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form of 2D GRID has been applied clinically, although not
Wu, X., Perez, N. C., Zheng, Y., Li, X,, Jiang, L., Amendola, a5 a mainstream radiation therapy modality. While con-

B. E., Xu, B., Mayr, N. A., Lu, J., Hatoum, G., Zhang, H.,  qucting systemic clinical trials has been practically difficult,
g:}af‘g’lsi X.,lGrlfﬁn,.R. J.farngglIlz’EC.RTl:l? ’I:echn’i‘cl?l and e reported clinical data have suggested favorable out-
inical Implementation o adiation Therapy . oq and clinical value of GRID therapy for the treatment

(LRT). Radiat. Res. 194, 737746 (2020). of advanced bulky tumors (5-/6). A recent workshop

The concept of spatially fractionated radiation therapy  sponsored by the National Cancer Institute (NCI) and
(SFRT) was conceived over 100 years ago, first in the form of Radiosurgery Society (RSS) for assessment of, and
GRID, which has been applied to clinical practice since its discussion on, the techniques and clinical merits of SFRT

early inception and continued to the present even with lted i hensi 6). Th
markedly improved instrumentation in radiation therapy. resulted in a comprehensive summary report (6). €

LATTICE radiation therapy (LRT) was introduced in 2010 as  Physical 2D GRID blocks or apertures, evolving from the
a conceptual 3D extension of GRID therapy with several  early kV X-ray delivery systems to the modern-day mega-
uniquely different features. Since 2014, when the first patient ~ voltage accelerators, with the same intention of normal
was treated, over 150 patients with bulky tumors worldwide tissue sparing, generate similar patterns of peak-to-valley
have received LRT. Through a brief review of the basic  (oge distribution. Over the years, a consensus has been
principles and the analysis of the collective clinical experi- gradually established among the relatively small community

ence, a set of technical recommendations and guidelines are ... . e
proposed for the clinical implementation of LRT. It is to be of GRID practitioners regarding the GRID dose distribution

recognized that the current clinical practice of SFRT (GRID and the methods of treatment delivery (/7, /8). In addition
or LRT) is still largely based on the heuristic principles. With to a number of published reviews (6-/0), an article
advancements in basic biological research and the anticipated  published in this special issue by Zhang et al. updates the
clinical trials to systemically assess the efficacy and risk,  collective understanding and technical perspectives on
progressively robust optimizations of the technical parame- GRID radiation therapy.
te.rs. are esseptial for the broader application of SFRT in It was pI’OpOSGd in 2010 that the 2D GRID could be
clinical practice. © 2020 by Radiation Research Society extended to a 3D configuration, in which an array of high-
dose regions (vertices) could be created within the tumor
volume through converging photon beams or by the Bragg
peaks of charged particle beams (/9). The high-dose
vertices are separated by a certain distance to give rise to
the peak-to-valley dose distribution. Such technical ap-
Since its early inception over 100 years ago by Kohler (/-  proach is referred to as LATTICE radiation therapy (LRT)
4), spatially fractionated radiation therapy (SFRT) in the  (Fig. 1).
The GRID was originally introduced with the objective of
Editor’s note. The online version of this article (DOI: https:/doi. ~ SParing normal tissues, especially the skin, in the kilo-
org/10.1667/RADE-20-00066.1) contains supplementary information voltage (KV) and 2D imaging era of radiation therapy (/—

that is available to all authorized users. _ , _ 5). As the newer biological data suggested possible
I Address for correspondence: Executive Medical Physics Associ-

ates, 19470 NE 22nd Road, North Miami Beach, FL 33179; email: bystander and ajbsc.opa.l effects (20-27), the unique peak-
drxiaodongwu@yahoo.com. to-valley dose distribution of GRID has been postulated to
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FIG. 1. LATTICE radiation therapy as a 3D extension of GRID. Panel A: 2D GRID. Panel B: 3D LATTICE
with focused photon beams. Panel C: 3D LATTICE with charged particle beams

