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A B S T R A C T

Partial breast irradiation for the treatment of early-stage breast cancer patients can be performed by means
of Intra Operative electron Radiation Therapy (IOeRT). One of the main limitations of this technique is the
absence of a treatment planning system (TPS) that could greatly help in ensuring a proper coverage of the
target volume during irradiation. An IOeRT TPS has been developed using a fast Monte Carlo (MC) and an
ultrasound imaging system to provide the best irradiation strategy (electron beam energy, applicator position
and bevel angle) and to facilitate the optimisation of dose prescription and delivery to the target volume while
maximising the organs at risk sparing. The study has been performed in silico, exploiting MC simulations of a
breast cancer treatment. Ultrasound-based input has been used to compute the absorbed dose maps in different
irradiation strategies and a quantitative comparison between the different options was carried out using Dose
Volume Histograms.

The system was capable of exploring different beam energies and applicator positions in few minutes,
identifying the best strategy with an overall computation time that was found to be completely compatible with
clinical implementation. The systematic uncertainty related to tissue deformation during treatment delivery
with respect to imaging acquisition was taken into account.

The potential and feasibility of a GPU based full MC TPS implementation of IOeRT breast cancer treatments
has been demonstrated in-silico. This long awaited tool will greatly improve the treatment safety and efficacy,
overcoming the limits identified within the clinical trials carried out so far.
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1. Introduction

Among the different cancer treatment modalities available today,
Intra Operative Radiation Therapy, delivered with electrons (IOeRT),
can be used to effectively deliver the prescribed dose to the target
volume maximising the local treatment efficacy decreasing the risk of
local cancer recurrence [1–7]. Beside the use of electrons, recently, also
the use of low energy X-rays is gaining attention in the context of local
treatment of resected brain metastases [8].

In IOeRT the treatment is delivered directly to the primary tumour
bed and the clinical workflow is detailed as an example for the most
frequent treatment: partial breast irradiation (PBI) [9–15].

The possibility to implement dedicated shielding, exploiting the
surgical breach, can increase furthermore the sparing of Organs At
Risk (OARs): protective disks, whenever possible and needed, can be
inserted by the surgeon to additionally shield OARs that are close to
the target volume. For the PBI case, such organs are mainly the ribs,
lungs and heart that might be adjacent to the target volume [16–
20]. Whenever the tissues that have to be treated are ready, their
thickness is measured with a graduated needle and the energy of the
electrons is assessed accordingly. The patient is then treated with a
single irradiation of mono-energetic electrons delivered within less
than 2 min (Averaged Dose Rate is >10 Gy/min), being the typical
prescription 21 Gy at 90% isodose [21], by means of a compact linear
accelerator and an applicator that allows to achieve the desired dose
flatness and conformity to the target. Once treated, the protective disk
is removed, the breach is closed and the surgery ends.

The treatment planning, up to now, was not foreseen in the clin-
ical workflow for two main fundamental reasons: the lack of ‘intra-
operative’ imaging, needed to allow for the dose calculation, and
the time needed to produce dose maps that could be used for an
optimisation process. The absorbed dose in these cases was simply
assessed by means of an analytical calculation. An IORT-dedicated
imaging and Treatment Planning System (TPS) has been sought with
great efforts, but despite the significant research activity [22–30] no
solutions adaptable to a routinely use in the clinical practice, capable
of including an intra-operative imaging input for the planning, have
been developed so far. Instead a solution, the Radiance planning tool,
that is based on pre-surgery imaging information has been developed
and made available to the interested therapy centres [31]. In this
case a hybrid Monte Carlo algorithm is used to simulate the dose in
homogeneous and heterogeneous media and Cone Beam CT images
acquired after surgery, whenever available, can be used to perform the
tissue heterogeneity correction [28].

The outcome of the treatments carried out as previously detailed
has been evaluated in the context of different clinical trials. The risk
analysis performed to evaluate the possibility of local recurrences and
documented in the ELIOT [21,32] clinical trial, demonstrated that out-
comes after IOeRT-based PBI were not optimal, what has been linked to
underdosage or geographical miss of the Clinical Target Volume (CTV)
due to absence of proper imaging, treatment planning and applicator
docking or position checking. Such findings have been documented in
a manuscript with specific recommendations for breast cancer IOeRT
treatments [10].

