&

Swansea University ‘C ronfa

Prifysgol Abertawe Setting Research Free

Cronfa - Swansea University Open Access Repository

This is an author produced version of a paper published in:
Biomedical Physics & Engineering Express

Cronfa URL for this paper:
http://cronfa.swan.ac.uk/Record/cronfa40283

Paper:

Reynard, D., Hugtenburg, R., Estéve, F. & Adam, J. (2018). Towards in vivo dosimetry for contrast enhanced
synchrotron stereotactic radiation therapy based on iodine x-ray spectroscopy. Biomedical Physics & Engineering
Express, 4(4), 045015

http://dx.doi.org/10.1088/2057-1976/aac2f4

This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms
of the repository licence. Copies of full text items may be used or reproduced in any format or medium, without prior
permission for personal research or study, educational or non-commercial purposes only. The copyright for any work
remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium
without the formal permission of the copyright holder.

Permission for multiple reproductions should be obtained from the original author.

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the
repository.

http://www.swansea.ac.uk/library/researchsupport/ris-support/


http://cronfa.swan.ac.uk/Record/cronfa40283
http://dx.doi.org/10.1088/2057-1976/aac2f4
http://www.swansea.ac.uk/library/researchsupport/ris-support/ 

Biomedical Physics & Engineering E':'DORSED BY
Express erﬁj IPE

Institute of Physics and
Engineering in Medicine

ACCEPTED MANUSCRIPT

Towards in vivo Dosimetry for Contrast Enhanced Synchrotron
Stereotactic Radiation Therapy based on iodine X-ray Spectroscopy

To cite this article before publication: Dimitri Reynard et al 2018 Biomed. Phys. Eng. Express in press https://doi.org/10.1088/2057-1976/aac2f4

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2018 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded by reynardd from IP address 137.44.217.133 on 09/05/2018 at 10:24




Page 1 of 18

oNOTULT A WN =

AUTHOR SUBMITTED MANUSCRIPT - BPEX-101000.R1

Towards In Vivo Dosimetry for Contrast Enhanced
Synchrotron Stereotactic Radiation Therapy based
on iodine X-ray Spectroscopy

~
Dimitri Reynard?, Richard Hugtenburg?, Francois Estéve?,
Jean-Francois Adam?

!Université Grenoble Alpes, 15 rue des Université§pSt Martin D’Heres, 38400, France
2E.A. Rayonnement Synchrotron et Recherche Médicale, Université Grenoble Alpes,
Grenoble, France

3Swansea University, Singleton Park Campus, Sketty, Swansea SA2 8PP, UK

E-mail: jean_francois.adam@esrf.fr

April 2018

Abstract. The first trial applicationsief Contrast-Enhanced Synchrotron Stereotac-
tic Radiation Therapy (SSRT) is underway since June 2012 at the European Syn-
chrotron Radiation Facility (ESRE) in Grenoble (France). The phase I-II clinical trial
is designed to test the feasibility and safety of SSRT through a dose escalation pro-
tocol. Contrast emhanced radiotherapy achieves localized dose enhancement due to
higher photoelectric effect rate in the target. This increase is obtained through the
preferential uptake of high=Z media (iodine) in the tumoral area combined with irradi-
ations with medium energy synichrotron X-rays. In vivo dosimetry (i.e. experimental
dosimetry in real ti\Qe during the treatment) would be a serious added value to the
project, in terms of online dose monitoring and quality control. It is challenging to
perform in vive dosimetry with the currently available conventional clinical techniques.
In this‘werk we investigated a method using X-ray fluorescence detection to derive the
iodine concentration contained in a tumor during the treatment of a patient, as a first
step gowards in wivo dosimetry. A mean iodine concentration of 0.33 £ 0.22 mg/ml
has been retrieved in the tumor of the patient compared to 2 mg/ml expected would
correspond to0 3% local dose enhancement in the tumor. Further work will be per-
formed to improve the attenuation correction method. The expected amount of iodine
should be 2'mg/ml in the tumor (20% dose enhancement). This method is suitable
to detect iodine in the target but has some problem in quantifying the real amount of
iodine present during the irradiation.

