
17© Springer International Publishing AG, part of Springer Nature 2018 
J. Nori, Maninderpal Kaur (eds.), Contrast-Enhanced Digital Mammography (CEDM), 
https://doi.org/10.1007/978-3-319-94553-8_3

Physics and Practical 
Considerations of CEDM

Andrew P. Smith

3.1  Introduction

Contrast mammography comprises a clinical and 
acquisition protocol that images the distribution 
of iodine in the breast following the injection of 
an iodinated contrast agent. The imaging can be 
done either in 2D or tomosynthesis modes. 
Confusingly, there are many commonly used 
acronyms for this method. Contrast-enhanced 
spectral mammography (CESM), contrast-
enhanced digital mammography (CEDM), con-
trast-enhanced mammography (CEM), and 
contrast-enhanced 2D mammography (CE2D) all 
mean essentially the same thing. These all refer 
to a 2D iodine imaging procedure. If the imaging 
is done in 3D, such as tomosynthesis, the proce-
dure is known as contrast-enhanced 3D mam-
mography (CE3D). In this book, we shall refer to 
the procedure as CEDM.

3.2  Physics Theory

Iodine in the breast is usually administered in the 
form of an iodinated contrast agent. Iodine is a 
metal that has high X-ray absorption due to its 
heavy atomic weight; however, the actual physi-
cal amount of iodine that is present in breast 

 tissue, in grams, is small, relative to the mass of 
other absorbing materials in the breast such as 
fibrous and glandular tissue, so special methods 
of imaging are needed to be able to visualize the 
iodine.

Historically, one of the earlier proposals for 
imaging iodine in the breast used a method 
known as background subtraction [1]. In this 
method, a first image of the breast (background 
image) was acquired, prior to the administration 
of iodine and therefore without any iodine pres-
ent in the breast, using standard mammography 
equipment and techniques. Then the iodine was 
injected, and a second image was acquired. The 
subtraction of the two images subtracts out all the 
adipose and fibroglandular tissues, which are 
unchanged in the two acquisitions, leaving an 
image that consists solely of the changes between 
the two exposures, which is the iodine uptake. 
This method suffers from a practical issue that 
requires that the breast positioning remain com-
pletely unchanged between the two images which 
typically occur minutes apart. Even the smallest 
motion will cause the subtraction to create large 
artifacts. Due to this problem, the method of 
background subtraction is not used in any com-
mercially available mammography systems.

A second method overcomes this limitation 
and is known as dual-energy subtraction [2]. 
With this method, two images are taken in rapid 
succession (seconds apart), at different X-ray 
energies, and the subtraction yields an image of 
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the iodine. Due to the short time interval between 
the two exposures, patient motion artifacts are 
minimized. This imaging method is available on 
several commercial mammography systems and 
can be performed in either 2D or 3D imaging 
modes.

The physics behind the dual-energy subtrac-
tion method is based on what is known as k-edge 
imaging. All materials have X-ray absorption 
properties that vary based on X-ray energy; how-
ever these absorptions change slowly for adipose 
and fibroglandular tissues in the mammographic 
energy range, whereas the absorption changes 
very rapidly for iodine for X-rays having ener-
gies near 33 kilo-electron volts (keV), which is in 
the range of typical mammography exposures. 
The k-edge of iodine is approximately 33 keV. An 
X-ray having an energy just above the k-edge is 
easily absorbed by one of the iodine atom’s elec-
trons, and an X-ray having an energy below the 
k-edge is less easily absorbed.

The behavior is illustrated schematically in 
the following figure (Fig. 3.1) [3].

Two images are acquired, ideally one with 
X-ray energies just above the k-edge at 33 keV 
and the other just below 33  keV.  When one of 
these images are subtracted from the other, the 
visibility of the tissue and fat disappears, because 
the absorption of these two components and 
hence their visual appearance are almost identi-
cal in the two acquisitions. However, the amount 
of iodine seen in the two images varies 
 considerably, due to the large difference in 

absorption, and results in an image of the breast’s 
iodine distribution following the subtraction. If 
the technique is working well, the subtracted 
image will have no tissue or fat visible, and the 
sole component in the image represents the 
iodine.

