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Simple Summary: Oxygen-guided radiotherapy is a new modality for cancer irradiation. Spatially
Fractionated Radiation Therapy allows the treatment of hypoxic tumor areas with high radiation
doses. Radiotherapy enhances immunotherapy effectiveness. Abscopal and bystander effects are
important radiobiological issues. The aim of this paper was to analyze the recent development of a
particular kind of radiation therapy that is based on high-dose delivery in small areas within large
tumor masses. We performed a narrative review of the radiobiological rationale behind a potential
benefit by using these techniques combined with immunotherapy and employing personalized target
definition according to hypoxic areas.

Abstract: Palliative radiotherapy has a great role in the treatment of large tumor masses. However,
treating a bulky disease could be difficult, especially in critical anatomical areas. In daily clinical
practice, short course hypofractionated radiotherapy is delivered in order to control the symptomatic
disease. Radiation fields generally encompass the entire tumor mass, which is homogeneously
irradiated. Recent technological advances enable delivering a higher radiation dose in small areas
within a large mass. This goal, previously achieved thanks to the GRID approach, is now achievable
using the newest concept of LATTICE radiotherapy (LT-RT). This kind of treatment allows exploiting
various radiation effects, such as bystander and abscopal effects. These events may be enhanced by
the concomitant use of immunotherapy, with the latter being ever more successfully delivered in
cancer patients. Moreover, a critical issue in the treatment of large masses is the inhomogeneous
intratumoral distribution of well-oxygenated and hypo-oxygenated areas. It is well known that
hypoxic areas are more resistant to the killing effect of radiation, hence the need to target them
with higher aggressive doses. This concept introduces the “oxygen-guided radiation therapy”
(OGRT), which means looking for suitable hypoxic markers to implement in PET/CT and Magnetic
Resonance Imaging. Future treatment strategies are likely to involve combinations of LT-RT, OGRT,
and immunotherapy. In this paper, we review the radiobiological rationale behind a potential benefit
of LT-RT and OGRT, and we summarize the results reported in the few clinical trials published so
far regarding these issues. Lastly, we suggest what future perspectives may emerge by combining
immunotherapy with LT-RT/OGRT.

Keywords: lattice radiotherapy; GRID radiotherapy; spatially fractionated radiotherapy; Oxygen
guided radiotherapy; abscopal effect; bystander effect; bulky tumors; stereotactic radiotherapy;
tumor biology
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1. Introduction

The treatment of primary or metastatic bulky non-haematologic tumors can be diffi-
cult, and radiation therapy is frequently the only available therapeutic option. Systemic
therapies are often unable to effectively penetrate within such large lesions due to an inho-
mogeneous and inadequate neoangiogenesis that could develop asynchronously compared
to the tumor cell growth. On the one hand, this phenomenon delays tumor regression
necessary for rapid satisfactory symptom relief with chemotherapy only and, on the other
hand, could determine well-oxygenated areas alternating with hypoxic areas that are poten-
tially refractory to damage from ionizing radiation. Furthermore, homogeneous irradiation
of such large targets could be unsuitable for nearby healthy tissues, which are likely to be
significantly affected by a detrimental dose-volume effect. A workaround used to avoid
this effect is to aggressively irradiate only very small partial volumes of bulky tumors while
limiting the peripheral target dose within tolerance for the neighboring organs at risk. This
approach was recently codified by the LATTICE radiotherapy [1], a recently introduced
technique that evolves from a historical one, GRID radiotherapy [2], delivered when the
low energy (kV) X-rays irradiation was the only available option. GRID and LATTICE
radiotherapy are two different expressions of Spatially Fractionated Radiation Therapy
(SFRT) [3]. A renewed interest in these techniques exploded since locally targeted radio-
therapy was supposed to be able to elicit a tumoricidal response also in unirradiated cancer
areas. It is actually known that some radiotherapy effects could be mediated by abscopal
and bystander effects and radiation recall phenomenons [4]. In this scenario LATTICE
approach could allow a high dose delivery in limited tumor areas, drawing on its potential
immunogenicity rather than an ablative role. This assumption could be even more valuable
in the era of immunotherapy. Actually, more and more drugs, such as pembrolizumab,
nivolumab, and atezolizumab, were effectively and safely tested in combination with the
high radiation doses commonly used during stereotactic radiotherapy (SRT) treatments [5].
A continuous matter of debate among radiation oncologists is how to enhance the host
immune response against cancer cells in order to investigate the ability of a local treatment
such as radiotherapy to trigger a systemic effect. Moreover, we know that tumor volume,
due to irregular growth, is not uniformly well-oxygenated, and hypoxic areas are more
resistant to the killing effect of radiation. These volumes generally need higher radiation
doses in order to eradicate the repopulation ability of cancer cells. Such doses, if equally
delivered to the whole large tumor volume, could negatively affect the therapeutic ratio.
An option could be a different radiation dose according to the local distribution of hypoxic
areas. This introduces the concept of “oxygen guided radiotherapy”, a new investigational
approach not yet tested in large clinical trials with promising therapeutic implications.