The findings of ELIOT trial can be explained in view of two specific
aspects of the workflow: the absence of a treatment planning tool for
the assessment of target coverage with a given applicator configuration
and the need to keep the surgical breach to insert the protective disk to
a minimum dimension as surgeons are not willing to practice wide cuts
for the removal of small tumours as this appeared to be unnecessary
and it impacts on patient cosmesis. As an example we discuss the case
of a 1.5 diameter tumour (CTV). Assuming that a margin of 2 cm
is applied when defining the Planning Treatment Volume (PTV) to
ensure the proper treatment of the tissue that is not removed, and
that a circular applicator (external ⌀ = 7 cm, to account for additional
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uncertainties related, e.g. to the positioning) is needed to treat the
volume, an incision of 10.5 cm will be needed. Surgeons usually prefer
not to practice such large incisions, the applicator diameter is reduced
accordingly resulting in an under-dosage of the PTV. In addition, the
positioning of the applicator that is used to deliver the beam to the
primary tumour bed is done by the radiotherapist once the breach is
closed without any machine guided help increasing significantly the
risk of geographical misses.

These limitations could be overcome using a TPS provided with an
image guided docking technology capable of reducing the positioning
uncertainties and the risk of geographical misses [31,33]. The feasi-
bility of introducing a dedicated fast Monte Carlo (MC) simulation in
the clinical workflow was already explored in [34], proving that a
Central Processing Unit (CPU) based solution was capable of providing
reliable results in a time scale of few minutes. However, the exploration
of different configurations and the task of plan optimisation remained
difficult in the short time available after the tumour resection. In the
following we discuss the possibility of using an ultrasound (US) scanner
to acquire, after-surgery, the image of the tissues to be treated, define
the CTV, PTV and OARs to compute, using a GPU-based Monte Carlo
(MC) software the absorbed dose maps needed for the optimisation
process and perform a full treatment plan optimisation.

Such planning tool becomes additionally interesting in view of the
recent experimental evidence of OARs sparing is presence of treatments
delivered at ultra high dose rates (>40 Gy/s, FLASH effect [35–43]).
The use of monoenergetic high-intensity pulses of electrons (needed to
deliver as fast as possible the whole dose of several Gy) makes IOeRT
the current best candidate for the first clinical implementation of the
FLASH effect.

Exploiting the FLASH effect could help the surgeons to avoid inva-
sive surgery procedures, i.e. large surgical breaches, which can increase
postoperative complications and pain and produces visible scars while
maintaining the treatment efficacy [44,45].

The solutions that have been foreseen, implemented and tested
by means of an in-silico study are detailed in Section 2. Section 3
presents the results obtained in a PBI case delivered both in conven-
tional (∼0.05–0.5 Gy/s) and FLASH dose rate regimes. The impact on
the future of IOeRT breast cancer treatments is finally discussed in
Section 4.

2. Materials and methods

The IOeRT planning that we have implemented, starts from the
anatomical and geographical information on the tissues that have to
be treated that has to be acquired by means of an imaging technique.
Then MC simulation is used to compute the absorbed dose inside the
tissues and different irradiation configurations are explored to ensure
the target volume coverage and maximise the OARs sparing. The latter
evaluation is performed by means of Dose Volume Histograms (DVHs).

The current IOeRT clinical workflow does not foresee any post-
resection imaging. One possibility, in the future, could be to have a
technology capable of performing a fast CT scan during surgery in
the actual conditions used to deliver the beam. As this technology is
currently not foreseen or available during standard IOeRT treatments,
we have explored a customised solution utilising ultrasound imaging.
This system enables the acquisition of a 3D image by performing a
vectorial sum of 2D US images obtained through a US probe, which is
spatially monitored in real-time using an optical tracker. This solution
allows to acquire the position of the tissues after the tumour resection
and the eventual implantation of a protective disk.

