within the 10-min window following con-
trast injection. Alternatively, the radiologist can stay in the mammography room 
while the CEM is being performed such that a quick decision can made as to whether 
additional images should be obtained. Often these additional dual-energy images 
are acquired after the standard four views are obtained.

Like any diagnostic mammogram, once the initial images are completed, the 
patient is asked to wait in the diagnostic lounge, and the study is reviewed by the 
radiologist. Any findings identified by the radiologist are then worked up with mam-
mography, tomosynthesis, or ultrasound, while the patient waits in the department.
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Fig. 3.5 General (a) and institutional specific (b) image acquisition protocols for CEM
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3.6.2.5  Management of Results
Once the diagnostic workup is complete, the radiologist must provide an appropri-
ate BI-RADS code (to be discussed in depth in a later chapter) and associated man-
agement plan. In many scenarios, conventional mammography, tomosynthesis, and 
ultrasound may be used for any follow-up or interventional procedures that are nec-
essary. It is important to recognize, however, that there may be CEM-only findings 
for which mammography, tomosynthesis, and/or ultrasound cannot resolve. At pres-
ent, MRI is commonly used in this scenario with subsequent MRI biopsy if an MRI 
correlate is found. Practices without immediate access to breast MRI should con-
nect with local groups who do have MRI.  Alternatively, CEM follow-up can be 
pursued, or CEM-guided biopsy can be attempted using conventional mammogra-
phy equipment as there is currently no formal method for performing a CEM-guided 
biopsy.

Regardless of the final recommendation, it is critical for the breast imaging prac-
tice to have a plan to ensure that any recommended imaging occurs. For example, if 
an MRI is going to be recommended, it is important that the practice have a plan for 
how this will be communicated to the patient and referring physician and how the 
MRI will be ordered and scheduled.

3.6.3  After Patient Leaves the Department

3.6.3.1  Coding and Billing
Although CEM requires additional time of screening and speaking to the patient 
about contrast administration, placing the IV line, and administering contrast [9, 
23], there is no billing code specific to this study yet. Thus, our practice, like others 
performing CEM, is billing this procedure as a diagnostic mammogram with IV 
contrast. As CEM becomes more routinely used, we suspect there will be separate 
CPT (current procedural terminology) codes taking the additional factors associated 
with CEM into account. The use of CEM in lieu of MRI can result in a significant 
cost savings [19], and a practice may be able to elicit institutional support for some 
of the nonreimbursed time and personnel to build a CEM program.

3.7  Staff Training

Staff training largely involves the technologists, who will be performing the CEM, 
and the radiologists who will be interpreting the exam (Table 3.3). These two groups 
will be the focus of this chapter; however, there are others involved in the clinical 
workflow that should be identified and included in the implementation process. This 
includes the technical support staff helping with CEM workflow, front desk staff 
checking patients in, nursing staff helping with IV placement and/or monitoring, 
and the schedulers and coordinators who are booking the exams. These people are 
all part of the CEM team. By involving them early you can ensure they understand 
their role and can successfully perform it.

3 Setting Up a CEM Program



56

3.8  Technologists

The technologists play a large role in preparing for and performing CEM. In fact, in 
our institution the technologists are the main interface with patients during this 
exam. As a result, it is important that they not only understand how to physically 
perform the exam, but it is also important they understand the value of the study. 
This begins with someone from the team providing an educational overview of the 
modality to include the history of the exam, the data supporting its use, and exam-
ples of how CEM can benefit patients. At the beginning, it is also worthwhile to 
identify two to three technologists who will learn to perform the CEM and who can 
train additional staff as needed. These technologists will be the first members of the 
CEM team, so it is vital to choose technologists who can embrace innovation and 
change. Getting the technologists invested in CEM is a top priority and will allow 
for a smoother implementation process.

Once the CEM technologists are identified and have received basic training on 
the background of the technology, they must be trained to perform the exam by an 
application specialist. This training includes how to perform the exam on both a 
phantom and a patient, as well as all quality control requirements. This training 
takes approximately 2 days. The clinical workflow should consider the absence of 
these technologists and the mammography room when planning for the training.

As mentioned above, the technologists’ role is not isolated to simply performing 
the CEM. They must also be trained as to which patients are acceptable candidates 
for the study and who might be at risk for a contrast-related event. As with CT and 
MRI at our institution, our patients complete a safety form before their CEM to 
make sure they can safely undergo the imaging exam. This form is the same form 
used for CT studies, as the risks related to a contrast-related event and radiation are 
the same. The technologists review these forms before performing the study. Given 
that not all mammography technologists are acquainted with the risks of iodinated 

Table 3.3 Elements of preparation for technologists and radiologists

Staff Training recommendations
Technologists Identification of 2–3 technologists

Educational overview of CEM, including dose
Practical review of how to perform CEM and QA (including phantoms and 
patients)
Review of contrast contraindications, eligibility tests, and management of 
complications
IV placement training
Review CEM workflow

Radiologists Educational overview of CEM, including dose
Review of CEM indications for practice
Review CEM workflow
Review of contrast contraindications, eligibility tests, and management of 
complications
Training how to interpret, manage, and report on CEM findings
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contrast or these forms, they must be trained in the institutional guidelines on who 
can receive iodinated contrast, who cannot receive contrast, and any required testing 
that must be performed to determine whether the patient can receive contrast agent.

Depending on your clinical workflow, the technologists may also need to be 
trained on how to place IV lines and perform bedside renal function testing using a 
POC test kit. Part of this training includes learning the minimal gauge requirements 
to handle the power injector flow rate of 3  cc/s. Twenty and twenty-two gauge 
angiocatheters are commonly used. Chest wall ports often have specific rules for 
access and training should include these. When using a power injector, it is impor-
tant that the port is power-injectable and can handle the high flow rates. It is also 
important to make sure that the injection is performed in a way to preserve the port 
function, such as using heparin before and after injection to ensure port patency. 
Lastly, it is worthwhile to have a system in place for those patients that are techni-
cally challenging for IV placement.

Once the CEM is performed, the technologists must be aware of how to identify 
and manage the preliminary phases of a contrast-related event should one occur. 
These include contrast-related reactions and extravasation. Often breast divisions 
can use policies already in place for managing contrast reactions and extravasation; 
however, stand-alone breast imaging practices may need to formulate these from 
scratch. Overall, CEM training should include training on contrast-related events so 
all staff can act appropriately in this circumstance. This training should occur at 
routine intervals. At our institution, training includes an annual lecture followed by 
clinical scenarios. Simulation has also been shown to be useful for contrast reaction 
training and should be considered [24, 25].

Lastly, technologists should be knowledgeable about the radiation dose of a 
CEM, like conventional mammography or tomosynthesis. In our experience, it is 
not uncommon for patients to ask about radiation dose when an exam is being per-
formed. To aid the technologists, it may be worthwhile to create an educational 
handout for patients discussing the benefits of CEM while addressing questions 
related to dose and contrast administration.

3.9  Radiologists

Like technologists, radiologists must first understand the role and value of CEM in 
their clinical practice. This is vital for ultimate acceptance of this new modality. 
Often this will involve discussions among the clinical group regarding how best to 
implement the technology so as to incur minimal disruptions to the clinical work-
flow. Radiologists must then be trained in two primary areas which include manage-
ment of contrast-related events and CEM interpretation and reporting.

Along with their technologist colleagues, radiologists must learn how to screen 
patients for risk factors for contrast administration, identify contrast-related events, 
and learn how to manage them. This is especially important given that contrast is 
not routinely administered in breast imaging divisions, and therefore some breast 
radiologists, particularly those without exposure to breast MRI, may be less 
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comfortable managing contrast-related events than their colleagues in general radi-
ology. Training should be a formal process and can include simulation exercises to 
maximize radiologist comfort. Given that contrast reactions can also occur with 
breast MRI, although less frequently, this training serves to prepare breast imagers 
for adverse events with both modalities.

Radiologists must also learn how to interpret and report CEM cases. Overall, it 
is a relatively straightforward modality to learn to interpret given that image inter-
pretation is similar to other modalities commonly interpreted by breast imagers. 
This includes the low-energy images which are similar to conventional mammogra-
phy and the recombined images which are similar to subtraction images on MRI 
without kinetics. Lalji and colleagues demonstrated that radiologists with no experi-
ence interpreting CEM performed nearly as well as those with 2 years of experience 
[2].That being said, there is training that is involved to teach radiologists how to 
appropriately view and hang the CEM images, as well as how to interpret CEM 
findings. This includes the imaging appearance and management of benign and 
malignant breast disease on CEM. Radiologists must also be taught how to report 
CEM, highlighting the fact that CEM interpretations and reports include findings 
seen on both low-energy and recombined images. As of this writing, there is no 
formal training requirement for CEM interpretation; however, one study suggested 
that radiologist performance improved from 80% to 92.4% after diagnosing 100 
lesions [3]. Therefore, it is recommended that radiologists have an opportunity to 
view CEM cases before incorporating CEM into clinical practice.

3.10  Marketing

Having your technologists and radiologists excited about CEM is important, but it 
is also important to have referring providers and patients on board as well. This can 
be accomplished through educational conferences, letters to providers, pamphlets, 
and posters. Showing a few relevant cases at tumor boards may also encourage cli-
nicians to order CEM. Practices should also embrace social media as a platform for 
advertising their new use of CEM.  Finally, radiologists should talk to patients 
directly, informing them of the new service that the group is offering.
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4Interpretation of Contrast-Enhanced 
Mammography

Marc Lobbes

4.1  Introduction

Contrast-enhanced mammography (CEM) is most commonly performed in women 
who have clinical symptoms, a contraindication for breast MRI, or abnormal 
screening mammograms requiring additional imaging. A typical CEM exam con-
sists of three different images per breast and per view: low-energy, high-energy, 
and recombined. As in conventional full-field digital mammography (FFDM), both 
breasts should be imaged in two standard views (i.e., craniocaudal and mediolat-
eral oblique views). Additional views (e.g., magnification, spot compression, and 
rolled views) can be requested by the radiologist if necessary and can be acquired 
when performing CEM. A typical example of a standard CEM exam is presented 
in Fig. 4.1.

4.2  Contrast-Enhanced Mammography Images

4.2.1  Low-Energy Images

The low-energy images are acquired at least 2 min after the completion of intrave-
nous administration of an iodine-based contrast agent, usually at a dose of ≥300 mg/
ml. Although the breast tissue already contains contrast, it cannot be appreciated 
visually as these images are acquired at keV levels below the k-edge of iodine. 
Several studies have compared low-energy images with conventional FFDM images.

Fallenberg et al. compared FFDM and CEM in 118 women with histologically 
proven breast cancer [1]. Sensitivity across readers increased from 77.9% for FFDM 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11063-5_4&domain=pdf
mailto:marc.lobbes@mumc.nl


62

to 94.7% for CEM. This did not improve any further by adding a separate mammo-
gram. Regarding tumor size, CEM resulted in a slight overestimation of 0.6 mm, 
whereas the combination of CEM and FFDM resulted in an overestimation of 
4.5 mm. Hence, the authors concluded that FFDM is not necessary if CEM has been 
performed.

Francescone et  al. compared low-energy CEM with FFDM images of 170 
breasts. In this study, 88 women had both CEM and FFDM within 6 months of 
each other while undergoing evaluation for newly diagnosed breast cancer or 
screening [2]. The study parameters included mammographic findings such as 
calcifications and masses, distance from the nipple to chest wall, compression 

Fig. 4.1 Typical example of a standard contrast-enhanced mammography exam, consisting of 
low-energy images (top row) and recombined images (bottom row). Images are acquired from both 
breasts in the standard mammographic views (craniocaudal and mediolateral oblique). In this case, 
bilateral multifocal invasive breast cancer was diagnosed (arrows)
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thickness, and compression force on the mediolateral oblique view. The authors 
concluded that the low-energy CEM images were equivalent to the FFDM images, 
as they did not observe any statistically significant differences regarding the study 
parameters.

Lastly, Lalji et al. studied the similarity of low-energy CEM and FFDM on both 
a breast phantom and in clinical cases [3]. For the phantom experiments, they did 
not find any significant difference between detection thresholds for CEM and FFDM 
at different phantom thicknesses using a CDMAM phantom and by applying CEM 
settings commonly used in clinical cases. After the phantom study, two experienced 
radiologists compared the quality of CEM and FFDM images in 147 women who 
underwent both CEM and FFDM within 2 weeks of each other. Images were scored 
according to the European Reference Organization for Quality Assured Breast 
Screening and Diagnostic Services [4]. Of the 20 scoring criteria, no statistically 
significant differences were found in 17 criteria. Two criteria determined that there 
was superior visualization of (micro)calcifications on the low-energy images, 
although these differences were small (p = 0.042). These differences were also not 
confirmed by the previous study by Francescone et al. [2]. The delineation of the 
pectoral muscle on mediolateral oblique views was considered worse on low-energy 
CEM exams (p < 0.001), but the authors concluded that this would not cause any 
clinically relevant limitations.

Based on these three studies, it is safe to conclude that low-energy images are 
equivalent to FFDM.

4.2.2  High-Energy Images

The high-energy images are acquired within seconds of the low-energy images and 
primarily used for imaging the areas of iodine uptake, as these are acquired with 
keV levels above the k-edge of iodine. As the energy of the X-ray spectrum used is 
much higher, less radiation is absorbed when passing through the breast tissue. The 
high-energy images result in only a small additional radiation dose to the breast. 
The high-energy images are white and not suitable for any form of interpretation. 
The data in these images are used in conjunction with that of low-energy images to 
construct the recombined CEM images.

4.2.3  Recombined Images

The recombined images provide images of areas of enhancement enabled by 
increased perfusion of the breast tissue at the site of a malignant or occasionally 
benign neoplasm. In clinical practice, the radiologist views the low-energy and 
recombined images of both breasts in at least two views. Although the recombined 
images are reconstructed from images which are acquired only seconds apart, some 
artifacts can be observed. The radiologist evaluating CEM images should be aware 
of these artifacts, as knowledge of them reduces clinical dilemmas.
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4.2.4  Artifacts on Recombined Images

The most common artifacts on recombined images are “breast-in-breast” artifacts; 
artifacts caused by breast implants, medical devices, or jewelry; ripple or motion 
artifacts; axillary line artifacts; and skin line enhancement artifacts.

The “breast-in-breast” artifact consists of a band of lower gray values at the 
periphery of the breast, simulating a double breast contour (Fig. 4.2). The artifact is 
observed in approximately 95% of images but usually does not result in difficulties 
in image interpretation [5]. This artifact is produced by different patterns of scatter 
radiation in low- and high-energy CEM images. These are assumed to be similar 
during reconstruction to form a recombined image, but this is not entirely true. The 
artifact is most pronounced in larger breasts and is commonly seen with first- 
generation CEM units, as the anti-scatter grids used then were not specifically 
designed for high-energy acquisitions. With next-generation CEM units, this arti-
fact is less pronounced.

Women with breast implants are difficult to image with CEM. The implants cre-
ate extensive artifacts on recombined images. The physics behind CEM is based on 
the presence of breast tissue (i.e., fat and fibroglandular tissue) and iodine. 

Fig. 4.2 Example of the “breast-in-breast” artifact. On the recombined images, a band of lower 
gray values can be observed at the periphery of the breast, suggesting a double breast contour 
(arrows)
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Consequently, the distinction of breast tissue with material of any other composi-
tion, such as silicone or metal, would require an extra third acquisition with a differ-
ent X-ray spectrum, leading to more noise in the recombined images. Similarly, 
other medical devices or jewelry (such as piercings) create artifacts on the recom-
bined images (Fig. 4.3). Although CEM can be performed in women with medical 
devices or jewelry, the breast tissue surrounding these can only be evaluated on 
low-energy images. Hence, women with jewelry should be encouraged to remove 
these prior to CEM if possible.

The ripple artifact consists of fine black and white lines arranged in a ripple-like 
fashion layered upon the breast tissue (Fig. 4.4). It is observed in approximately 
32% of cases [5]. Jeukens et al. found that although low- and high-energy images 
are acquired within seconds apart, the (mean) image acquisition time is 1.4 s for 
low-energy images compared with 4.2 s for high-energy images [6]. Therefore, in 
this time frame, slight motion from a patient could create a “mismatch” between the 
images in the post-processing of the recombined image. As a result, ripple artifacts 
are most often seen in the mediolateral oblique view, since the compression of the 
breast is then more centered on the upper part of the breast and the pectoral muscle, 

a b c d

Fig. 4.3 Artifacts caused by cardiac devices, breast implants, or jewelry. Examples of (a) implant-
able cardiac monitoring device, (b) cardiac pacemaker, (c) breast implant, and (d) nipple piercing
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while the lower parts of the breast are usually less effectively compressed, rendering 
them susceptible to slight motion. To reduce ripple artifacts, some institutes recom-
mend breath-holding instructions during the image acquisition phase.

The axillary line artifact consists of a well-defined line extending across the axil-
lae and occurs in approximately 32% of images (Fig. 4.5). It is only observed on 
mediolateral oblique views and is always bilateral [5]. Usually, there is no interfer-
ence with image interpretation. This artifact occurs due to the high sensitivity of 
high-energy images to lag. The line corresponds to the collimator position in previ-
ously acquired collimated images.

The skin line enhancement artifact consists of a segmental area of skin contour 
highlighting (Fig. 4.6). It does not involve the entire skin. It is presumably caused by 
image filtration which is applied to the recombined image to equalize breast thick-
ness. When no apparent skin abnormalities are present, such as skin thickening, the 
skin line enhancement artifact is the most probable cause of the finding. It occurs in 
approximately 32% of cases and is mostly seen in the craniocaudal views [5].

Fig. 4.4 Example of the ripple artifact. The ripple artifact consists of fine black and white lines in 
a ripple-like fashion layered upon the breast tissue and is caused by slight motion of the patient 
between the acquisition of the low-energy and high-energy CEM image
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In general, these artifacts do not present any relevant difficulties in image inter-
pretation when the radiologist is familiar with them. It should also be noted that 
these artifacts are largely based on initial experiences with the first available CEM 
unit (SenoBright*) brought to market by GE Healthcare. In other commercially 
available units or newer generation models, these artifacts might be less prominent 
or even absent due to improvements in both hardware and software.

4.3  Image Interpretation

4.3.1  How to Read the Low-Energy Image

As discussed above, low-energy images are the CEM counterpart of FFDM images. 
Hence, they can be evaluated using a similar approach and terminology as sug-
gested in the American College of Radiology Breast Imaging Reporting and Data 
System (BI-RADS) lexicon [7]. Although a detailed description of this evaluation is 
beyond the scope of this chapter, a summary is provided below.

Fig. 4.5 Example of the axillary line artifact (arrows). An ill-defined line is present extended 
through the axilla. Images courtesy of Miriam Sklair-Levy, MD
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As in any mammographic exam, an overview of the exams performed and the 
quality of the image acquisition (in terms of positioning, etc.) should be described, 
including the availability of any prior exams. As a first step, a description of the 
breast density should be provided in the report according to four different catego-
ries: (1) almost entirely fat, (2) scattered fibroglandular tissue, (3) heterogeneous 
fibroglandular tissue, or (4) extreme fibroglandular tissue. Although the accuracy of 
CEM is less influenced by breast density than FFDM, it remains important to report 
on breast density as this is reflective of the risk of developing breast cancer. In addi-
tion to the subjective classification of breast density (“eyeballing”) which is less 
reliable [8], different (semi-)automated classification tools have been developed.

