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. Accurate dynamic three-dimensional (4D) imaging of the heart of small rodents is required for the

. preclinical study of cardiac biomechanics and their modification under pathological conditions, but

. technological challenges are met in laboratory practice due to the very small size and high pulse rate
of the heart of mice and rats as compared to humans. In 4D X-ray microtomography (4D pCT), the
achievable spatio-temporal resolution is hampered by limitations in conventional X-ray sources and

. detectors. Here, we propose a proof-of-principle 4D p.CT platform, exploiting the unique spatial and

. temporal features of novel concept, all-optical X-ray sources based on Thomson scattering (TS). The

© main spatial and spectral properties of the photon source are investigated using a TS simulation code.

. The entire data acquisition workflow has been also simulated, using a novel 4D numerical phantom of

© amouse chest with realistic intra- and inter-cycle motion. The image quality of a typical single 3D time

. frame has been studied using Monte Carlo simulations, taking into account the effects of the typical
structure of the TS X-ray beam. Finally, we discuss the perspectives and shortcomings of the proposed
platform.

Small rodents, like rats and mice, are the most useful and validated animal models for the study of cardiovascular
diseases (CVD), and especially of myocardial ischemia (MI) and heart failure (HF)'2. Surgical models of acute myo-
cardial infarction (MI) and postischemic HF in rats are well validated and commonly employed**. Imaging technol-
ogies are of key importance for quantitative simultaneous evaluation of regional and global changes in myocardial
contractility and perfusion; for this reason, great efforts have been made in the last two decades to implement scan-
ners for the study of small laboratory animals, able to meet the high spatial and temporal resolution required by this
. type of animal model®~’. Limitations of current preclinical imaging scanners in terms of spatio-temporal resolution
: pose constraints on the accurate quantification of regional myocardial function/perfusion in small animal models of
MI and HE. Due to the complex and fast three-dimensional motion of the heart, the identification of early regional
. dysfunction based on 3D strain and strain rate analysis would require real volumetric imaging at sub-millimeter spa-
. tial resolution and time-resolved imaging with more than 20-50 time frames per cardiac cycle®. High temporal reso-
. lution modalities such as micro magnetic resonance (micro-MRI) or micro-ultrasonography (micro-US) only allow
- multi-slice, non-isotropic (stacked 2D) imaging. On the other hand, micro-computed tomography (micro-CT) and
. micro-single photon emission tomography (micro-SPECT) with double ECG/respiratory gating do allow isotropic
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Pulse Allows in-line | Prosp. | Retrosp.

X-ray source Spot size duration phase contrast | gating | gating Notes refs
Temporal resolution limited by

Minifocus tubes 30-200 ym Continuous . the max. frame rate of X-ray 4766
detectors
Only with low magnification/

Medical tubes 300-800 um | >5ms . . Sub-optimal spectral quality for | ¢
small animal imaging

Carbon nanotube field 100 um >100 15 . o 8

emission X-ray tubes

Synchrotron hard X-ray 4D CT in-vivo studies so far

_ : : : 69,70
bearlines (3rd generation) Parallel beam | 10-100ps | ® . only app}l_ed to lung imaging/
few facilities
RF-based Thomson scattering | >40 ym 10-20 ps . . No cardiac 4D imaging studies | 13
reported so far
All-optical Thomson <10m <100fs . o _

scattering (this work)

Table 1. Main parameters of X-ray sources suitable for application in 4D pCT of the mouse heart.

fully 3D imaging, even though cine-mode dynamic reconstructions are limited to 10 time frames per cardiac cycle or
less®!°. In particular, dynamic micro-CT (4D pCT) appears promising for morphofunctional imaging of the cardiac
biomechanics, due to its high spatial resolution and good discrimination of myocardial walls, ventricular cavities
and lung tissue upon use of suitable blood-pool contrast agents. Several 4D pCT scanner designs have been validated
by different investigators in the last decade, using either retrospective or prospective ECG gating. A full review of the
existing systems and methods for 4D cardiac ¢CT imaging is beyond the scope of this paper; for a list of the most
relevant works, see the papers cited in Table 1 and references therein.

Over the past few years, a novel kind of X-ray source, based upon the Thomson scattering (TS) of optical pho-
tons off relativistic electron bunches, has been intensively studied and developed worldwide!'2. For instance, a
TS X-ray source based on conventional RF LINAC and miniaturized electron storage ring has been recently
commercialized by Lyncean Technologies Inc. and used for dynamic phase contrast imaging of the lung of living
mice’®. From a practical point of view, the striking feature of a TS X-ray source lies in the possibility to produce
radiation in the hard X-ray region using electrons with a much lower energy, usually in the range of a few tens up
to a few hundreds of MeV, than that required in synchrotron or free-electron lasers (FEL) machines, due to the
much favourable scaling of the emitted photon energy with the electron ~ factor!!. This, in turn, results in much
smaller footprint and more affordable costs. The peak brightness of TS sources can exceed 102°ph/
(s mm?mrad?0.1%BW)'*'%, only a couple of orders of magnitude smaller than that of 3rd generation light sources
currently in operation (see for instance'®). A TS source delivering photon beams in the hard X-ray region typically
features an RF LINAC, accelerating electrons up to a few hundreds of MeV, and a pulsed laser system, providing
optical photon beams with energy up to <1 J/pulse and duration <1 ps (the “scattering beam”). The typical foot-
print of such machines is of the order of a few tens up to ~100 meters, which is typical of medium scale research
infrastructures. On the other hand, laser-driven electron accelerators has been witnessing an impressive develop-
ment over the past decade, making it an ideal candidate for replacing RF LINACs for applications in medicine and
biology'’*%, due to the reduced footprint and costs and the higher electron energy achievable using small scale
devices. This kind of accelerator is based on the so-called Laser WakeField Acceleration (LWFA) process in a
plasma (see?®?! for recent reviews); due to the very high field gradient which can be established in the accelerating
plasma wave (up to 3 orders of magnitude higher than in a typical RF LINAC), electron bunches with energy up
to the few GeVs level can be accelerated over a few up to a few tens of millimeters distances??, which is why LWFA
sources have been dubbed “table-top” accelerators.

Based on this electron acceleration process, secondary X/-ray emission have been studied and successfully
demonstrated® over the past few years; several pilot application experiments have also been reported recently?,
exploiting either the so-called betatron oscillation of the electrons into the accelerating plasma wave*>?® or the
Thomson scattering mechanism*”?. Both these kinds of novel concept sources allow an extremely small spot size
(down to <1 pm) and an ultrashort pulse duration (down to the femtosecond range) to be achieved at the same
time!?. Static (3D) microtomographic applications have been demonstrated using betatron radiation from
laser-driven electron accelerators?®, even though the mean photon energy around 10-30keV appears lower
than optimal when working with living mice or rats, especially when using iodine-based contrast agents. While
betatron sources can only deliver broadband photon spectra, Thomson scattering sources have the potential to
produce narrow band X-ray beams, depending ultimately on the energy spread of the primary electron bunch.
Since LWFA acceleration of electrons with low energy spread has already been demonstrated, all-optical TS
sources offer a very promising route to get monochromatic radiation in the diagnostic energy range using
table-top devices. Such “all-optical” X-ray sources are recognized as the most promising compact alternative to
3rd and 4th generation X-ray sources, providing ultrashort pulses and high peak brightness while keeping reason-
able size and costs. The potential of these sources as a future replacement of current vacuum-tube technology in
diagnostic and therapeutic regime is currently been investigated's'°.