This study takes place within the scope of phase I/II clinical trials of Stereotactic
Synehrotron Radiation Therapy (SSRT). The trial is designed to prove the feasability
and safety of SSRT through a dose escalation protocol. The patients who benefits from
thisyamodality suffer from brain metastasis of medium to small volume.

SSRT consists in loading a tumor with an iodinated contrast agent (CA) through
intraveneous injections. The CA selectively leaches into the tumor because of the
localised blood brain barrier (BBB) permeabilisation [1]. The impaired BBB and hence
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iodine biodistribution is directly related to the tumor presence. Moreover thé iodine
is located in the interstitial space and in the vessels so the dose will be delivered to
the target cells and neovasculature, under the assumption of an homogeneous emission
of the secondary particle. [2]. The combination of CA and a stereotagtic irradiation
with mono-energetic kilovoltage X-rays produces a gradient in the absorption eross-
section leading to an increased dose deposition [3]. A differential«effect is, produced
between the tumor and the healthy brain depending on the iodine uptaké, leading to
a difference in the photon interaction mechanisms. The photoelectrons produced in
the target volume deposit their energy over a sub-millimetrie disténce in the vicinity
of heavy atoms, whereas Compton scattering predominates‘n,the surrounding healthy
tissues. As a consequence, the dose deposition upstream and downstream the tumor
is further reduced while the dose in the tumoral tissue is reinforced. This differential
effect is a substential added value to the high energy treatments performed nowadays.
Robar et al studied the use of iodine as a radiosensitizer in eonventional SRT (energy
beam ranging from 2 MV to 18 MV) and reported a dese enhancement factor (DEF)
for iodine concentration around 3 mg/ml of iodine ©6f less than 1.6 % [4]. On the other
hand Edouard et al reported a DEF of310% per mg/ml of iodine during the SSRT
treatment [5]. At high energy, the DEF is then negligible, hence the necessity of using
a low-medium energy x-ray source. In order to achieve a satisfying DEF a synchrotron
source is not mandatory, only the photonenergy matters. A first clinical trial performed
in the 90’s [6] used a modified X-ray tube and presented a total treatment time of 45
minutes (3x15 mins with codling periods mr between) because of the need of cooling
down the x-ray tube. Howeverga synchrotron offers significant advantages compared
to a conventional x-ray tube, in offeringrtunable monochromatic high flux x-ray beam,
and a substantial reductions®f the, treatment time (20 mins including positioning), and
the optimal energy between high DEF and low dose to the bone can be chosen. [5] The
iodine injection is thusyonly useddfor the SSRT fraction of the treatment.

There is a linear relationship between the localized dose enhancement and the iodine
concentration, as ghown,by [7]. A localized 10% increase per mg/ml is achieved in the
tumor when compared to an irradiation at the same energy, without contrast agent. The
treatment planning system is taking the iodine presence into account for the calculation
(Monte Carlo based¢treatment planning system) As well as radiotherapy programs,
innovativesX-ray imaging techniques using the inherent properties of synchrotron
radiation such as the high photon flux density, the broad energy spectrum, the natural
collimation and the linear polarization are under active developement.

Fluorescence spectroscopy is commonly used to detect low contents of specific heavy
atomic number elements in material science. Until now fluorescence hadn’t been
used to assess the iodine concentration and its resulting dose enhancement. Applying
thisstechnique to medical imaging, it becomes conceivable to track down the iodine
uptake of an organ without the low sensitivity of conventional CT acquisitions [8].
The measurement of the distribution of iodine within the thyroid gland [9] has been
made using Fluorescence X-ray Computed Tomography (FXCT) [10]. Later in 2005 the
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cerebral perfusion of a living mouse has been retrieved using FXCT [11]. Nevertheless,
FXCT is not appropriate for the purpose of SSRT for reasons linked to the itradiation
time, and scale problems due to the brain and skull thicknesses in human. Moreoverythe
small detection volume in the detector makes the measurement of fluoreseenceX-rays-a
rare event due to small detection solid angle, so compromise between spatial resolution
and measurement’s statistical reliability has to be found.