For the detection of breast abnormalities, four main categories can be distin-
guished: masses, architectural distortion, asymmetry, and (micro)calcifications. For 
each of these items, the nomenclature of the BI-RADS lexicon should be applied for 
the report. In addition, the lesion size and location within the breast should be 
reported. Finally, any clinically relevant additional findings such as benign 

Fig. 4.6 Example of skin line enhancement artifact (arrow). There is a focal skin contour high-
lighting present on the recombined images (only left mediolateral oblique view shown) without 
any accompanying skin thickening or abnormality present on the low-energy image
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calcifications, vascular calcifications, skin abnormalities, axillary lymphadenopa-
thy, etc. may be reported. For more specific details on state-of-the-art reporting of 
mammographic images, the BI-RADS lexicon can be consulted [7].

4.3.2  How to Read the Recombined Image

The recombined image should be evaluated in conjunction with the low-energy 
image. The recombined image is an adjunct to the low-energy image rather than a 
replacement.

As with breast MRI, background parenchymal enhancement (BPE) also occurs 
with CEM and should be evaluated. Sogani et al. performed a retrospective study of 
278 women (aged 25–76 years) comparing BPE on CEM with that on breast mag-
netic resonance imaging (MRI) [9]. Three readers independently scored BPE as 
minimal, mild, moderate, or marked on CEM and MRI in the same patients. Most 
women had minimal or mild BPE on both CEM (68–76%) and breast MRI (69–
76%), and there was good agreement between CEM and MRI.  Both modalities 
showed a significant association between BPE and menopausal status, prior breast 
radiation therapy, hormonal treatment, and breast density.

Although no studies to date have studied the effect of BPE on CEM accuracy, 
one might consider that for elective CEM exams, i.e., screening, similar guidelines 
should be applied as breast MRI to reduce the presence of BPE [10]. For breast 
MRI, the exam is ideally performed in the first phase of the menstrual cycle (i.e., 
days 3–14), with day 1 being the first day of menstruation [11]. Institutes that adhere 
to these guidelines for MRI would probably apply the same for CEM. However, 
evidence of improved breast MRI with these guidelines are conflicting. As DeMartini 
et al. showed, although increased BPE in breast MRI is associated with a younger 
patient age and a higher abnormal interpretation rate, it was not related to significant 
differences in positive biopsy rates, cancer yield, sensitivity, or specificity [12]. 
Hence, some institutes might prefer not to consider the menstrual cycle when plan-
ning elective (screening) CEM exams. In other CEM indications, the exam should 
be performed at the earliest opportunity. In these cases, rapid clarification through 
imaging is preferred over optimal BPE in CEM.

Finally, regarding the evaluation of BPE, the report of the recombined images 
should include a description of the BPE with special focus on the symmetry of 
BPE, as asymmetrical BPE could be caused by underlying invasive (lobular) 
breast cancer or ductal carcinoma in situ (without accompanying calcifications) 
(Fig. 4.7).

Any relevant enhancement on recombined images should be matched with find-
ings on low-energy images. In some cases, no mammographic counterpart can be 
observed for areas of enhancement. Enhancement should be described as enhance-
ment associated with an underlying mass or architectural distortion or as non-mass 
enhancement. In contrast to breast MRI, the term “focus” may not be applicable to 
CEM as enhancing lesions observed in two views should be called a mass, even if 
they are very small. For non-mass enhancement, similar terminology as breast MRI 
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can be used to describe the orientation of the enhancement [7]. Non-mass enhance-
ment can thus be focal, linear, segmental, regional, multiple regions, or diffuse.

Enhancement should also be assessed qualitatively, but there is not yet a single 
accepted classification for this purpose. Some institutes prefer a “yes/no” classifica-
tion. Others prefer a more detailed classification and use  “no/mild/moderate/
marked.” However, progress is being made to quantitatively assess CEM enhance-
ment. Hwang et al. used a tool filled with fluid chambers on a known contrast agent 

Fig. 4.7 Asymmetric 
enhancement might be the 
only sign of underlying 
breast cancer. In this case, 
asymmetrical non-mass 
enhancement in a 
segmental orientation was 
observed. Final diagnosis 
was a 6 mm invasive breast 
cancer with extensive 
ductal carcinoma in situ up 
to 60 mm
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concentration [13]. Based on the linear relationship between contrast-to-noise lev-
els measured and iodine concentrations, iodine overlay maps could be generated for 
the recombined images. In a single clinical case of a multifocal breast cancer, they 
calculated the enhancement of CEM (expressed as iodine mass thickness (IMT) in 
mg l/cm2) for three different foci: 2.8, 1.5, and 1.3 mg l/cm2. Parallel to this study, 
Lobbes et al. used a similar approach and calculated a mean IMT of 2.1 mg l/cm2 
(range 1.3–3.4  mg  l/cm2) for breast cancers [14]. In addition, they showed that 
malignant lesions enhanced more intensely than benign lesions. Therefore, it is 
expected that the rate of enhancement of lesions, when it can be accurately assessed, 
can be used to further improve the diagnostic accuracy of CEM, potentially even 
discriminating between breast cancer subtypes as Van Nijnatten et al. has shown 
that invasive lobular carcinomas more often show very weak enhancement [15]. 
Artificial intelligence and computer-aided decision systems could boost the accu-
racy of CEM potentially even more (see also Sect. 4.4).

When there is a significant discrepancy regarding the maximum diameter of the 
lesion between the low-energy and recombined images, this discrepancy should 
also be reported.

4.3.3  False-Negative Findings in CEM

Since the introduction of CEM in 2011, many studies have shown that the diagnos-
tic accuracy of CEM is consistently superior to that of FFDM. These findings were 
summarized in a systematic review by Tagliafico et al., showing that the estimated 
sensitivity of CEM was 98%, with only a moderate specificity of 58% [16]. The 
latter could be explained by the overrepresentation of papers of a single study group 
within this review. Jochelson and Lobbes recalculated the results of this review and 
observed a specificity of 78% [17]. In an updated review, Zhu et  al. reported a 
pooled sensitivity and specificity of 89% and 84%, respectively [18].

Prior studies have reported on “missed cancer diagnosis” when using 
CEM. Thibault et al. reported six missed cancers in their population of 54 patients, 
which were mostly invasive lobular cancers or cancer located outside of the mam-
mographic field of view (caused by suboptimal patient positioning) [19]. Fallenberg 
et al. reported one cancer missed by all three readers (in a study population of 118 
women) [1]. Lalji et al. reported ten missed cancers (overlooked by more than one 
reader in a study of ten readers in total) [20]. The main causes for the missed diag-
nosis were weak enhancement and location outside of the mammographic field of 
view.

4.3.4  CEM in the Evaluation of Suspicious Breast Calcifications

The diagnostic accuracy of CEM with respect to pathological calcifications was 
studied by Cheung et al. who reported a sensitivity and specificity of 89% and 87%, 
respectively [21]. These findings are like the findings by Houben et  al. Of note, 
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Houben et al. found that the diagnostic accuracy of the complete CEM exam did not 
differ significantly from that of only low-energy images [22]. The sensitivity and 
specificity using only low-energy images were 91% and 39%, respectively. For the 
complete CEM exam, the sensitivity was 94%, while the specificity was 37%. In 
addition, Houben et al. evaluated the impact of using CEM to evaluate breast calci-
fications on surgical decision-making; they observed no relevant differences 
between low-energy images and a complete CEM exam. Hence, the added value of 
CEM for the evaluation of suspicious calcifications is limited and can only be used 
for upgrading lesions: when calcifications show enhancement, the likelihood of an 
underlying cancer increases, but biopsy of suspicious calcifications should be per-
formed regardless of the lack of enhancement, just as with breast MRI.

4.3.5  Contamination Artifacts

Contamination artifacts mimicking suspicious breast calcifications have been 
reported by Gluskin et al. [23]. Contrast can be transported on the hands of the tech-
nologist, especially if gloves are not worn or if the line is not properly connected. 
Although the low-energy image does not demonstrate the presence of iodine within 
the breast, contamination of the skin with contrast might mimic calcifications due to 
the higher concentration of contrast agent, producing a greater attenuation of pho-
tons relative to the intravenous contrast distributed throughout the breast. The arti-
fact can be recognized by viewing the recombined image in overlay of the low-energy 
image. Due to the subtraction algorithm used for the recombined images, “true” 
calcifications will appear black on recombined images. In case of contrast splatter, 
the “calcifications” will remain white on the recombined images (Fig. 4.8). This 
latter observation should trigger the radiologist to consider contrast contamination. 
Other warning signs are as follows: (1) the findings are observed in only one view 
or the mirror image of findings seen in another view or breast; (2) the abnormality 
does not persist on high-quality magnification views; and (3) the findings do not 
persist on repeat CEM studies [23]. Contrast contamination can be easily managed 
by cleansing, but technologists should be aware that contamination could occur on 
either the breast or the detector. Also, the risk of encountering this artifact is reduced 
by wearing gloves during patient handling, handwashing, and/or having contrast 
administration and mammographic positioning done by two different 
technologists.

4.4  Outlook and Future Perspectives

Reading CEM images does not require an extended training. When the radiologist 
viewing CEM exams is also experienced with reading both FFDM and breast MRI, 
there is no difference between the performance of expert CEM readers or experi-
enced breast radiologists. This was demonstrated by a study by Lalji et al., who 
showed that the diagnostic accuracy among four experienced CEM readers was 
comparable to that of experienced breast radiologists [20]. Nevertheless, a 
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a c

b d

Fig. 4.8 Example of iodine contamination artifact. During this CESM exam, an area suspicious 
for pathologic micro calcifications was observed on the low-energy images of the left breast 
(a, white arrow). However, this area was high in opacity on the recombined images (b), not com-
patible with micro calcifications (which are black in the recombined images), but suggestive of 
iodine contamination on the detector. Next, the detector was cleaned and the exam repeated 
(c, d),  confirming that this abnormality was indeed caused by iodine contamination during the 
exam
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consistency in terminology is required. Although many descriptors of conventional 
mammography and breast MRI can be applied to CEM exams, there are some phe-
nomena that are exclusive to CEM. Efforts should be made on introducing consis-
tency in terminology.

We are only touching the surface of CEM applications, as it provides a window 
of opportunity for advanced imaging analyses (e.g., using computer-aided diagnosis 
(CAD), radiomic feature analysis, and artificial intelligence). For example, Patel 
et al. were the first to study the application of CAD-CEM on 50 breast lesions [24]. 
Their algorithm could correctly identify 45 out of these 50 lesions (accuracy 90%), 
while the radiologists in this study achieved an accuracy of 78% and 86%, respec-
tively. Preliminary data from our own institute applying deep learning algorithms 
and radiomics to CEM showed promising results. In 112 patients, the deep learning 
algorithm achieved an AUC of 0.67 (95% confidence interval (CI) 0.51–0.82), with 
radiomic feature analysis achieving an AUC of 0.90 (95% CI 0.84–0.96) (Van Wijk, 
unpublished data). These examples show that the superior diagnostic accuracy of 
CEM over FFDM can be further enhanced when using advanced computer pro-
grams. This is a very exciting field of research which can only make the promising 
technique of CEM even more robust.
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5Comparison of Contrast-Enhanced 
Mammography and Contrast-Enhanced 
Breast MRI

Bhavika K. Patel and John M. Lewin

5.1  Introduction

Screening mammography remains the only test that has been shown to reduce breast 
cancer mortality in randomized clinical trials [1–3]. Mammography is a rapid and 
low-cost test, making it a well-suited screening examination. The sensitivity of 
mammography for the detection of breast cancer in screening populations ranges 
from as low as 35% up to 90%, primarily depending on breast density [4]. Contrast-
enhanced breast MRI, on the other hand, consistently has a much higher sensitivity, 
approaching 98–100% [5]. The high sensitivity of MRI is due to the added informa-
tion gained by contrast enhancement of tumor neovascularity; non-contrast MRI 
performs very poorly for cancer detection [6, 7]. The success of contrast-enhanced 
breast MRI was one of the primary stimuli for the development of contrast-enhanced 
mammography (CEM). The hope was that CEM would combine the low cost, speed, 
and convenience of mammography with the high sensitivity of contrast-enhanced 
breast MRI.

In order to compete with MRI, a technique that allowed imaging of both breasts 
in multiple projections was needed. These requirements are met by use of the dual- 
energy subtraction technique for CEM [8]. Initial studies of dual-energy CEM con-
sistently demonstrated superiority to standard unenhanced mammography [9–11]. 
Given the added expense, discomfort, and risk of CEM due to IV placement and 
contrast injection, however, it is not enough for the technique to outperform mam-
mography. In order to be clinically relevant, CEM needs to show sensitivity and 
specificity comparable to, or better than, contrast-enhanced MRI.
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5.2  Imaging Technique

As described in other chapters, in dual-energy contrast-enhanced mammography, 
the only commercially available technique, two images are taken at different 
energy levels and subtracted from one another. Dual-energy imaging allows imag-
ing of both breasts in multiple projections after a single contrast injection. The 
dual- energy image is obtained by using a weighted logarithmic subtraction of two 
images, taken one right after the other, where one is acquired at a high-energy 
(typically 45–49 kVp) and low-energy image (at that of standard mammography, 
typically 28–32 kVp). To further increase the energy separation of the two images, 
the high- energy beam is filtered with copper, whereas the low-energy beam is 
filtered using filtration typical of standard mammography (molybdenum, rho-
dium, or silver).

CEM utilizes the concept of imaging tumor neovascularity, based on the basic 
principle that invasive cancers are associated with increased vascularity. A standard 
low-osmolar contrast agent, typically with a concentration of 300–370 mgI/ml, is 
administered intravenously using a power injector. The contrast volume is similar to 
that used for abdominal CT, typically 90–150 ml, depending on body weight. The 
patient is seated for the injection, which typically takes place in the mammography 
exam room. Approximately 2 min after the injection, dual-energy image pairs are 
acquired of each breast in standard mammography projections and, if needed, addi-
tional projections. The number of images that can be acquired depends entirely on 
the speed of positioning; the actual image acquisition takes only about 3–4 s. For 
each dual-energy image pair, a contrast-enhanced subtraction image is computed 
for use in clinical interpretation.

About 10 min are available for imaging after the injection until which the enhance-
ment fades and is no longer considered adequate for diagnosis. The currently used 
protocol is timed such that the first images are optimized at peak enhancement.

5.3  Clinical Studies Comparing CEM and MRI

5.3.1  Extent of Disease

Many patients with newly diagnosed breast cancers undergo MRI to define extent 
of disease. Although MRI is excellent at determining lesion size and detecting 
additional lesions, it is expensive, not always clinically accessible in a timely 
matter and difficult for some patients due to claustrophobia and prolonged exam 
time in a prone position. CEM is a potential alternate method for defining disease 
extent. Several modest-sized clinical studies have been performed comparing 
CEM to MRI in subjects with a newly diagnosed cancer (Table 5.1). These stud-
ies have compared the two modalities for their ability to detect the index lesion, 
accurately depict its size and extent of disease, and depict additional, separate 
lesions.
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A European study, in which both CEM and MRI were performed on 80 subjects 
with a newly diagnosed breast cancer, showed statistically equivalent performance 
between CEM and MRI for detection of the index lesion, with the trend favoring 
CEM (80/80 cancers detected for CEM vs. 77/80 for MRI). Both CEM and MRI 
outperformed conventional mammography (66/80 cancer detected) [12]. In a simi-
lar prospective study at Memorial Sloan Kettering, by Jochelson et al., 52 subjects 
with newly diagnosed cancer were studied by both CEM and MRI [13]. This study 
also showed an equal sensitivity of 96% for CEM and MRI, with each modality 
detecting 50 out of 52 index cancers. By comparison, conventional mammography 
only detected 81% (42/52). Twenty-five additional malignant foci were found in the 
study. Of these, MRI found more than CEM, 22 (88%) vs. 14 (56%). The increase 
in detection of these additional lesions by MRI came at the expense of more false 
positives, 13 vs. 2 for CEM.

In 2017, Lee-Felker et al. published a retrospective study comparing the perfor-
mance of CEM to that of breast MRI in the detection of index and secondary can-
cers in women with newly diagnosed breast cancer in 52 consecutive subjects who 
had both tests over a 20-month period [14]. The study was somewhat biased toward 
MRI in terms of sensitivity toward detection of secondary lesions since most of the 
patients in the study (46/52) were included because they underwent CEM to evalu-
ate additional findings detected on MRI. There were 61 index cancers, defined as 
lesions already biopsy-proven at the time of MRI. MRI demonstrated all 61 of these 
cancers (100%), while CEM demonstrated 58/61 (95%) (Fig. 5.1). Secondary can-
cers were defined as those first detected on the staging MRI or on the CEM. Despite 
the bias toward MRI, CEM demonstrated all 11 of the secondary cancers (100%), 
whereas MRI demonstrated only 10/11 (91%). The index cancers not demonstrated 
on CEM were a 10 mm grade 2 invasive ductal carcinoma and 7 mm intermediate- 
grade ductal carcinoma in situ, while the secondary cancer not seen on MRI was a 
20 mm low-grade DCIS. Sixty-six of the 71 lesions demonstrated on CEM were 
malignant, giving a positive predictive value (PPV) of 93%, whereas 69 of the 115 
lesions on MRI were malignant for a PPV of only 60%, but these values would have 
been highly skewed in favor of CEM due to the patient selection bias. Of the 45 

Table 5.1 Clinical studies comparing CEM and MRI

Study
No. of subjects/
lesions Primary outcome

Result: CEM vs. 
MRI Statistical result

Fallenberg et al. [12] 80 Sensitivitya 100% vs. 98% No difference
Jochelson et al. [13] 52 Sensitivitya 96% vs. 96% No difference
Chou et al. [15] 185 Accuracy (AUC)b 0.878 vs. 0.897 No difference
Li et al. [37] 48 Sensitivity 100% vs. 100% No difference
Luczynska et al. [38] 102/118 Sensitivity

Accuracy
100% vs. 93%
79% vs. 73%

Statistically 
significant
No difference

aDefined as percentage of index cancers detected on each modality
bAUC, area under the receiver operating characteristic curve
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Fig. 5.1 Sixty-three year old female for diagnostic imaging. (a) Low energy image demonstrates 
2.5 cm irregular mass (arrow) in outer posterior left breast. (b) Subtracted images shows index 
mass with second satellite lesion (dotted arrow) anteromedial to the primary mass, otherwise mam-
mographically occult on low energy images. Both underwent US guided biopsy demonstrating 
IDC. (c) Post contrast axial delayed MR imaging following image guided biopsy also demonstrate 
both primary mass (arrow) and secondary satellite lesion (dotted arrow) in a similar fashion

a b

false-positive findings on MR, the majority were related to benign or high-risk 
enhancing foci.

A Taiwanese study by Chou et al. used receiver operating curve (ROC) analysis 
in a multi-reader study to compare CEM, MRI, and contrast-enhanced tomosynthe-
sis, an experimental technique in which dual-energy tomosynthesis is performed 
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following a contrast injection, as well as standard mammography and tomosynthe-
sis [15]. The study population included a mixture of 81 malignant and 144 benign 
lesions that were imaged on all five modalities. The study found no statistically 
significant difference among the three contrast-enhanced techniques in area under 
the ROC curve (AUC). As expected from previously published results, each of the 
three contrast-enhanced techniques performed significantly better than the combi-
nation of the mammography and tomosynthesis. The addition of contrast-enhanced 
tomosynthesis to CEM did not improve clinical performance. As of this writing, 
there have been no further clinical studies published on contrast-enhanced 
tomosynthesis.

