7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Device for providing a radiation treatment

Bourhis, Jean Francois Marie; Germond, Jean-Francois; Moeckli, Raphael; Wuensch, Walter;
Gerbershagen, Alexander

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bourhis, J. F. M., Germond, J-F., Moeckli, R., Wuensch, W., & Gerbershagen, A. (2021). Device for
providing a radiation treatment. (Patent No. W02021260028).

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 15-02-2023


https://research.rug.nl/en/publications/898fd6d9-3658-4d50-97b8-11533f5d118e

w0 20217260028 A1 |0 A0 A OO O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

R

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
30 December 2021 (30.12.2021)

B O N R 0 O 0 0 T Y
(10) International Publication Number

WO 2021/260028 A1l

WIPOIPCT

(51) International Patent Classification:
AGIN 5/10 (2006.01)

(21) International Application Number:
PCT/EP2021/067189

(22) International Filing Date:
23 June 2021 (23.06.2021)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

20181826.7 24 June 2020 (24.06.2020) EP

(71) Applicants: CENTRE HOSPITALIER UNIVERSI-
TAIRE VAUDOIS (C.H.U.V.) [CH/CH]; Rue du Bugnon
21, 1011 Lausanne (CH). CERN - EUROPEAN OR-
GANIZATION FOR NUCLEAR RESEARCH [/CH];
P.O. Box, Esplanade des Particules 1, 1211 Genéve (CH).

(72) Inventors: BOURHIS, Jean Frangois Marie; Avenue de
la Cour 155, 1007 Lausanne (CH). GERMOND, Jean-

(74)

(81)

Frangois;, Rue de la Gaine 25, 2025 Chez-le-Bart (CH).
MOECKLI, Raphaél; Chemin des Genévriers 8, 1112
Echichens (CH). WUENSCH, Walter; Chemin de Belle-
Cour 84, 1213 Onex (CH). GERBERSHAGEN, Alexan-
der; chemin Salmon Penay 20, 1217 Meyrin (CH).

Agent: KATZAROYV S.A.; 12 Avenue des Morgines, 1213
Petit-Lancy (CH).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HOR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KII, KN,
KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, FA, PE, PG, P, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(54) Title: DEVICE FOR PROVIDING A RADIATION TREATMENT

N
AN

Figure 1

(57) Abstract: The present relates to a device for providing a radiation treatment to a patient comprising :- an electron source for
providing a beam of electrons, and- a linear accelerator [or accelerating said beam until a predetermined energy, and - a beam delivery
module for delivering the accelerated beam from said linear accelerator toward the patient to treat a target volume with a radiation dose,
The device further comprises intensity modulation means configured to modulate the distribution of the radiation dose in the target
volume according to a predetermined patiern. The pailern is determined to maich the dimensions of a 1argetl volume of at least about

50 cms, and/or a target volume located at least about 5 cm deep in the tissue of the patient with said radiation dose, The radiation dose
distributed is up io about 20 Gy delivered during an overall treatment time less than about 50 ms.

[Continued on next page]



WO 20217260028 A1 HFIIM] 000V 0 1100 0 0T

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IIR, IIU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SIL, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

— in black and white; the international application as filed
contained color or greyscale and is available for download
from PATENTSCOPE



10

15

20

25

30

WO 2021/260028 PCT/EP2021/067189

Device for providing a radiation treatment
Technical Field

[001] The present invention relates to a device for radiation treatment comprising
intensity modulation means, in particular a device for ultra-short time intensity modulated
radiation treatment.

Background of the art

[002] Cancer is a dominant worldwide cause of death, mainly treated by surgery,
radiotherapy (RT) and chemotherapy. There is a rapid increase of its incidence but only
a slow improvement in curability, despite recent progress notably in immunotherapy,
robotics surgery, and the introduction of new molecular targeted drugs.

[003] Since the pioneered work of Roentgen and Marie Curie in the early 20" century,
radiotherapy remains an essential tool for treating cancer. Although recent development
in radiotherapy allowed these treatments to be more precise and more effective, the
remaining side effects are still a problem that limits its use, for instance damages to
healthy tissue.

[004] Delivering high curative radiation doses to tumors depends on the ability to spare
normal tissues from harmful effects of radiation. Over the last decades precise dose
distribution optimization over target volume and healthy tissues appeared as the most
powerful tool to obtain a differential effect between normal tissues and tumors thereby
minimizing the side effects.

[005] One of the most efficient tool for achieving high conformality is intensity modulated
radiotherapy (IMRT) which is using multiple converging beams, each of them delivering
a small part of the dose which is resulting in a highly conformal distribution of the total
dose. In conventional radiotherapy, IMRT is planned with a specific inverse treatment
planning system and delivered via a rotation of the irradiation source along with
mechanical modulation of the beam through muiltileaf collimators. For proton treatments,
intensity modulation of the beam is obtained with a fixed proton source and magnetic
scanning, allowing to achieve optimal proton conformality (Intensity Modulated Proton
therapy, IMPT)

[006] A complementary emerging solution to limit radiation-induced damage on normal
tissue is to reduce the irradiation time in so called FLASH Radiotherapy (RT) or FLASH
Therapy. A conventional radiotherapy treatment generally aims at administering a total
dose of 20 to 70 Gy to each tumor, typically in doses of 2 Gy per fraction, each fraction
being administered over several minutes. During the past few years, a number of
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experiments have been carried out which demonstrate that RT with ultra-short irradiation
times (below 50 ms) can significantly reduce the side effects.