During SSRT treatment, the irradiated iodine atoms emit charagcteristic{X-rays (K,
line at 28.5 keV) whose amount depends directly on the iodiné comneentration in the
tumor. The exact measurement of the tumor’s CA uptake would Be a serious added
value in terms of on line dose monitoring and quality assuranee. In any case, it should
be noted that the irradiation in SSRT consists on 3 to 10 weighted beams distributed
around the patient’s skull, which is an other reason why FEXCT /as commonly used is
not appropriate. The substantial thickness of tissue in human skull and the low number
of beams incidence are technical rationales sufficienfito investigate a simpler alternative
to FXCT, in which 3D iodine average concentration can be retrieved.

Therefore the aim of this work is to examine the feasibih%y retrieving absolute iodine
concentration in real time during the SSRT treatment as a first step towards in
vivo dosimetry in SSRT. The feasability of fluorescence detection was examined by
preliminary Monte-Carlo simulations using the @ode PENELOPE (Penetration and
ENErgy LOss of Positrons and Eleetrons)uinvolving an analytical human head phantom
as the geometry used for parametric study [7]. A calibration data of iodine content
was obtained from tubes filled with various eoncentrations of iodine and irradiated with
synchrotron monochromatic low=energy X-rays. A model was then developed to relate
the fluorescence rate detected to the iodine amount. Finally this model was used to
determine the average iodimé¢oneentration in patients tumors during treatments. This
is the first mandatory step tofpropose an in vivo dosimetry modality in SSRT.

1. Material and Methods

1.1. Monte-Carlo Simulation

The aim is to'retrieve the signal generated by the K, line of iodine which is at an average
energy of 28.5 kéV composed of K,; (28.61 keV) and Ko (28.32 keV) and accounts for
about 85% of theldines produced after a K-shell ionisation [12], the other 15% are coming
from Auger emission. At these energies the average mass attenuation coefficient of the
braimstissuesis.around 0.3811 cm?/g (1.331 cm? /g for the skull,bone, ICRU-44 [13]). By
considering a tumor 5 cm in depth behind a skull of 1 cm thick, we can simply calculate
the amount of fluorescence that comes out from the head using the Beer-Lambert law
in a given direction. It is less than 0.05% of the fluorescence generated. Moreover, the
detector receives only photons emitted in a well defined solid angle which results in a
further fall of the count rate due to the isotropic fluorescence emission.

The environment of the tumor (brain, skull, skin) and its size enlarges the scat-
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Figure 1. (a) Ellipsoid phantom used for the simulation (b) Iodine fluorescence signal
collected in a 3x3x1 mm3 CZT volume
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tered photon rate which could in a sense worsen the signal to noise ratio (SNR). As a
consequence, the first point thh isiinvestigated is the feasability of the spectrometric
measurement in SSRT by thé mean of Monte-Carlo simulations. For this purpose, the
Monte-Carlo code PENELOPE:is used together with code PENGEOM to define geom-
etry files (bodies).

An analytical human head phantom is used, described by Bouchet & al [14] adapted
from nuclear medicine studies using the MIRD formalism. A tumor is modeled by a
cylinder (2 om height, 2 cm diameter) filled with a homogeneous mixture of brain ma-
terial and iodine at various concentrations ranking from 0 to 20 mg/ml. The tumor
is positionned atithe center of the brain as shown in Figure 1. The materials that fill
the bodies are adapted from the database of the ESTAR program of Berger [15] for the
brain; skulband skin. As far as mixtures and compounds are concerned, the weighted
sum method is adopted to define the material cross sections, which means that the
corresponding molecular cross section is set equal to the sum of atomic cross sections
weighted with the stoichiometric index of the element.