All studies to date are promising and have concluded CEM is potentially as sen-
sitive as MR imaging in the evaluation of extent of disease in newly diagnosed 
breast cancer, with a higher PPV and fewer false positives than MR. The higher 
specificity of CEM thus far is promising for treatment planning [16]. Specifically, in 
a more recent prospective, two-center study by Fallenberg comparing mammogra-
phy, MRI, and CEM, the specificity of MRI was significantly worse than that of the 
other two modalities (all P < 0.001) [16].

Studies shown similar sensitivities of CEM and MRI for detection of the index 
cancer in the setting of newly diagnosed breast cancer. In regards to the rates of 
secondary cancers, however, the Lee- Felker study, the rates of secondary cancer 
detection were also similar between CEM and MRI (despite selection bias favoring 

c

Fig. 5.1 (continued)
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MRI). In the Jochelson study, however, CEM depicted only 56% of the secondary 
cancers versus 88% for MR imaging, albeit at the expense of more false positives. 
Reasons may be due to more DCIS in Jochelson’s study and the use of outside MR 
imaging limiting the reproducibility and consistency of their imaging protocols.

A recent meta-analysis including 18 studies demonstrated a pooled sensitivity 
and specificity of 89% and a pooled specificity of 84% for CEM [17]. The authors 
concluded that CEM seems to have about the same sensitivity as MRI. Unfortunately, 
they did not compute the pooled values for MRI with which to form a direct 
comparison.

Most studies show CEM to at least have a trend toward higher PPV and, corre-
spondingly, fewer false positives than MRI. A higher PPV for CEM would be help-
ful for acceptance by surgeons of CEM as a local staging tool for newly diagnosed 
cancers since enhancing lesions on staging MRI can delay surgical treatment.  These 
lesions typically need to undergo targeted biopsy to confirm malignancy before any 
change in surgical management is agreed upon [18]. Indeed, such acceptance has 
been noted anecdotally at centers performing CEM. At Mayo Arizona, breast sur-
geons published their highly positive experience with the technique on a series of 
351 patients, noting that it was “highly sensitive, had size measurements that cor-
related well with histologic size, and produced a relatively low rate of false- positive 
additional biopsy findings” [19] (Fig. 5.1).

The small study populations and nonstandardized timing of the imaging studies 
in relation to menstrual cycle, as well as potential selection biases, should be noted 
as limitations in generalizing results. Most importantly, the results in cohorts with 
newly diagnosed cancers may or may not be applicable to the performance of the 
modalities in a screening population. Specific screening studies, as discussed below, 
are needed to evaluate CEM for that purpose.

5.3.2  Accuracy of Size Estimation of Index Lesion

A number of studies comparing CEM to MRI in cases of known cancer included 
evaluation of lesion size estimation. In the 2014 European study referenced above 
[12], Fallenberg et al. found that CEM was superior to MRI in lesion size accuracy, 
although both modalities underestimated lesion size relative to pathology. In con-
trast, MRI slightly outperformed CEM in lesion size estimation in her 2017 reader 
study [15]. In a retrospective study of 66 lesions in 48 patients, Li et al. found no 
significant difference between CEM and MRI in tumor size estimation [19]. Lobbes 
et al. looked specifically at tumor size assessment by CEM in 87 cases, 57 of which 
had also been imaged by MRI. Both MRI and CEM were found to be highly accu-
rate in determining lesion size, using correlation with histopathology as the gold 
standard (Fig. 5.2). There was no significant difference between MRI and CEM, 
using correlation coefficient with histopathology as the metric. The trend in mean 
diameter difference with histopathology favored CEM over MRI, however (0.03 mm 
vs. 2.12 mm) [18]. Minimal overestimation of lesion sizes on acquired images had 
no influence on treatment because overestimation was small and safety margins 
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were always included for surgical excision. The authors concluded that there was no 
advantage in performing an additional breast MRI when CEM was available.

These results show the potential of CEM as an alternative for tumor size mea-
surements, especially in patients with limited MR access or contraindications. 
Given that CEM offers staging information that is comparable to MRI, in patients 
unable to undergo MRI, it is gaining favor in the staging evaluation. The 2017 

Fig. 5.2 Fifty-four year old female with a previously biopsied grade 2 invasive ductal carcinoma 
of the left breast. (a) Low- energy MLO mammogram (equivalent to a standard unenhanced mam-
mogram) shows the ribbon-shaped marker at the cancer site (arrow), but the cancer is not discern-
ible. (b) Corresponding dual-energy subtraction image clearly depicts the cancer (arrow) to 
measure 17 mm. Note that the background non-enhancing fibroglandular tissue is subtracted out. 
(c) Image from a contrast-enhanced MRI performed the following day shows the lesion as an 
enhancing mass to measure 19 mm. At surgical resection, there was 17 mm of IDC and DCIS. Note 
the similarity of the appearance on the CEM and MRI studies

a b
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European Society Of Breast Imaging (EUSOBI) [20] recommendations state that 
CEM can be considered as an alternative to contrast-enhanced MRI in the case of 
contraindications to MRI (including the presence of MRI-unsafe devices in the 
patient’s body, claustrophobia, and obesity preventing the patient from entering the 
magnet) or to gadolinium-based contrast injection as well as local conditions of dif-
ficult MRI [20].

5.4  Background Parenchymal Enhancement

Physiological, benign background parenchymal enhancement can be seen with 
CEM in a similar manner to that observed in breast MRI. In a retrospective study of 
278 women who underwent both CEM and MRI, authors demonstrated substantial 
agreement between readers for BPE detected on CEM and MR images (Fig. 5.3). 
Similar to breast MR BPE, CEM BPE demonstrated significant association with 
menopausal status, prior breast radiation therapy, hormonal treatment, breast den-
sity on CEM low-energy mammographic images, and amount of fibroglandular tis-
sue on MR images (P < 0.001 for all) [21]. Another small study demonstrated that 
CEM BPE did not significantly fluctuate during the menstrual cycle, suggesting that 
timing the examination with the menstrual cycle is unlikely to be such an issue for 

c

Fig. 5.2 (continued)
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a CEM study as it is with MRI [22]. While grading the degree of BPE on CEM 
could be a useful addition to breast cancer risk assessment tools, further studies of 
CEM BPE as an imaging biomarker for breast cancer risk are necessary.

5.4.1  Tumor Response

CEM is currently being compared to MRI in larger, ongoing prospective clinical trials 
for assessment of tumor response. In small pilot studies, CEM has been compared to 
MR in the assessment of tumor response in breast cancer patients undergoing neoad-
juvant systemic therapy. Findings in preliminary studies have concluded CEM is 
comparable in accuracy in assessing complete response versus residual disease [23, 
24]. In a study of 65 patients, equivalence tests demonstrated that mean tumor size 
measured by CEM (P = 0.009) or by MRI (P = 0.01) was equivalent to the mean 
tumor size measured by pathology within −1 and 1 cm range [24]. Larger studies 
with subgroup analyses by tumor molecular subtypes are warranted and ongoing. The 
use of CEM with neoadjuvant chemotherapy is explored in depth in another chapter.

a b

Fig. 5.3 Fifty-eight year old, post-menopausal female. Biopsy proven contralateral cancer, MRI 
and CEDM for staging. BPE on Sagittal post-contrast MRI (a) and CEM (b) were both reported as 
minimal, symmetric background parenchymal enhancement in both breasts
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5.4.2  Screening Studies

CEM has recently been evaluated in a purely screening setting as well. A pilot study 
was performed screening supplemental CEM with supplemental MRI in 307 women 
at increased risk for breast cancer in which three cancers were detected on MRI and 
two on CEM; none of which were visible on conventional mammography. This 
study demonstrated a comparable PPV3 of 15% for CEM and 14% for MRI and 
specificity of CEM and MRI of 94%. Authors concluded CEM may be valuable as 
a supplemental imaging examination for women at increased risk for breast cancer 
who do not otherwise meet criteria for MRI or for whom access to MRI is limited 
[25]. In a subsequent study of 1197 CEM studies performed for high-risk popula-
tion [26], CEDM has a PPV of biopsy of 31% and a cancer detection rate of 18/1000 
screened (similar to that of high-risk screening MR studies) [27]. Larger clinical 
trials are necessary and underway.

5.5  Advantages and Disadvantages of CEM vs. MRI

Table 5.2 lists some of the advantages and disadvantages of CEM as compared to 
MRI.  CEM is a less expensive test due to lower equipment costs and a shorter 
examination time [28, 29]. CEM is straightforward to implement into clinical prac-
tice as it requires a software upgrade to preexisting mammography units. Like breast 
MR, CEM does require additional resources of a radiology technologist or breast 
imaging nurse who is capable of preparing for and administering the IV contrast.

CEM is limited in assessment of posterior extent of masses, specifically to evalu-
ate chest wall, and limited field of view prohibits evaluation of internal mammary 
adenopathy and axillary nodal disease (Fig. 5.4). MRI, on the other hand, has the 
advantage of being able to image the entire chest wall and axilla. CEM has the 
advantage of being able to detect DCIS presenting as morphologically suspicious 
calcifications, even with no enhancement [30]. This detection is possible because 
the high resolution of the low-energy image of the CEM study is equivalent to a 

Table 5.2 Relative advantages of CEM and MRI

Advantages of CEM Advantages of MRI
Lower equipment cost No ionizing radiation
Shorter exam time Able to image chest wall and 

entire axilla
Less risk of acute contrast 
reaction

CEM examination includes a standard mammogram  
(able to detect calcifications)
No claustrophobia or loud noise No compression
No MRI-specific contraindications, such as from 
pacemakers or implanted metal

MR-guided biopsy is available

No risk of NSF or gadolinium deposition
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standard mammogram [31, 32]. Because of this ability to detect calcifications, 
CEM, when validated for this purpose, would have the potential to serve as a single 
high-risk screening examination, as opposed to the current standard of utilizing a 
combination of MRI and mammography.

A disadvantage of CEM is the absence of a method to biopsy findings seen only 
with contrast, as is available with MRI. In practice, if a CEM finding cannot be cor-
related to a specific spot on unenhanced mammography or tomosynthesis and can-
not be identified by ultrasound, a contrast-enhanced MRI is performed and the 
lesion biopsied under MRI guidance. Adding biopsy capability to CEM should be 
straightforward using existing upright stereotactic systems, but no commercial sys-
tem is as yet available.

Unlike mammography (including CEM), MRI uses no ionizing radiation and 
does not require compression. On the other hand, patients with absolute contraindi-
cations to MRI, such as those with pacemakers or other implanted ferromagnetic 
devices, or with relative contraindications, such as claustrophobia, can undergo 
CEM without problem. In general, patients demonstrated significantly higher 

a

b

Fig. 5.4 Thirty-two year old female with biopsy proven IDC in the right breast. MR and CEM 
imaging demonstrated 4.2 cm of disease. (a) Axial MR shows a suspicious right level 3 axillary 
node (arrow). (b) PET scan obtained 2 days after MR scan confirms suspicious axillary node on 
PET scan. This was not included in field of view on CEM imaging but likely would have been seen 
on targeted axillary ultrasound, which was not performed at outside institution
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overall preference toward CEM compared to MR [33] (n = 49, P < 0.001), with 
faster procedure time, greater comfort, and lower noise level cited as the commonest 
reasons. Participants also reported significantly lower rates of anxiety during CESM 
compared with CEMRI (n = 36, P = 0.009). A significantly higher rate of comfort 
was reported during CEMRI for measures of breast compression (n = 49, P = 0.001) 
and the sensation of IV contrast injection (n = 49, P = 0.003) [34].

Compared to breast MR, CEM is quicker to perform, the iodinated contrast agent is 
cheaper than gadolinium, and so the procedure is potentially more cost- effective. The 
average procedure time for CEM from contrast agent injection to compression release 
after the last mammographic view is 6 minutes and 30 s compared to 29 min and 39 s 
for breast MRI from start of first to end of last image acquisition [34]. CEM depicts the 
breast at only two time points, unlike commonly accepted MRI protocols which include 
dynamic post-contrast acquisition. For this reason, kinetics are not routinely evaluated 
at this time in the clinical arena. The actual effect of acquisition timing is still under 
investigation and may improve detection capabilities as the imaging protocols evolve.

For both CEM and MRI, the only significant risk is from the contrast. EUSOBI 
[20] recommendation notes: “It is important to note that iodinated contrast agents 
are frequently used in clinical practice, mostly intravenously injected for contrast- 
enhanced computed tomography. There are contraindications (history of allergic 
reactions, renal failure) and possible side effects that require discussion with the 
patient and the signature of an informed written consent. Thus, the injection of 
iodinated contrast agents for mammography requires the same precautions used for 
other contrast-enhanced X-ray-based examination. Before the examination, the 
radiologist will clarify the risks and benefits associated with the intravenous injec-
tion of iodinated contrast agents.” This is how most clinical breast imaging centers 
have incorporated CEM into their practice.

Although iodinated contrast is generally considered to be significantly more haz-
ardous than gadolinium contrast, the reported differences in frequency of adverse 
events, as well as the overall frequency, are small. Comparison of the two types of 
agents is hindered, however, by a lack of large series and a wide spread in reported 
outcomes, as well as variability in terminology used to describe reactions. As reported 
in the ACR Manual on Contrast Media, v 10.2, the frequency of “serious acute” reac-
tions for iodinated contrast is estimated at 0.04% [35] vs. a rate of 0.001–0.01% for 
“severe life-threatening anaphylactic” reactions from gadolinium [35]. Other issues 
include the possible risk of nephrotoxicity from iodinated contrast and the proven but 
small risk of nephrogenic systemic fibrosis from gadolinium contrast. A more recent 
concern is the observed deposition of gadolinium in the brain from repeated admin-
istrations of the most common class of gadolinium contrast agents [36]. Whether this 
deposition has any actual consequences to human health is unknown.

5.6  Potential Applications of CEM

CEM is currently a diagnostic imaging test, to be used as an adjunct to standard 
mammography. Given the labeling, approved uses for CEM could include staging 
of newly diagnosed breast cancer, problem-solving in cases where conventional 
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mammography and ultrasound are inconclusive, and evaluating treatment response 
in patients receiving neoadjuvant chemotherapy and potentially a supplemental 
screening tool.

5.7  Summary

Contrast-enhanced mammography is in its early stages of development and clinical 
use. Diagnostic and pilot screening studies have shown similar performance to 
contrast- enhanced breast MRI. The technique has some cost and speed advantages 
over MRI and is better tolerated by most patients. Where CEM will fit in the arma-
mentarium of imaging procedures available for detecting and diagnosing breast 
cancer remains to be seen.
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6CEM as a Problem-Solving Tool

Sarah L. Tennant

6.1  Introduction

Contrast-enhanced mammography (CEM) was first introduced (as a routine clinical 
examination) to the UK in 2013, at the Nottingham Breast Institute. At the time of 
writing, the technique has been adopted by approximately 20 centres throughout the 
UK.

The author’s experience is based primarily on experience in symptomatic patients 
(Chap. 7 covers the use of CEM in screening populations). However, one of the 
advantages of CEM in the diagnostic or problem-solving setting is also an advan-
tage in the screening setting: the ability to define the extent of any malignant tumour 
detected, at the same time as the diagnostic exam. This can obviate the need for 
MRI, for which CEM is considered an excellent alternative [1–3].

6.2  The One-Stop Clinic

The diagnostic assessment of patients with breast symptoms can be based on the multi-
disciplinary triple diagnostic method (“Triple Assessment”) which comprises clinical 
assessment, imaging assessment and (where appropriate) needle biopsy. In the UK, the 
“one-stop” clinic is considered to be best practice—patients presenting with symptoms 
are seen in an environment where all appropriate tests can be carried out during the same 
clinic attendance [4]. CEM can work well within this setting. Work by Fallenberg et al. 
[5] showed that the low-energy image of a CEM exam was clinically equivalent to a 
full-field digital mammogram (FFDM). Technical equivalence has also been proven—
Francescone et al. [6] compared various parameters in women who had undergone both 
CEM and standard FFDM within 6 months, concluding that the low-energy images 
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could be used for interpretation instead of FFDM. Importantly, an early concern regard-
ing the visibility of calcification on the low-energy images that they might be obscured 
by iodinated contrast was not supported in this study—calcifications were equally well 
seen as on FFDM. Lalji et al. [7] corroborated this view with their 2015 publication 
where low-energy images were compared to FFDM using European reference criteria. 
In this analysis, calcifications were significantly more visible on LE images than on 
FFDM, although this was thought to be related to post-processing of the images. 
However, a subsequent study focusing solely on the use of CEM in calcifications did not 
confirm this earlier observation, showing no clinically relevant increase in diagnostic 
accuracy (source: personal communication and unpublished data).

6.3  The Nottingham Approach

As outlined above, there is good evidence to show that when a CEM is planned, 
there is no need to perform standard digital mammography first. The Nottingham 
model exploits this benefit of the technique, where, according to certain criteria, 
CEM is offered as an alternative to FFDM.

In the UK, most centres use the Royal College of Radiologists (RCR) Breast 
Group classification [8] (rather than BI-RADS [9]) to record the level of imaging 
suspicion. Mammographic (M1–5) and ultrasound (U1–5) scores are graded 
thus:

 1. Normal.
 2. Benign findings.
 3. Indeterminate/probably benign findings.
 4. Findings suspicious of malignancy.
 5. Findings highly suspicious of malignancy.

A 5-point scale is also used to record the level of clinical suspicion (P for 
palpation):

P1. Normal.
P2. Benign.
P3. Uncertain.
P4. Suspicious.
P5. Malignant.

Figure 6.1 demonstrates the pathway used for symptomatic patients in 
Nottingham. In Nottingham, the lower age limit for first-line mammography in 
patients with suspicious clinical findings is 35 years. However, it is appreciated 
that other centres (both nationally and internationally) will have different 
approaches.
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The majority (approx. 2/3) of lesions assessed as clinically suspicious or 
malignant in our centre are proven malignant at subsequent biopsy [10]. Offering 
CEM as first-line imaging in these patients means that accurate staging is avail-
able immediately, with no significant increase in radiation dose. (Although the 
dose from a CEM examination is higher than that of a FFDM, it is still within 
European guidelines for digital mammography [11].) In patients who do not have 
cancer, the examination provides additional reassurance (for both patients and 
staff). With reported negative predictive value (NPV) of up to 100% [12, 13], a 
negative CEM effectively rules out a tumour, providing the lesion is within the 
mammographic field, although the full triple-assessment process should always 
be followed.

The most common explanation for a palpable breast lump with subsequent 
benign/normal CEM, in our centre, is a cyst [10]. Figure 6.2 shows an example of a 
cyst—an incidental finding in a patient with a clinically suspicious mass in the right 
breast. The typical appearance of a cyst on CEM is a rounded, well-defined area 
(which may be visible on the low-energy images, depending on lesion size and 
breast density) with a lack of enhancement compared to the surrounding tissue on 
the recombined images. It may have a thin rim of enhancement.

