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Abstract.

Objective: The purpose of this study is to develop a treatment planning process
(TPP) for non-isocentric dynamic trajectofy radi6therapy (DTRT) using dynamic
gantry rotation, collimator rotation, table'rotation, longitudinal, vertical and lateral
table translations and intensity: modulation and to validate the dosimetric accuracy.

Approach: The TPP consists\of two steps. First, a path describing the dynamic
gantry rotation, collimator rotatiomyand dynamic table rotation and translations is
determined. Second, an optimization of the intensity modulation along the path is
performed. We demonstratesthe TPP for three use cases. First, a non-isocentric
DTRT plan for a,brain case is ¢empared to an isocentric DTRT plan in terms of
dosimetric plan quality and delivery time. Second, a non-isocentric DTRT plan
for a craniospinal irfadiation (CSI) case is compared to a multi-isocentric intensity
modulated radiotherapy (IMRT) plan. Third, a non-isocentric DTRT plan for a
bilateral breast-easenis compared to a multi-isocentric volumetric modulated arc
therapy (VMAT) plan. The non-isocentric DTRT plans are delivered on a TrueBeam
in developer modé and their dosimetric accuracy is validated using radiochromic films.

Main/ results:_The non-isocentric DTRT plan for the brain case is similar in
dosimetric plan quality and delivery time to the isocentric DTRT plan but is expected
to reducethe risk of collisions. The DTRT plan for the CSI case shows similar
dosimetric plan quality while reducing the delivery time by 45% in comparison with
the IMRT plan. The DTRT plan for the breast case showed better treatment plan
quality in ‘€omparison with the VMAT plan. The gamma passing rates between the
measuréd andicalculated dose distributions are higher than 95% for all three plans.

Significance: The versatile benefits of non-isocentric DTRT are demonstrated
with three use cases, namely reduction of collision risk, reduced setup and delivery
time and improved dosimetric plan quality.
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1. Introduction

Modern radiotherapy aims at delivering highly conformal dose distributions to the
tumor while sparing the surrounding normal tissue. The introduction of intensity
modulated radiotherapy (IMRT) utilizing the multileaf collimator (MLC) improved
target conformality in comparison with 3D conformal radiotherapy (Bortfeld 2006).
Volumetric modulated arc therapy (VMAT) improved upon the delivery“efficiency of
IMRT while maintaining the dosimetric treatment plan quality by rotating the gantry
continuously during beam on (Otto 2008). Both VMAT and IMRT. are established
treatment techniques in radiotherapy for more than a decade.

Next to the MLC, current linear accelerators offer additional degrees of freedom
(DoFs) applicable to improve upon VMAT and IMRT in terms of desimetric treatment
plan quality, delivery efficiency or patient safety. By rotating the'patient table between
the delivery of different beams, non-coplanar beam directions can,befachieved to further
improve organ-at-risk (OAR) sparing either for IMRT (Dong et al. 2013, Rwigema et al.
2015, Yu et al. 2018) or for VMAT (Audet et al. 201d:€larkeet al. 2012). In a more
advanced technique, the table is rotated simultaneously with,the gantry during beam
on (Smyth et al. 2013, MacDonald and Thomas 2045, Papp et al. 2015, Wild et al. 2015,
Lyu et al. 2018, Mullins et al. 2020a). In dynamic trajeetosy radiotherapy (DTRT), the
collimator is rotated additionally to the gantry and table, yielding a further DoF (Yang
et al. 2011, Fix et al. 2018, Langhans et al.:2018, Dong et al. 2018, MacDonald et al.
2020). Dynamic collimator rotations enable eonnectedness improvements between MLC
apertures (Locke and Bush 2017). Iimaddition, the whitespace inside the open MLC area
is reduced, which is especially relevantyfor treating multiple targets (MacDonald et al.
2018, Battinelli et al. 2021). High dosimetriec accuracy of DTRT has been shown in the
past (Smyth et al. 2019a, Manseriet al. 2019). A review of non-coplanar radiotherapy
techniques is given by Smyth @t al. (2019Db).

Currently, DTRT is limited to fixed isocenter positions. This could be extended
to a non-isocentric technique uic%izing the translational DoFs offered by modern patient
tables in longitudinal, vertical and lateral direction (Schmidhalter et al. 2014), resulting
in an even more generaltrajectory for DTRT (Manser et al. 2020). One potential use case
of non-isocentric DTRI, 1.e. DTRT including dynamic table translations, is to extend
the source-target| distance (STD) for VMAT and DTRT plans. This is achieved by
defining a virtual isecenter (Humm 1994) given by the position of the machine isocenter
in the isocentric VM AT or DTRT plan inside the patient. The STD can thus be extended
by moving the table such that the virtual isocenter is moved further away from the source
in beam‘direction’in comparison to the actual machine isocenter. With extended STD,
the risk of collision between gantry and patient is reduced, e.g. for targets positioned
laterally in theé body, and at the same time the solution space could be expanded by
avoiding collisions between gantry and table (Yu et al. 2015, Liang et al. 2015, Yu et al.
2018).nAaiother possible use case is the dynamic translation similar to helical VMAT
(Bedford et al. 2012) to irradiate large targets such as craniospinal irradiation (CSI)
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for pediatric brain tumors (Laprie et al. 2015, Massimino et al. 2016) or leptomeningeal
disease (Maillie et al. 2021), which is commonly performed with a multi-isocenter proton
or photon technique (Seravalli et al. 2018), with e.g. 2-3 isocenters. A third possible
use case is to exploit dynamic table translation for concave targets such as wholé breast
irradiation (WBI) in order to use more tangential beam directions in comparison with
a single isocenter technique (Li et al. 2014).

