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Purpose: The aim of this study was to explore the feasibility and dosimetric advantage of using spot-scanning proton arc (SPArc) for
lattice radiation therapy in comparison with volumetric-modulated arc therapy (VMAT) and intensity modulated proton therapy
(IMPT) lattice techniques.

Methods: Lattice plans were retrospectively generated for 14 large tumors across the abdomen, pelvis, lung, and head-and-neck sites
using VMAT, IMPT, and SPArc techniques. Lattice geometries comprised vertices 1.5 cm in diameter that were arrayed in a body-
centered cubic lattice with a 6-cm lattice constant. The prescription dose was 20 Gy (relative biological effectiveness [RBE]) in 5
fractions to the periphery of the tumor, with a simultaneous integrated boost of 66.7 Gy (RBE) as a minimum dose to the vertices.
Organ-at-risk constraints per American Association of Physicists in Medicine Task Group 10lwere prioritized. Dose-volume
histograms were extracted and used to identify maximum, minimum, and mean doses; equivalent uniform dose; D95%, D50%, D10%,
D5%; V19Gy; peak-to-valley dose ratio (PVDR); and gradient index (GI). The treatment delivery time of IMPT and SPArc were
simulated based on the published proton delivery sequence model.

Results: Median tumor volume was 577 cc with a median of 4.5 high-dose vertices per plan. Low-dose coverage was maintained in all
plans (median V19Gy: SPArc 96%, IMPT 96%, VMAT 92%). SPArc generated significantly greater dose gradients as measured by
PVDR (SPArc 4.0, IMPT 3.6, VMAT 3.2; SPArc-IMPT P = .0001, SPArc-VMAT P < .001) and high-dose GI (SPArc 5.9, IMPT 11.7,
VMAT 17.1; SPArc-IMPT P = .001, SPArc-VMAT P < .01). Organ-at-risk constraints were met in all plans. Simulated delivery time
was significantly improved with SPArc compared with IMPT (510 seconds vs 637 seconds, P < .001).

Conclusions: SPArc therapy was able to achieve high-quality lattice plans for various sites with superior gradient metrics (PVDR and
GI) when compared with VMAT and IMPT. Clinical implementation is warranted.

© 2024 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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spatial dose modulation of high-dose heterogeneity
throughout the target."” Phase 1 and retrospective evi-
dence indicate that SFRT can be safely delivered with
high clinical tumor response rates.” '’ In addition to abla-
tive dose escalation in “peak” regions, further radiobio-
logic mechanisms are thought to potentiate tumoricidal
effects in low-dose “valleys” including bystander, immu-
nomodulatory, and microvascular effects.’’ '* The addi-
tion of immunotherapy has been shown to enhance
tumor response in early clinical reports using photon
SERT, possibly via unique augmentation of bystander and
abscopal effects that are not optimally expressed with con-
ventional radiation.>'*'> Moreover, preclinical literature
suggests higher linear energy transfer (LET), exhibited in
carbon ion therapy and the Bragg peak of proton therapy,
elicits a stronger immunogenic response compared with
X-rays.'®"” As such, the combination of high LET radia-
tion with SFRT may produce additive or even synergistic
tumoricidal benefits via immune-related mechanisms.

Grid therapy is the earliest form of SFRT, involving 2-
dimensional collimation of a photon beam into a grid-like
distribution of high-dose regions. This arrangement is
typically achieved using a block with a customized pattern
of apertures or multileaf collimation. Recently, lattice
radiation therapy was introduced as a 3-dimensional evo-
lution of grid made possible with intensity modulated
radiation therapy.'>'**" Lattice treatment plans are char-
acterized by high-dose spheres or “vertices” spaced
throughout the tumor. Grams et al*' showed that volu-
metric modulated arc therapy (VMAT) lattice plans deliv-
ered the highest maximum and equivalent uniform doses
(EUDs) to tumor while achieving the lowest normal tissue
doses (defined as the Vg0, Voo, and max dose to the
whole body volume minus gross tumor volume [GTV])
when compared with the brass grid and proton grid tech-
niques, although the proton grid technique provided the
lowest distal dose beyond the target. Limitations of the
proton plans in that study included the single-field beam
arrangement and usage of the older grid technique. How-
ever, attempts to generate lattice plans with multiple
static-field intensity modulated proton therapy (IMPT)
have failed to improve gradient dosimetry compared with
photon VMAT.?>** This has been attributed to the fewer
number of fields used with IMPT compared with photon
arc therapy.”

