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Abstract

Background: Carbon-ion radiotherapy offers highly precise targeting of tumors
while sparing healthy tissue compared to X-ray therapy. However, this precision
comes at the cost of an increased sensitivity of the treatment to range uncer-
tainties, which can arise from anatomical changes of the patient. Our group
develops an in-vivo treatment monitoring method by tracking of charged nuclear
fragments using hybrid silicon pixel detectors.

Purpose: Anatomical changes outside of the region accessed by carbon-ion
beams are clinically not relevant, as they do not affect the dose distribution.
However, they can potentially influence the fragment data, producing artifacts,
which might be interpreted as signals produced by clinically relevant anatom-
ical changes. This misinterpretation would cause unnecessary clinical action,
like performing a CT scan. This work proposes methods for the identifica-
tion and suppression of clinically irrelevant artifacts with the aim of avoiding
unnecessary clinical action.

Methods: A clinically relevant and an irrelevant anatomical change are
emulated by introducing coin-sized air cavities at different positions in a homo-
geneous cylindrical plastic head phantom. Charged nuclear fragments are
detected by a Timepix3-based mini-tracker during irradiations of this phantom
with a clinically realistic treatment plan. All measurements are performed for two
different positions of the mini-tracker. The reconstructed fragmentation vertex
distributions are analyzed and compared to those of reference measurements.
Results: A significant signal from the clinically irrelevant air cavity was
observed. This artifact was found to differ from the signal of the clinically rel-
evant cavity. Most importantly, the location of the artifact changes with the
mini-tracker position, whereas the relevant signal remains unchanged. This facil-
itates identification of the artifact as well as its suppression by combining the
data from several mini-trackers at different positions around the patient.
Conclusions: Clinically irrelevant changes were shown to potentially impede
carbon-ion treatment monitoring by tracking of charged nuclear fragments.
However, positioning several mini-trackers around the patient, which monitor the
treatment from different perspectives, was found to be the key to the identifica-
tion and suppression of artifacts from anatomical changes outside of the region
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accessed by carbon-ion beams. This is implemented in the detection system of
an ongoing clinical trial.
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carbon-ion therapy monitoring, secondary ion tracking, Timepix3

1 | INTRODUCTION

Radiotherapy is among the most important treatment
techniques for cancer, one of the leading causes
of death worldwide.! Radio-resistant and deep-seated
tumors pose a special challenge and call for alterna-
tive modalities beyond the conventional X-ray therapy.
Carbon-ion radiotherapy is such an alternative, demon-
strating its advantages since the first clinical trials 30
years ago, especially but not only for head and neck
cancer?? Firstly, with ions such as carbon ions or pro-
tons, the dose distribution can be shaped more precisely
to the tumor than with X-rays, thereby reducing the dose
to surrounding healthy tissue. This is possible due to the
finite range of the ions and their property of deposit-
ing most of their energy at the end of their path. This
advantage is even stronger for carbon ions as compared
to protons, due to reduced lateral scattering and range
straggling. Secondly, carbon-ions are biologically more
effective than X-rays and protons.*

The high precision of the dose distribution however,
comes at the cost of a high sensitivity to uncertain-
ties in the range of the carbon ions, which can among
other factors arise from potential anatomical changes
between treatment fractions. If such a change occurs in
the path of the carbon ions, their range can be affected,
which alters the dose distribution. If internal anatomi-
cal changes remain undetected in the clinical setting,
they may lead to an underdosage of the tumor or over-
dosage of healthy tissue. In the case of head and neck
tumors, which are the current focus of our group, inter-
nal changes might arise from the filling or emptying of
nasal and oral cavities, tissue swelling or tumor growth or
shrinkage. In the current clinical practice, this challenge
is addressed by irradiating safety margins around the
tumor to avoid underdosage. Additionally, some patients
receive control CTs on some days during the treatment
course depending on their individual risk of developing
relevant anatomical changes. Daily CTs for all patients
are not feasible due to the applied dose as well as hard-
ware and personnel costs. Therefore, both actions do
not provide daily feedback and increase the dose to
healthy tissue.