be the key contributor to such effects. Introduced as a 3D
extension of GRID in the modern era of radiation therapy,
LRT offers additional flexibility to achieve the goals of
SFRT. When leveraging intensity modulated radiation
therapy (IMRT)/volumetric modulated arc therapy (VMAT)
and image guiding capabilities, with 3D LRT, not only can
one achieves better skin and normal tissue sparing, but also
generate highly customized peak-to-valley dose distribution
within the tumor volume to achieve the intended safe partial
radiation ablation or to mediate as postulated, bystander and
abscopal effects, such as anti-tumor immunity.

Importantly, LRT has physical features that are uniquely
different from the traditional GRID therapy. The similarities
between the two are more historical rather than mechanistic.
As such, the cumulated clinical experience of GRID could
not be directly applied to LRT.

Based on the key objectives of delivering a high dose of
radiation to a large tumor with minimized toxicity and
forming peak-to-valley dose distribution within the tumor
volume, pending systemically proven clinical efficacies by
randomized clinical trials, there could be two types of
clinical applications with LRT.

One application can be used to safely deliver high-dose to
partial volume of advanced large tumors without causing
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excessive toxicities, and for the purpose of palliative tumor
debulking or boost treatment. With such intent, LRT can be
administered alone or combined with conventionally
fractionated radiation therapy.

Another application would be for certain types of tumors
that exhibit responses differentially to radiation doses
through mechanisms such as immunomodulation (28).
Here, LRT might be used to promote bystander and
abscopal effects with the intent to improve tumor local
control and systemic therapeutic outcome through, for
example, induced anti-tumor immunity. Although radiation-
induced immunogenicity has been observed, to augment
such effect sufficiently to achieve meaningful improvement
of therapeutic outcome is not trivial, as radiation therapy
can lead to both immune activation (29) and immune
suppression (30). It has been shown in both pre-clinical and
clinical studies that either a single-fraction or hypofractio-
nated (2-5 fractions) ablative dose of radiation, such as in
stereotactic radiosurgery (SRS) and stereotactic body
radiotherapy (SBRT), can induce anti-tumor T-cell immu-
nity and lead to effective tumor local control and even
systemic therapeutic effects (26—417). However, it has been
recognized that ablative dose could also exhibit several
immunosuppressive features (42) and reduce tumor perfu-
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sion (43, 44), which could counter the induced anti-tumor
immunity. On the other hand, it has been shown that low-
dose radiotherapy is capable of reprogramming the
immunosuppressive tumor microenvironment (TME) to
become more immunogenic (45—47) and could also improve
perfusion (49, 50). Although conventional fractionated
radiotherapy has been shown to be counterproductive if
given as an adjuvant treatment to immunogenic ablative
radiotherapy (28), sequential arrangement of a single
fraction of ablative dose followed by limited fractions of
low-dose radiation (post-ablation modulation) has been
shown effective in amplifying anti-tumor immunity in
preclinical studies (48). All these suggest the crucial
importance of choosing dose and fractionation scheme
and the appropriate target cells in order to harvest the widest
range of anti-tumor effects to achieve optimal treatment
outcome (41).

In light of the sequential or temporal arrangement of
single ablative dose with low dose post-ablation modulation
(48), the peak-to-valley dose distribution of SFRT could be
viewed, in essence, as a spatial arrangement/distribution of
high and low doses that might synergistically augment the
anti-tumor immunity. In this context, an ideal peak-to-valley
configuration should have the peak dose sufficiently high to
induce tumor-specific immunogenic response, and the
valley dose sufficiently low (<5 Gy) to preserve tumor
microvasculature and perfusion to allow for circulation of
cytokines/chemokines and/or immunogenic factors (45, 49—
53) and to synergize the induced anti-tumor immunity.
Logically, with such intent (immune activation), adjuvant
conventional radiotherapy will not be desirable, as the
prolonged fractionated treatments will have the potential to
deplete activated T cells (28, 4[); rather, combined
treatment with enhancement of tumor antigen presentation
and/or immune checkpoint blockades should be favorable
(15, 31, 36-38, 54-56).

