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Abstract

Purpose: This study evaluated the dose fall off and valley dose percentage in pelvic cancer Lattice Radiotherapy
(LRT) using various treatment techniques. Methods: Forty five treatment plans were developed for 15 patients
undergoing radiotherapy using a linear accelerator. Plans were categorized into three sets: RapidArc (RA), seven-field
intensity-modulated radiation therapy (IMRT), and nine-field IMRT, both for high-dose (HD) vertices and the entire
planning target volume (PTV). Dose fall-off indices were analyzed using the normalized dose fall-off index () to
compare the rate of dose decrease beyond HD vertices. Valley dose percentages were determined by analyzing dose
profiles between HD vertices to quantify lower dose percentages. Analysis involved averaging normalized dose fall-off
index (a) values, valley dose percentages and grouping valley doses to assess variation with respect to center-to-center
(CTC) intervals between HD vertices for all the techniques. Results: RA plans achieved sharper dose fall-off beyond
HD vertices compared to seven-field and nine-field IMRT techniques, with decreasing values as distance from the
central plane increased. RA plans also exhibited higher valley doses (62.05%) relative to nine-field IMRT (55.02%)
and seven-field IMRT (56.56%) for an average CTC distance of 3.75 cm, showing significant variability across CTC
intervals. Conclusions: RA plans achieve steeper dose fall-off and higher valley doses compared to IMRT, effective
for pelvic LRT but less suitable for grid therapy due to challenges with MLCs. Minimal differences in valley doses
between nine-field and seven-field IMRT suggest limited impact from beam angles, guiding treatment optimization.
The equations derived can be utilized for dosimetric evaluation and clinical planning in grid therapy, emphasizing their

practical relevance in treatment strategy development.
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Introduction

Lattice Radiotherapy (LRT) is a form of Spatially
Fractionated Radiotherapy (SFRT) that combines
conventional dose fractionation regimens with the ablative
nature of grid therapy [1, 2]. According to the literature,
grid therapy using high dose is implemented in bulky,
hypoxic tumors that are essentially inoperable, particularly
in cases where the vascularity within the tumor cells is
so minimal that it becomes undetectable to systemic
chemotherapeutic drugs [3]. The therapeutic advantage
of grid therapy has been demonstrated to be superior to
conventional therapy in the treatment of bulky tumors
[4]. In LRT, the treatment plans are created in a way that
there are a series of spherical or near-spherical high dose
(HD) vertices within the Gross Tumor Volume (GTV)
prescribed with high doses for three to five fractions, and
the valleys made up of the remaining Planning Target
Volume (PTV) prescribed with a conventional dose using
conventional fractionation [1]. High-dose LRT can result
in a significant reduction in tumor volume, transcending

the effects expected from homogeneous dose delivery.
This reduction appears to be mediated by interactions
between irradiated tumor cells and nearby unirradiated
cells or those receiving a low radiation dose. The signaling
from irradiated cancer cells may trigger tumoricidal effects
in adjacent unirradiated tumor subvolumes through the
bystander effect and in distant metastases through the
abscopal effect [5, 6]. In grid therapy, the minimum valley
dose could be as low as 25% of the prescription dose, while
doses lesser than nearly 50% and higher than 120% were
respectively observed beyond and at the proximal areas
of bulky tumors. With the advent of multileaf collimators
(MLCs) and intensity-modulated radiotherapy techniques,
substantial dose reduction in the peripheral areas was
accomplished [7]. However, the dose in valleys increased
due to inter-leaf and intra-leaf transmission through MLCs
and with the use of multiple angles for dose delivery [2].
In this study, we analyzed the dose fall-off and valley dose
percentage for LRT using various techniques, including
Rapid Arc (RA), seven-field IMRT, and nine-field IMRT.
This data is crucial for determining the appropriate
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prescription dose and its effective clinical application. A
high valley dose percentage can result in cascading tissue
damage, undermining the goal of reduced toxicity, while
dose fall-off plays an important role in better sparing of
organs at risks.