[007] FLASH radiotherapy is a biological phenomenon showing that ultra-high dose rate
can induce a remarkable sparing of normal tissues, while the effect on tumors is
preserved intact, when compared to identical radiation dose with conventional dose rate,
and resulting in a more effective treatment. Published experiments have reported that this
biological FLASH effect can be obtained under specific conditions when using a few ultra-
intense pulses with a ultra-high dose rate in the pulse (typically a dose per pulse above
1.5 Gy and mean dose rate above 10% Gy within pulse), and when a high total dose of
radiation (> 10-20 Gy) is given in an overall duration in the range of milliseconds (ms), for
example delivering 20 Gy should be done in at least less than 50ms.

[008] During the ultra-short time scale of FLASH delivery, it is not known how to use
intensity modulation of the dose within each beam, in order to provide highly conformal
dose distribution in FLASH treatments. The use of mechanical modulation with multi leaf
collimators is not feasible in the FLASH time scale.

[009] In clinical situations of tumor deep in the body, obtaining high conformality with
IMRT requires multiples beams, typically up to one hundred beams, all converging into
the target, whereas using multiple beams is not compatible with a FLASH effect, since a
biological FLASH sparing of normal tissues was essentially observed when using high
single dose, typically at least between 10 and 30 Gy per beam.

[010] Therefore, when it comes to provide highly conformal dose distribution for deep
seated tumor and/or large tumor in a FLASH treatment, the existing solutions are not
capable of meeting the FLASH requirements.

Summary of the invention

[011] The above problems are solved, or at least partially solved, by the device and the
method according to present invention.

[012] The invention concerns a device for providing a radiation treatment to a patient,
the device comprising :

- an electron source for providing a beam of electrons, and
- a linear accelerator for accelerating said beam until a predetermined energy, and

- a beam delivery module for delivering the accelerated beam from said linear accelerator
toward the patient to treat a target volume with a radiation dose,



10

15

20

25

30

WO 2021/260028 PCT/EP2021/067189

characterized in that the device further comprises intensity modulation means configured
to modulate the distribution of the radiation dose in the target volume according to a
predetermined pattern matching the target volume,

the pattern comprising several subsections and each subsection corresponds to a portion
of the target volume so that the intensity modulation means allow to set the radiation dose
received by each portion of the target volume,

the pattern is determined to match the dimensions of a target volume of at least about 50
cm?3, and/or a target volume located at least about 5 cm deep in the tissue of the patient
with said radiation dose,

the device being further characterized in that the radiation dose distributed by said
intensity modulation means is up to about 20 Gy, the radiation dose being delivered during
an overall treatment time less than about 50 ms.

[013] The dimensions of the target volume is preferably at least about 100 cm3, more
preferably at least about 250 cm3, more preferably at least about 500 cm3, more
preferably at least about 750 cm3, more preferably at least about 1000 cm3, more
preferably at least about 2000 cm3, more preferably at least about 3000 cm3.

[014] The target volume is located at least about 5 cm deep in the tissue of the patient,
meaning that the whole target volume is at least 5 cm deep in the tissue of the patient.
Preferably, the target volume is at least about 10cm deep in the tissue of the patient, at
least about 15 cm, at least about 20cm, at least about 25 cm.

[015] The radiation dose is preferably up to about 30 Gy, more preferably up to about 40
Gy.

[016] Preferably, the overall treatment (i.e. radiation treatment) time is less than about
10 ms, more preferably less than about 1 ms.

[017] The present invention concerns a device for ultra-short time intensity modulated
radiation treatment to trigger a FLASH effect for delivering an intensity modulated
radiation dose.

[018] In the present invention the radiation dose, i.e. the entire radiation dose, is
delivered in a time scale where FLASH effect has been observed, for instance typically
for a dose of 20 Gy in less than 50ms.

[019] Intensity modulation describes a technique in which the dose is made to be
dependent on position inside the target volume. The present invention allows to use
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intensity modulation means for electron therapy on FLASH time scale (i.e overall
treatment time below 50 ms). The clinical purpose of intensity modulation is essentially to
achieve optimal conformality for optimal coverage of the target volume.

[020] The claimed solution is addressing the combination of FLASH treatment and dose
intensity modulation with the aim of providing highly conformal FLASH therapy (= intensity
modulated FLASH therapy).

[021] Combining both FLASH conditions and intensity modulation of the dose is
providing two powerful complementary tools for sparing normal tissues, while delivering
optimal high curative dose in the tumors. This combination will markedly enlarge the
potential applications of radiotherapy for cancer treatments.

[022] The device of the present invention comprises intensity modulation means
configured to modulate the distribution of the radiation dose in the target volume. The
target volume is irradiated according to a pattern of sub-sections, each sub-section
corresponding to a portion of the target volume.

