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Abstract

The main hindrance to the diffusion of proton therapy facilities is the high cost for gantry installations. An alternative
technical option is provided by fixed-beam treatment rooms, where the patient is rotated and translated in space with
a robotic arm solution to enable beam incidence from various angles. The technological efforts based on robotic
applications made up to now for patient positioning in proton beam facilities are described here, highlighting their

limitations and perspectives.

Review

There is currently an increasing interest in proton ther-
apy in the world and the number of proton therapy facili-
ties is rapidly increasing; mostly owing to the fact that
physicians acknowledge that even the best current tech-
nique of X-ray therapy (intensity modulated proton ther-
apy, IMRT) are still far from maximizing the therapeutic
gain, i.e. increasing the local tumour control and decreas-
ing the morbidity in healthy tissues. The concern about
late effects for "low" doses to normal organs is particu-
larly relevant in children. At the moment there are
approximately 25 proton centres in operation worldwide
and dozens of new ones are being planned. The aim of
this work is to describe the most representative patient
positioning solutions which are in clinical use in some
proton radiotherapy centres and to comment on the
advantages of robotic positioning in fixed beam delivery
scenarios in terms of cost-effectiveness as compared to
the moving gantry delivery solutions.

Obstacles to the diffusion of proton therapy

The principal obstacle to the diffusion of proton therapy
is the high cost for installation. Currently, proton-therapy
is more expensive than photon-therapy and the high
costs are mostly due to the beam delivery system. In 2003,
Goitein and Jermann [1] estimated the relative costs of
proton and photon therapy, concluding that, with some
foreseeable improvements, the ratio of costs protons/
photons was likely to be about 1.7. However, these esti-
mates are probably outdated. Reimbursement rates cur-

* Correspondence: m.portaluri@asl.brindisi.it

' Radiotherapy ASL Brindisi "A.Perrino" Hospital, Brindisi, Italy
Full list of author information is available at the end of the article

rently allow the development and operation of proton-
therapy facilities with a reasonable profit margin. In the
future, it is likely, as these facilities reach full operational
capacity that the reimbursement rates for proton-therapy
treatment delivery will decrease as capital costs are
spread among more patients.

One of the main issues in assessing the cost-effective-
ness of proton-radiotherapy is the choice between mov-
ing gantries and fixed gantries with robotic patient
positioning systems. In fact there are two types of beam
lines in treatment rooms: isocentric gantries and fixed
(usually horizontal) beam lines. In isocentric gantry
rooms, the structure supports the beam line including
large bending magnets that cause the beam to be bent
first in any direction focusing on the target. The gantries,
with their magnets and counterweights, using present
technology, typically weigh from 120 to 190 tons. The
rotating diameter of an isocentric gantry is typically 10 m
or more, some smaller diameter gantries (i.e. compact
gantries typically < 3 m) exist; however, depending upon
the design they weigh even more. The entire gantry struc-
ture can be rotated in space around the patient so that the
beam can be directed at the patient from a limited angle
range (e.g. within a 180-degree rotation) or from any
angle (within a 360-degree gantry rotation), depending
on the technology. The largest isocentric gantries,
because of their size, require a larger shielded vault up to
3 stories high.

In fixed-beam treatment rooms the beam is directed
with an array of magnets to the nozzle which is fixed in
space. Then, the patient is rotated and translated with a
robotic system to enable beam incidence from various
angles for optimal target coverage. Fixed-beam rooms are
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about three times smaller than gantry rooms; therefore
the size of the volume to be shielded is significantly
reduced. Fixed-beam rooms can be used for many treat-
ment sites [2], although the full applicability for all
tumour sites has not yet been investigated.

Goiten [3] argued that replacement of gantries by one
or a few fixed beams in order to reduce the cost of a facil-
ity would be likely to result in sub-optimal treatments in a
significant proportion of cases, but this depends on the
kind of technology adopted for positioning.

Smith et al. [4] suggested some project solutions to
improve efficiency with lower costs, such as: a) using
treatment setup rooms outside the treatment room,
which should improve the patient outcome, especially for
paediatric patients who need to spend more time in the
treatment setup room, also due to anaesthesia proce-
dures; b) using faster, automated imaging techniques for
patient positioning both outside and inside the treatment
room; c) using robotics for transferring and positioning
patients both outside and inside the treatment room, for
moving imaging devices, and for handling treatment
appliance.

Patient positioning systems

In modern X-ray radiotherapy, patients can be positioned
in the treatment room by automatic couches with 6
degrees of freedom (i.e. allowing translation and rota-
tions). In isocentric gantry treatment rooms, the combi-
nation of gantry and couch movement provides greater
flexibility in delivering multiple beams, from different
directions, to optimize the dose distribution. Recently,
robots have been introduced into particle therapy appli-
cations to be used for holding and positioning imaging
systems or to replace traditional patient couches. Accu-
racy and reproducibility of these devices are very impor-
tant in their design and development.

