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Abstract

Purpose: Reporting on the first implementation of a proton dedicated com-
mercial device (IBA Sphinx/Lynx) for daily Quality Assurance (QA) of scanned
proton and carbon ion beams.

Methods: Daily QA trendlines over more than 3 years for protons and more than
2 years for carbon ions have been acquired. Key daily QA parameters were
reviewed, namely the spot size and position, beam range, Bragg peak width,
coincidence (between beam and imaging system isocenters), homogeneity and
dose.

Results: The performance of the QA equipment for protons and carbon ions
was evaluated. Daily QA trendlines allowed us to detect machine performance
drifts and changes. The definition of tolerances and action levels is provided
and compared with levels used in the literature.

Conclusion: The device has been successfully implemented for routine daily
QA activities in a dual particle therapy facility for more than 2 years. It improved
the efficiency of daily QA and provides a comprehensive QA process.
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device called Sphinx (IBA Dosimetry, Schwarzenbruck,
Germany) in combination with a scintillator screen called

A variety of dosimetry equipment is available in the
field of light ion beam therapy, in particular for facili-
ties equipped with scanned ion beam delivery systems.
While commercial companies have been developing
dosimetry equipment for proton therapy facilities, less
equipment has been developed specifically for carbon
ions. A review of existing equipment can be found in
Refs. [1, 2]. The method for implementing dosimetry
equipment at MedAustron was presented in a previ-
ous paper. Several integrated Quality Assurance (QA)
devices were developed recently to fasten daily QA of
scanned proton beams*~’ Since 2016, a commercial

Lynx (IBA Dosimetry) has been made available to facil-
itate daily QA. The performance of this combination
of equipment for the evaluation of proton range was
provided in detail in Ref. [8]. The application of the
Sphinx/Lynx for comprehensive daily QA of scanned
proton beams was described in Ref. [4]. Even if the char-
acterization of Lynx in carbon ion beams was reported,’
the routine clinical usage of Lynx and Sphinx devices
for carbon ion QA has, to our best knowledge, not been
reported so far. The combination of Sphinx/Lynx was
implemented at MedAustron for daily proton and carbon
ion QA from May 2018 and June 2019, respectively. This
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paper intends to report on the implementation and per-
formance of Sphinx/Lynx for daily proton and carbon ion
QA, as performed at MedAustron for a horizontal fixed
beam line. In the next sections, we will describe the main
QA equipment specificities, the daily QA concept and
review long-term QA trendlines. The performances of
the equipment for protons and carbon ions will be eval-
uated and the definition of QA tolerances and action
levels will be presented.

2 | MATERIALS AND METHODS

2.1 | The MedAustron particle therapy
accelerator developments

Descriptions of the facility, the technology used at
MedAustron,'® as well as the specificities of the beam
delivery system'"'2 were presented elsewhere. Only
key beam delivery parameters (range, spot size, posi-
tion, dose, and homogeneity—described later) will be
investigated within this report. In addition, for the pur-
pose of this study, we will focus on the data of the
horizontal fixed beam line from irradiation room 2 only,
further denoted with IR2H. This has the great advan-
tage of enabling a comparison of all physical and clinical
aspects of both particle beam types under the same
conditions. The terminology IR2Hp or IR2Hc will be used
throughout this article to refer to the proton or carbon
ion beams delivered through the IR2H beam line. Treat-
ment started in July 2017 for IR2Hp and in July 2019 for
IR2Hc. The Sphinx/Lynx was implemented in May 2018
and June 2019 for IR2Hp and IR2Hc. Over the years,
the MedAustron Particle Therapy Accelerator (MAPTA)
has undergone numerous performance upgrades, which
are relevant for this article. Indeed, it is interesting to
correlate QA trendline changes with machine upgrades
or major repairs. The beam delivery from MAPTA con-
sists in delivering spills of particles with the same energy
or at subsequent energies. The beam intensity, that is,
the number of particles delivered per unit of time, is a
key parameter influencing the treatment time. The inten-
sity depends on the total amount of particles injected in
the synchrotron ring and extraction time (see Ref. [11]
for more details about machine parameters). Maximiz-
ing the beam intensity is a key to fasten beam delivery.
Another way of reducing treatment time is to reduce the
dead time between spills, by optimizing machine set-
tings that control the ramp-up and ramp-down of the
electric current of various magnetic components of the
machine. The proton intensity was increased by a fac-
tor of "2 after implementation of the Upgrade 1, on
the 21st of March 2020. Proton and carbon ion deliv-
ery times were also reduced by optimizing inter-spill
dead times, via Upgrade 2 on the 13th of December
2020. Today, the number of particles per spill is approx-
imately 2 x 10" and 4 x 102 for protons and carbon
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FIGURE 1 Setup of the equipment (Lynx, Sphinx, ionization
chamber) for the measurements in a horizontal beam line.

ions, while the spill lengths are about 10s and 4s, respec-
tively. One of our aims was to study if the changes made
in these upgrades led to detectable changes in beam
output characteristics.

