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Abstract

Purpose: The unpredictable interplay between dynamic proton therapy delivery
and target motion in the thorax can lead to severe dose distortions. A fraction-
wise four-dimensional (4D) dose reconstruction workflow allows for the assess-
ment of the applied dose after patient treatment while considering the actual
beam delivery sequence extracted from machine log files, the recorded breath-
ing pattern and the geometric information from a 4D computed tomography
scan (4DCT). Such an algorithm capable of accounting for amplitude-sorted
4DCTs was implemented and its accuracy as well as its sensitivity to input
parameter variations was experimentally evaluated.

Methods: An anthropomorphic thorax phantom with a movable insert contain-
ing a target surrogate and a radiochromic film was irradiated with a monoen-
ergetic field for various 1D target motion forms (sin, sin*) and peak-to-peak
amplitudes (5/10/15/20/30 mm). The measured characteristic film dose distribu-
tions were compared to the respective sections in the 4D reconstructed doses
using a 2D y-analysis (3 mm, 3%); y-pass rates were derived for different dose
grid resolutions (1 mm/3 mm) and deformable image registrations (DIR, auto-
matic/manual) applied during the 4D dose reconstruction process. In an addi-
tional analysis, the sensitivity of reconstructed dose distributions against poten-
tial asynchronous timing of the motion and machine log files was investigated
for both a monoenergetic field and more realistic 4D robustly optimized fields
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by artificially introduced offsets of +1/5/25/50/250 ms. The resulting dose distri-
butions with asynchronized log files were compared to those with synchronized
log files by means of a 3D y-analysis (1 mm, 1%) and the evaluation of absolute
dose differences.

Results: The induced characteristic interplay patterns on the films were well
reproduced by the 4D dose reconstruction with 2D y-pass rates >95% for almost
all cases with motion magnitudes <15 mm. In general, the 2D y-pass rates
showed a significant decrease for larger motion amplitudes and increase when
using a finer dose grid resolution but were not affected by the choice of motion
form (sin, sin*). There was also a trend, though not statistically significant, toward
the manually defined DIR for better quality of the reconstructed dose distribu-
tions in the area imaged by the film. The 4D dose reconstruction results for the
monoenergetic as well as the 4D robustly optimized fields were robust against
small asynchronies between motion and machine log files of up to 5 ms, which
is in the order of potential network latencies.

Conclusions: We have implemented a 4D log file-based proton dose recon-
struction that accounts for amplitude-sorted 4DCTs. Its accuracy was proven to
be clinically acceptable for target motion magnitudes of up to 15 mm. Particular
attention should be paid to the synchronization of the log file generating sys-
tems as the reconstructed dose distribution may vary with log file asynchronies

KEYWORDS

1 | INTRODUCTION
Pencil beam scanning (PBS) allows for highly confor-
mal proton beam therapy and has been established as
the major modality of proton beam application. When
treating targets undergoing breathing-induced motion,
the interference of the dynamic beam delivery and the
motion of the tumor can lead to serious dose distortions.
This so-called interplay effect has been investigated in
numerous studies showing that its impact depends on
various factors, such as the motion magnitude and direc-
tion, the number of treatment fractions, and the beam
scanning parameters like spot size, spot spacing, scan-
ning speed, and scanning direction." The steep den-
sity gradients in the thoracic region can further increase
dose deviations as they may also vary with breathing
and strongly impact the proton range >°

A mitigation of motion-induced effects can
be achieved by different approaches such as
rescanning,”'? gating.®~'2 four-dimensional (4D) robust
treatment planning,'®'* or abdominal compression.'>16
However, depending on the patient, such techniques
might not completely mitigate interplay effects and their
resulting dose distortions. While pre-treatment interplay
analyses'”"° provide valuable insights into motion-
related robustness at the stage of plan approval, they
are not suited to consider the influence of the actual
interfractional changes in patient anatomy and breath-
ing pattern.2-22 Monitoring the applied dose distribution
with regard to interplay effects during the entire treat-

larger than those caused by realistic network delays.