Non-isocentric DTRT requires a treatment planning process (TPP) whieh is able
to handle all the dynamic axes appropriately. To the best of oum knowledge, no
optimization algorithm has been described in literature, which cansperform intensity
modulation optimization along any predefined path including dynamic table/translation.
Mullins et al. (2020a) proposed a TPP for DTRT plans with a predefined, nen-isocentric
trajectory for cranial targets at a shortened STD. However, the proposed TPP is not
able to handle arbitrary non-isocentric dynamic trajectoriest

A possibility is to extend an existing isocentric DTRT hintensity modulation
optimization algorithm to non-isocentic DTRT. In our group, 'a two-step planning
technique for isocentric DTRT was developed in previous,work, where in a first step
the path describing the dynamic gantry, collimater and table rotation is determined
and in a second step, intensity modulation is performed (Fix et al. 2018). However,
the intensity modulation optimization is done withifi a éefhmercial treatment planning
system, which is not able to handle dynamic table translations.

The purpose of this work is to develop al'PP for DTRT using dynamic axes, that
is rotating gantry and rotating collimator, retating and translating table and intensity
modulation during beam on. For this, intensity modulation optimization of DTRT plans
is enabled in an in-house DAO algorithm, Three clinically motivated cases are used to
investigate potential use cases for non-isocentric DTRT. Furthermore, the deliverability
of non-isocentric DTRT plans is.shown on a TrueBeam linear accelerator (Varian Medical
Systems, Palo Alto, CA) in developer mode and dosimetric accuracy is demonstrated
using radiochromic film measurements.

2. Methods

2.1. Treatment planning process

In the following®section, the TPP for non-isocentric DTRT is described in detail. The
TPP consists of two main parts. First, determination of the dynamic path, which
is given by 'a sét of contrel points (CPs) defining the dynamic axes, that is gantry
rotation «collimatorrotation, table rotation and longitudinal, lateral and vertical table
translation. If an axis has a constant value for all CPs, it is called a static axis in the
following. ‘Second, optimization of the intensity modulation is performed by setting the
MLC sequence and corresponding MU weights for each CP. The TPP is described for
DTRT plans, but also works for VMAT as VMAT is a special case of DTRT with static
table and collimator.

Page 4 of 28
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2.1.1. Path determination Planning CTs and structure sets were taken from cases
previously treated at our institution and imported into a research version of the Eclipse
treatment planning system (TPS) 15.6 (Varian Medical Systems, Palo Alto, CA).JA
normal tissue structure was created, defined as the body contour excluding the planning
target volume (PTV). The paths are determined by using one of two different Eclipse
TPS interfaced scripts. In the following, the two different scripts for path’ determination
are described:

(i) Manual path generation. For this, anchor points are defined in a list. by the user
by setting values for gantry angle, collimator angle, table angle@and lateraly vertical
and longitudinal table position. Using these anchor points, the CPs are obtained
by linearly interpolating between two consecutive anchor points insthe list with a
given spacing in each axis, resulting in the definition of the path. This can be used
for VMAT and DTRT. In the case of VMAT, two anchor points@re used for start
and end point of the arc with a static table positionand collimator angle. Multiple
paths are obtained by starting the script multiple-times.

(ii) Path determination as described in Fix et al. (2018) for isocentric DTRT. In brief, in
this approach, the gantry, collimator and table.angles are optimized using mainly a
geometrical approach. A map based on volumetrie,target /OAR overlap in beam’s
eye view is created. On this map, the gantry-table path is determined using an
A* algorithm (Hart et al. 1968). Forathe collimator rotation along the gantry-
table path, a map is created scoring differentigantry-collimator combinations by the
distance between the outer mostsMLC leafpositions when the MLC is set conformal.
Then, the gantry-collimator pathiis determined by finding the collimator rotation
for which this distance is;minimal.

For both options, the STD cane changed from the conventional 100 cm to a value d in
a post-processing step by moving the wvirtual isocenter further away in beam direction
using the following trigonometri¢ caleulations:

Alateral = (d — 100 cm) - sin(—gantry) - 0S(avie) (1)
Avertical ~ = (@=100 cm) - cos(gantry) (2)
Auopgitudina =y — 100 cm) - sin(—gantry) - sin(vapie), (3)

where aygniry alid oqpe @re the gantry and table angles, respectively, and Aygerars
Ayertical a0d Apongitudimarare the lateral, vertical and longitudinal table positions relative
to the table positionfin the isocentric DTRT.

Nextgthe field size defined by the secondary collimator jaws is set to the smallest
possible opening such that the PTV with an additional 5 mm margin is not blocked by
the jaws for any CPs from the beam’s-eye-view or set to the largest possible size in the
case wheresthe PTV is larger than the largest possible field size, e.g. in CSI.

2.1.2. Intensity modulation optimization To provide the necessary dosimetric
information for the intensity modulation optimization, a beamlet dose calculation is
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performed using the Eclipse TPS interfaced Swiss Monte Carlo Plan (SMCP) (Fix et al.
2007) for each CP after the path generation. The beamlet grid is set up for eagh £P
with the grid spacing given by the width of the MLC leaves in transverse direction and
5 mm in direction of MLC leaf movement and the grid size equivalent to the field size
rounded to the next beamlet border. A precalculated phase space at the exit of the
treatment head, used as an input the VMC++ dose calculation algorithm (Kawrakow
and Fippel 2000) are used to calculate the beamlet dose distributions for cach, CP.

I Direct aperture optimization
1

I
| - ‘ U weight

Beamlet dose | Generate promlsmg Select can T e g
Path setup -’ el ->| aperture for all set 6 mos MLC shape refin-

inactive CPs sing ape A

T

MU weight | | Final dose | @\ oo Inactivation of CPs <_A°g;§§u$§f$;gest
reoptimization calculation ves! ( minimal weight candidate set

Figure 1. Overview of the intensity modulation optimization steps. After the path
setup, a beamlet dose calculation'is performed for all CPs. Next, an aperture is
determined for all CPs{usingra,direct aperture optimization by iteratively adding
apertures to CPs, i.e. activating the CPs. For this, a promising aperture is determined
for all inactive CPs. Out of thesey the six most promising apertures are selected, i.e.
those with the steepest gradient on the objective function value. Each CP of these
six apertures is activated individually and a MU weight optimization and MLC shape
refinement is performed together with all active CPs. Next, the best aperture out of the
six most promising anes is identified based on the objective function value. Afterwards,
some active @GPs are allowed to be inactivated if their MU weight is below a minimal
value and if the total number of inactivated CPs in the optimization is not higher than
a selected threshold. When all CPs are activated, a final dose calculation and a MU
weight reoptimization are performed.