2.2 | Sphinx/Lynx description

A detailed discussion of the Sphinx/Lynx system
for daily QA of clinical proton beams is available
elsewhere* and only a brief overview is provided below.
The Sphinx is a modular passive element made of RW3
water-equivalent plastic material, which is designed to
be used in combination with the Lynx detector for
2D relative profile measurements and a plane parallel
ionization chamber for dose consistency checks. The
Sphinx/Lynx QA system was designed for a 30 x 30
cm? field size. Rigidity and fixation of the system are
ensured by a carbon fiber frame. The Sphinx/Lynx equip-
ment contains different regions for QA (Figure 1). Four
fixed fiducials are available in the core RW3 block
in order to perform image registration. A fifth fiducial
is set-up for testing the coincidence between imaging
and beam delivery isocenters. The Lynx detector allows
acquiring images (2D maps), which are used to derive
dosimetric quantities for QA such as spot sizes, posi-
tions, 2D field size, homogeneity, range parameters, etc.
The Sphinx/Lynx data acquisition and analysis software
is integrated into the myQA platform (IBA-dosimetry).
The data acquisition and analysis are managed by the
so-called Sphinx-plugin integrated into the myQA plat-
form and the QA results are automatically saved in the
myQA database. For dose QA, ionization chamber read-
ings are saved by the user in an excel file and imported
manually in myQA. The full details of the available algo-
rithms are the property of IBA, nevertheless, for sake
of clarity, a general description is provided below for
the reader. Spot sizes and positions are extracted from
a 2D Gaussian fit for each spot. The coincidence test
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corresponds to the distance between the center of the
fiducial and the center of the beam in x and y directions.
The QA of the homogeneity is performed by shooting
a rectangular mono-energetic field through a homoge-
neous RW3 region of 2 cm thickness. The homogeneity
(called flatness in myQA\) is defined.'® and is evalu-
ated in a uniform region as the ratio of S« — Smin
over Spax + Smin, With Spax and Sy, being the maxi-
mum and minimum signal over the uniform region. When
an iso-energetic beam is scanned over an RW3 wedge
from the Sphinx, a transversal projection of the longi-
tudinal Bragg peak curve is acquired and can be used
for range consistency checks. Different wedge thick-
nesses are provided to QA ranges of different energies.
Depth-dose profiles are characterized by three indepen-
dent quantities: the “distal’range (distal depth where the
percentage depth dose is 80%), the “proximal” range
(proximal depth where the percentage depth dose is
80%) and the fall-off (distance between distal 80% and
20% dose levels). A fourth quantity can be derived: the
width (difference between distal and proximal ranges).
These parameters are derived by myQA from projec-
tions on the Lynx device and therefore are different
from depth-dose parameters in water in reference con-
ditions. The dose output consistency is checked in a
homogeneous RW3 block and acquired at 1 cm depth.

2.3 | Daily QA set-up and workflow

The daily QA Sphinx/Lynx setup on the robotic patient
positioner for the horizontal fixed beam lines is pre-
sented in Figure 1. It includes the four range wedges, a
homogeneity region, a coincidence region, spot regions
and the dose block in which an Advanced Markus ion-
ization chamber (PTW, Freiburg) is inserted. As the
maximum field size at MedAustron is 20 x 20 cm?
(while the Sphinx/Lynx QA system was designed for
up to 30 x 30 cm? field size), the daily QA was split
into a Lynx QA map (including spots, ranges, homo-
geneity, and coincidence test) and a dose QA map
(defined in Section 2.4). In other words, after deliver-
ing the Lynx QA map, the treatment couch is moved
upwards so that the dose QA map can be delivered
to the dose block. The daily Sphinx/Lynx QA of IR2H
includes the following key steps: set-up the Sphinx/Lynx
at the planned position on the couch, Sphinx/Lynx image
registration against a reference CT image, movement
to the treatment position for Lynx QA map acquisition,
delivery/acquisition/analysis of the proton Lynx QA map,
movement to the treatment position for dose QA, deliv-
ery/acquisition/analysis of the proton dose QA map,
movement to the treatment position for Lynx QA map
acquisition, delivery/acquisition/analysis of the carbon
ion Lynx QA map, movement to the treatment position
for dose QA, delivery/acquisition/analysis of the carbon
ion dose QA map.

