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Abstract

Spatially fractionated radiation therapy (SFRTgrsfto the delivery of a single large dose of réaliewithin the target
volume in a heterogeneous pattern using eithestouGRID block, multileaf collimators, and virtuakthods such as
helical tomotherapy or synchrotron-based microbedihs potential impact of this technique on theaesgion of bulky
deep-seated tumors that do not respond well toerttional radiotherapy has been remarkable. To ddtege number
of patients have been treated using the SFRT tqubai However, there are yet many technical andaalechallenges
that have limited their routine use to a handfuklifiics, most commonly for palliative intent. Tleis also a poor
understanding of the biological mechanisms undeglyhe clinical efficacy of this approach. In thigicle, the methods
of SFRT delivery together with its potential biolcg mechanisms are presented. Furthermore, teahehiallenges and
clinical achievements along with the radiobiologio@odels used to evaluate the efficacy and safét$FERT are

highlighted.
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Introduction

Most radiation therapy treatment plans are curyelnéised on
the delivery of a large uniform radiation dose k@ tumor
volume with lower exposure to the surrounding ndrtissues
with the goal of reducing normal tissue side efecind
improving local control. However, it was found thatsome
cases like hypoxic or bulky resistant deep-seatedots the
overall response to the conventional treatmentériged by
toxicity to normal tissues?

Spatially fractionated radiotherapy (SFRT) is athod that
has been introduced to overcome limitations of @auntd late
normal tissue tolerance. There are many poterdizmtages of
SFRT over conventional approaches in the treatroedeep-
seated and bulky tumors, as well as tumors thainterently
radio-resistant or grow quickly during treatment this
technique, an atypical heterogeneous peak andyvadigern of
the dose is distributed in a single fraction to theatment
volume. Unlike conformal methods, only a fractiohtemor
volume is irradiated by primary beam, and the ofinaction
receives only scattered radiatibhlt may be combined with
other modalities such as dose-time fractionatiohestes,
chemotherapy, and surgery to improve local contnodl to
shorten the treatment course.

SFRT is not a new concept. GRID therapy is the firasthod of
SFRT that had initially been used to make smallékybtumors
with minimal skin toxicity in the orthovoltage erdowadays,
the principles of GRID therapy have been adapteith Wie
advanced radiotherapy approaches,and several new

techniques such as MLC-based GRID, virtual GRID and

synchrotron-based microbeams have been suggespeddoce
GRID pattern.

This review article aimed to stimulate furthereash and
discussion about the use of SFRT to clarify itsalidlogical
mechanisms and to specify ideal dosimetric paramétat lead
to the highest therapeutic gain. To this end, teéhods of SFRT
delivery along with the potential biological meclsmns
underlying the clinical efficacy of it and radiokigical models
used to evaluate the efficacy and safety of GRI&apy are
presented. The technical challenges and
achievements in SFRT are also highlighted.

© 2021 Farshid Mahmoudi, Daryoush Shahbazi-GahrdNediid Chegeni. This is an open access artiobm$ied under the Creative Commons Attribution-
NonCommercial-NoDerivs License (http://creativecoomsorg/licenses/by-nc-nd/4.0/).
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Types of SFRT/pros and cons

From the technical point of view, several methodsehbeen
used clinically to deliver SFRT, each one havingaadages and
drawbacks.

a) Block-based GRID therapy

Blocked-based GRID therapy is the first approachmefga
voltage (MV) SFRT that employs a broad beam pagtirayigh
evenly spaced holes cast in a high-attenuationr¢Gend or
brass) blockFigure 1).

Early clinical studies with GRID therapy were dbtl by a
prototype GRID block. This block was made by cagtimelted
Cerrobend liquid into a mold with several coppduetst®*2This
configuration was an adaptation of the GRID usedtha
orthovoltage era. Several adaptions grew over tonenprove
the dosimetric properties of the GRID. In 2004, &keir et af®
constructed a new cerrobend GRID block consistsaof
hexagonal pattern of divergent circular holes veitheffective
hole diameter of 1.3 cm and a center-to-centerraéipa of 1.8
cm. With this configuration, a 1:1 ratio of openthke blocked
area was achieved. Subsequent block-based GRI®stused
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a similar GRID design with different material, heldiameter,
and holes separation to reduce block wéfgand to achieve
higher therapeutic efficacy:*

Despite the initial success and promise, only allsnumber
of institutions practice block-based GRID therapgiay due to
some technical challenges. These include: (a) Gitdidks are
heavy (~20kg), and mounting and dismounting ofithis
difficult; (b) conventional GRID blocks have a lired number
of holes. Indeed, the hole diameter and centeetder distance
between them is fixed. So, the shape and size mbitsl and
normal tissues are not considered; (c) since toetty surface
distance is not equal in all LINACs, it is necegstr build a
dedicated block for each type of machine; (d) iti§icult to
make holes of GRID so that the central axis aneérivmall of
them follow the divergence of the beam accurat@y;since
block-based GRID therapy uses single static field because
the absorbed dose decreases rapidly with depthliltely that
the maximum dose is located outside the intendegkteor
deep-seated tumors; (f) it is a challenge to pulB&Bitocks into
the treatment planning system (TPS) to generate-dokime
histograms (DVHS).