Using the beamlet dose distributions, the intensity modulation is optimized with
inverse planning by, determining exactly one aperture, i.e. the MLC shape and the
corresponding MU weight, at each CP. The intensity modulation optimization algorithm
is an extension©f the hybrid DAO algorithm and based on column generation (CG) and
simulated annealing (SA) described by Mueller et al. (2022). The objective function is

evaluated on a plan dose D4y, which is given by the following equation:
#C Ps #leafpairs #beamlets

Dplan = Z Z Z Dn(b7j) 'wn'¢n(b7j)7 (4)

n=1 7j=1
where D, (b, j) is the dose of beamlet b and leaf pair j at the nth CP, w, is the MU
weightyof the aperture at the nth CP and ¢, (b, 7) is the fluence of the beamlet b and
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leaf pair j of the aperture at the nth CP. An overview of the optimization is given
in figure 1. The optimization starts with each CP having an undetermined aperture
and w, set to 0, called an inactive CP. In every iteration, one CP is set to active by
determining the corresponding aperture, i.e. the MLC leaf pattern and MU weight w;,.
For this, a promising aperture, i.e. the aperture with the lowest price on the gradient
objective function value of each beamlet belonging to the aperture summed together,.is
determined for each inactive CP.

n+2
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Figure 2. Illustration of the fluence interpolation for one MLC leaf pair. (a) Situation
before the leaf pair at the nth CPisiinserted. The leaf motion is interpolated between
the next active CPs n =1 and n + 2. The MLC preceding Az,,.(n) and succeeding
Az gy (n) ranges afe illustrated in blue and green. The position of the leaf pair at the
nth CP is restricted to the intersection of these ranges. (b) Situation after the leaf pair
at n is inserted! Theblackdashed lines represent the interpolated leaf motion and the
red areas correspond to'the change in fluence of the neighboring apertures due to the
insertion of a ‘new leaf pair.

In the determination of these promising apertures, the maximum distance the MLC
is allowed to trawvel between neighboring CPs is steered with Ax ranges for each leaf.
For a new premising,apérture at the nth CP, the MLC range is determined with the
next preceding and suceeeding active CPs, as illustrated in figure 2(a). For an already
preceding.active CP/at (n — ¢), the MLC Axz,,.(n) range is given by

AZpre(n) = Avre - Vure - ”z_: t(1), (5)

1=n—q
where vy/r¢ is the maximal mechanical MLC leaf speed, ¢(7) is the time needed to move
all thesdynamic axes from the ith CP to the (i + 1)th CP and Ajz¢ is the so-called
MLC freedom factor, which is a parameter defining how much the MLC is allowed to
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slow down the delivery. If A\y/r¢ is equal to 1, the MLC range is limited such that the
time needed for the MLC leaves to move is not longer than the time needed to,meve
the dynamic axes between CPs. If A\y;r¢ is equal to 2, the time needed for moving the
MLC leaves can be at most two times longer than the maximal time needed to mowve
all the dynamic axes and consequently delivery time can be up to doubled. Ay ¢ 18
smaller than 1, the range is restricted further but without an impact‘en the delivery
time because the MLC leaf travel is not the limiting motion. The allowedyAz ()
range is calculated similarly if there is a succeeding active CP.
The time ¢(¢) in (5) is calculated by

£(i) = max (i + 1) = (i) /va), (6)
where x,(7) is the position of the axis a at the ith CP and v, isthe maximal mechanical
speed limit of axis a with a € {gantry rotation, collimator rotation, table rotation,
longitudinal table translation, vertical table translation, lateral tabletranslation}. The
values used for v, are given in table 1.

Among all the promising apertures, the one whichnleads,t0 the largest decrease
of the objective function is determined. For this, the six most promising apertures
with the lowest price are identified. This is donefer the six most promising instead of
all promising apertures to keep computational fefficiency. reasonable for dynamic plans
which have typically over 100 CPs and the number of six has proven to be an adequate
number in preliminary investigations. Each,CP of'the six promising apertures is set
separately to active and a suboptimization is performed with all active CPs including
one CP of the six promising apertutres.. The suboptimization consists of an MU weight
optimization of the active CPs using an L-BFGS quasi newton method (Nocedal and
Wright 1999). Subsequently,athe aperturésshapes and weights of the active CPs are
refined using a stochastic SA algorithm, where either an MLC leaf or the MU weight of
a CP is selected and tested for potential improvement in each iteration. The MLC leaf
positions are restricted by the maximal MLC range given by (5). The SA algorithm is
followed by a second MU gveight optimization of the CPs. The MU weights of the active
CPs are limited to a maximal value given by

Wmax = >\MU *Tmaz * tna (7)

where 7,4, is thé maximal MU rate of the beam, A,y is the so-called MU freedom
factor and ¢,, is‘the time associated with CP n, which is calculated by

t# ot 1)+ 3 - (n), (8)

where t(@) is givensby (6). Like the MLC freedom factor, the maximal time needed for
delivering the MUs is equal or lower than the time needed to move all dynamic axes if
Aypis'set to dt To prevent a beam hold due to a too low MU rate during the delivery,
the MU weights are also limited by a minimal value

Wmin = Tmin ° tn7 (9)
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where 7,,,, is the minimal MU rate such that no beam hold occurs. During dose
delivery of trajectories with dynamic axes, the MLC leaves move continuously, from
the aperture of one CP to the next CP simultaneously with the dynamic axes. Thus,
when a promising aperture at a CP is determined or the aperture shape at an agtive CP
is changed, the fluence associated with this aperture is dependent on the shape of the
neighboring apertures. This is taken into account by interpolating the fluence to,the
neighboring apertures. The fluence of the neighboring apertures is recalculated using
the same formalism to respect the influence of changes on the neighboring apertures, as
illustrated in figure 2(b). Note that due to the influence of changes emythe meighboring
apertures, the optimization problem is considerably more complicated when'considering
fluence interpolation in comparison to optimization without fluenée interpolation. The
fluence interpolation is considered both in the pricing of promising apertures as well
as calculating the objective function value and gradient ofithe active CPs. The full
formalism of fluence interpolation is described in Appendix A.