Recently, spot-scanning proton arc therapy (SPArc)
has become an emerging treatment modality that exploits
the inherent benefits of heavy particle therapy and the
increased degrees of freedom offered by arc therapy to
yield favorable dose distributions.”* Preliminary studies
have reported the potential clinical benefits of using
SPArc for various clinical indications.”” " In 2019, a pro-
totype DynamicARC system was developed in a clinical
proton therapy system through a joint academic and
industrial partnership, demonstrating its feasibility and
efficiency.”’ ** The superior plan quality and high-dose

fall-off demonstrated by SPArc therapy may provide
meaningful advantages when applied to lattice treatment.
Thus, we retrospectively performed the first in silico
investigation to explore the potential clinical and dosimet-
ric benefits of SPArc lattice therapy when compared with
4-field IMPT and dual arc VMAT lattice techniques. We
have termed our SPArc lattice technique rotationally
intensified proton lattice (RIPL), referring to the rota-
tional movement of the gantry and intensified dose escala-
tion in the vertices. Additionally, we tested its feasibility
for treatment delivery via simulation using the published
DynamicARC model.”’

Methods

This single-institution retrospective study is Health
Insurance Portability and Accountability Act compliant
and approved by the institutional review board (2017-
455) with informed consent waived.

Patients

A retrospective review of patients treated at our insti-
tution was performed to identify 14 large tumors, defined
as having a maximum tumor diameter of greater than
6 cm. No primary site or histology was excluded. The
electronic medical record was used to extract patient and
tumor characteristics.

Volume generation

For all tumors, the low-dose target was generated by a
0.5-cm isotropic expansion of the physician-contoured
GTV—if available, the internal gross target volume was
used. The high-dose target consisted of a 3-dimensional
array of spherical vertices algorithmically generated by an
in-house script implemented in MIM 7.3.4 (MIM Soft-
ware Inc). Vertices were 1.5 cm in diameter and placed
every 6 cm in the axial plane with successive layers spaced
3 cm apart and offset by 3 cm, based on Kavanaugh et
al,”* yielding a distance of 3+/2 cm to the nearest neigh-
boring vertex. This forms a body-centered cubic lattice
structure with a lattice constant of 6 cm. Vertices were
clipped if within 0.5 cm of the target border or 1.5 cm of a
critical organs at risk (OARs), resulting in partial (non-
spherical) vertices. Prior to clipping, the lattice structure
was manually translated with the primary goal of maxi-
mizing the number of complete vertices and a secondary
goal of maximizing the total high-dose volume. To facili-
tate plan optimization, avoidance vertices were generated
in our low-dose regions, alternating with our high-dose
vertices. A Dmax constraint of 34 Gy (relative biological
effectivness [RBE]) was imposed on the avoidance vertices
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Three-dimensional projection of a representative volume from anterior, right lateral, and superior viewpoints. The

teal background represents the low-dose volume, the green represents the high-dose volumes/vertices, and the purple represents

the avoidance structure.

to minimize high-dose spill into these regions. Figure 1
depicts an example of the generated lattice (in green) and
avoidance structure (in purple) geometries.

We calculated 2 metrics to characterize the dose het-
erogeneity pattern of our lattice geometries: the lattice
composite,” defined as the high-dose volume divided by
the low-dose volume, and the high-dose core number
density,” defined as the number of vertices divided by the
low-dose volume and multiplied by 100 cm®.