In this case, as shown in Fig. 1, the IOeRT clinical workflow becomes
as follows: (i) the patient undergoes the resection; (ii) the surgeon and
the radiation oncologist define and prepare the volume to be treated
and inserts the protection disk whenever needed; (iii) the US probe
is used to acquire an image of the tissues and the positioning of the
protection disk with respect to a general reference point known to

the accelerator positioning device; (iv) the surgeon and the radiation
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Fig. 1. IOeRT procedure: (1) the patient is surgically treated and the tumour mass is removed; (2) whenever needed a radio-protection disk is inserted under the area that will
be irradiated; (3) by using a US probe, which is referenced in the space by means of an optical tracker, the surgeon acquires US images; (4) the surgeon identifies the surface to
be scanned and regions of interest (PTV and OARs); (5) different treatment configuration are explored looking for the optimal one. The whole process takes less than 2 min. At
the end image guided docking is correctly performed and the dose is recalculated (6).
oncologist define the target volume (PTV) and OARs positions using
the software interface that displays the ultrasound output; (v) the
treatment planning is performed exploring different beam applicator
positions, angles and energies; (vi) the accelerator and the applicator
are placed by the radiation oncologist in the optimised position and
the plan is delivered. Image guidance helps docking process and the
dose distribution and DVH are calculated again when docking is over
to minimise the risk of geographical miss.

To test the workflow and assess the feasibility of a fast optimisation
of the treatment plan during surgery, a MC study has been performed.
FRED, the GPU-accelerated [46–48] dose engine used to compute the
dose maps, implements all the necessary electromagnetic processes
needed to reach the accuracy required for the planning and allows to
compute the maps within seconds. By using a full MC implementation
we were able to test the feasibility of a plan optimisation whenever
a CT of the patient would become available and the use of actual
tissue densities would have a larger impact on the final plan and
dosimetric report precision. However, to test the workflow in the worst
case scenario, we used for our simulations a modified phantom in
which the US information was used to mimic the real conditions of
a clinical IOeRT treatment workflow, implying that only water, air
and the Radio-Protection disc (RPD) materials were allowed and the
US input was used to define the simulation geometry. To perform
all the simulations presented in our manuscript we used an NVIDIA
GeForce RTX 3090 GPU. As patient related US imaging data are not
yet available, in our study we used a CT image of an anthropomorphic
RANDO® male phantom with a silicone breast prosthetic application,
modified to account for the expected US position resolution. All the
voxels belonging to the patient were assigned to the water Hounsfield
unit (HU) while outside the patient the air HU was used. According to
the US expected imaging performance, we defined Regions Of Interest
(ROIs) with a depth of no more than 7 cm (equal to the US optimal
viewing).

The PTV was defined with an approximately spherical shape with
a mean radius of 2.5 cm and its centre was placed at a depth of 3.8
cm from the phantom skin surface (Fig. 2 panel A, in red). This region
has been defined accounting for the additional margin, with respect
to the clinical target volume, usually defined by the surgeons in PBI
treatments after the tumour resection. The studies presented here-after
consider the presence of an RPD inserted just after the PTV, to protect
the patient OARs (ribs, heart, lung). The disk is shown in panel A of
Fig. 2, in white. We modified the HU value of the CT in order to define
a cylindrical disk (radius of 3.9 cm) composed of a first layer, 3 mm
3

thick, of Polytetrafluoroethylene (PTFE, HU = 950) and a second one,
with the same thickness, of stainless steel (HU = 10 000) [17,49].

In addition to the PTV and RPD we defined additional OARs needed
for the plan evaluation, all shown in panel A in Fig. 2. The phantom
Skin region was defined starting from the edge between the materials
identified, respectively, as water and air, with a thickness of 5 mm.
The Pectoral Muscle region, was instead defined to evaluate the dose
released after the RPD and designed as a cylindrical-shaped region with
a thickness of 1.2 cm and a mean radius of 3.9 cm placed just after the
RPD. Finally, the Breast region was defined as to include all the tissues
between the phantom skin and the RP disk surrounding the PTV, with
the latter being subtracted. To account for the surgical breaches and
tissue deformation needed to insert the applicator, we directly replaced
the water HUs with air up to a depth of 1.3 cm, according to the PTV
and applicator dimension. In Fig. 2, panel A, the surgical breach is not
shown.

Calculation and optimisation of the absorbed dose maps was per-
formed assuming a dose prescription of 20 Gy covering the PTV along
the beam direction and enclosing 90% of the PTV along the radial
directions.

