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A B S T R A C T   

While K-edge subtraction (KES) imaging is a commonly applied technique at synchrotron sources, the application 
of this imaging method in clinical imaging is limited although results have shown its superiority to conventional 
clinical subtraction imaging. Over the past decades, compact synchrotron X-ray sources, based on inverse 
Compton scattering, have been developed to fill the gap between conventional X-ray tubes and synchrotron 
facilities. These so called inverse Compton sources (ICSs) provide a tunable, quasi-monochromatic X-ray beam in 
a laboratory setting with reduced spatial and financial requirements. This allows for the transfer of imaging 
techniques that have been limited to synchrotrons until now, like KES imaging, into a laboratory environment. 
This review article presents the first studies that have successfully performed KES at ICSs. These have shown that 
KES provides improved image quality in comparison to conventional X-ray imaging. The results indicate that 
medical imaging could benefit from monochromatic imaging and KES techniques. Currently, the clinical 
application of KES is limited by the low K-edge energy of available iodine contrast agents. However, several ICSs 
are under development or already in commissioning which will provide monochromatic X-ray beams with higher 
X-ray energies and will enable KES using high-Z elements as contrast media. With these developments, KES at an 
ICS has the ability to become an important tool in pre-clinical research and potentially advancing existing clinical 
imaging techniques.   

1. Introduction 

In conventional X-ray imaging, the image contrast arises from vari
ations in absorption of different materials or tissues. Thereby, the X-ray 
absorption is dependent on the elemental composition and density of the 
material. However, the elemental composition of soft tissues is rather 
similar, leading to a weak attenuation contrast. In subtraction X-ray 
imaging, tissue structures or organs are visualized using a contrast agent 
that changes the attenuation between the contrasted structure and the 
surrounding tissue [1]. Digital subtraction angiography (DSA) is a 
clinically well-established fluoroscopy technique in interventional 
angiography, which allows for improved visualization of the blood 
vessels by using a temporal subtraction technique [2]. In this procedure, 
a reference image without contrast agent is subtracted from all subse
quent contrast enhanced images in order to remove background struc
tures and therefore improve the visibility of contrast enhanced vessels. 
However, artifacts from patient movement, breathing and cardiac 

motion may have a negative impact on image quality [3,4]. 
K-edge subtraction (KES) imaging exploits the sharp increase of the ab

sorption coefficient of a contrast agent to acquire images at energies just 
below and above the K-edge energy. In contrast to DSA, where X-ray images 
are taken before and after the injection of the iodine contrast agent, images 
in KES imaging are both taken after the injection, but at different X-ray 
energies. Elleaume et al. [5] showed that this makes the method more 
suitable for imaging moving organs. KES imaging was performed at con
ventional polychromatic laboratory sources using a Ross filter arrangement 
[6] or a multi-bin photon counting detector [7,8]. However, when using 
filters, a large amount of the X-ray beam is absorbed, which leads to long 
acquisition times and limits the acquisition speed. For multi-bin photon 
counting detectors the energy threshold resolutions is usually 1–2  keV, 
which limits the ability to acquire images closely around the K-edge. Due to 
these disadvantages, KES has mainly been applied at synchrotron facilities in 
the past. While spectral filtering of synchrotron radiation provides highly 
brilliant, monochromatic X-rays, synchrotrons rely on electron storage rings 
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of several hundred meters in circumference and are expensive in terms of 
installation as well as operation and maintenance. In contrast, the use of 
conventional X-ray tubes in laboratories and hospitals is comparably cheap, 
but they have low brilliance and polychromatic X-ray spectra. A conven
tional X-ray spectrum will be modified as it traverses the patient, since lower 
energies are attenuated more strongly than higher ones. This beam hard
ening impairs the measurement accuracy and can interfere with the goal to 
optimize both dose level and image quality [9,10]. As K-edge subtraction 
imaging works best using a monochromatic X-ray beam, its feasibility in 
clinical routine has been limited. Over the past decades, compact X-ray 
sources, based on the principle of inverse Compton scattering, have been 
emerging to fill the gap between laboratory sources and synchrotron facil
ities and provide a tunable, monochromatic X-ray beam in a laboratory 
frame [11–14]. These inverse Compton sources (ICSs) provide X-ray beams 
with a brilliance in between those of a large-scale synchrotron and a con
ventional X-ray source. For example, the ICS installed at the Munich 
Compact Light Source (MuCLS) provides high-intensity X-rays that are 
quasi-monochromatic and are emitted into a much smaller opening angle 
than at an X-ray tube, thereby providing a brilliance of ̃1.2 ×

