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radiation therapy
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Ethan B. Ludmir? and Joshua S. Niedzielski*

Department of Radiation Physics, The University of Texas MD Anderson Cancer Center, Houston,
TX, United States, 2Department of Gastrointestinal Radiation Oncology, The University of Texas MD
Anderson Cancer Center, Houston, TX, United States

Introduction: Lattice radiation therapy (LRT), a form of spatially fractionated
radiation therapy (SFRT), has shown promise in treating bulky tumors. It consists
of hot and cold spots within the tumor, and the ratio between these doses is
thought to be important in clinical outcomes. Respiratory motion is expected to
degrade these peak-to-valley dose ratios (PVDRs) but has largely been ignored in
LRT literature and clinical practice. This work aims to quantify the response of LRT
dose distributions to motion to better inform motion management decisions and
improve clinical outcomes.

Methods: Respiratory motion of peak-to-peak amplitudes from 0.3 to 2 cm was
simulated in 1 and 1.5 cm sphere lattice plans in a uniform phantom using dose
perturbations. A similar analysis was repeated with retrospective patient plans to
understand the effect of anatomical variation in motion response. Finally,
deformed and rigid dose transformations were compared to understand the
effect of tumor deformation on motion response.

Results: Hot spheres (VTVH) lost coverage with increasing motion, while cold
spheres (VTVL) experienced either an increase (anterior—posterior motion) or a
decrease (superior—inferior motion). The ratio of the two (VTVH/VTVL D95%)
decreased with increasing motion. Patient data results generally agreed with
phantom results; 1.5 cm sphere plans were less sensitive to motion than 1 cm
sphere plans, with statistical differences between the two responses. Mean (standard
deviation) percent changes from no motion to 1 cm superior—inferior motion for
patient plans are as follows with phantom values listed after: VTVH D80% change
was 13.8 (1.2), 12.7 for 1.5 cm spheresand 15.8 (1.8), 13.8 for 1 cm spheres; and
VTVH/VTVL D95% change was 7.1 (4.0), 15.0 and 13.0 (3.5), 12.0, respectively.
Generally, no signi cant difference was observed between deformed and perturbed
dose distributions.

Discussion: Large tumor motion can degrade LRT dose distributions, which could
lead to less effective treatments. Suggested cutoffs of 1 cm motion for 1.5 cm
sphere plans and 0.5 cm motion for 1 cm sphere plans are proposed above which
motion limiting strategies should be applied. Caution should be applied for
tumors with large deformations, as these may change the dose distributions in
unexpected ways.
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1 Introduction

Spatially fractionated radiation therapy (SFRT) has been in use
in the form of grid therapy since the orthovoltage era to spare
normal tissues such as the skin (1). In recent years, VMAT-based
lattice radiation therapy (LRT) was introduced, which can extend
the bene ts of SFRT to deep-seated tumors (2-9). Since then, lattice
and grid therapy have shown promising initial results, particularly
in bulky tumors (10-21). Lattice therapy is characterized by a lattice
of hot spots and cold spots with sharp dose gradients between the
two. While the speci ¢ qualities of an ideal lattice plan are still
under investigation, the peak-to-valley dose ratio (PVDR) and
related dose metrics, as well as gross tumor volume (GTV) mean,
equivalent uniform dose (EUD), and volumetric dose metrics, are
thought to be important (22-24).

Several common LRT targets, such as the liver and thorax, are
subject to respiratory motion. Respiratory motion is expected to
decrease the PVDR by smearing out the dose distribution and
thereby increasing cold spot dose and decreasing coverage of the hot
spots. Naqvi et al. (25) modeled motion for SFRT with a physical grid
using Monte Carlo-based motion models of a phantom. They found
noticeable degradation of the GRID pattern beyond a few millimeters
of motion, with effects being accentuated for tighter GRID spacings.
While similar results are to be expected with a VMAT-based lattice,
there is enough difference in the underlying dose distributions that the
exact extent of the effect of motion cannot be directly extrapolated from
these results. Beyond Naqvi's study, the effect of motion on SFRT dose
distributions has been largely ignored in the literature, and clinical
practice has often opted not to use motion-limiting strategies such as
breath hold or compression belt. Appropriately applying motion
management strategies can improve outcomes for patients receiving
LRT to the abdomen or thorax. Additionally, as SFRT clinical trials
gain momentum, having a clear understanding of how motion impacts
lattice dose distributions will improve the interpretation of outcome
data for abdominal and thoracic tumors.

Due to the high complexity of lattice plans and generally large
tumor sizes, treatment times can be quite long, often over 10 min of
beam-on time even with attening Iter-free (FFF) beams. These long
delivery times make LRT treatments with breath-hold motion
management more challenging for patients and increase the chance
of gross patient movement during breath-hold or free-breathing gated
treatments. Understanding how much motion can be tolerated with free
breathing without appreciably degrading the dose distribution allows for
a more informed decision on when free breathing would be acceptable
or if a more aggressive motion management strategy is warranted.