After the suboptimization, the aperture among the six most promising apertures
is identified, for which the suboptimization together‘with,all'apertures of active CPs
yielded the lowest objective function value. The GP of this‘promising aperture is set
to active, while all other promising apertures are removed. If the MU weight of an
active CP is set to the minimal weight in one iteration,tlle CP is inactivated to allow
for a better aperture shape at this CP atia later iteration. The total number of active
CPs which can be inactivated in all iterations'summed together is limited to 33% of the
number of CPs to guarantee that the optimization reaches an end and for computational
efficiency reasons. This threshold was determined in preliminary investigations showing
that higher percentages only increase the.computational time without having an impact
on the optimization result. Ifithis numberis reached, no further CPs are inactivated.
The optimization is terminated.when every CP is active.

As mentioned, the beamlet dose calculations are performed for the discrete set of
CPs. However, the delivery-of the beam is not done from the discrete set of CPs, but by
simultaneous continuous movement of the MLC and dynamic axes between CPs. Thus,
the summed beamlet dose after the optimization and the actual dose delivered to the
patient differ. Additionally, the transmission through the MLC leaves and contributions
from scatter considered.during optimization are only an approximation. Hence, a final
dose calculation baking the continuous movement and the exact MLC geometry into
account is performed. A Monte Carlo (MC) dose calculation algorithm is favorable
over other calculation algorithms for this task, because the simulated particles can
be continuously sampled from all positions of the continuously moving and changing
apertureé (Manser et al. 2019). The MC dose calculation is performed using the SMCP
integrated beam model (Magaddino et al. 2011) and VMC++ dose calculation algorithm
(Kawrakow and Fippel 2000). A voxel size of 2.5 X 2.5 x 2.5 mm? is used for all MC dose
caleulations and the actual mean statistical uncertainty of the voxels with dose values
higher than 50% of the maximum dose calculated is below 0.5% for all presented dose
distributions.
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To mitigate the difference between the optimized beamlet dose and final dose
calculation, a reoptimization of the MU weights of the CPs is performed after the final
dose calculation. The MU weight reoptimization is done with an L-BFGS algorithm
while considering the limitations on the MU weights from the optimization. After the
reoptimization, the dose distribution of each aperture is weighted with the reeptimized
MUs and summed to obtain the reoptimized final dose distribution of‘¢he plan."Some
investigations of the optimization efficacy are given in Appendix B.

2.2. Use cases

(a) brain case (b) CSI case

(¢) WBI case A (d) WBI case B

Figure@. Tllustrations of the paths in Eclipse TPS for the DTRT plan with extended
STD for the brain case (top left), the DTRT plan for the CSI case (top right) and the
DTRT plan for the WBI case (bottom). The paths are given by a set of CPs defining
the gantry rotation, collimator rotation and table rotation and translation. For better
visibility, only the central axis of the beam at each CPs is shown as yellow lines. The
position of the machine isocenter in the patient coordinate system is illustrated in
orange.

As a first use case, non-isocentric DTRT with an extended STD is considered. For

Page 10 of 28
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5 Table 1. Values used for time calculation.

? Axis a Speed limit v,

g Gantry rotation 6°/s

10 Collimator rotation 15°/s

:; Table rotation 3°/s

13 Longitudinal table translation 8 cm/s

14 Vertical table translation 2 cm/s

15 Lateral table translation 4 cm/s

1? Max. dose rate 600 MU /min

18 Min. dose rate 5 MU /min

;g MLC leaf movement 2.5 cm/s -

21

22

23 this, a DTRT plan with extended STD of 110 cm for & brain case with a prescribed
;g dose of 60 Gy to the median dose of the PTV in 30 fractions'is compared in terms
26 of dosimetric quantities and estimated delivery time to a plan with the same DTRT
27 path but with normal STD of 100 cm, i.e. an isoeentric plan. The gantry-table and
;g gantry-collimator path is determined by the methodédeseribed by Fix et al. (2018). The
30 resulting path is duplicated into two paths. The spacing between CPs is 5° based on
31 the gantry angle value. In figure 3(a), the path of the DTRT plan with extended STD
;g is illustrated. The parameters used for the eptimization are Ay = 2, Ay = 1 and
34 with fluence interpolation applied.

35 The dosimetric quantities used arenDoo, for serial OARS, D,,cqn for parallel OARs,
g? Vioy for normal tissue and homogeneity index (HI) for the PTV

gg HI = (Dyy, — Dog#) /Dy, (10)
40 where D, is the prescribed doses The estimated delivery time is calculated by summing
2; the time per CPs of all trajectaies, as well as the time to move axes between fields, if
43 necessary. The time per CP i estimated using (6) with the MLC leaf travel and the MU
44 weight as additional components. In this formula, the acceleration of the mechanical
22 axes as well as the.beam ramp up are neglected. The mechanical speed limits v, used
47 for the calculation are shown in table 1.