In this paper, we investigate the use of an all-optical TS source for X-ray 4D pCT. Our analysis will make it
clear that such a kind of source meets all the requirements for such an application, namely: (a) the possibility to
image out a sample of ~2 x 5cm” typical size, with a voxel size down to ~100 zm; (b) the possibility of getting a
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Figure 1. Conceptual scheme of the laser-based 4D piCT scanner prototype for cardiac imaging of small
rodents.

radiography with a single X-ray pulse (i.e., laser shot), which translates into a number of photons ~10°/px, on a
typical detector with ~100-200 4m pixel size; (c) an X-ray pulse duration <100 s (this point will be better deep-
ened later); (d) an energy spectrum suitable to small animal imaging using iodine-based contrast agents (i.e., with
a major part of the emission at 233 keV energy, corresponding to the iodine K-edge); a repetition rate ->10 Hz,
so as to keep the overall ©CT duration limited to few tens of minutes. As it will be shown later, a laser-driven TS
source also features a high spatial coherence, due to its source size being in the order of few micrometers, which
makes it very attractive for phase contrast imaging. In order to demonstrate all these features, we rely on
start-to-end simulations to get insights of issues such as pulse duration, photon statistics and energy spectrum
using a realistic kinetic behaviour of cardiac wall implemented in a numerical 4D mouse chest phantom, as well
as radiation dose and total duration of the experiment involving the living animal. First, a general overview of the
envisioned TS 4D pCT device will be given, including the results of a simulation of the spectral and spatial fea-
tures of an all-optical X-ray source. Afterwards, the simulation results of a full retrospectively gated acquisition
following the foreseen data acquisition scheme is presented. An account is also made of the expected final image
quality and of the dosimetric issues, as resulting from Monte Carlo simulations using the actual photon distribu-
tion of a TS source. The main pro’s and con’s of our approach are then discussed.

Design of the Laser-Based 4D ;«CT Scanner Prototype

Prototype layout. A conceptual layout of the proposed 4D ;CT scanner based on an all-optical TS source
is shown in Fig. 1. Due to the inability (at least using simple setups) to put the TS source on a rotating gantry, the
animal is placed on a cradle rotating around a vertical axis. The animal support is equipped with a physiologi-
cal monitoring system (ECG, respiration, temperature), and a nose cone for gas anesthesia. The source-to-axis
distance (SAD) and axis-to-detector distance (ADD) are kept flexible in our design; however, a sufficiently long
ADD would enable the interesting spatial coherence properties of a TS source to be exploited for phase contrast
imaging, although this issue will not be discussed here. All the physiological signals are acquired in a common
time reference along with the laser pulse trigger and the image sequence grabbed by the X-ray detector. A/D sam-
pling rate >2kHz will be used for physiological signals, in order to ensure off-line identification of the R peaks of
the ECG with sub-ms temporal precision (see Supplementary Materials). A conceptual sketch of the laser-driven
X-ray source based on Thomson scattering is shown on the left side of Fig. 1. In detail, an ultrashort laser pulse
(the “driving” pulse) is focused onto a gas-jet target, under vacuum, at a relativistic intensity®. The LWFA acceler-
ated electron beam is set to collide with a second (“scattering”) laser beam just after having been accelerated (typ-
ically, for a well matched LWFA stage, at the exit of the gas-jet target). We defer until the next subsection a deeper
presentation of the physical parameters of this source. We just observe here that, although requiring a complex
setup (in order, for instance, to spatially and temporally overlap the accelerated electron bunch and the scattering
laser pulse), the experimental apparatus envisioned here has been already demonstrated to be accessible, even on
a routine basis, in a small scale laboratory (see for instance®! and refs therein).

The temporal rebinning scheme for tomographic acquisitions is fully described in the Supplementary
Materials. Due to the extremely short duration of each pulse (~10'° times shorter than typical R-R interval in
small animals), the likelihood that two different pulses will overlap in the same time bin of the cardiac cycle is
negligible; hence, the maximum number of non-overlapping time bins will only depend on the total number of
pulses acquired (i.e., constrained by the total absorbed dose and the total duration of the experiment). We believe
that this extremely short pulse duration will open new possibilities in the field of cardiac imaging of small rodents,
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Thomson scattering X-ray source parameters Imaging simulation parameters
Electron bunch SAD 1000 mm
size Zumox 2pm (), | \pp 1500mm
3 um (long)
Divergence 10 mrad Magnification 2.5
Bunch charge 100pC Detector size 50 X 25mm?
(transverse x axial)
Mean energy ~50 MeV Detector pixel size 250 um
Energy spread <20%rms X-ray pulse duration 0
Scattering laser pulse rerr?:iarleIZDOfr):c-;?l};g tlllcsteif)r(lf)or the 6000 to 24000
Duration 500fs (chirped) Unattenugted no. photons per 5000
250 pm pixel
Unattenuated no. photons per
Energy 1] 50 um pixel P P 200
Central wavelength 800nm Size of the C.Ublc voxel in . 100 ym
tomographic reconstructions
Spot size 20 pm
ay ~0.24

X-ray source

Duration ~10 fs
Source transverse size 2pm X 2 pm
No. of photons within ~0.8 x 107

10mrad per laser shot

Table 2. Left column: main parameters relevant for the operating regime of the X-ray source; the electron
bunch and scattering laser pulse figures were used as input of the Thomson scattering simulation code TSST.
More parameters related to a possible LWFA regime able to provide the required electron bunch are given in
the Supplementary Materials. Right column: parameters of the numerical simulation with the 4D mouse chest
phantom (SAD: Source to axis distance; ADD: Axis to detector distance).

overcoming limitations of the current 4D pCT systems with typical reconstruction windows of 5-10ms per car-
diac phase due to the constraints on pulse duration of conventional X-ray tubes and temporal resolution of X-ray
detectors. Cooled scientific grade CCD or CMOS optically coupled or directly bonded to scintillators/phosphor
screens appear the most adequate detection systems for the proposed application®.

The Thomson Scattering Source. In this subsection, we will briefly discuss the main features of the
all-optical Thomson scattering source envisioned for the advanced 4D piCT scanner and we provide some relevant
figures of the photon beam. As a preliminary observation, we stress that the main figures considered here for both
the electron bunch (e.g., total charge per bunch, energy spectrum and divergence/emittance) and the scattering
laser beam (e.g., pulse energy, duration and focal spot size) have been demonstrated to be achievable with exist-
ing (although state-of-the-art) laser systems. In particular, according to the current, consolidated literature on
experimental achievements in the field of LWFA, the usage of a 100 TW class laser system could be suitable for the
application discussed in this paper. As anticipated above, a 10Hz rep rate can be safely considered a standard value
for such a class of lasers. The Thomson scattering source was modelled using the TSST code®?, which provides the
number of photons emitted in selected energy and solid angle bins over the desired ranges, once the parameters
of the electron bunch (energy spectrum, spatial distribution and divergence, bunch charge), of the scattering laser
pulse (central wavelength, duration and energy) and the geometry of the interaction are known. Details on the
simulation code will be provided in the Methods.

The parameters of the LWFA bunch and the scattering laser beam used as input of the TSST simulation for the
application discussed here are shown in Table 2 (left column). The scattering laser pulse, although picked off from
the same laser chain as the main one, is stretched up to 500 fs duration®. We notice here that we took into account
a “not so small” energy spread, which ultimately affects the spectral width of the X-ray photon beam?. Our choice
for the energy spread is motivated by the ambition to keep the experimental setup of the X-ray source as simple
as possible. Advanced schemes have been recently reported which allow remarkably lower energy spreads to be
attained (such as, for instance, the usage of colliding pulses® or the so-called ReMPI scheme®). However, these
schemes either result, at the moment, in a rather low bunch charge (which is an essential parameter for the final
photon flux*®) or require a complex setup. Generally speaking, a trade-off does in fact exist between the possibility
to get a monochromatic photon beam and the number of photons per laser shot. Here we require that a single
image (that is, an image with an average number of photons/pixel as the one shown in the right column in Table 2)
might be obtained using a single laser pulse. To this purpose, an electron bunch charge of ~100 pC must be accel-
erated on each shot. Provided that the required energy spread is not too small (~15-20% rms), as it is in our case,
such charge figures have been being reported in the literature over the past few years (see for instance®” or’®). We
also report in the Supplementary Materials on Particle-In-Cell (PIC) simulations, performed using the FBPIC
code®, showing a possible LWFA regime delivering such bunches. We point out that, although all-optical TS
sources may potentially provide X-ray beams with smaller spectral width, the rather large width considered here
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Figure 2. Spectral and angular distributions of the X-ray photons from the all-optical Thomson scattering
source as retrieved using the TSST simulation code. The polar () and azimuthal () angles are defined in Fig. 1.
Left column, top: photon spectra integrated over the whole polar angle 0 <) <20 mrad (blue curve), over the
polar range 0 < ¢ < 10mrad (green curve) and over the polar range 10 <¥ <20mrad (red curve). Left column,
bottom: angular distribution of the X-ray photons (integrated over the whole energy range). Middle column:
photon angular distributions, taking into account only “low-energy” photons (0 <E,;, <40keV), top, or “high-
energy” photons (40 < E,, <80keV), bottom. Right column: Angular map of the average photon energy (top)
and of the photon energy standard deviation (bottomn). The angular maps span an azimuthal (¢, as shown in

Fig. 1) range 0 < ¢ <27 and a polar angle (%) range 0 <1 <20 mrad.

is not a limiting factor for the application discussed in this work; this issue will be addressed below using Monte
Carlo simulations.