Here we present a comprehensive narrative review about LATTICE and Oxygen
Guided RadioTherapy (OGRT), focusing on their theoretical mechanisms as inferred by
analysis of laboratory findings. We also report related clinical experiences and suggest
further implementations in the light of the most recent evidence that shows a synergy
between radiotherapy and immunotherapy (IT).

2. Lattice Radiotherapy: Concept

Lattice radiotherapy is the tridimensional evolution of the 2D GRID radiotherapy, a
technique used since the beginning of the last century to spare overlying organs at risk,
especially the skin while treating large deep-seated tumors at the time of kilovoltage (kV)
and 2D-imaging-guided radiotherapy. As a matter of fact, bulky masses could be very
difficult to adequately treat due to the fact that the larger the irradiated tumor volume, the
larger the radiation dose delivered to neighboring organs at risk (dose-volume effect). This
effect could be amplified by the use of kV photons, characterized by low tissue penetrance,
so that pursuing an adequate energy deposit at the tumor depth entails a high dangerous
dose at the skin surface. GRID approach overcame such a critical issue by fragmenting
the radiation beam through a multi-perforated screen placed between the X-ray source
and the target in the patient. By alternating blocks and holes, this radiation field array
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generates a two-dimensional dose distribution, characterized by foci of high radiation
dose (peaks) separated by low dose areas (valleys). Such a planning method allowed to
significantly reduce the integral peripheral target dose delivered at the boundary with
healthy tissues while delivering a high lethal radiation dose to a large portion of tumor
volume. The interest in GRID radiotherapy rapidly decreased with the implementation of
the newer linear accelerator (LINAC) equipped with much more clinically versatile mega-
voltage (MV) photons and supported by more and more performing Treatment Planning
Systems (TPS) [6]. The historically reported dramatic tumor responses and the chronic
difficulties to effectively treat far-advanced bulky tumors recently renewed attention to-
ward the potential curative role of SFRT. Generally, the peak-to-valley dose distribution
of physical GRID block radiotherapy is two-dimensional, given the fact that the radiation
dose absorption within tumors varies depending on depth, due to a natural photon beam
attenuation: this fact could determine an excessive injurious dose deposit in organs at risk
beyond the radiotherapy target. This problem can be effectively solved by employing a
3D MultiLeafCollimator-based GRID technique to simulate the equally spaced holes of
a physical GRID bloc: such a solution develops a uniform multi-cylinder-shaped dose
distribution within a tumor grid pattern directly generated by means of MultiLeafColli-
mator (MLC) from each gantry angle used, so as to reduce the risk for adjacent organs [3].
The most commonly used diameters of peak dose regions are about 1–1.25 cm wide with
spacing (center-to-center distance) of about 1.5–2 cm. Actually, in experimental animal
models with a miniaturized lattice method (that is, synchrotron microbeam radiation
therapy, MRT, characterized by peaks and valleys at the micron scale), such technique
has been proved to be effective in producing a differential biological response between
normal and tumor tissues: preserving the first while destroying the second ones [7,8].
Additionally, some authors proved that a high radiation dose delivered in vitro by MRT
only in correspondence to the ultra-narrow peak regions is biologically equivalent to a
broadly uniform lower dose distribution [9]. The valley-to-peak dose ratio quantifies the
dose heterogeneity within the tumor: the lower its value, the lower dose impact on the skin
surface and nearby critical structures. MLC-based GRID-like radiation field is more flexible
than the 2D-GRID one that needs the creation of a new physical block to be mounted onto
the LINAC head for each case. However, the possible inter-leaf radiation leakage could
worsen the valley-to-peak dose ratio and the surface dose compared to block-based GRID
technique, in view of better control of dose delivery for 3D-MLC GRID radiotherapy [3].
The prescribed dose range is similar to that one used for SRT, generally >15 Gy in a single
fraction or a biological equivalent if fractionated, since lower doses could be ineffective
to achieve a satisfactory decrease in tumor volume [10]. Lattice radiotherapy could be
considered a novel development of GRID radiotherapy, in which geometrically rigid spatial
dose fractionation is replaced by the positioning within the tumor of high dose spheres,
called vertices, representing a three-dimensional arrangement. Each vertex measures 1 to
2 cm in diameter and is 2–3 cm far from the next ones. Lattice technique is able to produce
the same tumor responses and beneficial effects on Organs At Risks (OARs) as the GRID
one, but it does not require specific equipment, as its delivery can be done with common
LINACs for Intensity Modulated Radiation Therapy (IMRT) (Figure 1) [1]. High-dose
Lattice RT could determine a significant tumor volume reduction, even more than expected
with a homogeneous dose delivery. This phenomenon seems mediated by the interaction
between the killed irradiated tumor cells and the ones nearby unirradiated or those at most
impacted by a low radiation dose [11]. The irradiated cancer cell signaling could trigger the
tumoricidal effect in unirradiated contiguous tumor subvolumes (bystander effect) and in
distantly located metastases (abscopal effect) [12]. These pathways are consequential to the
cell release of some interleukins and cytokines or other humoral mediators (e.g., IL-6, IL-8,
TGFβ, TNFα, and reactive oxygen and nitrogen species). Microvascular changes could
also play a key role in promoting tumor regression via the pro-apoptotic signal derived
from the radiation-induced hydrolysis of endothelial cells membrane’s sphingomyelin
into ceramide. However, some evidence suggests the fundamental role of lymphocyte
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recruitment, especially CD8+ cells, in inducing immunomodulated response against cancer
cells when lattice radiotherapy is used. Lymphocytes are notoriously radiosensitive, even if
slight differences exist among several subpopulations of T cells as compared to B cells [13],
and tumor infiltration could be hindered by homogeneous irradiation up to delay the
immune response activation mechanisms: this could explain why tumor downsizing is
greater with SFRT. On the other hand, from the spared islands of overlying healthy tissues
within the radiation field, the migration of surviving cells can start to repair the adjacent
damaged areas [3]. Zhang et al. and Wu et al. [1,6,14] efficiently summarize clinical and
technical indications and treatment planning parameters for lattice radiotherapy delivery.
Such a radiotherapy technique was mostly employed in a palliative setting to debulk
large unresectable tumors or for boosting, prior to a normofractionated open-field uniform
External Beam RT (EBRT). Dose distribution for a lattice approach (compared with a GRID
one) is depicted in Figures 2 and 3. Figure 4 provides a rational explanation of the lattice
radiotherapy mechanism. The following paragraph summarizes the results of a clinical
application of 3D-Lattice radiotherapy.
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3. Clinical Use of LATTICE Radiotherapy

