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Purpose: We report the first prototype of spot-scanning arc treatment (SPArc) delivery on a clinical pro-
ton beam therapy machine and evaluate its delivery accuracy and efficiency.
Methods and materials: A newmodule called Proton Dynamic Arc Delivery (PDAD) was developed to allow
simultaneously delivering spot-scanning proton beam treatments while rotating the gantry on an IBA
Proteus�One proton machine. A series of measurements was performed to validate the basic beam char-
acteristics. Subsequently, patient specific quality assurance (QA) of a brain SPArc plan was performed.
Total SPArc treatment delivery time was also recorded and compared to the clinically delivered intensity
modulated proton therapy (IMPT) treatment time. Finally, the log file of the SPArc plan was analyzed and
processed to reconstruct the actual delivered dose.
Results: All the basic beam characteristics were confirmed in the PDAD mode, similar as those measured
using fixed gantry deliveries in clinical mode. The brain SPArc plan with similar or superior plan quality
was delivered in 4 mins compared to total 11 mins for the clinical treatment of the three-field IMPT plan.
The patient QA result showed a good agreement between the measured and calculated dose distributions
with the gamma index of 98.6% (3%/3 mm). The analysis of the log file confirmed the accuracy of the
SPArc plan delivery, with the gamma index of 98.3% (1%/1 mm) between reconstructed and the planned
doses.
Conclusion: The first prototype of dynamic proton arc delivery on a clinical proton therapy system was
successfully performed. The measurements and simulations demonstrated the feasibility of SPArc treat-
ment within the clinical requirements.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 137 (2019) 130–136
Pencil beam scanning (PBS) technique [1,2] has become a pop-
ular treatment modality in proton therapy [3], which offers supe-
rior dosimetric properties compared to photon therapy and
passive scatter proton beam therapy [4–7]. In PBS, the narrow
beams (spots) deliver the therapeutic radiation dose from several
fixed beam directions via spots in an optimized fashion. However,
the dosimetric quality of the PBS plan could be limited [8] due to
the large lateral penumbra [9], uncertainties from patient’s daily
setup and proton range [10–16], and limited angles for delivery
given the treatment delivery efficiency [17–19]. Recently, spot-
scanning proton arc therapy (SPArc) technique has been proposed
to further improve plan quality, robustness, and delivery efficiency
[20].

SPArc is a novel and an advanced form of intensity modulated
proton therapy (IMPT) planning and treatment approach, in which
the planning optimization algorithm selects the energies and posi-
tions of spots along a dynamic rotational arc trajectory. Such
robust optimized and delivery-efficient SPArc plan based on hun-
dreds of control points could potentially enable the proton system
to deliver proton arc therapy in a continuous rotation gantry mode
while avoiding the dose to organs-at-risk (OARs). SPArc planning
algorithm starts from robust optimization with a coarse angle sam-
pling and then increases the sampling rate iteratively while filter-
ing energy layers, spots and re-distributing the energy layers, spots
to further optimize the plan quality, robustness, and arc treatment
delivery efficiency simultaneously [20]. As it was reported previ-
ously, SPArc has a greater ability to improve the plan quality and
robustness in multiple disease sites such as prostate, lung, and
head and neck cancers compared to multi-field robust optimized
IMPT [8,21,22]. Although previous SPArc studies have been cen-
tered on dosimetric simulations, there are still many technical
challenges to implement such continuous gantry rotation with
scanning proton beam delivery [21]. These challenges include the
degree of accuracy to control and monitor the speed and the posi-
tion of the proton gantry in real-time; the capability of delivering
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spots within sub-millimeter accuracy during dynamic gantry rota-
tion mode and switching the energy layers efficiently between
each gantry rotation control point. Recently, IBA (Ion Beam Appli-
cations, Louvain-La-Neuve, Belgium) has developed a new scan-
ning beam control module within the existing hardware in our
clinical proton beam therapy system. Such research treatment
module allows the beamline to deliver scanning proton beam
while continuously rotating the gantry. The purpose of this study
is to design and implement procedures to quantitatively evaluate
the performance of this novel SPArc treatment delivery using a
clinical proton beam therapy system.
Methods and materials

