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Abstract. Coronary angiography is clinically useg worldwide to diagnose
diseases of coronary arteries.  Despite its feffectiveness, this technique is quite
invasive and it is associated te significant risks.due to the arterial catheterisation
needed to inject the contrast ‘agents, A valid alternative is using the K-edge
subtraction method, which is based on the subtraction of two images acquired
at energies bracketing the K-edge)of thencontrast element. The enhanced
sensitivity of K-edge subtraction allows the intravenous injection of the contrast
agent, thus reducing the risks of,catheterisation. This technique can be
effectively implemented by using intense and quasi-monochromatic X-ray beams.
Synchrotron radiation has been proven to work well for this purpose, but its cost
and size prevent a widespread clinical application. Inverse Compton sources are
among the most promising innovative sources of intense and quasi-monochromatic
X-rays. TheseSourceshare intrinsically more compact than those based on
synchrotron radiation. In'this work, the potential application of inverse Compton
radiation to K-edge subtraction angiography is investigated. To this purpose, after
a short review of*he physics behind the inverse Compton process, an analytical
framework is deseribed. The proposed model is based on the application of the
K-edge subtraction algorithm to calculate the SN R of details inside a suitable
mathematical phantom. That allowed us to identify the characteristics of an
inverse Compton,source required for K-edge subtraction imaging. In particular,
it avas lestimated that a photon fluence of 108 ph mm™2 is necessary to detect
signals of elinical interest. Novel sources based on inverse Compton promise
to achieve this requirement with an acquisition time of few hundreds of ms.
This feature, together with compactness, broad two-dimensional radiation field,
absence of harmonic contamination and the ability to deliver high photon fluxes
also at high energies, makes this kind of sources promising for K-edge subtraction
angiography and other diagnostic applications.

Keywords: Tnversé Compton, monochromatic source, K-edge subtraction, Dual-energy,
Angiography
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1. Introduction

Coronary angiography is the standard of reference for the X-ray imaging of coronary
anatomy and for establishing the presence and extent of coronary artery diseases
(Tavakol et al. 2012). This imaging technique reveals extent, location, and severity of
coronary obstructive lesions, which are effective predictors of outcome, and identifies
high-risk patients who may benefit from revascularisation. It relies on the<injection
of a contrast agent based on iodine inside the coronary circulation, by means .of
artery catheterisation. X-ray imaging of the heart before and after the injection’of
contrast medium allows to subtract the background signal due to gissues different
from iodine. This technique is quite invasive, with a morbidity just below 2% and
patient mortality slightly less than 0.08%, mainly related to the arterial@atheterisation
(Tavakol et al. 2012). Also, complications are frequently associated with«the high
amount of iodine-based contrast medium that are injected during the procedure,
leading to allergic reactions or nephrotoxic effects. The number of patients harmed
by these adverse effects can be lowered if a good diagnosti¢image quality is achieved
with a reduced amount of contrast medium being injected. Moreover, an intravenous
injection would eliminate the risks due to arterial catheterisation.

An alternative technique is based on K-edge subtraction (KES), which takes
advantage of the sharp rise of the photo-electric apsorption coefficient of the contrast
agent injected in the tissues to be visualised. Two images are acquired at energies
bracketing the K-edge of the element, ideally. with monochromatic X-ray beams. The
logarithmic subtraction of the low- and high-energy images enhances the structures
filled with the contrast agent, while the signal produced by the surrounding tissues
is nearly cancelled since their attenuation coefficients are almost identical at the two
energies (Jacobson 1953, Sarnelli et al. 2004): The enhancement in sensitivity allowed
by this imaging technique makes possible,the intravenous injection of the iodine and
reduces the post-interventional morbidity dueto the arterial catheterisation performed
in conventional coronary angiography (Johnson et al. 1993, Bertrand et al. 2005, Dix
et al. 2003).

Implementation of KES is possible, with two X-ray beams having different
mean energy and a narrow bandwidth. Many solutions have been experimented
using suitable X-ray tube/filtratioi (Mistretta et al. 1973), X-ray fluorescence (Rutt
et al. 1983) and quasi-monochrgmatic beams obtained through diffraction from
a crystal (Sarnelli et al.»2004). / Each of the aforementioned methods could not
provide a sufficient intensity and/or an appropriate bandwidth for an effective clinical
application. To date, synchrotron radiation has been the only source providing
sufficiently intense momnochromatic X-ray beams. An alternative solution proposed
for KES implementation with polychromatic X-ray beams relies on the energy
discrimination obtainable by using multi-threshold photon-counting detectors (see
for example the work of (Roessl & Proksa 2007)). However, the application of
this technique'is not straightforward due to the typical energy resolution (1-2 keV)
achievable on the threshold (Fredenberg 2018), which limits the energy discrimination
accuracy.

The K-édge subtraction angiography has been fully tested by using synchrotron
radiation and several research protocols have been developed to evaluate the
performance of this method in comparison with the conventional one. At DESY
in Hamburg, Germany (Dix et al. 2003), two hundred and thirty patients were
investigated with the NIKOS IV system (Dix et al. 1996, Dill et al. 1998). The study
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demonstrated the feasibility and safety of the method and its ability to provide detailed
images of coronary artery segments and very high specificity for severe stenoses. At
the European Synchrotron Radiation Facility (ESRF), a beamline is dedicated, to
medical applications of synchrotron radiation (Elleaume et al. 1999, Dabin et al. 2001)
and results of the research protocol for KES angiography have been reported in the
literature (Elleaume et al. 2000). Several patients were imaged and a good agreement
was achieved between synchrotron angiography and the conventional angiography
procedure adopted in hospital, in terms of stenosis diagnosis. These tests have
shown that synchrotron angiography was capable of producing clinical quality images
in a significant portion of the coronary anatomy (Thomlinson et al. 2018).. The
major limitations of the technique are the unevaluable segments, which‘depend on
the projection angle and the superposition with the left ventricle, the aorta or the
pulmonary veins. Others problems arise from a low signal-to-noise ratio inseverweight
patients. On the other hand, these studies proved the advantages of the technique
in the assessment of stents, early and late post-operative evaluation of the effects of
by-pass surgery and follow up of patients at high risk of in-stent restenosis (Bertrand
et al. 2005, Dix et al. 2003). Another advantage of venous catheterisation is that the
coronary arteries are not artificially pressurised and the resulting images are therefore
acquired in a true physiological state.

Synchrotron radiation is the most suitable source for any application requiring a
high-brilliance monochromatic X-ray beam. On the gther hand, the economic effort
required to build, commission and operateasynchrotron facility is beyond the means
of any small research institution or clinic. The limited accessibility to monochromatic
intense X-ray sources prevents the transfer'of KES, angiography, as well as many
other diagnostic techniques, to clinical routine., A compact and affordable source,
providing a beam with synchrotron-like features, would open the way to a wide range
of innovative clinical applications and medical research, both in diagnosis and therapy.

Inverse Compton sources, (ICS), based 'on the interaction of an intense laser
beam and a bright beam of relativistic electrons, are among the most promising
innovative sources of (quasi-)monochromatic X and gamma radiation. For this reason,
many laboratories worldwide are operating or proposing scientific programs aimed
to develop and commission. facilities based on inverse Compton scattering. Various
technologies have been propose%' andimplemented to provide radiation beams having
different energy ranges, spectra and features able to fulfil the requirements of different
applications. Furthermore,; within the X-ray energy range of few tens of keV, various
research groups have demonstrated its feasibility and performed preliminary imaging
experiments at availablenICSs, such as SPARC-LAB (INFN-LNF, Frascati, Italy)
(Vaccarezza et al. 2016), COBALD (STFC, Daresbury, UK) (Priebe et al. 2010), LCS
(AIST, Japan). (Kuroda'et al. 2011), TTX (Tshingua University, Bejing, China) (Tang
et al. 2009)...In Europe two user facilities are currently under commissioning, with
expected /beginning of operation in 2019: STAR (University of Calabria, Cosenza,
Italy) (Bacciset alt 2014),and ThomX (LAL, Orsay, France) (Variola 2011). Also,
an operative user/facility was installed in 2015 at Technical University of Munich,
Germany: Munich Compact Light Source (MuCLS) (Eggl et al. 2016). Even if ICSs
available nowadays are not table-top sources, this technology represents a huge step
forward. in the direction of filling the gap between synchrotron facilities and currently
available laboratory size sources. In fact, the electron energy required to provide the
same X-ray energy is at least one order of magnitude less for ICS (10-100 MeV) than
for synchrotron radiation (1-10 GeV). Therefore, the scale of the accelerator hardware,
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shielding, operational cost and dedicated staff are significantly reduced. Furthermore,
inverse Compton beams have a higher divergence with respect to synchrotron radiation
(thousands against hundreds of prad) and this allows to obtain a radiation field with
a size of the order of 10x10 cm? at less than 100 m of distance from the interaction
point. This feature is very useful in most of medical imaging applications, (where
the broadness and uniformity of the radiation field are stringent requirements. In
many cases, the broad two-dimensional field obtainable allows to acquire radiographs
without scanning the patient or the beam.