Treatment planning

The low-dose volume was planned to a minimum of 20
Gy (RBE) in 5 fractions, and the vertices were planned to a
minimum of 66.7 Gy (RBE) via a simultaneous integrated
boost for all cases. The planning goals for both low-dose
and high-dose volumes were Dgso,> 95% of intent dose per
Duriseti et al.” OARs’ constraints were prioritized over tar-
get coverage per the guidelines of the American Associa-
tion of Physicists in Medicine Task Group 101.”

Three planning techniques were employed: VMAT,
IMPT, and SPArc/RIPL. All plans were created in Raysta-
tion version 6.0 (RaySearch Laboratory Stockholm).
VMAT plans were generated with a clockwise and
counter-clockwise arc for use on a VARIAN 2100C phys-
ics beam model at 6 MV. IMPT plans were generated
using an IBA Proteus ONE physics beam model (spot size
3.5 mm 1-sigma at isocenter) with 4 fields. SPArc plans
with a single arc (2.5-degree sampling frequency) were
generated through in-house scripting.”*’”” A Monte
Carlo dose calculation algorithm with a 3 x 3 x 3 mm’®
grid size was used for all plans. For IMPT and SPArc,
worst-case robust optimization was employed with
£5 mm setup and £3.5% range uncertainties applied to
the low-dose target. Nonrobust optimization was applied
for high-dose volumes across all treatment planning
modalities. Plan evaluation for a representative case with

and without robust optimization for the high-dose vol-
umes is available in Fig. E1 and Table E1, showing similar
trends with either method.

Plan quality evaluation

Dose-volume histograms (DVHs) were collected from
Raystation version 6.0. Maximum, minimum, and mean
doses; EUD; Dosg;, Dsoos D1oss Dsoss Dioes Do.19es Visgy
and V3 376y gradient index (GI); and low-dose and high-
dose conformity indices (CI) were extracted. GI was cal-
culated as the ratio of the volume of half the prescription
isodose to the volume of the prescription isodose. CI was
calculated as the ratio of the prescription isodose volume
to the tumor volume.

Integral dose was calculated according to previously
described methods™ as the product of the total body mean
dose (excluding the GTV) with the total body volume and is
expressed in Joules (under the approximation that all voxel
densities are 1 gm/cm3). Peak-to-valley dose ratios (PVDR)
were calculated using 2 methods: (1) the ratio of the prescrip-
tion dose D, (ie, 66.7 Gy[RBE]) to the mean value of Dos.
100%> based on the valley-to-peak dose ratio by Wu et al'” and
(2) the ratio of the mean dose of the lattice volume to that of
the avoidance structure, as described by Dureseti et al.”

Proton treatment delivery time

Delivery times for IMPT and SPArc were simulated
using the previously published delivery sequence
model.”* In brief, static IMPT delivery time was based
on our ProteusONE machine model, which includes burst
switch time, spot switch time, spot spill time, and energy
layer switch time."”"' SPArc delivery time calculations
involved 2 parts: (1) delivery of the irradiation sequence
(similar to that of static delivery) within each control
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point and (2) mechanical gantry movement between adja-
cent control points.”"*”*” A 2.5-degree tolerance window
was used.” These calculations were performed using in-
house scripts based on previous publications.

Statistical analysis

The dose gradients—as quantified by PVDR, GI, and
low-dose and high-dose CI—achieved by each of the 3
techniques were compared via a Wilcoxon signed-rank
test. A mean DVH and 95% confidence interval were cal-
culated for each technique.

For all statistical tests,  was set at 0.05. Analyses were
performed using Python 3.9.7 via Anaconda 3 (Anaconda,
Inc). A Python Jupyter notebook for all analyses is avail-
able on request.