The clinical experiences with Lattice radiotherapy are isolated, mostly collected in
recent small case series or even individual case reports. The very first was reported in
2010 by Amendola et al. [15]; it was about a large squamous cell carcinoma of the cervix
(915 cc) homogeneously irradiated with 1.8 Gy/day fractions up to 36 Gy simultaneously
to a hypofractionated boost of 2.4 Gy/fraction/20 fractions (total dose 48 Gy) prescribed to
fifteen vertices within the target volume. This treatment resulted in a complete clinical and
pathological response, as documented after surgery. Later, the same authors reported a suc-
cessful tumor regression over 70% of the initial volume of a large ovarian cancer (1495 cc):
in this case, the radiation dose delivered to twelve vertices was 27 Gy in three consecutive
fractions, followed by a conventionally fractionated dose to the entire tumor volume [16].
The same approach was also effectively used for a locally advanced Pancoast-like non-
small cell lung cancer (NSCLC); a single fraction of 18 Gy to three vertices followed by
conventional radiotherapy with concomitant chemotherapy [17]. Such a dose prescription
was subsequently extended to some further nine bulky NSCLC patients that developed
a mean tumor shrinkage equal to 42% [18]. A similar schedule was employed among
ten patients with advanced bulky cervical cancer, resulting in a sustained local control
as confirmed by morphological and functional post-therapy imaging (MRI and PET) and
anticipated by intrafraction Cone Beam CT [19]. Globally, no patient experienced severe
lattice RT-related toxicities or death. The feasibility of lattice RT delivery in an SRT-like



Cancers 2021, 13, 3290 6 of 18

manner that also incorporates the SBRT dose constraints suggested by AAPM task group
101 [20] was demonstrated for eleven patients with large tumors (up to 4440 ccs) of various
histologies and locations [21]. All above lattice treatments were planned with VMAT and
commercially available technology equipment. The vertices were positioned deeply away
from critical structures so as to ensure a steep dose fall-off from hot peaks to the target pe-
riphery. Currently, Lattice radiotherapy is mainly employed and investigated for palliative
purposes (NCT04133415), although its usefulness cannot be excluded in other scenarios.
Indeed, the attractive capability of concentrating a high radiation dose in small deep tumor
subvolumes while keeping a well-tolerated peripheral target dose has promoted the use
of such a technique also in radically curative settings. For example, an upfront ablative
boost delivered to MRI highly suspicious areas in localized prostate cancer through a lattice
technique has proven to be effective and safe in a phase I trial, not adding any further
toxicity than expected from a conventional fractionated approach [22]. Another trial by
the same authors aims to learn about any difference in terms of cancer-specific outcomes
and health-related quality of life between prostate cancer patients treated with upfront
lattice boost followed by conventional EBRT or with daily moderately hypofractionated
radiotherapy (NCT02307058), attempting to improve the therapeutic ratio of this treatment
alternative to surgery [23]. Similarly, other authors explored the use of GammaPod-based
Lattice RT for treating large bulky breast tumors and reported a dosimetric feasibility study
where, against an extremely high dose concentrated at vertices, a very low mean dose to
overlying skin (≈1–2 Gy) was obtained. The translation of this therapeutic strategy into
clinical practice could also allow the maximization of heart-sparing, and it could pursue
a curative intent in such difficult-to-manage cases more safely [24]. Lastly, known that
lattice radiotherapy delivery has a potentially immunogenic role, such a technique was
promisingly tested in combination with immunotherapy in a case report by Jiang et al.; they
checked if the addition of pembrolizumab is able to enhance the bystander immunomod-
ulatory effect induced by a single high dose fraction of Lattice radiotherapy in a case of
pluri-metastatic NSCLC with a bulky cutaneous metastasis. Indeed, they surprisingly
reported a complete local response after combined treatment [25]. All the above-mentioned
experiences are summarized in Table 1.
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Table 1. Summary of experiences with lattice radiotherapy. Toxicity outcomes reported according to RTOG scale. GI, gastrointestinal; GU, genitourinary.