The X-ray source features a transverse size of around 2 yzm FWHM. The X-ray pulse duration, in the TS geometry
considered here, is comparable to the electron bunch duration, and thus is in the sub-10fs range***!. Figure 2 shows, in
the left column, the spectrum of the X-ray photon beam (top) and the photon angular distribution (bottom) as calcu-
lated using the TSST code. In the TS linear regime used here the spectrum extends up to the energy corresponding to
the so-called fundamental harmonics, Ey ~ 47°E;, being 7 the average -y factor of the electron bunch and E; =i, the
photon energy of the scattering beam®. As it is usual for a TS source, there is an angular dependence of the energy
spectrum; this can be observed looking at the three curves in the first (top left) plot, which shows the photon spectrum
integrated over different polar angle intervals. In particular, higher energy photons are predominantly emitted at
smaller polar angles (0 < <10mrad), while relatively low energy photons appear at angles 1 > 10 mrad. The angular
distribution is rather elongated along the x (¢ =0) direction; this corresponds to the polarization direction of the scat-
tering laser beam. The anisotropy is mostly typical of lower energy photons, as it can be realized looking at the plots in
the middle column, which show the angular distribution for “low” energy (0 < E,, <40keV) and high
(40 <E,, <80keV) energy photons, respectively. The right column shows the average photon energy (top) and the
energy standard deviation (bottom) as a function of the emission angles. For the sake of the application discussed in this
paper, we choose our /CT geometry (basically SAD and ADD) in order to only rely on photons emitted within
¥ <10mrad. Over such a range, the average photon energy is between 35 and 50keV; and the standard deviation is of
about 15keV. We carried out extensive simulations in order to highlight possible effects of this real spectral/angular
photon distributions on the quality of the final image; we will discuss this issue below.

Results

The ability of the system just described to reconstruct 4D images of the heart of the living animal was demonstrated by
mean of analytical simulation of projection data with synthetic additive Poisson noise. The parameters of the idealized
4D numerical phantom are reported in the Supplementary Materials. The main parameters of the analytical simulation
are reported in Table 2 (right column). In the Supplementary Material, additional simulations are reported to highlight
the beneficial effect of ultrashort pulse duration on the proposed application. The peak myocardial wall velocity during
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Figure 3. (a) 2D histograms showing the distribution of the X-ray pulses on the phase/angle diagram for the
simulated acquisition of the dynamic phantom. Histograms are binned in 50 cardiac phase bins and 240 angular
bins. Dark areas show missing data due to transitory coherence between the cardiac motion and the X-ray pulse
sequence. (b) Reoriented short-axis and long-axis images of the mouse heart (only three of the 50 reconstructed
phases are shown) obtained by iterative reconstruction from the sequence of 12000 pulses. (¢) M-mode-like
image of the reoriented heart, obtained along the dashed lines shown in (b) for all the 50 reconstructed time
frames. For all images, the voxel size is 100 gm and the temporal binning (frame duration) is 3 ms, calculated

as the mean R-R interval divided by the number of reconstructed frames per cycle. ED: end-diastole; PV: peak
myocardial velocity; ES: end-systole; SA: short axis; LA: long axis; LV: left ventricle; LVLW: left ventricle lateral
wall; LVAW: left ventricle apical wall; RV: right ventricle; RVLW: right ventricle lateral wall; S: septum. FBP:
filtered backprojection; SIRT: simultaneous iterative reconstruction technique.

systole was set to 45 mm/s in this simulation, based on micro-ultrasound measurements (see Supplementary Materials)
and on previous studies on murine kinetics of cardiac contraction**. At this velocity, the wall displacement at systole
is >400 ;sm over an integration time of 10 ms, which is a typical X-ray pulse duration or detector integration time for
conventional 4D ¢,CT instrumentation. In order to get near blur-free imaging, the wall displacement should not exceed
~50 pm,i.e., half of the reconstruction voxel size which can be set to 100 um without compromising morpho-functional
cardiac measurements in mice. Hence, the required temporal resolution is in the order of 1 ms or lower. However, due
to constraints on experiment duration (number of pulses required) and radiation dosimetry, a more realistic require-
ment for robust 3D strain/strain rate analysis is to set the temporal binning around 2-3 ms per cardiac phase as already
done with high-field MRI on rats®. Such requirements can be relaxed for the other phases of the cardiac cycle. In this
work, we have set the temporal binning to 3 ms throughout the entire cardiac cycle.

4D cardiac imaging results with realistic cardiopulmonary motion. A simulation was performed
using the retrospectively gated acquisition strategy specifically foreseen for our 4D pCT prototype. Due to the real
X-ray pulse duration expected for the TS source, in the order of a few up to ~10 femtoseconds, we have neglected
the finite pulse duration in this simulation (AT, = 0 ms). We have generated a time series of 2D X-ray projec-
tions at constant repetition rate of 10 Hz of the 4D numerical phantom. Using real ECG and respiration wave-
forms previously acquired on mice and rats in our laboratory (see Supplementary Materials), each 2D projection
was generated at a specific cardiac and respiratory phase; an average heart rate of 401 bpm and respiration rate of
74 respiratory acts per minute where used. A total number of pulses ranging from 6000 to 24000 over a full rota-
tion of 360° was employed. As shown in Fig. 3a, these pulse sequences covered almost uniformly the whole cardiac
cycle on most angular bins, allowing good flexibility in the choice of the subsequent temporal binning. In most
cases, transitory coherence between the X-ray repetition rate and the cardiac motion was observed, randomly
inducing missing data at specific ranges of projection angles and cardiac phases (Fig. 3a). Such missing data is a
common source of streak artifacts in retrospectively gated acquisitions when analytical reconstruction (such as
filtered backprojection) is performed. To reduce these artifacts, we employed the simultaneous iterative recon-
struction technique (SIRT)*. Figure 3b shows the reconstructed heart obtained by SIRT at end-diastole (ED) and
end-systole (ES), after 300 iterations from the acquisition sequence of 12000 pulses and reoriented in short-axis
(SA) and long-axis (LA). With an average R-R time of ~150 ms, we have obtained a temporal sampling of 3 ms by
rebinning the projection data in 50 temporal frames. The selected respiratory window was 10%-90% (relative to
the peak inspiration time), so that only 9632 projections out of a total of 12000 were employed in the reconstruc-
tion. M-mode-like reconstructions of the cardiac wall along two perpendicular directions are shown in Fig. 3c.
In order to highlight the advantage of using X-ray pulses much shorter than obtainable in conventional
micro-CT instrumentation, we have also performed additional simulations without adding noise, by varying the
duration of the X-ray pulse and of the reconstruction window. The simulations were performed on the end sys-
tolic phase (v=25mm/s) and at the phase of peak velocity (v=45mm/s) which is the most demanding phase in
terms of spatial resolution when a 3D strain rate analysis is to be performed. The results are shown in Fig. 4. Even
for this relatively coarse voxel size (100 micron), the RMSE error is nearly doubled when a pulse duration of 3 ms
is used instead of ultra-short pulses, for a reconstruction time window of 1 ms. When using typical pulse dura-
tion obtainable in conventional micro-CT instrumentation (AT, = 5-10 ms), the image quality degradation is
evident even from a qualitative point of view, especially for the phase of peak velocity. No apparent differences
can be found for pulse duration of 1 ms or below, due to the large (but realistic) voxel size used in this simulation.
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Figure 4. Noiseless simulation showing the motion blurring for different duration of the reconstruction
window AT,.,, and the X-ray pulse AT, reconstructed at end-systole (v=25mm/s) and at time of peak
myocardial velocity (v=45mm/s). (a) Reconstructed images in the transaxial plane (xy); the white arrows
indicate settings leading to non negligible motion blurring. All images have been reconstructed by FBP with a
voxel size of 100 um from 240 projections per cardiac phase, taken at 1.5° sampling interval. (b) RMSE analysis
relative to a reconstruction of the same ROI otained with a fixed reconstruction window of negligible duration,
AT,,.,, =1 ps (reference image not shown).