Several monitoring methods, which could potentially
offer daily feedback on internal changes without apply-
ing additional dose, are under investigation.® They use
secondary and tertiary radiation, which is produced
during treatment by the interaction of the carbon ions
with the patient’s tissue. An effective monitoring method

could give information on when a new CT for treatment
plan adaptation is needed, thereby reducing the number
of unnecessary CTs. It could also facilitate the reduc-
tion of safety margins which would reduce the amount
of healthy tissue in the high dose region. Our group is
working on one such monitoring method where charged
nuclear fragments are tracked with the aim of detect-
ing interfractional anatomical changes. This has proven
promising in earlier studies: in a first patient trial at the
Centro Nazionale di Adroterapia Oncologica (CNAO) in
Italy an emptying of the nasal cavity in the path of the
carbon ions could be detected in one of the patients®

Our group uses mini-trackers based on hybrid sili-
con pixel detectors to track charged nuclear fragments.
The measured tracks are used to reconstruct a distri-
bution of fragmentation vertices (FV distribution). When
two such distributions from different treatment frac-
tions are compared, anatomical changes can show as
differences. This has previously been demonstrated
using a homogeneous cylindrical Polymethyl Methacry-
late (PMMA) head phantom with air gaps introduced at
different depths.” Furthermore, a deep seated change
in an anthropomorphic head phantom was success-
fully detected and results were confirmed by MC
simulations2° As a result, a clinical trial using a detec-
tion system with 28 Timepix3 detectors'® is currently
ongoing at the Heidelberg lon Beam Therapy Center
(HIT, Heidelberg, Germany).

Anatomical changes of the patient affect the produc-
tion, absorption and scattering of fragments, which leads
to changes in the measured FV distributions. The pro-
duction of fragments is mainly affected if the change
occurs in the path of the primary carbon-ions and there-
fore alters the range of the primary ions and the dose
distribution. However, fragment scattering and absorp-
tion are also influenced by changes outside of the region
accessed by primary carbon-ion beams, which do not
change the dose distribution in the tumor and are there-
fore of no clinical relevance. Signals arising from such
out-of-beam changes would be considered artifacts. As
such, they would pose a problem as they could lead to
unnecessary additional CTs of the patient even though
no plan adaptation is required. It is therefore vital to be
able to classify anatomical changes as being located
either in the beam or out of the beam.

The influence of material that is outside of the carbon-
ion beams but in the fragment path on measured FV
distributions has previously been studied. It was found
that the shape of a FV distribution from a single pencil
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beam depends on the amount of material between the
beam and the tracker.!" This distortion gets more com-
plicated when the material is heterogeneous'? as is the
case in patients. A correction of the distribution based
on prior knowledge of the patient’s anatomy from a plan-
ning CT could remove the out-of-beam absorption and
scattering effects. This approach is very challenging with
respect to reliability and computational power,and it can-
not take into account interfractional changes either, as
daily control CTs are usually not available. Therefore, this
correction does not remove artifacts caused by clinically
irrelevant changes.

This work systematically studies, for the first time,
the effect of interfractional changes outside of the
carbon-ion beams on monitoring using charged nuclear
fragments. The signature of artifacts is compared to that
of clinically relevant signals and a suppression method
for the former is proposed.

2 | MATERIALS AND METHODS
21 | HIT

The experiments presented in this work were carried out
at the HIT. At this facility, cancer patients are treated with
protons, helium ions and carbon ions, all of which are
also available for research purposes. Highly conformal
dose distributions are achieved with the active scanning
technique.’® Thereby, a narrow ion beam called pencil
beam is scanned across the target volume. Its penetra-
tion depth is determined by the ion energy delivered by
the accelerator whereas the lateral position is changed
by two dipole magnets.

The Beam Application and Monitoring System
(BAMS)'* measures important beam parameters online
during irradiations. For each irradiation of a treatment
plan, a beam record file is made available, which con-
tains the measured lateral pencil beam positions with
their respective timestamps, among other information.