For the treatment optimisation different configurations were ex-
plored: beam energies, applicator sizes and positions were simulated
assuming FLASH or conventional delivery conditions.

The best plan was selected by calculating the Dose Volume His-
tograms (DVH) after each simulation. Once all the simulations are
completed, the TPS is able to determine the best configuration min-
imising the absorbed dose to the OARs while ensuring the proper PTV
coverage.

2.1. Selecting the best plans

While a full MC simulation of a plan optimised to deliver 20 Gy
to the PTV would imply the study of ∼1012 electron interactions,
the simulations were performed using only 5105 primary electrons. To
define the optimal statistics needed to ensure robust results against
statistical fluctuation, the DVH for a given plan have been re-obtained
for different number of electrons in the range between 104 and 106.
The absorbed dose distribution in each voxel was averaged with the
values of its adjacent neighbours to minimise the impact of single voxel
fluctuations. The total number of 5105 represented a good compromise
between the overall simulation time, which has to be compatible with
the whole time available during the surgery (few minutes) for the full
plan calculation and optimisation, and the overall DVHs robustness. As
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Fig. 2. Panel A: Visualisation of the three anatomical planes, transverse, sagittal and frontal respectively, of the anthropomorphic phantom. The CT has a voxels dimension of
0.2 cm in all the directions. The ROIs are also highlighted: the PTV in red, the skin ROI in blue and the Breast and Pectoral Muscle ROI in green and purple, respectively. In
white the RP disk with diameter equal to 40 mm, is also shown. Panel B: Schematic view of the position scan. The centre of the beam, impinging on the phantom along the 𝑦
direction, was moved in a [x,z] grid with 10 mm steps. Starting from the centred position ([0,0]), nine different simulations were performed with the beam centre located on the
red dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
the GPU hardware is already exploited to its highest power, increasing
the statics without adding additional hardware resources, would result
in an increased processing time, with an almost linear dependence
of the total simulation time with respect to the number of primaries
generated. We defined the final value as the smallest one from which
the statistical fluctuations among the DVHs performed with different
random seeds became negligible. In these conditions, the dose in each
voxel fluctuates with an average relative uncertainty of 1%.

The overall procedure of computing the absorbed dose map needs
to proceed quickly enough to allow for a plan optimisation within the
limited amount of time available after the surgery. Using FRED we were
able to perform the full simulation of the interactions of 5105 electrons
from an 8 MeV beam (80 mm applicator diameter) impinging on the
modified CT in only eight seconds (including the DVHs calculation
time).

The choice made on the ranges of energies, positions and applicator
diameters to be explored is based on the clinical experience of PBI
treatments. Based on the dimension, position and thickness of the PTV
considered in our simulations, we defined 8, 10 and 12 MeV as options
to be investigated for the beam energy.

Concerning the applicator size, we proceeded as in the clinical
practice, exploring the range of dimensions that guarantees the best
compromise between the PTV coverage and the surrounding healthy
tissues sparing. The minimum size of the applicator diameter was set
relative to the size of the PTV dimension in the transverse plane with
respect to the beam direction (40 mm ⌀), to ensure the minimum
coverage of the target volume, neglecting the additional safety margins
that are important to reduce the risk of local recurrences. The upper
limit, instead, was defined as to properly account for the additional
margins around the PTV. Margins of 0.5, 1 and 1.5 cm were considered,
resulting in the study of applicators with diameters of 50, 60 and
70 mm, respectively. The study of maximum applicator size plays a
crucial role when trying to maximise the treatment efficacy.
4

Finally, the optimisation of the applicator position was performed
by means of a scan around the surgical breach. The beam centre,
impinging on the phantom along the 𝑦 direction, was moved from the
centred position [0,0] in a (x,z) grid with 10 mm steps, as shown
in panel B of Fig. 2. As for the other studies, the DVHs have been
computed to find the optimal configuration.