Authors Treated Sites (n)
Median
Volume

(Range) (cc)
Vertices

(n) Patients (n)
Follow-Up

Median (Range)
(mo)

Histology
Lattice RT

Dose/fx (cGy)
(Total Dose, Gy)

Further EBRT
Volume

Reduction
(Range, %)

Side Effects

Amendola et al.
[15], 2010 Pelvis 915 15 1 1 Cervix squamous cell

carcinoma 240 (48) Yes (prior) 70% Diarrhea (G1)

Suarez et al. [16],
2015 Pelvis 1495 12 1 20 Ovarian

carcinosarcoma 900 (27) Yes (post) 70% None

Amendola et al.
[18], 2019 Thorax 175

(46–487) 3 10 6 (1–71) Non-small cell lung
cancer 1800 (18) Yes (post) 64% (15–83) Radiation

pneumonitis (G1)

Amendola et al.
[19], 2020 Pelvis 200.35

(74.1–412.4) 2–11 10 28.5 (4–77)
Squamous cell,

adeno/adenosquamous
carcinomas

800 (24) Yes (post) 48% (6–91%) Diarrhea G1, G2
cystitis

Duriseti S. et al.
[21], 2021 Thorax/abdomen/pelvis 687.5

(350–4440)

Ordered
threedimensional

spatial
arrangement

11 - Various histologies 1334 (66.7) Yes (simulta-
neous)

Dosimetric
feasibility

Pollack A et al.
[22], 2020 Prostate - 1–3 (cylinders) 25 66 (21–7) High-risk prostate

cancer
1200–1400
(12–14 Gy) Yes (post) -

No acute G3 GU/GI;
G1 (15), G2 (4) and

G4 (1) (sepsis after a
post-treatment
transurethral

resection) of late GU
toxicity;

G1 (11) and G2 (4) of
late GI toxicity.

Kopchick B. et al.
[24], 2020 Breast - 22–172 (shots) - - - 2000 (20) - Dosimetric

feasibility

Jiang L. et al. [25],
2021 Posterior chest wall 63.2 6 1 7 Non-small cell lung

cancer
2000 cGy at 69%

isodose line - None
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4. Oxygen-Guided Radiotherapy: Oxygen Is the Needed Comburent for Radiotherapy,
Not Only for Fire

The inhomogeneous neoangiogenic sprouting that supports the sprawling cancer cells
proliferation could generate hypoxic areas due to a non-uniform and deficient oxygen
supply for the entire tumor volume [26]. Such hypoxic “islands” are characterized by slow
metabolism and, consequently, by some radioresistance [27]. Within bulky tumors, hypoxic
and well-oxygenated clonal strains coexist. To overcome this issue, two approaches are
available to radiation oncologists: (1) irradiating the whole tumor tissue with a homoge-
neously high lethal dose, (2) boosting only the hypoxic subvolumes while not exceeding
the threshold dose to kill the well-oxygenated cell clones. The first approach, although
effectively cancer-fighting, could be detrimental for nearby healthy tissues in bulky tumors’
treatment due to a deleterious dose-volume effect. The second option requires diversifying
the radiation dose within the tumor volume on the basis of its oxygen landscape. This
radiation dose delivery method would result in an increase in therapeutic ratio: enhancing
the cancer cells death by selective boosting and, simultaneously, reducing radiation-related
adverse events thanks to lower radiation exposure of healthy tissues. For this reason,
various instrumental tools are being studied to identify ischemic areas within tumors, so in-
troducing the Oxygen Guided Radiation Therapy (OGRT) era [28]. A further complicating
matter is the fact that tumor oxygenation rapidly evolves after radiation administration,
both spatially and temporally. Such circumstances could make it difficult to determine the
optimal therapeutic window where a better radiotherapy sequence can be exploited. There-
fore, new in silico models were proposed to explain intratumoral oxygen dynamics prior
to and after radiotherapy while waiting for an in vivo validation before clinical use [29].
Briefly, radiation (4 Gy in such a simulation) removes some normoxic cell layers, improving
oxygen and nutrients diffusion towards hypoxic ones. At the next radiation administration,
the re-oxygenation so obtained allows overcoming the typical radioresistance of previously
hypoxic cell clones after their initial transient survival advantage over normoxic ones.
Repeated re-oxygenation phenomenons explain why prolonged standard fractionation
could be more effective than a single extremely large fraction if this is not able to kill all
hypoxic cells [30]. In agreement with these assumptions, Ruggieri et al. suggest, in a math-
ematical radiobiological model, a simultaneous integrated boost (SIB) selectively directed
to hypoxic subvolumes as being more effective rather than a blindly delivered one for
multifractionated schedules [31]. The efficacy of radiotherapy could be further enhanced
by the concomitant administration of hypoxia-activated prodrugs, even if not still clinically
confirmed [32]. Other solutions were proposed to selectively deliver a high radiation
dose to the more radio-resistant hypoxic tumor regions, such as radiolabeled antibodies
restrictively targeted to cell receptors expressed in the hypoxic tumoral stroma, and proved
to be effective to retard tumor growth in mice experiments [33]. Besides, such a tool could
exploit a theranostic ability. Regarding intratumoral hypoxic areas detection, Electron
Paramagnetic Resonance (EPR) is still not clinically available, but its therapeutic value
has been proven for fibrosarcoma in mice and in preliminary human experiences [34,35].
EPR technique was initially used in vivo to quantify the average oxygen variations inside
human tumors during radiotherapy schedule [36]. Moreover, EPR images may direct the lo-
cation of radiation tumor boosts to enhance tumor cure by discriminating between hypoxic
and normoxic regions [37]. EPR findings also confirmed that better tumor oxygenation
mediated by drug-induced vasodilation improves tumor radiosensitivity. Lastly, its ability
to dynamically distinguish responsive regions (well-oxygenated) and unresponsive ones
(hypoxic) early during the radiotherapy course could enable a progressive modulation of
dose-painting for a better chance of cure [38]. On the other hand, some PET imaging has
already proved to be effective in guiding oxygen-based radiotherapy [39–41].