Depending on the treatment objectives (partial debulking/
boost, or induction of anti-tumor immunity), factors or
parameters potentially contributing to the therapeutic
effectiveness of SFRT would include the geometric
configuration (peak-to-valley distribution), differential dose
level, and the combination of other treatment modalities such
as conventional radiotherapy, low-dose irradiation (await for
clinical trials) and immunotherapy (8—10, 15, 31,48, 54-56).

Recognizing the difficulties of translating animal data of
small scale (mm range) to clinical settings, currently the
physical/dosimetric parameters of clinical SFRT are still
largely based on the traditional configuration dating back to
the early era of GRID, namely the dimensions of peaks and
valleys are in the order of 1 cm. Similarly, LRT has been
using a comparable dimensional magnitude: the dose
vertices consist of sphere-like high-dose sub-volumes
(vertices) with diameters of approximately 1 cm, with the
separation between dose vertices of approximately 2-5 cm
(center to center). Following this approach, the placement of
vertices (LATTICE layout) is iterated during planning until
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the dose criteria are met, using essentially the IMRT/VMAT
dose-painting technique or IMPT (intensity modulated
particle therapy). As a general rule, the dose to the tumor
periphery is kept to a level deemed tolerable by the
surrounding normal tissues and critical organs.

Quantitative assessment for biological response is cur-
rently limited. With the intent of palliative partial treatment,
the tumor response is likely to follow the traditional
radiobiological prediction by parameters such as the
effective uniform dose (EUD) (57, 58). For the intent of
inducing anti-tumor immunity, the biological models are
limited, and it is important for the novel development to
include the interactions between different subunits of a
tumor and the systemic effects, to guide the clinical trials to
provide rigorous proof of clinical efficacy and an
understanding of potential toxicities.

The purpose of this article is to recap the physics of
LATTICE radiation therapy and to present a set of
dosimetric guidelines based on the limited clinical experi-
ence accumulated up until now, which are provisional by
nature, intended to provide a certain level of technical
uniformity and safety for delivering LRT. The standardiza-
tion and prospective exploration of putative parameters,
informed by laboratory and clinical data, will be essential
for the appropriate application and understanding before
wider acceptance of LRT if/as indicated.

CLINICAL APPLICATION

Since its early introduction in 2010 (/9), over 150 patients
with late-stage bulky tumors have received LRT, mainly in
two centers, at the Innovative Cancer Institute (Miami, FL)
and at the Fujian Union Hospital (Fuzhou, China). The
LRTs were applied either alone or in combination with
conventionally fractionated radiotherapy, chemotherapy or
immunotherapy. Responses to LRT varied depending on
clinical conditions. The clinical outcomes have been
published in small series and several consecutive case
reports (59-63). A number of retrospective reviews with
statistics are in the preparatory stage of publication.

The Innovative Cancer Institute reported 56 cases treated
with LRT alone (n = 8) or in combination with conventional
radiotherapy and/or chemotherapy (86%), from April 2010
to July 2019, in various body sites (Table 1). The tumor
types included lung, gynecological, renal cell, head and
neck, sarcoma, colon, anal and skin. The tumor sizes ranged
from 40.5-1,494.9 cc. The LRT vertex dose ranged from
2.4-18.0 Gy per fraction.