A recent review concerning the development of K-edge subtraction,technique
and technology applied to bio-medical imaging clearly states that, avith the\ advent
of new X-ray sources, such as compact Compton sources, KES imaging research
and potential clinical applications will continue to be importantsareas of biomedical
research (Thomlinson et al. 2018). KES implementation is possible whenstwo X-ray
beams having different mean energy are available simultaneously or if the.energy of a
single X-ray beam can be switched swiftly. Various technological solutions aimed at
providing a dual-energy ICS having a time structure compatible with-an imaging task
have been proposed (Drebot et al. 2017, Drebot et al. 2018a). Recently, a proposal
for a Multidisciplinary Advanced Research Infrastructure with X-rays (MariX) has
been supported by University of Milan and the Italian Institute for Nuclear Physics
(INFN) (Serafini et al. 2018, Serafini et al. 2019)./Thisfacility8is expected to include
an ICS with performance comparable to those of'modern synchrotron light sources,
combined with a dual-colour mode that enables the fast switch (few hundreds of ms)
between two different values of mean energy of the X-ray beam. The advent of these
technologies will make possible, in the near future, therealistic application of ICS to K-
edge subtraction technique in the field of bio-medical imaging. Experiments on X-ray
imaging with ICS involving K-edge absorptiomdiscontinuity have been reported, such
as K-edge filtering to measure X-ray emission spectrum (Golosio et al. 2012, Williams
et al. 2009), imaging with (quasi-)monochromatic beam at an energy above K-edge
(Yamada et al. 2009, Carroll 2003, Eggl et al. 2017, Kuroda 2014) and subtraction
imaging with quasi-monochromatic beam and subsequent added filtration of the same
material used as contrast medium (Kulpe et al. 2018). However, to our knowledge,
dual-energy KES experiments with ICS have never been carried out so far, due to the
difficult implementation 6f a f%} dual-energy switch.

The aim of this work is'to ifivestigate the potential of KES imaging using the
quasi-monochromatie, X-ray beams obtained from inverse Compton interaction. Due
to the physics behindithis process, the characteristics of the produced X-rays such as
energy bandwidth,.spatial distribution and flux are all interconnected and depend on
the features of fhe interacting electron and laser beams. Therefore, a short review of
inverse Compton is given to provide the theoretical background necessary to analyse
the parameters that affect the outcome of the image formation process. A quantitative
framework was developed to identify the features of an ICS that meet the requirements
of a possible/medical application of KES imaging and is here described. Coronary
angiography was selected as imaging task, being one of the most demanding in terms
of X-ray beam intensities, due to the significant attenuation of surrounding tissues in
the chest and the low signal provided by the iodinated coronary arteries. Results in
terms of fluence required to image most of coronary arteries and their possible stenoses
with adequate SINR are provided. A discussion on the performance of an ICS having
characteristics comparable with those of the ICS currently under commissioning or in
proposal stage is also presented.
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2. Theoretical background

2.1. Inverse Compton sources

Inverse Compton sources, sometimes also called Thomson Backscattering Sources
(TBS) or Laser Compton Sources (LCS), are based on the interaction of a laser beam
with a relativistic electron beam. An exhaustive treatment of the inverse Compton
scattering, in both linear and non-linear regime, can be found in specialised@and review
articles (see, for instance, (Esarey et al. 1993, Brown & Hartemann 2004, Sun{&
Wu 2011, Petrillo et al. 2012, Krafft et al. 2016)). Here we briefly describe the process,
focusing on the features that are important for the discussion about' potential use of
the emitted radiation in radiology and, in particular, in KES imaging.

electron

X/y photon

Figure 1. Sketch of the inverse Compton scattering process.

Consider an electron and a laser photon interacting with the geometry described
in figure 1. The electron hastan energy F. and is moving along the z direction in
the laboratory frame. The laser photon has an energy E; and impinges with a polar
angle 6; with respect to the electron propagation direction. The collision occurs at the
origin of the coordinate system. After the collision, the photon is scattered into the
direction defined by polar angI\H and azimuthal angle ¢. The energy of the scattered
photon E can be calculated from conservation of the 4-momenta before and after the
scattering event. As a result of the interaction, F is related to the polar scattering
angle. For a small,polar scattering angle (f << 1) and an ultra-relativistic electron
(Lorentz factor v = Bg/(mc?) >> 1, being m the electron mass and ¢ speed of light
in vacuum) it holds

_ A2E; cos? a/2 1)
149202+ R

where R & 47°B, /Becos? a/2 and a = 7 — 6; is the collision angle. The energy of the
scattered photon is/independent from the azimuthal angle ¢, while it has a Lorentzian
dependence on the polar angle §. The presence of R in the denominator is due to
thefelectron recoil and has the effect of slightly reducing the energy of the scattered
photon. In many practical cases, the recoil is small and R can be neglected (Thomson
regime):. For' backscattering events, namely when the photon is scattered in the same
direction of the electron (6 = 0), E reaches the maximum value

Ermaz ~ 47 Ey cos? /2. (2)
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In the case of a head-on interaction (o = 0), the laser photon energy is boosted to
a factor of about 44? for a backscattering event (§ = 0). Therefore, the Comptorn
scattering of photons with relativistic electrons can be used to produce high“energy
photons, i.e., X-rays and gamma photons. It is worth noting that, if optical photons
with a typical energy Fr = 1 eV are considered, an accelerated electron beam with
E. = 50 MeV (v = 97.85) will generate X-rays with a maximum energy of 38.3 keV.
To obtain X-rays in this energy range with a typical synchrotron insertion=device
(bending magnet or wiggler), energies in the range 1-10 GeV are required for the
electron beam. For this reason, this kind of source is usually considered as a,promising
compact alternative to synchrotron. o

The energy spectrum of an ICS follows the classical Compton distribation in the
range from Ep to E,,... About half of the photons are emittedswithin a cone with
aperture 1/ (Krafft & Priebe 2010). The characteristic correlatiomnbetween energy
and scattering angle can be exploited to adjust the energy bandwidth of.the photon
beam through a proper collimation system that filters out theradiation emitted at
larger polar angles (Paterno et al. 2017). For a small normalised ‘acCeptance angle
Y = Y0maz/V1+ R, which is simply ¢ = Y0na. for B << 1,the relative energy
bandwidth BW,, scales approximately with 1? (Petrillo et al. 2012).

When bunches of electrons collide with laserspulses, the number of scattered
photons NV, within a normalised acceptance angle/?) can be'ealeulated by integrating
the differential Compton cross-section over the solid/angle with aperture half-angle
Omae and multiplying it by the collision ldminosity™. Practical scaling laws obtained
following this approach can be found in theliterature (Petrillo et al. 2012, Curatolo
et al. 2017). Here, it is worth noting that Ny, is proportional to the charge of the
electron bunch, the number of photens in a laser pulse and the frequency of collision,
while it depends inversely on the cross-sectiomof-the colliding beams and scales roughly
with 12 for small values of ). Moreover, Ny, decreases if the size of the colliding beams
and the collision angle « increase. The emission spot also depends on the size of the
colliding beams. Therefore, the colliding beams have to be as small as possible in
order to maximise the numberof photons within the collimation angle and have an
emission spot of small size.

It is also worth noting that the previous treatment holds in the low laser intensity
regime (laser strength parameterf ag’<< 1). As the laser intensity gets higher, non-
linear effects arise. These affect thé spectral distribution of the scattered photons, with
the harmonics contribution’becoming more significant as the laser strength increases.
The relative amplitude of the higher harmonics with respect to the fundamental scales
as the square of g, (Tomassini et al. 2008, Maroli et al. 2013). Hereinafter, we will
consider ICSs operating, in the low laser-intensity regime, for which non-linear effects
and higher harmonics contribution are negligible.

Figure 2. shows the typical behaviour of BW, and N, as a function of the
acceptange angle 0pqz, for an ICS emitting photons with maximum energy of 34.3

* Luminosity describes the ability of a particle accelerator to produce the required rate of interactions.
Indeedyiitris the proportionality factor between the number of events per second and the cross section
of a/physical process of interest. Examples of luminosity calculation in various cases can be found in
theliterature (Patrignani et al. 2016, Herr & Muratori 2006).