1010 photonss− 1 mm− 2 mrad− 2 (0.1%BW)
− 1 [15] in comparison to a stan

dard rotating anode with ̃0.6 × 109 photons s− 1 mm− 2 mrad− 2 [16] and a 
third generation synchrotron ̃1021 photonss− 1 mm− 2 mrad− 2 (0.1%BW)

− 1 

[17]. Other ICSs provide, or are expected to provide, similar brilliances in 
the order of 1010 photons s− 1 mm− 2 mrad− 2 (0.1%BW)

− 1 such as TTX [18] or 
ThomX [19,12]. Compared to the synchrotron facilities, a main advantage of 
ICSs are the reduced spatial and financial requirements [11,12,14] for 
acquisition, operation and maintenance. These lower costs enable the 
transfer of certain techniques that have been limited to synchrotrons so far, 
like KES-imaging, into a laboratory or pre-clinical setting. 

This review article gives an overview over the working principles of 
inverse Compton X-ray sources and work on K-edge subtraction imaging 
for medical applications. While many ICSs are under development, only 
few are operational and producing results. Therefore, most of the 
biomedical KES results discussed here were produced at the Munich 
Compact Light Source (MuCLS). 

2. Inverse Compton sources 

There are several ongoing projects developing, constructing or 
running a compact X-ray source based on the principle of inverse 
Compton scattering, where high energy electrons interact with laser 
photons to produce X-rays. Basically, there are two different setups (cf. 
Fig. 1): on the one hand, a linac-based design (e.g., STAR [13,20], LCS at 
AIST [21], the Compton source at BNL ATF [22], TTX [23,24], 
Smart*Light [25], the ASU-ICS-project [26] as well as the proposed 

inverse Compton sources at MIT [27] and BriXS [28]). On the other 
hand, a storage ring-based design (e.g. at MuCLS [14], ThomX [19,12] 
and NESTOR [29,30]). In a linac-based setup, the electrons are produced 
by a photo-cathode radio-frequency (RF) gun and are subsequently 
accelerated in a linear accelerator (linac) to relativistic energies and 
collide with laser photons. In a storage ring-based setup, the accelerated 
electrons are injected into an electron storage ring. In the storage ring, 
the electron bunch circulates with a high revolution frequency and is 
replaced from time to time to ensure high beam quality. To generate 
high-power laser pulses at a equally high repetition rate, usually a 
passive laser enhancement cavity is used. In one point in the electron 
storage ring (or in the linac-based design: in one point of the linear beam 
path), the counter-propagating electron bunches interact with the laser 
pulses in the process described below. Their repetition rates are matched 
so that electrons and laser photons collide upon each revolution at the 
interaction point producing a narrow cone beam of X-rays. 

There are two different, but fully equivalent, descriptions of the X- 
ray production at a compact synchrotron X-ray source. In the particle 
view, the X-ray production at a compact synchrotron source can be 
explained with the process of inverse Compton scattering. A relativistic 
electron collides with a photon of a high intensity laser pulse, changing 
the momenta of both electron and laser photon. The photon is back- 
scattered and emerges with a much shorter wavelength (see Fig. 2). 
The relation between the scattered photon energy E to the incident laser 
photon energy EL and electron energy E can be written as, assuming 
EL≪m0c2 and a Lorentz factor γ≫1 [12], 

E =
2γ2EL(1 − cos(θ1))

1 + γ2θ2
2

, (1)  

with θ1 the angle between relativistic electron and laser photon and θ2 

Fig. 1. Schematics of inverse Compton sources with (a) and without (b) electron storage ring. The electrons are emitted by the electron gun and accelerated to 
relativistic energies in the linear accelerator (linac). The electrons interact with the laser photons in the interaction point and generate X-rays in the process of inverse 
Compton scattering. The setup in a shows the ICS at the MuCLS where the laser is enhanced in a bow-tie shaped, high-finesse cavity [14]. 