A'small CdZnTe (CZT) cuboid of 3x3x1 mm? is set as an energy deposition detector and
placed according to the x-axis. Finally, the simulated beam is a 2x2 cm? square field, po-
larized, parallel and monochromatic at the energy of 80 keV emitting photons along the
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Figure 2. Set up used for fluorescence measurement on patients. In case of the
acquisition of the calibration curve, tubes were not placed in head phantom.
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y-axis to form a 90 degrees angle with the detector. The impadiation is performed in the
xy-plan and the number of photons simulated accounts for 10°. Electron and photon
cut-of are both set at 25 keV as this value isilower than the K, and K, for iodine and
particles with such energy cannot produce fluorescence from the iodine K edge which is
of interest here. Coefficients C1 and.C2 are both set at 0 for a fully detailed simulation
of the scattered radiation. The spectra obtained are then processed to simulate a real
spectrum acquired with a CZT detector [16]. This numerical treatment distributes a
certain amount of counts from the full energy peak at lower energy channels, and the
peak is enlarged as a Gaussian distribution. In other words, the procedure considers
the statistical spread in the number of charge carriers and charge collection phenomena.
The MC simulations are perfoﬁed to evaluate the fluorescence detection feasibility in
a clinical case.

1.2. Analytical Model forslodine Concentration Quantification

As the fluoreseénce rate.depends on the iodine concentration, the volume irradiated, the
incident flux and'thedirradiation time, a calibration curve is realized to characterize the
iodine coneentration'in the tumor.

The setf up used, is basically an FXCT set up as described on Figure 2 with a Amptek
CZT detector with a detection volume of 3x3x1 mm? placed at 90 degrees of the
ingident beam and at 155.2 cm from the isocenter. This way of positioning the
fluerescence detector reduces the background from Compton scattering. This improves
the detectability of the fluorescence X-rays by taking advantage of the linear polarisation
of the synchroton beam [17]. A 2 millimeters pinehole is used to geometrically
select the photons coming from the isocenter and to reduce the amount of scattered
photons detected. Despite these collimation elements a significant aperture remains
and represents a circle of 15 ¢m in radius at the level of the isocenter.
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Figure 3. Irradiation geometry used in the analytical modelling of the calibration
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An array of solutions with eéncentrations varying from 0 to 20 mg/ml are prepared and
placed into cylindrical plastic4ubes of 3 cm in diameter and 3 ¢cm high. Absolute iodine
concentrations is dexived from monochromatic computed tomography (CT) images of
the tubes using the subtraction of a CT image of a tube filled with pure water [18]. The
tubes are thus irradiated with a 2 mm thick beam at 80 keV using 2 irradiation modes,
static and bottom to top seanning with the same irradiation time. Finally, the spectrum
acquired are processed.to remove the background from scattered photons using the 3
channels method [19]'andito extract the fluorescence rate.

Thissimple experiment is also simulated using MatLab (MATLAB 9.1, The
MathWerks Ings, Natick, MA, 2000). The tube is divided into pixels 10 gm x 10 pm
(dz x.dy)has shown of Figure 3. The emitted fluorescence f;; in a given pixel P, ; is
caleulated with equation 1. If we assume an equal iodine concentration [/] for each pixel
of the target, the amount of fluorescence delivered by a given pixel F;; depends only
on the amount of pixels filled with iodine that the photon flux ® impacts before the
mteraction with the pixel emitter. This number multiplied by dz defines the depth L; ;
for each pixel P, ; with regards to the entrance beam.

fij = Thpesoda - e 150 (1)
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2 Table 1. Irradiation/Simulation parameters

7 P 310" ph/em?/s

2 Beam width 3 cm

10 Beam height 2 mm

1 T 0.8

- Q 3.18 - 1077 sr

14

15 =

1? With 7 the fluorescence yield of the K, line of iodine ji,.50 andypigothe linear attenuation
18 coefficient of the photoelectric effect at 80 keV for the solution imra given voxel, dx the
;g length of the pixel and total attenuation coefficient respectively,/® the ESRF photon
Y fluence, L;; the depth of the pixel P; ;. Considering the distance D;; of the emitted
22 fluorescence f; ; in the direction of the detector inside the tube;the detected fluorescence
;Z is calculated using equation 2. )

52 Jaer(I) = 2 Z fi’je_%mp'Di,j (2)
27 "

28 with 22t a5 the total linear attenuation coefficient of the iodine mixture calculated
;g in the dipluted approximation solutiomsusing equation 3.

