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Introduction

The skeletal system is the third most frequent site of 
metastases (after lung and liver), with up to 30% of all 
cancers developing bone metastases (1). More specifically, 
patients with breast and prostate cancers suffer from bone 
metastases in up to 85% of the cases. Approximately 50% of 
all bone metastases are located in the spinal cord with pain, 
neurological dysfunction, and reduced activity resulting 
from hypercalcaemia and bone fractures identified as major 
complications (2).

A combination of surgical stabilization and radiotherapy 
is the current treatment standard for treating fractured 
vertebral bodies caused by spinal metastases. At the 

same time for spinal metastases indications a more local 
radiotherapy approach may be more appropriate (3) for 
certain patients from both a therapeutic and logistics’ 
point of view. Intraoperative radiation therapy (IORT) 
has therefore been suggested as an alternative strategy for 
radiation treatment in these patients either completely 
replacing the external beam therapy or the external boost 
only. Such local treatments require the use of lower photon 
energies compared to conventional external beam therapy 
(4-15 MV), and deliver a localized dose to the part of the 
spine closest to the metastases. 

At present, no calculation tool allows to accurately 
determine the dose received during an irradiation using the 
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Intrabeam™ system. In this context, the objective of this 
work is therefore to validate a patient specific Monte Carlo 
(MC) simulation based dose planning and evaluation system 
in a Kypho-IORT clinical perspective. 

Such a system needs to take into consideration not only 
the source and patient specific characteristics but also the 
source location inside the patient during treatment. This 
should be taken into account in the dosimetric evaluation of 
an IORT procedure using the Intrabeam™. A framework 
of the integration of the source position recovered during 
surgery will be proposed within the same dose planning and 
evaluation platform.

Materials and methods

X-ray source description

Amongst other IORT devices the use of novel miniature 
X-ray generator like the Intrabeam™ system (Carl Zeiss 
Surgical, and Oberkochen, Germany) has been recently 
proposed. Intrabeam™ is based on a mobile miniaturized 
radiation source (XRS4™) which consists of a 10 cm long, 
3.2 mm diameter tube that is attached to a larger housing, 
containing an electron gun and associated electronics. The 
tube is made primarily of molybdenum metal for magnetic 
shielding, except for the final 2 cm at the end of the tube 
that are made of beryllium, which acts as a transparent 
X-ray window. The entire probe is coated with a thin 
layer of chromium nitride (NCr) in order to render the 
device biocompatible. X-rays are created by forming and 
focusing an electron beam in the electron gun, accelerating 
the beam with a maximum power of 50 kV and 40 μA and 
allowing the beam to travel down the evacuated tube to 
strike a thin gold target of 0.5 µm that lines the inside end 
of the tube. Both Bremsstrahlung X-rays and characteristic 
line radiation are emitted from the tip of the tube and 
photon emission is isotropic. An internal radiation monitor 
(IRM) detects the part of the X-ray photons emitted in the 
direction of the cathode and records dose output in real-
time. The IRM result is displayed on the treatment screen 
of the control terminal so that the operator knows what 
dose is being delivered at any time throughout treatment (4). 
Depending on the clinical application, various types and 
sizes of applicators can be attached to the X-ray source. 
For the kypho-IORT, a specific applicator design has 
been developed based on stainless steel tube with a plastic 
(ULTEM polyetherimide) tip to minimize the absorption 
of the radiation. The single use INTRABEAM Needle 
Applicator has a length of 94 mm and a diameter of 4.4 mm. 

Specially designed metallic sleeves (5 mm diameter, 6 cm 
length) are used to guide the electron drift with needle 
applicator around to be inserted in the patient.