5. OGRT in Clinical Practice

Oxygen-Guided Radiation Therapy is still a recently introduced concept without a
large-scale clinical experience. This is due to the fact that there is a difficulty in tracing
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hypoxic tumor areas at high spatial resolution by means of currently available methods
for routine clinical application. Actually, most of the experiences with the above technical
approach are with experimental animal models, more suitable and less cumbersome for
preliminary tests. Electron paramagnetic resonance is a preclinical spectroscopic technique
that works similarly to nuclear magnetic resonance but is based on the relaxation time
of unpaired or photoexcited electrons rather than proton spin. It involves the use of in-
travenous injection of oxygen-measuring spin probes whose intratumoral spreading is
directly correlated with partial pressure of oxygen (pO2), thus being able to distinguish
hypoxic areas from normoxic ones. Such an imaging method has very high accuracy (1 torr
pO2) and spatial resolution (1 mm) that permit modulating dose delivery according to both
spatial and temporal variations of intratumoral oxygen landscape. Their feasibility and
potential were effectively tested in a mouse fibrosarcoma model by Epel et al. Through
the detection and targeting of hypoxic areas (pO2 ≤ 10 torr), they proved that it is possible
to double tumor control by a selective boosting (13 Gy) without a significant gain for a
homogeneous escalated dose (that is including also well-oxygenated subregions) [28]. In a
previous similar experiment by the same authors, EPR pO2 image-based hypoxic voxels
were grouped in radiation boost spheres, resembling vertices of lattice radiotherapy tech-
nique [42]. Furthermore, radiation blocks used by these authors to conform the radiation
beam shape for selective boosting of hypoxic subvolumes are conceptually similar to those
of the predecessor of lattice radiotherapy, the GRID technique [43]. The possibility of
manufacturing 3D-printed compensators to modulate radiation beam attenuation allows
a SIB delivery within an IMRT approach, as already experienced by Redler et al. [44].
Tumor oxygen background is not static but ever-changing in reaction to fractionated ra-
diotherapy [45]. As demonstrated in a mouse model of glioma, repeated measurement
of the oxygen levels by EPR is able to identify local oxygen variations during radiother-
apy, leading the way to a theoretical adaptive dose-painting [46]. Such animal results
were confirmed in human melanoma [37]. Hypoxia perturbations could compromise
tumor control probability also for proton therapy, in spite of its relative independence
from oxygen enhancement at lower energies and high linear energy transfer (LET) values,
and need radiation dose adjustments [47]. Two recent reviews focus on the usefulness
of tumor oxygen mapping [48,49]. The most common method to identify hypoxic tumor
subvolumes in clinical practice is PET-based. Indeed, specific hypoxia tracers, such as
18F-fluoromisonidazole (FMISO), 18F-flortanidazole (18F-HX4), and 18F-fluoroazomycin
arabinoside (18F-FAZA), reflect the spatial distribution of intratumoral oxygen and may
help to guide hypoxia-based dose escalation [50–53]. For example, 18F-FAZA PET is able
to detect hypoxic subvolumes within a 18F-FDG PET-homogeneous NSCLC mass [54].
Among patients with locally advanced head and neck squamous cell carcinoma (LAHN-
SCC), a SIB (up to 84 Gy) restricted to hypoxic regions at FMISO PET may maintain an equal
tumor control probability (TCP) compared to a uniform dose-escalated plan while signifi-
cantly limiting the normal tissue complication probability (NTCP) of OARs, such as parotid
glands [55–57]. In addition, the ability to perform PET scan early during radiotherapy
course permits to detect re-oxygenated areas for which it is possible to safely de-escalate
radiation dose due to the new radiosensitive condition, to OARs’ advantage [58]. A trial
(NCT02976051) is ongoing to test if a hypoxic cell sensitizer (nimorazole) may enhance
radiosensitivity and, consequently, tumor control of FAZA-avid LAHNSCCs [59]. How-
ever, some authors questioned the spatial resolution of PET-imaging and attempted to
improve it by the use of two combined tracers [60]. MR imaging, particularly functional
sequences, could also guide dose painting. Diffusion-weighted images, according to mi-
croscopic mobility of water in the cellular environment, are able to indirectly highlight
the packing density of tumor cells and to address radiation boost where antiproliferative
hypoxia induces a lower cellular density. Similarly, dynamic contrast-enhanced (DCE) MR
imaging could distinguish hypovascular tumor subvolumes with an inadequate blood
flow for a sufficient oxygen supply [61]. Other MR methods were described for preclinical
use by Krishna et al. [62]. Multiparametric MR, including blood oxygen level-dependent
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hypoxia imaging (BOLD), may identify the amount of hypoxic fraction in recurrent cervical
cancer [63]. Finally, some forms of MR imaging are able to monitor radiotherapy-induced
changes in tumor hypoxia and, in this way to guide dose modulation [64]. Indeed, BOLD
and Tissue Oxygen Level Dependent (TOLD) MR signals correlate with tumor pO2 and
predict tumor growth delay in response to irradiation [65]. Finally, the use of ultrasmall
superparamagnetic iron oxide (USPIO) nanoparticles as MR contrast agents [66] combined
with quantitative blood-oxygen-level-dependent (qBOLD) [67] imaging for hypoxia and
vascular architecture mapping for neovascularization will permit to well evaluate ‘oxygen
maps’ within neoplasms. Clinical applications of OGRT are synthesized in Table 2.