Materials and Methods

The study included forty-five plans for a cohort of 15
patients who underwent radiotherapy using a 6 MV beam
from a Varian Clinac iX linear accelerator. To evaluate
the dose fall off index and valley dose percentage in the
context of lattice therapy for pelvic cancer patients with
extensive disease, Computed Tomography (CT) slices
with a thickness of 2.5 mm were acquired from a 16-slice
Discovery 1Q3 ring Positron Emission Tomography (PET)
CT machine manufactured by Wipro GE.

The planning volume (PTV) in this study varied
from 1389.6 cubic centimeters (cc) to 1649.9cc. The
split of cases were five patients with bladder cancer,
five patients with rectum cancer and five patients with
advanced stage prostate cancers. Contouring of the HD
vertices, GTV, PTV and other relevant normal structures
was performed using the Varian SomaVision contouring
station version 16.1. Eight small spherical vertices with
an average diameter of 1.3cm and center to center (CTC)
spacing of 3.75cm were contoured by optimizing the
position of HD vertices within the GTV of each patient,
while maximally avoiding the slices of organs at risk
(OARs). These small HD regions within the GTV were
prescribed an additional simultaneously integrated high
dose of 27 Gy delivered in three fractions, alongside the
conventional fractionated dose of 50Gy in 25 fractions for
the entire PTV for bladder cases, 50.4 Gy in 28 fractions
for rectum cases and 30Gy in 10 fractions for prostate
cases. All treatment plans were generated specifically for
this study at a single isocenter using 6 MV beams in the
Eclipse treatment planning system(Varian). Three sets
of plans were created in all the patients to quantify both
dose fall of index and valley dose percentage. The first
set consisted of a rapid arc (RA) plan for the HD vertices
and another RA plan was created for the entire PTV. The
second set involved a seven-field IMRT plan for the HD
vertices and a separate seven-field IMRT plan for the
entire PTV. Finally, the third set comprised a nine-field
IMRT plan for the HD vertices and another nine-field
IMRT plan for the entire PTV. Two complete arcs were
chosen for the RA plans: one with a gantry start angle of
181° and ending at 179° clockwise, and the other with a
start angle of 179° and ending at 181° counterclockwise.
Additionally, two non-coplanar half arcs were selected:
one with gantry rotation starting from 90° to 270° and
a couch angle of 30°, and another with gantry rotation
starting from 270° to 90° with the couch rotated to 330°.
Meanwhile, seven equally spaced fields with gantry angles
of 0°, 51°, 102°, 153°, 204°, 255°, and 306° were chosen
as field arrangements for the seven-field IMRT plans.
Similarly, nine equally spaced fields with gantry angles
of 0°, 40°, 80°, 120°, 160°, 200°, 240°, 280°, and 320°
were chosen as the field arrangements for the nine-field
IMRT plans. The dose rates were 600 MU/min for the arc
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plans and 400 MU/min for the IMRT plans. The same set
of arc/field arrangements, such as arc geometries for RA
plans or gantry angles for IMRT plans, was used across
all patients in the cohort. To achieve 95% of the dose to
95% of the PTV volume, all plans underwent multiple
optimization iterations.

In vertex plans, specific objectives were set for the HD
vertices and the two avoidance shells. Two shells, Shell 1
and Shell 2, were designed to optimize dose distribution
in the HD vertices and ensure rapid dose fall-off, reducing
exposure to nearby tissues and organs. Shell 1 has an
outer radius of 0.5 cm and an inner radius of 0.2 cm,
while Shell 2 has an outer radius of 0.8 cm and an inner
radius of 0.5 cm.

The plan sum option in the Eclipse treatment
planning system was used to determine the cumulative
dose distribution for both plans. The cumulative dose
distribution from both the vertex plans and the plans for
the entire PTV was designed to achieve 95% coverage and
organ sparing according to defined recommendations for
all techniques [8-11].