Clinical 
Examination

Standard 
assessment

P 1-3

P 4-5 Age 
35+

Age  
<35

Offer CEM
(with ultrasound 

+/-biopsy, as 
appropriate)

Ultrasound

Proven 
Malignancy (any
age),no recent 
mammogram

U 4-5U 1-3

Fig. 6.1 The Nottingham approach—CEM as an alternative to FFDM in symptomatic patients. P 
is the clinical score (P1 = normal, P2 = benign; P3 = uncertain; P4 = suspicious; P5 = malignant) 
and U is the ultrasound score (U1: normal; U2: benign findings; U3: indeterminate/probably benign 
findings; U4: findings suspicious of malignancy U5: findings highly suspicious of malignancy)
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Fig. 6.2 Clinically suspicious mass in the right breast. Low energy images (a, c, e, g) show bilateral 
masses—well-defined on the left, slightly ill-defined on the right. Recombined images (b, d, f, h) 
show a focal lack of enhancement on the left, consistent with a cyst. The mass in the right breast 
shows homogeneous enhancement. Needle core biopsy showed a papilloma (with no atypia), and 
this was subsequently treated with vacuum excision. Final pathology—intraductal papilloma

a b

c d
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e f

g h

Fig. 6.2 (continued)
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6.4  Negative Predictive Value

One of the great strengths of CEM in an uncertain clinical situation is its high nega-
tive predictive value. In Tagliafico et al.’s [14] systematic review and meta-analysis, 
CEM was shown to have an extremely high sensitivity—98% overall sensitivity was 
estimated across the eight papers included (95% CI 0.96–1.00). The studies included 
in this review were a mixture of both retrospective and prospective analyses and, as 
the authors noted, were heterogeneous for eligibility of included patients. 
Nevertheless, the lowest reported sensitivity amongst the groups (Cheung et al. [15] 
was 91%, and this was in a highly selected group of patients where CEM was being 
used to evaluate suspicious calcifications. The sensitivity reported by Cheung et al. 
was for enhancement of the lesions being assessed. Sensitivity for invasive breast 
cancer in this group was (7/7) (100%), but the larger group of malignant lesions in 
this paper was ductal carcinoma in situ (DCIS), where only 13/15 (86.7%) showed 
enhancement. Of the two non-enhancing lesions subsequently diagnosed as DCIS, 
one was low-grade, and the other was high-grade.

Other groups have also reported very high NPVs in patients called back from 
abnormal screening exams: Lobbes et al. [12], 100% in 113 women recalled from 
mammographic screening; Lalji et  al. [16], 98.2% in 199 women recalled from 
screening; and Luczynska et al. [17], 100% in 102 women with suspicious conven-
tional mammography.

Tardivel et al. [18] reported a lower NPV of 81% in 195 women with suspicious 
or indeterminate findings on conventional imaging—although did clarify that this 
was only considering enhancement criteria.

6.5  Assessment of Calcifications

There is some debate regarding just how the “sensitivity” of CEM is interpreted in 
the assessment of calcifications. Whilst the lack of enhancement of a malignant 
lesion has been considered a false negative by some, the detection of malignant 
calcifications on the low-energy image is a true positive. In practice, the two com-
ponents are complementary and should never be assessed separately. Therefore, the 
final RCR or BI-RADS score is a combination read and determinations of sensitiv-
ity, specificity, accuracy, etc. should be based on that combined interpretation.

Cheung et al. [19] looked at CEM in 94 patients with screen-detected calcifica-
tions (that were not associated with a mass) and were classified as BI-RADS 4 [9]. 
33/94 (35%) enhanced on CEM. Of these, 24/33 (73%) were malignant, and 9/33 
(27%) were benign. All 8 invasive ductal cancers (100%) and 16/19 DCIS (84.2%) 
showed enhancement. This paper did not specify the grade of DCIS. It seems plau-
sible that high-grade DCIS would enhance more at CEM than low or intermediate 
grade—we know that this is true at MRI—98% of high-grade DCIS enhances at 
MRI, but low- and intermediate-grade DCIS is less likely to enhance [20]. However, 
there are currently limited data on the role of CEM in detection of DCIS—and even 
less data looking at patterns of enhancement according to grade.
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Houben et al. [21] studied 147 women recalled from the screening programme for 
suspicious calcifications, who underwent CEM as part of their diagnostic workup. 
Most of these cases (82/147 (55.7%)) were benign—invasive cancers (32/147 (21.7%)) 
and pure DCIS (33/147 22.4%)) made up the rest. Enhancement was seen in 84.4% 
(27/32) of invasive breast cancer and 81.1% (27/33) of DCIS. This group did consider 
the grade of DCIS—enhancement was noted in 16/18 (88.9%); 10/14 (71.4%) and 1/1 
(100%) of high, intermediate and low-grade disease, respectively. Interestingly, using 
CEM, a BI-RADS 5 score was assigned more frequently than BI-RADS 4 (66.2% vs 
27.6%). Using LE images only, scores were 16.9% and 77.8%, respectively. This 
implies that the availability of enhancement characteristics increases reader confidence 
in assessment of calcifications—even though it would not alter management.

As the debate regarding overdiagnosis and overtreatment in screening continues, 
it remains to be seen what the recommended management of low-grade DCIS will 
be. At the time of writing, the UK LORIS trial [22] is recruiting patients with low- 
risk DCIS (low/intermediate grade without comedo necrosis). The primary objec-
tive is to assess whether active monitoring is non-inferior to surgery, in terms of 
ipsilateral invasive breast cancer-free survival time. Unfortunately, it seems that 
CEM does not currently offer an easy solution for identification of low-risk calcifi-
cation. Although CEM may improve reader confidence, it is important to remember 
that calcifications deemed worthy of a biopsy on the low-energy images should still 
be biopsied, even if they do not enhance.

Figure 6.3 shows an example of suspicious calcifications, with malignant 
enhancement on the recombined views, in this case enabling accurate assessment of 
disease extent.

6.6  Cancer of Unknown Primary Site/Metastatic  
Axillary Adenopathy

MRI is currently the problem-solving tool of choice in the assessment of clinically 
and mammographically occult cancers, both in patients with malignant axillary 
adenopathy and in systemic metastatic disease where the pathology is suggestive of 
a breast primary. In this setting, MRI identifies over 2/3 of tumours, most of which 
are then detected at targeted ultrasound [23]. CEM can also be considered in the 
workup of patients with cancer of unknown primary origin. Due to its superior sen-
sitivity and specificity compared to FFDM, a diagnosis of breast cancer can be 
confirmed or excluded with reasonable confidence during a single clinic visit. In 
centres where mammography and MRI are not situated in the same facility, CEM 
can expedite the diagnostic pathway.

In these particular situations (the hunt for a primary lesion), one may wish to 
review any prior mammography available, to assess background density. The “added 
value” of CEM in a fatty mammogram is lower than in a dense background pattern 
[24, 25]. It may therefore be deemed unnecessary to perform a CEM (with the 
inherent risks of iodinated contrast)—as always in medicine, the risks and benefits 
need to be balanced.
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Fig. 6.3 Suspicious mass in the right breast. Low energy images (a, a1 (zoomed) c, c1 (zoomed)) 
show pleomorphic calcification in the right upper outer quadrant. Recombined images (b, d) show 
focal enhancement measured at 36 mm. Final pathology—ductal carcinoma, grade 3—invasive 
disease measured 24 mm, whole tumour size (to include DCIS) 35 mm

a

a1

b
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c c1

Fig. 6.3 (continued)

d
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6.7  Staging/Surgical Planning

Mammography is generally performed in all women diagnosed with breast cancer, 
regardless of age. Even in tumours which are mammographically occult, the examina-
tion acts as a “baseline” for future follow-up and allows assessment of calcifications, 
which no other imaging modality evaluates so effectively. Modern mammography has 
a sensitivity of up to 88% [26], but this is lower in dense breasts [27, 28], and tumour 
extent can be difficult to evaluate with conventional imaging. In the UK, current guid-
ance states that MRI should be offered if there is discrepancy (between clinical assess-
ment and imaging) regarding the extent of disease; if breast density precludes accurate 
mammographic assessment or to assess tumour size if breast-conserving surgery is 
being considered in invasive lobular cancer [29].

With the increasing availability of oncoplastic surgical techniques, it has never 
been more important to stage primary breast cancer accurately. Multifocal/multi-
centric disease, traditionally defined as additional tumour foci in the same/different 
quadrants of the breast, respectively, would historically have been treated with mas-
tectomy. This multifocal/multicentric definition has lately fallen out of favour—
modern surgical planning is much more reliant on the location, volume and 
relationship of tumour foci than an arbitrary definition of whether they lie in the 
same quadrant. CEM can provide an accurate map of disease, in a format familiar 
to the breast surgeon (i.e. standard mediolateral oblique and craniocaudal views). 
Although the information acquired is very similar to that obtained from an MRI, it 
is much simpler to display two mammographic images in the operating room—a 
practice to which many breast surgeons are accustomed.

Several studies have demonstrated the benefits of CEM in women with dense 
breasts—in terms of sensitivity and tumour sizing. Fallenberg et al. [5] reported 118 
patients with newly diagnosed invasive or in situ breast cancer. The sensitivity of 
CEM was higher than mammography in both dense and non-dense breasts, but the 
increase in sensitivity was much higher for dense breasts—from 71.6% to 93.3% 
and from 85.8% to 96.5% for dense and non-dense breasts, respectively.

Patel et al. [24] also looked at 88 women with newly diagnosed breast cancer. 
Tumour size correlation (with histopathology) correlated well (better than ultrasound 
or FFDM) in patients with both dense (BI-RADS categories C and D) and non-dense 
(BI-RADS categories A and B) breasts. Size correlation was highest for CEM in 
patients with invasive ductal carcinoma—tumour size was overestimated more for 
invasive lobular carcinoma. The added value of CEM (as a supplement to FFDM) in 
determining tumour size was shown to be greater in patients with dense breasts.

Mori et al. [30] studied 72 Japanese women who had undergone CEM. The group 
consisted of patients with BI-RADS 3 or above abnormalities, discovered at mam-
mography or ultrasound. Ninety percent of 143 breasts (one patient had previously 
undergone mastectomy) were classed as heterogeneously dense (79%) or extremely 
dense (11%)—equivalent to BI-RADS categories C and D, respectively. CEM dem-
onstrated increased accuracy when compared to standard mammography (90.9% vs 
72.7%). Sensitivity (86.2% vs 53.4%), specificity (94.1% vs 85.9%), positive predic-
tive value (PPV) (90.9 vs 72.1%) and NPV (90.9% vs 73%) were all improved.

Figures 6.4, 6.5, 6.6, 6.7, and 6.8 show examples where the recombined imaging 
aids in the diagnosis and assessment of disease extent.
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a b

c d

Fig. 6.4 Patient presents with a lump in the left breast. History of previous fibroadenoma (biopsy- 
proven). Low energy images (a, c) show a predominantly dense background pattern, with a rela-
tively well-defined mass in the lower inner quadrant. Recombined images (b, d) show the mass 
enhances only faintly—this is the longstanding fibroadenoma. There is a separate mass posterior 
to the fibroadenoma, showing more intense enhancement. Ultrasound guided core-biopsy of the 
posterior mass showed invasive carcinoma, no special type, grade 2. Note the background glandu-
lar enhancement in the left upper breast on the oblique view—this was symmetrical (right sided 
images not shown)
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a b

c d

Fig. 6.5 Patient with bloody nipple discharge and lumpy area left breast. Low energy images  
(a, c) show two relatively well defined masses in the left breast. Recombined images (b, d) dem-
onstrate extensive (although relatively low-grade) enhancement throughout the left lower outer 
quadrant. Ultrasound guided biopsy showed high nuclear grade encapsulated papillary carcinoma 
(B5c). Extensive abnormality was confirmed at MRI (not shown) and the patient underwent 
mastectomy
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a b

c d

Fig. 6.6 Patient with a mass in the left breast. Abnormality is difficult to appreciate on the low- 
energy images (a, c). Recombined views (b, d) show focal suspicious enhancement. CEM size 
reported as 34 mm. Final pathology—30 mm grade 2 invasive carcinoma, no special type
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a b

c d

Fig. 6.7 Small ovoid mass palpable in left breast. Low energy images (a, c) show a well-defined 
mass in the upper outer quadrant. Some linear soft-tissue density anterior to this appears benign. 
Recombined views (b, d) demonstrate focal suspicious enhancement in this area. Final pathol-
ogy—grade 2 tumour of no special type, adjacent malignant intramammmary lymph node
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Fig. 6.8 Patient reported changes to left nipple. Low energy images (a, c) show no abnormality. 
Recombined views (b, d) demonstrate focal suspicious enhancement in the retroareolar region. 
Biopsy showed invasive tumour with lobular features, grade 2

a b
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c d

Fig. 6.8 (continued)
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6.8  False Negatives

Although the sensitivity of CEM is extremely high, at >90% [2, 5, 25], false nega-
tives do occur. Amongst the causes of false-negative exams are lesions which are 
outside the mammographic field. This may be due to patient factors (e.g. pectus 
excavatum) or radiographic technique. This is less of an issue with breast MRI due 
to the larger field of view.

Another potential cause for a false-negative exam is in lesions which are below 
the resolution of the exam. The contrast resolution of both low- and high-energy 
images is primarily a function of detector element size. The focal spot size and 
geometry also contribute. These are all the same as for a standard mammogram, so 
the spatial resolution for both components of a CEM (and the recombined image) 
would be expected to be approximately equivalent to FFDM (and better than that of 
MRI). However, what is more important is the smallest enhancing lesion that one 
can detect. This is more complex, as one needs to consider the concentration of 
iodine within the lesion, as well as lesion morphology.

Baldelli et al. [31] showed that a 5 mm spherical void, filled with 5.75 mg/ml of 
iodine, was visible in phantom studies. Hill et al. [32] considers a 5 mm diameter 
void filled with 1 mg/ml to be a difficult test for a system. Based on the work of 
these two investigators, one might expect to see enhancing lesions of approximately 
5 mm. However, one might in fact see smaller lesions if there is sufficient contrast 
uptake and miss larger lesions if there is a lack of contrast uptake. This seems to 
correlate well with clinical experience—the smallest lesion detected in our own 
practice has been approximately 5 mm, but a 4 mm lobular tumour confirmed at 
surgical excision was not evident at CEM [10]. Li et al. [33] reported a smallest 
lesion size of 4 mm in their study comparing CEM and MRI in 66 breast lesions, as 
did Jochelson et al. [2] in 52 women with newly diagnosed breast cancer.

6.9  False Positives

Localised increase in vascularity and/or capillary permeability are not specific for 
malignancy, and various benign lesions can enhance at CEM, just as with MRI. There 
are also enhancing lesions that are not evident at all on low-energy images. As the 
PPV of CEM is so high (ranging from 76% [12], to >90% [18, 33, 34]), it is impor-
tant to biopsy unexplained enhancing lesions.

Badr et al. [35] noted enhancement in 9/27 (33%) benign lesions. Jochelson et al. 
[2] observed two false-positive findings in 52 cases (3.8%) (although 13 (25%) 
false-positive findings were observed at MRI), and Lobbes et al. [12] described five 
false-positive findings in 113 women recalled from screening (4.4%).

A variety of benign lesions can enhance at CEM, including fat necrosis, radial 
scars and fibroadenomas. False-positive results are important, as not only do they 
generate additional biopsies (with the potential for complications), they can delay 
definitive care (in patients already known to have breast cancer) and increase patient 
anxiety. In a symptomatic patient, additional lesions (that may represent false 
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positives) can be biopsied at the same visit. If CEM is utilised in a screening setting 
(e.g. strong family history), then false positives from longstanding lesions such as 
fibroadenomas are likely to be much less problematic in incident rounds. An enhanc-
ing lesion evident at CEM is significantly more likely to be malignant than one seen 
on MR images [2, 34], so in patients where the alternative screening test is MRI, this 
should be borne in mind.

Examples of benign enhancing lesions are shown in Figs. 6.2 and 6.4.

6.10  Clarification of Inconclusive Conventional Imaging

Reader confidence is improved by the addition of recombined imaging to standard 
mammographic views. In the Nottingham series, where five radiologists indepen-
dently reviewed 100 CEM examinations [10], the addition of the recombined imag-
ing to the low-energy views was rated as a useful or significant aid to diagnosis in 
75% of cases. From a clinical perspective, the benefits of CEM include identifica-
tion/verification of malignancy, ability to size malignancy accurately and reassur-
ance/downgrading in benign cases.

If a potential abnormality has been identified at conventional imaging, but there 
is diagnostic uncertainty, CEM can be a useful discriminating tool—with the poten-
tial to downgrade false positives or verify true malignant lesions. Whilst this may be 
particularly helpful in screening populations, its value in this regard is equally appli-
cable to incidental findings in symptomatic patients. In Lobbes et al.’s 2014 paper 
[12], CEM was performed in 113 women recalled from the mammographic screen-
ing programme. A retrospective review of the CEM images compared to FFDM was 
undertaken by two readers. Results showed increases in both sensitivity and speci-
ficity—PPV was improved at 76.2% (vs. 39.7%) and NPV to 100% (vs. 97.1%).

6.11  Biopsy of CEM-Detected Lesions

Most lesions identified at CEM are likely to be found at targeted “second-look” 
ultrasound. Other lesions may be identified on the low-energy images and be candi-
dates for stereotactic biopsy. But what does one do when a lesion is indeterminate 
or suspicious at CEM and cannot be located with ultrasound or stereotactic biopsy? 
There is currently no commercially available equipment that combines contrast- 
enhanced images with biopsy capability. Until biopsy capability is developed, 
contrast- enhanced MRI provides an alternative method of assessment.1 Additional 
information obtained by MRI in the form of enhancement profiles of any visualised 
lesions may be sufficient to downgrade the level of suspicion. If the lesion remains 

1 Gadolinium-induced signal intensity increase in TW1 MRI is not exactly proportional to the 
concentration of contrast material that accumulates in a lesion [36]. In iodinated contrast-based 
imaging (e.g. CT and ostensibly CEM), there is a direct correlation between density measurements 
(in Hounsfield units) and contrast concentration.
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indeterminate, or becomes more suspicious at MRI, then MRI biopsy can be 
arranged. Although the sensitivity of MRI is exquisite, there are a small number of 
false negatives. Therefore, if a lesion is deemed highly suspicious at CEM, but not 
seen on MRI, further investigation is required. This may include an attempt at local-
ization by anatomy on mammography (to facilitate surgery) or 6 months follow-up 
of CEM.

6.12  The Patient Experience

Patient feedback regarding CEM is generally positive—women who already attend 
mammographic screening are accustomed to the procedure, and, apart from the 
injection of contrast, the mammographic experience is identical.

CEM has several advantages compared to MRI.  It is potentially more widely 
available and significantly less expensive. The examination is much quicker to per-
form and report than a standard MRI—in the author’s own practice, CEM is usually 
“hot-reported,” so that second-look ultrasound and biopsy can be performed at the 
same attendance.

Hobbs et al. [37] compared the patient experience of CEM with that of MRI in 
patients with breast cancer who had undergone both tests. There was a significantly 
higher preference for CEM—faster procedure time, greater comfort and lower noise 
levels were the most common reasons cited. Patients also described significantly 
lower rates of anxiety during CEM, although comfort of both breast compression 
and the sensation of IV contrast injection scored significantly worse than for MRI.