Radiation source

11

GRID block

Shielded area
at skin level

\I Areas recieving high
dose of radiation

/

Figure 1. X-rays beam passing through the holes of the GRID block results in rounded footprints of dose in the tissue. Note the repeating
pattern of valleys and peaksin beam profile from the block-based GRID therapy
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b) ML C-based GRID therapy

The block-based method demonstrated the clinieflulrsess of
GRID therapy, however, due to the mentioned defitis, the
need for a cost-effective and more efficient apphaa produce
customizable GRID patterns was being felt. Ha €tmbposed
multi-leaf collimators (MLC) instead of physical GRblocks

to produce spatially modulated GRID beams.

The feasibility of MLCs for SFRT has been demaatstd by
many authoré:* Clinical data demonstrate that the MLC-based
GRID therapy is a safe modality that can achiewdlaily and
even potentially better treatment outcomes tharbkbek-based
method due to normal structure considerati§énghe MLC-
based GRID therapy has many advantages over tbk-bised
GRID, including (a) the modulated GRID fields cangroduced
easily and quickly by simply programming the leafsiions
using a commercial TPS; (b) the hole size and kefmration
can be easily changed for various tumors with cffié shape
and size; (c) MLCs are common and well-understoedags
and already available in most LINAC and would eraflany
institutions to start GRID therapy without signditt hardware
upgrades or modifications; (d) do not need to cowcstand
handle bulky blocks; (e) it is cost-effective; iffallows for easy
dose calculation within TPS, and hence radiatioootogists
can examine dose distribution on CT images befeatrment>®
Anyway, the MLC-based method requires a sequence
segments to cover the entire treatment field, wiéads to a
higher number of monitor units (MU) compared to BRID
block. The increased MUs have a direct impact ensiiwrface
dose and radiation leakage through the MLCs tostiielded
area. Larger leaf size to construct a similar tside compared
to the GRID block and longer time for both the dusiry and
the treatment are the other drawbacks of the ML&kbta
method®®

Dose-delivery time seems to be more challengimgrfobile
tumors such as those in the thorax and abdomen dtzic
tumors, such as those in the head and neck. Asneaa time
increases, it is more likely to degrade the vatitepeak dose due
to organ motion. This may adversely affect clinisatcomes”

of

c) Hybrid collimation system

As discussed in the previous section, prolonged/algl time
was the main drawback of the MLC-based method antide
prohibitive in practice, especially for mobile turacand large
fields. On the other hand, one of the most impartiaawbacks
of the block-based method was the need for theteai®n and
handling of dedicated and heavy blocks. To overcdhese
drawbacks, some auth&t$® proposed a unique hybrid
collimation system as a time and cost-effectivehoéto obtain
the GRID pattern. This system generates a grid cpfae
beamlets by the combination of two perpendiculais sef
equally spaced leaves. One set is defined by tineeteof the
MLCs, and the other by an in-house made cerrobeard b
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inserted in the LINAC head. While this orthogon&IG pattern
results in shorter treatment times and lower monitats than
the MLC and lower weight than the commercial GRIDck**
(15.8 kg vs 11.4 kg), such devices are not availabl most
institutions.

d) Virtual SFRT

Recently, a novel virtual method of SFRT using dali
tomotherapy (HT-GRID or TOMOGRID) was developed by
Zhang et at®?! This approach allows treating patients by
generating a patient-specific virtual GRID fieldngs in-house
software and IMRT delivery technique. In this apgmio, the
number of holes along with hole size and hole sgacan be
customized to treat the patients more effective tha physical
GRID block. As discussed, there is very little gohtof the
location of the maximum dose in conventional GRierapy,
because only one single static field is used tyfyica
Alternatively, it has been shown that HT-GRID traahts can
distribute the maximum dose within the treatmentunee,
especially for deep-seated tumors with large stitmor
distance, and also can reduce the maximum dogestodrmal
tissue. Nevertheless, it has a higher valley tck pkzse ratio
compared to conventional GRID methods and alsoahlasg
beam-on time which is of concern due to potentiahdr
motion??