Fig. 2. Principle of inverse Compton scattering: A laser photon is scattered at a 
relativistic electron at an angle of θ1. The scattered photon has a higher energy 
and propagates under the angle θ2. For better understanding, the angles are 
exaggerated. 
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the angle of the scattered photon. 
In the wave picture, the counter-propagating laser photons act as a 

localized electromagnetic field on the electrons, analog to a permanent 
magnetic undulator [31]. For undulator radiation, the basic parameters 
are the undulator period λu and the Lorentz factor γ which relates to the 
electron energy. The undulator period λu corresponds to half of the laser 
wavelength, i.e., about 0.5 μm for typical infrared lasers based on Neo
dymium or Ytterbium. This period is about 104 times smaller than at a 
synchrotron facility (λũ cm), which allows to reduce the electron en
ergy by a factor of 100 and thus also to scale down the electron storage 
ring to a few meters in circumference. This enables the inverse Compton 
source to fit into a standard laboratory [14]. 

The X-ray flux, thus the number of emitted X-rays per second, for a 
head-on inverse Compton scattering of electron bunches and laser pulses 
can be calculated as [12,32] 

Ftot =
σT NLNefrep

2π(σ2
e + σ2

l )
, (2)  

where σT is the Thomson cross-section, Ne is the number of electrons per 
bunch, NL the number of photons per laser pulse, frep the repetition 
frequency of electron-laser interactions, σe the transverse size of the 
electron bunch and σL the transverse size of the laser pulse at the 
interaction point. The X-ray flux can be increased by decreasing the 
source size, increasing the number of photons and electrons or by using a 
higher repetition frequency. While a storage ring design results in a frep 

in the MHz range, it is usually much lower for linac-based ICSs, which in 
turn have a higher X-ray flux per individual collision. 

3. K-edge subtraction imaging (KES) 

3.1. History of K-edge subtraction imaging at synchrotron sources 

The principle of KES was first suggested by B. Jacobson [33] in 1953, 
who proposed the use of monochromatic X-rays to increase contrast in 
absorption imaging. His idea was to take advantage of the differences in 
absorption of two or more monochromatic X-ray beams to produce an 
image only showing these differences and/or the concentration of an 
element in an object. The first studies of KES were performed by 
Rubenstein et al. [34,35] at the Stanford Synchrotron Radiation Labo
ratory demonstrating the feasibility of coronary angiography. The first in 
vivo KES images were made of the coronary arteries of an anesthetized 
dog [36]. In the early days of KES, its main application was coronary 
angiography, since there were great struggles in DSA to get artifact free 
images [3] and to safely perform the invasive procedures also con
cerning the use of high doses of contrast agent [37,38]. The de
velopments in KES led to first results of human patients [38,39]. 
Elleaume et al. thereby showed that KES coronary angiography at syn
chrotrons provides improved image quality in comparison to DSA at a 
conventional X-ray source while reducing the risk for the patient using 
transvenous injection of contrast agent instead of an interventional 
procedure [40]. Afterwards, several other studies were performed 
demonstrating the benefits of KES for coronary [41,42] and neuro
vascular angiography [43]. At the same time, KES was also applied in 
computed tomography [44,45]. However, the application of KES at 
synchrotrons has not been limited to angiography. Also, studies on 
functional lung imaging [46,47] and bone growth and disease have been 
conducted [48,49]. An extensive review of KES at synchrotrons was 
written by Thomlinson et al. [1]. 

While the studies performed at synchrotron sources have shown very 
promising results, the application of KES in clinical routine is restricted 
due to the limited accessibility of synchrotron facilities. Therefore, 
compact synchrotron sources could enable KES imaging in a pre-clinical 
setting. 

3.2. KES formalism with two energies 

This formalism assumes two monochromatic X-ray beams with en
ergies bracketing the K-edge of the used contrast agent that penetrate 
the sample volume completely and are detected separately and simul
taneously. A discussion for a setup using an X-ray filter to manipulate the 
energy of a quasi-monochromatic X-ray beam can be found in [50]. 