4D dose, interplay effect, log file-based dose reconstruction, pencil beam scanning, proton therapy

ment course can be employed to check whether clinical
goals, for example target coverage or normal tissue
sparing are fulfilled. By using the treatment machine
log files, containing temporal and spatially resolved
information of the dynamic PBS beam delivery, in com-
bination with the synchronized log files of a motion
monitoring device as a surrogate for the target motion
during irradiation, the fraction dose can be calculated
retrospectively for the patient geometry depicted in a 4D
computed tomography scan (4DCT). The 4D interplay-
affected dose is reconstructed by assigning each PBS
spot of the plan to the corresponding 4DCT phase
and accumulating the subplan doses per computed
tomography (CT) phase via deformation vector fields.
Different in-house solutions for such a 4D dynamic dose
reconstruction workflow have been presented 2326
Meijers et al?” introduced the first clinically applied
4D proton dose reconstruction algorithm that is capa-
ble of using combined datasets of motion log files
acquired during patient treatment, PBS treatment log
files,and patient 4DCT images. To yield accurate results,
the PBS spot assignment to the different CT breathing
phases needs to be consistent with the 4DCT recon-
struction method. The algorithm by Meijers et al. was
designed for a PBS spot sorting that considers a phase-
based 4DCT image reconstruction. The raw data for the
respective 3DCT images are thus equally distributed
over time within a breathing cycle without consider-
ing the actual breathing curve amplitudes. At the Uni-
versity Proton Therapy Dresden (UPTD), 4DCTs are
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reconstructed based on relative amplitude sorting of
the raw data, which has the advantage of a better
image artifact reduction?®2° as it compensates for dif-
ferences in the breathing signal shape such as chang-
ing ratios of inhalation—exhalation duration over differ-
ent breathing cycles. Consequently, to perform the 4D
log file-based dose reconstruction for patients treated
at UPTD, the PBS spot assignment to the CT phases
needs to be compatible with the amplitude-based 4DCT
reconstruction.

In this study, we investigated the in-house 4D log file-
based dose reconstruction introduced by Meijers et al 2’
after adapting the algorithm to fit a relative amplitude-
based 4DCT reconstruction. The aim of our experimen-
tal phantom study was twofold: (1) we assessed the
validity of the 4D log file-based reconstruction results
by comparing them to reference dose visualizations
on radiochromic films. To detect potential deficiencies
and limitations of the algorithm, we induced distinct
interplay-affected dose distributions in a patient-like
phantom geometry with regular motion. These include
clinically relevant but also extreme magnitudes to inves-
tigate up to which target motions accurate dose recon-
struction results can be expected. We further quanti-
fied how improvements in the applied deformable image
registration and the dose grid resolution influenced the
results. (2) We quantified the sensitivity of the dose
reconstruction against temporal asynchronies of vari-
ous magnitudes between the machine log files and the
motion log files (recorded by a pressure belt system).
As the impact of an asynchrony between the two log
file systems and spot delivery timing might be inter-
dependent, additional calculations were performed for
more clinical-like plans, that is aiming for a homoge-
neous dose distribution to the target and thus using var-
ious, mainly lower spot doses and a faster delivery per
spot.

2 | MATERIAL AND METHODS

21 | 4D log file-based dose
reconstruction algorithm considering
amplitude-sorted 4DCTs

To calculate the interplay-affected delivered dose, a
4D log file-based reconstruction algorithm was adapted
from Meijers et al?’ Each delivered spot is assigned
to a certain CT phase according to its delivery time
(taken from the machine log file) and the correspond-
ing motion status (taken from the motion log file). By
doing so, a subplan is generated for each 4DCT phase.
While the original algorithm performs a straightforward
spot assignment in accordance to a phase-based recon-
structed 4DCT by considering equal time intervals per
CT phase within each breathing cycle, our adjusted
algorithm accounts for the more complex timing of the

relative amplitude-based reconstructed 4DCT phases
(Figure S1).

The 4D dose reconstruction starts with the initial
motion log file post-processing. A potential clock offset
for the motion monitoring device observed by the net-
work time protocol can be corrected by shifting the time
axis accordingly. After smoothing (Savitzky-Golay-filter)
the breathing curve signal, the local points of maximal
inhalation and exhalation are identified in the cropped
signal matching with the delivery timeframe of the treat-
ment field. As patient breathing curves can show rele-
vant fluctuations, such as additional local extrema and
amplitude drifts between breathing cycles, the algorithm
is guided by a user-specified amplitude that separates
the inhalation and exhalation extrema, that is only one
inhalation maximum and minimum per breathing cycle
are identified above and below this threshold, respec-
tively. If necessary, the user can add, delete, and adjust
the identified extrema manually before proceeding with
the automatic spot assignment.

