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Abstract

Background: Periodic and slow target motion is tracked by synchronous motion
of the treatment beams in robotic stereotactic body radiation therapy (SBRT).
However, spontaneous, non-periodic displacement or drift of the target may
completely change the treatment geometry. Simple motion compensation is
not sufficient to guarantee the best possible treatment, since relative motion
between the target and organs at risk (OARs) can cause substantial deviations
of dose in the OARs. This is especially evident when considering the tempo-
rally heterogeneous dose delivery by many focused beams which is typical for
robotic SBRT. Instead, a reoptimization of the remaining treatment plan after a
large target motion during the treatment could potentially reduce the actually
delivered dose to OARs and improve target coverage. This reoptimization task,
however, is challenging due to time constraints and limited human supervision.
Purpose: To study the detrimental effect of spontaneous target motion relative
to surrounding OARs on the delivered dose distribution and to analyze how intra-
fractional constrained replanning could improve motion compensated robotic
SBRT of the prostate.

Methods: We solve the inverse planning problem by optimizing a linear pro-
gram. When considering intra-fractional target motion resulting in a change of
geometry, we adapt the linear program to account for the changed dose coef-
ficients and delivered dose. We reduce the problem size by only reweighting
beams from the reference treatment plan without motion. For evaluation we
simulate target motion and compare our approach for intra-fractional replan-
ning to the conventional compensation by synchronous beam motion. Results
are generated retrospectively on data of 50 patients.

Results: Our results show that reoptimization can on average retain or improve
coverage in case of target motion compared to the reference plan without
motion. Compared to the conventional compensation, coverage is improved
from 87.83 % to 94.81 % for large target motion. Our approach for reoptimiza-
tion ensures fixed upper constraints on the dose even after motion, enabling
safer intra-fraction adaption, compared to conventional motion compensation
where overdosage in OARs can lead to 21.79 % higher maximum dose than
planned. With an average reoptimization time of 6 s for 200 reoptimized beams
our approach shows promising performance for intra-fractional application.
Conclusions: We show that intra-fractional constrained reoptimization for
adaption to target motion can improve coverage compared to the conventional
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approach of beam translation while ensuring that upper dose constraints on

VOls are not violated.

KEYWORDS

intra-fractional adaption, robotic radiation therapy, treatment planning

1 | INTRODUCTION

In robotic stereotactic body radiation therapy (SBRT),
the flexibility of a robotic arm allows for a steep dose gra-
dient to spare healthy tissue and conformal treatment
of the target. However, intra-fractional target motion,
either due to breathing or spontaneous organ motion
can influence the quality of the treatment. Automatic
motion management by couch motion,? leaf motion of
the multi-leaf collimator® or gating* can improve the
accuracy of the delivered dose for conventional treat-
ment devices. In clinical practice with the CyberKnife,
treatment beams are moved synchronously to com-
pensate target motion® Compensation of small or
periodic motion improves or enables dosimetric accu-
racy for many treatment sites® In addition, 4D-planning
accounting for the relative motion between beams and
OARs has been studied for compensation of peri-
odic motion.” However, large, non-periodic target motion
which changes the geometric relationship between the
target and surrounding organs at risk (OARs) can
occur during treatment either by spontaneous events, for
example, digestive flatulence, or target drift over time 8-
Crucially, this geometric change can significantly influ-
ence the delivered dose distribution and potentially lead
to missing parts of clinical targets and increased toxic-
ity in OARs 2 Furthermore, margins could be reduced
if more accurate treatment delivery is feasible. While
translational or rotational compensation by beam motion
for periodic motion can “wash out” dosimetric influence
in surrounding OARs even if the target moves relative
to the OARs, we show that large, non-periodic motion
can be challenging for the conventional compensation
method. A schematic illustration of the problem is shown
in Figure 1.

We propose fast replanning of the treatment plan
after target motion to improve treatment delivery after
large intra-fractional target motion. So far, mostly inter-
fractional replanning for intensity modulated radiation
therapy (IMRT) has been studied. In particular, consider-
ing the clinical use of MR-Linacs, several inter-fractional
replanning approaches have been proposed'%-'2 which
are often commercially available and can improve treat-
ment delivery.'® For many cases inter-fractional plan
adaption is deemed beneficial.'*1®

The problem of intra-fractional replanning poses sev-
eral additional challenges. First, intra-fractional replan-
ning is more time constrained since replanning has to
be done during treatment after detection of a large target
motion. Additionally, supervision for replanned treatment

plans is also limited due to time constraints. Therefore,
we argue that the ability to ensure hard constraints
on the maximum dose in OARs is crucial to make
replanning viable in clinical practice.

