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Abstract
Background and Purpose: Prompt-gamma imaging (PGI) was recently applied successfully in

first clinical patient treatments in pencil beam scanning (PBS) and double scattering (DS).
Still, systematic evaluations on its capability in clinical conditions are desirable. Here, the
performance of the slit-camera is systematically assessed in well-defined error scenarios

using realistic treatment deliveries to an anthropomorphic phantom.

Materials and Methods: The sensitivity to detect global and local range shifts with the slit-
camera was investigated in PBS and DS irradiations of a head phantom. For PBS, measured
PGI information for shifted geometries was compared spot-wise with either simulated or
measured un-shifted PGl-information to evaluate the sensitivity to detect deviations from

the treatment plan and interfractional shifts, respectively.

Results: Deviations from the treatment plan can be detected with an accuracy of 1.5 and
3 mm for global and local shifts in PBS, respectively. Interfractional comparisons are more
affected by noise in the measurements. Evaluation of the average PGI signal of the whole

field allows the detection of global shifts also in DS mode.

Conclusions: PGl-based detection of global and local range shifts under clinical conditions is
possible. Especially for PBS treatments, both high sensitivity and high accuracy in shift

detection were found.
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Introduction

The high sensitivity of proton range to uncertainties and changes of the material in the beam
path limits the precision of proton therapy [1-4]. The reduction of these uncertainties would
translate into margin reductions and further reduce dose delivered to healthy tissue, which
would likely increase the clinical benefit of particle therapy. Verification of the proton range
in patients has been pursued as an important means to reduce range uncertainties. Along
the trajectory of high-energy protons, secondary radiation is produced which can be used for
non-invasive in-vivo range verification without additional dose exposition [2,3]. In contrast to
secondary positron radiation [5—8], prompt-gamma radiation provides real-time information
[9]. Different detection approaches resolve either energetic, temporal or spatial distribution
of prompt-gamma emission, namely prompt-gamma spectroscopy[10], prompt-gamma

timing [11-13] and prompt-gamma imaging (PGl) [14—18], respectively.

So far, only one prompt-gamma-based system has been applied clinically [19], the so-called
PGI slit-camera [17,20]. In two patients, several fractions were monitored in DS mode
without detecting any relevant range shifts. In one patient, this was in agreement with data
from control CTs acquired in treatment position directly before treatment [17]. For the other
patient, the control CT evaluation showed mild under- and overranges in different parts of
the treatment field but no relevant shift in the PGI signal, probably due to compensation of
this effect in the PGI sum-signal. The lack of spatially resolved PGl information clearly shows
the general limitation of prompt-gamma based range verification in DS mode. Very recently,
the first slit-camera application during a patient treatment in PBS was reported [21].

Even though the slit-camera has been intensively characterized [17,19,20,22-24], there is so

far no comprehensive investigation of the general detectability of range shifts in realistic
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clinical scenarios. Here, range shifts of different type and magnitude are introduced during
realistic phantom irradiations and a comprehensive evaluation of the shift-detectability in

different clinically relevant settings is performed.

Material and Methods

Study design

Treatment plans in DS and PBS mode for the same target volume were used. During
irradiation, well-defined, laterally-limited, local range shifts, which are smaller than the
lateral extension of the irradiation field and homogeneous global shifts affecting the entire
lateral field were introduced and PGI profiles were measured. They were compared to either
measured or simulated reference profiles without introduced shifts to investigate deviations

from the nominal treatment plan or interfractional shifts, respectively.

The study design allows the evaluation of three scenarios: (a) Spotwise analysis of absolute
deviations from the treatment plan in PBS (comparing a PGl measurement with a PGI
simulation based on the treatment plan); (b) Spotwise analysis of interfractional shifts in PBS
(comparing two measurements with and without shift); and (c) Analysis of PGl information

averaged over the whole treatment field, so-called PGI sum-signal, for DS and PBS.