2.2 | Head phantom
For this work, a head-sized PMMA cylinder was used as
a head phantom. As shown in Figure 1a,a 8 x 8 x 8 cm®
cuboid is cut out of the cylinder. This cut-out is filled with
PMMA slabs to retain a homogeneous cylinder. Slabs
with cylindrical holes of different adiameter and thick-
ness are available to introduce air-filled cavities into
the phantom.

In this work, two such slabs with a cylindrical cavity of
4 mm thickness and 20 mm diameter were used, which
are shown in Figure 1b. Laterally to the beam, the cavity
shown in the top panel is located at the center of the
treatment plan. Along the beam axis its upstream end
is positioned 40 mm upstream of the isocenter. At this
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position, the cavity lies within the region crossed by the
primary carbon ions and is thus called in-beam cavity
in the following. The cavity shown in the bottom panel
is situated 15 mm to the right of the central position
along the horizontal axis. Its upstream end is positioned
25 mm downstream of the isocenter. As a result, no
primary carbon ions reach this second cavity, which is
therefore called out-of-beam cavity in the following. The
positions of the two cavities are depicted in Figure 2a
with respect to the primary carbon-ion beams and the
phantom.

For the irradiation of the head phantom, a clinically
realistic treatment plan was created with the syngo RT
Planning system (Siemens Healthcare GmbH, Erlan-
gen, Germany) based on a CT acquired with a clinical
CT scanner (SIEMENS Sensation Open device). A vir-
tual spherical tumor with a volume of 49.93 mL at the
center of the head phantom is targeted with two equally-
weighted opposing fields, similar to clinical routine at HIT.
The prescribed RBE-weighted dose of this treatment is
60 Gy in 20 fractions, resulting in an RBE-weighted frac-
tion dose of 3 Gy. For the experiments presented here,
only one of the two fields was used in order to save time.
The dose distribution of this field is shown in Figure 1c.

2.3 | Experimental setup

A mini-tracker based on hybrid silicon pixel detectors
(Advacam s.r.0., Prague, Czech Republic)'® was used in
this work to track charged nuclear fragments originating
from nuclear interactions of the clinical carbon-ion beam
with the head phantom. This mini-tracker contains four
Timepix3 chips'® arranged in two layers with a distance
of 20.3 mm. In each layer, two Timepix3 chips share a
silicon sensor of 500 "m thickness, resulting in a sensi-
tive area of approximately 2.8 x 1.4 cm?2. The pixel size
of 55 x 55 ™m? ensures precise spatial information. The
Timepix3 technology allows for data driven readout of
the arrival time of a signal with a binning of 1.5625 ns
as well as the time over threshold, which serves as a
measure of the deposited energy. In this work, the mini-
tracker was operated at a bias voltage of 200 V to
ensure full depletion of the sensor. The detection thresh-
old was set to 10 keV, which suppresses electronic noise
to practically zero.

For the measurements, the center of the head-sized
PMMA phantom was aligned with the room isocenter
using the in-room laser system. The mini-tracker was
mounted on a support arm, which was also aligned using
the in-room laser system. This support arm facilitated
the positioning of the mini-tracker downstream of the
head phantom at a distance of 20.7 cm to the isocen-
ter as is visible in Figure 2. Thereby, the mini-tracker
was positioned at an angle a to the beam axis, mean-
ing that the connection line between the centers of the
two detection layers intersects the beam axis at the
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Diameter: 16 cm

Height:
9cm

Slabs to fill cut out

(a)PMMA head phantom

FIGURE 1

(b) Slabs with cavities

A
RBE-weighted Dose (Gy)
0.0 0.5 1.0 1.5
N

(c) Dose distribution

(a) Photo of the cylindrical PMMA head phantom with a 8 x 8 x 8 cm? cut-out filled with PMMA slabs. (b) PMMA slabs of 4 mm

thickness with cavities. Top: in-beam cavity. Bottom: out-of-beam cavity. (c) CT slice of the PMMA head phantom with the dose distribution of the
field which was used for the measurements in this work. The virtual tumor (CTV) is indicated in pink.
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(a) Top view sketch of setup