While fast treatment planning approaches have
been explored,'® only few approaches for intra-fraction
replanning have been shown. Still, the potential benefits
have been acknowledged.!” One approach for intra-
fractional replanning by Antico et al.is based on a library
of simulated target motions to decide for the beam
which promises the closest dose delivery compared to
the prescribed dose distribution.'® However, the treat-
ment can be suboptimal due to deviations between the
corresponding scenario in the library and the actual
target motion as has been shown for inter-fractional
replanning.'’® Furthermore, in robotic SBRT between
140 and 170 sequentially delivered treatment beams are
typically involved,2° compared to 5 to 9 fields that are
commonly used in IMRT2'" This greatly increases the
combinatorial problem size for robotic SBRT, since tar-
get motion can occur at any time during the treatment,
and makes generation of a library for every possible
motion infeasible.

The approaches by Kontaxis et al. iteratively per-
form a fluence optimization and segmentation to find
the best segment to deliver next without a complete
segment weight optimization.??=2* Similarly, Mejnertsen
et al. show dose optimization with a simplified dose cal-
culation algorithm for VMAT treatment2> However, the
particular properties of robotic SBRT including the large
number of beam angles make adaptation of these meth-
ods challenging. Additionally to the larger number of
delivered beams, dose delivery in robotic SBRT is more
heterogeneous over time. Due to the relatively small
treatment fields in comparison to the target size and their
quantity, every beam affects only a comparatively small
volume but deposits high dose. Therefore, unfavorable
target motion can lead to increases in OAR dose as is
shown by Figure 2 where the same volume is reirradi-
ated by a moved beam. With existing approaches for
replanning and the conventional compensation by syn-
chronous beam motion, no guarantees on the maximum
dose can be provided.

We propose an approach including constrained opti-
mization in the form of a linear program for replanning
after large, non-periodic target motion for robotic motion
compensated SBRT. Contrary to current approaches
for intra-fractional replanning in IMRT, we ensure strict
upper bounds on each voxel after replanning. Therefore,
we avoid unexpected overdosage in OARs and normal
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lllustration of dose distribution in the reference case without motion (a), with target motion but static beams (b), with

synchronous beam motion (c), and with reoptimization of synchronously moved beams (d). Static beams can lead to underdosage in case of
target motion, while synchronously moved beams can lead to overdosage in OARs which can be avoided using reoptimization. Note that

isodoses are exaggerated to illustrate the effect. OARs, organs at risk.
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FIGURE 2
approach of synchronous beam motion.

tissue to maintain a safe treatment. Our approach for
replanning is fast (6 s) to be applicable in the clini-
cal setting. We analyze our approach for 50 cases of
patients who were previously treated for prostate cancer
and multiple simulated motions in the range of clinically
observed magnitudes. Our results show that replan-
ning leads to improved actual delivered dose distribution
when compared to the clinical practice of compensation
by beam translation.

2 | METHODS

21 |
target

Treatment planning for the static

In this work we extend our inverse optimization
approach for treatment planning?® We give a short
overview of the planning pipeline here.

(b) planned beams

overdosage

(d) beam delivery for
translated target

(c) dose after
delivery of one
beam

lllustration of overdosage due to heterogeneous dose delivery when target motion is compensated by the conventional

A treatment plan is generated based on CT data of
the patient, where medical experts delineated the plan-
ning target volume (PTV) and relevant OARs. We define
additional shell structures around the PTV at specific
distances. During planning these shell structures control
the dose gradient and dose in normal tissue.

Candidate beams with round collimators of differ-
ent sizes?’ are then sampled based on a randomized
heuristic. To ensure feasibility of plan delivery with the
CyberKnife, beams can only be delivered from specific
positions (beam nodes). We sample candidate beams
by selection of a random beam node and target point
on the projection of the PTV on a plane which is per-
pendicular to the line from beam node to PTV centroid
(beam’s eye view). Here, we weight points towards the
border of the projection higher to improve coverage of
the PTV.

Dose coefficients are then calculated for every beam
and every voxel inside the volumes of interest (VOIs).
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A dose coefficient for a beam and voxel aj, , describes
the deposited dose of the beam into the voxel dj,, by
d, = ap,, - Wp. Here, wj, is the weight of the beam, that
is, the beam-on time.