IBA Proteus�One proton therapy system

Our proton beam therapy system consists of an IBA supercon-
ducting synchrocyclotron (S2C2) [23] and a Proteus�One 220
degree compact gantry with a dedicated scanning beam nozzle to
deliver proton beam energy from 70 to 227.7 MeV. The corre-
sponding spot size in terms of one sigma in air at isocenter plane
ranges from 0.8 cm to 0.3 cm, respectively. The maximum field size
of the proton unit is 20 � 24 cm2 at isocenter.
IBA Proton Dynamic Arc Delivery

IBA Proton Dynamic Arc Delivery (PDAD) system is a new beam
delivery module which allows delivering spot scanning beams
while continuously rotating the gantry. Currently, the PDAD mod-
ule is a prototype system operating in research mode. SPArc plan
consists of a sequence of proton arc delivery control points, for
which the gantry angle, spot positions and energies, and monitor
units (MUs) are defined. The PDAD system calculates the delivery
sequences based on the pre-defined parameters which include
the minimum and maximum gantry speeds of 0.1 degree/s and
2 degree/s, the estimated energy layer switching time from high
to low energy (0.6 s) and from low to high energy (5.5 s), the esti-
mated scanning delivery time of each control point, and an adjus-
table angular tolerance between the actual delivered and planned
gantry angles. The angular tolerance defines an angular window
during which an arc delivery control point can be delivered. This
tolerance was set to 1 degree in this study (angular window of
Fig. 1. (a) The setup to measure the isocentricity using XRV100. (b) The change in the ce
from 330 to 180 degree.
±1 degree around the planned angle). The delivery is synchronized
to the gantry position by the PDAD controller, so that the control
point is delivered within the angular window. The estimated deliv-
ery time of the control points and the layer switching time deter-
mine the gantry rotation speed at a given angle.
Proton arc beam characteristic tests

Under the prerequisites of the standard machine QAs [24], a
series of tests for different energies of 70, 120, 180, and
227.7 MeV proton beam has been performed to validate the beam
characteristics, accuracy and stability under the PDAD module.
These consisted of radiation isocentricity, spot profile, beam flat-
ness and symmetry, and beam output.
Isocentricity

The isocentricity of the arc delivery was evaluated by delivering
only central spots (2MU per spot with 5 degree gantry spacing)
while gantry continuously rotating clockwise from 330 degree to
180 degree. The positions of the central spots in three directions
and gantry angles were measured at isocenter using XRV100 scin-
tillator (Logo System Intl, CA, USA) (Fig. 1a) [25]. The change in
spot positions over gantry angles was recorded.
Spot profiles

The single spot profiles at different gantry angles through the
arc delivery were measured in air at isocenter plane using a gantry
mounted scintillator-based Lynx detector (IBA Dosimetry, Sch-
warzenbruck, Germany) (Fig. 2a) [26,27]. The baseline measure-
ments were also acquired with the same setup using static mode
at several selected gantry angles (330, 0, 45, 90, 135, and 180
degrees) in clinical mode which were compared to the spot profiles
in the PDAD mode.
Proton beam flatness and symmetry

10 � 10 cm2 square fields consisting of 1681 spots with 2.5 mm
spot spacing (1MU per spot, total 1681 MUs) were processed (see
Fig. 2 of Supplementary materials) to create the arc fields by dis-
tributing the spots equally to all the control points (5 degree spac-
nter of the central spot relative to iso-center acquired from a clockwise arc delivery