e) Latticeradiotherapy

The shortcomingof two-dimensional (2D) SFRT is that a
considerable amount of peripheral and superfitsaue that is
not involved in the clinical target volume is in@hbly exposed
to a high dose of radiation. To decrease the doseormal
tissues, Wu et &l described a modern type of SFRT, called
three-dimensional (3D) lattice radiotherapy (LRThis new
technique is based on the 2D GRID therapy and & n
advances in radiation delivery techniques, suchIMRT,
VMAT, and robot-driven converging beams. Lattice
radiotherapy creates multiple localized high dosgians
(sphere-like vertices) within the tumor volume wiahcertain
degree of separation to form lower dose regiongnidbtissue
outside of target volume will spare against highseloThe
difference between the 3D lattice and conventicialGRID
irradiations is shown ifrigure 2.

Clinical results of LRT show promise for the fuadf?>
However, such a 3D SFRT approach may not lead timap
dose distribution; because the large number oflsied beams
that focus inside the target inevitably overlaphwéiach other
and increase the valley to peak dose ratio. Toocowvee this
problem, Jin et &% present a different 3D SFRT method based
on MLCs that uses multiple beams from differenttgaangles.
This method has the characteristics of both 3D-mwonél
radiotherapy and GRID therapy. This technique diffeom the
MLC-based GRID therapy which uses only
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2D GRID irradiation

3D lattice irradiation
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Figure 2. Conceptual representation of the comparison between the conventional 2D GRID and the 3D latticeirradiations®®

Table 1. Technical challenges and advantages of varioustypes of SFRT techniques®151619-27.33-37

M ethod Advantage Drawback
The need for handling heavy blocks
Reusable Limited ability to customize GRID plans
Block-based Adjustable field by closing jaws Limited ability to shape the 3-D dose distribution

GRID therapy

Saving time for both the dosimetry planning (10

minutes vs. 2 hours for MLC by a skilled dosimé}ris

Having only a limited number of holes

and the treatment (5 minutes vs. 20 minutes for MLEUtiNG GRID collimators into TPS is challenging

Concerns about the activation of the GRID block

MLC-based
GRID therapy

Found in most institutions

Easy to plan

Cost-effective

Easy dose calculation within TPS

Flexible in field shaping

Delivering more conformal dose to the targets

Longer delivery and dosimetry times than GRID block

Requires more monitor units

Larger penumbra width along the leaf-motion dirtti

Intra- and inter-leaf radiation leakage

Higher surface doses

Larger leaf size is needed to construct a simitde Bize compared to a GRID block
Less effective in mobile tumors treatment

More efficient delivery than GRID blocks

Less effective in customizing GRID patterns

co|l-l|i)rl1?er1ltci'on Easier to craft Inequality of valley to peak dose ratio along diagjadirection compared to principal axes
system Lighter than conventional GRID blocks Difficulty in creating a set of leaves that follows beam divergence
Faster than the MLC-based method Limited availability in most institutions
Controlling the location of the maximum dose Long beam-on time and concern about motion
virtual SERT More efficient in treating deep-seated tumors Limited access to the advanced radiotherapy equipme
More efficient in sparing the critical organ atkris Increasing the valley to peak dose ratio comparembhventional methods
A customizable patient-specific designed template Difficulty in planning
Overlapping of small-field beams with each other
Lattice More efficient in sparing superficial tissues Higher valley to peak dose ratio than block-bas&dBs
radiotherapy 3-D dose distribution Limited access to the advanced radiotherapy equipme
Long treatment time
Very sharp dose fall-off R i )
Sharp penumbra at any depth Dose dIStI‘IbUtIOh sens?tlwty to .tt'1e 9rgan motion
MRT Need for a precise patient-positioning system

Larger peak dose
Very short irradiation time
Very low divergent beam

Need for a robust position marker system
Limited availability of delivery facilities
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one field and also differs from the 3D LRT; becaitseses the
beams only at the special directions to limit theierlaps. In
this condition, the characteristic of GRID therapgpresented
by the valley to peak dose ratio, would not degradth
increasing the number of lattice spheres.

f) Microbeam radiation therapy

Microbeam radiation therapy (MRT) has moved the GRI
concept to the microscopic level. This is an inriweatype of
SFRT using a synchrotron-generated narrow bearadiétion
with widths of 25 to 5um. The separation between the high and
low-dose regions is around 200 to 400. Typically, MRT uses
arrays of quasi-parallel low energy (50 to 300 ke\robeams

to deliver an extremely high peak dose of sevenatined Gy at
very high dose rate<:28