MEDICAL PHYSICS 2=

2.4 | Daily QA maps

While the number of particles per spill is up to 2 x 100
and 4 x 108 for protons and carbon ions, the maximum
number of particles per spot is restricted to 1 x 108 and
2 x 106 during the treatment planning process. For daily
QA, we decided to deliver spots with a number of par-
ticles similar to the maximum number of particles per
spot used for treatment planning. The number of par-
ticles per spot for the homogeneity, coincidence, and
energy regions were optimized to provide a similar sig-
nal intensity in the Lynx image as for the single spots
(Figure 2). The proton Lynx QA map was designed for
checking spot sizes and positions for 6 nominal beam
energies (62.4, 111.6, 148.2, 179.2, 224.2, 252.7 MeV),
homogeneity at medium range (148.2 MeV,7 cm X 4 cm
rectangle), reproducibility of four ranges (81.3, 111.6,
179.2, 224.2 MeV) and coincidence at 81.3 MeV. The
proton dose QA map allows for checking dose consis-
tency for 4 nominal beam energies (62.4, 97.4, 148.2,
224.2 MeV) in mono-energetic 6 cm X 6 cm fields at
1 cm depth of RW3. The carbon ion Lynx QA map was
designed for checking spot sizes and positions for five
nominal beam energies (120,213.4,284.7,346.6,402.8
MeV/n), homogeneity at medium range (284.7 MeV/n,
7 cm X 4 cm rectangle) and 3 ranges (139.4, 213.4,
346.6 MeV/n). The carbon ion dose QA map allows
checking dose consistency for 4 nominal beam energies
(120.0, 213.4, 284.7, 346.6 MeV/n) in mono-energetic
6 cm x 6 cm fields at 1 cm depth of RW3.

2.5 | Performance of the Sphinx/Lynx
QA equipment

The methodology used at MedAustron for acceptance
and commissioning of QA equipment was presented
earlier and was followed for the implementation of
Sphinx/Lynx. With respect to existing literature, the main
purpose of our acceptance and commissioning pro-
cess was to verify the functionality of the Sphinx/Lynx
for the evaluation of carbon ion ranges. The details of
the MedAustron commissioning results are out of the
scope of this paper. Instead, the evaluation of trendlines
provide a unique opportunity to review the perfor-
mance of the Sphinx/Lynx for proton and carbon ion
beams. Trendlines include proton and carbon ion data
in the period 15/08/2018-1/12/2021 and 17/06/2019—
1/12/2021, respectively. In-house developed software
tools are used to monitor these trendlines on a routine
basis.'*"° In the context of this study however, the QA
data was directly extracted from myQA using the myQA
Cockpit web interface. Since the same beamline IR2H
is used for both particle types, it allows a direct com-
parison of the performance of the equipment for both
particle types.
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FIGURE 2 Proton (left) and carbon ion(right) Lynx daily QA maps.

2.6 | Definition of QA tolerances and
action levels

A tolerance level sets permissible boundary values
on the deviation of a quantity from its nominal value.
The QA tolerances must be set according to the per-
formances of the QA equipment? the performances
of the beam delivery system (see trendlines from the
results section) and clinically acceptable deviations.
With respect to performances of the QA equipment or
beam delivery system, assuming normal distributions
of the statistical fluctuations, setting tolerance levels at
1-sigma (standard deviation), means that the QA may
roughly be out of tolerance every third measurement.
It is therefore reasonable to set tolerance levels at 2
sigma level (95% confidence interval). An action level
sets boundary values of a quantity beyond which an
action has to be taken. Action levels are often set at
approximately twice the tolerance level. However, some
critical parameters may require tolerance and action lev-
els to be set much closer to each other or even at the
same value, to allow detecting machine drifts before
reaching clinically acceptable tolerances. According to
AAPM TG-224,'° the purpose of a QA program is to
provide confidence that the beam delivery is function-
ing as commissioned for patient treatment and that the
planned dose can be delivered safely and accurately
within the established tolerance limits. The AAPM TG-
224 provides recommendations on the definition of QA
tolerances and periodicity checks for protons. The report
is dedicated to proton gantries and encompasses not
only scanned beam delivery technique, but also double
scattering and uniform scanning. The AAPM TG-224 is
therefore not specific to dual particle facilities and fixed
beam lines, as investigated in this article. Nevertheless,
we believe it is relevant to compare our tolerances with
these recommendations, as they are widely known and
used in the proton therapy community.
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3 | RESULTS AND DISCUSSIONS