According to the relative amplitude-based 4DCT
reconstruction, the motion signal between two consec-
utive extrema is locally scaled to relative amplitudes
(0 to 1 for the ascending slopes of inspiration and 1
to 0 for the descending slopes of expiration). Within
each breathing cycle, the algorithm interpolates the time
points f; that match with the trigger amplitudes a; on the
ascending or descending edge used for reconstructing
the respective inhalation or exhalation CT phases. The
inhale/exhale amplitude a; of the ith CT phase is auto-
matically retrieved from the CT naming in the treatment
planning system (TPS) extracted from the respective
DICOM information. Spots delivered after such a trigger
time point t; and before the subsequent ;4 are assigned
with their log file-recorded positions and MUs to the sub-
plan for the ith CT phase. In the case that the differ-
ence between subsequent trigger times (At; = t;.q - ;) is
larger than the raw data bins used for CT reconstruction
(Traw = 250 ms), spots delivered in the interval [t; + T,aw,
ti.1] are equally split among the respective subplans. In
other words, spots delivered after t; + 0.5(T,,, + Al;) are
assigned to the subplan of the next CT phase (i+ 1). The
created subplans (in DICOM RT format) are imported
into the TPS and subplan doses are calculated on the
corresponding CT phases, deformed via the deformable
image registrations (DIR) to the reference CT phase and
accumulated to acquire the interplay-affected dose dis-
tribution.

2.2 | Phantom study for validation of the
algorithm
2.2.1 | Experimental setup

A dynamic thorax phantom (CIRS, Norfolk, VA, USA)
with a moveable rod located in the left lung (Figure 1a)
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(a) Dynamic thorax phantom including an insert with a 3 cm spherical tumor model and the radiochromic film, shown in detail in

the bottom right, and the pressure belt for motion acquisition wrapped around the chest plate attached to the motion surrogate platform. Red
arrows indicate the motion directions of the insert and surrogate, and the dashed yellow arrows the incident beam direction of an anterior field,
respectively, (b) spot positions of the quasi-monoenergetic field for the 30 mm peak-to-peak tumor motion shown with contours of the coronal
isocenter slice in the maximum exhalation phase (most cranial target position), and (c) the orthogonal isocenter slices of the corresponding
static dose distribution (which was not generated with the intention to cover the tumor insert itself as described in the text). The coronal plane
corresponds to the expected static dose distribution on the radiochromic film

was aligned by means of orthogonal X-ray imaging
at the isocenter in the clinical treatment room of the
UPTD. The moveable rod contained an insert with a
spherical soft-tissue tumor model of 3 cm diameter
and three radiopaque markers in the coronal isocenter
plane. A EBT3 Gafchromic film cutting (Ashland, Coving-
ton, KY, USA; LOT11041303) was positioned between
the two halves of the insert at the coronal isocenter
plane, intersecting the tumor model. The rod performed
a 1D sinusoidal or a sin* motion in cranio-caudal direc-
tion with a constant cycle time of 5 s and a peak-to-
peak amplitude of either 5 mm, 10 mm, 15 mm, 20
mm or 30 mm, respectively. The rod motion was syn-
chronously imitated by the motion surrogate platform
with @ mounted chest plate and was monitored by the
clinically used pressure belt system with a sampling
rate of 40 Hz (AZ-733V, Anzai Medical Co., Ltd., Tokyo,
Japan).

Using the network time protocol, we ensured that the
timing information in the motion log files of the indepen-
dent pressure belt system was correctly synchronized
with the reference clock of the proton machine steer-
ing system, which provides the timing information for the
machine log files.

222 | 4DCT

For each motion form and amplitude, a 4DCT of the
phantom was acquired using a Siemens SOMATOM
Definition AS scanner (Siemens Healthineers, Erlan-
gen, Germany) with our standard clinical protocol (tube
voltage: 120 kV, quality reference mAs: 85, Care-
Dose4D, pitch: 0.09, rotation time: 500 ms, collimation:

16 x 0.6 mm). The mid elongation of the tumor model
remained at the same position relative to the static phan-
tom part in all scans irrespective of the motion mag-
nitude. For each scan, 12 amplitude-based CT phases
were reconstructed (iterative reconstruction kernel Q34f
with SAFIRE 3) with 2 mm slice distance and 0.98 mm
pixel size. The respective reconstruction amplitudes per
phase were selected on the acquired surrogate motion
curve in such a way that almost the complete curve is
sampled (six inhale phases and six exhale phases) and
that none of the raw data bins with a temporal width of
250 ms overlap (cf. Figure S1).