Table 2. Clinical experiences with OGRT. Pt, number of patients; FU, median follow-up (months); H&N, Head and neck;
OPC, oropharyngeal cancer; NSCLC, non-small cell lung cancer; HNSCC, head and neck squamous cell carcinoma; mpMRI,
multi parametric magnetic resonance imaging; MRI, magnetic resonance imaging; SIB, simultaneous integrated boost; TCP,
tumor control probability, NTCP, normal tissue complication probability; UTCP, uncomplicated tumor control probability;
BOLD, blood oxygen level dependent.

Authors Tracer Technique Site Histology Pt Aims FU
(Median mo) Results/Toxicity

Williams B. B.
et al., 2010 [36]

India ink as an O2
reporter EPR

Different
tumor

locations
Various

histologies 10

Direct measurements
of absolute pO2 of
tumors and other
tissues in human

subjects

- -

Stefan Welz
et al., 2017 [50]

18F-
fluoromisonidazole

(FMISO)
dynFMISO

PET-CT H&N
Locally

advanced
HNSCC

25

Standard
radiochemotherapy
(stdRT) (70 Gy/35

fractions) vs. DE (77
Gy/35 fractions) with
SIB to hypoxic tumor

volume (HV)

27

Acute and late toxicity did
not show significant

differences between the two
arms

Lindblom E.
et al., 2017 [51]

18F-flortanidazole
(18F-HX4) 18F-FMISO-PET Thorax Non-small cell

lung cancer 10 Delineate hypoxic
sub-volumes - -

Bollineni, V. R.
et al., 2013 [54]

18F-fluoroazomycin
arabinoside
(18F-FAZA)

PET-CT Thorax

Advanced-
stage

non-small cell
lung cancer

(NSCLC)

11

Detect heterogeneous
distributions of

hypoxic subvolumes
even within

homogeneous
18F-FDG background

- -

Chang, J. H
et al., 2013 [55]

18F-
fluoromisonidazole

(FMISO)
18F-FMISO-PET H&N HNSCC 8

PET-guided
radiotherapy dose

painting to potentially
overcome the

radioresistant effects
of hypoxia in HNSCC

-
Increases the TCP without
increasing the NTCP, and

increases the UTCP

B. Henriques
de Figueiredo
et al., 2014 [56]

18F-
fluoromisonidazole

(FMISO)
18F-FMISO-PET H&N III and IV

H&N 10

Non-invasive
assessment of hypoxia

and dose escalation
with [18F]-FMISO-

PET-guided
radiotherapy for head

and neck cancers
(HNC)

-
Improvement in TCP

without excessive increase
in NTCP for parotids

Kristi
Hendrickson

et al., 2011 [57]

18F-
fluoromisonidazole

(FMISO)
18F-FMISO-PET H&N HNSCC 10

PET-guided
radiotherapy for boost
planning (SIB) to the
hypoxic subvolumes

23

Increasing the predicted
TCP (mean 17%) without

increasing expected
complications

Nancy Lee
et al., 2016 [58]

18F-FDG and
18F-FMISO

18FDG-PET and
dynFMISO

PET-CT
OPC

HPV-positive
oropharyngeal

carcinoma
33

Reducing the dose of
radiation based on
hypoxia imaging

response

32 (21–61)

Intratreatment functional
imaging is safe but requires
further studies to determine

its ultimate
role in de-escalation
treatment strategies

Abhishek
Mahajan et al.,

2016 [63]
mpMRI parameters MRI Pelvis Cervix

carcinoma 30
Characterizing and
detecting vaginal

vault/local recurrence
6

• Increase the diagnos-
tic accuracy;