48 As a second use case, a CSI case with a prescribed median dose of 23.4 Gy to
:g the PTV in A3 fractions, is considered. A DTRT plan is created consisting of a 70 cm
51 longitudinal table translation along the spinal axis with a static gantry angle of —150°,
52 a gantry rotatiomraround the head and another 70 cm longitudinal table translation
;31 with a gantry angle of 150°. The spacing of CPs is set to 2 cm along the longitudinal
55 table'axis ‘and®° along the gantry rotation. The path of the DTRT plan is illustrated
56 in figure 3(b). The path is duplicated and the intensity optimization is performed using
;73 Avu =.2{ Aye = 1 and with fluence interpolation applied. The resulting DTRT
59 plan is compared to an IMRT plan consisting of six fields, four dorsal angulated fields
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for the spinal axis and two lateral fields for the brain, separated in three isocenters,
which corresponds to the field setup used in the original clinical plan. The number, of
total apertures of the IMRT plan is set to 30, because investigations for this field setup
showed that additional apertures improve the dosimetric plan quality only marginally.
The plans are compared in terms of estimated delivery time and dosimetric quantities.
As a third use case, a non-isocentric DTRT plan for a bilateral WBI case with.a
prescribed median dose of 50 Gy to the PTV in 25 fractions is compared tona VMAT
plan in terms of dosimetric treatment plan quality and delivery time. The non-isocentric
DTRT setup consists of half arcs with dynamic vertical and lateral tablestranslation such
that the central beam axis stays tangential to the body contour. Infigure 3(c) and 3(d)
the DTRT paths are illustrated. Each of the two paths is duplicated for a total of
four half arcs. The VMAT setup consists of 12 partial arcs in tw@ isocenters, which
corresponds to the clinical field setup. For the right breast, 4wo arcs range from —180°
to —115° in gantry angle, two arcs range from —180° to 45° and:two range from —20°
to 60°. For the left breast, the gantry angles range from —60° to 20°, from —45° to 180°
and from 115° to 180° for two arcs each. For both the/DTRI and the VMAT setup, the
spacing between CPs is 5° based on the gantry angle value and the parameters used for
the optimization are A\yy = 2, Aype = 1 and withyfluence interpolation applied. All
optimizations are calculated on an AMD Epyc2 processor using six CPU cores.

2.8. Validation

To validate the TPP for non-isocentric DTRT; the plan with extended STD of the brain
case, the DTRT plan of the CSI case'and the' DTRT plan of the WBI case are delivered
on a TrueBeam linear accelerator in developer mode. The dose is measured using two
interleaved radiochromic EBT3 films (Ashland Advanced Materials, Bridgewater, NJ)
placed inside a PMMA cubes The PMMA cube is made of an outer case with four
blocks inside. This phantom allows to put the EBT3 films in the middle of the blocks
and between the blocks aud the ottef case of the cube in the axial, sagittal and coronal
plane of a patient lying on the treatment table. An image of the measurement setup
as well as an illustration of the. PMMA cube including proportions is shown in figure 4.
For the plans of the brain and CSI case, the films are placed in the middle of the
cube in the sagittal andycoronal plane while for the plan of the WBI case one film
is placed in the middle in the axial plane and one film is placed on a coronal plane
in a depth of 2 c¢m, i.e. between the outer case and the inner blocks. Because the
target of the CSI case is too long to fit into the PMMA cube, the neck region is chosen
for meaguirementito incorporate both the longitudinal table translation and the gantry
arc into the measurement. The films are scanned using an Epson XL 10000 flatbed
scanner (Seiko/Epson Co., Tokyo, Japan) 18h after irradiation. The scanned films
are corrected for the lateral response artifact of the scanner using a one-dimensional
linearycorrection function (Lewis and Chan 2015). The color values on the films are
converted to absolute dose using a triple channel calibration (Micke et al. 2011) and
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Figure 4. Photo and illustration of the PMMA cube used for the validation
measurements. Two EBT3 films, one in the sagittal and one in the coronal plane
are placed inside the cube.

rescaled according to the one-scan gprotocol by using two additional film strips (Lewis
et al. 2012). The resulting dose of theied channel is compared to the corresponding 2D
plane of the dose recalculated for the PMIMA cube using a gamma evaluation with a
3% (global) / 2 mm and a 2% (glebal) / 2 mm criterion and a 10% low-dose threshold
of the maximum dose.

3. Results >

3.1. Treatment quality of usescases

In figure 5 the valuesiof.the dynamic axes are shown for the first trajectory of the DTRT
plan with extended STD for the brain case. As can be seen, the gantry, collimator and
table dynamically retate and the table dynamically translates in all three directions
during the trajectory. In figure 6 the DVH comparison of the brain case DTRT plans
with extendedws. normal STD is shown. The DVHs of the PTV, OARs and normal
tissue of the two plans are similar. The estimated delivery time is 3.4 min for the plan
with normal STD and 3.5 min for extended STD. The total number of MUs are 550 and
610 for normal and extended STD plans, respectively.

Figure ¥ shows the DVH comparison between the DTRT plan and the IMRT plan
for the:GSI case. The dosimetric quantities are compared in table 2. The plan quality
isssimilar between the two plans. The estimated delivery time is 4.6 min for the DTRT
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Figure 5. Gantry, collimator and table values for first trajectory of the DTRT plan
with extended STD for the brain case.
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Figure 6. DVH. comparison of the DTRT plan with extended STD (110 cm) and
isocentric DTRT plan (100 cm) for the brain case.

plan and 8.3 min fordthe IMRT plan. The total number of MUs are 1145 for the DTRT
plan and 764 for the IMRT plan.

In figure 8(a) and figure 8(b) the doses of the DTRT and IMRT plans for the CSI
case are visualized in.a _sagittal plane and in figure 8(c) dose profiles are shown for the
fields of the/IMRT and DTRT plans. Due to the longitudinal table translation, there
are no field junctions as in the multi-isocentric IMRT plan.

The results.for the WBI case are shown in figures 9 and 10. As can be seen in the
DVHs infigure 9, the HI is similar between the VMAT and the DTRT plan. However,
the‘mean heart dose is 6.6 Gy in the VMAT plan and 3.9 Gy in the DTRT plan, which
corresponds to a 40% reduction. In addition, the total lung volume receiving at least
5 Gy 18790% in the VMAT plan and 29% in the DTRT plan, which corresponds to a
reduction of 67%. In figure 10, the dose distributions of the VMAT and DTRT plans of
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Figure 7. DVH comparison of the IMRT and the DTRT plan for the CSI case.

Table 2. Comparison of the dosimetric quantitigs, of the IMRT and DTRT plan for
the CSI case. The lower value of each quantity is highlighted in bold.