[023] Intensity modulation requires that portions, corresponding to subsections of the
pattern, of the target volume be irradiated independently and that the dose in each
subsection of the pattern be controlled independently so that each subsection can have
its own intensity and energy. In other words, the pattern is a map and each subsection of
the pattern correspond to coordinates of a portion of the target volume. Advantageously,
the pattern comprises shifted bunch trains modulated in charge and energy.

[024] Preferably, in the plane transverse to the beam, subsections are formed by
focusing the beam to a size smaller than target volume cross section.

[025] The focusing can be adjusted from irradiating the entire target cross section down
to the preferred value of 1/10 of the target cross section per beam, preferably 1/100.

[026] The subsection’s shape can be adjusted from circles to elongated ellipses and
into arbitrary shapes, like rectangles or hexagons.

[027] In the state of the art of clinical radiotherapy, intensity modulation refers either to

- changing during radiation the position of the leaves of a multi-leaves collimator
(VMAT or step & shoot) and the pulse repetition rate or

- continuous scanning pencil beams of constant dose (PBS, pencil beam scanning
for protons for instance).
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[028] Therefore, in the above mentioned methods from the state of the art, the total
intensity of the combined field is modulated, not directly the features (charge, energy of
instance) of each train of particles. This is completely different in the present invention. In
the present invention, the intensity modulation means are modulating the charge and
energy of the bunch trains individually in order to produce an intensity modulated total
field.

[029] The intensity modulation means of the present invention allow the radiation dose
to be controlled in the tumor cross section (independently for each incoming beam line in
case of multiple beam lines) by adjusting the position, total charge and energy of each
electrons bunch within a train and between trains of electrons bunches.

[030] The pattern is determined to match the dimensions of a target volume, for instance
of at least about 50 cm?, and/or a target volume located at least about 5 cm deep in the
tissue of the patient with said radiation dose. In other words, the present invention is
capable of delivering an intensity modulated radiation dose of at least 20 Gy to large
target volume (meaning for instance at least 50 cm3) or deep seated target volume (for
instance at least 5 cm deep) in ultra short overall time (meaning below 50 ms) whereas
the existing radiotherapy devices fail to achieve all these requirements simultaneously.

[031] In the present invention, the key parameters to provide an intensity modulated
radiation dose under FLASH conditions, namely a radiation dose of at least 20 Gy to large
target volume or deep seated target volume in ultra short overall time (meaning below 50
ms) are achieved at the same time, concurrently.

[032] In a preferred embodiment, the pattern corresponds to a treatment plan that can
be selectively chosen from homogeneous to a specified heterogeneous radiation dose
distribution, depending on the clinical specifications of each individual patient.

[033] The pattern preferably corresponds to a gradient of dose intensity to distribute the
radiation dose gradually in the target volume. The pattern is advantageously chosen using
a treatment planning system dedicated for FLASH treatments.

[034] The pattern advantageously depends on (one or a combination of the following
factors):

- the dimension and/or the shape of the target volume;
- the proximity of critical organs and/or healthy tissues;

- the number and orientation of the radiation beams;
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- the radiation dose required in each subsection;

[035] The accelerated beam comprises several trains of particles bunches. Each train
and each bunch within a train has a total charge and energy that can be set. The dose
from each bunch train is determined by the charge of each bunch train. The charge per
bunch train can be specified by the number of bunches in a bunch train and the charge
per bunch. Bunch number setting is the preferred means of specifying bunch train charge
and gives a charge range, and thus dose range.

[036] The intensity of a train is given by the charge per bunch and the number of bunches
per train, which gives the dose that is provided by each train to a portion of the target
volume. The intensity modulation means according to the present invention allow to set
the charge of each train independently and to direct each train to a predetermined position
which modulates the distribution of dose in the target volume.

[037] Two trains of electrons bunches can have the same charge and be directed to a
different portion or to the same portion of the target volume. Alternatively, two trains of
electrons bunches can have a different charge and be directed to a different portion or to
the same portion of the target volume.

[038] In another example, the charge can vary for each train while its energy is kept fixed.
In this example, a 100 MeV train can have a charge of 100 nC or 300 nC which gives a
correspondingly different dose. By distributing the 100 nC or 300 nC trains in separate
subsections, it is possible to achieve intensity modulation, in particular transverse to the
direction of the beam.

[039] The intensity can also be modulated by varying both the energy of each train and
the energy of each bunch within the train. In another example, there are a 100 MeV train
and a 102 MeV train in the accelerated beam, the 100 MeV having a charge of 300 nC
and the 102 MeV having a charge of 100 nC. By setting the train’s energy, it is possible
to achieve intensity modulation transverse to the direction of the beam as well as
longitudinal to the direction of the beam, since different energy beams follow different
trajectories in the beam lines and the higher is the energy, the deeper the train goes.
Varying the energy of the train within a beam line has two effects: 1) the train arrives at
the patient in different positions (transverse modulation), 2) the beam penetration
changes (longitudinal modulation).