3.1 | Trendline analysis for beam range

The distal range parameter is the key parameter to verify
the delivered beam energy (i.e., the mean energy). The
carbon ion range trendlines are more stable in terms of
statistical fluctuations (standard deviation) than those
for protons (Figure 3, Table 1), even if the standard devi-
ations are of the order of 0.1 mm or lower. The proton
ranges were reduced after Upgrade 1 and the effect
was more pronounced with increasing energy, with up
to —0.34 mm at 224.2 MeV (compared to initial values).
This effect was also measured during the re-acceptance
of the machine, using range measurements in reference
conditions in water and was therefore as expected. In
contrast to ranges, Bragg peak width trendlines are more
stable for protons than for carbon ions (Figure 4), with
standard deviations within 0.0-0.2 mm and 0.2—-0.4 mm
for protons and carbon ions, respectively (Table 1). This
is mostly related to larger uncertainties in the evaluation
of the proximal range for carbon ions as compared to
protons. This may be partly attributed to the increased
quenching effect for carbon ions in Lynx,° leading to a
reduced peak-to-plateau ratio, as compared to depth-
dose profile measurements in water, and also due to
software algorithm limitations related to signal fluctua-
tion in the measurement equipment. The distal fall-off is
the most stable parameter with very small fluctuations
(standard deviation always lower than 0.1 mm) for both
particle types (Table 1). Even if energy settings can
be slightly modified during major machine upgrades,
such as with upgrade 1, it is expected that the new
energy settings will be stable over time for many years
to come. This stability is confirmed over the QA data
obtained since treatment startin 2016. Overall,the beam
energy parameters delivered by a synchrotron machine
are very stable. This statement was confirmed by
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private communication from colleagues working in other
European facilities with similar synchrotron machines.

3.2 | Trendline analysis for beam
position and size

Deviations of spot positions from the reference (base-
line) positions were evaluated for three proton and three
carbon ion energies located at different positions over
the Sphinx QA map (Figure 5). For protons and carbon
ions, the standard deviations of the spot positions (hor-
izontally and vertically) were not significantly affected
by the upgrades and were mostly within 0.2—0.3 mm
(Table 2). The slightly larger standard deviations in the
horizontal direction are visible in Figure 5 and may
be related to the beam extraction direction in the syn-
chrotron (which is horizontal). The mean beam positions,
however, are dependent on the energy and direction
(horizontal or vertical). The most striking improvement
is shown for protons in the vertical direction, where the
mean beam position energy dependence was corrected

after the second machine upgrade (Figure 5). This
improvement is not related to Upgrade 2 per se, but
results from a major effort to re-center the beam during
the course of Upgrade 2.

Deviations of the spot sizes (in terms of FWHM)
from the reference values measured during commis-
sioning are shown in Figure 6. For carbon ions, Upgrade
2 affected the beam sizes in neither of the two direc-
tions (Table 2, Figure 6). For protons, however, the mean
spot sizes were significantly altered at each Upgrade
(1 and 2), especially as the energy increased. The vari-
ations were significantly larger in the vertical direction
at medium and high energy, with up to 10.0% spot size
increase for the 252.7 MeV proton beam, as compared
to the initial value. In contrast, the mean spot size at
the lowest proton energy decreased by 2.5% in the hor-
izontal direction, as compared to the initial value. These
deviations were accepted, considering the fact that pro-
ton spot size increases by approximately a factor 3 at
252.7 MeV until the Bragg peak position: roughly speak-
ing, the 7 mm spot size in air at patient entrance will
become approximatively 21 mm at the Bragg peak depth

85UB017 SUOWILIOD BAIeR.D 3 |deot|dde 8y Ag pausenoh a1e sajoiie VO 88N JO s3I 10} Ar1q1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SUR}/LLID"AB | IMArelq 1juluO//SANY) SUORIPUOD pUe SWB L 83 835 *[7202/60/02] U0 ARiqIT 8ulluO AB|IM ‘89 L AQ 968ET 2WIe/200T 0T/I0p/Woo 48| im" Afelq i fpuljuo"widee//sdny wouy papeojumoq ‘v ‘€202 ‘¥T66925T