IMRT plan DTRT plan

PTV HI

Heart Dyean (Gy)

Left eye Doy (Gy)
Right eye Dyy, (Gy)
Left lung D,yean (Gy)
Right lung D,pean (Gy)
Left Kidney Diean (Gy)
Right kidney Dijean (Gy)
Liver Dyean (GY)

Large bowel D jean (GY)
Thyroid D,,.gm(Gy)
Larynx Dyjean (Gy)
Normal tissue' Vg0 (%)

13.8
.7
21.8
22.4
1.3
3.3
1.3
14
3.4
5.2
9.7
9.6

29.3

13.3
¥5.0
15.2
15.6
1.8
3.3
1.9
2.0
3.1
2.3
9.5
9.1
32.3

an axial plane axe shown. The total MUs are 1204 for the VMAT plan and 728 for the
DTRT plan. The estimated delivery times are 4.5 min for the VMAT plan and 2.4 min

for the DTRT plan.

3.2. Déliverabilaty and dosimetric validation

TheDTRT plan with extended STD for the brain case and the DTRT plan for the CSI
cagse were Successfully delivered on a TrueBeam linear accelerator in developer mode

without any interlocks. Videos of the deliveries are presented in the supplementary

material. The passing rates of the gamma evaluation between the calculated and the
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Figure 8. Dose visualization (top) of the IMRT and DTRT plans for the CSI case in
a gagittal plane. Dose profiles of the IMRT plan and the DTRT plan along the white
arrow are shown on the bottom.

measured-deses on the EBT3 films are shown in table 3.

4. Discussion

A TPP for/ereating non-isocentric DTRT plans was successfully developed and a DAO
algorithm for intensity modulation optimization was extended for optimizations of
DTRL plans. To demonstrate a possible use case of non-isocentric DTRT, a DTRT
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Figure 10. Dosesdistributions oftan axial plane shown in color wash of the VMAT
plan (left) and of the DTRT plan (right).

Table 3. Passing rates of gamma evaluation between measured and calculated dose

distributions.
Plan film orientation passing rate passing rate
3%/2 mm 2%/ 2 mm
DTRT with éxtended STD sagittal 99.8% 99.1%
for brain case coronal 99.2% 96.5%
DTRT for CST case sagittal 98.2% 95.6%
coronal 97.9% 92.1%
DTRT for. WBI case axial 99.1% 97.1%
coronal 99.2% 95.8%

plan withran extended STD of 110 cm is compared to the same DTRT plan with normal
STD_of 110 cm, i.e. an isocentric DTRT plan, for a brain case. The two plans show
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similar dose distributions and delivery times, but extended STD is expected to reduce
the risk of collision. Mullins et al. (2020a) demonstrated optimization of non-isogentric
DTRT plans using a CG DAO algorithm presented by Renaud et al. (2017). In<their
study, DTRT plans at a shortened STD of 80 cm are compared to DTRT plans with
normal STD and similar dose distributions are observed. This is consistentawith our
findings, even though in our case extended instead of shortened STD is'inyestigated.

A second use case of non-isocentric DTRT is demonstrated by creatingsa DTRT
plan for a CSI case including dynamic longitudinal table translations. Compared teo the
IMRT plan, the DTRT plan shows similar homogeneity in the PTVawhile,improving
the dose sparing to the heart, liver and eyes but worsening the dose to the\lungs. The
low dose bath is slightly higher for the DTRT plan, possibly duete the leakage through
the MLC leaves inside the opened secondary collimator jaw arda. Adgpessible solution to
reduce the low dose bath is enabling dynamic jaw tracking dn the optimization or as a
post-processing step. In the IMRT plan the jaw area is different for every field and thus
less leakage through the MLC leaves occurs. Compared tosthe IMRT plan, the DTRT
plan reduces the estimated delivery time by 45%. Angtheradvantage of the DTRT plan
is that the fields do not have field junctions as in the IMRT plan. At the field junctions,
there is potential of under- or overdosage if the distance between the isocenters is not
consistent (Myers et al. 2013), which makes the setup ¢hfllenging. Total session time
for CSI can thus take up to 20-30 min. In.the DTRT plan, there are no field junctions
and the plan is potentially more robust against patient setup uncertainties. Thus, the
DTRT plan benefits from a simpler patient setup which reduces overall session time.

As a third use case of non-iso¢entrie. D TRT', a DTRT plan for a concave target in
a bilateral WBI case is created and compared to a multi-isocentric VMAT plan. While
the target coverage is maintained in the DTRT plan in comparison with the VMAT
plan, the mean dose to the hearthis reduced by 40% in the DTRT plan due to the
more tangential beam directions in thesDTRT plan, which correlates with the risk of
heart disease (Darby et al..2013). Additionally, the mean lung volume receiving 5 Gy
is reduced by 67% in the DTRT plan. The delivery time is reduced by 46% in the
DTRT plan in comparison with the the VMAT plan. Furthermore, the VMAT plan is
a multi-isocentric setups, Because the DTRT plan covers the whole target at once, the
DTRT plan might/benefit from a simplified setup and thus reduced overall session time
in comparison with the VMAT plan similar to the CSI case.

The threemon-isocentric DTRT plans were successfully delivered in developer mode
on a TrueBeam linearaecelerator and the gamma passing rates of the evaluation between
measured_and ¢alculated dose distributions are above 92% with 2%/2 mm criteria and
above 97.9% with 3%/2 mm criteria. Thus, all passing rates are within tolerance
recommended by the AAPM TG 218 (Miften et al. 2018) and validation can be judged
sugecessful. - However, the topic of patient motion when the table is moved should be
investigated, similar to the study of Joehl et al. (2018) for the purpose of couch tracking.