The preferences/tolerances of women undergoing screening may differ from 
those who are known to have breast cancer. These are women who may need to 
undergo tests on an annual basis, for many years, often during the busiest periods of 
their lives, in terms of family and career. Phillips et al. [38] surveyed 43 women 
undergoing both CEM and MRI as part of a larger study assessing performance in 
the high-risk screening setting. When asked of their preference (assuming both tests 
had an equal chance of finding breast cancer), 79% of the 38 women responding 
chose CEM. The length of the screening test was also important to these women—
97% indicated that the duration of CEM was about right (neither too long nor too 
short), whereas only 46% felt that MRI duration was about right—this was statisti-
cally significant (p < 0.0001). Although 89% reported that they would be comfort-
able receiving contrast as part of an annual screening test, 100% patients agreed 
(34.25%) or strongly agreed (65.8%) that they would be willing to accept the small 
risk of a contrast reaction if the CEM found their breast cancer.

Although patients’ concerns regarding the risk of contrast reaction were exam-
ined, Phillips et al. [38] did not discuss the specific issue of gadolinium deposition. 
Gadolinium-based contrast agents have been widely used since the late 1980s to 
enhance the quality of MRI in a variety of clinical scenarios. These agents are well- 
tolerated and have an excellent safety profile (in those with normal renal function), 
with a significantly lower rate of adverse reactions than iodinated contrast. However, 
it has recently become apparent that gadolinium can be deposited in the bone and 
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brain tissues, even in individuals with normal renal function [39]. The long-term 
consequences of this deposition are not known. In 2017, the European Medicines 
Agency concluded a review, subsequently restricting the use of some linear agents 
and recommending that healthcare professionals should use gadolinium contrast 
agents only when essential diagnostic information cannot be obtained with unen-
hanced scans, at the lowest dose that provides sufficient enhancement for diagnosis 
[40]. In women undergoing annual breast MRI, potentially over many years, this is 
an important consideration.
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7.1  Introduction

Breast cancer is the leading cause of cancer death among women throughout the 
world. Breast cancer survival has improved, in part because of a wide variety of new 
and improved treatments. However, it remains clear that even with these superior 
treatments, outcomes are better in women with smaller, node-negative cancers and 
the detection of these smaller cancers is the result of breast cancer screening.

Screening mammography and physical examination remain the mainstay of 
breast cancer screening programs. Multiple randomized studies have demonstrated 
that screening mammography reduces breast cancer mortality by approximately 
30% [1–4]. However, mammography has its limitations. The sensitivity of mam-
mography overall is 70–85%, but this drops significantly in high-risk women with 
dense breasts in whom it is no higher than 50% [5, 6]. Specificity of mammography 
is approximately 89% [7]. Women are frequently called back for additional imaging 
after they have had their screening mammogram which leads to additional radiation, 
cost, and patient anxiety. Call backs may occur in up to 20% of women at baseline 
mammogram [8] and slightly less frequently on subsequent examinations. Biopsies 
are also frequently recommended after screening with a positive predictive value 
(PPV) of only approximately 28.6% [7]. Additionally, some believe there is a great 
deal of “overdiagnosis” by screening mammography.

These limitations are frequently cited as a reason to decrease or avoid screening 
altogether [9, 10]. With these limitations, improved imaging techniques are needed, 
both to detect a greater number of cancers when screening and decrease the number 
of women called back from screening and the number of benign biopsies. As was so 
aptly stated by Oeffinger et al. at the publication of the most recent American Cancer 
Society Guidelines, “Given the weight of the evidence that mammography 
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screening is associated with a significant reduction in the risk of dying from breast 
cancer after age 40 year, a more productive discussion would be focused on how to 
improve the performance of mammographic screening” [11].

To elaborate on Dr. Oeffinger’s apt statement, this chapter will discuss various 
options for improved screening with a focus on contrast-enhanced mammography 
(CEM). The ideal new or supplemental screening examination needs to improve 
cancer detection, reduce recall rates, improve the PPV of recommended biopsies, be 
inexpensive, be widely available, and not add significant radiation.

7.2  Improved Screening: Purely Anatomic Techniques

7.2.1  Digital Breast Tomosynthesis

Digital breast tomosynthesis (DBT), while used occasionally as a supplemental 
imaging tool, is increasingly being used as a primary screening examination. It uses 
multiple low-dose projections of the compressed breast obtained with a moveable 
X-ray source—essentially like a computed tomography scan of the breast. The 
image slices are reconstructed in a plane parallel to the detector. Using DBT allows 
overlying breast tissue to be peeled away, enabling easier detection of primarily soft 
tissue lesions. This leads to an improvement in detection rates over full-field digital 
mammography (FFDM), sometimes also detecting additional lesions over those 
seen on FFDM. While DBT is sometimes incorrectly referred to as 3D imaging, it 
does lead to better lesion localization. Margin analysis is also improved with 
DBT. Using DBT through an area of a suspected mass may also clarify that the 
apparent mass is merely overlapping breast tissue. The latter two improvements 
over FFDM improve specificity and reduce the number of patients called back. PPV 
is also improved as a result.

Every study comparing the use of DBT to routine mammography has demon-
strated slight improvement in cancer detection in addition to a reduction in the rate 
of call backs. DBT allows detection of approximately 1.5 additional cancers per 
1000 women over FFDM: Skaane et  al. performed a prospective trial involving 
nearly 13,000 women and demonstrated that adding DBT to FFDM improved can-
cer detection rates from 6.1/1000 to 8.0/1000 examinations with a 15% decrease in 
false-positive findings. The additional cancers detected were invasive cancers [12]. 
In a multicenter retrospective study that included both academic and private prac-
tices, Friedenwald et al. also showed a similar improvement in detection rate from 
4.2/1000 to 5.4/1000 examinations and signwificant decrease in recall rates [13]. 
Improvement in cancer detection with DBT has been demonstrated with all breast 
densities except in the 10% of women with extremely dense breasts. Kim et  al. 
found that DBT compared favorably to screening ultrasound except in women with 
extremely dense breasts [14].

While the slight increase in detection rate is certainly an advantage, the real 
advantage of DBT is in the reduction of call backs. Rafferty et al. demonstrated that 
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using DBT + FFDM significantly reduced call back rates in patients with nonmalignant 
findings without a significant change in those women subsequently found to have 
cancer [15]. McDonald et al. evaluated 25,000 women having baseline mammogra-
phy and showed a significant reduction in call back rates from 20.5% to 16.0% [8].

In the United States, DBT is increasingly replacing FFDM as a primary screen-
ing modality because of the combination of improved detection and decreased call 
back rates. In countries where call backs are less frequent, DBT may not be used as 
much. Its limitations include high costs, increased need for data storage, and signifi-
cant increase in reading time. Since 2D images remain important for an overview of 
the breast, doing DBT and FFDM doubles the radiation dose to the breast. Vendors 
have developed synthetic views to replace the FFDM which will lower the radiation 
dose of DBT back to that of a FFDM alone, but synthetic view software carries a 
high additional cost. Additionally, DBT does not improve breast cancer detection in 
women with extremely dense breasts, a population who are at particularly higher 
risk of developing cancer [16] and in whom cancers are masked and therefore 
missed on mammography.

7.2.2  Screening Whole-Breast Ultrasound

The most commonly used method of supplemental breast imaging, particularly in 
women with dense breasts, is screening whole-breast ultrasound. It is relatively 
inexpensive, does not expose the patient to additional radiation, and is widely 
available. Multiple investigators have demonstrated additional detection rates of 
approximately 3.5 cancers/1000 women [17–19]. The cancers detected are more 
frequently early-stage invasive cancers and therefore less likely to be considered 
“overdiagnosis.” While there is no arguing that this additional detection is a sub-
stantial improvement, ultrasound also has its limitations. The ACRIN 6666 trial 
was a prospective trial to evaluate the utility of ultrasound screening in a popula-
tion of 2637 women with normal mammograms, dense breasts, and at least one 
other risk factor. In the process of detecting the additional cancers, 8% of the 
women received a biopsy recommendation, and only 7.4% of those biopsies were 
malignant. An additional 9% of women were recommended to return for 6-month 
follow-up examinations. In the J-START study involving 72,998 Japanese women 
from 40 to 49 years old, ultrasound added to mammography improved the sensi-
tivity of mammography alone but decreased its specificity significantly [20]. It 
should be noted that in patients who are screened for several years, there are fewer 
unnecessary biopsies with an improvement of PPV from approximately 7% to 
20% [21].

This lack of specificity of screening whole-breast ultrasound defeats one of the 
main purposes of supplemental screening, i.e., to reduce call backs, and adds to the 
cost of ultrasound screening. With the increasing use of screening ultrasound in 
women with dense breasts, two studies determined that due to the large number of 
additional biopsies, the cost of detecting one cancer was $50,000–60,000.00 [19, 22].
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Interim results of a prospective trial (ASTOUND trial) comparing DBT with 
screening ultrasound were performed in 3231 women with dense breasts and nega-
tive FFDM.  Twenty-four additional cancers were detected; 13/24 (54%) were 
detected by DBT corresponding to 4/1000 screens. Ultrasound detected 23/24 
(96%) or 7.1/1000 screens [23]. Kim et al. compared the performance of these two 
examinations in a population of 698 women with dense breasts who had 140 can-
cers. They demonstrated comparable performance of the two except in women with 
extremely dense breasts in whom DBT was inferior [14].

However, additional results from the ACRIN trial follow-up demonstrate further 
limitations of supplemental imaging with whole-breast screening ultrasound. At the 
end of the trial, 612 women who had had three rounds of negative screening mam-
mography and ultrasound were offered a screening MRI. There were 16 cancers 
detected, 9 of which (56%) were seen only on MRI. MRI added 14.7 additional 
cancers per 1000 women screened; 75% of these cancers were invasive [24]. Kuhl 
et al. demonstrated similar findings with the EVA trial [25]. These latter studies sug-
gest that performing only purely anatomic studies such as FFDM, DBT, and ultra-
sound remains limited for cancer detection and in fact negative examinations may 
give women a false sense of security when they receive negative results.

7.3  Imaging of Neovascularity

7.3.1  Contrast-Enhanced Breast MRI

Breast MRI has long been acknowledged to be the most sensitive screening examina-
tion for the detection of breast cancer. By using contrast to enhance tumor neovascu-
larity, the sensitivity of MRI approaches 97%, sometimes detecting early cancers 
before a discrete mass can be detected. Specificity was initially poor but over the years 
has improved to be comparable to that of mammography. Because of the high sensi-
tivity of MRI, in 2007 the American Cancer Society provided guidelines for the 
annual use of breast MRI for women who are at greater than 20% lifetime risk for 
development of breast cancer. As a result, not only has it been shown that cancers 
detected by MRI in the patient population are smaller and less likely to be node posi-
tive [26], but there is also a survival benefit in mutation carriers who are screened with 
annual MRI [27, 28].

In a review of 18,064 screening MRIs and mammography in 7519 women at high 
risk for developing breast cancer, Sung et al. demonstrated that cancers detected by 
MRI are more likely to be invasive cancers, whereas those detected by mammogra-
phy are more likely to be ductal carcinomas in situ. Additionally, they showed that 
interval cancers which account for more than 20% of all breast cancers are reduced 
to 5% with screening MRI [29].

With these superb results with screening MRI, it would be ideal to offer MRI to 
a larger population of women or even all women. There is a large population of 
women at intermediate risk for developing breast cancer (15–20% lifetime risk) 
including in the United States alone over three million breast cancer survivors and 
approximately 15,000 women with high-risk lesions and 25 million women with 
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dense breasts. However, the cost of this would be prohibitive, and it is not realistic 
to think there is enough availability of MRI to accommodate these women.

Abridged (or abbreviated) MRI is a technique that has been proposed to lower 
costs and increase available time on MRI scanners by reducing the number of 
sequences performed. This technique was first performed by Kuhl et al. who pro-
spectively evaluated results of screening MRI with only three sequences which 
would take 3 min to perform compared with their routine 17 min for 606 screening 
MRIs in 443 women at intermediate or slightly increased risk for developing breast 
cancer. Reading the full number of sequences required 28 s per examination and 
yielded a sensitivity of 100% and specificity of 94.3%. Reading a single maximum 
intensity projection image required 2.8 s with a sensitivity of 90.9% with a negative 
predictive value of 99.8% [30]. Mango et  al. retrospectively reviewed three 
sequences from a complete MRI in 100 women with known breast cancer to include 
the first post-contrast, subtraction, and maximum intensity projection images. Over 
95% of the cancers were visualized on a single (first post-contrast) image when read 
without prior examinations or history. Once prior examinations and history were 
available, the sensitivity of these abridged examinations was 100% [31]. Harvey 
et al. reviewed both abbreviated and full MRI protocols in 568 women and demon-
strated no difference in cancer detection, while the abbreviated protocol reduced 
scan times by 18.8 min per examination and interpretation times by 4.9 min per 
interpretation [32]. Van Zelst et al. also demonstrated non-inferiority of MRI scans 
performed in 2 min compared with full diagnostic MRI scans [33].

The premise of abbreviated MRI has been so well accepted that there is currently 
an ECOG-ACRIN trial comparing it with DBT where the primary goal is to compare 
invasive cancer detection rates between the two techniques and secondary goals are 
to compare tumor biology, PPV of biopsies, call back rates and short-term follow-up 
rates, and interval cancer rates and to undertake a comparative cost analysis.

However, despite the promise of abbreviated MRI, it is still not likely that we can 
accommodate such large populations of women for breast MRI.  Additionally, 
women who are claustrophobic and have certain metallic implants or allergy to 
gadolinium are unable to undergo MRI.

The success of MRI for the detection of early breast cancers is large because of 
its ability to image the neovascularity associated with most invasive breast cancers. 
Contrast-enhanced mammography (CEM) is a relatively new technique which was 
developed to utilize enhancement of neovascularity in a fashion like MRI for the 
earlier detection of breast cancer using an upgraded platform of digital mammogra-
phy. The remainder of this chapter will focus on CEM and its potential for use in the 
screening setting.

7.3.2  Contrast-Enhanced Mammography

As has been described previously, CEM is performed after bolus injection of iodin-
ated contrast material at a dose of 1.5 ml/kg. Imaging begins approximately 2.5–3 min 
after the injection is complete. Standard craniocaudal and mediolateral oblique views 
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are obtained within 5 min, and additional views can also be obtained since the con-
trast remains present for up to 10 min. Two nearly simultaneous images are per-
formed with each exposure: a low-energy image below the k-edge of iodine (33 keV) 
and a high-energy image above the k-edge of iodine. Post-processing subtracts out 
non-enhancing tissue, yielding an image of any enhancing lesions. Since there is 
only one image done per view, kinetic information is not obtained. The low- energy 
images are the equivalent of a routine mammogram [34–36]. The radiation dose is of 
course increased with CEM, with the range of increase quoted between 20% and 
80% depending on the breast thickness and vendors [37, 38]. Nevertheless, even with 
the additional radiation, the dose falls within the Mammography Quality Standards 
Act guidelines.

The report of a CEM combines the results of the low-energy images with the 
post-contrast images to provide a single Breast Imaging Reporting and Data System 
(BI-RADS) classification. Early experience utilizing CEM has been in the diagnos-
tic setting where it has consistently been shown to be superior to digital mammog-
raphy. In patients called back from abnormal screening mammography or in patients 
with clinical symptoms, Dromain et al. evaluated 120 women with unilateral CEM 
and demonstrated significantly improved sensitivity: 93% for CEM compared with 
78% for FFDM and a trend toward improved sensitivity when compared with FFDM 
plus ultrasound [39]. In a similar population of 113 women called back from screen-
ing, Lobbes et al. showed sensitivity of 100% vs. 96.9% (all patients had mammo-
graphic abnormalities to begin with) and significantly improved specificity and PPV 
with CEM compared with FFDM [40].

In 52 women with known cancers, Jochelson et  al. demonstrated significant 
superiority of CEM compared with FFDM in the detection of the index lesion (96% 
vs. 81%) and similar detection compared to MRI [41]. Fallenberg et al. did a similar 
comparison of these three techniques in 80 women with breast cancer and demon-
strated significantly better sensitivity of CEM compared with mammography. They 
also found that of the 14 patients whose cancers were not detected on FFDM, ten 
women had extremely dense breasts and three had heterogeneously dense breasts 
[42].

CEM has been shown to be superior to FFDM in women with dense breasts 
(Fig. 7.1) in multiple other studies. In a multireader trial using temporal technique 
to perform contrast mammography in 70 women with dense breasts and at least 1 
suspicious lesion on mammography, Diekmann et al. showed sensitivity improving 
from 35% to 59% [43]. In Taiwan, Cheung et al. prospectively evaluated CEM com-
pared with FFDM in 89 women with 100 lesions and dense breasts. The low-energy 
images were read blinded to the post-contrast images. Sensitivity improved from 
71.5% to 92.7%, and specificity improved from 51.8% to 67.9% with the use of 
contrast [44].

Cheung et al. also showed that the one area in which CEM was not as reliable 
was in women presenting with suspicious microcalcifications. They reported results 
in 59 women with suspicious calcifications in whom the negative predictive value of 
contrast mammography was only 93.9% which is comparable to MRI in the same 
setting [45] (Fig. 7.2).
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Fig. 7.1 A 62-year-old woman with a family history of breast cancer and dense breasts. (a) Low- 
energy images of the left breast demonstrate no suspicious abnormalities. (b) Post-contrast images 
demonstrate a 5 mm irregular mass in the lower inner quadrant of the left breast. (c) Targeted 
ultrasound demonstrates 5 mm mass left breast corresponding to CEM finding. Biopsy demon-
strated infiltrating ductal carcinoma

a

b

7 Use of Contrast-Enhanced Mammography in Breast Cancer Screening



122

Considering the success of CEM in the diagnostic setting, it appears that it could 
have potential to improve cancer detection in the screening setting, potentially fill-
ing the need for better supplemental imaging for those patients at increased risk for 
breast cancer who do not meet the American Cancer Society criteria for annual 
breast MRI. This concept has been met with some resistance primarily due to fear 
of contrast reactions in healthy women. Therefore, only a small number of papers 
have been published on this topic.

Jochelson et al. performed the first prospective trial comparing CEM with FFDM 
and screening MRI in women at increased risk for developing breast cancer. Three 
hundred and seven heavily prescreened patients with increased breast cancer risk 
underwent CEM and MRI within 30 days of each other. No cancers were detected 
by FFDM (the low-energy images). MRI and CEM each detected two invasive lobu-
lar cancers. One patient had a sub-centimeter area of enhancement on MRI not seen 
on CEM which was upgraded to DCIS when she returned 9 months later with a new 
contralateral invasive cancer as well. At 1-year follow-up, there were no interval 
cancers but two screen-detected cancers. Specificity of CEM was equal to that of 
MRI. However, the patients had all had multiple prior MRIs, while only one patient 
had a prior CEM. It is well known that having prior examinations for comparison 
improves specificity. Therefore, it is expected that CEM will ultimately be more 
specific than MRI [46] as was demonstrated in earlier diagnostic trials [40, 41] 
(Fig. 7.3).