PGI slit-camera

The slit-camera performs a projection of the prompt-gamma distribution through a
knife-edge slit-collimator on a segmented detector, allowing the measurement of a one-
dimensional spatially resolved prompt-gamma distribution. It was developed by IBA
(Belgium). The field of view (FOV) is approximately 10 cm along the beam axis and focused
on the distal part of the target volume [17,20,23]. Even though the slit-camera was originally

developed for PBS only, it can also be applied in DS [19,22]. Technical details of the

4



95

100

105

110

115

slit-camera are given in [17,20]. Range monitoring parameters were chosen as in clinical
application [19,22]. The slit-camera is positioned next to the phantom, with the slit opening

perpendicular to the beam. The experimental setup is presented in Figure 1.

Treatment planning and irradiation

A clinical target volume (CTV) representing a lifelike brain tumor was defined in an
anthropomorphic head phantom (CIRS, USA) [25] by an experienced oncologist. The
phantom consists of tissue-equivalent material with known stopping-power-ratio (SPR) used
for phantom-specific CT-number-to-SPR calibration (Wohlfahrt et al, JROBP, submitted [26]).
A pseudo-monoenergetic CT (E = 79 keV) acquired with an in-room CT on rails (SOMATOM
Definition AS, Siemens Healthineers, Germany) in dual-energy mode was used for treatment
planning [26].

DS treatment was planned with XiO 5 (Elekta AB, Sweden). According to clinical DS protocol,
dose was prescribed to the CTV, the beam was extended with a lateral margin of 3 mm and a
range uncertainty margin of 3.5%+2 mm. In PBS, setup uncertainty was taken into account
by extending the CTV with an isotropic setup margin of 3 mm, while range uncertainty of
+3.5% was considered in robust optimization with respect to CTV. Single-field uniform dose
(SFUD) and intensity-modulated proton therapy (IMPT) treatment were calculated in
RayStation 4.7 (RaySearch Laboratories AB, Sweden).

A total photon-equivalent dose of 60 Gy (considering a constant relative biological
effectiveness of 1.1) with 2 Gy/fraction was prescribed to the target volume.

Only one of the two equally-weighted fields (gantry angle: 270°) was monitored. To
distinguish the influence of statistical noise, an additional high-dose plan (5 Gy instead of
1 Gy/field) was calculated for each modality. All treatment plans fulfilled all clinical

constraints concerning target volume coverage, chiasma and brain stem.
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The experiments were performed at the clinical proton facility at OncoRay (Dresden,
Germany) applying clinical dose-rate. Range shifts of known magnitude were introduced.
Water-equivalent material (RW3, PTW, Germany) covering the complete beam exit was used
for global shifts, for local shifts round slabs (@ = 5 cm) of tissue-surrogate material (Gammex-
RMI GmbH, Germany) were positioned at the center of the snout. Details are given in

Table 1.

Data evaluation

Range differences between a measured PGl profile and a (measured or simulated) reference
profile were determined using a one-dimensional least-square-matching method including
Gaussian convolution as published before [27,28].

For spotwise PBS evaluation, measured PGI profiles are correlated to the corresponding
spots using the treatment plan and the log-file of the treatment delivery [28]. For noise
reduction, neighboring spots were aggregated with two-dimensional Gaussian smoothing
(o = 7.8 mm). Layer-average shifts for either all spots of an energy layer or only those spots,
that are affected by the local shift, were calculated using spot-dose-weighting.

For the determination of range shifts between planned (simulated) and applied (measured)
prompt-gamma distribution, reference profiles were simulated from the treatment plan for
each PBS spot. Simulations were done with a Monte-Carlo-based analytical model [28,29].
Since the simulation neglects neutrons, a normalization of the simulated PGI counts is
necessary.

Evaluation of interfractional shifts was achieved through spot-wise comparison of
measurements with shifted geometry to a reference measurement without introduced shift.

No normalization was applied.
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Differences of layer-averaged range shifts between PGI profiles with different introduced
shifts were compared by one-way ANOVA tests. Post-hoc analyses were corrected for
multiple testing with the Bonferoni approach. For local shifts, differences in averaging over
the complete energy layer or the shift-affected area only were tested with a two-sided
paired t-test. Additionally, a one-sided t-test was performed to investigate if the detected
shift differs from 0. Statistical tests were performed with SPSS 23 (IBM, USA), p-values < 0.05
were considered statistically significant.