The Department of Radiation Oncology at the Fujian
Union Hospital reported 69 cases treated with LRT alone (n
= 34) or in combination with conventional radiotherapy,
chemotherapy and/or immunotherapy (51%), from April
2017 to December 2019 (Table 2). The tumor types
included lung, breast, thymoma, liver, gynecological, upper
GI, chordoma, lymphoma, renal cell, head and neck,
sarcoma, colon, anal and skin. The tumor sizes ranged
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TABLE 1
LATTICE Treatment Case Statistics: Innovative Cancer Institute, South Miami, FL, April 2010-July 2019

Fractional dose (Gy)

Average No. of cases
No. of GTVmin GTVmax vertice Vv/Varv Median Min/max treated with
Site patients (co) (co) diameter (cm) (%) vertices vertices LATTICE alone

Pelvis 20 74.1 1,000.1 1.1 1.8 8 2.4/15 1 (3 fx)
Lung 18 45.9 680.4 1.1 1.3 18 4.5/18 2 (5 fx)
Retroperitoneum 7 114.6 866.1 1.4 2.3 12 10/16 4 (1-5 fx)
Head and neck 5 59.6 196.7 1.2 2.2 10 10/15 0
Extremities 3 137.3 688.5 1.5 1.9 5.8 5.3/11.8 0
Abdomen 2 95.0 1,494.9 1.3 2.6 9 9/9 0
Mediastinum 1 40.5 40.5 0.8 7.2 8 8/8 1 (1 fx)

from 17.4-3,784.1 cc. The LRT vertex dose ranged from
8.0-20.0 Gy per fraction.

In the presented list, the majority of cases received LRT
with palliative intent as partial ablative tumor debulking or
as boost treatment. As an example of this type of
application, in one of their case reports (6/), Amendola et
al. described the successful treatment using LRT combined
with conventional radiotherapy for a stage IIIA NSCLC of
218.5 cc. For this tumor, the LRT consisted of three high-
dose vertices with 18 Gy of peak dose and less than 3 Gy of
tumor peripheral dose, delivered using the VMAT tech-
nique. In the subsequent conventional radiotherapy, 2 Gy X
29 fractions were delivered to the planning target volume
(PTV). The tumor steadily regressed after the treatment and
the patient is currently status ‘“‘no evidence of disease”
(NED), 9 years after the treatment. Figure 2 shows the LRT
dose distribution and the tumor response 15 months after the
completion of total treatment.

For the cohort of patients who were indicated for
immunotherapy, the second type of LRT application was
given to some patients with the intent of inducing anti-
tumor immunity, in combination with immune checkpoint
blockade treatment. Some of the tumors in this group
were not particularly bulky in the conventional sense, but
were relatively large by the common standard of SRS or
SBRT. Benhua Xu et al. reported a case of a metastatic
NSCLC tumor of 63.2 cc.> The tumor cells had 70%

2 Personal communication.

expression of PD-L1. The patient received a single
fraction of LRT with 20 Gy prescribed to six high-dose
vertices using a Cyberknife robotic radiosurgery system,
combined with anti-PD-1 immunotherapy. The minimal
valley dose was 2.9 Gy with 30% of the GTV receiving 5
Gy or less. The mass regressed 78% over one month after
LRT and achieved complete local tumor response five
months after LRT (Fig. 3). A case report with the full
details has been submitted for publication and is currently
under review.

Pollack et al. recently reported the results of a phase I
clinical trial using LRT as an upfront boost followed by
standard fractionation radiotherapy for prostate cancer (63).
Twenty-five patients with favorable-to-high-risk prostate
cancer were enrolled and treated. The LATTICE boost plan
consisted of 1-3 cylindrical-shaped vertices identified by
multiparametric MRI as suspicious gross tumor volumes
within the prostate gland. The vertices were treated on day 1
with 12 Gy. The entire prostate, along with the proximal
seminal vesicles, was then treated with definitive standard
fractionation radiotherapy. No unexpected toxicity was
observed with the median follow-up of 66 months. Note that
the use of the LATTICE technique in this study is different
from the majority of the historically treated LRT cases, in
the sense that the prostate gland is not considered as a bulky
solid tumor. Having the objective to improve disease control
by using LRT as a boost, this phase I study was set to
examine the feasibility and safety of the approach and has
now laid the foundation for a follow-up phase II randomized
trial.