Upper dose constraints on PTV, OARs, and shell struc-
tures, prescribed dose to the PTV,and maximum monitor
unit (MU) constraints are specified to conform with clin-
ical goals. Finally, we formulate a linear optimization
problem to solve for the optimal weighted subset of
beams from the set of candidate beams. Here, the beam
weight corresponds to the MU of the beam.

211 |
problem

Linear optimization for the inverse

The solution of the inverse planning problem identifies
a weighted set of beams which is optimal regarding
constraints, the candidate beam set, and the objec-
tive function. We indirectly optimize for coverage by
minimizing underdosage in the PTV, solving

min ) s, (1)
VE/V
st. A-x—b+s>0 (2)
A-x—b,<0 (3)
3 xo—m, <0 4)
belg
Xp, Sy =20 VbelgVvely (5)

Here, the matrix A contains dose coefficients ay, , for
beam b affecting voxel v and the vector x contains the
variable beam weights. x;, is an entry of the beam b in
the vector x. Ig and I, are the sets of all beams and
voxels, respectively. b, and b, are the upper and lower
dose constraints for OARs and PTV. The slack variables
S, in the vector s represent the underdosage in the PTV
for each voxel v in the PTV and m,, is the constraint on
the total MU.

We use a dual simplex based method implemented by
IBM ILOG Cplex VV20.1,1BM, NY to solve the optimization
problem. Note that the solution is optimal with respect to
the constraints. Furthermore, the constraints are strict
and the solution does not exceed these constraints on
the dose grid.

Commonly, beams with low MU after optimization are
excluded from delivery since the error in delivered doses
is larger for low MU beams and treatment time can
thereby be reduced with little decrease in plan qual-
ity. Therefore, we remove beams with MU below m, =
6 MU after optimization and reoptimize the weight of the
remaining beams while adding an additional minimum
MU constraint x, > m; for all remaining beams.
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(b) target translation and
rotation

rectum

FIGURE 3 |lllustration of the simulated target translation and
rotation (b, red arrows) compared to the reference (a). OARs are
translated if they would intersect with the target otherwise and
non-overlapping OARs are moved to keep distances to the PTV
similar compared to the reference (blue arrows). OARs, organs at
risk; PVT, planning target volume.

2.2 | Simulation of target motion

In this study we intend to isolate the effect of replan-
ning from tracking and assume perfect reconstruction
of the actual target motion for replanning. To evaluate
the effect of replanning alone, we assume that a large
intra-fraction motion occurs once during the treatment
between delivery of two beams, for example, due to
sudden bowel movement.

To perturb the PTV pose, we apply a random transla-
tion and rotation. We sample a random direction vector
and rotation vector from an isotropic distribution. For
these vectors we then sample a magnitude and rotation
angle from constrained normal distributions, respec-
tively.

If the perturbed PTV overlaps with an OAR, we trans-
late the OAR in the direction of a vector from perturbed
PTV centroid to OAR centroid, until perturbed PTV and
OAR do not overlap as Figure 3 shows. Additionally, we
move the non-overlapping OAR towards the centroid of
the original PTV to ensure that distances between PTV
and OARs remain similar and to simulate a more natural
change of VOI positions.

2.3 | Replanning
For replanning we optimize the inverse planning prob-
lem again between delivery of two beams by following
the steps shown in Figure 4. Optimization speed and
maintaining constraints are important to allow for intra-
fraction replanning. To address optimization speed we
limit the problem size and only consider weighted beams
from the original plan as candidate beams to reweight
those during replanning. Furthermore, we assume that
the beams are translated and rotated synchronously
with the target as is current clinical practice. Additionally,
we move the artificial shell structures synchronously to
the PTV motion.

To construct the replanning optimization problem, we
adjust all upper (b,) and lower (b)) dose constraints and
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FIGURE 4 Flowchart of our proposed approach for replanning.
Note that the detection of target motion is not further described in
this work.

o
original delivered resultin
constraints dose constraints
FIGURE 5 lllustration of constraint adaption. Delivered dose in

the static geometry is mapped to the translated geometry. New
constraints are derived by subtracting delivered dose from upper and
lower dose constraints. Dark read means higher dose constraints.

additionally we adjust MU constraints m,, by the dose
which is delivered before the target motion by

bu,new = bu - Ad * Xd (6)

Binew = by — Aqg - X4 (7)

mynew = My — Z Xp (8)
bE/d

Here, A, is the matrix of dose coefficients of beams
delivered for the reference case, x, are the weights of
delivered beams, and /; is the set of delivered beams.
Essentially, we map the dose that is delivered before
target motion to the perturbed patient geometry and
subtract it from the original dose constraints as shown in
Figure 5. Since the optimization problem is only evalu-
ated in the VOlIs, we map dose in each voxel of each VOI
before target motion to the same voxel of the translated
and rotated VOI.