The aim of this study is to address the gap in knowledge
regarding lattice motion effects by systematically evaluating the
impact of respiratory motion on lattice dose distributions and dose
metrics. The study will evaluate two commonly used lattice patterns
and compare their sensitivity to motion. The effect of anatomical
differences and deformation will be explored to further understand
the complexities of motion response. This study focuses on liver
tumors, as they are a common lattice target affected by motion.
While bulky lung tumors are also treated with lattice, the large
tumor size common for lattice treatments is likely to impact lung
function such that respiratory motion is minimal.
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2 Methods
2.1 Lattice treatment planning

All treatment planning was done using RayStation version 11B
(RaySearch Laboratories, Stockholm, Sweden). The lattice plans
created for this study consist of hot spheres referred to collectively
as vertex volume-high (VTVH) and cold spheres or vertex volume-
low (VTVL). This general approach was adopted from Duriseti et al.
(3) and is also seen in Burns et al. (26) While there are other valid
strategies for obtaining a lattice pattern, this method was chosen, as it
more clearly de nes the valley region. PVDR, as a concept, is thought
to be important for SFRT. However, it is dif cult to de ne consistently
with VMAT-based lattice therapy since line pro les can be drawn in
any number of directions between hot spheres, resulting in different
PVDRs. Having clearly de ned peak and valley regions allows for a
consistent surrogate for PVDR, improving plan consistency and more
quantitative evaluation of the effect of respiratory motion. The hot
spheres are arranged into one of two commonly used lattice patterns
as shown in Figure 1. The rst consists of 1 cm diameter spheres that
are spaced 4 cm apart in the right-left (RL) and anterior—posterior
(AP) directions and 3 cm in the superior—inferior (SI) direction. Each
row and slice of spheres is offset from the others to form a diamond-
shaped lattice pattern. The second pattern is similar but with 1.5 cm
diameter spheres spaced 6 cm apart in the RL and AP directions and 3
cm apart in the SI direction.

Hot spheres are constrained to be completely within a contracted
version of the gross tumor volume (GTV), labeled as LRT_GTV, which
also excludes a planning organ at risk volume (PRV). A GTV
contraction and PRV margin equal to the diameter of the spheres is
used for each pattern. Cold spheres are allowed to extend outside of the
LRT_GTV so long as they are within the GTV. The LRT_GTV was
created, and spheres were placed using an in-house automated script
run through RayStation that allows the user to select the desired lattice
pattern and organs at risk (OARS) to include within the PRV. In
addition to objectives placed on VTVH and VTVL, various planning
structures, including rings around VTVH and VTVL, peripheral rings
for the GTV, and rectangular structures between slices (SISparing),
were used to achieve the desired lattice pattern dose distribution.
SISparing OARs were created by placing a rectangle with a height of
0.5 cm and a width just large enough to encompass the LRT_GTV
between spheres in the Sl direction and are used to enhance the PVDR
in the SI direction. Figure 2 shows the different OARs used in LRT
planning, and Supplementary Figure 1 gives examples of optimization
objectives and constraints used in planning.

Depending on the complexity of the plan, between 4 and 6 co-
planar arcs are used with different collimator angles represented
(typically 0, 90, and 45). A 1.5-mm dose grid is used to suf ciently
capture the high-dose gradients inherent in these plans. Dose is
prescribed as 20 Gy in 1 fraction to 80% of VTVH. Dose was
calculated with RayStation’s Collapsed Cone Version 5.7.

2.2 Phantom motion analysis

As part of an end-to-end test for clinical commissioning, a cubic
(30 cm x 30 cm x 30 cm) solid water phantom was scanned with a
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FIGURE 1

Axial (A) and coronal (B) view of the phantom. The material of the orange cylinder was overridden by water and outside the cylinder by air. GTV is
shown in red. Lattice patterns for 1.5 cm spheres (middle) and 1 cm spheres (bottom) for phantom plans. VTVH is shown in blue, VTVL in orange,

and GTV in red. (C, E) An axial slice and (D, F) a coronal slice.

Philips Big Bore CT scanner (Philips, Andover, MA, USA). A
cylindrical phantom was imitated using material overrides to
water within a 30-cm-diameter and 30-cm-long cylinder and air
outside of it. Lattice plans using 1 and 1.5 cm spheres were created
with this phantom using a centrally located sphere as outlined in
Section 2.1. To minimize the confounding effects of the number and
placement of hot spheres, the same scaled pattern with spheres
placed in three axial planes and the total number of spheres (17) was
used for each lattice spacing. GTVs consisted of cylinders with
heights of 10 cm and diameters of 12 and 16.5 cm (1,130 and 2,135
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cm?®) for 1 and 1.5 cm sphere plans, respectively. The isocenter was
placed at the center of the phantom.

The dose perturbation tool in RayStation was used to recalculate
the dose in different simulated phantom positions. This tool shifts
and rotates the patient by a speci ed amount before recalculating
the dose. Translation-only perturbations with this tool are
equivalent to moving the isocenter and recalculating the dose,
and are the only type of perturbation used in this study. For the
remainder of this paper, doses calculated using this perturbation
tool are referred to as perturbed doses to distinguish them from
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