22.3 | DIR

The automatic intensity- and structure-based algorithm
in the TPS (ANACONDA®Y) was used to generate
the deformation vector fields between the different CT
phases and the end-exhalation phases with the target in
the most cranial position. A sufficient vector field quality
in terms of geometrical validity was achieved by using
the moving rod as “Focus ROI” and additional contours
(namely the tumor model, the three radiopaque mark-
ers and further well identifiable structures within the rod
insert) as “Controlling ROI”. To investigate how remain-
ing deformation uncertainties may influence the final
reconstruction results, a second, ground-truth deforma-
tion vector field type was generated via the scripting
interface. The shifts of the center of mass coordinates
of the aforementioned contours were averaged and con-
sidered as the vector field amplitude within the move-
able rod for the respective CT phase. Only for the 5 mm
peak-to-peak amplitudes, where the motion difference
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FIGURE 2 Sagittal isocenter plane of a subplan dose
distribution at inhalation (left), the deformation vector fields (middle)
to the exhalation reference state and resulting deformed dose
distribution on the reference computed tomography (CT) (right)
according to the automatically generated vector field (top) and
manually defined vector field (bottom), both used within the
experiments

between adjacent CT phases was much smaller than
the CT slice thickness, the vector field amplitudes in the
rod were calculated based on the principal knowledge
about the phantom motion and the 4DCT reconstruction
algorithm. A visualization of the two types of vector fields
and their influence on dose deformation are illustrated
in Figure 2.

2.2.4 | Treatment plans and delivery

The treatment plans were generated in the TPS RaySta-
tion v.7.99.3 (RaySearch Laboratories AB, Stockholm,
Sweden) with the clinical beam model for our Proteus
PLUS (lon Beam Applications SA, Louvain-La-Neuve,
Belgium) gantry room and considering a constant rela-
tive biological effectiveness (RBE) of 1.1. All plans con-
sisted of only one anterior field (0° gantry angle), and
the cranio-caudal motion of the target was perpendicu-
lar to the incident beam direction and the fast scanning
direction of the machine to induce a higher sensitivity
to interplay effects in mono-energy layers 3" We omitted
any interplay effect-mitigating strategies such as res-
canning, as we aimed to challenge the 4D log file-based
dose reconstruction algorithm for reproducing distinctive
motion-related dose signatures. For all motion magni-
tudes, the isocenter was aligned with the center of the
spherical tumor model at the respective maximum exha-
lation phase, which represents the most cranial tumor
position within the motion cycle. A range shifter (6.52 cm
thick lexane block equal to 7.38 cm water-equivalent
thickness) was inserted with an air gap of 2 cm to the
phantom surface in all irradiation scenarios.

Two types of treatment plans were generated:

1. Quasi-monoenergetic plans were designed to guar-
antee distinct interplay patterns on the radiochromic
film as the interplay patterns from sequential energy
layers of a volumetrically optimized field would most
likely countervail each other in the radiochromic film
plane. Depending on the individual spot and the
current target position, the selected single energy
ensured that the protons will either stop shortly
before the film (in the target) or stop shortly behind
the film while depositing a relevant dose in the film.
Thus, even minor errors in log file synchronization
or in the spot sorting algorithm during the 4D dose
reconstruction will result in distinct differences com-
pared to the dose on the film. For each motion ampli-
tude, 98 spots were placed on 13 lines in a hexag-
onal grid forming a field size of 5.74 cm x 8.52 cm
(Figure 1b) with spot coordinates symmetric to the
mid elongation of the respective motion magnitude.
The use of high and constant spot weights ensured a
clear dose visibility on the radiochromic films and cor-
respond in the static case to a reference/prescription
dose of D, = 4.75 Gy(RBE). As the delivery of the
purely monoenergetic field was too fast (6 s) to gen-
erate elaborate interplay patterns, we induced an arti-
ficial break after each line segment by alternated
energy switching between 122 MeV and 123 MeV,
and thus, extended the irradiation time considerably
to about 47 s. Although these plans contain two ener-
gies, we will further refer to them as monoenergetic.
For the static case, Figure 1c depicts the distinctive
dose distribution in the orthogonal isocenter planes
originating from the spot coordinate specific passage
through rib material and/or different amount of soft
tissue due to the tumor model and the curved phan-
tom geometry.