After this study, CEM has been used routinely in women at increased risk due to 
either family history with lifetime risk under 20% or personal history especially in 
women with dense breasts (Fig.  7.4); women with a history of high-risk lesions 
diagnosed at biopsy (Fig. 7.5); women receiving high-risk screening with yearly 
MRI as the alternating mammographic study; and women who cannot undergo MRI 
due to severe claustrophobia, gadolinium allergy, or metallic implants. There are 
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Fig. 7.1 (continued)
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b

Fig. 7.2 False-negative CEM. A 51-year-old woman with a family history of breast cancer and 
dense breasts for screening. (a) Low-energy images demonstrate a new 0.9 cm group of pleomor-
phic calcifications, suspicious for malignancy. (b) Contrast images demonstrate minimal back-
ground parenchymal enhancement. No abnormal enhancement was seen in the area of 
microcalcifications or elsewhere. Calcifications were biopsied and yielded intermediate-grade duc-
tal carcinoma in situ with necrosis
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b c

Fig. 7.3 False-positive MRI/true negative CEM. A 28-year-old with a strong family history of 
breast cancer and dense breasts. (a) Axial subtraction images from MRI demonstrate 1.2 cm area of 
linear non-mass enhancement in the lower inner quadrant. (b, c) Contrast-enhanced mammography 
shows mild background parenchymal enhancement with no suspicious enhancement. MRI- guided 
biopsy yielded stromal fibrosis and fibroadenomatoid changes with no evidence for malignancy
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also a growing number of patients who are concerned about gadolinium deposits in 
the brain who are choosing not to undergo MRI and are therefore having CEM.

Sung et  al. have prospectively compared CEM with whole-breast screening 
ultrasound. Preliminary results are available in 250 intermediate-risk patients. 
Five cancers were detected: one by FFDM, two on ultrasound, and five on CEM 
[47]. If these early results hold, CEM may be more sensitive than whole-breast 
ultrasound in the screening setting (Fig.  7.6). Klang et  al. have reported their 
experience comparing CEM to ultrasound in a retrospective study of 953 women 
who underwent 87 biopsies, 43% of which were malignant. CEM sensitivity was 
97% compared to 92% for ultrasound. CEM specificity was 40% compared to 8% 
for ultrasound [48].

Sumkin et al. compared MRI with CEM and molecular breast imaging in 79 
women with 80 breast cancers. They demonstrated that while MRI was slightly 
more sensitive than CEM, MRI had significantly more false positives [49]. It 
should be noted that at this time, MBI does not meet the American College of 
Radiology appropriateness criteria for breast cancer screening due to its high total 
body radiation dose.

a b

c

Fig. 7.4 A 45-year-old woman 1 year after lumpectomy with clear margins, radiation therapy, and 
1  year of tamoxifen for routine follow-up: (a) heterogeneously dense breast showing post- 
lumpectomy change but no other abnormality. (b) Multiple enhancing masses at the lumpectomy 
site and extending toward the nipple. (c) Targeted ultrasound of a representative mass demonstrat-
ing an irregular hypoechoic lesion. Biopsy demonstrated infiltrating ductal carcinoma
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Fig. 7.5 A 61-year-old woman with a history of lobular carcinoma in situ for screening. False- 
negative MRI (a) Left low-energy and contrast images in the mediolateral oblique and craniocau-
dal projections show heterogeneously dense breast tissue and no abnormalities on the low-energy 
images. Post-contrast images demonstrate an area of non-mass enhancement in the upper inner 
breast posterior third. (b) Axial subtraction MIP MRI images demonstrated no abnormality. (c) 
Targeted ultrasound was performed and detected a 4 mm hypoechoic mass with posterior shadow-
ing. Ultrasound-guided biopsy yielded invasive lobular carcinoma. (d) Post-biopsy mammogram 
demonstrates a ribbon-shaped marker corresponding to the area of non-mass enhancement

a

b c

In a retrospective review of screening CEM compared with FFDM, Sung et al 
reported the results of 904 screening contrast mammograms, 77% in women with 
dense breasts and over 90% had other risk factors including family history or per-
sonal history of breast cancer. Fourteen cancers were detected corresponding to a 
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cancer detection rate of 15/1000 examinations. Six of the 14 (43%) cancers were 
detected due to contrast enhancement alone (in review).

Chou et al. performed a study comparing vascular with nonvascular imaging in 
185 women with BI-RADS 4 or 5 lesions. In this population there were 81 cancers 
and 144 benign lesions. Not surprisingly, MRI, contrast mammography, and contrast 
tomosynthesis were more sensitive than FFDM or non-contrast DBT. The authors 
found no significant difference between MRI, CEM, and contrast tomosynthesis. 
Specifically, contrast tomosynthesis was no better than CEM without DBT [50].

CEM is well tolerated by patients. Hobbs et al. interviewed 49 women regarding 
their preference of CEM compared with MRI. These women significantly preferred 
CEM because it was faster and more comfortable and there was less noise (p < 0.001) 
[51]. In a prospective screening trial, Phillips et al. reported that 79% of women pre-
ferred contrast mammography to MRI if the examinations had equal sensitivity [52].

There are several limitations to the use of CEM. Probably the most significant 
limitation to adoption of CEM for screening is fear of contrast reaction. As with CT 
scanning, a small percentage of patients may have contrast reactions, generally mild, 
but there is the potential for a life-threatening reaction. In the screening study by 
Jochelson et al., 1.3% of patients had predominantly mild reactions after contrast 
administration. One woman who had had a reaction to gadolinium the day before had 
a moderate reaction but did well [46]. Houben et al. reported five minor reactions 
when performing 839 CEM examinations (0.6%) for patients recalled from 

d

Fig. 7.5 (continued)
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a b

c

e

d

Fig. 7.6 A 55-year-old woman undergoing screening. History of lobular carcinoma in situ. False- 
negative ultrasound. (a, b). Bilateral mediolateral oblique and craniocaudal views demonstrate 
heterogeneously dense breast tissue with no abnormalities. (c, d). Subtraction images show mild 
background parenchymal enhancement and a small enhancing mass (arrows) in the upper outer 
quadrant of the right breast posteriorly. This could not be seen on ultrasound. (e) Axial post- 
contrast MRI demonstrates 1.5 cm enhancing mass (arrow) corresponding to CEM finding. MRI- 
guided biopsy yielded invasive ductal carcinoma
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screening [53]. It is critical to carefully screen patients for any contrast allergy his-
tory. It is our practice to exclude any woman with any history of reaction to iodine 
from screening with CEM. Even though type A reactions officially do not require 
premedication or avoidance of contrast administration, it is our belief that due to the 
idiosyncratic nature of contrast reactions, it is not worth taking a chance when there 
are alternative methods of screening.

The potential for renal toxicity is another minor concern when doing CEM. Iodine 
is rarely toxic in the setting of normal renal function. Nevertheless, in older women 
or women with diabetes, multiple myeloma, or other risks for renal injury, renal 
function must be assessed before administering iodinated contrast. Again, if there 
are any abnormalities, contrast should not be used.

Radiation dose is increased when performing CEM. While use of as little radia-
tion as possible is the goal, the limited additional dose is less than that of FFDM plus 
DBT and falls well within the Mammography Quality Standards Act guidelines.

7.4  Conclusions

Preliminary data for the use of CEM in the screening setting are promising. From 
both studies of its use in the diagnostic setting and early screening studies, it is quite 
clear that CEM is more sensitive and specific than mammography alone, probably 
more sensitive than mammography and ultrasound, and more specific than mam-
mography plus ultrasound. CEM approaches the sensitivity of breast MRI and is 
likely more specific. However, the total number of patients studied in the screening 
setting thus far is small and performed as single-institution studies. What is needed 
now are prospective multicenter trials which will compare sensitivity, specificity, 
PPV, negative predictive value, and accuracy of CEM with that of standard screen-
ing studies such as FFDM, DBT, whole-breast screening ultrasound, combinations 
of FFDM or DBT with screening ultrasound, and breast MRI (complete or abbrevi-
ated). Additionally, since mammography is currently the only examination which 
has been demonstrated to reduce breast cancer mortality, as with all potential 
screening studies, it is critical to evaluate not only improvement in sensitivity but 
also if that improvement in sensitivity translates into decreased number of interval 
cancers and increases mortality reduction over that of mammography.
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8Contrast-Enhanced Mammography 
in Neoadjuvant Therapy Response 
Monitoring

Valentina Iotti and Paolo Giorgi Rossi

8.1  Introduction

1.67 million new cases of breast cancer were diagnosed in 2012 [1], and each year 
522,000 women die of breast cancer worldwide [1]. Five-year breast cancer survival 
in the United States and Western Europe has improved over the last 30 years and 
now ranges from 80% to 90% [2, 3]. This improvement has been due to a combi-
nation of early diagnosis and improved treatments [4]. As most of the cancers in 
 industrialized countries are diagnosed early, they are more frequently amenable to 
breast-conserving surgery. In the last two decades, neoadjuvant systemic therapies 
(NST) have been introduced with the aim of further reducing the proportion of 
 nonsurgically treatable cancers and to decrease the proportion of women needing 
mastectomy. The achievement of pathological complete response (pCR) is associ-
ated with favorable disease-free and, in some tumors, overall survival, equivalent to 
those for adjuvant therapy in operable breast cancer [5–8].

In addition, neoadjuvant chemotherapy is increasingly being used for women 
presenting with axillary adenopathy to downstage their cancers with the goal of 
reducing the requirement for axillary lymph node dissection.

8.1.1  Neoadjuvant Systemic Therapies

Recent guidelines worldwide [5, 6, 9] recommend NST for locally advanced 
 nonmetastatic cancers: some stages II and IIIA (operable but needing mastectomy) 
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and stages IIIB and IIIC (inoperable). In women below the age of 65, large stages IIA 
(T2, N0) and IIB, IIIA, IIIB, and IIIC account for about 20% of breast cancers, about 
one third of whom receive NST [10]. Approximately one fourth of stage II and two 
thirds of stage III cancers are treated with NST, more so in larger urban hospitals 
[10]. NST is recommended in most triple-negative (TNBC), HER2- positive, and 
high-risk luminal HER2-negative tumors [5, 6, 9]. Anthracyclines and/or taxanes are 
frequently part of NST chemotherapy regimens, and trastuzumab (sometimes with 
pertuzumab) is administered in addition to chemotherapy in HER2-positive breast 
cancer [9]. Endocrine therapy is used in all patients with detectable hormone receptor 
(HR) expression, regardless of whether chemotherapy and/or targeted therapy is used 
[5, 9]. The type of treatment may affect response assessment as drugs such as taxanes 
have been noted to decrease enhancement yielding false-negative results on magnetic 
resonance (MRI) [11]. According to Von Minckwitz [12], achievement of pCR 
defined as the absence of residual invasive and in situ cancer (ypT0) can best dis-
criminate between patients with favorable and with unfavorable outcomes. The 
occurrence of pCR ranges from 3% to 40% [13], less frequently in women who are 
hormone receptor positive compared with women who have HER2- positive or triple-
negative disease [12, 14]. The absence of pCR in hormone receptor- positive patients 
is less of a poor prognostic sign than in women with more aggressive tumors.

8.1.2  Response Assessment

Accurate in vivo response assessment during and/or after treatment is required to 
provide predictive and prognostic information and enable accurate surgical plan-
ning. Two definitions of pCR have been recognized by the Food and Drug 
Administration (FDA) [6]: the absence of residual invasive cancer (ypT0/is) and the 
absence of residual invasive and in situ cancer (ypT0). Several studies have reported 
no difference in survival between patients with residual ductal carcinoma in situ 
(DCIS) after NST and those without residual DCIS [7, 15], while others have 
reported that patients with residual DCIS had worse event-free survival than did 
patients with no remaining disease whatsoever [16].

Response to NST is currently assessed by combining physical examination and 
conventional imaging techniques such as full-field digital mammography (FFDM), 
ultrasound (US), and, frequently, with contrast-enhanced MRI. Croshaw et al. [17] 
reported that all these tests are good at predicting the presence of residual disease on 
final pathology (with an accuracy, respectively, of 57% for physical examination, 
74% for FFDM, 79% for US, and 84% for MRI), but none can reliably predict 
pathologic complete response.

FFDM is widely available and allows the evaluation of calcifications but has 
reduced sensitivity in defining residual disease, mainly due to the masking effect of 
fibroglandular tissue and the absence of functional information. The primary advan-
tages of US are real-time capability and the relatively low cost and widespread 
availability [18]. However, limitations include the restricted field of view for large 
tumors, high operator dependence and low reproducibility, and again the absence of 
functional information, mainly relying on morphological-based changes in tumor 
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size. To overcome these limitations, three-dimensional US, elastography, and 
dynamic contrast-enhanced US after the injection of intravascular microbubble con-
trast agents have been recently studied [19, 20].

Breast dynamic contrast-enhanced MRI is currently considered the most reliable 
diagnostic method for both the initial assessment of tumor extent and for monitoring 
the response to NST, demonstrating superiority over physical examination, FFDM, 
and US in identifying the extent of any residual disease and predicting pathological 
complete response [8, 20–22]. Reported sensitivity, specificity, positive predictive 
value, and negative predictive value for predicting pCR with MRI ranged from 25% 
to 100%, 50% to 97%, 47% to 73%, and 71% to 100%, respectively, observing both 
overestimation and underestimation [20]. Multiparametric MRI has been investigated 
as a method to improve the accuracy of the routine MRI sequences. This includes 
diffusion-weighted imaging (DWI) with calculating the apparent diffusion coefficient 
(ADC) and potentially MRI spectroscopy [23–26]. The meta-analysis published by 
Gao et al. [24] evaluating DWI in the detection of pCR reported a sensitivity of 89% 
(95% CI 86–91) and a specificity of 72% (95% CI 68–75). Radiomics also have the 
potential to improve upon the utility of MRI in the prediction of response to NST [27].

As mentioned previously, combined modality imaging both prior to and after 
neoadjuvant chemotherapy allows for better surgical planning and theoretically 
fewer re-excisions. Jochelson et al. [28] demonstrated that the use of MRI after NST 
allowed accurate prediction of the ability of breast conservation after chemotherapy 
in 88% of women and MRI plus mammography improved this to 92% primarily 
because of improved delineation of calcifications on mammography.

Access to MRI, however, may be limited even in industrialized countries, and MRI 
exams are expensive and time-consuming, both in the image acquisition and in radi-
ologist interpretation time. Furthermore, MRI is precluded in patients with metallic 
implants, claustrophobia, or who cannot tolerate MRI because of the prolonged prone 
position. Although the rate of adverse gadolinium (Gd) reactions in MRI examina-
tions is low (0.001–0.01%), patients with Gd allergies may be better served by using 
a different examination. A recent study has shown that repeated Gd administration 
may result in Gd deposition in the brain [29]. Additional studies are needed to inves-
tigate the clinical significance of these findings, but it is an important consideration in 
women receiving multiple doses of gadolinium-based contrast agents. As mentioned 
earlier in this chapter, combining MRI with FFDM is necessary to depict the presence 
and extent of residual calcifications to enable more accurate response assessment and 
for surgical planning. It should be noted that even in patients with benign residual 
calcifications in the tumor bed after NST, the standard of care is complete excision 
making post-treatment mammography a necessity [12, 20, 30].

8.1.3  Imaging Technique

CEM is a dual-energy exam performed by acquiring a pair of low- (LE) and high- 
energy (HE) images during each exposure after intravenous administration of contrast 
medium. A low-osmolar iodinated contrast agent is administered using a power injector 
at a rate of 2–3 mL/s. Contrast agents with concentration between 300 and 370 mgI/ml 
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and a volume of 1.5 mL/kg of body weight are typically used [31]. Approximately 
2 min after the injection, the patient is positioned, and conventional mammographic 
cranio-caudal (CC) and mediolateral oblique (MLO) views are taken. The performance 
of a routine four-view CEM ranges from 4 to 10 min after injection (less than 6 s for the 
acquisition of each image pair) [31–33] with contrast enhancement persisting for up to 
10 min [34]. Various orders of acquisition of views (CC and MLO) and of the two 
breasts (with or without the known tumor) have been reported to all be essentially 
equivalent [33]. Occasionally, additional views may be added to better visualize lesions 
that were only partially visible from standard ones.

8.2  CEM in Therapy Monitoring

Conceptually similar to contrast-enhanced breast MRI, CEM potentially has similar 
indications, but as it is a relatively new technique, the scientific evidence supporting 
its accuracy in treatment monitoring is limited compared to MRI.

8.2.1  Imaging Analysis

In NST monitoring, accurate definition of disease extent is critical to decide if con-
servative surgery will be possible even after successful treatment. In the initial 
assessment, CEM enables accurate tumor size measurement that matches the qual-
ity of the same measurement assessed by breast MRI [35–39]. Direct comparison 
with histopathology, without NST, confirmed the good correlation for both CEM 
and MRI, as reported in several studies [35–39]. Lobbes et al. [36] found a small 
systematic overestimation of the tumor diameter measured on MRI, whereas CEM 
did not overestimate the size, while Łuczyńska et al. [35] described an overestima-
tion of lesion size both in CEM and in MRI. Fallenberg et al. [38] instead found an 
underestimation of the tumor size using MRI compared to CEM and pathology, 
describing an increasing discrepancy between the pathological lesion size and the 
dimensions measured with imaging methods for larger breast tumors. This consid-
eration is relevant in NST monitoring, since this treatment is recommended for 
locally advanced breast carcinomas.

The accuracy of CEM in staging the breast is still debated. Jochelson et al. [33] 
reported a detection rate of 88% for additional cancers in MRI and 56% for addi-
tional cancer foci in CEM. Fallenberg et al. [37] also reported that MRI performed 
10% better than CEM regarding additional lesions, concluding nevertheless that 
CEM is also helpful in the detection of multifocal breast cancers, knowing it is infe-
rior to MRI regarding the detection rate but providing better specificity. On the other 
hand, Łuczyńska et al. [35] described that CEM detected multifocal breast cancers in 
all cases studied. In the initial pretreatment assessment, it is also necessary to report 
the enhancement of any concomitant benign lesions to subsequently avoid misinter-
pretation of loss of enhancement after treatment [40] (Fig. 8.1).
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In NST monitoring, in cases with multifocal breast cancers, the maximum dimen-
sion of the largest invasive tumor is used to determine the degree of response [36].

The assessment of response during and after NST with CEM is based on the 
analysis of both the LE image and the post-processing recombined image, evaluat-
ing both the CC and MLO views. LE image allows the evaluation of calcifications, 
while the tumor size measurements require the matched examination of enhance-
ment on the recombined images.

Like what has been proposed with MRI [41], different response patterns may 
occur: complete radiologic response, tumor shrinkage, and stable or progressive 
disease. Combining the evaluation of LE images and recombined images and 

a b
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Fig. 8.1 Patchy enhancement in ILC showing partial response. Partial response to NST in a 
72-year-old woman with 50 mm invasive lobular carcinoma (luminal B) in the right breast. Before 
NST, CEM showed an opacity with intense enhancement in the outer quadrants (a, CC-view LE 
image; b, recombined image). In the inner quadrants, a smaller opacity with regular margins was 
also visible in the LE image (a: white arrow), with faint enhancement on recombined image (b: 
white arrow), which are benign characteristics of a fibroadenoma, confirmed also by US (f), clearly 
different from the malignant area of the outer quadrants (e). During NST, a patchy shrinkage and 
loss of enhancement intensity was detectable (c: CC-view recombined image), becoming more 
heterogeneous, while the faint enhancement of the fibroadenoma remained stable. After NST (d: 
CC-view recombined image), very faint spots of enhancement were detectable in the whole tumor 
bed (d: delimited by the black arrows with white profile). The patient underwent breast-conserving 
surgery; on the surgical specimen, a partial response was described due to the persistence of small 
foci of invasive lobular carcinoma spread throughout the entire 50 mm of the primary tumor bed
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following what has been done with MRI [20–22] in the analysis of enhancement, 
the possible response patterns are:

 – Complete radiologic response: no contrast enhancement in the entire tumor bed 
and any other sites of biopsy-proven disease, not always accompanied by disap-
pearance of the tumor opacity on LE images due to persistence of fibrous stroma 
despite the loss of viable cells [30, 32, 42].