Dose fall off index

The efficacy of vertex RA plans, seven-field IMRT
plans, and nine-field IMRT plans were evaluated for
the extent of dose fall-off. The dose fall-off in vertex
plans was estimated by calculating the mean doses of
the structures created using 16 equally spaced point
contours. Each of these contours had a volume of 0.5cc
and was located at specific distances from the edge of the
target contour (HD vertices) in the central plane of the
structure. The contours were named as m,, m,, m, and
m, and the distances from the edge of the target contour
were 1.5cm (m,), 2.5¢cm (m,), 3.5cm (m,), and 4.5cm (m,).
Figure 1 illustrates the positions of 16 points, situated at
the intersections of lines and concentric circles, as well as
the locations of points in the central plane of HD vertices,
depicted in a three-dimensional view of the patient’s CT.

A tool called normalized dose fall-off index (a)
introduced was used to compare the extent of dose fall-off
among the three techniques. A was calculated by dividing
the mean doses obtained for all four contours by the mean
dose obtained for Rapid Arc (RA) plans at the specific
distance (1.5 cm) from the central plane of the HD vertices.

Mean dose to m, Equation 1

A=
Mean dose to My rapid arc)

Where, m_ is the dose fall off analysis structure
name in any of three composite plans and n varies from
1 to 4 representing structures at incremental distances
from 1.5cm to 4.5cm. This normalization allows for a
comparison of the dose fall-off characteristics between
different treatment techniques and represents the relative
dose fall-off for each treatment technique in comparison to
the reference RA plans. A value greater than | indicates a
slower decrease in dose compared to the RA plans, while
a value less than 1 indicates a faster dose decrease than
the RA plans. To obtain the A index for each technique
(RA, seven-field IMRT, and nine-field IMRT), normalized
values were averaged over the cohort of patients. This
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Figure 1. a, depicts the positions of 16 points, situated at the intersections of lines and concentric circles in a diagram-
matic fashion. b, shows the locations of points in the central plane of HD vertices, depicted in a three-dimensional

view of the patient’s CT

provides a representative measure of the average dose
fall-off behavior for each treatment technique across the
patient population studied.

Valley dose percentage

To obtain the valley dose percentage relative to the
prescription dose for all three techniques, 15 dose profiles
were generated. These profiles were created using dose
profile tool in Eclipse Treatment Planning System (Varian)
by selecting points along the linear distance between two
HD vertices in multiple planes. This process was repeated
for different combinations of HD vertex contour pairs in
each plan. The lowest dose at the midpoint of the CTC
separation was noted as the valley dose. A total of 675
line dose profiles were obtained to determine the average
percentage of valley dose across the three techniques.
The valley doses falling within specific class intervals
of CTC were grouped together and averaged to analyze
the variation of valley dose percentage with respect to
CTC. To visualize the data, a graph was plotted with
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the lower limit of the CTC intervals on the x-axis and
the corresponding percentage of valley doses on the
y-axis. The curve fitting techniques, including both
linear and quadratic equations, were applied to the data
using Microsoft Excel. This approach enabled a precise
quantification of the relationship between CTC intervals
and valley dose percentages.

Results

Dose fall off index

The dose fall-off values beyond HD vertices at
different distances from the vertex in the central plane for
three treatment techniques: Rapid Arc, seven-field IMRT,
and nine-field IMRT fields are as shown in Figure 2. The
A values have been standardized by comparing them to
the mean dose received by a contour containing sixteen
evenly spaced point contours within the rapid arc plans,
situated at a distance of 1.5 cm from the central plane of
the HD vertices.

| rapid arc
seven -feld IMET
nine -feld IMET

5 45
vertices (cm)