The number of photons N(E±) detected by the detector is [51] 

N(E±) = N0(E±)exp

[

−
∑

j

(μ
ρ(E±)(ρt)

)

j

]

+D (3)  

where N0(E±) is the number of incident photons per pixel with energies 
E− below and E+ above the K-edge of the contrast agent, μ/ρ the mass 
attenuation coefficient, ρ the density of the material, t the path length 
and D the dark current of the detector. The index j denotes the different 
materials and tissues (i.e., contrast agent, bone and soft tissue). The 
sample can be decomposed into two basis materials, usually “contrast 
agent/iodine” and “tissue”, using the dual-energy method by Lehmann 
et al. [52] 

ln
N0

N
(E±) =

[μ
ρ(E±)(ρt)

]

iodine
+
[μ
ρ(E±)(ρt)

]

tissue
(4)  

where μ/ρiodineis the mass attenuation coefficient of the iodine contrast 
agent and μ/ρtissue is the mass attenuation coefficient of all other mate
rials excluding the contrast agent. N0(E±) are calculated by using the flat 
fields, i.e., the images at two different energies acquired without sample. 
The dark current D is subtracted from the flat field images before 
applying the dual-energy method. Tabulated values are used for the 
mass attenuation coefficients μ/ρ of contrast agent and tissue. The mass 
densities of contrast agent (ρt)iodine and of tissue (ρt)tissue are calculated 
by solving the two logarithmic expressions of Eq. (4) 

(ρt)iodine =

[
μ
ρ(E− )

]

tissue
ln N0

N (E+) −
[

μ
ρ(E+)

]

tissue
ln N0

N (E− )
[

μ
ρ(E− )

]

tissue

[
μ
ρ(E+)

]

iodine
−
[

μ
ρ(E+)

]

tissue

[
μ
ρ(E− )

]

iodine

(5)  

(ρt)tissue =

[
μ
ρ(E+)

]

iodine
ln N0

N (E− ) −
[

μ
ρ(E− )

]

iodine
ln N0

N (E+)
[

μ
ρ(E− )

]

tissue

[
μ
ρ(E+)

]

iodine
−
[

μ
ρ(E+)

]

tissue

[
μ
ρ(E− )

]

iodine

. (6)  

3.3. Change in CNR due to energy spread in ICS spectrum 

The CNR in the KES image is dependent on the difference of the mean 
absorption and thus the difference of the mean absorption coefficients 
Δμ of the sample at the two energies above and below the K-edge, 

CNR =
Δμ
σ , (7)  

where σ is the standard deviation in a background region. In general, the 
energy spread of ICS sources will lead to a lower mean energy of the 
spectrum compared to its peak energy due to its broad low energy tail. 
While this increases the mean absorption coefficient of the low energy 
image, it decreases the one of the high energy image for peak energies of 
the spectra tuned below and above the material’s K-edge. Therefore, 
their difference will be reduced, which results in a reduction of the 
contrast in the K-edge subtraction image. In other words, the CNR for 
KES-images obtained from quasi-monochromatic ICS spectra is 
decreased compared to the monochromatic case. The exact difference 
depends on the used X-ray spectra. The intensity I of the spectrum which 
is transmitted through the sample can be described by 

I =
∫

f (E)⋅I0⋅exp− μ(E)ddE, with
∫

f (E) = 1, (8)  

where I0 is the incident intensity of the X-ray beam, μ(E) is the attenu
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ation coefficient dependent on the energy E, d is the thickness of the 
sample and f(E) give the proportional contribution of each energy to the 
intensity of the spectrum. This formula yields the aforementioned 
effective mean absorption coefficient for the high or low energy image, 
respectively. 

A study by Sarnelli et al. [53] compared the signal-to-noise ratio 
(SNR) in images obtained at a synchrotron to the SNR of images ob
tained at a monochromatized conventional X-ray source. A positive 
impact on the image SNR was found for a smaller energy difference, 
which is achievable with a more narrow monochromatic beam. How
ever, even with large energy differences between the images, good 
material separation was obtained. 