§ The) laser strength parameter ap is a dimensionless number defined as the modulus of the
normalized,vector potential of the electromagnetic field associated to the laser. It can be written

as: ap = eEo/mpgc wr, = 8.6\ (um) I(W/ch) where Fg and wy, are the maximum value and the
pulsation of the laser electric field, ¢ the speed of light in vacuum, m. the electron mass, Ay, the laser
wavelength, I the laser intensity.
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keV. The smaller the acceptance angle, the smaller the relative energy bandwidth and

a) b)
0.14 ‘ 0.4
012 0.35
037
0.1
0.25
- 0.08 ¢
% 0.2 -~
0.06 |
0.15
0.04 1 0.1
0.02 | 0.05
0 : 0 :
0 5 10 0 5 10
0 (mrad) 0 (mrad)

max max

Figure 2. a) Relative energy bandwidth B4, and b) :urnber of photons emitted
within a given acceptance angle Ny, (normalised with respect to the total emitted
photons N) as a function of the acceptance angle @mqa for a generic ICS emitting
photons with maximum energy of 34:3 keV. E "= 1.2 eV and E. = 43.2 MeV (y
= 84.5).

the number of emitted photons within, the aceeptance angle. Indeed, as mentioned
above, the dependence of BWy, and Ny on0,,q. is roughly quadratic for small value
of 04z, while it is apparent{that this is no longer valid for large acceptance angles.
It is also worth noting that there is a lower limit to the achievable monochromaticity
of the scattered photon beams Indeed, apart from the acceptance angle, the energy
spread of the radiation depends on the energy spread of the colliding beams, on the
electron beam emittance and the laser parameters (Curatolo et al. 2017, Ranjan
et al. 2018). The choice of a collimation angle 6,,,, smaller than a critical value, which
depends on the specific ICS, €auses only a decrease of the number of emitted photons.
This is not a severe dimitation for medical applications, since the energy bandwidth
can reach values lower, than 1%. If a smaller bandwidth is required for a particular
application, such-as,X-ray, absorption near edge structure (XANES) spectroscopy, a
further monochromatisation technique can be applied in addition to collimation. In
particular, a érystal monochromator can be exploited, so as to reduce the X-ray beam
energy bandwidthnthrough Bragg diffraction at the expense of photon flux. For the
purpose of this'work, we do not consider any additional monochromator.

It is important to take into account that, for each value of the scattering angle
0, the-seattered photons feature a distribution of energies whose mean value is given
by équation (1) and spread depends on the beam parameters and varies with 6. The
local energy bandwidth, namely the bandwidth of the spectrum at a fixed observation
direction, increases as 6 increases, although it is always smaller than the bandwidth
of the whole collimated spectrum BW,. The local bandwidth approaches BW, for
collimation angle close the critical one. A description of the energy distribution at
a fixed observation angle and of a method, based on a K-edge filtering technique, to



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMB-108406.R3

Inverse Compton sources: a new opportunity for K-edge subtraction imaging 8

measure the local spectrum can be found in the literature (Golosio et al. 2012).

The collimation angle defines the maximum divergence of the emitted photon
beam. Since the cross-sections of the colliding beams are small, the emission ‘spot of
an ICS is typically very small (in the range between 10 and 100 pm) and the source
can be considered as point-like. Therefore, the photon beam at a distance d from the
interaction point (IP) is a circle with diameter D given by

D = 2dtan 0,4, ~ 2d04z, (3)

being 6,4, << 1. If a collimation angle close to the critical one is set, the radiation
field has uniform intensity and energy distribution. Otherwise a gradient. in the
intensity and spectral distribution would be present, with the outefmostpart of the
radiation field being less intense and involving less energetic photons with respect to
central part. This aspect is very important for medical diagnostic applicatiens where
a broad uniform radiation field is desirable.

2.2. Dual-energy ICSs

In order to implement a dual-energy K-edge subtractiondmaging system, it is necessary
to provide an X-ray beam that can switch the energy.between two values bracketing
the K-edge energy of interest. From equation (2), it comes put that it is possible
to act on three parameters to adjust the maximum eunergy of the radiation emitted:
the electron energy, the laser wavelength and the collision/angle. As a result of the
collimation, the energy of the beam extends from F,,;p = E(04z) t0 Epee = E(0),
therefore, a change in E,,,, causes a corresponding,change in the mean energy of the
quasi-monochromatic X-ray beam emitted. In most of the ICS in operation or being
realised, the X-ray beam energy tuninguis, obtained by varying the electron beam
energy, while the laser wavelength and the collision angle are fixed. A modification
of electron energy is possible only on a time-scale longer than that required for X-
ray medical imaging which, depending on the specific application, is within 0.1 — 10
seconds. Therefore, in order to previde a dual-colour mode with a time structure
compatible with an imaging task, the mest promising solutions are those in which the
X-ray energy tuning is made by quickly modifying the collision angle. The possibility
of exploiting the interaction of the electron beam with two light pulses colliding with
the electrons at a different angle has been recently proposed and investigated (Drebot
et al. 2017, Drebot et al.2018a). The two laser pulses can come from the same laser or
from two different lasers. Figure'3.a) shows the dependence of the maximum energy
of the beam on thé collision angle «, for a typical ICS in the energy range of interest
for KES imaging. A'relativeseparation of about 7% for the maximum energy of the
two nearly-monochromatic X-ray beams can be obtained if, for instance, a is set to
0° and 30° respectively, for the interaction of the two laser pulses with the electron
beam. It is worth neting that the collimation angle 6,,,, has to be chosen properly
to obtain a satisfactoryiseparation between the two X-ray peaks.

Also, due to the dependence of Ny on « (see Figure 3.b)), the HE and LE X-
ray beams featuré different intensities unless appropriate actions are taken. To this
purpose, it istpossible to use two lasers of different intensity or, in alternative, the two
laserbeams could be focused to a different size. In a recent work, the authors have
proposedithe scheme of a Fabry-Pérot optical cavity that allow to vary the laser beam
waist independently from the cavity round trip frequency (which must be matched to
that of the electron beam) (Drebot et al. 2018b). A dual-colour ICS could be then
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Figure 3. a) Maximum energy and b) intensity of the emitted beam as a function
of the collision angle « for v = 84.5 and/E, = 12 eV:

developed, as foreseen for MariX, by exploitingitwo of these cavities, each one focusing
the laser beam differently, according to the collisiomangle. For this reason, we adopted
this method in our calculations.

2.8. Mathematical formalism for KES radiography

The KES algorithm is based¢on the dual-energy method (Alvarez & Macovski 1976,
Lehmann et al. 1981), which comsists in decomposing the total attenuation of two
nearly-monoenergetic X-ray beams  crossing a sample in the contribution of two
proper basis materials. If alcontrast element and a soft tissue are chosen as basis
materials, the negative logariﬁm of the attenuation C* produced by the sample
for two monochromatic beams at energies ET and E~ bracketing the K-edge of the

contrast element is
== +

KA 2] oo

where X indicates a generie contrast element, such as iodine (I) or gadolinium (Gd), T'
the soft tissuey u/p is the mass attenuation coefficient, p the density, and ¢ the material
thickness. The superscripts &+ indicate the two energies £+ and E~. Neglecting the
scattering’contributionn and the electronic noise, the number of photons N* acquired
by each pixeldof af{detector positioned just behind the sample can be related to the
value of O*#as follows

5F¢§ 5)

N* "’

where qbg is the incident photon fluence at energies E+ and E—, ¢ the detector
efficien@y (assumed identical for both energies) and F the area of the detector pixels.

Ct =l
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The mass thicknesses (surface densities) (pt)x and (pt)r can be calculated by
solving the two independent equations (one for each energy) obtained from (4). They

result
7 T _
CERGK
_ T T

where

wo= 5] 1511517, ®

Equations (6) and (7) describe the ‘contrast’ and ‘soft tissue” image, respectively. In
the former, the contrast element is virtually isolated from the background; in the
latter, the mass thickness of all materials traversed by the beams (with the exception
of the contrast element) are expressed in terms of the mass thickness of the soft
tissue. It is worth noting that dual-energy equations‘are easilyssolved for narrow-band
x-ray beams (Thomlinson et al. 2018) but usually/Tequire expeFimental calibration of
the system with two basis materials for polychromatic/x-ray spectra. Beam hardening
corrections make use of non-linear models, @s presented in.the initial works of Macovski
and colleagues (Alvarez & Macovski 1976, Lehmann et al. 1981) and discussed very
recently by our research group (Contillo et al: 2015).»For quasi-monochromatic X-ray
spectra, the beam quality is not changed by the transmission through the patient and
the relationship between the log-measurementiof attenuation and mass thicknesses is
still linear. In particular, the difference in the mean energy between the input and the
output spectra is within 0.5%for quasi-monochromatic X-ray beams with few percent
energy bandwidth traversing 19°¢m of soft tissue and 1 cm of bone (i.e., mimicking a
typical chest). For this reason§ no hardening correction is required in this case. The
assumption of monochromaticity in the ealculation is a valid approximation, provided
that the peak separation and Qe bandwidth are such as to avoid that a significant
portion of each X-ray beam spectrum crosses the contrast agent K-edge or overlaps
with the spectrum of the otlhier beam.