(b) Photo of setup

FIGURE 2 (a) Sketch of the experimental setup in top down view. All used cavity and mini-tracker positions are displayed. (b) Photo of the
setup in the experimental room at HIT. Here, the mini-tracker is positioned at angle of « = 30° to the beam axis.

isocenter forming an angle a. In this work, two angles
were used: o = 30° and a = —30°, resulting in equiva-
lent fragment count numbers and spatial resolution for
both mini-tracker positions because of the axial symme-
try. The absolute value of 30° was found to be a suitable
compromise between statistics and spatial resolution."”
The distance to the isocenter is similar as in the detec-
tion system for the ongoing clinical trial,'® where the
detectors are placed as close to the patient as possi-
ble without risking collisions. Both mini-tracker positions
are indicated to scale in Figure 2a. The mini-tracker was
actively water-cooled to stabilize the sensor temperature
at around 30°C.

2.4 | Experimental procedure

To acquire the data presented in this work, the head
phantom was irradiated with the treatment plan pre-
sented in Section 2.2 and simultaneously, tracks of

TABLE 1 Cavity configurations of the five measurements that
were conducted for each mini-tracker position.

Measurement No. Out-of-beam cavity In-beam cavity

1 not present not present

2 (for statistical study) not present not present

present not present
not present present
present present

charged nuclear fragments were recorded with the mini-
tracker. Like this, five measurements were conducted
for each mini-tracker position. The measurements differ
by their configuration of the air cavities in the phan-
tom, which are presented in Table 1. Only the first
two measurements exhibit the same cavity configura-
tion for the purpose of studying statistical fluctuations.
The locations of the out-of-beam and the in-beam
cavity are described in Section 2.2. The resulting ten
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measurements each consisted of four irradiations of
the treatment plan without any changes to the setup
in between. These four irradiation repetitions were cho-
sen as a compromise between emulating the detection
system with seven mini-trackers used in the ongoing
clinical trial'® and the limited beam time. In the follow-
ing, each measurement is always the sum of these
four irradiations.

2.5 | Data post-processing

The raw data that is read out from the detector con-
sists of the arrival time and the time over threshold of
pixel signals. Several steps of data post-processing are
performed with a Matlab 2021 (MathWorks, Natick, MA,
USA) code developed by this group to obtain the approx-
imate fragmentation vertices from the raw data. Firstly,
the time over threshold is converted to the deposited
energy with a pixel-wise calibration provided by Adva-
cam. Secondly, neighboring pixel signals with similar
arrival times need to be grouped into clusters due to
charge sharing effects. Such a cluster represents a sig-
nal from a charged nuclear fragment, with the earliest
arrival time within the cluster serving as the timestamp
and the energy deposition weighted mean of the pixel
locations as the cluster’s position. Tracks are formed by
finding coincident clusters in the front and back layer
with a maximum absolute timestamp difference of 75 ns.
If several clusters fulfill this criterion, the clusters with
the smallest timestamp difference are paired. The mea-
sured fragment track is formed by drawing a straight
line through the two cluster positions. Next, the time-
line of the measured fragments is synchronized with the
beam record file from the BAMS, thus assigning each
fragment to the pencil beam it originated from. This facil-
itates the approximation of the fragmentation vertices
in 3D by finding the shortest connection line between
the measured track projected into the patient and the
corresponding pencil beam. The fragment origin is then
approximated at the center of this connection line. The
data post-processing results in a 3D distribution of esti-
mated fragmentation vertices, which is the basis for the
analysis presented below and is here abbreviated to FV
distribution.

2.6 | Analysis

The analysis in this work focuses on comparing a mea-
sured FV distribution to a reference distribution with
the aim of finding significant differences between them,
which could originate from the air cavities inserted into
the phantom. The distributions are integrated along the
vertical axis and all figures represent a top down view
onto the phantom.