Results

Patient and tumor characteristics

In total, 14 patients were identified with the following site
breakdown (Table 1): 5 thoracic, 5 pelvic, 2 abdominal, 2
extremity, and 1 from the head and neck. Median age was
69 years old (range: 28-81), and sex was split evenly male-

Table 1  Patient, tumor, and treatment characteristics
Characteristic Median (range) or n (%)
Age (y) 69 (28-81)

Gender

Male 7 (50%)

Female 7 (50%)
Primary site

Thoracic 5 (36%)

Pelvic 5 (36%)

Abdominal 2 (14%)

Extremity 2 (14%)

Head and neck 1 (7%)
Volumes

GTV volume (cc) 577 (147-1920)

Lattice composite 1.2% (0.7-1.7)

HCND 0.8 (0.6-1.4)
Number of vertices

Total 4.5 (2-15)

Complete 3.0 (1-9)

Partial 1.0 (0-6)
Abbreviations: GTV = gross tumor volume; HCND = high dose core
number density.

female. The median tumor GTV was 577 cc (range, 147-
1920 cc). A median of 4.5 high-dose vertices (range, 2-15)
were treated, of which 3 (range, 1-9) were complete vertices
and 1 (range, 0-6) was partial. The median percentage of
GTV occupied by lattice vertices was 1.2% (0.7-1.7%), and
the median high-dose core number was 0.8. Figure 2 shows
a representative tumor with plans from each technique as
well as line-dose comparisons in the plane of the vertices (to
illustrate peak magnitude) as well as out of plane (to illus-
trate homogeneity in the low-dose region).

Dosimetry and plan quality

Dosimetric characteristics are reported in Table 2.

OAR constraints were met in all plans. Coverage of the
low-dose target volume was maintained in all plans with a
mean Viogy (Vose, of the low-dose prescription) of 96%,
96%, and 92% in the SPArc, IMPT, and VMAT plans,
respectively. Mean integral doses for SPArc and IMPT
were equivalent (57 J vs 61 J, P = 0.17), but both were
superior to VMAT (116 ], SPArc-VMAT P < .001, IMPT-
VMAT P < .001). Vertex coverage by Vg3 376y (Vosy, of
the high-dose prescription) was excellent in all plans, but
SPArc (99%) was higher than both IMPT (98%,
P =.0001) and VMAT (97%, P < .01).

SPArc generated significantly greater dose gradients. For
SPArc plans, mean PVDR as defined by Duriseti et al’ were
13% greater than those of IMPT (4.0 vs 3.6, P = .0001) and
26% greater than those of VMAT (4.0 vs 3.2, P < .001).
When PVDR was calculated according to Wu et al'’,
SPArc was equivalent to IMPT (4.2 vs 4.2, P = .63) and
VMAT (4.4, P = .06). SPArc had a lower high-dose GI:
45% lower than IMPT (5.9 vs 10.8, P = .0001) and 64%
lower than VMAT (162, P < .001). SPArc generated
greater low-dose CI compared with IMPT (0.77 vs 0.66,
P = 013) and VMAT (0.58, P = .002). Conversely, for
high-dose CI, SPArc was equivalent to VMAT (0.57 vs
0.57, P = 1), but lower than IMPT (0.59, P = .005).

Figure 3 presents the individual DVH curves for each
plan and the calculated mean DVH curves for each tech-
nique. Dosewise comparisons represented by the interven-
ing difference plots demonstrate the relative advantage of
SPArc at every dose level with significant differences indi-
cated in red. Compared with IMPT, SPArc was able to
achieve significantly greater volumes at high-dose levels,
with a peak of 28% greater coverage over IMPT and 31%
greater than VMAT. SPArc was also able to significantly
increase homogeneity at low-dose levels, with volume
reductions up to 20% for IMPT and 43% for VMAT.

Proton delivery time

Simulated delivery time (Table 3) was significantly
improved with SPArc compared with IMPT (510 seconds
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Figure 2 Representative axial sections of SPArc (A), IMPT (B), and VMAT (C) plans and line-dose profiles through high-dose

vertices (D).

Abbreviations: IMPT = intensity modulated proton therapy; SPArc = spot-scanning proton arc; VMAT = volumetric-modulated arc therapy.

vs 637 seconds, P < .001). Figure 4 shows a boxplot of the
paired delivery times for IMPT and SPArc plans.