 – Shrinkage: progressive loss of enhancement and/or tumor shrinkage has been 
observed among responders (Fig. 8.2) [30, 32, 43].

 – Stable or progressive disease: stable tumor size and enhancement, increase in 
tumor size, or new lesions, associated with the persistence of contrast enhance-
ment that denotes resistance to chemo- or hormonal therapy [30, 32].

In the measurement of residual enhancement among responders, most authors 
that have dealt with the topic of NST monitoring with CEM [30, 44, 45] have con-
sidered any minimum detectable enhancement within the tumor bed after NST as 
the expression of viable residual neoplastic cells, i.e., residual disease. Drugs used 
in the NST regimen frequently have antiangiogenic activity (taxanes have been 
reported to have greater antiangiogenic activity compared to anthracyclines [11]) 

a bBefore NST During NST After NSTc

Fig. 8.2 Concentric shrinkage in TNBC partial responder. Partial response to NST in a 62-year- 
old woman with 35 mm invasive ductal carcinoma (G3, TNBC) in the left breast. Before NST, 
CEM showed a mass-like, intense enhancement in the outer quadrants (a: CC-view recombined 
image). During NST, a concentric shrinkage and loss of enhancement intensity were detectable 
(b:  CC-view recombined image), which became fainter and more heterogeneous after NST 
(c:  CC-view recombined image) though still clearly delimited (2  cm). The patient underwent 
breast- conserving surgery; on the surgical specimen, a partial response was described due to the 
persistence of 2 cm of invasive ductal carcinoma
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that, combined with changes in tumor microvessel functionality, decreases the 
enhancement on residual tumor tissue on MRI. Enhancing foci inside the tumor bed 
may indicate residual active disease [30, 44]. Considering all the area as a lesion 
gave good correlation between imaging and pathology in the measurement of lesion 
dimension [30, 44].

CEM has some intrinsic limitations, however. Unlike MRI, CEM does not assess 
lesion kinetics, even though this enhancement characterization is not so important 
in the assessment of residual disease. MRI also has a larger field of view and can 
therefore depict the chest wall, axilla, and internal mammary lymph nodes, which 
are not available with CEM [33].

Patients who have impaired renal function or an iodine contrast allergy cannot 
undergo this exam or need to be premedicated before the procedure. Consisting of 
two image acquisitions (i.e., the low- and high-energy image), the radiation dose of 
CEM is higher than that of FFDM, although the overall dose is still within interna-
tionally accepted radiation dose limits. Furthermore, radiation dose of imaging 
techniques is not really an issue in patients that frequently also have indications for 
radiotherapy, which usually includes a total dose of 45 Gy on the target, i.e., about 
10,000 times the dose of a CEM.

The presence of a clip as marker in the tumor bed could cause a focal metal arti-
fact on the recombined image of CEM, which could potentially obscure a small 
amount of residual enhancement yielding a false-positive result like MRI.

8.2.1.1  Calcifications
After NST the number and extent of calcifications may remain stable, decrease, or 
increase. When the index lesions initially present with calcifications, residual DCIS 
is more likely to be observed after NST [46]. An increase in malignant calcifications 
is more frequently observed in patients with poor response and a decrease in calci-
fications in patients with better response [16, 46, 47]. Residual or new calcifications 
have also been noted in patients with pCR (ypT0) sometimes due to dystrophic 
calcifications. Indeed, residual calcifications are not always an expression of the 
residual tumor but may represent treated cancer with calcified or necrotic tissue and 
sloughed cells in the tumor bed [46, 47]. Feliciano et al. [48] described that calcifi-
cations post-NST were associated with DCIS or invasive ductal carcinoma (IDC) on 
final pathology in 34/90 (37.8%) patients and were benign in 56/90 (62.2%) patients. 
Patients with benign calcifications after treatment were significantly more likely to 
have HER2+ tumors.

Among conventional imaging, FFDM is the main diagnostic tool for evaluating 
the extent of calcifications, while the DCIS component tends to be misdiagnosed by 
MRI [38, 49]. However, several studies showed a lower correlation between the 
extent of pathologic residual cancer and the extent of calcifications on FFDM after 
NST, compared to the assessment with MRI [16, 47–49]. This suggests the funda-
mental contribution of enhancement in monitoring the response to NST, even for the 
in situ component.

In the evaluation of both the extension and characterization of calcifications (on the 
LE image), CEM combines the advantage of FFDM resolution and of enhancement in 
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a single examination. In the past, concerns were raised regarding potential obscuration 
of calcifications on the LE images due to the administration of contrast agent [50]. 
Actually, the visualization of calcifications on LE images is non-inferior when com-
pared to FFDM [51–53].

Calcifications may be obvious on the LE images, but the intraductal neoplastic 
component most frequently presents as calcifications with weak or no enhancement 
on the recombined views [40, 50]. The initial weak enhancement could be further 
reduced by the chemotherapeutic anti-angiogenetic effect in the post-NST assess-
ment. The lack of contrast enhancement anyway should not be used to downgrade 
any lesion with suspicious morphology on LE image, including suspicious calcifi-
cations [50] (Fig. 8.3).

a b

g h i

c d e f
Before NST During NST After NST

Fig. 8.3 Calcifications and DCIS residual component after NST.  A 47-year-old woman with 
60 mm of in situ and invasive ductal carcinoma (G3, HER2+) in the left breast, presenting before 
treatment as an irregular opacity with concomitant crushed stonelike calcifications on the LE 
image (a, MLO view; g, magnification) spread “inside” [11] 40 mm of the tumor bed, and with 
intense enhancement on recombined image (b: MLO view). During NST, the opacity on LE image 
(c, MLO view; h, magnification) and the concomitant enhancement (d: MLO-view recombined 
image) regressed, while calcifications remained substantially stable. After NST, “inside” calcifica-
tions were minimally decreased on LE image (e, MLO view; i, magnification), while no significant 
residual concomitant enhancement was detectable on recombined image (f: MLO view). The 
patient underwent non-conservative surgery; on the surgical specimen, a partial response was 
described due to the persistence of ductal in situ foci spread in the area of 35 mm of tumor bed
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Regardless of the degree of response, all suspicious calcifications inside the 
tumor bed must be removed. With this aim, CEM could be more precise than MRI 
allowing the direct visualization of both the tumor bed and the concomitant suspi-
cious calcifications. Further focused studies are encouraged.

8.2.1.2  Influence of Breast Cancer Histological and Molecular 
Subtypes

Breast cancer molecular subtypes influence the choice of chemotherapeutic agent, 
response to chemotherapy, and risk of recurrence. Patients with TNBC and HER2- 
positive breast cancer have the highest rates of pCR after NST (in the range of 60%) 
and the strongest correlation between pathologic response and long-term outcomes 
[5, 12, 14, 54, 55].

Several studies have shown that breast cancer subtype also affects imaging 
performance, with the highest accuracy in TNBC and HER2-positive disease [13, 
14]. In these studies, among patients who presented complete response with con-
ventional imaging, especially MRI, HR-positive status and low tumor grade were 
most commonly associated with residual disease at surgery, suggesting that a 
complete response on preoperative MRI in these patients should be interpreted 
with caution [14]. The underlying reason for the higher accuracy of MRI in 
TNBC than in HR-positive can be explained by the typical well-delineated 
smooth mass margin, rim enhancement due to the intratumoral necrosis, and 
higher capillary permeability [47, 56]. In treatment monitoring with MRI, sev-
eral pre-chemotherapy phenotypes have been characterized, ranging from soli-
tary and well-defined to diffuse disease [42, 57–59]. Mukhtar et al. [57] described 
how the response to NST varied not only by breast cancer subtype (p = 0.005) but 
also by MRI phenotype (p = 0.037), with a higher concordance between tumor 
size on MRI and surgical pathology in well- defined tumors, especially those with 
a TNBC subtype.

In pretreatment evaluation, heterogeneities in the contrast uptake may reflect 
underlying molecular intratumor heterogeneity, typical in aggressive tumors [25].

The presentation of HER2-positive cancers varies, both appearing as smooth 
mass margins with tumor extension around the mass [56] and as architectural 
distortion.

An irregular mass margin has been observed to be associated with luminal A 
cancers, which are generally slow growing and histologically rich in fibrous compo-
nents [56]. Women with luminal disease are significantly less likely to achieve pCR 
and therefore to have conservative surgery. This is particularly a problem in patients 
with invasive lobular carcinomas. In fact, lobular tumors have higher rates of re-
excision after NST due to positive margins, compared with the ductal tumors in the 
same subgroup [10, 60, 61].

As CEM is a relatively new technique, the literature available is still limited. 
Travieso-Aja et al. [62] evaluated the factors affecting the precision of lesion sizing 
with CEM and found no significant differences in relation to the histological type, 
subtype, or tumor grading. The few articles regarding CEM evaluation of response to 

8 Contrast-Enhanced Mammography in Neoadjuvant Therapy Response Monitoring



142

NST have also reported the molecular subtypes while describing the population, but 
none could associate them with accuracy of assessment due to the small sample size.

A subpopulation analysis performed by Iotti et al. [30, 63, 64] confirmed that the 
correlation (r = Pearson’s correlation coefficient) between imaging and pathology 
on surgical specimen was stronger for IDC (r = 0.934 for CEM and r = −0.893 for 
MRI), for TNBC (r = 0.946 for CEM and r = −0.864 for MRI), and for HER2+ 
(r = 0.979 for CEM and r = −0.975 for MRI) than for ILC (r = 0.628 for CEM and 
r = −0.298 for MRI) and luminal B (r = 0.750 for CEM and r = −0.003 for MRI). 
Furthermore, CEM accuracy in determining tumor size seemed to be less influenced 
by tumor morphology (Figs. 8.1 and 8.4), confirming that these lesions are more 
challenging than are IDC, TNBC, and HER2+ cancers (Figs. 8.2 and 8.5), but sug-
gesting as well that CEM accuracy could be less affected than MRI accuracy by 
cancer type. However, these results have no statistical relevance due to the very 
small population.

8.2.1.3  Shrinkage Patterns
The aim of pre- and post-NST imaging is to assess how the tumor mass regresses; 
in this assessment, characterizing different shrinkage patterns may help interpret 
findings. Several variables influence the tumor shrinkage and its evaluation with 
imaging, including primary tumor size, edema, necrosis, obstruction of lymphatics 
or blood vessels exerted by growing tumors, destruction of the existing lymphatics 
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Fig. 8.4 Pathological residual disease misinterpreted as complete response with CEM (false neg-
ative). Pathological partial response to NST in a 69-year-old woman with 43 mm invasive lobular 
carcinoma, luminal A, in the left breast, misinterpreted as complete responder by CEM. Before 
NST, CEM showed a non-mass enhancement in the inner quadrants (a: CC-view recombined 
image). During NST, a patchy shrinkage and loss of enhancement intensity were detectable (b: 
CC-view recombined image), while after NST, no enhancement was detectable in the tumor bed 
(c: CC-view recombined image). The patient underwent breast-conserving surgery; on the surgical 
specimen, a partial response was described due to the persistence of small foci of invasive lobular 
carcinoma within the primary tumor bed (d: H&E, high magnification). Interestingly, a lot of lym-
phovascular spaces stuffed with neoplastic cells were present (e: H&E, high magnification)
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or lack of tumor lymphangiogenesis [65], and subjective variation in tumor mea-
surement methods [66]. Also, each chemotherapeutic drug contributes differently to 
the variation of the primitive lesion. For example, taxanes have been reported to 
have greater antiangiogenic activity compared to that of anthracyclines. In the lit-
erature, different regression patterns have been described for treatment monitoring 
with MRI [41, 58, 59, 67, 68] and CT [42]. Aside from the direct disappearance of 
the lesion, these can be summarized as [59]:

 – Concentric pattern: solitary nodule, a more regular shape, and with a clear 
boundary (Figs. 8.2 and 8.5).

 – Patchy pattern (non-concentric): multiple nodules, irregular shapes, and unclear 
boundaries (Figs. 8.1, 8.3, and 8.4).

Li et al. [59] reported a correlation between these tumor regression patterns and 
some molecular subtypes: TNBC more frequently presented a concentric pattern 
while HR+ and HER2+ a patchy pattern (p = 0.028).

Kim et al. [67] described a correlation between shrinkage patterns and pathologi-
cal response: concentric shrinkage was more frequently observed among the 

a c d
Before NST
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Fig. 8.5 Background parenchymal enhancement in TNBC. Partial response to NST in a 48-year- 
old woman with 20 mm invasive ductal carcinoma (G2, TNBC) in the right breast. Before NST, 
CEM showed a scattered dense breast (a: MLO-view LE image) with BPE (b: MLO-view recom-
bined image). The known TNBC appeared as an opacity in the LE image corresponding on the 
recombined image to an area of enhancement more intense than the surrounding BPE. During 
NST, a concentric shrinkage and loss of enhancement intensity were detectable (c: MLO-view 
recombined image). Both during (c) and after NST (d: MLO-view recombined image) “halo” or 
“rim” artifact (breast within breast [49]) occurred (white arrows on c and d), without any signifi-
cant effect on the measurements of the residual lesion. After NST, a focal faint enhancement was 
still visible in the tumor bed (d: black arrow with white profile), measuring 4 mm. The patient 
underwent breast-conserving surgery; on the surgical specimen, a partial response was described 
due to the persistence of focal invasive residual component (3 mm)
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responders, while a diffuse contrast enhancement was more frequently noted in 
non-responders. The volume of tumor enhancement measured by MRI also showed 
to be a strong predictor of recurrence-free survival as described by Hylton et al. 
[69]. Goorts et al. [41] confirmed this evaluation, describing though a better correla-
tion among response pattern and the pathological response when assessed halfway 
through NST than after NST, possibly due to taxanes, only administered during the 
second half of treatment. Interestingly, patients with diffuse enhancement showed 
chemoresistance, but in these cases, correlation between sizes obtained by MRI and 
histology was good. Instead, patients presenting a shrinkage with residual multi-
nodular lesions showed better chemo-responsiveness, but the correlation between 
sizes obtained by MRI and histology was poor. Fukada et al. [70], evaluating MRI 
response to NST in low-grade luminal early breast cancers, reported that only the 
concentric pattern had a significant independent association with disease-free sur-
vival (p = 0.001) and overall survival (p = 0.009) rate. Esserman et al. [71] reported 
that the likelihood of response as measured by change in longest diameter was 77% 
for circumscribed mass and 20% for patchy enhancement. MRI has been observed 
to have limitations in detecting non-concentric shrinkage mainly composed by scat-
tered, microscopic tumor foci after NST [14, 58, 61]. Therefore, the concern of 
leaving microscopic residual tumor surrounding the surgical area after NST has 
given rise to a dilemma concerning how much breast tissue to excise, leading to a 
higher rate of non-conservative surgery in non-concentric regressions [42, 58, 61].

The precision of size estimation with CEM is more accurate in large tumors that 
frequently exhibit strong contrast enhancement [62]. Lesions in NST responders 
progressively shrink and lose enhancement. Ambicka et al. [72] described a statisti-
cally significant association between tumor margin on CEM and macroscopic bor-
der on histological examination only when strong enhancement was present, while 
the assessment of the tumor margin might not be precise in cases showing weak 
enhancement. The high spatial resolution of CEM (ten times higher than breast MRI 
[35]) facilitates the depiction of tiny foci of residual enhancing lesion inside the 
tumor bed.

The shrinkage pattern differentiation proposed by Li et al. [59] was adopted by 
Iotti et al. to categorize shrinkage patterns seen on CEM [64]. Forty-eight percent of 
tumors presented a concentric shrinkage, 33% presented a patchy shrinkage, and 
19% presented complete direct disappearance of the lesion. Focusing on the most 
challenging subtypes, 75% of ILC presented a patchy shrinkage and 25% a direct 
disappearance, while 50% of luminal B presented concentric shrinkage, 44% patchy, 
and 6% direct disappearance. The largest differences in predicting the residual 
tumor size between CEM and MRI as measured by pathology were observed in the 
patchy shrinkage (mean underestimation of 30 mm for CEM and 56 mm for MRI in 
ILC; 2 mm for CEM and 18 mm for MRI in luminal B). Instead, the precision of the 
two imaging techniques was similar among concentric (mean underestimation of 
3  mm for both CEM and MRI in luminal B) and direct disappearance (mean 
 underestimation of 7 mm for both CEM and MRI in ILC; 5 mm for both CEM and 
MRI in luminal B).
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8.2.1.4  Background Parenchymal Enhancement
Background parenchymal enhancement (BPE) refers to the uptake of contrast 
medium by normal fibroglandular breast tissue and is affected by age, hormonal 
status, and breast density [62, 73]. Controversy exists as to whether BPE negatively 
affects the sensitivity of image interpretation by obscuring enhancing malignancies 
and the specificity of the same by causing enhancement patterns that mimic cancer-
ous lesions [74]. This could be a partial limitation principally in the initial evalua-
tion before the beginning of NST. The degree of BPE has been shown to be reduced 
by hormonal or chemotherapy treatment [70, 74, 75]; its impact on tumor measure-
ments should therefore diminish during and after NST in women with HR-positive 
neoplasm and receiving those therapies (Fig. 8.5).

Nonetheless, BPE and its variation during NST are related to the response: 
patients with a higher pre-treatment BPE who showed a significant decrease on 
MRI after starting NST were more likely to achieve pCR [74]. Since BPE is an 
indicator of blood perfusion, which delivers both contrast agents and chemotherapy 
agents, a higher BPE theoretically may allow more delivery of therapeutic agents 
into the breast, leading to a better response [74, 76]. This would require more study.

8.2.2  Accuracy of CEM in Assessing Response to NST

In this paragraph, we report the findings of studies that investigated the accuracy of 
CEM in NST monitoring. To ensure a complete and unbiased presentation, we con-
ducted a systematic review of the literature. The methods are reported in the box, 
and the protocol can be found in the Prospero database n° CRD42018100393.

PubMed and Google Scholar were searched for studies evaluating the 
accuracy of CEM in assessing residual disease extent after NST in patients 
with breast cancer from 2000 to June 5, 2018. We included both studies 
evaluating only CEM and studies comparing CEM with other imaging 
techniques, i.e., MRI. The pathology was the standard. Article titles were 
reviewed by order of publication date (oldest to newest), and two 
independent reviewers (VI and PGR) screened the title and abstract. For 
relevant papers according to one of the two reviewers, the full text was 
analyzed. The following information was extracted from each article: (1) 
basic information, including the year of publication and the first author’s 
name; (2) study information, including study design, number of patients, 
histological and molecular characteristics of tumor, stage at diagnosis, and 
the diagnostic tools considered; (3) treatment information; (4) outcomes of 
interest, such as number of women with residual disease on pathology, mean 
size measured on imaging and pathology, and the accuracy in assessing the 
presence of residual disease with imaging (TP, FP, TN, FN); (5) the 
correlation and concordance between imaging and pathology; and (6) final 
surgical treatment.