The narrow micro-planar beam with minimal divergen
achieves a higher and sharper dose depositionghout the
target. Since the scattering effect is less inltdveer energy
range, kilovoltage beams allowing a sharp dosecféléven at
the depth of target volume. The low energy of mémomatic
beams makes them suitable to treat shallow tangelte brain.
However, deep-seated targets can also be treaitegl insage-
guided MRT that uses several pcrts®

Typical in-beam doses in MRT are more than oneocd
magnitude greater than those delivered in the nsaopic
GRID therapy. It is postulated that such high dosas Kkill
tumor cells selectively.Since the high delivered dose is
fractionated in small volumes and only a smallticacof tissue
receives primary radiation, it can be well toledatsy normal
tissue?%30

A very short irradiation time is required to pravélurring of
the peaks and valleys due to tissue motion. Soirthdiation
must be done at a dose rate of 100sGyr higher to assure
irradiation of the whole target volume in a seconéractions of
secondg’

The potential advantage of MRT has been demosstriat
several preclinical studies using small anintélsAlthough
encouraging, but it is still at the preclinicalggaand has not yet
been trialled in patients. Before moving to theickl trial, MRT
must be tested in larger animals to validate igsifality and
safety, and to find the most appropriate plans @osimetric
parameters for larger, deep-seated tumdiis®

We summarize the main technical advantages awvibaicks
of various types of SFRT ihable 1.

GRID activation and photo-neutron
contamination

There is a constant concern aboutthe photo-neutron
contamination due to high-z material in the head NAC
when using photon energy above 10 M&W. This concern is
more pronounced in the GRID therapy, which usesga-h
attenuation GRID block (a potential additional smurof
neutron contamination) and larger monitor units.dékired
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photo-neutrons produced in the GRID block can caase
increase in the patient dose. On the other hardzRID blocks
can also act as a shield against the neutrons a@fedein the
LINAC head?"%

In a study, Wang et al. compared the neutron dqsésalent
to the patient and staff who access the treatnwamhwith and
without a brass GRID block for an 18 MV photon bedrhey
reported that the neutron dose equivalent to thientain the
presence of a GRID block is 35.3% lower than that
obtained with the conventional open field with gane field
size and MU. In addition, no significant differengas observed
between the neutron dose equivalent at the enti@irtbe vault
with and without the GRID blocK. Similar results were
reported by Tajiki and coworkef$In the same vein, Chegeni
et al. in their simulation study noted that the tohoeutron
production in the head of a LINAC operated at 18 NV
increased only by 0.3% with the GRID block. Althbughe
neutron doses in the tumor volume was about 60%1dthan
the conventional open fiefd.This can be explained by the fact
that a large amount of the neutron beam is absdrpéue GRID
block.

Another concern is about the delayed activatiothefGRID
block. A long-time of irradiation with high-energphoton
beams can cause the activation of the GRID blockdwiiver
unwanted dose to the patient as well as radiatiokevs who is
handling the blocks. Wang et al. measured radiaitivation
exposure on the surface of the GRID block followiag
2000 monitor unit exposure. The average half-life the
activation activity was 12 mitt.

Taken together, the results of these studies stighat the
GRID therapy is a safe treatment approach for degped large
tumors.Nonetheless, the possible risk of high exposurestdu
the activation of the GRID block must be considetedas been
recommended that a time interval should be consitieetween
the GRID irradiation and handling the GRID blo€R?4°

Radiobiologic rationale of SFRT

Despite several available clinical publications aselveral
hundred patients who have been treated by SFRT, the
radiobiological mechanisms behind the success BfTS€main
incompletely understood. Nevertheless, some passibl
mechanisms involved in the differential effects SFRT on
tumor cell killing and normal tissue sparing haeeb proposed.

a) Volume effect and normal tissuerepair

Unlike conventional radiotherapy, SFRT has beemdoto
produce limited toxicity in normal tissues despite large
single delivered dose. This may relate to the sieadadose-
volume effect. Experimental data from beam sizeth@order
of micrometres to centimetres have shown that therance
doses for specific biological tissues rise when nbesize
reduceg®3041
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Furthermore, GRID therapy takes advantage of ttteepair
capabilities of normal cells than tumor cells. hsvfound that
when a small segment of skin and subcutaneougtissispared,
such as by a GRID block, the non-irradiated cedis serve as
regrowth centers for normal tissues, repair damageds and
reduce the complicatiortd*

b) Bystander effect

While dose distribution of the GRID therapy is Higmon-
uniform, and a fraction of tumor volume is spareshf primary
radiation, uniform tumor regression is observediciilly.** It
has been speculated that “bystander effects” may jgin
important role in this uniform respon¥eBystander is the
phenomenon in which unirradiated or partially iiedeld cells
experience effects such as DNA damage, gene expmesell
proliferation, apoptosis, and cell death in respotts signals
received from nearby irradiated celfs.