Discussion

SPArc is a promising new technology that may offer
significant dosimetric benefits over photon or conven-
tional IMPT techniques. This is the first study to intro-
duce a feasible SPArc approach to lattice radiation
therapy. In our comparison against modern VMAT and
static IMPT techniques for large tumors across various
anatomic sites, SPArc achieved steeper dose gradients in
the high-dose regions, as indicated by higher peak-valley
dose ratios (26% higher than VMAT and 13% higher than
IMPT) and lower gradient indices. In the low-dose
regions, SPArc maintained a more uniform dose distribu-
tion. The integral dose of the proton techniques was simi-
lar and significantly lower than the photon VMAT plans.
OAR constraints were adequately met, regardless of tech-
nique. Finally, delivery time was significantly improved
with SPArc compared with IMPT.

A previous comparison between photon VMAT lattice,
photon brass grid, and proton grid by Grams et al*' found
that VMAT lattice delivered the highest maximum and
EUDs while achieving the lowest OAR doses. The proton
grid plan performed relatively poorly, as the single-field
beam arrangement resulted in higher entrance and proxi-
mal OAR doses. Subsequent heavy particle lattice studies
employed multiple static fields; however, the resulting
gradient dosimetry remained similar to that of photon
VMAT because of the limited beam angles.””*” Our 4-
field lattice IMPT plans also yielded comparable peak
doses and PVDR with photon VMAT. However, the
increased degrees of freedom with rotational SPArc pro-
duced significant incremental benefits to the maximum
dose and gradient steepness.

The lattice geometry, prescription dosing, and photon
VMAT treatment planning in this study are based on the
method developed by Duriseti et al™* and used on LITE
SABR M1.” Briefly, the high-dose vertices are 1.5 cm in
diameter and spaced 6 cm apart with successive layers off-
set by 3 cm, generating a body-centered cubic lattice
geometry. We implemented this technique algorithmi-
cally, using an in-house workflow in MIM that
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Table 2

Dosimetric summary of SPArc, VMAT, and IMPT plans by maximum, minimum, and mean dose; EUD, Dgso,, D500,

D109%r Dsoor D196r Do.19er V1oGy, and Vg3 376y7 integral (non-target) dose; peak-valley dose ratio (PVDR), gradient index (Gl),

and low-dose and high-dose conformity indices (Cl low, Cl high)

0.77 (0.33-0.98)
0.57 (0.19-0.77)

IndicesCI low

IndicesCI high

Characteristic SPArc IMPT VMAT

Dose (Gy)
Minimum 12 (6-19) 11 (7-17) 11 (7-17)
Mean 46 (38-57) 39 (37-41) 40 (34-44)
Maximum 110 (92-137) 92 (88-99) 93 (78-107)
EUD 20 (14-21) 20 (18-22) 20 (15-24)
Doso; 19 (18-20) 19 (19-20) 19 (17-21)
Dsos 21 (20-21) 22 (21-22) 24 (21-27)
Dio% 28 (23-33) 33 (29-38) 37 (31-45)
Dsy 40 (34-46) 44 (37-50) 47 (38-54)
Dy, 71 (61-79) 68 (61-73) 69 (61-79)
Do.19 97 (84-111) 85 (82-90) 84 (77-99)
Vio gy 96 (93-100) 96 (92-100) 92 (79-100)
Vener e 99 (97-100) 98 (95-100) 97 (90-100)
Integral dose 57 (20-120) 61 (25-126) 116 (16-276)

Indices
PVDR* 4.0 (3.7-4.6) 3.6 (3.3-3.8) 32 (2.7-4.1)
IndicesPVDR' 42 (3.4-5.4) 42 (3.5-4.8) 44 (3.4-5.4)
IndicesGradient index 5.9 (3.8-8.5) 10.8 (6.4-19.5) 16.2 (5-40)

0.66 (0.32-0.82)
0.59 (0.24-0.8)

0.58 (0.31-0.8)
0.57 (0.39-0.89)

Data presented as mean (range).