[040] Inone embodiment each portion receives a radiation dose up to the entire radiation
dose, said radiation dose being for instance at least about 20 Gy. The entire radiation
dose is delivered in less than 50 ms. Thus, for instance when the entire radiation dose is
20 Gy and the pattern comprises ten subsections, each subsection can receive a dose
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up to 20 Gy. The entire dose, also named the prescribed dose, is the total dose the target
volume shall receive in less than 50 ms, preferably in a single session of less than 50 ms.

[041] The entire dose can be increased to at least 35 Gy, preferably of at least 40 Gy,
preferably in less than 50 ms.

[042] In an embodiment, each portion receives at least one train of electrons bunches.
The train of electrons has a specific total charge and energy. This gives the means to
profile the dose in the tumor in three dimensions providing high conformality for the whole
radiation treatment.

[043] In a preferred embodiment, the electron source is a very high energy electron
beam with a charge of at least about 1000nC, preferably at least about 1500 nC.

[044] The electron source is preferably stationary (for instance relative to the patient). It
means that during the radiation treatment, the electron source is preferably immobile, i.e.
motionless or not moving.

[045] In an embodiment, the electron source is arranged for example for delivering up to
twenty trains of electrons bunches of at least 150 nC each in said overall time. The bunch
charge is adjustable with nominal around 0.5 nC and a train is 300 bunches.

[046] In an embodiment, the accelerated beam is composed of a plurality of trains of
electrons bunches, the intensity modulation means are configured to modulate the
radiation dose by separating the trains of electrons bunches depending on the charge
and/or energy of each train. Each subsection of the pattern corresponds to a portion of
the target volume that is irradiated independently with at least one train of electrons
bunches having a determined energy and total charge.

[047] In one embodiment, the intensity modulation means comprises charge variation
means to set the charge of each train independently and direct each train to a
predetermined subsection of the pattern to reach a corresponding portion of the target
volume which modulates the distribution of radiation dose in the target volume.

[048] For instance, the intensity modulation means comprise deflecting means for
deflecting each train of electrons bunches position transversely relative to the accelerated
beam direction, said deflecting means having a deflecting speed faster than the
interspacing time between two subsequent trains.

[049] The deflecting means are in one embodiment electromechanical means.

[050] In another embodiment, the deflecting means are electromagnetic means such as
magnet or deflecting magnet, for instance dipole magnets or quadrupole magnets with
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time varying magnetic fields, or dipole coils. The magnets of the intensity modulation
means are for instance fast ramping magnets or magnets capable of fast field-ramping.

[051] In another embodiment the deflecting means is a radio frequency deflector. Such
a deflector can impose a time-varying a transverse momentum on the different bunches
within a train resulting in complex bunch position patterns at the target — by which the
intensity is modulated. The transverse momentum is varied by giving an amplitude and
phase variation to the radio frequency pulse that powers the deflector. A radio frequency
deflector is typically placed at the end of the linear accelerator (linac).

[052] Each deflecting magnet can deflected along two orthogonal axes, for instance by
two orthogonal pairs of dipole coils. A specific setting of the magnetic field gives a specific
beam trajectory and thus arrival position in the target cross section.

[053] In order to direct the successive bunch trains to the specified positions of each
subsection, the magnetic field of the deflecting magnet is set in a specific sequence of
values at the times of passage of the successive bunch trains, thus giving a specific
sequence of beam trajectories. This is done by adjusting the current in the magnet in the
time between the bunch train passages. This means that the entire deflection is
completed (in all beam lines in case of multiple beam lines) within the specified overall
treatment time of less than 50 ms, preferably less than 10, more preferably less than 1
ms. The bunch trains follow the specified trajectories and sequentially irradiate the
specified portions of the target volume.

[054] The deflecting means may be at the end of the linear accelerator (or in the beam
delivery lines in case of multiple beam lines). The preferred solution is one deflecting
magnet at the end of each beam line. The deflecting means are preferably capable of
deflecting each train of electrons bunches transversely to optimally cover the target
volume.

[055] Forinstance, the deflecting means are implemented in the linear accelerator or in
the delivery module.

[056] In one embodiment, the intensity modulation means comprises energy variation
means to set the energy of each train or of each bunch within the train independently and
direct each train or each bunch (if the energy of each bunch is set) to a predetermined
subsection of the pattern to reach a corresponding portion of the target volume which
modulates the distribution of radiation dose along the direction of the accelerated beam
through the target volume. Specifically the longitudinal distribution of dose depends on
energy, so that the greater the energy, the deeper it goes into the target volume (into the
tissues). Therefore, modulating the energy of the trains of electrons bunches allows to
modulate the intensity along the direction of the accelerated beam (or along each beam
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lines in case of multiple beam lines). By irradiating the target volume with trains of
electrons bunches of specified energy, a longitudinal (in the direction of the beam)
intensity modulation is produced.

[057] In one embodiment, the energy variation means are set for implementing
predetermined energy variations between each train of electrons bunches, said energy
variation means being preferably operated from the linear accelerator. Preferably, each
train has an energy which differs from about 1 % to about 5 %. In case of multiple beam
lines, the energy range between trains within a beam line is restricted to be less than the
beam line selection energy difference.