This theory is a little more complicated in 
practice, because X-ray tubes and X-ray filters 
do not produce X-rays of a single energy. Rather, 
they generate X-rays with a range of energies, 
and the resultant subtracted image does not 
completely subtract out the fibroglandular tis-
sue. By careful selection of the X-ray filters and 
of the X-ray tubes operating voltage kVp, how-
ever, one can produce X-rays that are reason-
ably monoenergetic, enough so for the procedure 
to work.

Figure 3.2 illustrates the low- and high-
energy X-ray spectra from a commercial 
CEDM system. The blue curve in the graph 
shows the distribution of X-rays that are pro-
duced in a standard mammography exposure 
using 28 kVp on a tungsten anode X-ray tube, 
and a rhodium (Rh) X-ray filter, and one can 
see that X-rays are generated having energies 
from about 10 to 25 keV, with most of them in 
the range of 20 keV. An image taken using this 
X-ray energy spectrum is known as the low-
energy exposure. The red curve shows the 
X-ray spectrum that comes from a tungsten 
anode X-ray tube at 45  kVp using a copper 
(Cu) X-ray filter, and it has X-rays that range 
from 25 to 45 keV. This is known as the high-
energy exposure. The high-energy spectrum 
has X-rays that are mostly above the iodine 
k-edge of 33  keV, and the low-energy X-rays 
are mostly below the 33 keV energy. Therefore, 
a subtraction of the two images can take advan-
tage of iodine’s rapidly changing absorption 
near its k-edge (Fig. 3.2).

In a practical commercial system, these two 
exposures happen automatically in rapid 
sequence during a dual-energy exposure, with the 
first exposure being a more-or-less typical mam-
mogram using standard X-ray filters, and follow-
ing that exposure a different filter, commonly 
copper, is introduced into the system, the 
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Fig. 3.1 Absorption of adipose and fibroglandular tissue, 
and iodine (I), as a function of X-ray energy
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 kilovoltage is raised to 45–49 kVp, and the sec-
ond, high-energy exposure occurs. The short time 
between the low- and high-energy exposure min-
imizes the likelihood of patient motion, and 
hence subtraction artifacts, between the two 
images.

3.3  Generating the Iodine Image

The dual-energy acquisition results in two raw 
images—the low- and high-energy mammo-
grams. There is iodine present in both images; 
however it is hard to visually discern this due to 
the overwhelming structure noise caused by nor-
mal fibroglandular tissues. The low-energy image 
is typically taken using the same X-ray filters, 
kVp ranges, and dose levels, as normal mammo-
grams, and can be substituted for a normal 2D 
mammogram during the diagnostic process [4].

The iodine image is created as a subtraction of 
one image from the other. Normally, the differ-
ence is made from the logarithm of the two 
images, as the logarithm image is proportional to 
the X-ray absorption in the breast, as seen in the 
following equation:

 
Iodine Image High Energy Image

Low Energy Image

= ( )*
- ( )

log

logk
 

The constant “k” is determined by the equip-
ment manufacturer so that the adipose and fibro-
glandular tissues subtract out as fully as possible 
in the resultant iodine image.

The following figure shows an example of the 
low- and high-energy images, and of the final 
subtracted iodine image. The low-energy image 
appears similar to a normal mammogram. The 
high-energy image is relatively low contrast due 
to the high kV used for the exposure, and one 
can faintly see the regions where there is uptake 
of the iodine. In the subtracted image, one 
mainly only sees the iodine in the lesion, and in 
this example also some blood vessels that had 
iodine remaining in them. The images in this 
example were acquired at about 2  minutes 
postinjection, early in the imaging procedure, 
which could explain the presence of iodine in the 
vessels.

Typically, only the low-energy and the sub-
tracted images are viewed and saved by the sys-
tem (Fig. 3.3).