The proposed, approach holds for a generic sample in which, apart from the
contrast medium, there is no material that has a mass attenuation coefficient with a
slope significantlysdifferent, from that of the soft tissue in the energy range of interest
for KES imaging, such as bone. If this is not the case, the decomposition of the total
absorption shiould, in principle, explicitly include the contribution of this material
and an exposure to three beams with three different energies is required to solve
the equations./ This is the case of coronary angiography, in which the presence of
rib bone should be takendinto account (Rutt et al. 1983). However, the dual-energy
approach can still‘be used. Indeed, in this case, the signal due to the contrast agent
flowing in the coronary arteries competes with a residual signal due to an incomplete
cancellation of the bone structures in the contrast image, but the relative weight of
this contribution can be reduced with a proper choice of the energy separation AE
between the two quasi-monochromatic beams. Typically, an energy separation smaller
than 1 keV is used in clinical protocols of KES imaging with synchrotron radiation
(Thomlinson et al. 2018), since this value was previously calculated to guarantee a
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sufficient bone signal cancellation even with a ratio between bone mass thickness and
contrast element mass thickness of about 2000 (Rutt et al. 1983). However, as it will
be discussed later, in case of smaller values of the mass thickness ratio, a larger‘energy
separation could be used to obtain an effective bone cancellation.

2.3.1. Contrast medium signal Equations (6) and (7) can be used to implement
the KES algorithm for analysing two acquired images. If a sample with known
composition is considered, the signal due to a blood vessel filled with contrast medium
can be preventively evaluated. It is defined as the difference between the (pt)x value
corresponding to the vessel and the background (Sarnelli et al. 2006): .

The negative logarithm of attenuation for a region of the sample encémpassing a
vessel filled with a contrast medium solution is given by

CF = pigy - tom + Z piti. (9)
i£CM

In Eq. 9 and throughout the whole manuscript, subscriptsare used torindicate physical
properties of the considered materials. These subscripts lare: X for a generic contrast
element, I for iodine, T for soft tissue, W for water and B for bone. It is important
to distinguish between the single contrast element, stichrasiodine or gadolinium, and
the whole contrast medium (C'M), which is a compound or an aqueous solution of the
contrast element. In this way, ,ufc and t; indicate the linear attenuation coefficient and
the thickness of a material, respectively. The notation >, Lo is used to indicate in
a concise way that the sum extends to all materials apart from the contrast medium
(CM), despite the formal incorrectness. Furthermore, ¢y, is the thickness of a blood
vessel filled with the contrast medium and ug . is the linear attention coefficient of
the contrast medium itself. For an aqueous sélution of iodine with concentration ccoyys,
the linear attenuation coefficient is

1 = (ww i/ p)w +wi (/o) D)pcnr, (10)
wy and wy being the mass fraetion, of water and iodine and pop = coar/wy the
density of the solution. For/the backgreund, namely a region not perfused by the
contrast agent, it holds

ct= 3 ,ﬁ? (11)
i#C M
The signal S is calculated bysubstituting equations (9) and (11) in equation (6):
[%] fi s — [H;] Pem
S ~ z T T—tom. (12)
For small €ontrast medium concentrations (< 50 mg/ml, which means that poar ~

water density){ it can beshown (Sarnelli et al. 2006) that the previous equation reduces
to

S~ cowm - tow, (13)

namely, the signal depends on the vessel thickness and contrast medium concentration
only andyisdndependent from the energy of the two X-ray beams.
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2.3.2. Signal-to-noise ratio Under the assumption that the signal fluctuation are
purely due to Poisson statistics and the electronic noise of the detection system is
negligible, the noise for a background pixel in the contrast image, o p, can be caleulated
by substituting equation (5) in (6) and propagating the error. It results

—12 2
1 " 1 ut 1
2 _ N 14
or K§<|:p:|TN++|:p:|TN>7 N

where the counts N+ related to the background pixel can be expressed, exploiting the
notation introduced above, as

N* = eFof exp(— Z pts). —~ (15)
iACM

The signal-to-noise ratio for each pixel is SNR, = S/op.

For a region of area A corresponding to n pixels on the detector, the signal is
given by equation (12), while the noise is 0y = op/y/n. Therefore, the signal-to-noise
ratio is

SNR=" = 2 Jn— SNRVn. (16)
Obg op

2.8.3. Incident photon fluence to obtain a given SNR Assuthing that the photon
beam impinging on the sample has the same intensity/at the two energies, the photon
fluence required to obtain a given SN R{forna region corresponding to n pixels on
the detector can be calculated by first substituting equation (15) in (14) and then
substituting the obtained value of op in SNR = S/ap./n. It results

o[22 AR 5 ot

P lr i#CM

i#CM
This equation will be extensivelypused in the following, together with equation (12), to

estimate the fluence required toamage the details of a proper mathematical phantom.

2.8.4. Dose evaluation According to Sarnelli et al. (2006), the dose delivered to skin
Dgpin is calculated as follows. N

L, te,

Dyyin = ¢o {E+ l:ﬂil +E” |:en:| } ) (18)
P 1T P 1T

where [, /p]7 aré theimass energy-absorption coefficients of soft tissue at the mean

energy of the two quasi-monochromatic beams.

3. Materials and methods

In order/to evaluate the, effectiveness of KES imaging with X-ray beams obtained
from an ‘ICS, two' quasi-monochromatic beams with energy bracketing the iodine
K-edge were first considered. These beams were obtained from the Monte Carlo
simulations previously performed for STAR, which is a medium-size ICS currently
under,commissioning at the University of Calabria (Bacci et al. 2014). The simulations
were carriéd out through the Monte Carlo code CAIN (Chen et al. 1995). Starting from
the features of the laser pulse and the phase space of the electron beam provided by the
user, this code generates a complete phase space of the scattered X-ray photons. The
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collision parameters and the details of the simulations can be found in the literature
(Drebot et al. 2017). Figure 4 shows the normalised spectra of the high-energy (HE)
and low-energy (LE) beams obtained from the simulations. A collimation angle of
1 mrad was set in order to have an almost complete separation of the two peaks;
which feature a mean energy of 31.7 keV and 34.0 keV, respectively, and a relative
energy bandwidth of 1.5%. Indeed, in this case, only 4.2% of the photons of HE beam
overlap with the LE spectrum. Figure 4 also shows the mass attenuation.coefficient

1.2 : 40
—spectrum of the collimated LE beam ~
—spectrum of the collimated HE beam
1L ---mass attenuation coefficient of iodine n35
=430
0.8 - —
= &
@ 125
c
o) IS
€06 3
E 0 <
5 3
204 =
= 115
L
0.2 - 110
0 : : : 5
25 30 38 40 45

E (keV)

Figure 4. Simulation of thescollimated X-ray spectra from an ICS. Mass
attenuation coefficients of iodine (1 /p)r is also plotted.

of iodine, to highlight that simulated spectra are almost completely restricted to one
side only of iodine K-edge. Imdeed,vin this case, only 5.5% of the photons of HE
beam has an energy below the iodine K-edge, while there are almost no photons of
the LE beam with energy abeveithe iodine K-edge. This feature makes the simulated
spectra good candidates(for KES imaging with iodine. Furthermore, the radiation
field obtained with this configuration is quite uniform, as shown in figure 5. Therefore,
two monochromatic X-ray beams with the energy of the simulated peaks were used to
calculate the SN R ratio in a proper mathematical phantom. Such phantom mimics the
attenuation of X-rays in & corenary angiography with an iodinated contrast medium.
In the following subsection the details of this procedure are described. The results of
this study proevide the background for a discussion on the performance of an ICS in
KES coronary-angiography.

3.1. Study of the SNR in_a phantom

The/KES imaging performance achievable with the proposed source was evaluated
through analytical calculations carried out on the simple mathematical phantom
shownin figure 6. The phantom includes the main materials involved when a coronary
artery has'to be imaged. It consists of a bulk of soft tissue, defined according to ICRU
report 44 (ICRU 1989) and having a thickness t7. A vessel perfused with an iodinated
contrast agent traverses the soft tissue undergoing stenosis in the central portion. The
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Figure 5. Radiation field of the simulate at a distance of 50 m from
the IP. a) Intensity distribution. b) Ene

s G = (tem —ts)/tem (Sarnelli et al. 2006). In our analysis,
neter and stenosis degree were considered. Finally, a layer of

ental composition and its density were defined according to ICRU
U 1992). Some parameters of the phantom such as thickness, density
n coeflicients of the materials are listed in table 1, where the superscripts
e two energies E~ = 31.7 keV and ET = 34.0 keV, respectively. At these
modern solid state detectors feature a detection efficiency close to 100%, for
n we set € = 1 in our model. The pixel area of the detector was supposed to be

Page 14 of 26



Page 15 of 26

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMB-108406.R3

Inverse Compton sources: a new opportunity for K-edge subtraction imaging 15

F = 0.35 mm x 0.35 mm, since this size is compatible with that of the detector pixel
used for angiography at synchrotron beamlines dedicated to medical imaging, such
as ID17 at ESRF (Elleaume et al. 1999) and HASYLAB at DESY (Dill et al®1998).
From equation (17), it follows that the fluence required to obtain a given SN R depéends
inversely on € and F. Therefore, if a lower detection efficiency or a smaller pixel are
considered, the required fluence gets higher and its relative increases is equal to, the
relative decrease of € and F.