15269914, 2023, 4, Downloaded from https://aapm.onlinelibrary.wiley.com/doi/10.1002/acm?2.13896 by Test, Wiley Online Library on [20/09/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

JOURNAL OF APPLIED CLINICAL

MEDICAL PHYSICS L7

%S'C %E’L ¥Z'0 1€°0 %G1 %81 SZ'0 ze0 %60 %t L SZ0 ze0 ASD pis z
%TT %G €~ 120 8€°0 %L €~ %92~ 120 0Z°0 % T~ %€= SL°0 950 ©eneauesw  epeibdn
%S'C %8l 220 620 %Y'T %L1 zz0 62°0 %0°L %L1 220 62°0 AP pIs .
%Z'T %9t S0°0 ve0 %p L= %L €~ 000 €10 %2 0~ %L = 10 €40 oneAuesw  opesbdn
%8'€ %Ll ¥2'0 zzT0 %6'C %0°C v2°0 €20 %L°L %L1 SZ°0 2z0 AP PIS 5oew
%0 %6~ vZ' 0~ 700 %61~ %9 v L0 810~ % 0- %9'C— 200 ¥1°0  enjeA uesw [enu|
HIP NHMA  3IP NHMA  (ww) sod  (ww) sod  4ip NHMA  BIP NHMA  (ww) sod  (ww) sod  y4iIp NHMA  #IP NHMA  (ww) sod  (ww) sod suol
|eo1jua  |ejuoOzZIIOH |ed13JdA  |ejuozLIOH |ed1}IdA  |eJUOZIIOH |e213J9A  |eJUOZIIOH |ed13IdA  |eJUOZIIOH |eo1j a8  |ejuoziioH uoqles
U/ASIN 8°20% U/ASIN L'¥82 U/ASIN 0°0Z 1
%0°C %TL 220 120 %2 L %9°0 €20 120 %E 0 %G°0 €20 120 AP pis z
%091 %G9 120 0€0 %89 %LT v0'0— L0 %0°L %L €~ 120 /€0 eneAuesw  speibdn
%0°€ %8l 610 9z'0 %9'L %21 6L°0 120 %0 %E"0 0Z°0 120 AP pis .
%L €L %0y 620 €Lo- %L'G %9l €10 0L'0— %60 %€~ 250 10’0~ ©onjeaueaw  epesbdn
%G'1 A €20 ¥2'0 %L %¥'0 220 9z'0 %E0 %E0 SZ°0 120 AP PIS 5 oew
%0°9 %P 0— 000 6%°0— %E T %t v 9€°0- L0 %E |- % L 9¢°0 €€°0— onjeA ueaw [enu|
HIP NHMA 3P NHMA  (ww) sod  (ww) sod  pip NHMA  #IP NHMA - (ww) sod  (ww) sod  y4ip NHMA  #IP NHMA  (ww) sod  (ww) sod suojoid
|eo1juaA  |eJuoOzZIIOH |ed13J9A  |ejuOZIIOH |ed1}IdA  |eJUOZIIOH |e213J9A  |eJUOZIIOH |ed13JdA  |BJUOZIIOH |eo1juaA  |ejuoziIoH
N3N L'252 N3N Z°8¥L A9 +°29

(z pue | sepeisbdn) suoneinbiyuod aulyoew papesbdn ay) pue sulyoew
|eniur sy} Buepisuod ‘(a|qe)} Jemo|) suol uogJed pue (s|qe} Joaddn) suojoid 1o} SUOIJEIASP PJEPUE]S JIBY} PUE SBN|eA aul|aseq 8y} Woly sazis pue suoisod jods 8y} jo suoijeirs g 319VL

GREVILLOT ET AL.



JOURNAL OF APPLIED CLINICAL

2 | MEDICAL PHYSICS

GREVILLOT ET AL.