Dosimetry and image quality assessment using Monte Carlo simulations with TS spectrum and
fluence. In order to assess the possible effects of the peculiar spectral and angular features of the TS X-ray
beam on the quality of the final image for the kind of study proposed here, Monte Carlo simulations of the photon
transport through a standard phantom and of the energy deposition on a conventional (phosphor screen based)
X-ray detector were carried out, using the TS source photon distribution provided by the TSST code. These sim-
ulations also allowed a dosimetric study of the envisioned CT device to be performed. The phantom was made
up by an 18 mm diameter water cylinder; at its center, a smaller cylinder, with diamter 5mm, was supposed to be
filled with an iodinated contrast agent with 3 mgI/mL. The source-to-phantom and the source-to-detector dis-
tances were set as in the analytical simulation (see Table 2, right column). Further details on these simulations are
reported in the Methods Section and in the Supplementary Materials (examples of the synthetic images retrieved
are also shown there).

Figure 5a shows a 3D density map of the dose deposition inside the phantom by a single laser shot (that
is, according to the TSST simulation discussed above, considering ~10® photons per shot). A cubic averaging
volume with a side length of 0.5 mm was used to reconstruct a raster image from this single-shot dosimetric
simulation. The average phantom dose delivered with a single laser shot was 11.7 4Gy; the entrance surface dose
was 11.3 uGy.

For each X-ray pulse, we have measured the energy deposition onto a 100 sm thick Gadox (Gd,0,S) phosphor
screen®, with pixel size and active area as in Table 2. We ran a total of 240 projections over 360° (i.e, similar to the
average number of projections per cardiac phase employed in the simulations shown above in Fig. 3b,c)), with
uniform angular sampling step of 1.5°. Each view was corrected with a flat field, which, in turn, was obtained by
averaging 100 independent projections with no phantom in the field of view. A few projection images produced
with the Monte Carlo code are reported in the Supplementary Material. A SIRT algorithm with 300 iteration was
used to reconstruct the CT volume, with an isotropic voxel size of 100 4m as already done in the previous subsec-
tion. Figure 5b shows transverse and axial slices of the tomographic reconstruction; an increasing trend of the
average reconstructed value toward the phantom periphery is observed, primarily due to the beam hardening
effect. Due to the relatively higher energy spread at the FOV periphery (see Fig. 2), this effect was more evident
on the slice reconstructed at z=5mm, where the average CT number in water increased from 59 HU at r=3mm

to 192 HU at r=7.7mm (denoting by r = \/x* + y* the radial distance from the slice center). An increasing
trend of the image noise toward the FOV periphery is also observed. In the midplane (z=0), the image noise in
water increased from 395 HU at =3 mm to 501 HU at r=7.7 mm. This is due to the decreasing average photon
energy and photon fluence away from the central beam axis (see Fig. 2). For the same reasons, the average signal
and noise of the iodine insert increased from 1189 & 383 HU at the midplane to 1410 = 478 HU at z=5mm. The
average and standard deviation of contrast to noise ratio (CNR) of the iodine insert was 3.0 & 0.3. This is fully
compatible with a subsequent image post-processing and ventricle segmentation for morphometric analysis.

Discussion and Perspectives

A compact imaging platform based on an all-optical laser-based Thomson scattering X-ray source has been
conceived, designed and fully simulated by means of analytical and Monte Carlo simulations. To the best of
the authors’ knowledge, no studies (numerical or experimental) have been conducted so far on the possible
use of all-optical Thomson scattering ultrashort X-ray sources for the specific task of cardiac 4D imaging of
the small rodent. As discussed above, none of the current standard imaging modalities devoted to dynamic
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Figure 5. (a) Volume rendering of the 3D distribution of the X-ray dose delivered by a single laser shot to the
water phantom with iodine insert (see text). For visualization purposes, a virtual cutting on the yz plane has
been made on this rendering. The red arrow (y axis) shows the main direction of propagation of the X-ray beam
for the selected laser shot. (b) Transverse (top) and coronal (bottom) slices of the tomographic reconstruction
of the same phantom in (a). All images are reconstructed with a SIRT algorithm, 300 iterations, and with an
isotropic voxel of 100 ym. (c) Average reconstructed values (signal) and noise in water at several radial and axial
positions. The radial positions of the ROIs are depicted as yellow squares in (b), whereas the axial positions are
shown as dashed lines in the coronal image (only z=0 is marked).

morphofunctional quantification of small animal heart can achieve, at the same time, isotropic 3D spatial resolu-
tion in the order of 100 ym and temporal resolution in the order of (or better than) 1 ms, as required for robust 3D
cardiac strain and strain rate analysis in small animals. This gap is due to limitations of both current technology
of compact X-ray sources (i.e., available in small-scale laboratories) and readout speed of high resolution X-ray
detectors. Laser-based TS sources, as discussed in this paper, appear the most promising alternative to 3rd and 4th
generation synchrotron sources, providing extremely short pulse duration, high spatial coeherence and relatively
small footprint and cost'>*, and thus paving the way for the spread of X-ray sources with spatial and temporal
features boasted so far only by large scale infrastructures.

We have demonstrated here that, using the proposed 4D ;,CT prototype based on TS source, it is feasible to
obtain motion blur free 3D images of the mouse heart at isotropic voxel size of 100 m with wall velocities up to
45 mm/s, which is generally higher than what practically found in mice and rats, especially under deep anesthe-
sia*2. An attractive feature of our TS-based 4D 1CT prototype is that, due to the extremely short duration of the
X-ray source, no time overlap can occur between X-ray pulses at any phase of the cardiac cycle; this means that
the reconstructed time bin duration T,,,, can be set to an arbitrarily short duration without any overlap of adja-
cent phases, provided that a sufficient amount of projections per angle is acquired for each phase. Hence, the only
practical limit to the temporal resolution is given by the radiation dose and the experiment duration. The tempo-
ral precision of R-peak identification on the ECG signal, along with the correlation between ECG and cardiac
motion periodicity, could also play a role in the final temporal resolution of long gated acquisitions with the
proposed system. These latter limitations are currently disregarded in conventional 4D £.CT, as they can only have
an effect when sub-ms temporal resolution is pursued. The estimated radiation dose after 12000x-ray pulses gen-
erated during the simulated retrospectively gated acquisition was <150 mGy. This value is comparable to or lower
than doses reported on similar works using conventional sources*’~#’. Even though the focus of this paper was
not on accurate dosimetry, the GEANT4 simulation toolkit has been already shown to be accurate in dosimetric
calculations at low photon energy™. Employing as many dose-lowering setup parameters as possible is beneficial
in the proposed setup to push the temporal resolution of the system close to its fundamental limit, which is related
to the synchronization between each laser pulse and the actual phase in the R-R interval. The employment of SIRT
reconstruction, besides its beneficial effect in the suppression of streak artifacts from irregular angular sampling,
played also a beneficial role in the noise reduction and hence on the reduction of radiation dose. Besides this, the
employment of a Gadox scintillator relatively thicker than standard for small animal imaging (100 zm) and a
mean photon energy just above the iodine K-edge (35-50keV in the selected FOV position) were beneficial to
keep the dose low enough to allow margins of improvement in the trade-off between the achievable spatial and
temporal resolution. The increased scintillator thickness is not an issue for the target spatial resolution of our
application, as Gadox thickness up to 120 micron still provide a detector resolution >61lp/mm at 10% MTF>'. The
overall spatial resolution of the tomographic system can be estimated using analytical models®*; in our geometry,
it will be <60 micron FWHM which is fully compatible with cardiac morphometry in small animals.