3.4  Exposure Techniques 
and Radiation Dose

Exposures are commonly made using automatic 
exposure control. The kVp range for the low-
energy mammogram is the typical one used in 
mammography—25–35  kVp—whereas the 
high-energy image uses a much higher tube volt-
age, typically 45–49 kVp. The X-ray filters for 
the low-energy image are the common ones used 
in mammography, and the X-ray filter for the 
high-energy exposure is most commonly 
copper.

The dose for the low kV image is within the 
range used in a normal mammogram, and the 
dose for the high-energy exposure is commonly 
around 25–50% of the dose for the low-energy 
exposure. Thus, the patient radiation exposure for 
one iodine image is under about 1.5 times that for 
a normal screening exposure. Because this type 
of imaging is most commonly performed on 
symptomatic patients, the small additional radia-
tion may not be of great concern.
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Fig. 3.2 X-ray spectra for the low- and high-energy 
beams used in dual-energy imaging

3 Physics and Practical Considerations of CEDM



20

3.5  Dense Breast Imaging

One of the advantages of contrast-enhanced 
mammography is that it is primarily insensitive 
to breast density. The fibroglandular tissues 
 subtract out during the image processing, leaving 

visibility of the iodine lesions unaffected, even in 
dense breasts.

Figure 3.4 shows an example of this. The 2D 
LCC and LMLO images reveal areas of dense tis-
sue, but the CEDM images easily show the lesion 
located in these areas.

Low Energy High Energy Subtracted

Fig. 3.3 Low-energy (left), high-energy (middle), and subtracted (right) images from the CEDM acquisition

Fig. 3.4 Example of iodine lesion visibility in a very dense breast
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3.6  Imaging Procedure Workflow

The basic procedure of a contrast examination is:

• Evaluate the patient for renal sufficiency and 
allergies to iodine.

• Perform the injection of the iodine.
• Wait approximately 2 minutes for the iodine 

to distribute throughout the breast.
• Perform the contrast imaging, in a 6-minutes 

imaging window.

Figure 3.5 shows the steps commonly 
 performed during the contrast agent 
administration.

In terms of evaluation of the suitability of the 
patient for the procedure, refer to contrast media 
guidelines where appropriate [5, 6]. The injection 
is commonly performed using a power injector, 
to facilitate delivery of a bolus of the iodine. 

Refer to the datasheets for the pharmaceutical, 
for dosage information and any warnings. The 
literature reports that typical doses of iodine are 
1.5 cc/kg of body weight, and the injection can be 
done at 3 cc/s [7]. One typically waits approxi-
mately 2 minutes postinjection before beginning 
the imaging sequence [8]. The patient’s breast is 
not compressed during the injection or during the 
2-minutes wait, to allow the iodine to flow into 
the breast, and the patient can be seated to help 
minimize vasovagal reactions. The iodine imag-
ing is commonly performed within a 6-minutes 
imaging window, before significant redistribution 
of the iodine and its background occurs.

During the imaging window, multiple images 
can be acquired, depending upon the clinical pro-
tocol. One must separately perform imaging on 
both the left and right breast if both breasts are 
needed for evaluation, unlike MRI where both 
breasts are imaged during the one scan. Figure 3.6 
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Fig. 3.5 Example of workflow for iodine contrast administration
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Fig. 3.6 Time sequence of the contrast procedure
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illustrates an example of the time sequence of the 
procedure, showing four projections taken. These 
can be, for example, CC and MLO of both 
breasts.

3.7  2D and 3D Iodine Imaging

In addition to 2D iodine imaging, it is possible to 
perform the procedure as part of a tomosynthesis 
examination.

There are two methods that have been pro-
posed to accomplish this. One is performing the 
2D iodine as part of a 2D/3D combo examina-
tion. In this method, there are three exposures 
taken in rapid sequence: the tomosynthesis scan 
followed by the low and high 2D exposures. The 
result of this is a 2D regular mammogram and a 
2D iodine image, as described previously, and 
additionally a tomosynthesis volume. The acqui-
sition sequence is illustrated in Fig. 3.7.