Fig. 2. (a) The setup to measure spot sizes using Lynx mounted on the gantry. (b) The spot profiles in X (triangle and square) and Y (dot and cross) directions in terms of one
sigma in air at isocenter plane acquired in arc (triangle and dot) and static (square and cross) mode.
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ing) following the delivery pattern. These fields were delivered in
the PDAD mode and measured via a two-dimensional ionization
chamber detector array, MatriXXOne (IBA Dosimetry, Schwarzen-
bruck, Germany) with 2 cm solid water buildup. The MatriXXOne
was mounted to the gantry using a special designed holder
(Fig. 3a), which was located at beam isocenter plane and rotated
with the gantry. The beam flatness and symmetry of those fields
were analyzed and compared with the baseline profiles acquired
under the static mode delivered at gantry zero degree.
Proton Arc delivery output

The same 10 � 10 cm2 fields were used to measure the beam
output during the arc delivery. The dose was measured using a cal-
ibrated PPC-05 parallel chamber (IBA Dosimetry, Schwarzenbruck,
Germany) at the depth of 2.7 cm of solid water material, which was
mounted to the gantry at the isocenter plane read by a Dose 1 Elec-
trometer (IBA Dosimetry, Schwarzenbruck, Germany). The output
acquired by delivering the same fields at gantry zero degree was
analyzed to evaluate the output consistence under the PDADmode.
Patient SPArc plan delivery

One brain patient who underwent a three-beam (including one
vertex beam) IMPT treatment at our center was re-planned with a
Fig. 3. (a) The gantry mounted setup to measure the flatness and symmetry using Matr
using MatriXXOne with 2 cm solid water buildup for arc (red) and static (blue) delivery
referred to the web version of this article.)
partial arc (2.5 degree spacing) with gantry clockwise rotation
from 40 to 180 via energy layer delivery optimized SPArc algorithm
[28]. The SPArc plan was optimized using worst-case robust opti-
mization with the same uncertainties parameters (±3mm setup
and ±3.5% range uncertainties, total 21 scenarios) to achieve simi-
lar clinical target volume (CTV) robust coverage as the clinical plan.
The total number of control points, energy layers, and spots was
50, 97, and 4783 respectively. The brain SPArc plan was then trans-
ferred to IBA Proteus�One treatment system and delivered in the
PDAD mode. Total delivery time was recorded and compared with
the average clinical treatment delivery time for this patient.
Patient specific QA

The patient specific plan QA was performed using MatriXXOne
mounted to the gantry (Fig. 3a) with 2 cm solid water buildup. The
gamma index [29] using 3% and 3 mm criteria was used to evaluate
the measured and calculated 2D dose distributions.
Log analysis and dose reconstruction

During the SPArc plan QA delivery in Section (Patient specific
QA), the treatment log file recorded the actual delivered position,
MUs, time, and the corresponding gantry angle of each spot. This
log file was extracted to analyze the actual energy switching time,
iXXOne. The profiles in (b) X and (c) Y directions for a 10 � 10 cm2 field measured
. (For interpretation of the references to colour in this figure legend, the reader is



X. Li et al. / Radiotherapy and Oncology 137 (2019) 130–136 133
the gantry speed, and the MUs delivered at each angle. The deliv-
ered dose was also reconstructed by computing the dose on the ini-
tial planning CT in treatment planning system (TPS) based on the
actual delivered information from log file [30–32]. The dose distri-
butions and dose–volume histograms (DVHs) were compared for
the reconstructed and planned doses. The 3D gamma index using
1% dose and 1 mm criteria was also assessed.
Results

Proton Arc beam characteristics

Isocentricity
Fig. 1b shows the central spot positions relative to the iso-

center delivered in arc mode from 330 to 180 degree for energies
of 70, 120, 180, and 227.7 MeV. All the spots were delivered at
the gantry angles within ±1 degree of the planned gantry angle.
All the spots were within 1 mm position accuracy, while the max-
imum deviation from the iso-center was 0.77 mm for the 70 MeV.

Spot profiles
Fig. 2b shows the spot sizes in both X and Y directions delivered

in arc and static modes. The average spot sizes for X and Y direc-
tions were 0.80 and 0.82 cm, 0.55 and 0.56 cm, 0.39 and 0.41 cm,
0.34 and 0.35 cm for energies of 70, 120, 180, and 227.7 MeV using
arc delivery mode. The maximum standard deviation for the spot
size from different gantry angles was 1.1%. Compared to the results
acquired in static mode, the spot sizes were consistent within 1.5%.