• Hypoxia imaging at
follow-up time objec-
tively documents the
response;

• BOLD hypoxia imag-
ing provides infor-
mation that may be
used as a target for
radiation dose paint-
ing to optimize ther-
apy in the future.
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6. High Dose per Fraction Radiotherapy and Immunotherapy: The Most Recent
Evidence for a Successful Cooperation

It is widely acknowledged that high radiation doses can increase the immune response
against cancer cells when given with immune checkpoint inhibitors [68–70]. Such a dose
range is mainly useful for ablative purposes [71–73]. In this scenario, irradiated cancer
cells are able to execute an escape mechanism from the immune system by expression
of molecules, such as PD-L1 or CTLA-4 in NSCL, that need specific blockade by adding
exogenous immune regulators, and radiotherapy is able to downregulate PD-L1 expression
via the NF-κB [74]. Signatures of antitumoral immune-boosting after high radiation dose
delivery (10 Gy per fraction) in oligometastatic breast cancer patients were detected in
peripheral blood and expressed as an increase in the amount of CD4+, CD8+ T, and Natural
Killer (NK) cells and of pro-inflammatory cytokines, such as IL-1β and TNF-α [75]. Such
effects are mediated by the migration of immune cells in tumor tissue since those ones
present before RT are extremely radiosensitive and then easily killed [76] or at least inacti-
vated [77]. High radiation doses per fraction in comparison to low ones (6 to 8 Gy vs. 0 to
4 Gy) are able to decrease the immunosuppression elicited by the radiation itself through a
reduction of immune-negative regulating granulocytes and monocytes (myeloid-derived
suppressor cells, MDSCs) and related signaling (e.g., IL-6, RANTES, and G-CSF) in both
on-target and off-target sites, in the latter case enhancing distant antitumor activity, as
reported in mice implanted with hepatocellular carcinoma cells [78]. Conversely, similar
high doses developed an increase in tumor infiltration by immunosuppressive cells in
a mouse model of prostate cancer: this effect was countered by a concomitant rise of
functionally active CD8+ T lymphocytes [79]. Following DNA double-strand breaks, high
ablative doses seem capable of remapping gene expression of cancer cells, which culmi-
nates in the exposure to new antigens, targetable by simultaneously recruited CD8+ and
other immune cells. The related T cells priming by tumor-associated dendritic cells could
start immune response far from the irradiated disease sites, thus partially explaining the
abscopal effect (also known as in situ tumor vaccine), a distant tumor regression triggered
by a localized high radiation dose [80]. The fundamental role of this phenomenon was
confirmed in a moderately wide and histologically various series of IT+SRT, among which
its occurrence was reported up to 29% of cases [81]. In metastatic NSCLC patients, the
addition of SRT to immunotherapy also improved the overall response rate (50%) when
compared to immunotherapy alone, to an even greater degree considering specific sub-
groups (PD-L1-negative tumors) [82]. Radio-damaged cancer cells could reduce DNA
breaks by specifically activated exonucleases (e.g., TREX1) that can function as a scavenger
enzyme, removing these pro-apoptotic signals. It is unclear if coupling DNA repair in-
hibitors with radio-immunotherapy could increase cancer cell death [83]. The synergistic
effect of immunotherapy and stereotactic radiotherapy could modify the prognosis of
patients with multiple brain metastasis, especially in some histologies (e.g., melanoma). It
is not uncommon to see prolonged survivals without a declining quality of life among these
patients. Indeed, they would be treated, as an alternative, with likely memory impairing
whole-brain radiotherapy [84]. Such a combination was also investigated in other primitive
and metastatic cancers to determine what time sequence (sequential vs. concomitant)
and fraction size (hypofractionation vs. conventional fractionation) are better in terms of
efficacy and safety, but without conclusive results [85–87]. Promising results were also ob-
tained in mice xenografted with glioblastoma multiforme, whereby anti-PD1 antibody plus
a 10 Gy single dose offered significantly better results than a single treatment option alone.
In this experiment, radiation triggered macrophages repolarization, increasing M1/M2
ratio [88]. Findings concordant with the former ones were reported by Riva et al. that also
focused on radiation dosage and fractionation in an attempt to find the more synergistic
and effective radio-immunotherapy combinations [89]. The viability of such an approach
was also confirmed in human recurrent glioblastoma, especially if enriched by the addition
of bevacizumab [90]. The effector function of CD8+ T cells could be boosted by a prodrug
formulation of recombinant IL-2 (NKTR-214) that proved to increase the tumor-fighting
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potential of a 16 Gy single dose, even in contralateral unirradiated tumor site among mice
with implanted fibrosarcoma or colorectal cancers [91]. A high radiation dose delivered
by means of prostate brachytherapy poses an immune response by increasing TGFβ level
and local recruitment of CD4+ and CD8+ T cells, macrophages, and dendritic cells [92].
Such encouraging findings induced to clinically test the feasibility and safety of the com-
bination of prostate brachytherapy with nivolumab; this therapeutic strategy maximized
tumor regression in post-radiotherapy core biopsies thanks to a massive immune activa-
tion, as evidenced by an increase in immune infiltration and peripheral blood immune
cells [93]. Similarly, a large dose per fraction, such as that used in intraoperative radiation
therapy (≈20 Gy), gained an aggressive immune response against tumors, overcoming
its immune escape mechanisms, among patients with breast cancer [94]. In this case, a
continuous balance between antitumor and immunosuppressive mechanisms was also
detected, with a clear predominance of the first ones. The combination of anti-PDL1 plus
anti-angiogenic therapies with high-dose tumor irradiation could strengthen its antitumor
immune effect by subverting the compensatory radio-induced immunosuppressive tumor
microenvironment [95]. The highly expressed postradiation TGFβ cytokine is supposed to
have an immunosuppressive function that could be targeted by inhibitors to evoke more
effective SRT-induced T cell antitumor activity, as evidenced by the CD8+ cells increase
and immunosuppressive T regulatory cells decrease in peripheral blood of SRT-treated
patients affected by HCC and administered with a well-tolerated TGFβ-specific blockade
(galunisertib) [96]. A toll-like receptor 9 agonist was also successfully tested in metastatic
lung adenocarcinoma in mice in order to turn off the immunosuppressive effects of high
radiation doses (12 Gy × 3 fractions) so as to clearly prevail tumoricidal ones [97]. High
radiation doses combined with immunotherapies are able to break through the wall of
radioresistance of some tumors, such as renal cell carcinoma, notoriously refractory to
conventionally fractionated radiotherapy, and also improve systemic control by producing
abscopal effects [98]. Evolving tumor-host interactions in patients treated with high dose ra-
diotherapy and anti-PD1 immunotherapy could be detected by circulating biomarkers, on
the basis of which it might be possible to classify patients as responders or non-responders
in order to promptly switch the latter to other treatments early [99].