TABLE 2
LATTICE Treatment Case Statistics: Fujian Union Hospital, Fuzhou, China, April 2017-December 2019
Average Fractional dose (Gy) No. of cases
No. of GTVmin GTVmax vertice Vv/Varv Median Min/max treated with
Site patients (cc) (cc) diameter (cm) %) vertices vertices LATTICE alone

Chest 21 63.2 3,784.1 0.91 1.8 15.0 8/20 10 (1-3 fx)
Abdomen 16 17.4 1,118.6 0.92 2.1 15.0 10/20 7 (1-2 fx)
Head and neck 11 21.4 368.4 0.87 22 15.0 8/15 4 (1-2 fx)
Lung 11 41.1 3,034.4 0.95 1.6 15.0 10/18 6 (1-3 fx)
Spine 4 57.9 510.3 0.85 2.1 15.0 12/20 3 (2-3 fx)
Extremities 3 154.3 2,072.9 0.87 1.5 15.0 15/18 2 (1-2 fx)

Pelvis 3 131.6 777.9 0.87 1.2 15.0 10/20 2 (2 fx)
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FIG. 2. LRT for a stage IIIA lung tumor as upfront boost (6/): 18
Gy to the vertices, 3 Gy to the periphery of the PTV. Panel A (top
row): Dose distribution. Panel B: Tumor prior to treatment. Panel C:
Follow-up PET-CT 15 months after LRT followed by 2 Gy X 29
fractions of VMAT.

PHYSICS AND DOSIMETRY

Generally, a photon delivery system that is commis-
sioned for SRS/SBRT is considered suitable for delivering
LRT (19, 59-63). There is no special requirement for
additional beam acquisition or modeling beyond that for
SRS/SBRT. This section focuses on the treatment planning
parameters, plan evaluation, treatment delivery and data
reporting.

Treatment Planning Parameters

To date, all LRT treatments were delivered by either
IMRT/VMAT using a conventional linear accelerator
(linac) or the Cyberknife system. Particle-based LRT is in
the experimental stages. Figure 4 shows the recommended
geometric and dosimetric parameters used for a typical LRT
plan. The first step in LRT planning is to determine a
LATTICE layout, according to which high-dose vertices
with each a sphere of 0.5—-1.5 cm in diameter are created and
distributed within the gross tumor volume (GTV) with
separation of 2.0-5.0 cm from each other (center-to-center).
Intra-fractional motion should also be taken into consider-
ation in fine-tuning the vertex size. To avoid excessive dose
to the surrounding normal tissues, a LATTICE inward
margin (1-2 cm) is often introduced to keep the vertices at a
certain distance from the tumor boundary. To effectively
control and assess the LRT dose distribution, a LATTICE
volume (V) is created by connecting the outer-most
vertices or by contracting the GTV by the LATTICE
inward margin. There is no rigorous requirement for the
symmetry of placing high-dose vertices, or for the
uniformity of their size or shapes. The total number of
high-dose vertices depends on the size and the shape of the
tumor volume, as well as the resolution of beam apertures,
for example, the MLC width and the diameters of
collimating cones. A system of estimating the number of
high-dose vertices based on tumor volume, vertices
separation and LATTICE inward margin is provided in
the LRT worksheet (Supplementary Information; https://doi.