2. To investigate more realistic treatment plans regard-
ing the spot delivery timing and the shape of the
high dose volume, 4D robust plans were optimized for
each of the five 4DCTs with sinusoidal motion. The
optimization considered a prescription of 2 Gy per
fraction to the target region of interest (ROI) defined
as the tumor model with 3 mm margin, 3 mm setup
uncertainty, 6.3% range uncertainty (corresponding
to the clinical safety margin of 3.5% + 2 mm3233),
and five of the 12 CT phases including those
with extremal elongations.>*3> The 4D robust plans
included on average 439 spots in 13 energy layers
with optimized spot weights (cf. Table S1).

In summary, the monoenergetic plans were delivered
to the phantom under 10 different conditions (sinusoidal
and sin* motion, each with five amplitudes) for each of
which the inserted radiochromic film was analyzed. The
4D plans were delivered under five different conditions
(five peak-to-peak amplitudes of sinusoidal motion). The
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delivery characteristics of all plans including beam-on
times and average spot delivery times were extracted
from the machine log files.

2.3 | Analyses of reconstructed dose
distributions

2.3.1 | Comparison of 2D measured and
reconstructed dose distributions

For the comparison with film dose measurements, we
repeated each 4D log file-based dose reconstruction
from monoenergetic field irradiations with four different
settings, namely with both sets of vector fields (from
automatic or manual DIR) and applying either a fine
dose grid resolution of 1 mm or the clinically used 3 mm
resolution. The radiochromic films were scanned 3-6
days after irradiation with a flat-bed document scanner
(Expression 11000L, EPSON America, Long Beach, CA,
USA) with a resolution of 300 dpi (11.81 dpmm). The
optical density in the red channel of all pixels except
those close to the cutting edges was analyzed with an in-
house developed software and converted to dose. How-
ever, the film dose response curve depends on the lin-
ear energy transfer3%37 The films imaged the charac-
teristic proton dose patterns close to/within the Bragg
peak depth (compare transversal and sagittal slice in
Figure 1c) and as the actual depth changes locally just
to a minor extent with the unpredictable interplay, we
added a global quenching correction of 20%°3¢-4C in
all measurements. Corresponding 2D dose distributions
at isocenter depth were extracted from the 4D log file-
based dose reconstructions via the scripting interface in
the TPS. Measured and reconstructed physical doses
were compared by a 2D y-analysis with 3 mm distance
to agreement and 3% global dose difference criterion in
OmniPro I'mRT (v1.7b, IBA Dosimetry, Schwarzenbruck,
Germany) after the alignment of the film dose distribu-
tion based on the position of the three radiopaque mark-
ers and the conversion of both dose grids to a 1 mm
resolution. A constant area of 12.5 cm x 4.8 cm was
considered for y-pass rate determination and a low-dose
threshold of 10% was applied.

For statistical evaluation, a model based on general-
ized estimating equations with linear link function was
applied. The y-pass rates (dependent variable) were
transformed with In(100 - y-pass rate [%]) to achieve
an approximate normal distribution. Independent factors
were motion amplitude, motion wave form, dose grid
resolution, and used DIR. An index (ranging from 1 to
40) was assigned to each reconstructed dose distribu-
tion with different parameters and considered as the
repeated subject variable. A robust estimate was used
for the covariance matrix and the working correlation
matrix was assumed to be exchangeable. Analysis was
performed in SPSS Statistics (v27, IBM Deutschland
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GmbH, Ehningen, Germany). Resulting p values were
interpreted as statistically significant for p < 0.05 and
as trending toward significance for 0.05 < p < 0.1.

2.3.2 | Sensitivity to asynchronized log files
The effect of temporal asynchronies between the motion
log files and the machine log files on the reconstructed
dose distributions was investigated for all measure-
ments with sinusoidal motion by artificially shifting the
time stamps of the motion log files by +1 ms, +5 ms,
+25 ms, +50 ms, or £250 ms. A 3 mm dose grid reso-
lution and the manually defined vector fields were used
for the reconstructions. The retrieved dose distributions
were compared to the nominal ones with synchronized
log files as follows: (1) a global 3D y-analysis (1 mm,
1%) with a low-dose threshold of 10% was performed
in 3D Slicer*! (2) The distribution of the absolute dose
differences relative to the prescribed dose (|AD]) was
calculated from the dose distributions of nominal and
shifted log files as |AD| = [(Dshitt - Dnom)/Dp| and its
dose volume histogram parameters Dy, V49, and Vs,
were extracted for the phantom’s external (cf. Figure S3
for illustration purpose). These parameters indicate the
near maximum absolute dose difference and the vol-
umes with absolute dose differences of more than 1%
and 5% of the prescribed dose, respectively.