Beam flatness and symmetry
Generally, the symmetry of the square fields measured in the

dynamic arc mode was very similar to the static mode, with the
differences in X and Y directions being 0.04% and 0.01%, 0.05%
and 0.09%, 0.08% and 0.4%, 0.01% and 0.1% respectively for energies
of 70, 120, 180, and 227.7 MeV. The differences of the flatness in X
and Y directions between arc and static delivery mode evaluated
with 2 cm solid water buildup were within 0.6% except for the flat-
ness in Y direction for 227.7 MeV energy of 2.2% (Fig. 3c).
Fig. 4. The dose and DVHs (solid for SPArc, dashed for IMPT) comparisons between th
Proton arc output
The output measured for the square fields were compared

between the arc and static delivery modes. The result showed
the difference of 1.84%, �0.40%, 0.96%, and �0.53% for energies of
70, 120, 180 and 227.7 MeV, respectively. These findings suggest
that the beam output is stable and reliable during the arc delivery.

Patient SPArc plan
The dose distributions and DVHs of the three-field (two co-

planar and one vertex) IMPT and the SPArc plans for the brain case
are shown in Fig. 4. The SPArc plan was able to achieve similar or
superior plan quality and robustness (Fig. 1 of Supplementary
materials) without using a non-coplanar beam. Compared with
the IMPT plan with a couch kick, which took an average of
11 min to deliver, the SPArc could finish the delivery in 4 min. This
is just to demonstrate the significant benefit of arc therapy in
terms of treatment delivery efficiency and workflow in compli-
cated clinical cases compared to the current clinical practice.
Patient specific quality assurance

Fig. 5a shows the planar iso-dose lines comparison for the cal-
culated and measured SPArc with 2 cm solid water buildup.
Fig. 5b shows the gamma index map calculated with 3% and
3 mm between the two doses. The gamma index reached 98.6%,
which indicates the good agreement between the calculated and
measured doses.
Log analysis and dose reconstruction

According to the log file, all the spots were delivered within the
tolerance of the planned gantry angles ±1 degree (Fig. 3 of Supple-
mentary materials). The observed energy layer switching time was
between 0.35 and 0.55 s for energy switching downward, and
between 3.5 and 5.5 s for energy switching upward. The minimum
and maximum gantry speed during the SPArc irradiation were 0.14
and 1.58 degree/s (Fig. 6a). Fig. 6b shows the DVHs comparisons for
target and several OARs between the planned and the log recon-
e SPArc ((a) and (c)) and IMPT ((b) and (d)) plans in a patient with brain tumor.



Fig. 5. (a) The iso-dose lines comparison for measured (solid) and calculated (dashed) doses. (b) The gamma index map using 3% and 3 mm criteria between measured and
calculated doses.

Fig. 6. (a) The gantry speed calculated from log-file (blue line) and the cumulative MUs (orange) delivered relative to the gantry angle, where stars stand for the angle where
energy switches from low to high. (b) The DVHs comparisons from the log file for reconstructed (solid) vs planned (dashed) doses. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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structed doses. The maximum difference between the two doses in
target was 0.2%. The gamma index using 1% and 1 mm criteria was
98.3% between reconstructed and plan doses.
Discussion

Since the initial introduction of proton arc treatment technique,
SPArc has demonstrated its capability to further improve the plan
quality, robustness, and delivery efficiency in various treatment
sites compared to current standard technique of robust optimized
multi-field IMPT plans [8,21,22]. However, in order to deliver SPArc
plans, the proton gantry requires to be capable of rotating around
the iso-center while delivering small pencil beams within sub-
millimeter accuracy. The study evaluates the first prototype arc
delivery using a clinical proton therapy machine. Our preliminary
results demonstrated that the spot-scanning arc delivery could
be achieved with similar accuracy as the current PBS technique
without modifying the hardware in existing clinical proton
machine. Although this is a prototype tested in the research mode
without implementing the required beam interlocks and safety
checks, the experiment results demonstrated the feasibility and
accuracy of such continuous proton arc delivery.