Horizontal-direction

—62.4 MeV ——252.7MeV ——148.2MeV

1
'
|
|
)
'
'
'
)
i
)
[

0.5

0.0

-0.5

Position deviation (mm)

-1.0

:
1
1
15 :
7/19/2018  2/4/2019  8/23/2019  3/10/2020 9/26/2020 4/14/2021 10/31/2021

Vertical-direction

—62.4MeV ——252.7 MeV ——148.2 MeV

Position deviation (mm)

-1.5 . .
7/19/2018 2/4/2019 8/23/2019  3/10/2020 9/26/2020 4/14/2021 10/31/2021

FIGURE 5
two vertical dashed lines mark the introduction of Upgrades 1 and 2.

due to multiple Coulomb scattering in the patient over
the 38 cm beam range. In addition, one should note
that spot sizes in air at phantom entrance and beam
widening in water due to multiple Coulomb scattering
are added in quadrature and thus spot sizes in water at
the Bragg peak depth become dominated by the scat-
tering process in water. Thus, if a 7 mm spot size in
air at entrance scatters up to a 21 mm spot size in the
Bragg peak in water,an 8.1 mm spot size in air (i.e., 16%
increased spot size compared to the initial 7 mm spot
size) becomes 21.4 mm in the Bragg peak in water, that
is, only 2% larger.

3.3 | Trendline analysis for coincidence

Trendlines were evaluated for the 81.3 MeV proton
beam and an example of the coincidence test result
is presented in Figure 7. The improved beam center-
ing in terms of mean beam position after Upgrade 2,
as presented earlier, is visible on the coincidence test-
ing trendline (Figure 8). The coincidence test shows
the agreement between the imaging isocenter and the
beam delivery isocenter. It gives an estimate of how
accurate the beam can be delivered to the treatment
target after image registration and patient positioning.
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Spot position trendlines for proton (left) and carbon ions (right), in horizontal (first row) and vertical (second row) directions. The

3.4 | Trendline analysis for homogeneity
Trendlines of the homogeneity are presented in Figure 9.
The spot sizes are 10.6 and 6.7 mm, for the 148.2 MeV
protons and 284.7 MeV/n carbon ions, respectively. The
spot spacing was set to roughly 1/3 of the FWHM and
are 3 and 2 mm, for protons and carbon ions, respec-
tively. The homogeneity is lower (and therefore better)
for protons (0.9% + 0.2%) than for carbon ions (1.7%
+ 0.3%). The mean and standard deviations values
remained stable over the course of the two Upgrades,
nevertheless the slightly larger standard deviation for
carbon ions is visible in Figure 9. This may be explained
by several factors: the smaller spot sizes and lower
multiple Coulomb scattering for carbon ions as com-
pared to protons, as well as slightly different machine
performances for the different particle types.

3.5 | Trendline analysis for absorbed
dose to water

Dose readings measured with Sphinx are converted
into dose to water in reference conditions (following
TRS-398 protocol) by means of correction factors
(established during commissioning as the ratio between
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FIGURE 6 Spot FWHM trendlines for protons (left) and carbon ions (right), in horizontal (first raw) and vertical (second raw) directions. The

two vertical dashed lines mark the introduction of Upgrades 1 and 2.
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FIGURE 7 Example of dose profiles extracted from the coincidence test. The dose reduction close to the center of the spot is due to the

fiducial.

the reading in reference conditions and the reading in
the sphinx) and compared to reference doses obtained
during commissioning (Figure 10 and Table 3). For
protons, Upgrade 1 and Upgrade 2 did not have a

maijor effect on the dose and standard deviations were
within  0.2%—-0.4%. Nevertheless, energy-dependent
dose variations can be observed in terms of mean dose
deviations: the 62.4 and 198.0 MeV beams, drifted from
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Upgrades 1 and 2.

initial mean values of 0.0% and —0.5%, to —0.3% and
—0.1% after Upgrade 2, respectively. For carbon ions,
the standard dose deviation remained within 0.3%—
0.4% during the course of the Upgrades. The mean
dose deviations, however, were significantly affected

after Upgrade 2 as a function of energy: the 120.0 and
346.6 MeV/n beams, drifted from initial mean values of
0.6% and 0.8% to —0.5% and +1.1%, respectively. The
Upgrade 2 had therefore a major effect on the dose out-
put spread as a function of energy, between the highest
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TABLE 3 Statistical evaluation of dose output deviations compared to the baseline value, considering the initial machine and the upgraded
machine configurations (Upgrades 1 and 2). All values are provided as percentage