MEDICAL PHYSICS 2

The comparison between the two FV distributions is
done with a moving-window analysis in the horizontal
plane, meaning that for each pixel in a plot, all recon-
structed fragmentation vertices within a window of 10 x
10 mm around the pixel center are used. The pixel
centers form a 6 x 6 mm grid, which leads to a slight
statistical dependence between neighboring pixels, as
their windows overlap. Windows with less than 100 FVs
are excluded from the analysis. These parameters offer
a sufficient spatial resolution while at the same time
ensuring enough statistics within each window.

The pixel values represent the difference between the
two FV distributions in units of standard deviations D(o),
which is calculated by dividing the fragmentation vertex
count difference by its standard deviation:

D(O') — ﬂ _ Nmeas - Nref

IAN V Nmeas + Nref

The standard deviation o,y is obtained from a Gaussian
error propagation with Poisson errors for the numbers of
fragmentation vertices Nypeas and Nigs.

(1)

3 | RESULTS

3.1 | Fragmentation vertex distribution
and statistical fluctuations

Figure 3a shows a FV distribution in top down view
measured for the homogeneous phantom without any
air cavities and with the mini-tracker at an angle of
a = 30° to the beam axis. Along the beam axis, the max-
imum FV count is observed in the entrance region of the
carbon-ion beams. This is due to the high energy of the
fragments created there, which decreases their proba-
bility of being absorbed in the phantom. Additionally, the
further upstream a fragment is created, the smaller the
angle to the beam axis at which it reaches the mini-
tracker. Most fragments are created with a small angle
to the beam axis.'® Beyond the range of the primary
carbon ions, only a small number of FVs is detected.
This extended tail is caused by higher-order fragments.
Laterally, the distribution is concentrated on the region
covered by the primary carbon ions, with a small bias
towards the side of the mini-tracker. Firstly, this is due
to the reduced absorption and scattering probability for
fragments created there, as they cross less material on
their way to the mini-tracker, as well as the smaller angle
to the beam axis needed to reach the mini-tracker. Addi-
tionally, the algorithm used for projecting the measured
tracks does not allow for reconstructed FVs behind
the corresponding pencil beam from the perspective of
the mini-tracker.” This leads to the sharp cutoff of the
distribution at —26 mm on the horizontal axis.
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(b) Comparison of two reference distributions

(a) Reference FV distribution without air cavities and the mini-tracker at « = 30°. The shaded area represents the phantom. The

region passed by primary carbon ions is delineated with a dashed line. (b) Difference in units of standard deviation D(c) between two measured

FV distributions with identical setup as in (a).

The distribution presented in Figure 3a acts as a ref-
erence for all measurements with the mini-tracker at o =
30°. A second reference distribution for the mini-tracker
position at « = —30° was acquired, which shows the
same characteristics as Figure 3a but flipped along the
beam axis due to the symmetry of the setup. The results
of this work are based on comparisons of measured dis-
tributions to the respective reference distribution with the
same mini-tracker position. Figure 3b presents the com-
parison of a second measurement without cavities to
the reference. The experimental setup was not altered
in any way between the measurements. Therefore, any
observed differences can only originate from statistical
fluctuations of the beam delivery as well as the fragment
production and detection.

The differences observed in Figure 3b are compat-
ible with statistical fluctuations. Of the 356 regions
which are evaluated, because they contain at least
100 FVs, 12 show deviations above 2¢. This is in agree-
ment with the expectation of 16 pixels passing the
threshold of 20 (4.55% of events) by chance based
on normally-distributed data. This demonstrates the
absence of a signal in the absence of a density change
in the phantom.

3.2 |
path

Density change in the fragment

Figures 4 and 5 show the results of measurements with
an air cavity outside of the region accessed by carbon-
ion beams (out-of -beam cavity, Figure 4 column (a)) and
in the region accessed by carbon-ion beams (in-beam
cavity, Figure 4 column (b)) as well as with both cavities
inserted simultaneously (Figure 5). Four repetitions with
the mini-tracker at « = 30° are used for row (1) and four
repetitions with the mini-tracker at « = —30° are shown
in row (2). For row (3), two repetitions of each mini-

tracker position are used, both for the reference and the
measurement with air cavities. This ensures the same
fragment count for all investigated scenarios.