3. Results

The isodose maps obtained for electron beam energies of 8, 10 and
12 MeV and using a 50 mm internal diameter applicator are shown
in Fig. 3 (panel A) while in Fig. 4 (Left) the corresponding DVHs are
reported. To match the dose prescription, the dose maps produced by
FRED in Gy/primary units, were multiplied by the number of electrons
required to ensure the dose prescription at the PTV (20 Gy at 90% of
the PTV volume). From the DVH, it is possible to see that the 8 MeV
beam does not provide an adequate PTV coverage defined as, here and
in the following, the fraction of the PTV volume that receives 95% of
the prescribed dose (V95). In this case, the values of V95 for the three
energies are, respectively, 92%, 96% and 97% for 8, 10 and 12 MeV
energies.

The results obtained for 12 MeV clearly show that at such energy
the dose absorbed by the pectoral muscle region grows significantly.
The results for 10 MeV show that a proper PTV coverage at the cost of
a small dose to the pectoral muscle ROI and for that reason the 10 MeV
energy has been chosen as reference for the other studies.

The results of the applicator diameter optimisation study are shown
in Fig. 3 (panel B) and Fig. 4 (Right). The results have been obtained
using a fixed beam energy of 10 MeV. The DVHs are clearly showing
that when using a 40 mm internal diameter, it is not possible to achieve
the required PTV coverage with V95 values for the different applicator
dimensions that are, respectively, 93%, 96%, 96% and 97%.

The dose to breast and skin increases as expected when using larger
applicators, accordingly with the geometry and positioning of the ROIs.
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Fig. 3. Isodose maps comparison using different beam energies (panel A) and applicator dimensions (panel B) for the simulation. The first scan was obtained from the IOeRT
plan, respectively, with 8, 10 and 12 MeV electron beams collimated by a 50 mm diameter applicator, whereas the second one was obtained by changing only the applicator
dimension (ranging from 40 to 70 mm) with a fixed beam energy equal to 10 MeV. The dose levels below 1% of the prescribed dose, i.e. 20 Gy, were masked for enhancing
clarity in visualisation. The absorbed dose in Gy/primary units were normalised to match the dose prescription. The PTV is also highlighted with a dotted black curve.
Fig. 4. Plan comparison with different beam energies and applicator dimensions. DVHs for the PTV and OARs obtained from the IOeRT plan with an 8, 10 and 12 MeV electron
beam collimated by a 50 mm diameter applicator are reported on the left, whereas the ones obtained by changing only the applicator dimension (ranging from 40 to 70 mm)
with a fixed beam energy equal to 10 MeV are shown on the right. The absorbed dose in Gy/primary units were normalised to match the dose prescription.
The position scan study was performed using electrons with 8 MeV
energy and an applicator of 50 mm internal diameter. The simulation
was performed for the nine different beam positions shown by the red
dots in Fig. 2, panel B. The DVHs obtained for each position are shown
in panel A of Fig. 5 left and right, respectively, for the PTV and Breast
region. Panel B of the same figure, shows the dose maps in Gy units for
the centred and worst-case plans, corresponding to the [0,0] and [1,1]
positions, respectively, as illustrated in panel B of Fig. 2.

The best plan selection algorithm implements the calculation of
mean and maximum doses in the OARs and returns, in each scan,
the optimal configuration ensuring the proper PTV coverage while
lowering the dose to the OARs as much as possible.
5

3.1. TPS timing performance

The plan calculation and optimisation time for the study of the beam
energy lasted 13 s, the diameter optimisation study took 16 s and finally
the scan of 9 positions in the transverse plane with respect to the beam
direction required 35 s.

Assuming that different geometrical configurations could be ex-
plored by the radiation oncologists, at different energies, the timing
performance shown before are demonstrating that up to 50 different
simulations could be doable on a single GPU cards within the allowed
time (few minutes). As an example, the simulation time needed to ex-
plore three different beam energies and, for each energy, three different
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Fig. 5. Panel A: DVHs for the PTV (left) and Breast ROI (right) for the nine simulations. The centred position corresponds to the [0,0] simulation while the others are identified by
the coordinates shown in Fig. 2, panel B. All dose maps were multiplied by the number of electrons needed to match the dose prescription, ∼1012. Panel B: Dose maps comparison
between the centred (upper) and worst-case (bottom) plans, corresponding to the [0,0] and [1,1] positions, respectively, as defined in panel B of Fig. 2. The PTV is highlighted
with a dotted black curve. The dose maps in Gy/primary units were multiplied by the number of electrons needed to match the dose prescription.
applicator positions, is ∼1 min. Such time can be further reduced by
increasing the number of GPUs.