In DS the complete laterally extended field is irradiated at once. Hence, no distinction of
prompt-gamma rays from different lateral positions is possible and lateral shifts cannot be
resolved per definition. For our evaluation of DS treatments, the measured time-resolved
PGI signal was summed up over time, resulting in a so-called PGl sum-profile [19,22]. To
generate a comparable PGl signal in PBS, sum-profiles were analogous calculated for PBS. In
contrast to PBS, no dedicated tool was developed to simulate PGl data based on the

treatment plan, so absolute deviations from the treatment plan cannot be assessed in DS.

Results

Spot-wise analysis in PBS
For the spatially resolved analysis of range shifts, we focus on the evaluation of IMPT 1 Gy
measurements. Generally, IMPT 5 Gy and SFUD plans show similar results and are presented

in Supplement A.

Maps of the determined spotwise absolute range shifts (measurement vs. simulation) are
presented in Figure 2 for 6 consecutive energy layers in the FOV and all investigated shift
scenarios. Shifts derived from single spots can in some cases possess large deviations from

the true introduced shift due to limited count statistics. Hence, averaging neighboring spots
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is advisable. The median agreement between measurement and simulation (both without
shifts) was found to be better than 1 mm for layer-averaged evaluation, underlining the
accuracy of the implemented analytical PGI simulation (Figure 3a). Also, one-sided t-tests
proved no significant range difference. Introduced global shifts are clearly visible in all layers,
the detected layer-averaged shifts differ significantly from 0 and are in agreement with the
expectation (introduced shift length in brain material) with an accuracy of 1.5 mm. The
differences of detected shifts between different introduced global shifts are statistically
significant. For local shifts, spots with the center of gravity within a radius of 2.5 cm from the
central beam axis are considered to be affected by the shift. The corresponding area can be
distinguished from the surrounding area with statistical significance. Nevertheless, range
mixing occurs at the edge of local shifts for spots that only partly cover the shifted area.
Therefore, average differences of local shifts (clustered in the shifted region only) are slightly

underestimated. Still, the shift detection accuracy is 3 mm.

Shift-maps for the interfractional analysis comparing two measurements with and without
introduced shifts are presented in SupplementB. In contrast to the comparison of
measurement with simulation, here the reference measurement (without shift) is also
affected by statistical noise, resulting in higher standard deviations of the detected shifts
(Figure 3b). Introduced global shifts are quantitatively detectable, with layer-averaged PGI
information an accuracy of 3 mm was reached. All detected layer-averaged shifts, except the
local 10 mm shift, differed significantly from 0. The low precision (increased standard
deviations) of interfractional local shifts limits their general detectability. Visually, local shifts

can only be identified in high-weighted energy layers.
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Comparison of DS and PBS: Analysis of sum-profiles

The evaluation of the sum-profiles for different treatment modalities is presented in
Figure 4. Global shifts can be detected with an accuracy of 1mm for all treatment
modalities. Even though the sum-profiles allow no laterally-resolved analysis of local range

shifts, the detected shift is increasing with increasing introduced shifts (Figure 4c).

Overview of all results

In Table2, a summary of the shift-detection sensitivity for the presented PGI signal
evaluation is given for all investigated scenarios. Generally, a comparison of measured PGl
profiles with shifted geometry with a reference simulation (absolute shift) is more accurate
than a comparison with a reference measurement (interfractional shift). The comparison
with simulations is more relevant for clinical application as it relates the shift to the
treatment plan. No relevant difference in shift detection sensitivity was found between the
IMPT and SFUD. Range shift detection for clinical relevant doses (1 Gy/field) is feasible. An
increase of the dose from 1 to 5 Gy slightly improves the accuracy of interfractional global
shift determination, whereas the accuracy of the comparison of measurement and
simulation is not improved. In fact, with this dose escalation the detection accuracy of
interfractional layer-averaged global shifts is comparable with the comparison to

simulations.