> teorll1]) _ l“ x (1 — - 1073) + M x [1]-107* (3)
33 P P I'nso I

34 Where ) the solid angle defined by the emitting pixel to the aperture of the detector,
:2 n is the number of pixels in the tube. Using the irradiation parameters described by
37 Table 1. The results of the caleulation are compared to the fluorescence measurement
:g to validate the calibration curve.

40

41 1.3. Measurement during.patient treatment

42

43

44 The experimental set up/is exactly the same as in the previous part (Figure 2). The
22 tumor of the patient is'placed at the isocenter of the treatment room and the irradiation
47 is performed msing several incidences (3 to 8 for the 3 patients studied here).

48 In order to maximise the spare of healthy tissue,every beam is shaped by a Cerobend
23 mask placed between the X-ray source and the patient, according to the limits of the Plan
51 Target Volume (PTV) plus a 3 mm margin. The fluorescence spectrums are acquired
52 for every beam incidences and processed to retrieve the iodine concentration in the
gj, tumor.wFigure 4 shows a print screen of the treatment plan used in SSRT and allows
55 the visualisation of the beam incidences.

56 Firstly, spectrums are filtered using a low pass filter in the Fourier space to remove
257; the statistical noise which is expressed through fast oscillations. Both the peak stripping
59 method and the 3 channels method are used to remove the background and return the
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Figure 4. CT Scan extracted from the TPS. The tumor is irradiated with 8 weighted
beams (bottom right hand corner). The material segmentation (bottom left hand

corner) shows the ring shaped iodine uptake at the isocenter height.

same results. Peak stripping method is a way of spectrum calculation that detects peaks
and iteratively merges them to the background line [19]. As for the 3 channels method,
it geometrically adjusts a trapezium under the peak and removes it.

Forsthe speetrum calculation only the 3 channels method is used because this
technique is the fastest.
In the generaldcase, when the fluorescence rate is retrieved for each beam incidence, a
normalisation procedure sould be applied. The idea is that the total irradiated volume
is setiby the Cerobend masks which shapes come directly from the TPS and is not
depending on the irradiation incidence. Therefore the iodinated irradiated volume
remains the same during the whole treatment. Retrieving the iodine concentration
in the tumor would require the normalization of the fluorescence rate to the same
irradiation conditions as the tubes in order to compare directly the fluorescence rate

Page 8 of
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in both cases. Such normalization should account for the irradiation time, the/photon
flux which decreases with time and tissue attenuation. But in SSRT one can benefit
from the fact that each of the irradiation port delivers the same dose to the isocenter
(%of 7Gy). One key aspect that is investigated is how the measured fluorescence varies
with the dose to the medium. In the case where the dependencedis proportional,
the normalization to the incoming fluence becomes pointless and theronlysremaining
step between fluorescence measurement and iodine concentration retrieval is tissue
attenuation correction for 28.5 keV photons (lodine’s Kypn, lii€). F\or this purpose,
a serie of MC simulations involving tubes 3 cm in diameter 3cm high filled with 5mg/ml
of iodinated solution and 1 cm thick slabs of brain material isused. The brain slabs are
positioned between the 80keV photon source and the tube. The brain thickness ranges
from 1 cm to 4 cm. In the mean time the same experiment is realized with a tube filled
with bmg/ml of iodinated solution and brain slabs from the CIRS (CIRS, Norfolk, VA
,USA), radiosurgery phantom MODEI605.

The beam used for the imaging procedure is thefsame used for the treatment which is
a monoenergetic 80 keV beam. At the ESRF the tomograf)hy reconstruction algorithm
generates CT scans where pixel valuesdare the linear attenuation coefficient at the
scanning energy.

Therefore, tissue attenuation correction for 28.5 keV photons is computed from a
patient specific CT scan realized between'the iodine injection and the patient irradiation.
The resolution of the CT scan is 841%841 with a pixel size of 336x336 um? The
extrapolation of mass attenuation coefficient obtained on the CT image tothe value
required for 28.5 keV photons issealeulated using the method described by Schneider &
al [20]. In this method the Hounsfield units (in our case the grey values of the image)
at a given energy of each material are sorted. Any in between Hounsfield unit present
in the image is then des¢ribed as¢a mixture of the two elements matching two closest
material Hounsfieldsunit values. The mass attenuation coefficient at 28.5 keV from the
NIST database for eachhymaterial is finally used to extrapolate the CT image at 28.5
keV.