3 | RESULTS

3.1 | Beam delivery characteristics

All plans were delivered with the clinical machine and
records were kept in the machine log files with subspot
resolution by a sampling rate of 4 kHz. Excluding the
energy switching times, the mean and standard devia-
tion of the delivery time for the 98 spots in the monoen-
ergetic fields was 3.4 s + 0.6 s, corresponding to 34.3 ms
+ 5.6 ms per spot (including spot switching time). The
large standard deviation is rather related to updated
machine configurations applied by the vendor between
experiment sessions than to the day-to-day variability of
the treatment machine. The total beam-on time of the 4D
optimized plans ranged between 3.1 s and 8.9 s, which
implies an average delivery time per spot of about 13.5
ms + 4.9 ms. Detailed characteristics per plan are listed
in Supporting Information 2.

3.2 | Comparison of 2D measured and
reconstructed dose distributions

The measured and reconstructed dose distributions with
their characteristic interplay patterns for the monoener-
getic fields on the coronal isocenter plane are in good
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reconstruction with 1 mm dose grid resolution and manual deformable image registration [DIR]) at the isocenter plane for different peak-to-peak
motion amplitudes and sinusoidal motion. The results of the 2D y-analysis (3 mm, 3%) as well as the y-pass rates are shown in the bottom row
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FIGURE 4 Pass rates of the 2D y-analysis with (3 mm, 3%)
criterion between the measured film dose and the reconstructed
dose distributions at isocenter plane for different motion amplitudes,
wave forms, dose grid resolutions, and deformable image
registrations (DIR)

visual agreement (Figure 3). The influence of motion
amplitude and wave form, dose grid resolution and DIR

on the resulting y-pass rates was quantified (Figure 4).

The motion amplitude had a significant influence on the
y-pass rates (p < 0.001) with a negative correlation.
For motion amplitudes <15 mm, the y-pass rates were
above 95% for most cases. There was a clear decline
in the y-pass rates for motion amplitudes >20 mm. Sig-
nificantly higher y-pass rates were achieved when using
the 1 mm dose grid resolution (p < 0.001). There was no
significant difference between the used DIRs, but there
was a trend toward higher y-pass rates for the manually
defined vector field (p = 0.073). The motion wave form
(sin vs. sin*) did not significantly influence the results of
the y-analysis (p = 0.646).

3.3 |
files

Sensitivity to asynchronized log

Due to the asynchronized log files, single PBS spots
are assigned to subplans of the adjacent 4DCT phases.
The exact number of erroneously sorted spots depends
on the individual interplay of motion and beam delivery,
the actual breathing pattern, the motion period T and
number of CT phases N.As a rule of thumb, the fraction
of missorted spots for a small time shift AT between
both log files will be about NeAT/T. For the investigated
asynchronies, spots were falsely assigned solely to the
adjacent 4DCT phases.

The influence of artificially inserted offsets between
machine and motion log files on the reconstruction
result was quantified for the different investigated
motion amplitudes and treatment plan types (Figure 5).
All doses were reconstructed using the manually
defined deformation vector field as it showed beneficial
results in the previous evaluation and higher plausibility
across the whole phantom geometry (cf. Figure S4).
The monoenergetic fields and the 4D robustly optimized
plans showed a similar behavior. The y-pass rates for
the global 3D y-analyses decreased with increasing
asynchronies and motion amplitudes (Figure 5a). The
y-pass rate remained above 95% for the 5 mm motion
magnitude with all investigated asynchronies, and for
higher motion amplitudes with time offsets of up to 5 ms.
Regarding the distribution of absolute dose differences
within the whole phantom geometry, there was a clear
increase in D4, for higher asynchronies and motion
amplitudes (Figure 5b). D4, remains below 5% both for
small motions of 5 mm regardless of the asynchrony
and for larger motion amplitudes with asynchronies of
maximal 5 ms. A similar behavior was found for the
volumes of maximal absolute dose differences V4o, and
Vs9,. The more sensitive parameter V4o, shows a steady
increase for higher asynchronies and motion amplitudes
(Figure 5¢). The absolute dose deviations of more than
5% remained neglectable for asynchronies <25 ms
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monoenergetic (full circle) and the 4D optimized plans (empty circle) with sinusoidal wave form and different amplitudes (indicated by different
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(below 7 ml for 30 mm motion magnitude; 0 ml other-
wise), but showed a steep increase for combinations of
bigger asynchronies and large amplitudes (Figure 5d).
Overall, there is a clear increase in the maximum
absolute dose differences as well as in the volumes of
relevant dose deviations for larger asynchronies and
motion amplitude.