The new matrix of dose coefficients A,q, is calcu-
lated for the beams of the original treatment plan which
have not yet been delivered. In this study, we do not
consider changes of the CT due to target motion but
in essence move the position of the voxels to calculate

reference translated prostate

FIGURE 6 Coefficient calculation for beams after target motion.
Shown are the coefficients for a single beam for reference and the
resulting coefficients after the beam follows the target motion. Higher
dose coefficients correspond to darker shades of red.

dose coefficients. As shown in Figure 6, the coefficients
in the PTV are similar before and after PTV motion for
small rotations but coefficients in the OARs can show
large differences.

Finally, we set up the optimization problem for replan-
ning by

min Z Sy 9)
vely
st Anew Xr —Djipew +520 (10)
Anew - Xr — bu,news 0 (1 1)
> Xeb = Mynew <0 (12)
bEInB
X,;b,SVZO VbEInB,VVEIV (13)

where X, is the vector of beam weights x, ;, of remaining
beams. Note, that the specified constraints are guaran-
teed to not be exceeded by the resulting beam weights.

2.4 | Experimental setup

We retrospectively evaluate our approach for 50 patients
previously treated for prostate cancer. For comparable
results, we follow a simple protocol. We plan for 36.25
Gy prescribed dose to the PTV (prostate), 34 Gy upper
dose constraints in the OARs (bladder and rectum), and
40.5 Gy upper dose constraint in the PTV. Additionally,
we introduce shells around the PTV at 3 and 9 mm dis-
tance to control dose in normal tissue. Shell constraints
are set such that 95% coverage is achieved for every
patient for the reference case by automatic search. We
use a 3 X 3 mm resolution for dose evaluation and opti-
mization and generate beams with circular collimators
of sizes 10, 15, 20, 30, and 40 mm.

Note that the optimization results in an optimal
weighted beam set which is typically a small subset of
the candidate beam set. However, different candidate
beam sets commonly produce different weighted beam
sets. Therefore, we evaluate each case with 10 different
candidate beam sets to increase statistical robustness.
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TABLE 1 Values for the normal distributions which we use to
sample magnitudes for simulated translation and rotation of the
target. SD is standard deviation.

Mean Minimum Maximum SD
2.5mm 0 mm 5 mm 1 mm
7.5 mm 5 mm 10 mm 2 mm
12.5 mm 10 mm 15 mm 2mm
1.75° 1° 2.5° 0.5°
3.5° 2° 5° 1°

7° 4° 10° 2°

The beams are usually delivered in a specific order such
that the treatment time is minimal. Beams with short dis-
tance between their beam nodes are typically delivered
within a short amount of time. We therefore approximate
the clinical beam order by sorting the beams by the loca-
tion of their beam node. We compare this sorted beam
set to a randomly ordered beam set which may offer
more homogeneous dose delivery over time.

We study motions in the range of previously reported
findings'22%-39 of up to 15 mm and 10° and sample
10 different translations and 10 different rotations for
each case. Values are sampled from constrained normal
distributions with mean, min, and max values and stan-
dard deviation shown in Table 1. We report significance
according to the student’s f-test with p-values smaller
than 0.01.

3 | RESULTS

3.1 | Replanning considering translation
We evaluate the effect of motion adaption approaches
on the treatment plan quality retrospectively for 50
patients. Figure 7 compares the resulting coverage of
the treatment plan for the reference plan without target
motion, with target motion but no compensation (static
beams), with only translational compensation, and with

reoptimization. Here, only target translation is simulated.
When the mean translation of the PTV increases, the
mean coverage decreases with static beams and trans-
lational compensation to 59.82% and 87.82% for mean
translation of 12.5 mm, respectively (p < 2.2e~'6). Mean
coverage for the reoptimized plans does not decrease
below 94.81% compared to the reference case with
a mean coverage of 94.85%. Difference in coverage
between reference and reoptimized plans is not signif-
icant for 2.5 mm mean translation (p = 0.0136) but is
significant for larger mean translations (p < 0.00468).

Furthermore, as shown in Figure 8, translational com-
pensation results in up to 21.79% higher maximum dose
than planned in the OARs. This overdosage is avoided
with reoptimization.