Figure 2. The Column Plot Illustrates Dose Reduction Beyond High-Dose Vertices, with A Values Standardized to the
Mean Dose of 16 Evenly Spaced Points 1.5 cm from the Central Plane in Rapid arc Plans.
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Figure 3. The Graph Represents the Variation of Valley Dose for Rapid arc (RA), 9 field IMRT and 7 Field IMRT with

Respect to the Average CTC

As the distance increased further away from the
central plane of HD vertex contour, the dose fall-off
values decreased for all three treatment techniques. RA
demonstrates the steepest dose fall-off, indicated by lower
values compared to seven-field IMRT and nine-field IMRT
at each distance. Between seven-field IMRT and nine-field
IMRT, the dose fall-off values were similar, with slightly
higher values observed for seven-field IMRT.

Valley dose percentage

The average CTC obtained for the cohort of patient
was 3.75cm and the percentage valley doses obtained
were 62.05%, 55.02% and 56.56% for RA, nine-field
IMRT and seven-field IMRT plans respectively. Figure 3
represents the variation of valley and peak doses for all
the three techniques.

The Table 1 presents a comparison of valley doses
across different CTC class intervals for three different
radiation therapy techniques: RA, nine-field IMRT, and
seven-field IMRT. When CTC is small valley doses are
similar across all the three techniques and when CTC
increases there is a noticeable difference in the valley dose
among the three techniques.

Figure 4 shows the graph illustrating the relationship

Table 1. The Data Generated from the Dose Profiles
for the Cohort of Patients were Grouped within Class
Intervals of Center to Center Spacing (CTC). Average
valley dose percentage for a particular class interval was
tabulated for rapid arc, 9 field IMRT and 7- field IMRT

Class Interval
CTC(cm)

Valley dose percentage

Rapid Arc 9 field IMRT 7 field IMRT
2.0-2.5 80.29 79.72 79.82
2.5-3.0 78.41 68.23 72.47
3.0-3.5 69.51 62.3 66.61
4.0-4.5 62.36 56.52 56.45
5.0-5.5 51.28 49.14 53.46

between average valley dose percentage and center-to-
center spacing (CTC) for RA, 9-field IMRT, and 7-field
IMRT, with trendlines inserted to highlight the observed
trends.

The equation obtained to quantify the valley doses
with respect to the techniques employed for various CTC
class intervals is:

Valley dose percentage = a, (CTC)* +a, (CTC) +a,
Equation 2

Where the coefficients a,, a, and a, are determined
from the curve fitting data and are tabulated in Table 2.

Discussion

The heterogeneous delivery of dose distribution
in LRT helps reduce hypoxia and improve therapeutic
outcomes [12]. Our study focused on the dose fall index
and valley doses for various treatment techniques.

Dose fall off index

The dose fall of index A provides a quantitative
measure of dose fall-off. The column plot in Figure 2
visually represents the reduction in dose levels beyond
the high-dose vertices at designated distances from the
central plane of HD vertices. At a distance of 1.5 cm
from the central plane of the HD vertices, the A index for
the RA plans was 1.00, indicating a relatively steep dose

Table 2. The Coefficients of the Quadratic Equation to
Compute the Valley Doses for Rapid arc, Nine Field
IMRT and Seven-Field IMRT

Techniques a, a, a,

Rapid Arc 0 -9.851 100.88
9 field IMRT 2.6301 -27.777 123.15
7 field IMRT 2.5493 -26.783 123.43
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Figure 4. The Graph Shows the Variation of Valley Dose Percentage with Changes in Center-to-Center Spacing (CTC)