Peak-valley dose profile
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FIG. 3. Single LRT for a lung metastasis. Top row: Dose distribution. Bottom row: Pre- and postirradiation

tumor regressions.
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Vertex diameter d = 0.5-1.5 cm
Vertices separation D = 2.0-5.0 cm
Viertices/Vorv (VOlume ratio): 1.0-10.0%
Doseyerices: 10—25 Gy per fraction
Dose,.iy: <5 Gy per fraction

Dosecrv margin: 2-5 Gy

GTV: 250 cc

FIG. 4. Parameters and ranges of a typical LRT plan.

org/10.1667/RADE-20-00066.1.S1). Depending on the
actual tumor shape and specific needs, such as avoiding
nerves and blood vessels in the tumor, the actual number of
vertices could be more or much less. The planning
parameters can also vary depending on the radiation
delivery methods, i.e., gantry-mounted linac or robotic
non-isocentric system. In determining the LATTICE layout,
mainly GTV is taken into account. Clinical target volume
(CTV) or internal target volume (ITV) and planning target
volume (PTV) are included in LRT planning for the purpose
of peripheral dose control and for the integrated consider-
ation with other combined radiotherapy modalities.

The prescription of an LRT plan requires specifications of
peak dose, valley dose and tumor peripheral dose. The peak
dose is prescribed to cover 95% of the high-dose vertices
and valley dose is the minimal dose within the LATTICE
volume (V)); target peripheral dose specifies the maximum
allowable dose around the tumor margin for the purpose of
toxicity control (typically <3Gy). In general, it is favorable
to have as wide as possible difference between peak and
valley doses (50-80%). Additional criteria might be
required depending on the intent of LRT. For palliative or
boost treatment, the peak dose could have a wider range, for
example 5-20 Gy, and the value of valley dose is not
crucial, as long as toxicity control can be assured. For
induction of anti-tumor immunity, the peak dose is
recommended to be 15-25 Gy (or higher), with the valley
dose less than 5 Gy (or as low as reasonably achievable),
based on the rationales given in the introduction. With the
current photon beam technologies, the ability to lower
valley dose might be limited, whereas charged particle beam
may overcome this limitation.

Due to the intrinsic configuration different from GRID,
the valley-to-peak dose ratio (VPDR) for LRT is recom-
mended as the ratio of Dmean(95-100) of the LATTICE
volume (V.) to the prescribed peak dose Dp, i.e.,
Dmean(95-100)/Dp, where Dmean(95—10), the mean dose
of the 5% of V| that receives the lowest range of doses, can
be derived from the dose-volume histogram (DVH) of the
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LATTICE volume (V.) from 100% to 95% volume
coverage.

Once the LATTICE layout and dose-volume objectives
are determined, inverse planning can be initiated. Because
the optimization algorithms in current treatment planning
systems (TPS) are not tailored to LRT, multiple iterations
(to adjust LATTICE Layout and dose-volume objectives)
are generally needed to obtain the desired LRT dose
distribution. As shown in Tables 1 and 2, in the resulting
LRT plans the total volume of vertices receiving the
prescribed peak dose ranged from 1% to 10% of the GTV
volume, with the most frequent value at approximately 2%.

As an example, for a GTV of 225 cm® with the total
volume of all vertices at 2% of the GTV, i.e., 4.5 cm?,
assuming the diameter of a vertex to be 1.0 cm (0.52 cm?),
the total number of vertices is then calculated to be 8.6.
With a relatively round tumor, 7-9 vertices with approx-
imately 3 cm of vertices separation can be anticipated for
this tumor. However, if the tumor has an elongated shape
and is adjacent to certain critical structure(s), the number of
vertices could be reduced to 5 with vertex diameter of 1.2
cm and separation of approximately 4 cm.

Additional caution should be exercised to avoid placing
high-dose vertices on or close to the neural structures, large
vessels and bones that are often found entangled within
bulky tumors.

Treatment Delivery

As stated earlier, the technical requirements of LRT can
be best equated to that of SRS/SBRT. Stereotactic setup is
highly recommended to ensure accurate delivery of LRT,
which implies precise image guidance, and respiratory
motion management if indicated. The robustness in patient
setup and immobilization is essential, not so much because
of the concern for normal tissue toxicity outside of the
tumor, but the potential blurring effect of vertices dose and
the possible presence of critical structures inside the tumor
volume.