4. KES applications in biomedical research at inverse Compton 
X-ray sources 

While K-edge filtering at ICSs has been used for characterization of 
the X-ray source and the measurement of the local X-ray spectrum 
[54,55], the properties of ICSs’ monochromatic X-ray spectra have been 
shown to be beneficial for biomedical imaging. The first experiments 
showing the benefit of monochromatic X-rays produced at a compact X- 
ray source were performed by Carroll et al. in 2003 [56]. In their study, 
they compared images from breast and finger phantoms and a mouse 
pelvis which were taken with conventional polychromatic spectra and 
with the monochromatic X-ray beam produced at an ICS at Vanderbilt 
University. The monochromatic images of the breast phantom thereby 
provided better image quality than the conventional images and allowed 
for the identification of more lesions in the tissue. The benefits of 
monochromatic X-rays produced by ICSs were affirmed in further 
studies by Yamada et al. [57] and Kuroda et al. [21] at the LCS, focusing 
on refraction and phase-contrast imaging of bones. A major advantage of 
ICSs in comparison to conventional sources is that the spectrum can be 
tuned to the K-edge of the applied contrast agent. This provides a higher 
contrast in the acquired images [57,58]. Carroll showed the improve
ment in signal due to the higher X-ray absorption by the iodine contrast 
agent when tuning the X-ray beam directly to the K-edge and discussed 
its application for molecular and cellular imaging and therapy [59]. A 
study of KES using barium sulfate as a contrast agent was conducted by 
Kuroda et al. [60]. They demonstrated the feasibility of the imaging 
technique using a human head phantom at the LCS at AIST. Although the 
volume concentration ratio of the contrast agent was only 3%, the 
contrast enhancement was seen to be 5%. Another comparison of im
aging with poly- and monochromatic spectra was performed by Eggl 
et al. [58]. They analyzed the quantitative effect of quasi monoenergetic 
X-ray spectra on the CNR of coronary angiography. For this, they used 
virtual projection images calculated from segmented real patient data of 
a human coronary artery and compared a typical clinical X-ray spectrum 
with a compact synchrotron spectrum. For an iodine-based contrast 
agent, a conventional X-ray tube spectrum at 60 kVp was compared to a 
quasi monoenergetic spectrum at 35 keV. Additionally, a 90 kVp con
ventional X-ray tube spectrum and a 55 keV quasi monoenergetic 
spectrum were examined for the application of gadolinium-based 
contrast media. The CNR analysis showed that the CNR values were 
17–22% higher in the monoenergetic images than the values for the 
conventional spectra. For lower concentrations of contrast agent, the 
advantage of monoenergetic imaging increases further, suggesting that a 
monoenergetic spectrum would allow for a reduction of the iodine 
concentration by approximately 20–30% at equal CNR, which can 
facilitate the administration of the contrast agent for the patients. For 
the simulations with gadolinium, similar results were obtained, with an 
even larger improvement in CNR. 

However, the advantages of monoenergetic imaging are not limited 
to projection imaging. Also for three dimensional imaging, mono
energetic imaging provides benefits. In a study, Achterhold et al. 
compared computed tomographies (CTs) obtained with an ICS and a 
conventional X-ray tube [75]. The experimental results obtained for 

quantitative CT measurements of mass absorption coefficients in a water 
phantom sample confirmed that images from an ICS can yield much 
higher CT image quality, particularly concerning quantitative aspects of 
CT imaging. Several other studies also confirmed that the application of 
monochromatic CT yields more precise determination of density values 
in the sample [61,62]. 