The iodine contrast agent is present in the 
tomosynthesis image, but cannot be easily 
detected, just as was seen with the 2D regular 
mammogram, because the tomosynthesis image 
is not a subtraction image. Because the 2D and 
the tomosynthesis images are taken in the same 
compression, they are co-registered, and if the 
lesion with iodine uptake is correlated to a tomo-
synthesis-detected lesion, the iodine lesion can 
be localized in three dimensions using the tomo-
synthesis images. This combo iodine imaging 
procedure has higher radiation than either a nor-
mal combo examination or a normal 2D contrast 
examination because it involves three exposures: 
the low- and high-energy 2D images and the 

tomosynthesis scan. If the tomosynthesis image 
uses about the same dose as the low-energy mam-
mogram, then the radiation of this combo proce-
dure is about 25 %  = (1 + 1 + 0.5)/(1 + 1) times 
higher than a normal combo exam, which has a 
dose of two times relative to a 2D mammogram.

Another method of acquiring 3D contrast 
information is to acquire a 3D dual-energy image 
directly. This can be done by acquiring, for each 
of the tomosynthesis projection angles, two 
exposures, one being the low energy and the 
other the high energy. The final 3D contrast 
image can be calculated either by directly recon-
structing separately the low- and high-energy 3D 
exams and subtracting the two volume recon-
structions or by an angle-by-angle subtraction of 
the low- and high-energy projections and then 
reconstructing the subtracted projections. This 
method results in two image sets: the standard 
low-energy 3D image and the subtracted contrast 
3D image. This allows localization of any 
3D-visible contrast lesion, and it accomplishes 
this at lower radiation exposure than the combo 
iodine imaging, as it requires only two raw 
images: the low- and high-energy 3D images.

The clinical performance of contrast-enhanced 
tomosynthesis has not been shown to be signifi-
cantly different from contrast-enhanced mam-
mography [8]. This is perhaps not surprising. The 
advantage of normal tomosynthesis compared to 
digital mammography is due to the reduction in 
overlapping structures. With contrast mammog-
raphy, there are essentially no overlapping struc-
tures, which would represent overlapping 
contrast-enhancing lesions. The lesions can be 
seen directly in either 2D or 3D contrast images. 
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Fig. 3.7 Time sequence of a combo contrast procedure
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However, there still potentially are advantages to 
contrast-enhanced tomosynthesis and a contrast 
combo study, compared to contrast-enhanced 
mammography, and these relate to the ability to 
localize and potentially biopsy a lesion detected 
on the contrast image.

3.8  Technical Comparison 
to Gadolinium MRI Breast 
Imaging

Initial comparisons of the clinical efficacy of 
CEDM to gadolinium-contrast breast MRI indi-
cate similar sensitivity and specificity in the 
detection of breast cancer, although there are 
uncertainties in these comparisons due to rela-
tively small numbers of cases [9].

The technical differences are more easily 
enumerated. Some advantages of CEDM over 
MRI are that the procedure can sometimes be 
performed in women contraindicated for MRI 
due to claustrophobia, women unable to lie 
prone, and women who have metallic implants 
that preclude MRI. The CEDM procedure is also 
faster, and less costly. In preference compari-
sons, women preferred CEDM compared to MRI 
[10]. It can also be an advantage that the CEDM 
procedure can be performed on the same X-ray 
machine that is used for the evaluation of symp-
tomatic patients and for upright tomosynthesis-
guided biopsy. Advantages of MRI compared to 
CEDM are the ability to image both breasts at 
one time, ease of acquiring dynamic wash-in/
wash-out information, and no X-ray radiation 
exposure. Gadolinium also has, compared to 
iodine, a lower incidence of allergic reactions to 
the contrast agent, although the observed accu-
mulation of gadolinium in brain tissue is of pos-

sible concern due to its unknown long-term 
health consequence [11].
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