GATE based model

A MC model of the Intrabeam™ has been previously 
developed with GATE (www.opengatecollaboration.org) 
v6.2 (Geant4 Application for Tomography Emission), based 
on Geant4 libraries (5). GATE was originally developed for 
positron emission tomography and single-photon emission 
computed tomography (CT) applications. A recent release 
(v6.0) allows performing simulations of external beam 
radiation therapy via the use of dose actors (6). A dose actor 
stores the absorbed dose and/or the deposited energy in 
a given volume into a 3D image according to the spatial 
position of the hits and takes into account the weight of 
the particles. A circular source of photons was simulated 
instead of accelerated electrons striking a gold target within 
the X-ray tube. Root software (version 5.34) was used to 
calculate the photon spectrum. GATE provides different 
models for particle tracking. Each model includes specific 
processes and energy cuts. The standard energy model, 
including electron ionization and multiple scattering above 
1 keV, was selected for electron tracking. Below 1 keV, 
electrons were not tracked anymore and local deposited 
energy was thus considered. Indeed, the electron path 
does not exceed few microns in air at 1 keV, whereas in 
our simulations, the voxel dimensions were never less than 
1×1×1 mm3. For photon tracking, the standard energy 
model of Geant4 was chosen: it takes into account the 
photon path from 1 keV to 1 TeV.

Kypho-IORT set-up

In order to simulate a real treatment of kypho IORT we 
used an anthropomorphic phantom called RANDO® 
which is constructed with a natural human skeleton cast 
material that is radiologically equivalent to soft tissue. To 
facilitate dose mapping, RANDO® phantoms are divided into 
2.5 cm sections. Optional holes grids are drilled through 
the phantom’s soft tissue material allowing a variety of 
dosimeters to be used. In order to not make a hole in the 
phantom for the insertion of the applicator a RW3 plate of 
0.5 mm width, cut in the shape of the body phantom was 
added. A hole was subsequently made in this phantom part 
in order to allow the insertion of the needle applicator to 
simulate a real kypho-IORT treatment (Figure 1).
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Dose measurements are then obtained by using 
thermoluminescents dosimeters (TLD) inserted in the holes 
on the slice close to the source, before and after the one 
where the needle applicator is inserted. Nine TLD were 
then placed inside the holes around the X-ray source in 
each RANDO slice. Square TLDs of LiF:Mg (3×3×1 mm3, 
TLD700) were used in this study because they are well 
suited for these measurements due to their near to tissue 
equivalence and small physical size.

After positioning the TLDs, the source was inserted in 
the applicator needle and in the phantom body in order to 
perform a real irradiation. A dose of 5.87 Gy at 8 mm was 
prescribed as specified by the manufacturer for this kind of 
treatment, which corresponds to a 94 sec long treatment.

CT acquisition

An X-ray CT acquisition of the phantom with the needle 
applicator inserted inside the body was performed in order 
to know exactly where the applicator was positioned inside 
the body. The CT image was also mandatory for computing 
dose with the MC simulation. Simulated dose results from 
GATE were then compared with measurements, using dose 
elements located at the same position as TLDs and with the 
same size as TLD sensitive volume (Figure 2).

Results

Dose comparison

Table 1 give results of the comparison between calculated dose 

rates (in Gy/min) from MC GATE simulations and measured 
dose rates using TLDs during the treatment. Table 1 gives the 
relative deviation between simulated and experimental results 
and GATE statistical uncertainties. Results are presented at 
the skin level and inside the phantom body. Distance between 
TLD measurements inside the body is 3 cm.

Dose distribution

After simulation of the kypho-IORT treatment, CT images 
of the phantom including the applicator were integrated 
in the GATE macro in order to perform a MC simulation 
of the whole treatment. The dose distribution obtained in 
Figure 3 shows the dose deposited locally around the tip of 
the applicator in the vertebra.