[058] For instance the energy variation means are operated by controlling the amplitude
and the phase of the radiofrequency pulses of the linear accelerator. The energy of each
train of electrons bunches at the end of the linear accelerator is determined by the
amplitude of the radio frequency fields in the linear accelerator and by the relative phase
between the beam and the radio frequency pulse.

[059] The energy of the bunches within a train, and entire bunch trains, can be varied
through radio frequency pulse specification, through programmed amplitude and phase
of the radio frequency pulse feeding the accelerating structures. Thus beam energy can
be used for both inter and intra-bunch train positioning. Preferably, variation in energy of
each train and within each train of bunches is used concomitantly to profile the specified
dose distribution both in transverse and in the longitudinal axis, within the FLASH time
scale (less than 50 ms).

[060] Increasing energy modulation means may be clinically interesting since an energy
variation has the potential to provide an additional degree of freedom along the direction
of the accelerated beam that could contribute for obtaining optimal dose distribution (the
higher is the energy within each subsection, the deeper this subsection beam is delivering
the dose).

[061] The charge variation means is accomplished preferably by changing the number
of bunches per train and/or by changing the charge per bunch.

[062] In one embodiment, the accelerated electron beam is separated into a plurality of
beam lines by separating means, preferably two or three beam lines, each beam lines
being separated by a determined angle, and subsequently focusing each of said beam
lines toward the patient to arrive in an overall time of less than 50 ms, preferably less than
10 ms, and more preferably less than 1 ms, on the target volume, each beam line further
comprising independent intensity modulation means.
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[063] For instance, the separating means are chosen among the list comprising energy-
based separating means by using magnetic spectrometer, radio frequency deflector
based means.

[064] Preferably, each beam line has an energy with differs from about 10 % to about
40 %. In case of multiple beam lines, the beam line selection energy difference is greater
than the energy range between trains within a beam line.

[065] Advantageously, each of the beam lines is equipped with an independent intensity
modulation means. This allows an independent intensity modulation for each beam to
obtain the needed optimal conformality of the delivered dose to the target volume.

[066] Preferably, the target volume is irradiated from two or three beam lines with
independent intensity modulation in each beam line. In a preferred embodiment, the
intensity modulation means comprise a combination of charge variation means, energy
variation means, deflection means, and multiple beam lines. This combination allows an
intensity modulation in three dimensions. The optimal intensity modulation is preferably
specified depending on the target volume definition and nearby organs at risk.

[067] Inone embodiment, the accelerated electron beam having a predetermined energy
between about 30 MeV and about 250 MeV, preferably between about 50 MeV and about
250 MeV, more preferably between about 50 MeV and about 150 MeV.

[068] The presentinvention further relates to a method for treating a tumor target volume
of a patient, the method comprising:

- Providing a device according to the invention;

- Determining a target volume of at least about 50 cm?®, and/or a target volume
located at least about 5 cm deep in the tissue of the patient with said radiation
dose,

- Determining a pattern matching the target volume dimensions, the pattern
comprising several subsections and each subsection corresponds to a portion of
the target volume so that the intensity modulation means allow to set the radiation
dose received by each portion of the target volume,

- Configuring the intensity modulation means of the device to modulate the
distribution of the radiation dose in the portions of the target volume according to
the predetermined pattern;

- Delivering the radiation dose to the target volume according to the predetermined
pattern, said radiation dose distributed by said intensity modulation means being
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up to about 20 Gy preferably at least up to about 30 Gy, more preferably at least
up to about 40 Gy, during an overall treatment time less than about 50 ms,
preferably less than about 10 ms, more preferably less than about 1 ms.

[069] The present invention allows to provide a high radiation dose (i.e. at least 20 Gy)
with a highly conformal modulated intensity delivered in FLASH conditions (i.e. less than
50 ms).

[070] The particular advantages of the method are similar to the ones of the device of
the invention described herein and will thus not be repeated here.

[071] An optimal dose distribution is obtained due to the unique combination of high
conformality and FLASH conditions. The treatment according to the present invention can
be used to treat all types of tumors.

[072] Advantageously, intensity modulated FLASH therapy uses high dose per fraction
with a high index of conformality, a very small number of fractions for a treatment is
expected for each patient to deliver the entire radiation dose, for instance between 1 t0 3
fractions, preferably 1 or 2 fractions

[073] In one embodiment, the method further comprises :

- Setting the intensity modulation means to modulate the radiation dose by
separating the trains of electrons bunches depending on the charge and/or energy
of each train;

[074] In one embodiment, the method comprises :

- Setting the charge of each train independently and direct each train to a
predetermined subsection of the pattern to reach a corresponding portion of the
target volume which modulates the distribution of radiation dose in the target
volume;

[075] In one embodiment, the method comprises :

- Setting the energy of each train independently and direct each train to a
predetermined subsection of the pattern to reach a corresponding portion of the
target volume which modulates the distribution of radiation dose along the direction
of the accelerated beam through the target volume.

[076] In one embodiment, the method comprises:

- Separating the accelerated electron beam into a plurality of beam lines by
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separating means, preferably two or three beam lines, each beam lines being
separated by a determined angle, and subsequently focusing each of said beam
lines toward the patient to arrive in an overall time of less than 50 ms, preferably
less than 10 ms, and more preferably less than 1 ms, on the target volume, each
beam line further comprising independent intensity modulation means.