To facilitate the interpretation of the plots, additional
structures are depicted. The position of the air cavity
is outlined and the mini-tracker is sketched. Artifacts
from absorption and scattering effects of a density
change are expected in a specific region, which is
here shaded in dark gray. Fragments from this region
cross the air cavity and both layers of the mini-
tracker, where they are detected and included in the
analysis. Their scattering and absorption probability is
altered by the cavity, which potentially produces an
artifact. This region is constructed with the depicted
auxiliary lines and is called artifact region in the
following.

Figure 4 (1a) shows a clear signal produced by the
out-of-beam cavity. There is an increase in the num-
ber of FVs of up to 40 within the artifact region, which
can be explained by the decreased absorption and
scattering probability for those fragments. The devia-
tions outside of the artifact region are consistent with
statistical fluctuations.

The in-beam cavity also produces a signal as can be
seen in Figure 4 (1b), although with different character-
istics. The number of tracked fragments is decreased in
the region around the cavity by up to 3.5¢ and increased
downstream by more than 4¢. This signal originates from
the influence of the cavity on the primary ions. Almost
no nuclear interactions occur within the 4 mm-thick air
cavity, resulting in almost no fragments being produced
there. Due to the tracking resolution and because the
cavity does not extend across the entire lateral exten-
sion of the treatment plan, the signal takes the shape
of a small but significant decrease around the cavity.
The increase downstream of the cavity is due to a range
overshoot of the primary ions. There is no significant dif-
ference in the artifact region and thus no signal from the
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FIGURE 4 Difference in units of standard deviation D(c) of measured FV distributions relative to their reference. The two columns represent
the different air-cavity positions: (a) out-of-beam cavity and (b) in-beam cavity. Rows (1) and (2) show data from two different mini-tracker
positions, which are combined in row (3). The phantom is shown in light gray, the region accessed by primary carbon ions is delineated with a
dashed line and the white air cavities are outlined with a solid line. To facilitate the interpretation of the data, the area where fragments are
produced that cross the cavity as well as both layers of the mini-tracker is shaded in dark gray. In this region artifacts can potentially occur.

influence of the in-beam cavity on fragment scattering
and absorption.

Figure 4 Row (2) shows the same measurements but
with the mini-tracker at a = —30°. As expected, there
is no signal from the out-of-beam cavity whereas that
of the in-beam cavity is still present. This behavior
can be explained by the underlying effects producing
the signals. In the case of the out-of-beam cavity the
signal stems from an influence on the measured frag-
ments, which depends on the location of the cavity
and the mini-tracker. In contrast to this, the influence
of the in-beam cavity on the primary ions depends
on the cavity location as well as the beam direction
and is thus independent of the mini-tracker position in

a first approximation. The reduced magnitude of the
in-beam-cavity signal in Figure 4(2b) could be due to
a contending fluctuation in the measured distributions.
Potential sources of such fluctuations are mentioned in
Section 3.1.

The combination of data from the two mini-tracker
positions in Figure 4 row (3) suppresses the artifact
of the out-of-beam cavity such that it cannot be distin-
guished from statistical fluctuations. This is due to the
artifact from Figure 4(1a) being present in only two of
the four repetitions used in Figure 4(3a), which reduces
its statistical significance to below 20. Meanwhile, the
signal of the in-beam cavity remains unchanged by the
combination of two mini-tracker positions with respect

d ‘€ ‘90T ‘60THELYT

wouy

:sdny) SUOMIPUOD pue suLaT, A 998 “[9702/S0/80] U0 AIRIQIT UNUQ AS[TAL * (Z:IS[) WNNUSZSTUNYASIOJSGATY] SAYISINAC - YoEQUIRIS] PRI Aq 1S€0L dU/Z00T 01/10p/wo Kofim

SULID)/WOD" KT

asuaor] suowwo)) aanaI) ajquandde A £q PaUIPAOS AT AP YO oSN Jo ST 10§ AIRIQIT AUITUQ) AATIA UO (



KIRCHGASSNER ET AL.