∎
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We searched the main trial registries for ongoing trials evaluating the accu-
racy of CEM in assessing residual disease extent after NST.

We defined as positive CEM for residual disease all patterns of enhance-
ment in the tumor bed, minimum detectable, considered as the expression of 
viable residual neoplastic cells. Drugs used in the NST regimen frequently 
have antiangiogenic activity that, added to changes in tumor microvessel 
functionality, lowers the enhancement on residual tumor tissue. Measurements 
were obtained considering the maximum dimension of enhancement (focal or 
multiple enhancing foci spread inside the tumor bed considered as the same 
pathologic area) on recombined images, in the cranio-caudal and mediolateral 
oblique. Suspicious calcifications detectable in the LE images and considered 
as part of the tumor bed in the pre-NST evaluation were included in the 
measurements.

We considered as positive MRI for residual disease the enhancing lesion 
detectable on post-contrast T1-weighted or subtracted images at peak 
enhancement, measuring the largest dimension in either plane.

The literature reports different criteria adopted in the definition of 
pCR. Here we decided to consider the absence of residual invasive and in situ 
cancer (ypT0), since the residual DCIS component could be still visible on 
imaging after NST, for example, as persistent calcifications in the tumor bed, 
impacting the surgical planning. Obtaining clear resection margins with accu-
rate preoperative evaluation helps decrease operation time and reduces the 
chances of repeating surgery or early local recurrence.

We assessed the risk of bias for each outcome and each study, and then we 
synthetized it as level of the evidence according to the GRADE criteria (www.
gradeworkinggroup.org).

Statistical analysis: We present pooled results of the sensitivity and speci-
ficity, positive predictive value, and negative predictive value for CEM and 
MRI, with relative 95% confidence interval computed according to random 
effects model. We also report the pooled relative sensitivity and relative speci-
ficity through a meta-analysis of only studies with direct comparison. For the 
correlation between diameter at imaging and pathology, we present a narra-
tive synthesis of each paper’s results. Analyses were performed with RevMan 
5.3; when > = 4 studies were found, pooled estimates were calculated with 
Stata 13.0, metandi command.

Research question: To evaluate the accuracy of CEM in assessing residual 
disease extent after NST in patients with breast cancer.

Inclusion and exclusion criteria:

• P Patient, population, problem: women with breast cancer and indication 
to NST.

• I Intervention of interest: measuring residual tumor size after NST with 
CEM.
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• C Comparison: measuring residual tumor size after NST measured with 
MRI or FFDM.

• O Outcomes: primary outcome: accuracy, i.e., sensitivity and specificity, 
positive predictive value, and negative predictive value, in identifying the 
residual disease, using as reference test the pathology after surgery. 
Secondary outcome: accuracy in measuring residual tumor size after NST 
(reference pathology).

Database(s):

• PubMed—Free, MeSH.
• Google Scholar—Free.

Terms used in the search:
Breast cancer AND (neoadjuvant OR neoadjuvant OR (primary chemo-

therapy)) AND (contrast-enhanced mammography OR CESM OR CEDM).

8.2.2.1  Characteristics of the Studies, Methodological Challenges, 
Endpoints, and Risk of Bias

As shown in Table 8.1, four recently published studies were included in this review.
Barra et al. [45] performed a retrospective feasibility study on eight patients reviewed 

by three radiologists, comparing the pathological response to CEM, which was analyzed 
by independently evaluating the recombined image and the LE image, considered as a 
FFDM. Specific objectives were to evaluate the accuracy of CEM in determining resid-
ual tumor size using pathology results as the gold standard, to compare the performance 
of recombined images with that of low-energy images, and to analyze interobserver 
agreement. Sensitivity and specificity for residual disease were reported. The reported 
sensitivity, specificity, PPV, and NPV were higher for CEM than for FFDM (83.33%, 
100%, 100%, and 66% vs. 50%, 50%, 50%, and 25%, respectively). CEM measure-
ments showed a strong, consistent correlation with the pathological findings (correlation 
coefficient 0.76–0.92; intraclass correlation coefficient 0.692–0.886), while the correla-
tion between FFDM and pathology was not statistically significant, with questionable 
consistency (intraclass correlation coefficient 0.488–0.598).

El Said et al. [32] published a prospective study involving 21 patients in whom 
CEM was done at the end of the last cycle of NST to evaluate its ability to predict 
the final pathological response and residual tumor size. The lesions were analyzed 
by the radiologist for the presence, morphology, and pattern of enhancement of 
residual lesions after NST.  The specificity of the CEM in predicting the tumor 
response to NST was 91%, sensitivity was 40%, and the NPV and PPV were 80% 
and 62.5%, respectively. The sensitivity of this technique for complete response 
detection was 100% with a specificity 83% and lowered sensitivity in detecting 
chemoresistant tumors (33.3%). In the definition of pathological response, they 
considered minimal residual disease as pCR (ypT < mic). These criteria are not 
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consistent with those of the other studies. The paper reported data in detail, allowing 
us to recompute false positive and false negative with ypT0 as threshold for 
pCR. Therefore, sensitivity and specificity values reported in this review are differ-
ent from those reported in the original paper.

Iotti et al. [30] published a prospective study on 46 women who underwent both 
CEM and MRI before, during, and after neoadjuvant chemotherapy; no multicentric 
or multifocal cancers were included. The objective of the study was to compare 
post-treatment measurements on CEM and MRI with the pathological measurement 
on surgical specimens. Correlation between measurements using CEM and MRI at 
each step of the study (pre-, during, and post-NST) and the variation in the largest 
dimension of the tumor on imaging was also assessed. Sensitivity and specificity for 
complete response were also evaluated (pCR = ypT0). The agreement between mea-
surements using CEM and MRI was 0.96, 0.94, and 0.76 before, during, and post- 
NST, respectively. In the assessment of complete response, sensitivity and specificity 
were 100% and 84%, respectively, for CEM, and 87% and 60% for MRI.

Patel et al. [44] retrospectively evaluated the accuracy of CEM in assessing residual 
disease extent compared to MRI for 65 patients after completion of NST. All patients 
had both CEM and MRI performed pre- and post-NST. NST included both neoadju-
vant chemotherapy (82%) and endocrine therapy alone (18%). The authors also pre-
sented agreement between the two techniques. Including patients treated with endocrine 
therapy only led to possible heterogeneity in drug influence on imaging compared to 
the other three studies. Equivalence tests demonstrated that mean tumor size measured 
by CEM (p = 0.009) or by MRI (p = 0.01) was equivalent to the mean tumor size mea-
sured by pathology within −1 and 1-cm range. Comparing CEM vs. MRI for the 
assessment of complete response, the sensitivity was 95% vs. 95%, specificity 66.7% 
vs. 68.9%, PPV 55.9% vs. 57.6%, and NPV 96.7% vs. 96.9%, respectively.

There is an ongoing trial (clinicaltrials.gov number: NCT03070340) at Memorial 
Sloan Kettering Cancer Center. This is a prospective study comparing the ability of 
CEM to MRI to determine whether there is residual disease as well as the extent of 
that residual disease. The study will accrue 125 patients.

8.2.2.2  Sensitivity and Specificity for Residual Disease
In this meta-analysis, 140 patients were included, 36 (26%) of whom showing pCR 
(Fig. 8.6). Pooled sensitivity for the detection of residual disease estimate for CEM 
was 80.7% (95% CI 65.5–90.2). The heterogeneity between studies was substantial, 
ranging from 67% to 93%, and the 95% CI of the estimate from one study [43] does 
not include the estimates from the other three. Only two studies [30, 44] also 
reported MRI sensitivity in the same cases, and none reported FFDM accuracy. 
MRI sensitivity was 61% (95% CI 43–76) [30] and 69% (95% CI 53–82) [44]. 
Considering only the two studies with direct comparison, sensitivity was slightly 
higher for CEM than for MRI in the study by Iotti et al. [30] and almost identical in 
the study by Patel et al. [44]; pooled relative sensitivity of CEM vs. MRI was 1.15 
(95% CI 0.939–1.404; p = 0.18).

Pooled specificity estimate for CEM was 94.0% (95% CI 78.3–98.6), with very 
limited heterogeneity, ranging from 83% to 100%. MRI specificity was 88% (95% 
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Fig. 8.7 Hierarchical summary receiver-operating characteristic (HSROC) plot for CEM and MRI

CI 47–100) [30] and 95% (95% CI 75–100) [44]. Direct comparison with between 
CEM and MRI resulted in slightly better specificity than MRI in the study by Iotti 
et al. [30] and identical specificity in the study by Patel et al. [44]; pooled relative 
specificity of CEM vs. MRI was 1.04 (95% CI 0.916–1.177; p = 0.55).

The estimated ROC curves are reported in Fig. 8.7. Although the estimated area 
under ROC curve is evidently larger for CEM, the difference between the two accu-
racy estimates is compatible with random fluctuations.

8 Contrast-Enhanced Mammography in Neoadjuvant Therapy Response Monitoring



152

8.2.2.3  Agreement of CEM with Pathology and MRI in Measuring 
Lesion Diameter

Patel et al. [44] reported that CEM accurately showed final tumor size to within 
1 cm in 72.3% of patients, underestimated tumor size by more than 1 cm in 20.0% 
of patients, and overestimated disease in 7.7%. MRI accurately showed final tumor 
size to within 1 cm in 69.2% of patients, underestimated tumor size by more than 
1 cm in 23.1% patients, and overestimated tumor size by more than 1 cm in 7.7% of 
patients. Compared with histopathological results, CEM underestimated tumor size 
by 5.0 mm [standard deviation (SD) = 16.8], whereas MRI underestimated tumor 
size by 5.4 mm (SD = 15.5).

Iotti et al. [30] described that measurements on CEM agreed strongly with those 
on MRI, especially before (Lin’s coefficient 0.96, CI 0.94–0.98) and during (Lin’s 
coefficient 0.94, CI 0.89–0.97) NST, while after treatment, the agreement decreased 
(Lin’s coefficient 0.76, CI 0.61–0.86), revealing considerable divergence, which 
reflects a different correlation with pathological assessment. After NST, 28% of 
patients had no residual pathological enhancement on CEM vs. 46% who did not on 
MRI. Comparing the post-NAC measurements with the pathological response in 
surgical specimens, CEM had stronger agreement with pathology than did MRI 
(Lin’s coefficient 0.81 and 0.59, respectively; PCC 0.85 and 0.67, respectively). 
Both methods tended to underestimate the real extent of the residual tumor, with a 
mean underestimation of 4.1  mm (SD  =  12.3) in CEM and of 7.5  mm in MRI 
(SD = 17.1).

8.2.2.4  Inter-reader Agreement of CEM
Barra et al. [45] described perfect agreement among readers regarding the presence 
or absence of residual tumors as determined by FFDM and CEM. In the assessment 
of residual tumor size compared to pathology, although inter-reader agreement was 
very good for both CEM and FFDM, it was slightly better for CEM. Three readers 
were involved in the study: a radiologist with 3 years of experience in CEM, a 
breast radiologist with over 10 years of practice, and a breast imaging fellow. As 
indirect evidence, in the diagnostic setting, the use of CEM increased the diagnos-
tic performance of all readers, as was also reported by Dromain et  al. [77] and 
Cheung et al. [53].

8.2.2.5  Other Outcomes and Resource Consumption
The practical aspects of the imaging technique have shown clinical advantages with 
respect to patient preferences. Claustrophobia and time constraints are the two most 
common complaints for breast MRI. Patients who undergo CEM often report lower 
rates of anxiety and higher rates of comfort compared to MRI. Time saving can be 
substantial, because MRI acquisition in most institutions lasts approximately 
30–60 min, whereas CEM requires 7–10 min. Additionally, the potential for sub-
stantial cost savings compared with MRI makes CESM an appealing option in a 
stringent healthcare economy [44].
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8.3  Prospective Vision

8.3.1  Possible Impact in Practice

In summary, in small numbers of patients, CEM has shown similar, or even better, 
accuracy than MRI for evaluation after neoadjuvant chemotherapy. The advantages 
of CEM over breast MRI include the short examination time, easy accessibility, and 
lower costs (about 80% less than for breast MRI) [78, 79]. Additionally, the low- 
energy mammogram that is part of the exam replaces the need for an additional 
mammogram and is useful for detection of the presence and extent of posttreatment 
calcifications [35]. The faster, lower-cost procedure, greater comfort, and signifi-
cantly lower rates of anxiety [80, 81] must be taken into consideration when decid-
ing what exams should be used in this population although some are concerned 
about the use of an iodine-based contrast agent instead of a gadolinium-based agent. 
Another limitation is that CEM does not include other anatomic details (i.e., chest 
wall and regional lymph nodes), which are captured by MRI, and no percutaneous 
biopsy technique exists yet to sample enhancing lesions on CEM [79].

The high PPV and specificity of CEM could be influenced by considering pCR no 
evidence of invasive or in situ disease. Including in the definition of pCR, the in situ 
(ypTis) or microinvasive (ypTmic) residual component (the so-called near- pCR), 
which remains debatable in terms of overall survival and disease-free survival, would 
probably decrease specificity and increase sensitivity. Nevertheless, such an extension 
of pCR definition would also require a redefinition of the criteria for defining patho-
logical vs. non-pathological residual enhancement of the tumor bed after NST. In a 
meta-analysis about MRI in treatment monitoring, Marinovic et al. [21] described that 
near-pCR may plausibly overestimate accuracy relative to standard pCR definitions, 
and given the impact of residual malignancy on prognosis, the use of near-pCR as an 
outcome in the preoperative post-NST setting is not recommended.

On the other hand, no enhancement after NST remains the most challenging 
assessment. The lack of enhancement could be the effect of several situations: proce-
dural (late acquisition after complete washout), pathologic (neoplastic invasion or 
obstruction of tumor blood vessels), and/or therapeutic (complete response). These 
factors affect MRI as well, which in this meta-analysis showed a sensitivity and NPV 
of 65.1% (with a relative sensitivity of 1.15, 95% CI 0.939–1.404; p = 0.18) and 
47.3%, respectively. The higher spatial resolution and intrinsic different characteris-
tics of contrast media may be the reason there are fewer false-negative CEM exams.

CEM is now a mature enough technique in terms of standardization of proce-
dures, feasibility, promising accuracy results, and availability in practice to be con-
sidered as an alternative to MRI and FFDM.

8.3.2  Impact on Surgical Planning

The high pCR rates based on modern NST regimens lead to improved overall sur-
vival and disease-free survival outcomes [54]. NST effect on surgical planning 
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varies according to the volume of disease at presentation, response to treatment, 
tumor subtype, pre- and post-NST imaging and clinical assessment, and patient/
surgeon preferences [54]. Breast-conserving surgery after NST is associated with 
improved cosmetic outcomes and improved aspects of quality of life compared to 
non- conservative surgery, and when associated with radiotherapy and the achieve-
ment of clear margins, it provides equivalent survival outcomes [14, 54, 58]. Arlow 
et  al. [82] recently described even better survival with conservative surgery than 
non- conservative surgery without radiation. Van la Parra [14] even suggested that 
given high response rates in defined subgroups among exceptional responders 
(especially in HER2+ and TNBC), it should be questioned whether surgery is now 
a redundant procedure in their overall management, particularly when patients will 
often routinely be treated with adjuvant radiotherapy. However, the recent meta-
analysis published by the Early Breast Cancer Trialists’ Collaborative Group 
(EBCTCG) [83] described an increase in breast-conserving surgery in women who 
underwent NST worryingly associated with a significant increase in  local recur-
rence 15 years after treatment (5.5%) [83]. The influence of breast cancer subtypes 
(especially HER2+ and TNBC) varies differently in these studies, affecting the 
results.

There is an urgent need to improve tumor assessment after NST based on better 
imaging and pathological analysis of specimens to more accurately predict which 
patients can be safely considered candidates for conservative surgery. Based on cur-
rent data, there is no evidence supporting a positive effect of NST on clear margins 
and thus on a reduction of secondary surgery [61]. In several contemporary reports, 
neither FFDM, US, nor MRI can predict pCR (ypT0) with sufficient accuracy to 
replace the pathologic diagnosis of a surgical excision specimen [15].

In this scenario, CEM, an inexpensive, simple technique that has the potential to 
enhance sensitivity and specificity, could provide information on whether and how 
surgery should be done after neoadjuvant therapy.

8.3.3  Research Priorities

8.3.3.1  Dedicated Protocol
To improve a protocol for CEM dedicated to NST monitoring, further studies are 
encouraged, especially ones focusing on the optimal timing in CEM acquisition after 
NST. The antivascular effect of chemotherapeutic drugs slows the diffusion of con-
trast enhancement, as described both for Gd in MRI [67] and for iodinated agents for 
CT in breast assessment after NST [42]. Indeed, contrast agents move both via perfu-
sion and via diffusion, and the latter has been described to be the preferential track 
when the residual disease is present as small foci or scattered cells [67]. When con-
trast agents move via diffusion, the amount of contrast reaching the tissue is time-
dependent [67]. Evaluating iodinated contrast on CT for breast assessment after NST, 
Tozaki [42] described that late phase images were excellent for the depiction of the 
residual disease. Since a contrast agent moves to the ducts by diffusion, the amount of 
contrast reaching the tissue is time-dependent, which could be important in the 
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evaluation after NST, when the tumor tissue is affected by the antivascular effect of 
chemotherapeutic drugs, thus slowing the spread of enhancement [39]. Kim et al. [67] 
also described that when the residual disease is present as small foci or scattered cells, 
nutrients are received via diffusion rather than from vascular perfusion. Evaluating 
iodinated contrast on CT for breast assessment after NST, Tozaki [42] described that 
late phase images were excellent for the depiction of the residual disease.

For post-NAC CEM evaluation, a “delayed acquisition” should be considered, 
referring to the standard performed 2 and 4  min after injection. However, since 
iodine enhancement lasts at least 10 min, we should balance the advantage of delay-
ing acquisition with the risk of false-negative artifacts due to washout [43]. This is 
a topic for a research on the technology.

8.3.3.2  Influence of Different Subtypes
The studies conducted so far on this topic have had small sample sizes [32, 45]. 
Nevertheless, results are encouraging and sufficient to have an initial judgment of 
CEM’s overall accuracy but too small for the subgroup analysis that has been done 
with MRI. In this era of precision medicine, women are receiving personalized ther-
apies; personalized protocols could also be defined to monitor the treatment itself. 
Cancer subtype is a known determinant of accuracy of the imaging in predicting 
complete response with MRI, and with larger populations of women undergoing 
CEM, there will be more evidence emerging on this point which could led to differ-
ent monitoring protocols based on different cancer types. Another future source of 
research with CEM as is currently being done with MRI will include consideration 
of using posttreatment imaging (possibly with biopsy of non-enhancing tumor bed) 
to avoid post-NST surgery all together.

8.3.3.3  Early Response
Another potential research aim could be to determine if there is any clinical value in 
re-imaging at earlier time points after initiation of treatment with the theoretical 
advantage of changing suboptimal treatment to improve outcomes. The need for this 
remains disputed in the medical oncology community but may be worth pursuing as 
we learn more about this technology.
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