There are some indications that a high single undferm
dose of GRID therapy can activate the moleculahways
leading to apoptosis, vascular damage, and moduolatd the
adaptive immune respon$& Data from an in vitro study of
GRID therapy indicated that the unirradiated or tipty
irradiated cells in the shielded regions exhibitrenoell death
than that expected from exposure to only backgrowstby
dose. There was an increase in expression of genased in
cell cycle arrest, DNA repair and apoptosis, anerexpression
of antioxidant, heat shock, and chaperone genegblé&nnon-
irradiated cells following GRID irradiation. Howeveno
statistically significant changes in the directiyadiated cells
were reported®

Besides the killing effects, it has been foundt tilasome
circumstances, the bystander effect may exert degtioe
impact on cells through the inhibition of toxic fars and the
production of growth factors that encourage tissue
regeneratiot?*8 Transforming growth factopl (TGF$1) is a
multifunctional cytokine that is postulated to b&alved in the
protective response of the bystander effect aftdRIDG
irradiation. Following radiation therapy, the actiof TGF{1
leads to the late normal tissue response that isfested by
fibrosis and connective tissue scarring. Down-ratjoih of
TGF$1 in 34 patients treated by GRID therapy with a iaed
dose of 15 Gy can be an index reflecting limited sissue
toxicity and low risk of developing post-GRID thpya
fibrosis447

c) Microvascular damage

It has been shown that the unique dose distribufoGRID
therapy results in acute induction of tumor ne&dsictora
(TNF-o)), ceramide, and secretory sphingomyelinase (S-8Mas
which can cause apoptosis, both in the epithatidlendothelial
cells#4749 Since each endothelial cell in tumor blood vessels
supplies to a segment of a large number of tumlbs, délling
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them would result in initiating a cell death cassa&dthe whole
tumor volume and lead to severe vascular damage.

Sathishkumar et &l investigated the potential role of
ceramide in tumor regression after GRID therapy.eyTh
measured the serum content of ceramide and S-Smake
patients before and after the dose of 15 Gy and/stidhat the
S-SMase activity and serum level of ceramide irs@ea
following GRID irradiation and correlate with thdinical
response. In another study, the effect of a sidgke of 20 Gy
from LRT on endothelial cell growth was tested.uBeisamples
were obtained from mice with allogenic Lewis luraya@noma
tumors before and after LRT. Significant growthibition of
endothelial cells was reported when grown in theurse
collected from the mice treated with LRT compamedélls that
were grown in the serum collected from either theradiated
or uniform irradiated groups. These findings comatted with
elevation in the level of TNk- and ASMase activity after
LRT.®® Also, in the treatment of 34 patients with spétial
fractionated (GRID) radiation therapy a strong etation
between complete clinical response and an inciiease basal
level of TNFo after SFRT was reportéd.

d) Immune system activation / abscopal effects
Conventional radiotherapy is considered as a ssppreof the
immune system due to the inherent sensitivity ofgfocytes to
radiation3! however some studies have demonstrated that high
local single-dose of radiation such as used in GREDapy can
result in T-cell-mediated cytotoxicity against theémors by
altering the tumor microenvironment from that ofnimne-
suppressive to immune-activatifig’® Interestingly, this anti-
tumor immune response is not limited to the irreediecells or
their immediate neighbors, but also the metastaiis far from
the irradiated site may be affected. This phenomésaaalled
the “abscopal effect”. The abscopal effect is ptddy
important for anti-tumor response and is mediatgd the
immune system and/or the cytokir8s.

The abscopal effect attributed to SFRT has bedreaded in
some studies. A lower metastasis rate was repdrtethe
treatment of 53 patients with locally advanced (@4 N3)
squamous cell carcinoma (SCC) of the head and osirig
GRID therapy compared to historical contréfisin an
investigation using an animal model, mice with lung
adenocarcinoma xenograft tumors implanted in bigtht and
left flanks were treated with spatially fractiondteésRID
radiation. It was observed that irradiating tumetlsin one
flank using a single high dose of GRID therapy, lddead to
an increase in the regression of the untreatedrtimthe other
flank. It was also reported that GRID therapy re=iilin the
induction of more pro-apoptotic factors and incezbsell death
in the unirradiated tumor compared to the uniforadiation
field. This suggests that the GRID therapy can @edeytotoxic
factors such as cytokines (TNF or TRAIL) which neause an
abscopal response in tumors far away from the iated
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region® Similar findings were reported in another study by suggest that the cell-mediated immune responsektmigy a