291 | \AEDICAL PHYSICS

(a) Out-of-beam and in-beam cavity

\90 be (Q’Q ,th fLQ Q ,1/0 L LS

beam axis (mm) mini-tracker /

mini-tracker \

[e]
o
m
£-80;
Il E
S 3
- x-40 %
© ©_ [ | - <
L 5% 1" B Fzﬁ
L < 0 1 0]
X~ b 0 2
v N | H &
’-20: ________________________ 5% | Pt
© 2 29
+ 40 - h_45
c 60
> 80
—
—
N
o
o
m

[
I 8—80
o £.60
wn
%-40
v s . mo| - a 45
GL) 42-20 \\\\ > 3
Z 8° By i o g
Z 20" L~ g
© 2 20 N - 29
5 40 40
‘= 60
S s0-
- \90 SO PP OP PSS
(\\l, ‘ beam axis (mm)
mini-tracker \
©
L 80
S E-60
E L0 : .
O © _ S o0 e <
] 73-20 a
n < \ 9]
e i gy [
S B2l . g 20
= L S
0 40 40
S oo
m ¥ &
m \,QQ SO PP OP PSS

beam axis (mm) mini-tracker /

---carbon-ion beams —cavity phantom artifact region
FIGURE 5 Difference in units of standard deviation D(c) of
measured FV distributions with both the out-of-beam and the
in-beam cavity relative to their reference. Rows (1) and (2) show data
from two different mini-tracker positions, which are combined in row
(3). The phantom is shown in light gray, the region accessed by
primary carbon ions is delineated with a dashed line and the white air
cavities are outlined with a solid line. To facilitate the interpretation of
the data, the area where fragments are produced that cross the
cavity as well as both layers of the mini-tracker is shaded in dark
gray. In this region artifacts can potentially occur.

to amplitude and shape, as the signal is very similar for
both mini-tracker positions.

Figure 5 shows the results obtained with both air
cavities in the phantom. Row (1) shows a decrease in
the number of FVs at the in-beam cavity of up to 4o

and an increase in the artifact region, which is espe-
cially strong downstream of the in-beam cavity, where it
reaches 7¢. In the case of the mini-tracker at & = —30°
in row (2), a signal similar to that of the in-beam cavity
in Figure 4 column (b) is visible. However, in the arti-
fact regions, no signal is present. This demonstrates
that the effects of the two cavities are additive in a first
approximation.

When the two mini-tracker positions are combined in
Figure 5 row (3), the signal again looks similar to that of
the in-beam cavity only,except for a slight increase of the
signal in the artifact region corresponding to the mini-
tracker at « = 30°. However, this increase is suppressed
compared to Figure 5 row (1), while the effect from the
increased range of the primary ions is maintained.

4 | DISCUSSION

This work shows that a clinically irrelevant change out-
side of the region accessed by carbon-ion beams can
lead to a significant artifact in monitoring with charged
nuclear fragments. For the envisaged application of the
method to suggest control CTs for patients when and
only when they are needed, the occurrence of artifacts
needs to be minimized. Thus, the identification and sup-
pression of artifacts from out-of-beam changes is of
utmost importance.

It was shown that the artifact resulting from a change
in the absorption and scattering of fragments differs
from the signal resulting from a change in the pro-
duction of fragments. The most promising approach
for differentiation is the dependence of the artifact
on the mini-tracker position. If several mini-trackers
are arranged at different positions around the patient,
artifacts from out-of-beam changes will appear at dif-
ferent positions in the FV distribution, whereas in-beam
changes produce signals in the same location for each
mini-tracker position. Based on this, the signals can
be differentiated visually and clinically irrelevant den-
sity changes may be identified. Additionally, this work
introduces an efficient method to suppress absorption
and scattering artifacts by combining the data from
the different mini-trackers before analysis. This reduces
the amplitude of artifacts relative to statistical fluctu-
ations as they are combined with data that does not
exhibit an artifact in the same region. At the same
time, clinically relevant signals are preserved, as they
occur in the same region and add up. These findings
are implemented in the design of the detection sys-
tem for our ongoing clinical study, which consists of
seven mini-trackers at different positions around the
patient with the largest angle between two mini-trackers
being 90°.1°