Apart from dose consideration, the experiment duration is also a limiting factor to be carefully taken into
account. The laser repetition rate chosen for our simulation (10 Hz) lead to an experiment duration of 20 minutes
in order to get a 4D reconstruction at 3 ms of temporal binning with enough image contrast to perform 3D strain
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analysis in mice. Even though thermoregulatory devices are demonstrated to be effective to keep stable the phys-
iological parameters of mice for experiment durations up to 30 min®?, longer acquisition times might introduce
artifacts due to both myocardial uptake and blood pool washout of the contrast agent>*. Hence, the total exper-
iment duration should never exceed 30-40 minutes in total. Scaling up the laser rep rate to 100 Hz is fully feasi-
ble>, even though the present technology of low-noise, high resolution X-ray detector is still restricted to slower
frame rates. The temporal characteristics of the selected detectors should be carefully taken into account when
planning for such a source-related improvement. Prospective double cardio-respiratory gating appears unfeasible
with laser-based sources, at least at actual stage of development, due to the inability to trigger laser shots from
external sources and with random rates. Even though the X-ray pulses with fixed rep-rate could be put in AND
with a separated physiological trigger signal®®, in our design we preferred to employ the retrospective gating
approach for the sake of experiment shortening, easiness of implementation and flexibility in the post-acquisition
spatio-temporal binning. The selected TS-based source implies a scanning geometry with the animal placed on
a vertically oriented cradle; even though this is less than optimal in terms of physiological stability of the ani-
mal when compared with standard rotating-gantry geometries, vertical positioning of the animal was already
employed successfully in several previous works at synchrotron facilities®’, other laser-based X-ray sources®® and
even in special designs of micro-CT’s based on conventional X-ray tubes*.

We recognize that a similar approach to cardiopulmonary imaging in mice may be implemented at existing
beamlines of many synchrotron facilities. Nevertheless, it must be understood that the advantage of obtaining
comparable results with compact sources (potentially available at most biomedical laboratories or hospitals) is
extremely important in almost all preclinical experiments, requiring the proximity to a multidisciplinary environ-
ment with biology/veterinary staff and other imaging modalities in situ. As a matter of fact, the dynamic cardiac
microtomography proposed in this work is likely to remain at the proof-of-principle stage unless more compact
and affordable sources, such as the all-optical TS source considered here, become available.

The kind of apparatus described here is currently under development at the Intense Laser Irradiation
Laboratory (ILIL) of the CNR in Pisa, Italy, in the framework of the Italian project “PREclinical Laser-based
Ultrafast Diagnostics and thErapy (PRELUDE)”. It is worth stressing here that laser-driven electron accelerators
have witnessed a tremendous improvement of the final beam quality, in terms of beam divergence/emittance,
total charge energy spread, and so on, so that this kind of technology can be considered at the mature level
to reach in short times the clinical quality. For instance, the EuPRAXIA project®’, whose preparatory phase is
currently funded by EU in view of the preparation of a Conceptual Design Report, is aimed at developing a
plasma-based accelerator with industrial beam quality and user areas for real applications in different fields,
including biology and medicine®.

Apart from synchrotron sources, the proposed TS source is the only one capable of providing, at the same
time, (i) ultra-short X-ray pulses, with (ii) photon energy spectra tunable in the optimal range for small animal
imaging, and (iii) with a source size under 10 ym and thus capable of enabling phase contrast edge enhancing,
all within a small-scale laboratory infrastructure. A thorough investigation of the possible beneficial effects and
possibilities open up by the point (iii) is beyond the scope of the current paper and will be carried out in a future
work.

Methods

Ethical statement. All the animal experiments from which data has been retrieved to generate the numer-
ical mouse chest phantom were conducted in compliance to local approved protocols at CNR-IFC, under Italian
Law 26/2014 and 2010/63/EU and approved by the Italian Ministry of Health.

Analytical dynamic simulations. Analytical simulation have been performed with a custom developed
ray-tracing algorithm, calculating the intersection lengths of rays and ellipsoids arbitrarily oriented in the 3D
space. Simulation of finite duration X-ray pulses was done by averaging 10 equally spaced instantaneous (AT =0)
pulses in the desired time frame. Because analytical simulations were performed with the main goal of evaluating
the effect of pulse duration and of the reconstruction artifacts due to angular sampling non uniformity, the finite
source size and the real X-ray spectrum were not simulated. Statistical noise with Poisson probability density
function was added to each analytically simulated 2D projection by considering the attenuated number of pho-
tons in each detector pixel, normalized to a number of unattenuated photons (detected after just air) of 5000. This
number is realistic when taking into account the results of the TS simulated photon output at the center of the
detector, at 2500 mm from the e~-laser interaction where X-rays are originated, and by considering a detector
binning with an effective pixel size of 250 x 250 ym?. The attenuation coefficient of air has been neglected. More
details on the 4D mouse chest numerical phantom can be found in the Supplementary Materials.

The TS source simulations. The detailed spectral and angular features of the TS source proposed for the
present study were retrieved using the Thomson Scattering Simulation Tools (TSST) code®2. The code evaluates
the far-field distribution of the radiation emitted incoherently by the electron bunch. The spectral and angular
distribution of the X-rays emitted by a single electron are computed using a semi-analytical approach based on
the formulas reported in®2. The exact analytical description of the radiation emitted within a single laser cycle is
then coherently summed (in a numerical fashion) by taking into account the exact longitudinal pulse profile. A
head-on (backscattering TS) collision geometry was considered in our case, with the electron bunch and scat-
tering laser figures listed in Table 2. The photon distribution function was sampled using 200 energy bins in the
range 1-100keV, 80 polar angle (1%) bins in the range 0 <} <20 mrad and 64 azimuthal () bins in the range
0<p<om.
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Monte Carlo code for dosimetry and image quality assessment. A Monte Carlo code was developed
in order to both model the imaging capability of the TS source and to perform a dosimetric study. The code was
based on the Geant4 toolkit®!-®. The low-energy physics models based on PENELOPE®*®* were used for the
simulation of the electromagnetic interactions of X-rays. The primary photons were generated according to the
energy and angular distribution provided by TSST code, using a rejection sampling method.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
authors on reasonable request.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Russell, J. C. & Proctor, S. D. Small animal models of cardiovascular disease: tools for the study of the roles of metabolic syndrome,
dyslipidemia, and atherosclerosis. Cardiovasc. Pathol. 15, 318-330, https://doi.org/10.1016/j.carpath.2006.09.001 (2006).
Zaragoza, C. et al. Animal models of cardiovascular diseases. J. Biomed. Biotechnol. 2011, 497841, https://doi.
org/10.1155/2011/497841 (2011).

Klocke, R., Tian, W., Kuhlmann, M. T. & Nikol, S. Surgical animal models of heart failure related to coronary heart disease.
Cardiovasc. Res. 74, 29-38, https://doi.org/10.1016/j.cardiores.2006.11.026 (2007).

. Menichetti, L. et al. MicroPET/CT imaging of a,8; integrin via a novel ®*Ga-NOTA-RGD peptidomimetic conjugate in rat

myocardial infarction. Eur. J. Nucl. Med. Mol. Imaging 40, 1265-1274, https://doi.org/10.1007/s00259-013-2432-9 (2013).

. Gambhir, S. S. Molecular imaging of cancer with positron emission tomography. Nat. Rev. Cancer 2, 683-693, https://doi.

org/10.1038/nrc882 (2002).