Kanagavelu et & They observed that irradiating the tumors

implanted in the left flank of mice using LRT, ciaduce tumor
growth delay in the right tumors through the abstaifects.
However, the uniform irradiation to the whole tunveas less
effective in eliminating the right tumors. To intigate the
potential role of the immune system activationhia bbserved
abscopal effects, they measured serum level okigs (IFN-
v, IL-2, IL-10 and IL-4) before and after of LRT. gignificant
increase in both IFN-and IL-2 secretion along with the
decreased levels of the IL-4 and IL-10 in the sesamples after
LRT, indicated that LRT can induce a robust Thpoese. Thl
cells secrete cytokines interleukin-2 (IL-2) andenfierony
(IFN-y) with the ability to induce T-cell dependent alzaio
effects. Thl secretion also can promote growthbitibn by
suppressing the Th2 cells which secrete IL-4 andQLwith
immunosuppressive activity. There was also an asén CD3
infiltration in the unirradiated distant tumor cgllwhich is
essential for anti-tumor immune response. Thesalinys

role in SFRT-triggered abscopal effetts.

A schematic presentation of the potential role thé
bystander/abscopal effects as well as activatioth@fimmune
system in tumor response following spatially frantted
irradiation is illustrated ifrigure 3.

€) Re-oxygenation

Hypoxic tumors have been found to be resistanbtwentional
radiotherapy. However, it has been speculated thdarge
number of tumor cells, both oxygenated and hypadie killed
by a high single dose to the open regions of GRHNS.
Thereby, the residual hypoxic tumor cells would dree re-
oxygenated following SFRT. In this condition, themibr

response is expected to improve during the subs¢que

conventional radiotherapy after SFRF.

These may not be the only pathways that coulda@xiow
GRID works, and more investigations are neededawfg the
biological mechanisms.
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Figure 3. Cdl killing within theirradiated and distant tumors from bystander/abscopal effectsinduced by GRID irradiation
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EBRT following GRID therapy

It has been shown clinically that the conventidBBRT given
after GRID therapy resulted in better tumor respahan GRID
therapy along10.11.16

Although more normal cells would be spared in SERAN in
conventional radiation fields, the effective dosdivered by
GRID therapy alone may be insufficient to achiewenplete
tumor control. Thereby, a course of the conventi&@BRT may
be needed to fully control tumor growth after GRHarapy’*4

Conventional EBRT synergizes with SFRT to driveandu

regressiort’! As discussed earlier, SFRT probably improves

EBRT outcomes through reoxygenatf§rOn the other hand, it
has been shown that the subsequent EBRT after SFERT
amplify the abscopal effect of the SFRT and impsae tumor

responsé®

Clinical results

Despite all limitations, a large number of
with various tumor histology have been treated B3RS in
recent years for not only shallow tumors, suchessirand neck,
skin, extremities, and breast, but also deep-sdatig tumors,
such as lung, liver, abdomen, and pelvis for eitiadliative or
curative intent.

In 1990, for the first time, Mohiuddin et®ateported the
clinical success with GRID therapy in treating 2ignts with
sarcomas, recurrent gastrointestinal cancer, nassiver
metastases, and miscellaneous tumors. All patiemtse
symptomatic and had not responded to the prior eotional
radiotherapy, surgery, and chemotherapy. A GRIRIbleith a
1:1 ratio of open to blocked area was used to detiprescribed
single dose of 1000 to 1500 cGy to the open aréagatients
were given external beam radiation therapy (EBRTgddition
to the GRID treatment. The overall response rae34é6 (64%:
palliation of symptoms and 27%: complete resolutibdisease)
with no acute side effects in 82% and no
complications in 100% of patients. These impressesults
were the motivation for doing the next work in 1986which
61 patients with sarcomas, SCC, melanoma and aderiogma
were evaluated for normal tissue morbidity and igtlle
response to GRID therapy with a single dose of 1ZE@D
cGy1° Data revealed an overall response rate of 91% math
significant acute morbidity. However, when the GRi@ses of
> 1500 cGy were used, the overall response rateased to
100%. These results accord with the study of Mothimet al.
(1996 and 2002) and Neuner et al. (2012) that mpoesented
a dose-dependent relationship between GRID tredtraerd
clinical responsé!*16

Furthermore, patients were followed-up for 1-28ths with
a median of four months. One of the most commoiitdiions
of GRID studies is the short follow-up time duete short life
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patients

long-term

expectancy of some patients and their end-stagasks Among
eight patients who were followed 12 to 28 months, ame
showed late morbidity. The complete response ftiepes who
received concurrent EBRT was higher than that seeatients
treated with GRID therapy alori This finding is consistent
with other clinical studies, which showed that ttamplete
response rate increased when the external radidtise was
added to the GRID theragy'® However, the combination of
additional EBRT with GRID treatment, which is commm
patients receiving GRID treatment, makes it difi¢a interpret
the result. Such findings require carefully cor@&dltrials for
further validation.