Moreover, lasers and imaging devices (x-ray tubes and
image receptors) need to be included in each treatment
and/or setup room. The lasers are used for initial patient
set up (to get the patient close to the treatment position)
and the imaging systems provide orthogonal (or in some
cases three-dimensional) images of the patients to be
compared with digitally planning images generated by
treatment planning systems.

Modern technology could again improve the evaluation
of correct patient or beam positioning. This could lead to
new positioning and immobilization solutions for initial
setup and for patient/organ motion management [5].

The Midwest Proton Radiotherapy Institute (MPRI)

At MPRI (Bloomington, IN, USA) protons are produced
in an accelerator and are transported by magnetic beam
lines to one or more treatment rooms. The MPRI facility
has three rooms. One of these has fixed horizontal beam

Page 2 of 5

lines, and the other two have gantries that rotate 360°
around the isocentre. A novel positioning system has
been designed based on commercial industrial robot
arms with six degrees of freedom (three translational
directions and three angles, pitch, roll and yaw) [6].

In the MPRI fixed beam room, a small robot (Motoman
UP20) serves as a positioning platform for a radiographic
panel used in image-guided patient positioning, and a
larger one (Motoman UP200) positions patients on a bed
or in a chair. In addition, the large robot serves as a crane
for quick changes of the removable heavy brass collima-
tion snouts between patient treatments, and for support-
ing and quickly positioning large devices, such as water
phantoms, that are used outside of treatment for dosime-
try and quality assurance measurements.

Industrial robots, such as the Motoman UP200, are
designed for applications demanding very high precision,
therefore, the speed and the acceleration of movements
are strictly limited to guarantee patient safety and com-
fort. There are two distinct types of movements that are
performed by the robot control software, i.e. large-scale
moves along calculated paths, and small-scale jogs
between nearby robot locations for making fine adjust-
ments to the patient position.

During treatment, two radiotherapists are required to
move either robot. One operating the controls, while the
other standing next to the patient, to signal and prevent
collisions. The controls of the patient positioning robot
are operated from the software console. The Digital Radi-
ography (DR) panel robot is a simpler system, operated
with the commercially-supplied hand pendant. The use
of a pull-down mechanism for the DR panel allows one to
have the desired position repeatability of the UP20 robot,
while keeping all the DR panel apparatus far from the
patient whenever the robot is in motion. The patient's
bed and chair are fitted with tilt sensors and accelerome-
ters that inhibit robot motion in hardware via an emer-
gency stop circuit in the controller unit. The
accelerometers move at an acceleration of about 0.5 g,
which corresponds to a light tap on the bed surface, and
the tilt sensors allows up to 12° tilt from the level plane.
The coupler that attaches the bed or chair to the robot is
a standard industrial pneumatically-driven device, but it
is supplemented by a manual locking mechanism that
prevents the bed or chair from accidental decoupling.
Joint limits on speed and acceleration are chosen by the
clinical staff to be consistent with comfortable patient
transport and can be set permanently in the robot con-
troller.

The Paul Scherrer Institute (PSI) remote positioning

The PSI delivery system currently in use, namely GAN-
TRY 1, is build for remote positioning [7]. Before each
fraction, patient fixation to the treatment table is per-
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formed in a dedicated treatment preparation room. The
table is then moved, using a dedicated transporter, and
coupled to the CT scanner (GE Hi-speed, Chalfont St.
Giles, UK) for position verification. The transporter, the
CT scanner and the treatment gantries coupling systems
have been designed to guarantee a positioning accuracy
within 1 mm and the coupling/decoupling of the table of
both systems requires about 2 min.

Gantry and CT scanner isocenters are coincident to
allow the same positioning accuracy. Once the table is
coupled to the CT scanner, orthogonal scout images are
taken and compared with the corresponding ones gener-
ated at the time of acquisition of the CT scan used for
planning (acquired on the same CT scanner).

On the basis of the daily images, translational correc-
tions to the table at the treatment gantry are calculated to
minimize patient misalignment. After completing imag-
ing and analysis procedures, the patient and table are
uncoupled from the CT scanner and moved into the
treatment room. The distance from CT to treatment gan-
try is approximately 20 m, requiring approximately 2 min
for transportation.

Since there is a risk that the patient moves during trans-
portation, scout images are periodically acquired after
irradiation (usually every 10th fraction), allowing an
assessment of the extent of target movement and its con-
sequences on the treatment dose delivery.

The new delivery system at PSI, named GANTRY 2,
not yet in use, has a robotic couch with three degrees of
freedom that can transport the patient between the beam
gantry and a CT scanner placed in the treatment room. In
this way patient fixation and verification are performed
directly in the treatment room without an additional
transportation system.