4 | DISCUSSION

A 4D log file-based proton dose calculation is a valu-
able tool for documenting the actual dose deposition
when treating intrafractionally moving targets. As 4DCT
images of a patient are the basis for the dose calcu-
lations, such an algorithm needs to be in accordance
with the 4DCT reconstruction method to yield accurate
results. Before applying the 4D log file-based proton
dose calculation in clinical routine use, it is essential
to verify its correct performance and sensitivity against
input parameter variations by dedicated test scenarios,
as the reconstruction results might influence the clini-

cian’s treatment decision, either in the phase of plan
selection (when analyses are performed during pre-
treatment simulations) or regarding a plan adaptation
(when used as dose tracking tool during the treatment
course). Within this study, we have benchmarked our 4D
log file-based dose reconstruction algorithm by compre-
hensive measurements with a dynamic phantom under
well-defined conditions generating interplay effects from
variable amounts of lung, soft and bony tissue surro-
gates in the beam paths. Specifically, the influence of dif-
ferent amplitudes of regular motion patterns and recon-
struction parameters on the reconstruction results was
analyzed for an algorithm dedicated to consider the rel-
ative amplitude-sorted 4DCTs used at the UPTD.

The characteristic interplay patterns seen at the
isocenter plane of the reconstructed dose distributions
in the phantom matched with the measured film doses
for the different motion amplitudes and wave forms.
Two-dimensional y-analysis showed strong agreement
between the measured and the reconstructed doses
with y-pass rates >95% for motion amplitudes of up to
15 mm. There was a clear decline in the y-pass rates for
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higher motion amplitudes, potentially related to the dis-
cretization in the 4DCT and the residual motion in the
single CT phases. While the general agreement was sig-
nificantly improved by a higher dose grid resolution, the
minor influence of the DIR used was not significant, most
likely due to the high similarities of the DIRs in the area
imaged by the radiochromic film inside the moving rod
(Figure S4). We showed that the accuracy of the recon-
structed dose distribution does not depend on the cho-
sen symmetric (sin) or asymmetric (sin*) motion pattern.

The sensitivity of the 4D log file-based dose recon-
struction against asynchronies between the machine
and motion log files were investigated for artificial off-
sets ranging from 1 ms to 250 ms, that is between the
order of magnitude of the machine log file time resolu-
tion and the 4DCT phase duration, respectively. The 3D
y-pass rates remained above 95% for offsets of up to
5 ms, even for large motion amplitudes and independent
on the used plan type (monoenergetic or 4D robustly
optimized). This indicates that the algorithm is robust
enough against potentially remaining clock offsets;*2
which we have observed in the local network of our
clinical environment to be within +5 ms (smaller than
the time resolution in the motion log files), and that it
yields accurate results for the applied dose even for
larger target motions. As such, the findings of this work
were essential for the clinical implementation of fraction-
wise 4D log file-based dose reconstruction, which can
be used to monitor the applied dose over the course of
the treatment in the presence of breathing-induced tar-
get motion when using PBS proton therapy.

In this study, we used 12 phases in the 4DCT phase
reconstruction as opposed to the commonly clinically
used 8-10 phases?'*® We decided for a higher than
usual number of phases for two reasons: the higher
number of non-overlapping reconstructed phases leads
to a better sampling of the motion curve data and there-
fore to smaller geometrical differences between adja-
cent 4DCT phases. This improves the representation of
the continuous target motion and the results of the 4D
log file-based dose reconstruction as a more continu-
ous reflection of the actual dose delivery. At the same
time, asynchronies between the log files have a larger
influence on the reconstruction results when using more
4DCT phases since more spots are assigned to other,
possibly false, subplans. These two points imply that the
results of the dose reconstruction under clinical condi-
tions are expected to be slightly less accurate in the spot
sorting due to a higher level of discretization between
each phase, but also less prone to log file asynchronies.