Already in 2002, the application of KES imaging at an ICS was dis
cussed as a possibility to bring monochromatic imaging into a clinical 
context, improve diagnostic techniques and develop new types of ther
apy [63]. However, only in 2018, the first biomedical KES experiments 
were performed at the Munich Compact Light Source (MuCLS). Here, a 
filter-based KES approach was implemented and its feasibility proven 
both in a phantom study and on an excised porcine heart. The proof-of- 
principle study showed that KES imaging is in principle possible at an 
ICS, levels out differences in absorption and separates the contrast agent 
from the background structures (cf. Fig. 3). Additionally, the results 
confirmed the findings from synchrotron sources that KES imaging can 
improve the visibility of blood vessels overlaid by bone structures. A 
CNR study confirmed the visual impression of improved visibility. The 
CNR between the blood vessel behind the rib and the rib bone was 
calculated to 0.44 ± 0.52 in the non-subtraction image (cf. Fig. 3a), and 
therefore the signal lies below the noise level, whereas the corre
sponding CNR is 5.16 ± 0.53 in the KES image (cf. Fig. 3b) [50]. 

Another study [64] concentrated on the issue in clinical radiography 
that iodine contrast agent cannot be distinguished from calcification 
since the attenuation values of iodine and calcium are usually very 
similar or even identical. To demonstrate the ability of KES to separate 
iodine and calcium in projection imaging, both a study with a phantom 
containing the two materials and a study of a human carotid artery with 
calcification and a sodium iodide solution were carried out. In both 
studies, the separation of the two materials was successfully performed, 
thereby calculating images only showing one of the two materials. These 
experiments showed that KES imaging at a compact synchrotron source 
enables the differentiation of iodine contrast agent from calcium. 

To evaluate if the advantages of KES also apply in 3D imaging, a CT 
study was conducted [65]. In this study, two CT scans were performed of 
an excised porcine kidney containing a calcified kidney stone at 
different mean energies. Due to the change in the attenuation coefficient 
of the iodine contrast agent between the two scans, it was possible to 
completely separate calcium and iodine and calculate CT volumes only 
containing one of the two materials (cf. Fig. 4). KES CT can therefore 
provide additional diagnostic information which could be of special 
interest in various clinical use cases like kidney stones, atherosclerosis 
and bone imaging. 

The most recent study addressed the advantage of KES in imaging 
moving organs in comparison to the clinically used digital subtraction 
angiography. The authors evaluated a filter-based KES fluoroscopy 
application and compared its performance to conventional temporal 
subtraction at the MuCLS. For this, iodine contrast agent was injected 
into an ex vivo mouse while acquiring X-ray projection images. From the 
acquired images, KES and conventional temporal subtraction images 
were calculated. At the same time, movement of the sample was simu
lated to demonstrate the appearance of motion artifacts commonly 
observed in in vivo conventional temporal subtraction imaging. The re
sults suggest that K-edge subtraction imaging at a compact synchrotron 
source can provide images with improved visibility of contrasted 
structures in comparison to conventional non-subtraction X-ray images 
and with reduced artifacts compared to conventional temporal sub
traction (cf. Fig. 5). The CNR was significantly higher in the KES images 
compared to the unfiltered non-subtraction images (300–770%) and 
between 14.9% (between backbone and contrast agent) and 21.5% 
(between ribs and contrast agent) higher than in the conventional 
temporal subtraction images. The observed benefits of KES could enable 
subtraction imaging in future medical applications, e.g. of the gastro
intestinal tract [66]. 
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5. Future developments 

In a simulation study, Paterno et al. [67] evaluated the applicability 
of KES at ICSs for a realistic dilution of the iodine contrast agent in ar
teries and the projected beam parameters of the proposed BriXS project 
[28]. They found that ICSs have to deliver a fluence of 108 ph/mm2 at the 
sample plane to image most arteries with sufficient contrast and 
acquisition times of a few hundred milliseconds, which is significantly 
higher than demonstrated up to now. Moreover, experimental KES 
studies at ICSs had been limited to iodine or barium, i.e., an X-ray range 
well below 40 keV due to the ICSs’ energy range. At this energy, the 
absorption of the X-rays in the human body is very high. This leads to a 
high absorbed dose and limits the penetrable tissue thickness. 