A fluence interpolation was introduced in the intensity modulation optimization to
consider the dynamic movement of the MLC leaves between CPs. The effect of plan
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parameters on dosimetric accuracy on calculated dose distributions for VMAT plans
has been studied extensively in the past (Bedford 2009, Masi et al. 2013, Parkgetsal.
2017). For the dose calculation of VMAT plans without fluence interpolation, a fine
CP spacing has been recommended by Otto (2008) and Masi et al. (2013). However,
a finer CP spacing increases the optimization computation time and beamlet dose
calculation time as well as the necessary computer memory. A dose calculation. for
VMAT including interpolation of the MLC leaves between CPs has been proposed by
Alahmad et al. (2020). However, our results show that considerationgof interpelation
of the MLC leaves between CPs only in the final dose calculation stillsleads, to a large
OCE. Bedford (2009), Park et al. (2017) and Christiansen et al. (2018) implemented
a continuous aperture optimization for VMAT similarly to the flilence interpolation in
this work. Christiansen et al. (2018) concluded that the dos¢ predietion error due to
omission of fluence interpolation is higher than the dose prediction érror due to the
static approximation of the CP axes in the beamlet dose calculation. Bedford et al.
(2019) implemented an optimization algorithm for dynamie, trajectories for Cyberknife
and confirmed the findings also for dynamic trajectories., This'is consistent with our
results for DTRT since the DPE for optimizations with fluencerinterpolation is an order
of magnitude lower in comparison with optimizations without fluence interpolation.

The presented two-step approach of path determination and intensity modulation
optimization is beneficial in that it is straight forward/to define the table translations
for applications following a specific purpose on.strategy such as collision avoidance. On
the other side, only limited dosimetric information is considered when the paths are
set up, which means the paths are{potentially suboptimal. For isocentric DTRT also a
one-step approach was suggested, wheréithe gantry-table-collimator path is determined
simultaneously with the intensity modulation,(Dong et al. 2018, Lyu et al. 2018, Mullins
et al. 2020b, MacDonald et al. 2020). However, finding an optimized path in up to six
axes for non-isocentric DTRT/is a difficult optimization problem and the number of CPs
to be considered and consequently the number of beamlet dose calculations would rise
enormously.

The beamlet dose caleulations make up the bulk of the calculation time to generate
a treatment plan. dneluding beamlet dose calculation, optimization and final dose
calculation, a plan creation’ can take several hours. However, our beamlet dose
calculation framework is‘eurrently not outlaid for high computational performance. A
more sophisticated appreach to reduce computation time for beamlet dose calculation
is to implement & GPUsbased MC dose calculation algorithm (Jia et al. 2011). More
recently, deepieural networks have been used for denoising MC dose calculations (Fu
et al. 2020, Baiet al. 2021, Kontaxis et al. 2020). Due to this denoising, the number of
simulated, particles in the MC algorithm and consequently the calculation time can be
greatly redueed.
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5. Conclusion

In this work, non-isocentric DTRT is enabled by integration of dynamic table
translations during beam on. Three different use cases for novel non-isocentric D’ TRTare
presented including validation of delivery and dosimetric accuracy. The demonstrated
benefits of non-isocentric DTRT are versatile: reduced risk of collisions for theibrain
case, reduced setup and delivery time for the CSI case and improved doSimetric plan
quality for the bilateral breast case.
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Appendix A. Calculation of fluence considering neighbor interpolation

In the following, the formalism of calculating the fluence considering interpelation to
the neighboring apertures for one MLC leaf pair j is described.

Q topen

— tio e

+ - cn(m=7)

< ~
Cn(6)
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Figure A1l. Illustration of thefluence calculation for one leaf pair at the nth CP. The
interpolated leavegimove from n'=3/2 to n + 1/2. The tips of either the left or the
right leaf cross beamlettboundaries in the leaf direction at the positions ¢, (0), ..., ¢, (7)
along the CP direction including start and endpoint. Between positions ¢, (0) and ¢, (1)
the case which each beamlet occupies in (A.3) is visualized with the number in each
section correspending to the case number in (A.3). Between positions ¢, (1) and ¢, (2)
the area of the trapezoids R;(1) and R, (1) are highlighted, which are used for the
fluence calculation in (A.3). The transmission factors topen, tup and taypc are used
in the fluence calculation to approximate the leakage through the MLC leaves and ar
illustrated inrdifferent colors.

Let [;(n) beithe position of the left leaf and r;(n) be the position of the right leaf of
the MLC leafpair j at.the nth CP. The fluence of the aperture at the nth CP takes the
interpolated leaf/positiong between n — 1/2 to n + 1/2 into account. The leaf positions
at n — 1/2-are calculated using linear interpolation to the next preceding active CP

Hn—1/2) = (1/2-9) - iin— )+ (1-1/(2-9)) - ;(n) (A1)
Fi(n=1/2)= (1/2-q)) -ri(n =)+ (1= 1/2- @) - r5(n), (A.2)
withhg CPs between the two apertures. The leaf positions at n 4+ 1/2 are calculated

analogously using linear interpolation to the next succeeding active CP. To calculate
the'fluence ¢,,(b, j) per beamlet b of the leaf pair j, let /;(y) and r;(y) be the linearly
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interpolated functions of leaf positions with continuous CP position y between n —1/2,
nand n+ 1/2. Let ¢,:[0,1,...,m] — [n — 1/2,n + 1/2] be the function of positiens,in
the CP direction where either [;(y) or r;(y) crosses a beamlet border in the leaf direction
with ¢,(0) =n — 1/2 and ¢,(m) = n + 1/2 where m is the number of crossings. Start
and end point are included as a crossing regardless of position. With this fermalism,
the fluence can be split up into £k =0, ..., m — 1 fluence sections and calculated in. the
following way:

Eopen + (cn(k + 1) = ca(K)) 1)t by (k) < B < b, (k)

topen - (1 — Ry(k)) + tup - Ri(k) 2) if b (k)= b and b < b,.(k)

topen * (k) + tuip - (1 — R (K)) 3) if by(k) < b and b = b,(k)
(b, k) = { topen - (Bo(k) — Ri(k)) +tp - (1 — Ro(k) + Ry(k)) <AViEB (k) = b and b= b, (k) (A.3)

tip - (1= Ru(k)) + tare - Ra(k) 5)if by(k) —1=1b

by By (k) + tarne - (1= Ry(k) 6) if b= 1+ by (k)

tvre - (en(k+1) — ¢, (k)) 7) else

This is illustrated in figure Al. R;(k) and R,.(k) correspond to the area of the
trapezoid shown in the figure and are calculated as follows.