For the purpose of this work 3 regions are defined. The first one is a mixture of
brain tissue amdtiodine. (8] has stated that a small amount of iodine remains in the
brain tumoral tissuedafter,the injection so this segmentation is applied for Hounsfield
units closesto the tumoral tissue. For regions close to the bone, materials are described
as a mixture of\brain and spongy bone. The skull being a sequence of spongy bone
and cortieal bone, any Hounsfield unit around the spongy bone value will be treated
as fa mixture of spongy bone and cortical bone. The last region is treated as cortical
bone, only. 'Figure 5 shows a profile from the 80 keV CT scan. The values of the linear
attenuation coefficient for each material is extracted from the NIST database. The
mixtutes are calculated as a weighted sum of two materials. Considering p; and puo
the linear attenuation coefficient at 80 keV from the NIST database of two materials
composing the mixture and o and § the mass fractions. Any p; < g < p2 in between
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Figure 5. Profile from the 80 keV CT scan. Distance 0 is at the isocenter and the
profile crosses the brain and the skull.
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(ib) linear attenuation coefficient in the image beswritten as:
4
pap = apn+ Bho (4)
1 = a+p4

Solving the equation leads to:

. s )

The coefficients o and 3 are #hen used for each pixels to attribute an extrapolated

{5 —  Hib—m

value of the linear attenuation coefficient at 28.5 keV [t 23 5kev @s given by equation 6
where are the linear attenuationscoefficient of the materials at 28.5 keV from the NIST
database.

Le,28.5keV = C[11385 + Bli298.5 (6)

The linear attenuatiomncoefficient used at 28.5 keV are pior — [tRayteigh- As a matter
of fact, including Rayleigh scattering in the linear attenuation coefficient means that a
photon that imteract.through Rayleigh mechanism will not be detected. The 15 c¢m in
radius aperture at the level of the isocenter makes Rayleigh photons detectable by the
CZT detectors Thetissue attenuation is finally corrected using the extrapolated 28.5
keV CT scan. For each irradiation port the attenuation coefficient is calculated as the
mean coefficient in a cone from the isocenter and limited by the size of the active volume
ared of the CZT detector which represents an average over 10 lines.

2. Results

Monte-Carlo Simulation

The Monte-Carlo simulations provides results that confirm the feasability of fluorescence



Page 11 0f 18

oNOTULT A WN =

AUTHOR SUBMITTED MANUSCRIPT - BPEX-101000.R1

11

detection in the case of a centered tumor. The mean concentration of iodine in the tumer
volume is expected to be around 1.95+0.12 mg/ml as measured on 12 patientstby Obeid
& al [8]. For the simulation, a concentration of 5 mg/ml is used and leads,to a SNR-of
5.28 as shown in Figure 1. It is reasonably assumed that we can detect thedodine concen=
tration in real patient. Building a calibration curve from the Monte-Catlo simulation is
unrealistic because of the low statistics in the small detection volume#(8x3xlhmm?). As
a consequence these simulations show that the detection of iodine on patients is feasible.

~

Calibration Curve

Results of the calibration are shown on Figure 6 for an irtadiated volume of 1.14 cm? and
a 1 second irradiation time. The model described in sectiony2.2 and the experimental
data agree within the error bars for concentrations.ranking from 0 to 20 mg/ml.

The calibration curve is bended which is due to/the fact.that the water absorbs less the
photons than the iodine at a given energy. In the case of an equal absorption between the
matrix and the analite the fluorescence would have alinear dependance with the analite
concentration [19]. The simulated curve is slightly lower than the measured one as it
comes from a calculation that onlymaccounts.for the primary interactions. Scattered
radiation who’s influence depends onithe phoeton spectrum and irradiation geometry
is not modelled here as its agcurate quantification is not accessible analytically. The
mean difference between the simulated and measured fluorescence is 15% which might
correspond to the influence of the fluerescence emitted after interactions of scattered
radiation in the tube. This simulation also allows the visualisation of the relative
fluorescence intensity of each p\ixel and their contribution to the signal (Figure 7). It
should be noticed that the major part of the signal comes from pixels at the edge of
the tube in the direction of the'detector and not from the isocenter. This is due to the
attenuation of the 80.keViphotons inside the tube on one hand and self absorption of
28.5 keV photons within the medium combined with the irradiation geometry on the
other hand.