Consequently, the X-ray flux as well as maximum energy of the 
compact synchrotron X-ray sources have to increase to enable KES im
aging in a clinical setting. At the MuCLS, the former could be addressed 
with improvements of the laser enhancement cavity, while the latter 
could be achieved by replacing the infrared laser with a visible light one. 
Alternatively, the electron acceleration system could be designed for 
higher energy electrons. This route was chosen for several inverse 

Compton sources currently under development or construction that aim 
at higher X-ray energies as well as X-ray fluence to enable KES imaging 
at clinically relevant energies in the future. One of these sources is 
ThomX which is under construction in Orsay, France and is expected to 
start operation in 2020. There, KES experiments for the determination of 
contrast agent concentrations are planned [19]. Additionally, ThomX 
could be used to investigate high-Z element drugs since the source 
provides an X-ray beam with X-ray energies of up to 90 keV [12,68]. In 
order to allow fast energy switching for KES without the need of ab
sorption filters, two approaches are suggested in the proposal for BriXS 
[28]: Either the use of two laser systems or rapid adjustment of the laser- 
electron collision angle [69]. 

As iodine is not an efficient contrast agent at these X-ray energies, 
different ones have to be used or developed for optimal performance of 
KES. In the past, studies have shown that gadolinium contrast agent, 
which is commonly used in MRI imaging today, could also be used in X- 
ray imaging [70,71], especially for patients with renal insufficiency 
[72,73]. The gadolinium K-edge is at 50.2 keV, which would allow for 
dose compatible KES imaging on the human body. However, recent 
studies have questioned the safety of gadolinium as a contrast agent 

Fig. 3. Projection images of an excised porcine heart 
embedded in a rib cage. a Monochromatic X-ray 
image of coronary arteries overlaid by bones of rib 
cage. Especially the visibility of smaller vessels is 
compromised; b KES image of the same sample. KES 
levels out differences in absorption and separates the 
contrast agent from the background structures. The 
visibility of the blood vessels is increased, especially 
for those previously overlaid by bone structures. The 
gray scale for the non-subtraction image shows the 
relative intensity/transmission of the X-ray beam, 
while the gray values in the KES image show the 
negative logarithmic differences in the absorption. 
Figure adapted from [50].   

Fig. 4. Reconstructed CT slices of porcine kidney with kidney stone (indicated by the red arrow) in transverse slice orientation. a Non-subtraction CT slice, where 
both the blood vessels (indicated by the yellow arrows) and the kidney stone are visible; b In the KES image only structures containing iodine contrast agent stay 
visible, the kidney stone is eliminated from the image; c When performing inverse KES, the iodine is inverted so that the kidney stone can be clearly identified. The 
gray scales of the conventional CT slice show the absorption values in 1/mm whilst the KES slices show the differences in absorption. This figure is part of a figure 
previously published in [65] under a CC-BY license (http://creativecommons.org/licenses/by/4.0/). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 5. a Conventional non-subtraction image; b temporal subtraction image, due to the temporal delay between the images, artifacts occur in the subtraction 
process; c KES image, here there are no artifacts since two subsequently acquired images are subtracted. The gray scales for the unfiltered images display the relative 
intensity/ transmission of the X-ray beam, while the gray values in the KES and conventional temporal subtraction images show the negative differences in the 
absorption. This figure was previously published in [66] under a CC-BY license (http://creativecommons.org/licenses/by/4.0/). 
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[74]. With high X-ray energy ICSs becoming operational in the near 
future, the application of KES based on alternative high-Z contrast 
agents could become possible, which would pave the way for KES in a 
clinical environment. 

6. Conclusion 

Studies at different ICSs have shown that KES imaging is not limited 
to synchrotron sources, but can be made available in a laboratory frame. 
The results indicate that medical imaging could benefit from mono
chromatic imaging and that K-edge subtraction techniques can improve 
image quality which could facilitate diagnosis. Presently, the applica
tion in medical imaging is limited by the low K-edge of the available 
contrast agents and the strong X-ray absorption in the human body at 
this energy. In the future, this issue can be overcome by the development 
of new contrast agents with higher K-edge energies, such as gadolinium. 
Currently, several ICSs are under development or already in commis
sioning which will provide monochromatic X-ray beams with higher X- 
ray energies, which will enable KES using high-Z elements as contrast 
media. With these developments, KES at an ICS has the ability to become 
an important tool in pre-clinical research and potentially advancing 
existing clinical imaging techniques. 
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