Discussion

The sensitivity to detect range shifts with the slit-camera in a realistic clinical scenario was
investigated for different types of range shifts, beam delivery techniques and evaluation
methods. In general, not only a high sensitivity, but also a high accuracy of shift detection
was reached in different scenarios. Therefore, a routine application for shift detection in

clinical treatments, especially in PBS, is promising.
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For the most clinical relevant evaluation method, the comparison of PGl measurements with
treatment-plan-based simulations in PBS mode, the highest accuracy was reached. This is
not only due to the fact that noise in measurements has less influence than for the
interfractional scenario, also an accurate simulation of the PGI profile is crucial. Both, the
reached simulation accuracy (1 mm for an isotropic grid size of 1 mm) as well as the reached
shift detection accuracy for realistic treatment scenarios, prove the clinical applicability of

the slit-camera. Also local shifts can be clearly distinguished from unaffected regions.

The interfractional evaluation comparing two measurements reveals information about
patient setup and anatomy, but is completely independent from planning CT, CT-based
stopping-power prediction, PGI simulation and any uncertainties related to them. On the
other hand it is also more prone to noise in the PGl measurement leading to slightly reduced
shift detection accuracy. Hence, it is recommended to limit the evaluation to high-intensity
spots. In this study, the setup of phantom and slit-camera was not changed assuming perfect
reproducibility in patient and camera positioning at different days. In clinical practice,
interfractional evaluations can be a helpful, supplemental tool to evaluate the influence of
potential anatomical changes during treatment and to exclude influences from non-perfect
CT-based simulations. Careful comparison of treatment-plan-based and interfractional shift
information detected on different days could help to distinguish the reasons of range

difference.

Generally, the low number of protons per spot limits the precision of shift detection.
Clustering neighbored spots is always a compromise between lateral resolution and
accuracy. Here the position and size of the local shift is known, so respective spots can be
clustered separately. In clinical application this would not be possible without information

from an additional control CT. Nevertheless, it was shown that local range shifts can be
10
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detected visually in the presented shift-maps, as well as qualitatively evaluating layer-
averaged shifts. From this information a warning flag could be generated that triggers
further investigation, e.g. further CT imaging and dose recalculation. In addition, more
sophisticated methods of spot clustering are possible. For example, clustering could by
constrained to reach the same counting statistics for each cluster to achieve the same
measurement uncertainty. Alternatively, clustering based on anatomical structures or organs

at risks close to the target volume is possible.

The detection of local shifts is depending on lateral size and magnitude of the shifts: The
smaller the affected area and magnitude of the shift, the more difficult its detection. Here
only one size of local shifts, but three different magnitudes were investigated. Further

studies could extend this parameter space.

As also shown here, an evaluation of sum-profiles is possible in DS and PBS. In DS this is the
method of choice, whereas in PBS more sophisticated methods, such as spot-wise shift
detection, are available. Nevertheless, sum-profile evaluation is helpful to detect global or

severe shifts and indicate the necessity of further imaging.

An additional limitation of this study is the quantification of expected shifts, which was
estimated with the equivalent shift in the phantom’s brain material. This simplification
neglects bony material in the target volume. Nevertheless it is reasonable, because the main
part of the target volume, especially the most distal high-weighted energy layers are

predominantly located in brain material.

As a next step, a systematic clinical application of the slit-camera in PBS mode for different
entities, e.g. prostate or head and neck, is planned. Per target region, at least 10 patients

should be monitored with PGl range-verification over the complete treatment course,

11
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accompanied by in-room control CT-imaging, to derive a deeper understanding of the
correlation of the detected PGI fingerprint with anatomical or setup changes. Currently an
upgrade of the camera trolley is in preparation allowing a high level of day-to-day

reproducibility in camera positioning (< 1 mm).

Conclusion

PGl-based detection of global and local range shifts (investigated shift thickness of 24 mm) is
possible under realistic clinical conditions. Especially for PBS treatments, both high sensitivity
and high accuracy in shift detection were found. More sophisticated clustering of PGI

information from neighbor spots could further improve the shift detection capability.
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Figure legends

Figure 1 a) Experimental setup with head phantom and slit-camera. The slit is oriented
perpendicular to the beam. Range shifts were introduced at the snout exit downstream to
the range shifter, centered at the central beam axis. b) Transversal CT slice of the head

phantom with CTV contour and dose of the monitored beam of the IMPT plan.

Figure 2 Detected range shifts by comparing PGl measurement and simulation for separate
spots in 6 consecutive energy layers. Spot size correlates with the number of protons. For
each layer, the layer-averaged shift and its standard deviation are given. The black circle
marks the area where the local shift was introduced. For local shifts, mean and its standard

deviation are given separately in- and outside the affected area.