Measurement during patient treatment

Each_spectrumy/ acquired for each irradiation incidence is shaped like the spectrum
provided by Figure 8 which is the first one ever recorded in SSRT. The intensity of the
K, line depends on the irradiation time and both the distances between the isocenter
and the beam entrance point (z;) and the isocenter to the exit point (zs).

Thered curve on Figure 8 is the result of the numerical process to remove the scattered
radiation background. The correct fluorescence rate is extracted by fitting the peak
with a 2 Gaussians function. The 2 Gaussians function is more appropriate to describe
a photoelectric peak from a CZT detector because of its asymmetry due to incomplete
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Figure 6. Calibration curve obtained from irradiated tubes and calculated from the

model.
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Figure 7. (a) Relative fluorescence isotropic emission intensity in the numerical
tube.(b) Relative contribution of each pixel to the measured signal.
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Figure 8. Spectrum detected for one irradiation incidence versus channel number:
The blue line is the raw spectrum and the red line is the iodine K, line obtained with
background removal.
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charge collection. The content of every channel is then summed to obtain for each
irradiation incidence the detected fluorescenee rate.

In order to compare the fluerescence rate to the calibration curve, a normalisation
procedure has to be applied. In SSRT, each irradiation incidence deliver the same dose
to the isocenter. The resultsof the MC study about the assumption that the fluorescence
rate detected is proportional o the dose at the isocenter are shown on Figure 9. The
dose and the number of counts are normalised to the maximum measured for tubes
filled with 5mg/ml ef jedine. The measured fluorescence and the dose calculated for
tubes filled with 5mg/ml follow the same trend as the brain thickness increases, i.e. the
detected fluoresgence rate is proportional to the dose to the isocenter. In addition, when
normalising testhe deseto water, the increase in dose deposition in a 5mg/ml tude is
around 50 percents which,corresponds to values found in the litterature (10% increased
dose per mg/mil iodine) [8].

Thanks to this calculation, the normalisation procedure becomes easier, irradiation
parameters independent, but depends only on the patient geometry. The next step is
then to numerically remove the tissue around the tumor by exploiting the CT image
acquired with a 80keV monochromatic beam for centering the patient, and extrapolate
the mass‘attenuation coefficient to their value at 28.5 keV. The first attempt is realized
ontubes filled with 5mg/ml of iodine and the results are shown on the following table:

In this case of very simple geometry, the extrapolation of the Hounsfield units from a
80 keV CT scan to 28.5 keV allows retrieving the expected fluorescence rate. The brain
thickness removal produces fluorescence values in agreement with the data acquired on
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Table 2. Fluorescence normalized to the machine current for a bare tube and corrected
for brain attenuation using extrapolation method.

Irradiation conditions Raw data /mA/s Corrected data

Bare Tube 52 + 1.5% 52 + 1.5%

Tube + lcm brain 37.53 £ 1.8% 53.53 £ 1.8%
Tube + 2cm brain 25.53 £ 2% 51.60 44 3%
Tube 4+ 3cm brain 18.01 + 2% 53.80.4 3%
Tube + 2cm brain 13.72 + 2% 51.85 + 3%

Figure 9. Comparison between the dose to the igocenter of the tube calculated with
MC (solid line) in a 5 mg/ml iodine solution and the detected fluorescence rate (dashed
line). The doted line is the dose to water.
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the bare tube within the error bars. Finally, the attenuation coefficient extrapolation is
tested on anC'T scan from a real patient, performed after the irradiation. As described
in section 2.3 (Figure 4), the 80 keV CT scan is extrapolated to 28.5 keV to obtain a
map of linear attenuation coefficient at this energy. The tissue thickness is then removed
by acquiring pixels values on the lines from the isocenter to the detector and 10 other
adjacent lines which are representative of the aperture of the detector. Figure 10 dis-
plays the corrected fluorescence rate versus the irradiation incidence. The procedure is
supposed to produce the same number of counts for each irradiation port, but as shown
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on Figure 10, the difference between the calculated fluorescence for the incidenc¢e ports
can be up to a factor of 10.The additional source of uncertainties can be theddetection
noise, the error made using the 3 channel method and the standard deviation oversthe
10 lines in the CT scan and varies between 4% and 15%.