There are several reports of clinical applicatdérihe SFRT
in the treatment of patients with advanced andybtulknors. The
main outcomes from some of the block-based GRIRlistu
have been summarized by Billena éf.alVe also highlighted
some of the most important findings from the otkardies,
including block-based and MLC-based GRID therapyel as
lattice radiotherapy iffable 2.

Taken together, the data suggest the potentidbdical
benefits of SFRT for the treatment of different turtypes with
excellent tumor control and minimal serious acute laie
toxicity compared to conventional treatment modsgit While
the results are promising, the clinical use of SERImited to
relatively few centers. Still, there are many isstleat need to
be resolved before GRID therapy can be widely uaseda
standard treatment modality in the clinic. Curmdimical studies
have some limitations to accurately address thesges. To
move forward with routine clinical implementatioh SFRT,
clear and accepted standards must be introducedcfmirate
selection of patients or tumors which are suitdble SFRT.
Furthermore, there is a need for a recommendationtte
physical geometries and dose distribution, dosang,regimens
schedules. The lack of uniformity in dosimetric weristics
(prescribed dose, hole size and hole separatiosm tp close
field ratio, the shape of the holes, valley to pdake ratio and
subsequent conventional EBRT regimen) and the @glitime,
as well as heterogeneity in the study populatiorteims of
tumor site and histology in available clinical seg] make
interpreting the data difficult. In this contextone biological
investigations using animal models as well as phasel 2 trials
are urgently needed to elucidate the relationskeipvéen the
treatment response and clinical and dosimetric rpaters.
Another major limitation that reduces the validifiytrial results
is the lack of a control arm. While there are salvefinical
investigations, none of them presents comparatiwa lletween
GRID therapy and conventional radiation therapy.
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Table 2. Clinical results of spatially fractionated radiation ther apy!1242547.5%-63

Pt# Tumor Dose of SFRT

Other

Reference  Histology/ste  Method (Sites) _ dimension (Gy) treatment Tumor Response Side effects
abdomen & Surgery 73% response rate .
pelvis, H&N,  Block- (25%) (GRID only) No late grade 3 skin,
200211 308 (357) >8cm 10-20 subcutaneous, mucosal
thorax, based & EBRT 95% response rate or other toxicity
extremities (73%) (GRID & EBRT)
H&N, extremity
' ' Block- EBRT 81% overall response
200247 abdc;r:]ﬂgr; téf:eprelws based 34 (37) >8cm 12-20 (100%) (32% CR & 49% PR) -
Cohort 1: two grade 4 skin
0,
Soft tissue (Coh](')?tofg rselfrp?gjiézgim reactions and three delayed
sarcomas Block- CT (35%) foIIowin;; SF% & EBRT) wound healing
2004 (abdomen, pelis, paceq 37 >10 cm 12-20 & EBRT 71% response rate Cohort 2: Nine patients survived
extremity, H&N, (100%) (cohortoz— SFIJZRT & EBRT eSS than 6 months, 7 survived
chest wall, spine) with no s;r ical resection) 6-12 months and 3 survived
9 beyond 1 year
No grade 3/4 acute toxicities
- Non-small cell Block- 10 >6 cm 15 EBRT 100% overall response Two grade 2 lung toxicity with
2008 lung carcinoma  based (100%) (71.4% CR & 28.5% PR) moderate symptomatic fibrosis
No other late effects
Advanced 24 GylFr C!inical pathological (.:R
. carcinoma of the LRT 1lcase Volume: to vertices CT & EBRT vl;/:;hegienssztr:%n a(l))fs\grls:lgilf Acute toxicity: was limited
2010 cervix and bulky report 250 cc and 1.8 Gy/Fr apal ab%e mass on pelvic to diarrhea
pelvic mass to peripheral paip P
exam
Large metastatic 1 case tc?v(gt/i';cras
201560 mass from ovarian LRT report >14 cm and 3Gv/Er CT & EBRT 100% CR Without any significant toxicity
carcinosarcoma P Y
to peripheral
18 Gy
Non-small cell 1 case to vertices o The patient was asymptomatic
20187 lung cancer LRT report 7.5cm and 3 Gy CT & EBRT 100% CR (in a six-month follow-up)
to peripheral
Decrease i:zf;mor volume: N mortality related to LRT
- Non-small cell LRT 10 5(;:;”@ vei'Lt?chy:r)ld 3 EBRT ’ No significant acute or chronic
2019 lung cancer : A (100%) The range of overall toxicity
8cm) Gy to peripheral survival: 4-86 months
(mean 22)
MLC- . Five grade 3 or 4 skin toxicity
Diverse CT (57% 54.4% palliative response )
based & ( ) No grade 3 or higher mucous
2019%  (most commonly 7 21 5-25 cm 15-20 & EBRT (6/11) membrane toxicities
SCCofHEN) - cod (100%)  44.4% curative CR (4/9)