The Centre de proton-therapie d'Orsay

In hadrontherapy centres that have only fixed horizontal
beams (i.e. most carbon ions centres and first generation
protons centres), the beam incidence angles remain tech-
nically limited, especially for treatment of children under
general anaesthesia needing posterior-oblique (40
degrees or so) beams in the supine position. Therefore at
Orsay a system allowing the child positioning on a 30°
inclined (left or right) treatment table while keeping the
child under general anaesthesia has been recently devel-
oped [8]. The supine position improves patient comfort
and treatment quality and gives an easier approach to the
anaesthetic team. The table is made of polystyrene (with a
maximum beam attenuation of 3%), is 79 c¢cm long and
allows 10° recovery and 40° incidence angles. Regarding
the contention system, an easy transportable device, low
production costs and reproducible patient positioning, is
necessary. The chosen solution at Orsay is a 3 cm thick,
60 cm wide and 137 cm long polystyrene plate placed on
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the treatment table. The plate can be moved for any kind
of lateral beam (from the left or right), and has a fixation
system for the thermoformed mask and straps for patient
contention. A carbon insert has been placed into the
polystyrene plate to mask positioning. This system is
designed for use with every beam angle and patient size,
adults included. In addition, left/right change is carried
out by a simple reversal, without any additional accessory.
A new generation of positioning system is being devel-
oped to allow a modular inclination around a bridge axis
to obtain many positioning and inclination angles (vary-
ing from 0° to 50°). Moreover, this system allows an imag-
ing device (CT or MRI) to be used to verify patient
positioning before treatment and to correct patient set up
when a variation of organ position occurs.

Other centres

The technical difficulties and costs involved in moving a
proton beam around the patient led to a search for new
solutions in patient positioning and movement. The idea
to move the patient instead of the beam had been pur-
sued in proton therapy centres at iThemba Labs in South
Africa [9] and at the Centre de Protontherapie d'Orsay in
France [10,11].

The MPRI robotic system was the first attempt in the
USA to use industrial robots for patient positioning in
radiotherapy [12]; the commercially available IBA proton
therapy systems, installed at the Francis H. Burr Proton
Therapy Centre at the Massachusetts General Hospital in
Boston as well as at the University of Florida Proton
Therapy Centre in Jacksonville, employ custom manufac-
tured robotic-based treatment couches [13].

In Germany, Siemens has developed a robotic position-
ing system similar in some respects to that of MPRI [14].

Discussion

The upright or seated position of the patient, obtained
with a robotic couch, compared to a fixed proton beam,
can reproduce as many entrance possibilities as a proton
beam mounted on a gantry. The upright position is more
reproducible than the supine/prone position because the
distance between the hip-joints and the floor can be more
easily controlled and fixed during each treatment session.
The skin will be stretched owing to gravity, but this
stretching will be approximately the same each time
throughout the radiotherapy course unless an extreme
loss of weight takes place. Vertical or oblique positioning
is compatible with immobilization devices commonly
used in radiotherapy. Up to now the position accuracy
seems limited due to the anatomical data acquisition by
means of CT or MRI scanners which both require hori-
zontal (prone or supine) patient positioning. Robotics
arms can position the patient in many different ways,
however, while the gantries used in proton therapy allow
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for many beam incidences, the ample theoretical possibil-
ities of movement of the robotic couch arms are relatively
limited by the fixed positioning requirements of CT
(MRI) scanners. Future innovations should involve a
wider range of movements of the couch and the possibil-
ity to acquire tomographic images in the treatment setup
position of the patient which could also be non-horizon-
tal.

Many systematic literature reviews regarding cost-
effectiveness suggest that at the moment there is no clear
evidence in favour or against proton radiotherapy as
opposed to conventional photon radiotherapy. Some
Authors suggest a net advantage of proton therapy for a
limited number of tumour sites, such as uveal melanomas
and others ocular tumours, skull base chordomas and
chondrosarcomas, medulloblastoma in paediatric
patients [15,16]. For other pathologies such as breast,
prostate, head-and neck tumours, similar evidence has
been reported for selected patient sub-groups [17-19].
This unclear evidence is based on the fact the proton-
therapy facilities with gantry are more expensive com-
pared to traditional radiotherapy centres. Thus, the cost
effectiveness for each individual patient is outweighed by
the clinical advantages of proton radiotherapy.

Due to the automatic positioning with the specific
robots, the cost of the proton therapy facility can almost
be halved, making it cost effective for the patient. More-
over, adequate imaging devices for daily check position-
ing could reduce the time of patient set up as well as the
overall treatment time, and thus permit more patients to
undergo therapy. Furthermore, the building costs of pro-
ton therapy facilities decreases when gantries are not
included in the cost calculation, associated with signifi-
cantly increased shielding, installations and running costs
[1]. This would then allow an increase in the number of
treatment rooms.

The main drawback is the cost of proton therapy facili-
ties which in turn limits the number of patients undergo-
ing this new modality of treatment. Therefore, the use of
automatic positioning could bring down the costs and
lead to an immediate and more widespread use of proton
therapy. New automatic devices are necessitated to
improve again the actual technology.

Conclusions

A cost reduction in building proton therapy facilities
equipped with robotic systems for patient positioning
instead of rotating gantries, is expected to reveal more
clearly the clinical advantage of proton versus photon
therapy supported by planning studies demonstrating
improved dose distribution.
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