Moreover, a small difference was detected for beam flatness in
Y direction (Fig. 3(c)) for only 227.7 MeV energy between the arc
and static deliveries. This discrepancy is dependent on the
sequence of beam delivery, where spots in different Y direction
were given from different control points. Due to small uncertain-
ties of the spot positions (Fig. 1b) from different gantry angles,
the beam profile showed some wavelike changes (Fig. 3c). How-
ever, this discrepancy could not be clinically significant since the
measurement was completed with 2 cm buildup which is away
from the Bragg Peak region. Moreover, this difference can be
washed out as the spot size becomes larger or depth closer to
the Bragg Peak, which could be concluded by the smaller differ-
ences in beam flatness of other three lower energy measurements.

In this study, energy sorting SPArc algorithm was used to
improve the SPArc delivery efficiency [28]. Compared to the origi-
nal SPArc algorithm [20], which re-distributed the energy layers
randomly without any orders to new sub-control points, the new
algorithm starts from coarser sampling angles (20 degree), and
re-distributes the energy layers with an order following the gantry
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rotational direction. This minimized the number of energy
switches from low to high energies resulting in achieving a similar
plan quality while significantly decreasing the proton arc therapy
delivery time.

In the current PDAD mode, the static control points are con-
verted to delivery sequences and the pre-defined parameters
(e.g., gantry angle deviation window, gantry speed, energy switch-
ing time) are set to be conservative in order to ensure the proton
arc delivery accuracy in this first prototype. For instance, the
extent of the gantry deviation window is set to be 1 degree. This
tolerance could be a variable number depending on the beam path
inhomogeneity, the number of spots, energy layers, and MUs of
each control points, and gantry sampling rate. Through further
optimization of these parameters, the proton arc delivery effi-
ciency could be improved while maintaining similar delivery
accuracy.

The accuracy of arc delivery could be affected by the gravity
force, especially in case of proton gantry. In Proteus�One system,
the gantry angle dependent scanning magnet is used to correct
the gantry sagging. During the arc delivery, the PDAD module
interpolates the scanning table and effectively tunes the beam to
maintain the isocentricity between each control point. In addition,
the sagging of the measurements device mounted to the gantry
could possibly affect the measurement results. In our analysis,
although the patient QA for the SPArc passed our criteria (95%),
depending on the plan complexity and sag magnitude, we may
need to implement a gantry sagging correction algorithm or
develop some newmeasurement device to compensate such effect.

One of the limitations of this study is that only basic spot char-
acteristic analysis and single depth 2D measurements due to
design of the MatriXXOne holder were completed to verify the
accuracy of the arc delivery. Although the findings seem very
promising, more beammeasurements (e.g., deeper depth measure-
ment, range verification during arc delivery) and patient specific
QAs are still required to perform a comprehensive analysis on con-
sistency, accuracy and stability of the proton arc delivery. Lastly,
new procedures and devices need to be designed to make this
quality assurance more accurate and efficient.

In order to implement proton arc prototype for clinical use,
there are still some issues to solve such as (1) Improving the stabil-
ity of the machine and reducing the beam pauses as much as pos-
sible; (2) implementing procedures for beam pauses to resume the
arc delivery; (3) designing the safety interlock for the arc delivery;
(4) developing new DICOM standard to incorporate proton arc
delivery; (5) working with the TPS and Oncology Information Sys-
tem (OIS) software companies to support the planning and record-
ing of the arc delivery; and (6) developing the new proton arc QA
devices for implementing a comprehensive QA program.
Conclusions

This study evaluated the performance of the first prototype of
proton arc delivery based on an existing clinical proton therapy
system. The measurement and simulation results indicate that
the arc delivery system has the potentials to be within clinical
requirements. Such findings also demonstrate its clinical feasibility
and pave the road for the future implementation of this novel
treatment technique in clinical settings.
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