. Ritman, E. L. Micro-ComputedTomography—Current Status and Developments. Annu. Rev. Biomed. Eng. 6, 185-208, https://doi.

org/10.1146/annurev.bioeng.6.040803.140130 (2004).

. Ritman, E. L. Current Status of Developments and Applications of Micro-CT. Annu. Rev. Biomed. Eng. 13, 531-552, https://doi.

org/10.1146/annurevbioeng-071910-124717 (2011).

. Espe, E. K. S. et al. Novel insight into the detailed myocardial motion and deformation of the rodent heart using high-resolution

phase contrast cardiovascular magnetic resonance. J Cardiovasc. Magn Reson. 15, 82, https://doi.org/10.1186/1532-429X-15-82
(2013).

. Befera, N. T,, Badea, C. T. & Johnson, G. A. Comparison of 4d-microSPECT and microCT for murine cardiac function. Mol Imaging

Biol 16, 235-245, https://doi.org/10.1007/s11307-013-0686-z (2014).

Hendrikx, G., Bauwens, M., Wierts, R., Mottaghy, E. M. & Post, M. J. Left ventricular function measurements in a mouse myocardial
infarction model. Comparison between 3d-echocardiography and ECG-gated SPECT. Nuklearmedizin 55, 115-122, https://doi.
org/10.3413/Nukmed-0776-15-11 (2016).

Labate, L., Tomassini, P. & Gizzi, L. A. Inverse Compton Scattering X-ray Sources. In Handbook of X-ray Imaging: Physics and
Technology, 309-323 (CRC Press, 2017).

Kawase, K. et al. Development of a sub-MeV X-ray source via Compton backscattering. Nucl. Instruments Methods Phys. Res. Sect.
A: Accel. Spectrometers, Detect. Assoc. Equip. 637, S141-S144, https://doi.org/10.1016/j.nima.2010.02.042. The International
Workshop on Ultra-short Electron & Photon Beams: Techniques and Applications (2011).

Eggl, E. et al. The Munich Compact Light Source: initial performance measures. J Synchrotron Rad 23, 1137-1142, https://doi.
org/10.1107/5160057751600967X (2016).

Sarri, G. et al. Ultrahigh Brilliance Multi-MeV ~-Ray Beams from Nonlinear Relativistic Thomson Scattering. Phys. Rev. Lett. 113,
224801, https://doi.org/10.1103/PhysRevLett.113.224801 (2014).

Albert, F et al. Betatron x-ray radiation from laser-plasma accelerators driven by femtosecond and picosecond laser systems. Phys.
Plasmas 25, 056706, https://doi.org/10.1063/1.5020997 (2018).

Schmiiser, P, Dohlus, M., Rossbach, J. & Behrens, C. Free-Electron Lasers in the Ultraviolet and X-Ray Regime: Physical Principles,
Experimental Results, Technical Realization. Springer Tracts in Modern Physics, 2 edn (Springer International Publishing, 2014).
Labate, L. et al. LESM: a laser-driven sub-MeV electron source delivering ultra-high dose rate on thin biological samples. J. Phys. D:
Appl. Phys. 49, 275401, https://doi.org/10.1088/0022-3727/49/27/275401 (2016).

Andreassi, M. G. et al. Radiobiological Effectiveness of Ultrashort Laser-Driven Electron Bunches: Micronucleus Frequency,
Telomere Shortening and Cell Viability. Radiat. Res. 186, 245-253, https://doi.org/10.1667/RR14266.1 (2016).

Cole, J. M. et al. Laser-wakefield accelerators as hard x-ray sources for 3d medical imaging of human bone. Sci. Reports 5, 13244,
https://doi.org/10.1038/srep13244 (2015).

Esarey, E., Schroeder, C. B. & Leemans, W. P. Physics of laser-driven plasma-based electron accelerators. Rev. Mod. Phys. 81,
1229-1285, https://doi.org/10.1103/RevModPhys.81.1229 (2009).

Faure, J. et al. A review of recent progress on laser-plasma acceleration at kHz repetition rate. Plasma Phys. Control. Fusion 61,
014012, https://doi.org/10.1088/1361-6587/aae047 (2018).

Leemans, W. P. et al. Multi-GeV Electron Beams from Capillary-Discharge-Guided Subpetawatt Laser Pulses in the Self-Trapping
Regime. Phys. Rev. Lett. 113, 245002, https://doi.org/10.1103/PhysRevLett.113.245002 (2014).

Rousse, A. et al. Production of a keV X-Ray Beam from Synchrotron Radiation in Relativistic Laser-Plasma Interaction. Phys. Rev.
Lett. 93, 135005, https://doi.org/10.1103/PhysRevLett.93.135005 (2004).

Gizzi, L. A. All-Optical X-Ray and y-Ray Sources from Ultraintense Laser-Matter Interactions. In Giulietti, A. (ed.) Laser-Driven
Particle Acceleration Towards Radiobiology and Medicine, 183 (Springer, 2016).

Kneip, S. et al. Bright spatially coherent synchrotron X-rays from a table-top source. Nat. Phys. 7, 737, https://doi.org/10.1038/
nphys2093 (2011).

Dopp, A. et al. Quick x-ray microtomography using a laser-driven betatron source. Optica 5, 199-203, https://doi.org/10.1364/
OPTICA.5.000199 (2018).

Powers, N. D. ef al. Quasi-monoenergetic and tunable X-rays from a laser-driven Compton light source. Nat. Photonics 8, 28-31,
https://doi.org/10.1038/nphoton.2013.314 (2014).

Gizzi, L. A. et al. Acceleration with self-injection for an all-optical radiation source at LNE. Nucl. Instruments Methods Phys. Res. Sect.
B 309, 202-209 (2013).

Esarey, E., Ride, S. K. & Sprangle, P. Nonlinear Thomson scattering of intense laser pulses from beams and plasmas. Phys. Rev. E 48,
3003-3021, https://doi.org/10.1103/PhysRevE.48.3003 (1993).

Cole, J. M. et al. High-resolution CT of a mouse embryo using a compact laser-driven X-ray betatron source. PNAS 115,
6335-6340, https://doi.org/10.1073/pnas.1802314115 (2018).

Albert, F. & Thomas, A. G. R. Applications of laser wakefield accelerator-based light sources. Plasma Phys. Control. Fusion 58,
103001, https://doi.org/10.1088/0741-3335/58/10/103001 (2016).

Tomassini, P,, Giulietti, A., Giulietti, D. & Gizzi, L. A. Thomson backscattering X-rays from ultra-relativistic electron bunches and
temporally shaped laser pulses. Appl. Phys. B 80, 419-436, https://doi.org/10.1007/s00340-005-1757-x (2005).

SCIENTIFICREPORTS| (2019) 9:8439 | https://doi.org/10.1038/s41598-019-44779-y 10


https://doi.org/10.1038/s41598-019-44779-y
https://doi.org/10.1016/j.carpath.2006.09.001
https://doi.org/10.1155/2011/497841
https://doi.org/10.1155/2011/497841
https://doi.org/10.1016/j.cardiores.2006.11.026
https://doi.org/10.1007/s00259-013-2432-9
https://doi.org/10.1038/nrc882
https://doi.org/10.1038/nrc882
https://doi.org/10.1146/annurev.bioeng.6.040803.140130
https://doi.org/10.1146/annurev.bioeng.6.040803.140130
https://doi.org/10.1146/annurevbioeng-071910-124717
https://doi.org/10.1146/annurevbioeng-071910-124717
https://doi.org/10.1186/1532-429X-15-82
https://doi.org/10.1007/s11307-013-0686-z
https://doi.org/10.3413/Nukmed-0776-15-11
https://doi.org/10.3413/Nukmed-0776-15-11
https://doi.org/10.1016/j.nima.2010.02.042.
https://doi.org/10.1107/S160057751600967X
https://doi.org/10.1107/S160057751600967X
https://doi.org/10.1103/PhysRevLett.113.224801
https://doi.org/10.1063/1.5020997
https://doi.org/10.1088/0022-3727/49/27/275401
https://doi.org/10.1667/RR14266.1
https://doi.org/10.1038/srep13244
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1088/1361-6587/aae047
https://doi.org/10.1103/PhysRevLett.113.245002
https://doi.org/10.1103/PhysRevLett.93.135005
https://doi.org/10.1038/nphys2093
https://doi.org/10.1038/nphys2093
https://doi.org/10.1364/OPTICA.5.000199
https://doi.org/10.1364/OPTICA.5.000199
https://doi.org/10.1038/nphoton.2013.314
https://doi.org/10.1103/PhysRevE.48.3003
https://doi.org/10.1073/pnas.1802314115
https://doi.org/10.1088/0741-3335/58/10/103001
https://doi.org/10.1007/s00340-005-1757-x

www.nature.com/scientificreports/

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

Tomassini, P. et al. Linear and Nonlinear Thomson Scattering for Advanced X-ray Sources in PLASMONX. IEEE Transactions on
Plasma Sci. 36, 1782-1789, https://doi.org/10.1109/TPS.2008.927428 (2008).