Late toxicities: are not reported

Abbreviations: H&N = head & neck; SCC = squamous cell carcinoma; EBRT = External beam radiation therapy; SFR = Spatially fractionated radiation therapy; LRT

= LATTICE radiotherapy; MLC = Multi-leaf collimator, CT = Chemotherapy; CR =
patients

Therapeutic ratio and radiobiological
modeling

Several methods and models have been developettlyeas an
attempt to put the SFRT on firmer theoretical gahuiio
illustrate the biological efficacy of the nonhomaogeus dose
distributions, Niemierk¥ introduced a new concept of
equivalent uniform dose (EUD), based on the lirqpaaelratic
(LQ) model. Later, Zwicker et #l extended this model and
introduced the concept of therapeutic ratio (TRjhesratio of
the normal cell survival fraction under GRID fietd that
predicted in the open field. Afterwards, most o€ tBRID
studies used the concept of TR to evaluate theodicdl
advantage of GRID therapy quantitatively. Theselistishow
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Conplete response; PR = Partial response, Fr = Fraction, Pt# = Number of

that the therapeutic ratio may be affected by werfactors, such
as tissue motion, design of the GRID blocks, deédedose,
radiosensitivity of the cell population, size armutdtion of
tumors, delivery methods, and spatial modulatiothef SFRT
field'5-67 However, our current understanding of the precise
role of each factor in determining therapeuticarasi still poor
and is limited to the results of a few simulatidndses.

In recent years, the suitability of the LQ modw®l évaluating
cell killing at a large single fraction dose, sticht used in GRID
therapy has been questioned, and several modeks theen
proposed in an effort to match the LQ model witghhdose
regimens®%°Zhang et &F calculated the TR for melanoma cell
lines using a modified LQ (MLQ) model that was adttced for
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the high-dose range. They showed that the difference between oversimplify dose-response relation and are notablé for

LQ and MLQ models is minimal and both can be used t

calculate EUD and TR. The same results have bgumtesl by
Gholami et al. for different tumor cell lines andrwus

prescribed dos€8.Nevertheless, both of these studies are based

on the simulation, and their predictions have resrbvalidated
in-vitro.

Furthermore, experimental data show that the eakvin
spatially modulated radiation fields differs sigogntly from
that of predicted using the LQ model.The cell-specific
parameters of the conventional LQ model are obthiinem
conventional open fields and do not incorporatetdnder
effects. Although it has been shown that the byltamrffects
may play an important role in cell survival in theodulated
field.”>72To address this, Peng et*aleveloped an extended LQ
model with an additional bystander signaling par&me
describing the cell signaling effects, to calcule¢dl SFs after
MLC-based GRID irradiation. They showed that theitended
model has the ability to accurately predict the fBfowing
GRID therapy and gives more reliable results thae t
conventional LQ modeE In another study, McMahon et”al
presented a summary of the shortcomings of formpstainder
models and introduced a more robust and generatiwett| that
incorporates signal production and response kineticng with
the effects of direct irradiation. This model cowdcurately
predict the SF of cells in modulated fields. In 20Butterworth
et al® used this model to evaluate the impact of bystasideals
on dose-volume histograms and EUD for a range érent
GRID treatment plans. They concluded that incorpiomaof the
intercellular signalling effect in the radiobiolegi model leads
to the reduction in survival fraction within thenedose region
of GRID field and results in an increase in the E&lioss the
tumor. These works indicate that the conventior@lhodels
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evaluating GRID outcome.

Conclusion

While several patients have been treated by theTSE€hnique
so far, its routine clinical use has limited toatelely few
radiotherapy centers, most commonly for palliativeent.
However, many reasons could be attributed to this,among
the major ones are: the lack of the equipment,t¢iolnical
challenges related to each method of SFRT; lacktarfidard
protocols for selection of the patient, optimal gicgl
geometries and dosimetric parameters; as well asr po
knowledge about the secondary effects and the dimdb
mechanisms behind the success of this techniqoedthsome
radiobiological mechanisms and model have been estgd
recently).

Altogether, preliminary data suggest that SFRa &afe and
effective tool for treating bulky or radio-resistatumors,
although high-level evidence is currently lackingp move
forward with routine clinical implementation of SFRmore
investigations are needed to clarify the radiolmaal
mechanism of SFRT and to determine ideal dosimetric
parameters to introduce a reference protocol fer fiture
application of the SFRT.
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