Figure 10. Fluorescence rate retrieved for each irradiation incidence.
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Table 3. Caption to table
Iiradiation port [[Jmg/ml  A[l] mg/ml
1 0.102 + 0.008
2 0.170 + 0.025
3 0.605 + 0.028
4 0.801 + 0.034
5 0.430 + 0.033
6 0.322 + 0.019
7 0.073 + 0.007
8 0.138 + 0.013
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3. Discussion

The results of the MC combined with the/analytical $tudy highlight the fact that
the iodine fluorescence detection using a GZT detector is achievable. Previous studies [8]
found a mean iodine uptake for 5 patients of 1.54+0.19 for one protocol and 1.94+0.12
for an other. But in this case, the iodine uptake issnot homogeneous and is ring shaped
around what appears to be a necrotic €ore (Figure 4). The signal coming from the edge
of the tumor may be averaged becauserthe numerical procedure assumes an emission
from the isocenter and finally lowers the iodine concentration retrieval. Moreover, the
CT scan being acquired after the irradiation causes the iodine to be partially washed
out of the tumor.

N

The patient specific/progedure based on the CT scan can be quantify using the
linear attenuation ceefficient at 28.5 keV of brain and two types of bones (ICRU-44).[13]
Assuming an error of 10% on the extrapolation of both brain and skull attenuation
coefficient, one can calculate the error made once used in the Beer-Lambert law.
Considering a 1,m thick brain slab and a 1 ¢cm thick bone as a combination of 2x 1mm
of cortical bonerand 8mm of spongy bone, such error will lead respectively to 3.4%/cm
and 16%/cm in difference,in the calculated fluorescence rate. It has also been pointed
out by Verhaegen et al that the uncertainty in the tissue composition could lead to
large errors in the dose deposition. Whereas the probability of the Compton effect for
different tissues depends only on the electron density, the probability of photoelectric
effécts depends very strongly on the effective atomic number Z3~4 of the tissues [21].
The.modelused in this paper utilizes artificial mixtures that are correct for high energy
photon'beams but leads to large fluctuations in the retrieved fluorescence rate because
the photoelectric effect is responsible for the fluorescence emission. As a consequence
the retrieved fluorescence is underestimated due to an overcorrection of the number
of photons when large bone thicknesses are involved. Despite difference in the
retrieved fluorescence rate, using the calibration curve previously obtained the iodine
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concentrations are in the range, between 0.1 mg/ml and 0.8 mg/ml(Table 3).

The major part of the uncertainties comes from the extrapolation procedure. In

the range of energies between 28.5 keV and 80 keV the difference in photon interaction
mechanism is huge for materials such as bones. Interfaces (brain/bone ete) arehandled
by the mean of thresholds applied depending on the pixel values. These thresholds
remain user dependant and can lead to differences in the results.
The improvement of the collimation should suppress the detection of {fluorescence
photons from above and below the isocenter level, and increase the,accuracy of the
correction based on one single CT slice at the isocenter level. One ;dvantage of the
technique is that the calculation is instantaneous, which is‘an addedsvalue for real in
vivo detection.

4. Conclusion

This study is a proof of concept of detecting iodinefluorescence emission during a SSRT
treatment and is a first step towards in vivo dosimetry in SSRT using X-ray spectroscopy.
The approach in this paper helped us to point out the quantification issues in the
technique. Though sensitive to the material segmentation, the technique proposed here
retrieves a rough estimate of the iodine congentration in the tumor instantaneously. A
range of iodine concentration ranging from.0.1 te 0.8 mg/ml has been retrieved compared
to the 2 mg/ml expected. Improvementsiof the collimation should enhance the accuracy
of the technique that can become a great added value to the SSRT project in terms of
quality insurance.
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