Table 1. Phantom parameters used in the analytical model

~

thickness (cm) p~/p (cm2/g) ut/p (cm2/g)  p (g/cmd)

Iodine - 7.1100 33.5200 4.93
Bone 1.0 0.8062 0.6888 1.41
Soft tissue  19.0 0.3501 0.3200 1.06

In a first study, the photon fluence required to obtain a signal-to-noise ratio of
5 for a region perfused with a variable concentration,of contrast medium ccops was
evaluated following the approach described in section 2.3. As‘itpis well known, a value
of SNR =5 is required to fully distinguish a detail over a background area, according
to the Rose model (Rose 1973). Indeed, in this model the area of the object to be
imaged is taken as the sampling area for noise'so as to determine the threshold SN R
(Wagner 1977). If the system is quantum limiteds, such detectability threshold will
allow one to estimate the minimum exposure level thatyis required for the detection of
image signals associated with a specifieiradiological examination (Taibi 2004). For a
review on the signal detection theory and,the limitations of the Rose model, the reader
is referred to the excellent work of Burgess (Burgess 1999). According to Burgess, the
Rose model is a good approximation of the ideal observer under a limited scope of
ideal conditions, i.e. precisely known feature at precisely known position. This means
that we can only here estimate the fluence rate for the specific imaging task but the
actual visual detection of an iodinated region having area A in a clinical context would
require a model observer studyN(see for instance the paper of (Sisini et al. 2012) and
references therein). Yet{in our previous study on the physical image quality of KES
(see (Sarnelli et al. 2004)). we performed a comparative study between experimental
data and theoretical expectations, and showed that there is a very good agreement
between SNR data‘measured on vessels filled with iodine and the SNR, data calculated
via the Rose model.

The considered region had a thickness tcp; = 2 mm and a transverse (with respect
to the impinging X-rays) area equal to toas X loas. The detail length lops was set to 2
mm or 5 min to make.a'direct comparison with the case of a stenotic vessel. A square
cross-section with siderequal to the vessel diameter is assumed for the evaluation
of the signal. This approximation is based on the work of (Wagner 1977), where
the samplingraperture of some details of clinical interests were calculated. In the
case of a blood vessel, the one-dimensional sampling aperture is 0.93 times the vessel
diameter, thus conferming the validity of our approximation. The iodine concentration
was considered to vary between 1 and 20 mg/ml, since this is the typical range of
concentrations detected during clinical trials carried out at synchrotron facilities, due
to the dilution of the iodinated solution in the blood circulation after the venous
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injection (Hughes et al. 1983). The same type of study was also carried out for a
fixed iodine concentration copr = 10 mg/ml and varying the vessel diameter between
0.2 mm and 6 mm. The parameters used in the calculations were set according to
typical values reported in the literature (Bertrand et al. 2005, Dix et al. 1996, Sarnelli
et al. 2005).

The stenosis detectability was also investigated. The signal due to a ‘stemotic
vessel is the difference between the signal of the non-stenotic and stenotieiportion
(Sarnelli et al. 2006). If the transversal area of the stenosis is A = tg - lg, using the
definition of stenosis degree G given above, the signal can be expressed as

S=(tem —ts)-ccm =tcm -G -com. ~ 7 (19)

Starting from a non-stenotic diameter of 2 mm, the photon fluence @y required to
satisfy the Rose criterion was calculated as a function of the stenosis degree for various
iodine concentrations and stenosis lengths. In this case, the dependence of ¢y on coay,
ls and G can be made more apparent substituting equation (19),in equation (17) and
noting that the number of detector pixel corresponding tonthe stenesis segment is
n=tg-lg/F, where tg = top (1 — G), thus obtaining
1

Po < teamCenlsG*(1—G)

As a further analysis, the photon fluence required to (;)tain SNR = 5 was
also calculated, for a non-stenotic vesselsof 2 mm/ and wvarious contrast medium
concentrations, as a function of the energy separation between two monoenergetic
beams bracketing the iodine K-edge. Moreover, the ratio of the residual bone signal
with respect to that of iodine was evaluated, for ‘different values of iodine mass
thickness. According to (Rutt et al{ 1983)s this Tatio is

(20)

R en/pp)eg =gl ts - pr 21)
[(ngdpg )y — 1y ] béns - com’
where, as already mentioned, the subscripts 7', B, I and C'M indicate soft tissue,
bone, iodine and the contrast/medium solution, respectively, p; is the iodine density
and p indicates the attenuation coefficient of the materials at the energy of the two
monochromatic beams. It/ worth noting that the expression (pt)r ~ ton - coum,
which comes from equations (6) and (13), is used for the iodine mass thickness.

4. Results and diSscussion

4.1. Vessel detectability

The photon fluence ¢g required to achieve SNR = 5 for the non-stenotic portion of
a vessel withediameter (thickness) tops = 2 mm is reported in figure 7 as a function
of the iodine concentration. As it can be seen, the higher ccps the lower ¢g and a
fluence less than 10® ph'mm ™2 is required to satisfy the Rose criterion for copr > 3.1
mg/mlswhile a fluence less than 107 ph mm~2 is sufficient if cops > 10 mg/ml.

On the other hand, figure 8 shows the fluence required to satisfy the Rose criterion
forla fixed iodine concentration and variable vessel diameter. As it can be seen, 108
phymm? ave sufficient to image a vessel with diameter larger than 1 mm. Moreover,
the longer the portion of vessel to image the smaller the required fluence.
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Figure 7. Photon fluence required to obtain a SNR of 5 as a function of the
iodinated contrast medium concentration forsa vessel with 2 mm diameter. Two
values of detail length lcps were considered. R
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Figure 8. Photon fluence required to obtain a SNR of 5 as a function of the
vessel diameter for an iodine concentration of 10 mg/ml. Two values of detail
length lcns were considered.

4.24 Detectability of stenoses

Figure.9 shows the fluence required to image a stenosis ranging from 10% to 90% of the
nominal vessel diameter tcp; = 2 mm. Two values of the stenosis length [ and iodine
concentration ccp; were taken into account. It can be seen that the fluence decreases
when these parameters increase because they cause an increment of the detection area
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and the signal, respectively. This behaviour is summarised in equation (20), which
also explains the minimum of ¢q in correspondence of a stenosis degree of about 67%!
It is worth noting that a fluence of about 10® ph mm™2 is, in general, suffiéient, to
image a severe stenosis (G > 50%).

1010 ¢ ‘ :
F —1 10 mg/ml, Is = 2 mm
--110 mg/ml, Is = 5'mm
-~ 15 mg/ml, Is = 2 mm
I 15 mg/ml, Is =5 mm
& 109: S =

10 20 30 40 50 60 70 80 90
Stenosisidegree (%)

Figure 9. Photon fluence required to obtain a SNR of 5 as a function of the
stenosis degree, for two values of contrasthmedium concentration and stenosis
length and a nominal yvessel diameter tcp; = 2 mm.

4.8. Peak energy separation

In the previous analysis, thedenergyof the two x-ray beams was fixed. However,
for the general case of a vessel without stenosis, we considered also the case of two
monochromatic beams with-energy separation AE symmetrically variable with respect
to the iodine K-edge. Figure 10 shows the photon fluence ¢ required to satisfy the
Rose criterion as a function of AF, for a vessel with a diameter of 2 mm and various
iodine concentrations» As expected, ¢y decreases if cops increases, while an increase
in AFE causes an increase in ¢y. Indeed, the signal is proportional to ccops but is
practically independent fromsthe energy of the beams. On the contrary, due to the
monotonic behaviour of,the attenuation coefficient of the background materials, op
decreases if the two peaks are closer in energy.

An importantaspect to consider is the bone residual signal, due to an imperfect
cancellation when the, dual-energy algorithm described before is applied. To this
purpose,| the/ratio jof thebone signal to the iodine signal Rp ; was calculated as a
functienyof AF, for the phantom depicted in figure 6. A rib bone with a thickness of 1
cm/(mass thickness (pt)p = 1.41 g/cm?) and three different values of mass thickness
forliedine (pt); were considered. Therefore, the ratio (pt)p/(pt)r ranged from 467 to
705. The result of this analysis is shown in figure 11. As expected, the higher the
ratio (pt)p/(pt)r, the higher the residual bone signal. For (pt); = 3 mg/cm?, which
corresponds, for example, to a vessel with a diameter of 2 mm filled with 15 mg/ml of
iodines the bone signal is lower than the iodine signal, provided that the peak energy
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Figure 10. Photon fluence required to obtain‘a SNR of 5 as a function of the
energy separation between the two monoechromatic beams, for tcy; = 2 mm and
various iodine concentrations.
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Figure A1. Ratio of the residual bone signal with respect to that of iodine
as a function of the energy separation between the two monochromatic beams.
Differentimass thicknesses were considered for iodine, while (pt)p = 1.41 g/cm?.

separation is less than 2.7 keV. For the energies E~ = 31.7 keV and E+ = 34.0 keV,
bone produces a signal that is 84% of the iodine signal. At these energies, the signal of
bone is equal to the signal produced by 2.5 mg/cm? of iodine. It is worth noting that
these evaluations were carried out under the assumption of perfect monochromaticity
for the'two X-ray beams. As the relative energy separation decreases and becomes
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comparable with the energy bandwidth, a more accurate analysis, taking into account
the overlap of the two X-ray spectra, would be desirable.