Protons 62.4 MeV 97.4 MeV 148.2 MeV 198.0 MeV
Initial machine mean value 0.0 -0.2 0.2 -0.5

std dev 0.3 0.3 0.3 0.3
Upgrade 1 mean value 0.0 0.1 0.1 -0.5

std dev 0.2 0.3 0.3 0.3
Upgrade 2 mean value -0.3 0.0 0.3 -0.1

std dev 0.3 0.3 0.4 0.4

Carbon ions 120.0 MeV/n 213.4 MeV/n 284.7 MeVin 346.6 MeV/n
Initial machine mean value 0.6 0.3 0.6 0.8

std dev 0.4 0.4 0.4 0.4
Upgrade 1 mean value 0.2 -0.2 -0.3 0.2

std dev 0.4 0.3 0.3 0.3
Upgrade 2 mean value -0.5 0.7 0.4 1.1

std dev 0.4 0.4 0.4 0.4
and the lowest energies. The only way to improve such 3.6 | QA tolerances and action levels

deviations is to make a new calibration of the beam
monitoring system’’ in number of particles per count,
by adapting the energy-dependent dose output calibra-
tion factors. However, due to limitations in the precision
of the polynomial fits used in the beam monitors for this
purpose and the number of available energies, no sig-
nificant improvement was provided by the definition of
new calibration factors, thus the dose output calibration
was not modified. The exact reason behind such behav-
ior (the dose output spread as a function of energy)
is currently unknown, even if potential root causes
have been identified. The dose output is a sensitive
parameter. Indeed, experience showed us that fluctu-
ations in beam intensities at the source/synchrotron
level are correlated with beam size and dose variations.
The beam monitors are also sensitive to rapid varia-
tions in the temperatures in winter and summer time
(seasoning effects) and are usually a root cause for
energy-independent dose drifts, which are corrected by
the application of a scaling factor (QAK(it) within £3%,
typically. Since proton beams for the same IR2H were
not affected by the Upgrade 2, it is rather unlikely that
the observed variations for carbon ions are due to the
beam monitors and therefore variations may most likely
be due to differences in the delivered carbon ion beam
itself. One potential root cause to explain the energy-
dependent dose output spread for carbon ions after
Upgrade 2 may be the spray radiations from the nozzle.
Indeed, variations in the spectra of spray radiation (as
defined in Ref.[18]) and/or variations in the beam optics
of secondaries may induce a different dose-response
ratio between the reference ionization chamber placed
at isocenter and the beam monitors in the nozzle. This
potentially leads to an energy-dependent dose output
spreading.

The uncertainty of the spot sizes and absolute spot
positions measured by Lynx were evaluated as 0.2
and 0.3 mm, respectively® The detailed characteriza-
tion of Lynx for protons and carbon ions as reported by
CNAO? is compatible with our previous estimates,® even
if uncertainty budgets were not provided® Using the
Sphinx/Lynx, the spot position uncertainty is assumed to
be a combination of image registration and patient posi-
tioning uncertainty (estimated to 0.5 mm for our Sphinx
set-up) and absolute position measurement uncertainty
from Lynx of 0.3 mm,? leading to a total combined
uncertainty of 0.6 mm. The reproducibility of proximal
and distal range parameters was found to increase with
energy and were up to 0.14 mm for the maximum pro-
ton energy of 200 MeV® These results are consistent
with our range parameter reproducibility for protons of
about 0.1 mm (Table 1), even if for carbon ions larger
reproducibility values have been observed for the Bragg
peak width (up to 0.4 mm), mainly due to proximal range
measurement uncertainties. Our action levels are split
between warning levels and fail levels. A warning level
requires the user to evaluate the QA trendlines and
plan appropriate corrective actions as soon as possible.
A fail level prevents patient treatment and a corrective
action must be implemented immediately. The impact
of beam range and position uncertainties are rather
straightforward to understand, as they directly influence
the 3D positioning accuracy of each spot in the patient.
The most difficult tolerance to define is the spot size.
The impact of 10%, 25% and 50% spot size variations
for proton and carbon ions were considered as typical
fluctuations, worst-case scenario and fault conditions,
respectively.'® While 10% variations were found negli-
gible, variations up to 25% had clinical impact ranging
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TABLE 4 MedAustron daily QA warning and fail levels for protons and carbon ions

Protons Carbon ions
Sphinx/Lynx region QA parameter Warning Fail Warning Fail
Spot Beam position (x,y) 1.5 mm 3 mm 1.5 mm 3 mm
Beam size (x,y) 20%/2 mm 40%/3 mm 20%/2 mm 40%/3 mm
Bragg peak Distal range 1 mm 2mm 1 mm 2 mm
Proximal range 1 mm 2mm 1 mm 2mm
Width 1 mm 2 mm 1 mm 2 mm
Fall-off 1mm 2 mm 1mm 2 mm
Central fiducial Coincidence (x,y) 1.5 mm 3 mm
Homogeneity Homogeneity (1D) 3% 6% 3% 6%
Dose Dose 2% 3% 2% 3%

from negligible to moderate. Based on all the considera-
tions discussed in this section, our QA warning and fail
levels were established (Table 4).