IMPLEMENTATION OF LATTICE RADIOTHERAPY 743
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FIG. 5. Panel A: DVH of the GTV in the second clinical example. Panel B: The associated EUD as a function

of biological sensitivity scaling factor a.

Patient-specific QA for LRT plans should follow standard
IMRT/VMAT-based SRS/SBRT QA protocols/procedures,
using equipment such as portal dosimetry, film and/or high-
resolution diode array-based QA systems.

Dose-Volume Characteristic and Analysis

LRT intentionally delivers highly heterogeneous dose
distribution to large tumors, resulting in its signature DVH
pattern that is markedly different from conventional external
beam radiation therapy, but resembles low- or high-dose-
rate interstitial brachytherapy. As an example, Fig. 5A
shows the DVH of the tumor mass from the previously
described example of combined LRT with anti-PD-1
immunotherapy (second clinical example). Only 6.5% of
the GTV received the prescribed LRT dose of 20 Gy, while
30% of the GTV received a dose below 5 Gy.

In evaluating the quality of a treatment plan, the concept
of EUD has been frequently used to predict the effective-
ness of tumor control and normal tissue toxicity. One form
of EUD was suggested by Niemierko as (57, 58):

1/a
> D)

i

EUD, =

)

where v; is the fraction of the ith sub-volume receiving dose
D;, and a is a scaling factor that is unique to the tissue’s
characteristics and radiation sensitivity. Traditionally,
tumors will assume a large negative value of a (e.g., —10),
while normal tissues will assume a positive number with
serial architecture having relatively larger value (e.g., +10).
Although EUD has also been used as one of the
characteristic parameters in reporting GRID radiotherapy,
its interpretation remains unclear. Following conventional
radiobiological principles, failure of tumor control is highly
susceptible to ‘“‘missing the target’” or under-coverage of
tumor volume by the prescribed dose. Therefore, with a
large negative value of @, EUD will lean toward the minimal
tumor dose, and would apply more fittingly to the first
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category of LRT application for palliative partial debulking
or boost treatment.

Reflecting on the long-standing clinical experience with
SFRT, an EUD calculated with @ = —10 would not have
predicted many of the reported clinical outcomes. The EUD
calculated from the DVH of Fig. 5A, as a function of a, is
shown in Fig. 5B, in which EUD_,, = 1.2 Gy, suggesting a
negligibly low rate of tumor control, while EUD.,, = 18.6
Gy, suggesting a high rate of tumor control that is
apparently better correlated to the clinical observation of
this particular example. This further suggests that the
physical configuration of SFRT and other unconventional
biological mechanisms, such as immunogenic effects, could
affect the value of a. As such, this EUD formulism with a
single coefficient may offer a means to incorporate other
SFRT-induced effects. The effective a value could, in
principle, be obtained by comparing iso-tumor responses
between SFRT and series of uniform irradiations.

As LRT dose distributions are vulnerable to motion due to
the nature of high dose gradient, EUD could also be used to
evaluate the robustness of a LRT plan in terms of the impact
of tumor motion on biological effects.

Reporting LRT Plan

To report a LRT plan, the following data should be
included: treatment objective; combined treatment modal-
ities; GTV; CTV/ITV; PTV; size of high-dose vertex;
vertices separation (center to center); number of vertices;
total volume of the vertices; LATTICE volume (V.);
vertices-GTV volume ratio; peak dose prescribed to the
vertices (Dp) and the maximum vertex dose (Dmax);
minimal dose between the vertices (valley dose); DVHs of
the total vertices, GTV, CTV/ITV, PTV, V. and all relevant
critical structures; VPDR defined as Dmean(95—-100)/Dp of
V.; and EUD, _ _,, of the GTV. The worksheet
(Supplementary Information; https://doi.org/10.1667/
RADE-20-00066.1.S1) aims to assist the LRT planning
and data reporting.
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CONCLUSION AND DISCUSSION

SFRT takes on a number of forms: GRID, LATTICE,
micro-beam and mini-beam (8—10, 13, 64—66). Following a
long history of clinical practice of GRID, LRT has
cautiously entered the field. From the relatively small
collection of LRT clinical cases, no adverse radiation-
treatment-related toxicity has been observed or reported;
high tumor responses, similar to that of GRID therapy, have
been reported and the technical feasibility of LRT has been
demonstrated.