Cormier-Michel, E. et al. Design principles for high quality electron beams via colliding pulses in laser plasma accelerators. Phys.
Rev. ST Accel. Beams 17, 091301, https://doi.org/10.1103/PhysRevSTAB.17.091301 (2014).

Tomassini, P. et al. The resonant multi-pulse ionization injection. Phys. Plasmas 24, 103120, https://doi.org/10.1063/1.5000696
(2017).

Leemans, W. P. et al. Interaction of Relativistic Electrons with Ultrashort Laser Pulses: Generation of Femtosecond X-Rays and
Microprobing of Electron Beams. IEEE J. Quantum Electron. 33, 1925-1934 (1997).

Costa, G. et al. Characterization of self-injected electron beams from LWFA experiments at SPARC LAB. Nucl. Instruments Methods
Phys. Res. Sect. A: Accel. Spectrometers, Detect. Assoc. Equip. 118-122, https://doi.org/10.1016/j.nima.2018.02.008. 3rd European
Advanced Accelerator Concepts workshop (EAAC2017) (2018).

McGuffey, C. et al. On the properties of synchrotron-like X-ray emission from laser wakefield accelerated electron beams. Phys.
Plasmas 25, 043104, https://doi.org/10.1063/1.5024547 (2018).

Lehe, R,, Kirchen, M., Andriyash, I. A., Godfrey, B. B. & Vay, J.-L. A spectral, quasi-cylindrical and dispersion-free Particle-In-Cell
algorithm. Comput. Phys. Commun. 203, 66-82, https://doi.org/10.1016/j.cpc.2016.02.007 (2016).

Lundh, O. et al. Few femtosecond, few kiloampere electron bunch produced by a laser—plasma accelerator. Nat. Phys. 7, 219, https://
doi.org/10.1038/nphys1872 (2011).

Kotaki, H. et al. Direct Observation of the PulseWidth of an Ultrashort Electron Beam. J. Phys. Soc. Jpn. 84, 074501, https://doi.
org/10.7566/JPS].84.074501 (2015).

Sebag, I. A. et al. Quantitative Assessment of Regional Myocardial Function in Mice by Tissue Doppler Imaging: Comparison With
Hemodynamics and Sonomicrometry. Circulation 111, 2611-2616, https://doi.org/10.1161/CIRCULATIONAHA.104.474411
(2005).

Del Seppia, C. et al. Evidence in hypertensive rats of hypotensive effect after mandibular extension. Physiol. Reports 6, e13911,
https://doi.org/10.14814/phy2.13911 (2018).

Aarle, W. V. et al. Fast and flexible X-ray tomography using the ASTRA toolbox. Opt. Express, OE 24, 25129-25147, https://doi.
org/10.1364/0OE.24.025129 (2016).

Michail, C. et al. Measurement of the luminescence properties of Gd,0,S:Pr,Ce,F powder scintillators under X-ray radiation. Radiat.
Meas. 70, 59-64, https://doi.org/10.1016/j.radmeas.2014.09.008 (2014).

Corde, S. et al. Femtosecond x rays from laser-plasma accelerators. Rev. Mod. Phys. 85, 1-48, https://doi.org/10.1103/
RevModPhys.85.1 (2013).

Ritschl, L., Sawall, S., Knaup, M., Hess, A. & Kachelriess, M. Iterative 4d cardiac micro-CT image reconstruction using an adaptive
spatio-temporal sparsity prior. Phys Med Biol 57, 1517-1525, https://doi.org/10.1088/0031-9155/57/6/1517 (2012).

Badea, C. T. et al. A dual micro-CT system for small animal imaging. In Medical Imaging 2008: Physics of Medical Imaging, vol. 6913,
691342, https://doi.org/10.1117/12.772303 (International Society for Optics and Photonics, 2008).

Guo, X., Johnston, S. M., Qi, Y., Johnson, G. A. & Badea, C. T. 4d micro-CT using fast prospective gating. Phys Med Biol 57, 257-271,
https://doi.org/10.1088/0031-9155/57/1/257 (2012).

Guimaraes, C. C., Moralles, M. & Okuno, E. Performance of GEANT4 in dosimetry applications: Calculation of X-ray spectra and
kerma-to-dose equivalent conversion coefficients. Radiat. Meas. 43, 1525-1531, https://doi.org/10.1016/j.radmeas.2008.07.001
(2008).

Cha, B. K. et al. Design and image-quality performance of high resolution CMOS-based X-ray imaging detectors for digital
mammography. J. Inst. 7, C04020-C04020, https://doi.org/10.1088/1748-0221/7/04/C04020 (2012).

Belcari, N. et al. Preliminary characterization of a single photon counting detection system for CT application. Nucl. Instruments
Methods Phys. Res. Sect. A: Accel. Spectrometers, Detect. Assoc. Equip. 576, 204-208, https://doi.org/10.1016/j.nima.2007.01.153
(2007).

Caro, A. C., Hankenson, E. C. & Marx, J. O. Comparison of Thermoregulatory Devices Used during Anesthesia of C57bl/6 Mice and
Correlations between Body Temperature and Physiologic Parameters. ] Am Assoc Lab Anim Sci 52, 577-583 (2013).

Detombe, S. A., Dunmore-Buyze, J. & Drangova, M. Evaluation of eXIA 160xI cardiac-related enhancement in C57bl/6 and BALB/c
mice using micro-CT. Contrast Media &. Mol. Imaging 7, 240-246, https://doi.org/10.1002/cmmi.488 (2012).

Gizzi, L. et al. A viable laser driver for a user plasma accelerator. Nucl. Instruments Methods Phys. Res. Sect. A: Accel. Spectrometers,
Detect. Assoc. Equip. 909, 58-66, https://doi.org/10.1016/j.nima.2018.02.089 3rd European Advanced Accelerator Concepts
workshop (EAAC2017) (2018).

. Minohara, S., Kanai, T., Endo, M., Noda, K. & Kanazawa, M. Respiratory gated irradiation system for heavy-ion radiotherapy. Int. J.

Radiat. Oncol. Biol. Phys. 47, 1097-1103, https://doi.org/10.1016/S0360-3016(00)00524-1 (2000).

. Hwu, Y. et al. Synchrotron microangiography with no contrast agent. Phys Med Biol 49, 501-508 (2004).

. Bech, M. et al. In-vivo dark-field and phase-contrast x-ray imaging. Sci Rep 3, 3209, https://doi.org/10.1038/srep03209 (2013).

. EuPRAXIA project. www.eupraxia-project.eu.

. Walker, P. A. et al. Horizon 2020 EuPRAXIA design study. J. Phys.: Conf. Ser. 874, 012029, https://doi.org/10.1088/1742-

6596/874/1/012029 (2017).

Agostinelli, S. et al. Geant4—a simulation toolkit. Nucl. Instruments Methods Phys. Res. Sect. A: Accel. Spectrometers, Detect. Assoc.
Equip. 506, 250-303, https://doi.org/10.1016/S0168-9002(03)01368-8 (2003).

Allison, J. et al. Geant4 developments and applications. IEEE Transactions on nuclear science 53, 270-278 (2006).