[077] Preferably, the pattern comprises between 5 and 10 subsections per beam, each
of them with a high dose intensity.

[078] In a preferred embodiment, the treatment comprises:

- Administrating at least one train of electrons bunches per subsection, preferably
one or two trains of electrons bunches per subsection, each dose per subsection
being modulated up to about 20 Gy per subsection, preferably up to 30 Gy per
subsection, more preferably up to 40 Gy per subsection,

[079] In the present invention, ultra-high dose rate radiation treatment or ultra high dose
rate high dose irradiation means FLASH radiotherapy or FLASH Therapy. FLASH
radiotherapy can be defined as a radiotherapy treatment which spares healthy tissues as
compared to conventional RT dose rate, while preserving intact the effect on tumors.

[080] As used herein, the terms “ultra-high dose rate radiation dose” means the total
dose delivered to the patient target volume.

[081] As used herein, the term "about" applies to numeric values or ranges of numeric
values and refers to a range of numbers that one of skill in the art would consider
equivalent to the recited values, i.e. plus or minus ten percent. For example, "about 10
cm'" refersto 10 cm +/- 10%, i.e. 9.9 cm to 10.1 cm. In the present invention, a dose refers
to the radiation dose in Gy delivered to the patient. A dose can be administered in several
fractions.

[082] As used herein the term "patient" is well-recognized in the art, and refers to a
mammal, including dog, cat, rat, mouse, monkey, cow, horse, goat, sheep, pig, camel,
and, most preferably, a human. In some embodiments, the patient is a patient in need of
treatment or a patient suffering from cancer. However, in other aspects, the patient can
be a normal subject. The term does not denote a particular age or sex. Thus, adult and
newborn patients, whether male or female, are intended to be covered.

[083] As used herein the terms “at least up to X” means a value superior to zero and up
to X.
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[084] As used herein, the term “radio wave pulse” refers to the pulse of radio wave used
in the linear accelerator. The linear accelerator uses radio wave pulses of microwave
power to accelerate a radiation beam from a radiation source, for instance an electron
beam from an electron source. For instance, these radio wave pulses are around 250 ns
long and can be repeated with repetition rate of 1 kHz, that is with a period of 1 ms, in
burst mode. For example, the frequency of the microwaves is X-band, specifically 12 GHz,
but can also be C (6.7 GHz) or S (3 GHz) band.

[085] As used herein, the terms “radiation pulse” refer to the pulse of particles after the
linear accelerator. Each pulse accelerates at least a train of particles bunches, for
instance electron bunches if the radiation beam is an electron beam. For example, the
particles bunches are about 1 ps long and come every 1 ns, so that there are 250 particles
bunches in a 250 ns radio wave pulse. Each particles bunch has a charge of 1 nC giving
a total charge of 2500 nC (before collimation) and an average current during the pulse of
1A.

[086] As used herein, the word "means" (singular or plural) preceded or followed by a
function can be replaced by the word "unit' or " module". For instance "intensity
modulation means" can be replaced by "intensity modulation unit" or "intensity modulation
module".

[087] In the present invention, the accelerated beam is composed by a plurality of trains,
each train comprises a plurality of bunches, each bunch is made of a plurality of particles.
For example, in a treatment there are 20 trains, each train comprises 300 bunches and
each bunch has a charge of 1 nC (one nanoCoulomb, which corresponds to 6.2x109
electrons). Regarding the times, for example, smallest to largest, each bunch is
approximately 1 ps long (0.3 mm at the speed of light) and there is 1 ns between bunches.
In this example, with 300 bunches/train, a train is thus 300 ns long and 20 trains when
delivered every 2.5 ms arrive at the patient over a treatment time of 50 ms.

[088] The embodiments describe herein for the device also apply to the methods
according to the present invention mutatis mutandis.

[089] The present invention can comprise one embodiment or a combination of
embodiments.

Brief description of the drawings

[090] Further particular advantages and features of the invention will become more
apparent from the following non-limitative description of at least one embodiment of the
invention which will refer to the accompanying drawings, wherein
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- Figures 1 and 2 represent a first embodiment of the device according to the
present invention, figure 1 being a general overview and figure 2 a detailed
view of the beam delivery module of the device;

- Figures 3 and 4 illustrate two examples of the dose distribution with intensity
modulation means in the device according to the first embodiment;

Detailed description of the invention

[091] The present detailed description is intended to illustrate the invention in a non-
limitative manner since any feature of an embodiment may be combined with any other
feature of a different embodiment in an advantageous manner.

[092] Figures 1 and 2 represent a device 1 according to the present invention according
to a first embodiment, figure 1 being a general overview and figure 2 a detailed view of
the beam delivery module of the device.

[093] The device 1 comprises an electron source 2, a linear accelerator 3 and a beam
delivery module 4. The device 1 is arranged for delivering a radiation dose to a target
volume 5 of a patient.

[094] The radiation source 2 is a high current electron source, in particular a Radio-
frequency laser-driven photo-injector.