Strongly grounded in the experience of GRID therapy,
beam configurations in LRT (depending on the delivery
system) are based on the objective of producing the peak-to-
valley dose distribution to achieve a similar clinical
response as GRID, but with the added flexibility of
individualized 3D configurations without the requirement
of rigorous symmetry. The unique features of enclosing
high-dose vertices within tumor volume while keeping
tumor periphery at the level of conventional fractionation
dose further ease the toxicity concern and make LRT
inherently more advantageous in delivering SFRT to deep-
seated bulky tumors. The flexibility of LRT further includes
the option of placing high-dose vertices in the regions of
biological significance guided by functional imaging (63,
67).

The size of vertices may be influenced by the clinically
available instrumentations. A vertex size of 0.5-1.5 cm has
been shown to be practically achievable. Larger vertex sizes
are possible but might be limited by the dose gradient
needed to assure the sufficiently low valley dose.

As treatment intentions may vary, each LRT plan should
be carefully individualized. Currently, the most established
uses of LRT are for palliation or for boost treatment. Both
physical principles and early clinical experience have shown
the feasibility and safety of such LRT applications. The
classical radiobiological mechanism of DNA double-strand
breaks provides a sound base to predict the clinical efficacy.
Ablative irradiation to partial tumor volume is essentially
tumor debulking, and any additional dose that can be safely
delivered to any part of the tumor (boost) should result in
greater tumor cell death. To achieve such objectives, the
guidelines of this article can offer straightforward and
effective assistance.

The use of LRT to mediate bystander and abscopal effects
is continuously under active investigation. The recently
discovered mechanism of tumor cure using high-dose
irradiation, through ceramide-mediated ischemia/reperfu-
sion injury, with preclinical data (68) and clinical evidence
(69) lends further support to this approach. The justification
for the general clinical implementation involves many
factors, including the combined treatment modalities with
optimal sequence to augment bystander and abscopal
effects, which have yet to be further explored and evaluated
with the clinical efficacy being systemically proven. The
guidelines of this article can, at minimum, provide a safe
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framework for clinical studies or for delivering LRT to a
selective group of patients who are medically excluded from
receiving any other currently proven treatment modalities.

Criteria used to effectively evaluate SFRT plans need
further development. Biological effects beyond DNA
double-strand breaks should be incorporated into the
development of a more general biophysical model, informed
by well-conducted laboratory and clinical studies and
correlative science, to guide the future optimization of
SFRT planning and delivery.

The guidelines, recommendations and parameters pre-
sented in this article are derived from the limited clinical
LRT experience, and are of provisional nature. As pointed
out by Coleman and Ahmed in an editorial article (70)
following the NCI and RSS sponsored workshop: “...we
emphasize that medical treatments that are technically
feasible are not necessarily clinically indicated. ..”. Rigor-
ous clinical studies are imperative to advance the experience
from the small SFRT community to systemic proof. Until
such time, for each patient to be considered for SFRT, the
merits and risks must be strictly, individually justified.

SUPPLEMENTARY INFORMATION

LRT Worksheet. This worksheet was developed for the
purpose of assisting LRT planning with provisional
premise. The estimate of LATTICE number is based on
the cylindrical model of GTV. A set of the coefficients k
and m are given and recommended for several different
volume groups. For each group, the user should not apply a
GTYV volume smaller than the lower limit. The digital form
can be obtained from the corresponding author.
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