3.2. The FLASH effect potential

The PBI treatment is undeniably one of the most suited for meeting
the requirements needed to trigger the FLASH effect: very high dose
rates can be easily achieved, and the monoenergetic, high dose irradi-
ation is performed to deliver 20 Gy in a single fraction. We thus expect
a significant contribution from the FLASH effect. However, the main
difficulty is related to the evaluation of the FLASH effect potential when
trying to account for the large experimental uncertainties that are yet
affecting the evaluation of the OARs sparing in UHDR regimes. In our
study we have implemented the FLASH-modifying factor (FMF) model
that was introduced by Bohlen et al. in [50]. According to the dose
absorbed by each voxel in the full treatment, an FMF re-weighed dose
(DFMF) has been calculated and the DFMF Volume Histograms have
been computed and compared with the ones obtained in conventional
irradiation.

The values of 𝐹𝑀𝐹𝑚𝑖𝑛 and 𝐷𝑇ℎ, that refer in the model as the
maximum sparing achievable at very high doses and the minimum
threshold that has to be crossed in order to trigger the effect, have
been taken as from the ones measured in in vivo experiments reported
in detail in [50]. Considering the results from pooled mammalian skin
treatments [51] we were able to define 𝐷𝑇ℎ = 16.6 Gy and 𝐹𝑀𝐹𝑚𝑖𝑛 =
0.5 (see table 2 in [50]) and used these values in the following to
assess the FLASH effect potential. While these values can represent
a reasonable assumption to evaluate, as of today, the potential of
FLASH irradiation, an additional effort would be needed in the future
to decrease the large uncertainties affecting the data sample used for
the modelling to provide results that are more robust.

The results obtained with a protection disk and an applicator with
the internal diameter, respectively, of 40 and 50 mm are shown in
dashed and dotted lines in Fig. 6 for a conventional irradiation. In
these cases, the applicator and RPD dimensions were properly matched,
as the OARs have to be directly spared using the RPD. Solid lines
are showing the results obtained delivering the plan at UHDR and
implementing the FLASH effect sparing.

The configuration explored still implements a RPD and a surgical
breach with a diameter of 40 mm but instead an applicator of 50 mm
diameter partially superimposed to the skin is used. This study was
performed to show the potential of the FLASH effect to produce results
that are comparable, or even better, than the ones achieved with a
larger RPD but with a smaller surgical breach with respect to the
conventional irradiation. Fig. 6 shows that the OARs that absorb a dose
above the selected threshold, in FLASH configuration, have reduced
effective doses, when compared to the CONV 50/50 configuration,
defined as the one in which the applicator diameter is 50 mm large,
exactly matching the surgical breach.
6

The DFMF Volume Histograms obtained could hence be a valuable
tool in the hands of the radiation oncologists to assess the real need of a
RPD and its dimensions, helping to ensure that a proper PTV coverage
is reached while keeping the effective dose below the identified limits.

4. Discussion

The results obtained when performing a plan optimisation of a
PBI treatment prove the feasibility of a DVH based approach to the
identification and selection of the most optimal IOeRT set-up. The
absorbed dose maps can be obtained quickly enough and the study of
the dose tails as shown in Figs. 5, 4 and 6 can be used to identify the
plan that ensures the required PTV coverage while minimising the dose
to the OARs.

The obtained results are underlining the importance of an auto-
mated procedure that can identify the best treatment position and
ensure, via the image guided docking of the applicator, that the treat-
ment corresponds to what has been planned. This is especially true in
the context of IOeRT treatments in which the geographical misses have
been reported as the main cause of treatment limited efficacy. Fig. 5
clearly shows the crucial role played by the applicator positioning and
its impact in ensuring the proper, full, PTV coverage.

The statistics used to obtain the dose maps allowed to minimise
the impact of statistical fluctuations while keeping the calculation time
on one single GPU below 10 s. Depending on the time available after
the US imaging is acquired, different energies beam positions and
applicator size can be investigated helping the radiation oncologists
finding the best treatment strategy.