Figure 9 shows the described effects for several
cases. Additionally, Figure 10 shows the resulting dose
contours for one case.In 73.49% of cases with 12.5 mm
mean translation, at least one maximum dose constraint
of the OARs was violated when using translated beams
for compensation.

3.2 | Replanning considering rotation
When isolating the effect of rotation of the PTV, the aver-
age coverage decreases for static beams and rotational
compensation to 92.81% and 94.14% for 7° mean rota-
tion (p < 2.2e'%), respectively, as shown in Figure 11.
Average coverage is generally higher for reoptimized
plans with rotation compensated beams and increases
slightly to 95.67% for 7° mean rotation (p < 2.2e~"6).
Additionally, maximum dose in the OARs and PTV again
increases when plans are not reoptimized.

3.3 | Timings
We evaluate the computational effort on a AMD Ryzen 9

3950X CPU. While dose calculation and dose mapping
is done in parallel threads, solving the linear optimization

transl. compensated
beams

reoptimized
transl. beams

—

reference static beams
100
! |
X 80
(0]
(@]
©
% 60{ Mean translation [mm]
5] B0
B 25
B 75
4018 125

E—

—

FIGURE 7 Boxplots of resulting coverage after a single target translation of different magnitudes during treatment. Shown are accumulated
results for 50 patients. After translation delivery of 200 remaining beams is simulated with different compensation strategies.
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FIGURE 8 Violin plots of resulting maximum dose in respective VOlIs after a single target translation with mean distance 12.5 mm. Note,
that the maximum width is normalized, respectively. After translation delivery of 200 remaining beams is simulated with different compensation
strategies. Shown in red is the prescribed maximum dose in PTV and OARs, respectively. OAR1: rectum, OAR2: bladder, PTV: prostate. OAR,
organ at risk; PTV, planning target volume, VOlIs, volumes of interest.
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FIGURE 9 DVHs of all cases for a static target (a), with target motion but static beams (b), with target motion and beam translation for
compensation (c), and replanning after target and beam translation (d). Shown are results for 12.5 mm average target motion and no rotation.
Gray dashed lines indicate prescribed dose and maximum PTV dose constraint; the black dashed line indicates maximum OAR dose
constraints; orange circles and arrows highlight OAR overdosage, severe PTV underdosage, and PTV variation. OAR, organ at risk; PTV,
planning target volume.

(a) motion compensated beams (b) reoptimized beams

FIGURE 10 Comparison of dose contours for motion compensated beams and reoptimized beams for one case. Shown are the prescribed
dose to the PTV and the upper dose to the OARs. The resulting dose is transformed to the original geometry. Note, that the initial plan was partly
delivered, contributing to the ill-defined dose gradient between PTV and OARs. OARs, organs at risk; PTV, planning target volume.

problem by the simplex based algorithm is sequen- Considering Figure 12, even when reoptimizing the
tial. Although, parallel approaches exist, the sequential weight of 200 beams, the complete runtime is below 6 s.
simplex based optimizer had the best performance In dose mapping, the time for setup of the optimization
of the tested optimizers for this optimization problem problem is included. The runtime increases for increas-
and hardware. ing number of reoptimized beams due to the increasing
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FIGURE 11

Boxplots of resulting coverage (a) and violin plots of maximum dose (b) after target rotation without translation. After rotation

delivery of 200 remaining beams is simulated. The target is rotated randomly by angles sampled from normal distributions with different mean
angles. Note that static beams result in the same dose distribution as translation compensated beams. The mean rotation for the maximum

dose (b) is 7°.
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FIGURE 12 Average runtimes for dose coefficient calculation
for remaining beams, for dose mapping and constraint adjustment of
the moved VOls, and for reoptimization. VOIs, volumes of interest.

problem size, that is dose coefficients per voxel for each
added beam as we established.

3.4 | Number of replanned beams

As Figure 13 shows, the coverage after reoptimization
drops for most plans for decreasing number of reopti-
mized beams and large motion. Note however that upper

N
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FIGURE 13 Boxplots of resulting coverage for replanning of
translated and rotated beams after a random translation with a mean
of 12.5 mm and a random rotation with a mean of 7° for a sorted
beam delivery (a) and random order for beam delivery (b).

constraints on the maximum dose are not exceeded.
Figure 13 also shows the effect of the beam delivery
order. Generally, randomized beam delivery results in
more homogeneous dose delivery over time resulting in
significantly (p < 2.54e~°) higher coverage after reopti-
mization except for 10 remaining beams (p = 0.055).