4.4. Performance of inverse Compton sources

As described in section 2.1, inverse Compton sources are characterised by anstrong
correlation between energy and angle of the scattered photons. This feature permits
to control the energy bandwidth of the emitted radiation through collimation. The
collimation angle 6,,,4,, and therefore the maximum divergence of the emitted photons,
has to be set in such a way to limit as much as possible the overlap of the'energy.spectra
of the two quasi-monochromatic X-ray beams required for KES imaging. Furthermore,
the uniformity of the radiation field at a given distance from the IP can-be enhanced if
Omaz 1s set close to the critical value. The drawback of reducing 0,4z is, of cotrse, the
reduction of the number of photons within the acceptance angle IV,;. For this reason,
X-ray beams with a high brilliance (ph s™! BW% ! mm~2 rirad ~2) are desired. The
electron bunch charge, the laser pulse energy and collisiomsfrequency<have to be as
high as possible to obtain high luminosities and therefore a large number of emitted
photons. Furthermore, the energy spread and normalised emittance of the electron
beam are key parameters to control the brilliance of.the emitted X-ray beams. They
have to be as small as possible in order to obtain brilliant beams,> Once the collimation
angle is set, the radiation field diameter D can be estimated using equation (3), which
states that D increases linearly with d and®,,.,. On the other hand, the photon flux
at a distance d from the IP increases with 62, s, but decreases with the square of d.
Therefore, for an ICS, a trade-off exists between photon flux on the sample and size
of the radiation field.

From the previous subsectionsi it turns,out that a photon fluence of the order of
10® ph mm ™2 is required to obtain images of most coronary arteries with an adequate
SN R through the KES method. This valuesis consistent with those reported in the
literature describing clinical studies carried out at synchrotron beamlines. Indeed, the
paper of (Dix et al. 1996) reports-a number of 3x 10! ph mm~2 s~! to obtain clinical
images of the coronary arteries at HASYLAB. A very similar value, i.e. 6 x10'! ph
mm~2 s~ is shown by (Elleatme et al. 1999) in the ESRF system specifications. Since
in both studies the expostire timeémper’ line of the detector was 1 ms, the integrated
photon fluence is comparableo the value reported above. In those studies, the beam
intensity was mainly limited by the maximum dose deliverable to skin of the patients
(few hundreds of mSyv for a'complete examination). For this reason, values of fluence
much higher than“10% ph mm~2 are not even desirable. Using equation (18), it is
possible to calculate that such value of photon fluence corresponds to a skin dose of
about 26 mSvy to acquire'a couple of images. As a comparison, the value of skin-dose
reported for the \ESRF angiography system is 32 mSv per image couple (Elleaume
et al. 1999). Finally;ran important requirement is the radiation field diameter, which
has to be at least 10 cmu

Most ofthe I0Ss currently available worldwide provide X-ray beams that achieve
thisgadiation field size with a flux three or four orders of magnitude smaller than the
required one! However, novel sources are much more intense. For example, MuCLS
(Egghet al. 2016) can provide quasi-monochromatic beams (5% bandwidth) with an
energy of p to 35 keV, delivering about 10'° ph/s in a cone with a semi-aperture
of 2 mfad, which means a flux of about 10° ph mm~=2 s~! for a beam size of 10 cm.
Moreover, ThomX is expected to be able to produce X-ray beams with energy up to
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90 keV and bandwidth of 1 - 10% that encompass from 10! to 10*® ph/s in a cone
with a semi-aperture of 2 mrad (Variola et al. 2014), leading to a flux ranging from
107 to 109 ph mm~2 s~! for a beam size of 10 cm. MariX aims to deliver X-ray beams
with intensities comparable to those of ThomX, featuring the additional capability
of changing the beam energy in a time of the order of few hundreds of ms (Serafini
et al. 2018, Drebot et al. 2018a). These considerations justify the interest in‘further
analysing the performance of KES angiography using an ICS.

Due the large number of parameters involved, the quality of the X-ray beam
emitted from an ICS can be extremely different, depending on the features of the
colliding beams, which in their turn depend strongly on the complexity and the cost
of the ICS itself. In order to perform a quantitative analysis, the collisiondparameters
reported in table 2 were set. They were chosen according to the characteristics of
a medium size facility based on inverse Compton, such as MariX. The mméan peak
energy was set to 31.7 keV and 34.0 keV for the LE and HE beam respectively, to
be consistent with previous treatment. The features of the resulting X-ray beams
were analytically calculated using the scaling laws reported’in'the literature (Curatolo
et al. 2017). A collimation angle of 2.23 mrad was set/to achieve a relative energy
bandwidth of 1.5% and guarantee a complete separation between the two peaks. The
number of collimated photons emitted per second is Ny, = 1.25x10'. A radiation
field with a diameter of 15 cm, which is a size that allows to,fully image the heart, is
obtained at a distance of 33.6 m from the IP. As shown in figure 12, the photon flux
is about 3.5x10% ph mm~2 s~! at this distance.

Table 2. Colliding beams used to evaluate the potential of ICSs

Electron Beam.

Energy (MeV) 43.2
Energy spread (%) 0.1
Normalised emittanee (mm - mrad) 1.0
Spot (rms) radius (pum) 20
Bunch charge/(pC) 500
Bunch length (pm) 500
a Laser Beam
Wavelength (nm) 1030
Bandwidth (%) 0.1
Pulse energy (mJ) 25
Pulse (rms) duration (ps) 1.0
Spoty(rms) radius (um) 110 (HE), 20 (LE)

Collision conditions

Collision angle « (deg) 0 (HE), 30 (LE)
Collision rate (MHz) 100

More in_detail, d should be chosen as a function of the fluence required and the
maximum time allowed to perform a KES procedure. Concerning the latter point,
itmis known/that the heart stands still for about 100 ms between a beat and the
following (Gary et al. 1993) and therefore, the exposure time for each image should
not exceed this value to avoid motion artifacts. The effective exposure time can be
increased provided that the acquisition is synchronised with the heart rate through
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Figure 12. Flux versus diameter of the radiation field for the beams described
in table 2.
L

electrocardiography (Kroft et al. 2007). Indeed, in this case, it is possible to sum the
signals related to few consecutive heart beats. 1f:38 beats are exploited, the effective
exposure time for each beam is 300 ms. Therefore, the fluence of the X-rays emitted
by an ICS based on colliding beamsWithsthe features reported in table 2 is about 108
ph mm~2 for a radiation field with a diameter'of 15 cm. As mentioned above, such
a value of ¢q is sufficient in most of the cases. Indeed, it allows to image a vessel of
2 mm filled with less than 36 mg/ml of iodinerand distinguish a 2 mm long stenosis
of 40%, with 10 mg/ml of iodine. By considering that the patient has to be exposed
to the HE and LE beam separately for.the time necessary to acquire the signal due
to three heart beats and that a certain amount of time is necessary for changing the
beam energy, the total time Tequired for a complete acquisition is estimated to be of
the order of 6 s, for the simulated TCS. Since during the acquisition the heart rate
has to be stable and the patients has to breath-hold, this time can not be increased
arbitrarily. Hence,if'smalleridetails have to be imaged with a lower contrast medium
concentration or iféaless-intense ICS is used, the required fluence can be obtained by
reducing d, altheughnthe radiation field gets smaller. The radiation field size can be
maintained by increasing,the angular acceptance and thus, the photon flux. However,
in this case, ¢he bandwidth of the two quasi-monochromatic X-ray beams increases
and they cotld overlap«The angular acceptance can be also increased in order to have
a shorter/propagation distance d, hence a more compact source. The actual possibility
of increasing/he angular acceptance is the result of a trade-off that has to be evaluated
depending omnthefspecific ICS and application.

Finally, 4f a smaller residual bone signal is required, the energy separation AFE
between the two nearly monochromatic peaks bracketing the iodine K-edge has to be
reduceds,However, due to the low energy tail in the collimated beam energy spectra
(see figure 4), a significant fraction of the HE peak is below the contrast medium K-
edge and overlaps with the LE peak as AFE gets smaller and smaller. This effect causes
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artifacts in the iodine image if the simple dual-energy algorithm is used (Thomlinson
et al. 2018). Nevertheless, this case can be treated by applying a polychromaticity
correction algorithm (Contillo et al. 2015). Alternatively, possible artifacts‘due_to
highly absorbing structures can be limited by applying the method described in (Kulpe
et al. 2018), without reducing the energy separation AFE.