Allison, J. et al. Recent developments in Geant4. Nucl. Instruments Methods Phys. Res. Sect. A: Accel. Spectrometers. Detect. Assoc.
Equip. 835, 186-225, https://doi.org/10.1016/j.nima.2016.06.125 (2016).

Bard, J., Sempau, J., Ferndndez-Varea, J. M. & Salvat, E PENELOPE: An algorithm for Monte Carlo simulation of the penetration and
energy loss of electrons and positrons in matter. Nucl. Instruments Methods Phys. Res. Sect. B: Beam Interactions with Mater. Atoms
100, 31-46, https://doi.org/10.1016/0168-583X(95)00349-5 (1995).

Ivanchenko, V., Apostolakis, J. & Bagulya, A. Recent improvements in Geant4 electromagnetic physics models and interfaces. Prog.
Nucl. Sci. Technol. 898-903 (2011).

Panetta, D. et al. Temporal weighting and angular rebinning for artifact-free single-rotation restrospectively gated 4d cardiac micro-
CT. In Proceedings of the World Molecular Imaging Congress 2015, Honolulu, Hawaii, September 2-5, 2015, vol. 18 of Molecular
Imaging and Biology, S356-5357, https://doi.org/10.1007/s11307-016-0969-2 (Springer International Publishing, 2016).

Drangova, M., Ford, N. L., Detombe, S. A., Wheatley, A. R. & Holdsworth, D. W. Fast retrospectively gated quantitative four-
dimensional (4d) cardiac micro computed tomography imaging of free-breathing mice. Invest Radiol 42, 85-94, https://doi.
org/10.1097/01.r1i.0000251572.56139.a3 (2007).

Cao, G. et al. Prospective-gated cardiac micro-CT imaging of free-breathing mice using carbon nanotube field emission x-ray. Med
Phys 37, 5306-5312, https://doi.org/10.1118/1.3491806 (2010).

Dubsky, S., Hooper, S. B., Siu, K. K. W. & Fouras, A. Synchrotron-based dynamic computed tomography of tissue motion for
regional lung function measurement. J R Soc Interface 9, 2213-2224, https://doi.org/10.1098/rsif.2012.0116 (2012).

Murrie, R. P. et al. Live small-animal X-ray lung velocimetry and lung micro-tomography at the Australian Synchrotron Imaging
and Medical Beamline. J Synchrotron Rad 22, 1049-1055, https://doi.org/10.1107/S1600577515006001 (2015).

SCIENTIFICREPORTS| (2019) 9:8439 | https://doi.org/10.1038/s41598-019-44779-y 11


https://doi.org/10.1038/s41598-019-44779-y
https://doi.org/10.1109/TPS.2008.927428
https://doi.org/10.1103/PhysRevSTAB.17.091301
https://doi.org/10.1063/1.5000696
https://doi.org/10.1016/j.nima.2018.02.008.
https://doi.org/10.1063/1.5024547
https://doi.org/10.1016/j.cpc.2016.02.007
https://doi.org/10.1038/nphys1872
https://doi.org/10.1038/nphys1872
https://doi.org/10.7566/JPSJ.84.074501
https://doi.org/10.7566/JPSJ.84.074501
https://doi.org/10.1161/CIRCULATIONAHA.104.474411
https://doi.org/10.14814/phy2.13911
https://doi.org/10.1364/OE.24.025129
https://doi.org/10.1364/OE.24.025129
https://doi.org/10.1016/j.radmeas.2014.09.008
https://doi.org/10.1103/RevModPhys.85.1
https://doi.org/10.1103/RevModPhys.85.1
https://doi.org/10.1088/0031-9155/57/6/1517
https://doi.org/10.1117/12.772303
https://doi.org/10.1088/0031-9155/57/1/257
https://doi.org/10.1016/j.radmeas.2008.07.001
https://doi.org/10.1088/1748-0221/7/04/C04020
https://doi.org/10.1016/j.nima.2007.01.153
https://doi.org/10.1002/cmmi.488
https://doi.org/10.1016/j.nima.2018.02.089
https://doi.org/10.1016/S0360-3016(00)00524-1
https://doi.org/10.1038/srep03209
http://www.eupraxia-project.eu
https://doi.org/10.1088/1742-6596/874/1/012029
https://doi.org/10.1088/1742-6596/874/1/012029
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/0168-583X(95)00349-5
https://doi.org/10.1007/s11307-016-0969-2
https://doi.org/10.1097/01.rli.0000251572.56139.a3
https://doi.org/10.1097/01.rli.0000251572.56139.a3
https://doi.org/10.1118/1.3491806
https://doi.org/10.1098/rsif.2012.0116
https://doi.org/10.1107/S1600577515006001

www.nature.com/scientificreports/

Acknowledgements

This work was funded from the Italian MIUR through the PRIN project “Preclinical Tool for Advanced
Translational Research with Ultrashort and Ultraintense X-ray Pulse” (prot. 20154F48P9). L.L., L.A.G. and P.T.
also acknowledge funding from the European Union’s Horizon 2020 research and innovation programme under
grant agreement No. 653782 (EuPRAXIA project), and from the MIUR funded Italian research Network ELI-
Italy (D.M.n. 631/16). We would like to thank Dr. Maurizio Varanini for his assistance in the analysis of ECG
sequences from rats used to generate the numerical phantom.

Author Contributions

D.P. conceived the proposed application and data acquisition scheme, and conducted the analytical simulations.
L.L. conceived the proposed platform and conducted the Monte Carlo simulation of the photon transport and
detection. L.B., N.D.L. and EE provided the physiological and ultrasound data of mice used for the analytical
simulation. P.T. carried out the Thomson scattering simulations. G.E., A.S. and G.M. performed the tomographic
reconstruction. L.A.G. reviewed the laser-plasma acceleration scheme and its applicability to the conceptual
experiment. D.Pal. contributed to the design of the TS source. L.P, PP, G.R., PA.S. and L.A.G. contributed to the
design of the system. P.R. contributed to data analysis and interpretation, guarantor of the integrity of the entire
study. D.P. and L.L. drafted the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44779-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:8439 | https://doi.org/10.1038/s41598-019-44779-y 12


https://doi.org/10.1038/s41598-019-44779-y
https://doi.org/10.1038/s41598-019-44779-y
http://creativecommons.org/licenses/by/4.0/

	Numerical simulation of novel concept 4D cardiac microtomography for small rodents based on all-optical Thomson scattering  ...
	Design of the Laser-Based 4D μCT Scanner Prototype

	Prototype layout. 
	The Thomson Scattering Source. 

	Results

	4D cardiac imaging results with realistic cardiopulmonary motion. 
	Dosimetry and image quality assessment using Monte Carlo simulations with TS spectrum and fluence. 

	Discussion and Perspectives

	Methods

	Ethical statement. 
	Analytical dynamic simulations. 
	The TS source simulations. 
	Monte Carlo code for dosimetry and image quality assessment. 

	Acknowledgements

	Figure 1 Conceptual scheme of the laser-based 4D μCT scanner prototype for cardiac imaging of small rodents.
	Figure 2 Spectral and angular distributions of the X-ray photons from the all-optical Thomson scattering source as retrieved using the TSST simulation code.
	Figure 3 (a) 2D histograms showing the distribution of the X-ray pulses on the phase/angle diagram for the simulated acquisition of the dynamic phantom.
	Figure 4 Noiseless simulation showing the motion blurring for different duration of the reconstruction window ΔTrecon and the X-ray pulse ΔTpulse, reconstructed at end-systole (v = 25 mm/s) and at time of peak myocardial velocity (v = 45 mm/s).
	Figure 5 (a) Volume rendering of the 3D distribution of the X-ray dose delivered by a single laser shot to the water phantom with iodine insert (see text).
	Table 1 Main parameters of X-ray sources suitable for application in 4D μCT of the mouse heart.
	Table 2 Left column: main parameters relevant for the operating regime of the X-ray source the electron bunch and scattering laser pulse figures were used as input of the Thomson scattering simulation code TSST.