4 | DISCUSSION

Considering Figure 7 and Figure 8, we have shown
that intra-fractional replanning can compensate for the
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coverage loss due to spontaneous target motion. In
contrast to current adaption approaches including
synchronous beam motion compensation, an increase
in maximum OAR dose could be avoided. This is
guaranteed by using a linear optimization problem for
inverse planning.

When considering target rotation, non-reoptimized
beams can lead to increased maximum dose in the
PTV since the volume which has already received the
prescribed dose can rotate into the focus of another
beam. Note that this effect could occur even in perfectly
spherical targets and not only irregularly shaped struc-
tures. While the shape of the prostate is more similar
to a sphere than many other common treatment tar-
gets, rotation of the prostate can still reduce coverage
without reoptimization if rotation is large as Figure 11
shows. Even when the beams follow the rotation, the
radiological depth can change and thereby the induced
dose. Reoptimization can compensate for this effect.
Note that there is a tradeoff between homogeneity
and coverage in the PTV which can be controlled by
the constraints used during reoptimization. In contrast,
this tradeoff cannot be controlled with conventional
compensation by beam motion.

Intra-fractional reoptimization needs to be fast which
we have shown even for a large number of reoptimized
beams. Few previous works have studied intra-fractional
replanning for conventional IMRT. Still, the computation
time of our approach is well below the reported intra-
fractional replanning time for IMRT by Kontaxis et al 2

While replanning generally increases coverage com-
pared to translational compensation, Figure 9 shows
that a decrease in plan quality can occur due to motion
even after replanning. In particular, Figure 13 shows that
average coverage decreases if target motion occurs
toward the end of the treatment. When the majority of
dose is delivered, feasible directions for additional dose
delivery are few. Furthermore, when limited options to
reweight the beams remain, the optimizer often cannot
recover the original coverage of the reference plan.

Note that we only reweighted beams of the original
treatment plan in this work. By resampling additional
beams which were not included in the original plan,
the decrease in coverage might be avoided. However,
safety of these additional beams needs to be ensured
without human supervision in an intra-fractional setting.
Furthermore, optimizing the order of beam delivery for
robustness could improve coverage, especially in case
of motion at the final stages of the treatment. Note that
this objective may compete with the treatment time when
optimizing the order of beam delivery.

In this study we focus on simulated motion in the
range of reported real motion.'228-30 Thereby, we avoid
influence of segmentation inaccuracies and show proof
of concept results for our approach. While the quality of
automatic segmentation methods is often sufficient, fur-
ther research is needed for intra-fractional use where

MEDICAL PHYSICS——

limited manual correction is feasible. Furthermore, in-
vivo motion is complex due to the interaction of tissue
structures. It usually involves a combination of deforma-
tion, translation, and rotation. In particular OAR defor-
mation can impact dose delivered to the OAR3" Still,
deformation can be imaged intra-fractionally, for exam-
ple, using fast volumetric US systems,*? and with infor-
mation about tissue deformation it is straight forward to
apply our approach for deformation of PTV and OARs.

We estimate dose coefficients by virtually moving all
voxels of the original VOI to the corresponding locations
in the translated VOI. The CT is not deformed. While
both the tissue property and physical path length influ-
ence the actual dose coefficients, the latter has been
found to be of more importance for prostate radiation
therapy>® Therefore, we assume this approach to be
sufficiently accurate for our simulation study. Similarly,
we move the delivered dose with the VOI to accumulate
dose. Clinical motion data, for example, from US image
guidance, could provide a more continuous basis for
dose accumulation, for example, by dose warping.3*

We simulate large motion and subsequent reoptimiza-
tion once during treatment but slight target motion can
also occur during the reoptimization time. However, small
changes in geometry and periodic changes can gener-
ally be compensated well by synchronous beam motion.
Therefore, this work focused on large deviations from the
reference plan due to drift or sudden large motion. Since
the time for reoptimization is short, our approach can
be extended for reoptimization before delivery of every
beam in future work.

5 | CONCLUSION

Intra-fractional reoptimization is a challenging task
due to time constraints and limited human supervi-
sion. We apply linear optimization for fast constrained
reoptimization after target motion. We simulate target
translation and rotation during treatment and show that
our approach improves coverage compared to the con-
ventional intra-fractional adaption while retaining upper
dose constraints. Average runtime of replanning is below
6 s making it promising for intra-fractional use.
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