5. Conclusions

This work aims to give a first quantitative approach to the K-edge'subtraction
technique by means of an inverse Compton source. A study concerning th& image
quality obtainable in the case of coronary angiography was carried out by evaluating
the detail detectability of a specific phantom. In agreement with elinical tests/carried
out at synchrotron beamlines, the study demonstrates that a photon fluence of the
order of 108 ph mm~2 is sufficient to image most of coronary arteries and their
possible stenoses with an adequate SNR. The most recent ICSs, currently under
commissioning or in proposal stage, have the potential tondeliverfintense quasi-
monochromatic beams capable of achieving the required fluence with an acquisition
time of few hundreds of ms. The moderate divergence (few mrad) of these beams
permits to achieve useful radiation field sizes at distances. from the IP well below 100
m and full-field dual-energy images could be obtained without:the need of scanning the
beam. If required, the collimation angle and the distance from the interaction point
can be set to enhance the photon flux at the'expenses of the beam monochromaticity
and the radiation field size. A useful characteristics of ICSs is the ability of delivering
high photon fluxes also at energies higher than iodine K-edge. This could open the way
to the investigation of KES imagingswith contrast agents having higher K-edge, such
as Gadolinium, whose K-edge is at 50.2:ke V. Amother important characteristics of ICSs
is the compactness of the beamline and aecelerator with respect to synchrotrons for
the production of monochromatic X-rays. This,feature together with those previously
discussed, makes ICSs very promising X-ray sources for KES imaging research and
potential clinical applications.

References ~N

Alvarez R E & Macovski A 1976 Energy-selective reconstructions in x-ray computerised tomography
Physics in Medicine €Biology 21(5), 733.

Bacci A, Puppin E, Agostino R, Alesini D, Gatti G, Petrillo V, Borgese G, Anania M P, Palmer
D, Fabris A etfal. 2014 The STAR project 5th International Particle Accelerator Conference
(IPAC 2014)=

Bertrand B, Esteve F, Elleaume H, Nemoz C, Fiedler S, Bravin A, Berruyer G, Brochard T, Renier M,
Machecourt J et al. 2005 Comparison of synchrotron radiation angiography with conventional
angiography, for the diagnosis of in-stent restenosis after percutaneous transluminal coronary
angioplasty Furopean Heart Journal 26(13), 1284-1291.

Brown W/J & Hartemann F V 2004 Three-dimensional time and frequency-domain theory of
femtosecond x-ray pulse generation through Thomson scattering Physical Review Special
Topies-Accelerators and Beams 7(6), 060703.

Burgess A’ E 1999, The Rose model, revisited JOSA A 16(3), 633-646.

Carroll F 2003, Tunable, monochromatic x-rays: An enabling technology for molecular/cellular
imaging and therapy Journal of Cellular Biochemistry 90(3), 502-508.

Chen Py Horton-Smith G, Ohgaki T, Weidemann A & Yokoya K 1995 CAIN: Conglomérat d’ABEL et
d’Interactions Non-linéaires Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 355(1), 107 — 110.
Gamma-Gamma Colliders.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMB-108406.R3

Inverse Compton sources: a new opportunity for K-edge subtraction imaging 24

Contillo A, Di Domenico G, Cardarelli P, Gambaccini M & Taibi A 2015 A novel approach
to background subtraction in contrast-enhanced dual-energy digital mammography with
commercially available mammography devices: Polychromaticity correction MedicaldPhysics
42(11), 6641-6650.

Curatolo C, Drebot I, Petrillo V & Serafini L. 2017 Analytical description of photon beam phase spaces
in inverse Compton scattering sources Physical Review Accelerators and Beams 20(8), 080701.

Dabin Y, Draperi A, Elleaume H, Charvet A, Brochard T, Perez M, Nemoz C, Blattmann GjRenier
M, Fournier F et al. 2001 A patient positioning system for the ESRF medical imaging
facility Nuclear Instruments and Methods in Physics Research Section A: Aecelerators,
Spectrometers, Detectors and Associated Equipment 467, 1342-1345.

Dill T, Dix W, Hamm C, Jung M, Kupper W, Lohmann M, Reime B & Ventura R 1998 Intravenous
coronary angiography with synchrotron radiation European Journal of Phgysics 19(6), 499.

Dix W, Besch H, Graeff W, Hamm C, Illing G, Kupper W, Lohmann M, Meinertz T, Menk'R, Reime
B et al. 1996 Intravenous coronary angiography with synchrotron radiation Physica Scripta
1996(T61), 51.

Dix W R, Kupper W, Dill T, Hamm C, Job H, Lohmann M, Reime B & Ventura R 2003, Gomparison
of intravenous coronary angiography using synchrotron radiation with selective coronary
angiography Journal of Synchrotron Radiation 10(3), 219-227.

Drebot I, Petrillo V & Serafini L 2017 Two-colour X-gamma ray inverse Compton back-scattering
source EPL (EuroPhysics Letters) 120(1), 14002.

Drebot I et al. 2018a Multi colour x-gamma ray inverse Compton back-scattering source in ‘Proc.
9th Int. Particle Accelerator Conf. (IPAC18)’ JACOW Publishing, Geneva, Switzerland.

Drebot I et al. 20185 Optimisation Study of the Fabry-Pérot Optical €avity for the MARIX/BRIXS
Compton X-Ray Source in ‘Proc. 9th Int. ParticlefAcceleratornConf. (IPAC18)’ JACOW
Publishing, Geneva, Switzerland. . 4

Eggl E, Dierolf M, Achterhold K, Jud C, Giinther B, Braig B, Gleich B & Pfeiffer F 2016 The
Munich compact light source: initial performance measures Journal of Synchrotron Radiation
23(5), 1137-1142.

Eggl E, Mechlem K, Braig E, Kulpe S, Dierolf M; Gunther B, Achterhold K, Herzen J, Gleich B,
Rummeny E et al. 2017 Mono-energy coronary angiegraphy with a compact synchrotron
source Scientific Reports 7, 42211.

Elleaume H, Charvet A, Berkvens P, Berruyer GjyBrochard T, Dabin Y, Dominguez M, Draperi A,
Fiedler S, Goujon G et al. 1999 Instrumentation of the ESRF medical imaging facility Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Bquipment 428(2-3)y 513-527.

Elleaume H, Fiedler S, Esteve F, Bertrand B, Charvet A, Berkvens P, Berruyer G, Brochard T, Le Duc
G, Nemoz C et al. 2000 First human transvenous coronary angiography at the European
Synchrotron Radiation Facility Physies in Medicine and Biology 45(9), L39.

Esarey E, Ride S K & Sprangle P 1993 Nonlinear Thomson scattering of intense laser pulses from
beams and plasmas Physical Review F 48(4), 3003.

Fredenberg E 2018 Spectrald and h\lal-energy x-ray imaging for medical applications Nuclear
Instruments and Methods{in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 878, 74 — 87. Radiation Imaging Techniques and
Applications,

Gary C, Piestrup M, Boyers D, Pincus C, Pantell R & Rothbart G 1993 Noninvasive digital
energy subtraction angiography with a channeling-radiation x-ray source Medical Physics
20(5), 1527<1535:

Golosio B, Endrizzi M, Oliva P, Delogu P, Carpinelli M, Pogorelsky I & Yakimenko V 2012
Measurement of an inverse Compton scattering source local spectrum using k-edge filters
Applied Physics Letters 100(16), 164104.

Herr W & Muratori B 2006 Concept of luminosity CAS-CERN Accelerator School, CERN-2006-002,
pg/361-378 CERN.

Hughes E, Zeman H, Campbell L, Hofstadter R, Meyer-Berkhout U, Otis J, Rolfe J, Stone J, Wilson S,
Rubenstein Eet al. 1983 The application of synchrotron radiation to non-invasive angiography
Nuclear Instruments and Methods in Physics Research 208(1-3), 665-675.

ICRU 1989 Tissue Substitutes in Radiation Dosimetry and Measurement. Report 44 of the
International Commission on Radiation Units and Measurements (Bethesda, MD).

ICRU 1992 Photon, Electron, Proton and Neutron Interaction Data for Body Tissues. Report 46 of
the International Commission on Radiation Units and Measurements (Bethesda, MD).

Jacobson B 1953 Dichromatic absorption radiography. dichromography Acta radiologica 6, 437-452.

Johnson/I W, Krone R, of the Society for Cardiac Angiography R C & Interventions 1993 Cardiac

Page 24 of 26



Page 25 of 26

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMB-108406.R3

Inverse Compton sources: a new opportunity for K-edge subtraction imaging 25

catheterization 1991: a report of the registry of the society for cardiac angiography and
interventions Catheterization and cardiovascular diagnosis 28(3), 219-220.