This work presents a simplified case where the in-
beam cavity signal is dominated by fragment production
effects while fragment scattering and absorption lead
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to the out-of-beam artifact. Therefore, here the differ-
entiation between production as opposed to scattering
and absorption effects is equivalent to a differentiation
between the two types of density changes. However,
in-beam changes may also produce significant scatter-
ing and absorption signals, if they are larger in size or
located deeper inside the patient. As they also influ-
ence the production of fragments, the method found
in this work can still be used to identify them as clin-
ically relevant changes. However, in these cases the
scattering and absorption signal holds valuable informa-
tion, for example on the location of the in-beam change.
This information is encoded differently in the scatter-
ing and absorption signal than in the production signal.
Therefore, it might be useful to split the signal of an
in-beam change into the respective contributions orig-
inating from fragment scattering and absorption on the
one hand and fragment production on the other hand.
This can be achieved by using the findings of this work
and separate the part of the signal that changes with
the mini-tracker position from the part that is unaltered.
After separation, both parts of the signal could be ana-
lyzed with respect to the location of the change using
different analysis methods optimized for scattering and
absorption or production effects. This could potentially
improve the localization in depth, which has been found
to be especially challenging for deep-seated density
changes.’

5 | SUMMARY AND CONCLUSION

This work investigates artifacts in carbon-ion radiother-
apy monitoring using charged nuclear fragments, which
can arise from anatomical changes outside of the region
accessed by carbon-ion beams. As such, changes that
do not alter the dose distribution in the target volume
are deemed clinically irrelevant. This manuscript studies
the characteristics of such artifacts and compares them
to clinically relevant signals from anatomical changes in
the region accessed by carbon-ion beams. The aim is to
develop strategies for the identification and suppression
of out-of-beam artifacts, to prevent their misinterpre-
tation as clinically relevant signals in a future clinical
application of this monitoring method.

In this work, anatomical changes inside and outside
of the carbon-ion beams were generated by inserting air
cavities at different positions in a homogeneous head-
sized PMMA cylinder. This head phantom was irradiated
with a clinically realistic treatment plan. During irradi-
ation, charged nuclear fragments arising from nuclear
interactions of the primary carbon ions where tracked
with a mini-tracker based on semiconductor detectors.
The measured tracks allow the reconstruction of the
approximate origins of the fragments, resulting in a frag-
mentation vertex distribution in the phantom as a basis
of the analysis. FV distributions measured with air cav-

MEDICAL PHYSICS -2

ities in the phantom were compared to such without
changes to the phantom. This was done for two different
positions of the mini-tracker.

The analysis revealed differences between relevant
signals and artifacts due to the different underlying
effects. The artifact of the out-of-beam cavity arises
from a reduction in the absorption and scattering of
fragments that cross the cavity on their way to the
mini-tracker. This explains the observed dependence
of the artifact on the mini-tracker position. In contrast,
the relevant signal of the in-beam cavity is indepen-
dent of the mini-tracker position in a first approximation,
as it results from a change in the range of the pri-
mary carbon ions. This observation led to the strategy
of suppressing the artifact by combining data from dif-
ferent mini-tracker positions. It could be demonstrated
that combining the FV distribution from both mini-tracker
positions without changing the overall amount of data
led to a suppression of the out-of-beam artifact below
2 o while retaining the relevant signal of the in-beam
cavity. This effect was also seen for the measurements
with both cavities in the phantom simultaneously. These
findings motivate the design of the detection system
used in our ongoing clinical trial, where seven mini-
trackers are arranged at different positions around the
patient.'0

This investigation demonstrates the feasibility of iden-
tifying and suppressing artifacts that originate from
anatomical changes outside of the primary beams
in carbon-ion radiotherapy monitoring. Central to this
approach is the combination of tracking data from differ-
ent observation angles around the patient. The clinical
potential of the proposed identification and suppres-
sion method for more complex scenarios will have
to be tested with patient data and verified in Monte
Carlo simulations.
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