VMAT = volumetric-modulated arc therapy.
*PVDR per Duriseti et al®
$PVDR per Wu et al'’

Abbreviations: EUD = equivalent uniform dose; IMPT = intensity modulated proton therapy; SPArc = spot-scanning proton arc;

automatically generated our vertex and avoidance struc-
ture arrays. This increased reproducibility and consis-
tency while dramatically decreasing contouring time.
Similar to the investigators of LITE SABR M1, we found
that the SFRT-specific gradient metric Dp/Dpean(95%-
100%) initially proposed by Wu et al'® did not accurately
capture differences in dose distributions between our
planning techniques. This definition penalized better low-
dose performance and did not reward higher peak doses
within the vertices. Duriseti et al’ used an alternate for-
mula where PVDR is the ratio of the mean vertex dose to
the mean avoidance structure dose. We found this
method rewarded greater peak vertex doses and better
represented homogeneity in the valley regions. Of note,
the definitions and usage of SFRT dosimetric parameters
are not standardized, and practices vary widely among
physicians.*>*’

As previously detailed, our lattice arrangement follows
the systematic approach per Duriseti et al’ because of its
ease of reproducibility. However, a variety of arbitrary

,44

lattice geometries are used in the literature,””** with no
current consensus regarding the optimal positioning of
vertices.” > Exploration of different lattice geometries
may be constrained by institution-specific machine and
treatment planning system capabilities. However, the dra-
matic dose gradients achieved by SPArc allow for more
flexible vertex placement. For example, the body-centered
cubic lattice in this study and Duriseti et al” has a sphere
packing factor of 0.68, whereas face-centered cubic/hexag-
onal close-packed arrangements can increase this to 0.74,
maximizing high-dose volume. Conversely, a simple cubic
packing arrangement, with a packing factor of 0.52, nearly
balances peak and valley volumes.

Combination therapy with immunotherapy has been
shown to enhance tumor response to photon SERT,"*'>*
highlighting the contribution of immunomodulatory
effects to traditional radiobiologic mechanisms of cell kill-
ing with heterogeneous dose distributions.”” Preclinical
studies with heavy particle therapy have also demon-
strated infiltration of antitumor immune cells within the
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. . 17,48,49
irradiated tumor as well as abscopal tumors,’ sug-

gesting potential synergism between SPArc and immune
checkpoint inhibition. Moreover, high LET counters hyp-
oxia by diminishing the oxygen enhancement ratio.”’

Thus, protocols employing hypoxic-directed ablation®’
may benefit from SPArec.

Limitations of our study include its retrospective and
in silico nature. As yet, no institution has been able to

Table3 Proton treatment delivery times
Characteristic Overall IMPT SPArc P value
Dynamic delivery time (s) 574 (279-1529) 637 (314-1529) 510 (279-945) <.001
Energy layer number 125 (70-211) 124 (70-198) 126 (72-211) .97

SPArc = spot-scanning proton arc.

Data presented as mean (range). Groups compared using Wilcoxon signed-rank test. Abbreviations: IMPT = intensity modulated proton therapy;
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Figure 4 Boxplot of the simulated treatment delivery times

for IMPT and SPArc. Dotted lines indicate paired plans.
Abbreviations: IMPT = intensity modulated proton therapy;
SPArc = spot-scanning proton arc.

implement proton arc therapy. Second, the low number of
plans for each anatomic region limits our ability to offer
site-specific recommendations, although the minimal
OAR doses suggest that SPArc lattice can be safely deliv-
ered in the majority of cases. Finally, the restricted avail-
ability of proton centers, namely those equipped for
proton arc therapy, limits the generalizability of this tech-
nique. However, we anticipate improved accessibility
because of the rising number of proton facilities and
patients undergoing proton therapy.”'

Conclusions

A novel SPArc-based lattice technique, RIPL, was
introduced for a variety of large tumors via an in silico
study. RIPL produced high-quality treatment plans with
superior gradient metrics compared with modern VMAT
and conventional IMPT methods.
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