Further influencing factors on the accuracy of the
dose reconstruction in patient treatment include irreg-
ularity of breathing and limited correlation between
the external breathing motion and the internal patient
anatomy motion estimated by a 4DCT**“¢ Using the
same device for motion monitoring during 4DCT acqui-
sition as during treatment irradiation improves the com-

parability of the measured breathing curve data. Still,
realistic patient breathing patterns may show day-to-
day variations in frequency, absolute amplitude and
shape, which influences the accuracy of the represented
patient anatomy in the 4DCT images. It is therefore
of great importance that interfractional changes of the
patient’s breathing pattern and anatomy are monitored
during the entire treatment course*” for example by
means of weekly 4DCT or even daily cone-beam CT.
Breathing guidance strategies during 4DCT acquisition
as well as during irradiation can also be applied to
improve image quality and breathing regularity.*¢4

As we aimed to test the accuracy of the dose recon-
struction algorithm under extreme conditions, the inves-
tigated treatment plans were all limited to one beam per-
pendicular to the radiochromic film to enhance possible
interplay effects. We did not apply any form of motion
mitigation and used high MU per spot to create charac-
teristic interplay patterns on the irradiated films. Clinical
patient treatment plans would contain more beams from
different angles and possibly higher spot numbers with
lower MU per spot than the examined plans (or even res-
canning), which should reduce the magnitude of inter-
play effects per fraction.

We performed just one measurement for each motion
pattern per scenario. Thus, due to the stochastic nature
of the interplay effect, the presented results are snap
shots, giving an estimate of the 4D dose reconstruction
quality. They should therefore not be interpreted as def-
inite values. Repeat measurements may yield a range
of possible dose distortions. However, to ensure that the
results of repeat measurements would represent a full
range of possible dose distortions with respect to the
starting phase, the experiments would require a stable
beam delivery timing (cf. Supporting Information 4) and
a synchronization of the irradiation start with the breath-
ing cycle phase of the tumor motion, which was not pos-
sible with our setup.

When extracting the reconstructed 2D dose distribu-
tion from the TPS, the pixel size of about 1 mm in the
coronal direction of the CT limits the accuracy in deter-
mining the CT slice of the film. In addition to that, the
resolution of the scanned film doses is considerably
higher than even the fine dose grid resolution of 1 mm in
the TPS. Therefore, both resolutions were scaled to the
same size for the 2D y-analysis.

Imaging artifacts are a further limiting factor for the
accuracy of the 4D dose reconstruction.®® Especially
for larger motion amplitudes, an increase of motion
artifacts in the 4DCT phases was visible, which could
only be improved by a faster rotation time of the X-ray
tube.

In general, the accuracy of a DIR influences the
results of the 4D dose reconstruction.>'-52 By establish-
ing a ground truth with the manually set deformation
vector fields based on the knowledge of the phantom
geometry, we were able to exclude the DIR uncertainty
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from the performance analysis of the dose reconstruc-
tion algorithm. As the pure gray level-based automatic
DIR is by default not suited for the sliding rod motion
in the lung of the phantom (cf. Figure S5), we used
focus and controlling ROIs within the phantom to guide
the deformation algorithm into creating satisfactory
vector deformation fields. Thus, we could confirm with
our experiments an accurate dose reconstruction (for
motions of up to 15 mm) as long as there are sufficiently
correct deformation vector fields. As the ground truth of
the deformation inside the patient is usually unknown, it
is of importance to check the deformation vector fields
for plausibility and to modify the generation of the vector
fields if needed.

Overall, the 4D log file-based dose reconstruction
yields satisfactory results even for high motion ampli-
tudes and in the presence of minor temporal asyn-
chronies between motion and machine log files. Mean-
while, we have clinically implemented and optimized a
workflow of fraction-wise 4D dose reconstruction as an
additional quality assurance to monitor the applied dose
distribution in the patients alongside treatment. This was
a prerequisite in our clinic to start PBS treatment of
patients with breathing-induced target motion in the tho-
racic region. The acquired clinical data can be used
to further analyze the influence of patient and treat-
ment parameters and to improve treatment robustness
of moving targets in the future.

5 | CONCLUSIONS

We have successfully implemented a 4D log file-based
proton dose reconstruction algorithm accounting for
amplitude-sorted 4DCTs and have experimentally val-
idated that sufficiently correct dose distributions are
obtained for motion magnitudes <15 mm when using our
standard clinically applied dose grid resolution and DIR
algorithm. Robustness against temporal asynchronies
between motion and machine log files was confirmed for
latencies below the time resolution of the motion mon-
itoring system. Particular attention must be paid to the
synchronization of the two log file generating systems,
especially for large motion amplitudes. After the exper-
imental characterization of the 4D log file-based dose
reconstruction, we have started its routine application for
PBS proton therapy of patients with thoracic malignan-
cies and breathing-induced target motion.
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