Krafft G A & Priebe G 2010 in ‘Reviews Of Accelerator Science And Technology: Velume 3:
Accelerators as Photon Sources’ World Scientific pp. 147-163.

Krafft G, Johnson E, Deitrick K, Terzi¢ B, Kelmar R, Hodges T, Melnitchouk W & Delayen J
2016 Laser pulsing in linear Compton scattering Physical Review Accelerators and| Beams
19(12), 121302.

Kroft L, De Roos A & Geleijns J 2007 Artifacts in ECG-synchronized MDCT coronary angiography
American Journal of Roentgenology 189(3), 581-591.

Kulpe S, Dierolf M, Braig E, Giinther B, Achterhold K, Gleich B, Herzen J, Rummeny E, Pfeiffer
F & Pfeiffer D 2018 K-edge subtraction imaging for coronary angiography with a compact
synchrotron X-ray source PLOS ONE 13(12), e0208446.

Kuroda R 2014 Inverse Compton Scattering Sources In A. Brahme (Editor in Chief.) Comprehensive
BioMedical Physics, Elsevier.

Kuroda R, Toyokawa H, Yasumoto M, Ikeura-Sekiguchi H, Koike M, Yamada XK, Yanagida Ty Nakajyo
T, Sakai F & Mori K 2011 Quasi-monochromatic hard X-ray sourece wia laser’ Compton
scattering and its application Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 637 (1), S183-S186.

Lehmann L, Alvarez R, Macovski A, Brody W, Pelc N, Riederer S J & Hall A 1981 Generalized
image combinations in dual KVP digital radiography Medical Physics 8(5), 659-667.

Maroli C, Petrillo V, Tomassini P & Serafini L. 2013 Nonlinear effects in. Thomson backscattering
Physical Review Special Topics-Accelerators and Beams{16(3), 030706.

Mistretta C, Ort M, Kelcz F, Cameron J, Siedband M & Crummy A 1973 Absorption edge fluoroscopy
using quasi-monoenergetic x-ray beams Investigative' Radiology 8(6), 402-412.

Paterno G, Cardarelli P, Marziani M, Bagli E, Evangelisti'F, Andreotti M, Gambaccini M, Petrillo
V, Drebot I, Bacci A et al. 2017 A collimation system/for ELI-NP Gamma Beam System-—
design and simulation of performance Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 402, 349-353.

Patrignani C et al. 2016 Review of particle physics Chinese Physics C' 40(10), 100001.

Petrillo V, Bacci A, Zinati R B A, Chaikovska I, Curatolo C; Ferrario M, Maroli C, Ronsivalle C,
Rossi A, Serafini L et al. 2012 Photon flux and spectrum of vy-rays Compton sources Nuclear
Instruments and Methods in Physies "Research \Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 693, 109=116.

Priebe G, Laundy D, Phillips P, Graham D, Jamison S, Vassilev S, Seddon E, Rosenzweig J, Krafft
G, Heinzl T et al. 2010 First results from the Daresbury Compton backscattering X-ray
source (COBALD) in ‘Hard X-Ray, Gamma-Ray, and Neutron Detector Physics XII’ Vol.
7805 International Society for Optics and Photonics p. 780513.

Ranjan N, Terzi¢ B, Krafft G, Petrillo V, Drebot I & Serafini L 2018 Simulation of inverse Compton
scattering and its implications on the scattered linewidth Physical Review Accelerators and
Beams 21(3), 030701.

Roessl E & Proksa R 2007 K<edge Hbaging in x-ray computed tomography using multi-bin photon
counting detectors Physicsdin Medicine and Biology 52(15), 4679-4696.

Rose A 1973 Vision: Human and Electronic Plenum Press: New York.

Rutt B K, Cunningham IPA & Fenster A/1983 Selective iodine imaging using lanthanum K fluorescence
Medical Physies 10(6), 801-808.

Sarnelli A, Elleaume H; Taibi A, Gambaccini M & Bravin A 2006 K-edge digital subtraction imaging
with dichrematic, x-raynsources: SNR and dose studies Physics in Medicine € Biology
51(17), 4311.

Sarnelli A, Nemoz C, Elleaume H, Estéve F, Bertrand B & Bravin A 2005 Quantitative analysis
of synchrotren radiation intravenous angiographic images Physics in Medicine € Biology
50(4), 725.

Sarnelli A/Taibi A, Tuffanelli A, Baldazzi G, Bollini D, Rodriguez A C, Gombia M, Prino F, Ramello
L, Tomassi E et al. 2004 K-edge digital subtraction imaging based on a dichromatic and
compact X-ray source Physics in Medicine & Biology 49(14), 3291.

Serafini I, Bacci A, Bellandi A, Bertucci M, Bolognesi M, Bosotti A, Broggi F, Calandrino R,
Camera F, Canella F et al. 2019 MariX, an advanced MHz-class repetition rate X-ray source
for linear regime time-resolved spectroscopy and photon scattering Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment .

Serafini‘Ly Bacci A, Broggi F, Bosotti A, Coelli S, Curatolo C, Drebot I, Faillace L, Giannotti D,
Giove D et al. 2018 The MariX source (Multidisciplinary Advanced Research Infrastructure



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMB-108406.R3

Inverse Compton sources: a new opportunity for K-edge subtraction imaging 26

with X-rays) in ‘Proc. 9th Int. Particle Accelerator Conf. (IPAC18)’ JACOW Publishing,
Geneva, Switzerland.

Sisini F, Zanca F, Marshall N W, Taibi A, Cardarelli P & Bosmans H 2012 Comparison ¢f),signal
to noise ratios from spatial and frequency domain formulations of nonprewhitening model
observers in digital mammography Medical Physics 39(9), 5652-5663.

Sun C & Wu Y K 2011 Theoretical and simulation studies of characteristics of a Compton light source
Physical Review Special Topics-Accelerators and Beams 14(4), 044701.

Taibi A 2004 Conwventional radiology In A. Del Guerra (Editor) Ionizing radiation detectorsifor
medical imaging, World scientific.

Tang C, Huang W, Li R, Du Y, Yan L, Shi J, Du Q, Yu P, Chen H, Du T et al. 2009 Tsinghua
Thomson scattering X-ray source Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 608(1), ST0—
S74. ~

Tavakol M, Ashraf S & Brener S J 2012 Risks and complications of coronary angiography: a
comprehensive review Global Journal of Health Science 4(1), 65.

Thomlinson W, Elleaume H, Porra L & Suortti P 2018 K-edge subtraction synchrotron x-ray imaging
in bio-medical research Physica Medica 49, 58-76.

Tomassini P, Bacci A, Cary J, Ferrario M, Giulietti A, Giulietti D, Gizzi L. A, Labate L, Serafini
L, Petrillo V & Vaccarezza C 2008 Linear and Nonlinear Thomson Scattering for Advanced
X-ray Sources in PLASMONX IEEE Transactions on Plasma Science 36(4), 1782-1789.

Vaccarezza C, Alesini D, Anania M P, Bacci A, Biagioni A, Bisesto F, Bellaveglia M, Cardarelli P,
Cardelli F, Cianchi A, Chiadroni E, Croia M, Curcio A, Delogu P, Giovenale D D, Domenico
G D, Pirro G D, Drebot I, Ferrario M, Filippi F, Gallo A, Galletti M, Gambaccini M, Giribono
A, Golosio B, Li W, Mostacci A, Oliva P, Palmer D, PetrillosV, Petrarca M, Pioli S, Piersanti
L, Pompili R, Romeo S, Rossi A R, Scifo J, Serafini Lj Sulimah G & Villa F 2016 The
SPARC_LAB Thomson source Nuclear Instruments and Methods in Physics Research A
829, 237-242.

Variola A 2011 The ThomX Project in ‘2nd International Particle Accelerator Conference (IPAC’11)’
Vol. WEOAAQO1 Joint Accelerator Conferences Website pp. 1903—-1905.

Variola A, Haissinski J, Loulergue A, Zomer F et al." 2014 THOMX Technical Design Report.

Wagner R F 1977 Toward a unified view_of radiological imaging systems. Part II: Noisy images
Medical Physics 4(4), 279-296.

Williams O, Andonian G, Babzien M, Hemsing E, Kusche K, Park J, Pogorelsky I, Priebe G,
Rosenzweig J & Yakimenko V 2009 Characterization results of the BNL ATF Compton X-ray
source using K-edge absorbing foils Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 608(1), S18—
S22.

Yamada K, Kuroda R, Toyakawa H /Ikeura-Sekiguchi H, Yasumoto M, Koike M, Sakai F', Mori K, Mori
H, Fukuyama N et al. 2009 A trial for finerand low-dose imaging of biological specimens using
quasi-monochromatic laser-Compton X-rays Nuclear Instruments and Methods in Physics
Research Section A: Accela\ttors, Spectrometers, Detectors and Associated Equipment
608(1), S7-S10.

Page 26 of 26