Discussion and conclusions

In current clinical use, the INTRABEAM™ system delivers 
a single dose fraction of 5.87 Gy at 8 mm depth in the case 
of Kypho-IORT. At present, upon irradiation the single 
known dose is the dose prescribed, which corresponds to 
that delivered at 8 mm depth. The resulting total treatment 
time is based on the prescription parameters, the dose 
rate and measured depth dose curves in water. While this 
procedure is sufficiently precise for treating homogeneous 
water equivalent tissue it is not sufficiently accurate in cases 
of inhomogeneous tissue surrounding the applicator. No 
patient specific dosimetry is currently performed while the 
Euratom Directive 97/43 of 30 June 1997 states in Article 
4 the requirement to perform dose optimization not only 
for each patient specific tumor but also for the surrounding 
tissues at risk. However, if the dose is not accurately known 

Figure 1 Set-up of a Kypho-IORT treatment using an anthropomorphic 
phantom with thermoluminescents dosimeters (TLD) positioning 
inside the phantom and on the skin. IORT, intraoperative radiotherapy.

Figure 2 Phantom computed tomography (CT) acquisition with 
applicator inserted in vertebra.
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Table 1 Measurements comparison between MC calculated and measured dose rates

Ant –2.5 cm

MC 0.0077 0.0100 0.0055 0.0172 0.1083 0.0157 0.0167 0.0315 0.0142

TLD 0.0091 0.0162 0.0159 0.0259 0.1297 0.0372 0.0269 0.0569 0.0377

Uncertainties MC (%) 0.108 0.103 0.138 0.068 0.027 0.097 0.068 0.052 0.073

Central ±0 cm

MC 0.0101 0.0508 0.0104 0.0438 12.3409 0.0488 0.0251 0.1075 0.0271

TLD 0.0179 0.0151 0.0311 0.0894 11.4187 0.1267 0.0595 0.1566 0.0727

Uncertainties MC (%) 0.086 0.032 0.086 0.041 0.020 0.045 0.055 0.029 0.060

Post +2.5 cm

MC 0.0039 0.0053 0.0046 0.0097 0.0470 0.0157 0.0167 0.0315 0.0142

TLD 0.0063 0.0080 0.0066 0.0136 0.0723 0.0196 0.0196 0.0342 0.0240

Uncertainties MC (%) 0.144 0.130 0.151 0.093 0.059 0.109 0.088 0.063 0.100

Skin

MC 0.001167 – – – – – – – –
TLD 0.001465 – – – – – – – –
Uncertainties MC (%) 0.338 – – – – – – – –

MC, Monte Carlo; TLD, thermoluminescents dosimeters.

Figure 3 Simulation of a Kypho-IORT treatment with dose distribution on Monte Carlo. IORT, intraoperative radiotherapy.

it cannot be subsequently optimized. Several factors come 
into play. Firstly, considering the 50 keV energy the 
dose gradient is so high that any measure is hampered by 
significant uncertainty related to the positioning accuracy 

of a detector. Secondly, considering that the low-energy 
spectrum of photons varies rapidly with depth, this rapid 
variation of the spectrum makes it difficult to measure 
(detector response is never independent of the beam 
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spectrum). In addition, in order to accurately calculate 
the dose, this change of the spectrum with depth must 
be taken into account. On the other hand, for 50 keV, 
(considering an average energy of 20 keV to the surface of 
the applicator), water is not a tissue equivalent material. 
It therefore seems essential to perform dose calculations, 
not using a homogeneous water phantom but from CT 
images taking into account the spatial distribution and 
associated tissue densities for each patient. Results given 
in Table 1 show a good fit with experimental measurement. 
The mean absolute deviation between simulation and 
measurement dose rate was 0.014±0.009, 0.075±0.319 and 
0.006±0.008 Gy/min for the anterior slice the central one 
and the posterior slice respectively. the differences between 
simulation and measurement are not significant at this 
low energy; Also the use of only one thermoluminescent 
dosimeter per measurement is not enough to avoid effect 
of variation mainly at this low energies, but the phantom’s 
holes do not have size for more than one TLD. 

As a conclusion, a simulation based dosimetry framework 
is described and proposed for intraoperative treatment 
of vertebral metastases. The next step will involve the 
application of the approach in clinical studies.
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