fall-off. For the seven-field IMRT technique, the A index
was 1.10, whereas for the nine-field IMRT technique,
it was 1.06. Lower A indices indicated a more rapid
dose fall-off with increasing distance from the central
plane. At greater distances of 3.5 cm and 4.5 cm, there
was a noticeable change in the pattern of dose fall-off
between the seven-field IMRT and nine-field IMRT plans.
The nine-field IMRT plans exhibited higher A values
compared to the seven-field IMRT plans, which can be
attributed to the increased number of fields arranged in
close proximity in the nine-field technique, contributing
to higher doses in these regions in nine-field IMRT than
that in the seven-field IMRT plans. On the other hand, the
RA plans demonstrated a consistently steeper dose fall-
off at all distances compared to both IMRT techniques.
This can be due to the inherent properties of good plan
optimization in the RA technique, which enables more
precise and conformal dose delivery [13, 14]. The use
of the RA technique in creating treatment plans helps
achieve a good dose gradient beyond the target areas,
leading to effective dose fall-off and thereby reducing the
dose to normal tissues. The A index helps in comparing
the rate of dose decrease beyond the treatment area
between different treatment techniques. It enabled the
assessment of the relative effectiveness of each technique
in achieving the desired dose distribution and minimizing
the dose to normal tissues. Damodar et.al in their study in
2020s suggested employing a unique cross-fire technique
utilizing MLCs with the goal of minimizing the radiation
exposure to healthy tissues. This approach involved
positioning the entry and exit points of the radiation
beams symmetrically opposite to each other. Nevertheless,
this technique led to the formation of cylindrical regions
with elevated radiation doses and exposed nearby healthy
tissues to high radiation levels approaching the prescribed
dose of 20 Gy [15]. In contrast, spherical dose distribution
effectively achieves a lower dose gradient and minimizes
doses beyond the target arca. Even more, creation of
spherical shaped dose distributions is easier to achieve
with the help of contoured HD vertex volumes.The use
of HD vertices and adoption of RA technique can thus

be useful to increase the popularity of SFRT treatment
in routine clinical practice and inspire further researches
that will help in the correlation of “the actual dosimetric
parameters” that affects “the clinical results”.

Valley dose percentage

Our study indicates that RA plans deliver a higher
average percentage of valley doses compared to IMRT
plans. Among the IMRT plans, the difference in valley
doses between the nine-field and seven-field configurations
is marginal. Thus increasing the number of beam angles in
the case of IMRT has minimal impact on the valley dose
percentage. In grid therapy, it is imperative to minimize
valley doses to as low as 25-30% of the peak doses to
enhance therapeutic effectiveness and reduce potential
adverse effects. However, the use of multileaf collimators
(MLCs) complicates achieving such low valley doses
due to inherent interleaf and intraleaf transmissions, as
well as beam delivery across multiple gantry angles. This
limitation should be considered by centers planning to
implement grid therapy. Our study provides a reference
for institutions looking to adopt grid therapy, emphasizing
the necessity of adjusting peak doses according to clinical
needs. Our study reveals that rapid arc plans employs a
linear change in valley doses with respect to CTC, while
IMRT plans exhibit a quadratic change in valley dose
with change in CTC. Treatment technique, CTC, and
peak doses can be planned accordingly using equations
derived from our study. While reducing valley doses is
challenging, these doses can be effectively utilized in
LRT, where the entire planning target volume (PTV) is
irradiated simultaneously with conventional fractionation.

In conclusions, our study demonstrates that RA
plans achieve a steeper dose fall-off and higher average
percentage of valley doses compared to IMRT plans,
making them more effective for pelvic LRT by minimizing
normal tissue exposure. IMRT plans achieve better valley
dose reduction because of the restricted angles of the
beam’s eye view help limit dose spread. On the other hand,
rapid arc plans, which use multiple beam angles, offer
improved high-dose conformity and sharper dose fall-off.
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However, this wider range of beam angles also makes
it more challenging to control and reduce valley doses
effectively compared to IMRT. The minimal difference
in valley doses between the nine-field and seven-field
IMRT configurations suggests that the number of beam
angles has a limited impact on valley dose percentage.
These findings provide valuable insights for optimizing
treatment planning and highlight the need for further
research to correlate dosimetric parameters with clinical
outcomes.
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