;zj(cn(k)) y bl(k)j - (cn(k: +1) - cn(k)) (A4)

Ro() = (5rs(entl + 1) + 500 (0) Tb0(1)) - (enll 1) = ea()) (4.5)

bi(k) and b,(k) refers to the beamlet, where the left and right leaf tip lies within
k and k + 1, respectively. To consider thenleakage through the MLC leaves, three

Ry(k) = (;zj(cn(k +1)) +

transmission factors (fopen, trip, tarre) areidefined, corresponding to no cover with an
MLC leaf, cover with the MLC#ip and cover with the rest of the MLC leaf. The values
for the transmission factors were determined for a specific TrueBeam linear accelerator
equipped with a Millennium 120 MLC (Varian Medical Systems, Palo Alto, USA) and
are 1,0.129,0.013 for t,pend trip, R[LC, respectively. The fluence ¢, (b, 7) is now calculated
by summing over k

= mz__: Gu(b, J, k). (A.6)

Appendix B..Optimization efficacy

To evaluate ‘the'efficacy of the optimization algorithm, a VMAT setup for a unilateral
head and neck (H&N) case and the non-isocentric DTRT setup for the CSI case are
considered.

The VMAT field setup consists of two arcs for the H&N case with a prescribed dose
of 50 Gy to Dgs of the PTV in 25 fractions. The spacing between CPs is 5° in gantry
anglen. Treatment plans for the H&N case are created using the following parameters
for the optimization of the intensity modulation:
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Table B1l. Results of the VMAT plans for the H&N case with and without
interpolation used during optimization.

with fluence interpolation without fluence interpolation IMRT
AMU — AMLe 1—1 1—00 0c0o—1 oco—~00 1—1 1—00 00—1 00— 00
Optimization time (min) 31.1 26.6 31.9 28.5 21.0 2211 25.8 183 23.7
Total MUs 579.5 640.6 756.7 824.8  610.7 700.9 7723 850.9 839:8
Obj. fct. after optim. fo 1.7 1.2 1.1 0.9 1.2 0.7 0.8 0.6 0.5
Obj. fct. after final dose calc. fg 13.3 6.0 3.5 2.7 18.7 146.2 10.9 176.0 1.9
Obj. fct. after reoptim. fg 2.6 2.0 2.0 1.8 3.2 8.9 4.5 114 1.4
PTV HI 14.9 14.3 14.5 14.3 17.5 25.6 21.3 28.2 14.1
Estimated delivery time (min) 2.0 6.8 24 6.9 2.0 6.6 2.4 6.7 9.2

~

(i) Fluence interpolation: yes, no

(ii) MLC freedom factor Aprc: 1, 00

(iii) MU freedom factor App: 1, 00

Additionally, an IMRT plan is created with the fields given by the CPs of the paths,
where the maximal number of apertures is the samie as the number of CPs. Thus, the

number of apertures in the IMRT plan are the saméas the number of apertures in the
VMAT plans with the possibility of multiple apertures at ‘one CP.
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DVH comparison of plans with and without consideration of fluence

interpolation and the benchmark IMRT plan for the H&N case after the final dose
calculation and, MU weight reoptimization.

In table Blthe objective function values after the optimization fo, after the final
dose_caleulation fr and after the reoptimization fr of the VMAT plans for the H&N
cage are shown. As can be seen, there is a much greater difference between fo, fr

and fg without fluence interpolation than with fluence interpolation. Figure B1 shows

the dosimetric differences between optimizations performed with and without fluence

interpolation for the two extreme settings of A\yy = 1, Ayre = 1 and Ay = o0,
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Ao = oo of the VMAT plan and the benchmark IMRT plan. It is visible that while
the PTV homogeneity and doses to OARs decrease with increasing freedom for ghe
plans with fluence interpolation, the PTV homogeneity and maximum doses to QARs
increase with increasing freedom for the plans without fluence interpolations Thus,
optimizations without fluence interpolation show inaccuracies in dose prediction, which
cannot be accounted for with the MU weight reoptimization. The plans with fluence
interpolation are similar to the benchmark IMRT plan.

mmm Optimization f,  m=m Final dose calc. fr Reoptimization fx o 2 4 7 o 1|205(134(Gyl)6 o s 5 26
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Figure B2. a) Objective functionvalues after the optimization fo, after the final dose
calculation fr and after the reoptimization fr of the DTRT plans for the CSI case
with CP spacing along the longitudinal axis set to 1 ¢cm, 2 cm and 4 cm and with and
without fluence interpolatiomrapplied.“b) DVHs of the final DTRT plans with fluence
interpolation for CP spacing of 1'em, 2 cm and 4 cm.

The DTRT setup for the/CSI case is the same as in 2.2 with the spacing of CPs
set to 5° along the gantry direction, Ay = 2 and \y;c = 1. For the spacing along the
longitudinal table axis and fluetice imterpolation, following parameters are used:

(i) Fluence interpolation: yes, no

(ii) CP spacing in lengitudinal direction: 1 ¢cm, 2 cm and 4 ¢cm

In figure B2(&) therobjective function values after the optimization fo, after the
final dose calculation fr and after the reoptimization fr of the DTRT plans for the CSI
case are shown. The wvalues are similar for a spacing of 1 cm with and without fluence
interpolation but diverge increasingly for 2 cm and 4 cm without fluence interpolation.
In figure B2(h);,the/!DVHs of the final DTRT plans with fluence interpolation for 1, 2
and 4 ¢m spacihg are shown. As can be seen, the DVHs of the plans with 1 cm and
2 cm.ate similar, while for 4 cm the dose homogeneity in the PTV is lower and the dose
to (the larynx is higher. Thus, a spacing of 2 cm in table translation provides similar
results to a 1 cm spacing for optimizations with fluence interpolation, but optimizations
with a coarser spacing are not able to accurately predict the dose for the investigated
CST case.
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