The described clinical workflow becomes particularly interesting in
the context of recent studies that demonstrated the efficiency of IO-
eRT treatment during laparoscopic, thoracoscopic, and robotic-assisted
surgical procedures [37]. Such minimally invasive surgery could signif-
icantly improve the tolerance for surgical procedures in cancer patients,
while maintaining established quality standards in cancer surgery.

The feasibility of such treatments, in which the applicator needs to
be placed directly on the skin and the RPD is missing can be evaluated
by means of a dedicated TPS optimisation study as described above
taking into account the advantage from the possibility of delivering the
beam at ultrahigh dose rates exploiting the FLASH effect.

The availability of a full MC tool capable of evaluating the biological
dose will allow to explore the possibility to avoid the insertion of
protective disks, or placement of the applicator inside the surgical
breach, to account for the reduced damage to organs and skin achiev-
able at FLASH rates. The surgeons and the radiation oncologists will be
able to explore different treatment strategies, ensuring a proper target
coverage while minimising the damage to the healthy tissues, fully
exploiting the potential of IOeRT irradiations.

The results and technique presented so far assumed an US-based
imaging input. As the software can use a CT image as input, the impact
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Fig. 6. Biological effective dose volume histograms for the PTV (red), Breast ROI (green), Pectoral Muscle ROI (blue) and Skin (purple) for the simulations performed in conventional
regime (CONV) with a 40 mm (dashed line, 40/40) and 50 mm (dotted line, 50/50) surgical breach and applicator dimension, and in FLASH regime with a small surgical breach
40 mm, and a larger applicator diameter 50 mm (solid line, 40/50). The DFMF was obtained by multiplying the physical dose for the dimensionless FMF factor (see [50]), which
for conventional treatment was set to 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
of an improved imaging has been tested and was found to have a
negligible impact on the selection of best plan for PBI treatments. The
actual densities measured during the phantom CT were used in the dose
calculation, while the ROI definition remained the same. This study,
hence, does not take into account the impact of an improved image
quality in defining the PTV and OARs regions.

As a systematic cross-check of the results, different geometries have
been implemented to test the effect of a possible tissue deformation
whenever the applicator is placed in the treatment position, with
respect to what has been acquired with the US system without any
applicator. The tissue shape has been modified, removing part of the
tissue placed on the applicator edge (few mm) and changing the width
of the tissue traversed before the PTV (few mm). All the obtained results
are consistent with the identification of the best plan presented in
Section 3, demonstrating the robustness of the procedure against small
deformation of the tissue following the placement of the applicator.

Finally, it is important to stress that once the hardware will be
fully available (implementing both the image guided positioning of the
applicator and the integration with the ultrasound probe) the whole
process validation using a dedicated phantom will be the subject of a
dedicated paper.

5. Conclusions

The possibility to compute and optimise an IOeRT plan within a few
minutes using a single GPU card has been demonstrated. The average
dose values and the DVHs for each ROI can be made available to
the radiation oncologists and breast surgeon for checking the different
options and a final, fast, absorbed dose calculation can be performed
as soon as the final positioning, energy and beam configurations will
be defined by the operator and validated by the image guided docking
7

system. Hereby, the level of treatment preparation, recording and
verification for IOeRT procedures approaches the level as in use for
external beam RT.

The proposed clinical workflow will allow the radiation oncologist
and breast surgeon to evaluate the real need of an RPD insertion and
to evaluate the dose distribution and PTV coverage when changing
the applicator diameter, providing all necessary information needed
to define the irradiation geometry and avoid PTV under-dosage. In
addition, it will also be possible to provide the necessary certification
for the dose absorbed by the patient, as needed for each radiation
treatment by many countries.

Finally, the software tools can help exploring the potential of UHDR
irradiations. For PBI the FLASH effect represent an excellent opportu-
nity, having the potential to re-define the workflow for IOeRT treat-
ments allowing to place the applicator directly on part of the patient
skin and/or avoiding the use of RPD. This would imply a surgical
procedure that is far less invasive and offers a better quality of life for
the patient. The implementation of the TPS that we have proposed, that
is capable of properly accounting for the FMF correction, is the key that
will enable such advancement in the clinical workflow.
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