[095] The linear accelerator 3 is a high current X-Band linac. The linac has parameters
of eight half meter long accelerating structures, operating with a beam-loaded gradient of
35 MV/m. The linac is powered by two 50 MW peak power X-band klystrons and radio-
frequency pulse compressors. Figure 2 is a detailed view of the beam delivery module 4.
The role of the beam delivery module 4 is to guide the beam from the electron source 2
until the target volume 5 of the patient. The beam delivering module 4 comprises
separating means 6 and intensity modulation means 7.

[097] The accelerated beam is first split into two distinct beam lines 8,9 by separating
means 6, i.e. a high momentum beam line 8 and a low momentum beam line 9.

[098] In this example, the separating means 6 is a splitter dipole 10 (separator magnet)
to separate the accelerated beam exiting the linear accelerator 3 into two distinct beam
lines. The splitter dipole 10 has with the following parameters:

- Size : 1000 mm x 850 mm x 800 mm
- Weight: 3000 kg

- Material : iron yoke, copper coils
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- Bending angle: 122 degrees (for low momentum beam); 65.5 degrees (for
high momentum beam)

- Central field: 1.0 T

- Effective length: 0.555 m (for low momentum beam); 0.665 m (for high
momentum beam)

[099] Then, the separating means 6 further comprises one dipole 11,12 on each beam
line 5,6, i.e. a dipole of high momentum 11 on the high momentum beam line 6 and a
dipole of low momentum 12 on the low momentum beam line 9.

[0100] The dipole of high momentum 11 has the following parameters :
- Size : 700 mm x 735 mm x 450 mm
- Weight: 1500 kg
- Material : iron yoke, copper coils
- Bending angle: 54.5 degrees
- Central field: 0.95 T
- Effective length: 0.5 m
- Current: 22.4 A
[0101] The dipole of low momentum 12 has the following parameters :
- Size : 700 mm x 735 mm x 450 mm
- Weight: 1500 kg
- Material : iron yoke, copper coils
- Bending angle: 92.3 degrees
- Central field: 1.09 T
- Effective length: 0.5 m

- Current: 27.2 A
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[0102] The device 1 further comprises intensity modulation means 7. In the example
illustrated in figures 1-2, the intensity modulation means 7 comprise deflecting means 13
positioned on each beam lines 8,9 downstream respectively the dipole of high momentum
11 and the dipole of low momentum 12.

[0103] The deflecting means 13 are scanning magnets, preferably fast ramping magnets
or magnets capable of fast field-ramping’ with the following parameters :

- Size: 290 mm x 205 mm x 205 mm
- Weight: 1500 kg

- Material : iron yoke, copper coils

- Duty cycle: 10 %

- Integrated field : 0.034 Tm

- Maximal deflection angle : 100 mrad
-  Effective length: 0.3 m

- Current: 5.6 kA;

[0104] Optionally, the intensity modulation means 6 can further comprise energy
modulation means (not represented in figures). For instance, the energy modulation
means to further deflect the trajectory of each train of particles bunches by an angle from
1% to 5%.

[0105] Figures 3 and 4 represent two examples of dose distribution that can be achieved
with the present invention.

[0106] Figure 3 shows an example of a uniform (homogeneous) dose distribution profiles
of a 100MeV beam obtained with the described intensity modulation of the present
invention. Figure 3 shows a graph of a uniform (homogeneous) dose distribution at a
depth of 10cm in a target volume produced by a single beam line. In this example, the
beam has an energy of 100 MeV and the intensity modulation pattern comprises five
elliptical subsections of 10cm by 3cm cross-section each. An average dose of 10Gy is
produced in the portions of the target volume, each portion having an area of 10x15cm2
(in cross section) within a total time of 32ms using 5 trains of 0.3 ps duration repeated
every 8ms. The graph shows that when 10Gy (no modulation) is delivered to each
subsection, the superposition in the transverse direction of the five adjacent subsections
adds up to a uniform total dose.
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[0107] Figure 4 shows an example of a non-uniform (heterogeneous) dose distribution
profiles of a 100MeV beam obtained with the described intensity modulation of the
present invention. Figure 4 shows a graph of a non-uniform (heterogeneous) dose
distribution at a depth of 10cm in a target volume produced by a single beam line. In this
example, the beam has an energy of 100 MeV and the intensity modulation pattern
comprises five elliptical subsections of 10cm by 3cm cross-section each. An average
dose of 10Gy is produced in the portions of the target get volume, each portion having an
area of 10x15cm2 (in cross section) within a total time of 32ms using 5 trains of 0.3 us
duration repeated every 8ms. In contrast to Figure 3, the graph of figure 4 shows that if
the dose of each subsection is set to different levels - from left to right: 11Gy, 8Gy, 10Gy,
9Gy and 12Gy - using of the modulation means of the present invention, the superposition
in the transverse direction of the five adjacent subsections adds up to an intensity
modulated dose distribution with a range of +/- 20%. To produce other modulation
patterns, the subsection charges and spot shapes will be optimized to generate the
prescribed dose distribution (- 140nC, 100nC, 120nC, 110nC and 150nC for this graph).