One should note that AAPM only refers to tolerances
and does not explicitly state which action to take in
case of deviation. In the following, AAPM tolerances are
compared to our action levels. For ranges, AAPM recom-
mends 1 mm, while we consider 1 mm as warning level.
For spot sizes, 10% is recommended. It is actually an
average spot size, while in our case we evaluate the spot
size in x and y separately. Our warning level is set to 20%,
based on machine drifts observed along the various
upgrades (Figure 6) and clinical recommendations.'®
For spot positions, the AAPM recommends 2/1 mm for
absolute and relative positions. We only consider abso-
lute positions with a warning level set at 1.5 mm (our
position warning/fail levels account for daily set-up and
image registration uncertainties. They are reduced to
1/2 mm for monthly QA procedures using alignment
based on room lasers). The recommended AAPM tol-
erance for homogeneity is 2% against the reference
value obtained during commissioning. We use instead
an absolute homogeneity threshold set to 3% as warn-
ing level. The recommended AAPM tolerance on dose
is 3%, while we use 2% as warning level. In addi-
tion to the set tolerances and action levels, a regular
review of the QA trendlines allows identifying machine
drifts even before reaching QA thresholds. There-
fore, not only the definition of the QA tolerances and
action levels is important, but also the follow-up of QA
trendlines.

3.7 | Performances of the QA process

The daily QA implemented at MedAustron encom-
passes beam delivery QA and in-room equipment
QA (treatment couch with integrated imaging system).
Despite the details of the in-room QA being out of the
scope of this article, the performances reported corre-
spond to the entire QA workflow (beam delivery and

in-room equipment QA) over the time-frame 17/06/2019-
1/12/2021, when Sphinx/Lynx was implemented for pro-
tons and carbon ions. The entire daily QA is performed
in 2 rooms in parallel in less than 2 h. The two rooms
include three proton beam lines (2 horizontal and 1 ver-
tical) and two carbon ion beam lines (horizontal and ver-
tical). The average QA time per beamline is about 20 min
only. The beam delivery QA time includes Sphinx/Lynx
set-up, full data analysis and QA approval in the myQA
software for more than 70 beam delivery parameters
per beamline. The Sphinx/Lynx daily QA set-up allows
for integrated daily QA tests and provides a quasi-
end-to-end test, as the registration process of Sphinx
is performed against a reference CT image acquired
during Sphinx commissioning. On a monthly basis, dif-
ferent equipment and set-ups are used to specifically
check the beam size and position (another Lynx), range
(Giraffe, IBA-dosimetry, Schwarzenbruck, Germany) and
dose (ROOS ionization chamber in RW3 slabs, PTW,
Freiburg, Germany) in the room coordinates (using room
lasers for alignment). This equipment is therefore inde-
pendent of image registration and specific to each beam
delivery parameter. It allows for independent and specific
checks of the beam delivery parameters. The monthly
QA equipment can be used in case of unexpected daily
QA deviation, to verify specific beam parameters. One
should note in addition that a QA program of the QA
equipment was implemented.® This QA program allows
monitoring the performances of the QA equipment and it
includes, among other tests, cross-checks of beam size,
position, range and dose between daily and monthly
QA.

4 | CONCLUSION

This paper presented the first implementation of the
Sphinx/Lynx device (including the Advanced Markus
ionization chamber) for comprehensive daily QA of a
horizontal proton and carbon ion beam line. The data
included the review of QA trendlines for more than 3
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years for protons and more than 2 years for carbon
ions. It allowed to identify specific changes in the beam
delivery parameters and their standard deviation due
to upgrades made to the machine configuration. The
Sphinx/Lynx system was found to be a useful and
efficient integrated device to serve the purpose of daily
QA for dual particle facilities. The definition of tolerance
and action levels as currently applied at MedAustron
was presented and discussed in light of existing litera-
ture. While some differences are observed they are in
general in agreement with the literature and in line with
recommendations provided in AAPM Report TG-224.
The full daily QA workflow, including QA approval of
more than 70 beam delivery parameters per beamline,
is performed in about 20 min per beamline on average
for the described implementation.
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