Figure 3 Distribution of the layer-averaged shifts (whole layer or region inside the shift-
affected area) over all investigated energy layers. Significant differences (p<0.05, black:

ANOVA,; grey: paired t-test) are marked with *.

Figure 4 Range shifts detected from PGl sum-profiles.

15



Table 1 Introduced global and local shifts in water and brain tissue surrogate.

Acronym  Type Shift in Shift in
water/mm brain/mm

G-10 global 10.3 9.9
G-7 global 7.2 6.9
G-5 global 5.2 5.0
L-10 local 10.4 10.0
L-7 local 7.4 7.1
L-4 local 4.0 4.0

16
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Table 2 Overall assessment of the shift-detection accuracy, Median (0nean) in mm. For fast

overview, three groups were defined: Green: median+o <2 mm, blue: >2 mm, <4 mm,

yellow: >4 mm. The assessment is based on layer-averaged shifts. Grey numbers with a *

show differences

investigated.

<1 mm based on the sum-profile. Cases marked with “-” were not

TGChnique Dose/Gy (measureArnZi(t)\Ilgzﬁnulation) (measulr::nee:\ftr\?scg:a?frlement)
Global Local Global Local
IMPT 1 0.9 (0<0.7) 2.3(0<0.8) 1.8 (0 < 0.6)
5 0.6 (0<0.8) 1.9 (0<0.8) 0.8(0<0.5) 2.0(0c<0.9)
SEUD 1 1.4 (0<0.8) 1.7 (0 <0.9) 2.0(0<1.1)
5 1.5 (0 < 0.5) 1.6 (6<0.7) 0.9 (0<0.8)
DS 1 - - 0.7* -
5 - - 0.6* -

17
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Figure 2
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Figure 3

a)
20
No shift - all spots
151 [ Global shifts - all spots Ll
10} = Local shifts - all spots . ns

| | Local shifts - shifted area

w

L

|
=
o w

Absolute layer-average
shifts / mm
o

|
=
wu

= ii _iﬁ_ == =
-7

|
N
o

Ref G-10 G-7 G-5 L-10 L-7

(=3
]
o

=
o wu
+

1
1

L
*
a
—H
HH
I —
aly
[
i
HH

Interfractional layer-average —

|
N
o




Figure 4.

390

|SFUD DS

[IMPT |

L-10

L-7

L-4

] ]
; S e D I e
1_,_, ~
| N ©
0 o
b & _m
I I I I I ! T T 1 | I I T
= I T T T T L B
- — [="T = — R e = =
LLILLIY LLILLY LUILLYY
SIS [EQO[D sS1IUs |BQO|D V SHIYS |E007
© o) )

21



Table 1

Table 1 Introduced global and local shifts in water and brain tissue surrogate.

Acronym  Type Shift in Shift in
water/mm brain/mm

G-10 global 10.3 9.9
G-7 global 7.2 6.9
G-5 global 5.2 5.0
L-10 local 104 10.0
L-7 local 7.4 7.1

L-4 local 4.0 4.0




Table 2

Table 1 Overall assessment of the shift-detection accuracy, Median (0nean) in mm. For fast

overview, three groups were defined: Green: median+o <2 mm, blue: >2 mm, <4 mm,
yellow: >4 mm. The assessment is based on layer-averaged shifts. Grey numbers with a *
show differences <1 mm based on the sum-profile. Cases marked with “-” were not

5 investigated.

TGChnique Dose/Gy (measureArnZi(t)\Ilgzﬁnulation) (measulr::nee:\ftr\?scg:a?frlement)
Global Local Global Local
IMPT 1 0.9 (0<0.7) 2.3 (0<0.8) 1.8 (0 < 0.6)
5 0.6 (0<0.8) 1.9 (0c<0.8) 0.8(0<0.5) 2.0(0c<0.9)
SEUD 1 1.4 (0<0.8) 1.7 (0 <0.9) 2.0(0<1.1)
5 1.5 (06 < 0.5) 1.6 (6 <0.7) 0.9 (0<0.8)
DS 1 - - 0.7* -
5 - - 0.6* -
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