[0108] While the embodiments have been described in conjunction with a number of
embodiments, it is evident that many alternatives, modifications and variations would be
or are apparent to those of ordinary skill in the applicable arts. Accordingly, this disclosure
is intended to embrace all such alternatives, modifications, equivalents and variations that
are within the scope of this disclosure. This for example particularly the case regarding
the different apparatuses which can be used.
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CLAIMS

Device (1) for providing a radiation treatment to a patient, the device (1) comprising :

- an electron source (2) for providing a beam of electrons, and

- a linear accelerator (3) for accelerating said beam until a predetermined
energy, the accelerated beam being composed of a plurality of trains of electrons
bunches, and

- a beam delivery module (4) for delivering the plurality of trains of electrons
bunches from said linear accelerator (3) toward the patient to treat a target volume
(5) with a radiation dose,

characterized in that the device (1) further comprises intensity modulation means (9)
configured to modulate the distribution of the radiation dose in the target volume (5)
according to a predetermined modulation pattern matching the target volume (5),

the intensity modulation means (8) are configured to adjust the position, the total
charge and energy of each electrons bunch within a train and between trains of
electrons bunches, and to separate the trains of electrons bunches depending on the
charge and/or energy of each train,

the modulation pattern comprising several subsections and each subsection
comprising trains of electron bunches with a determined charge and energy to
irradiate a corresponding portion of the target volume (5) so that the intensity
modulation means (9) allow to set the radiation dose received by each portion of the
target volume (5),

the modulation pattern is determined to match the dimensions of a target volume (5)
of at least about 50 cm?, and/or a target volume (5) located at least about 5 cm deep
in the tissue of the patient with said radiation dose,

the device (1) being further characterized in that the radiation dose distributed by said
intensity modulation means (8) named entire radiation dose is at least about 20 Gy,
the radiation dose being delivered during an overall treatment time less than about
50 ms.
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. Device (1) according to claim 1, wherein the intensity modulation means (8) are

configured to further adjust arrival angle, projected size each electrons bunch
within a train and between trains of electrons bunches.

. Device according to any one of claims 1 to 2, wherein the entire radiation dose is

of at least 30 Gy, preferably of at least 35 Gy, preferably of at least 40 Gy.

. Device (1) according to any one of claims 1 to 3, wherein each portion receives a

radiation dose up to the entire radiation dose.

. Device (1) according to claims any one of claims 1 to 4, wherein each portion

receives at least one train of electrons bunches.

. Device (1) according to claims any one of claims 1 to 5, wherein the intensity

modulation means (8) comprises charge variation means to set the charge of each
train independently and direct each train to a predetermined subsection of the
pattern to reach a corresponding portion of the target volume (8) which modulates
the distribution of radiation dose in the target volume (8).

. Device (1) according to claims any one of claims 1 to 6, wherein the intensity

modulation means (8) comprises energy variation means to set the energy of each
train independently and direct each train to a predetermined subsection of the
pattern to reach a corresponding portion of the target volume (5) which modulates
the distribution of radiation dose along the direction of the accelerated beam
through the target volume (5).

. Device (1) according to the preceding claim, wherein each train has an energy

which differs from about 1 % to about 5 %.

. Device (1) according to any one of claims 1 to 8, wherein the accelerated electron

beam is separated into a plurality of beam lines (6,7) by separating means (8),
each beam lines (6,7) being separated by a determined angle, and subsequently
focusing each of said beam lines (6,7) toward the patient to arrive in an overall time
of less than 50 ms on the target volume (5), each beam line (6,7) further comprising
independent intensity modulation means (8).

Device (1) according to the preceding claim, wherein each beam line (6,7)
has an energy with differs from about 10 % to about 40 %.

Device (1) according to any one of claims 1 to 10, wherein the intensity
modulation means (8) comprise deflecting means (13) for deflecting each train of
electrons bunches position transversely relative to the accelerated beam direction,
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said deflecting means (13) having a deflecting speed faster than the interspacing
time between two subsequent trains.

12. Device (1) according to the preceding claim, wherein the deflecting means

(13) comprise magnet, for instance dipole magnets quadrupole magnet with time

5 varying magnetic fields, or dipole coils, or fast ramping magnets or magnets
capable of fast field-ramping.

13. Device (1) according to any one of claims 11 to 12, wherein the deflecting
means (13) comprise a radio frequency deflector.

14. Device (1) according to any one of claims 1 to 13, wherein the energy
10 variation means are set for implementing predetermined energy variations
between each train of electrons bunches, said energy variation means being

preferably operated from the linear accelerator (3).

15. Device (1) according to the preceding claim, wherein the energy variation
means are operated by controlling the amplitude and the phase of the
15 radiofrequency pulses of the linear accelerator (3).

16. Device (1) according to any one of claims 1 to 15, wherein the intensity
modulation means (8) comprise a combination of charge variation means, energy
variation means deflection means (13) and multiple beam lines (6,7).

17. Device (1) according to any one of claims 1 to 16, wherein the accelerated
20 electron beam having a predetermined energy between about 30 MeV and about
250 MeV, preferably between about 50 MeV and about 250 MeV, more preferably

between about 50 MeV and about 150 MeV.
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