7. A Look to the Future and Open Questions

On the basis of this background, the need for dose-painting approaches is evident.
Targeting specifically hypoxic areas with an extreme hypofractionation of radiation dose,
just as in SRT and LT-RT, could overcome not only the related radioresistance but also trig-
ger intercellular signaling pathways arising as bystander effect [100]. In fact, Prasanna et al.
demonstrated that humoral signals extracted from a medium containing 10 Gy-irradiated
hypoxic human lung cancer cells added to their unirradiated normoxic counterpart in-
duced a slowdown in the growth of the latter, much more than observed with an analogous
well-oxygenated experiment [29]. This finding supports the hypothesis that oxygen could
inhibit bystander mechanisms. Thus, we suppose that the vertices positioning of the lattice
technique, if guided by hypoxic areas detection, could be more advantageous than a ran-
dom one. Then again, there is still no consensus for vertices placement in LRT therapy, other
than the recommendations to cautiously avoid critical structures and to guarantee a signifi-
cant drop of the dose at the periphery on the grounds of OARs tolerance [101]. A clinical
phase II trial for selectively targeting hypoxic subvolumes in unresectable bulky NSCLC
with CT/PET-guided stereotactic high dose irradiation (1–3 fractions each of 10–12 Gy) pro-
duced much better results, likely evoked by abscopal and bystander effects than standard
chemotherapy and conventional palliative radiotherapy (30 Gy in 10 fractions uniformly
delivered to the entire tumor), both in terms of survival outcomes and tumor control,
with lower toxicity and improved symptom control [102]. Not only high radiation doses
but also low doses could play a key role as antitumoral immunomodulators [103]. Some
authors clinically demonstrated that a low dose (1 Gy < doses < 20 Gy in multifractionated
regimens) delivery spatially alternating with a high stereotactic one and combined with
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immunotherapy produces a greater tumor regression than reported in distant no-dose
lesions (<1 Gy). Such a finding was shown both for scatter and intentional doses and is
supposed to be due to a stromal microenvironment change. In particular, each patient
affected by a large tumor burden from different histologies (mostly lung adenocarcinoma)
was irradiated with a high dose to a specific site, while off-target peripheral lesions were
included in the related scatter area. Alternatively, if low dose coverage was insufficient
(<1 Gy), such tumor volumes were intentionally irradiated with a separate isocenter. In
order to evaluate the dimensional response rate attributable to low dose effect, at least one
no-dose control lesion within the same patient was considered for comparison. Twenty-two
of 38 (58%) low-dose (mean 7.3 Gy) lesions compared to 8 of 45 (18%) no-dose lesions de-
veloped at least a partial response (4 complete responses vs. 0) with a significant reduction
in the longest diameter size (38% vs. 8%). Interestingly, a 5–10 Gy low dose range achieved
better results than a 10–15 Gy dose, predicting a window of therapeutic opportunity [104].
Barsoumian et al. hypothesize that high radiation doses prime T cells at the primary tumor
location while low ones directed to metastatic sites pave the stroma to react against tumor
cells in combination with immunotherapy. Besides macrophage activation and NK cell
recruitment, tumor infiltration by CD4+ T cells also plays a pivotal role [105]. The first
attempts to integrate tools for modulating hypoxia of tumor microenvironment by the
enhanced oxygen-carrying capacity of a specifically assembled hemoglobin with high
radiation dose per fraction (8 Gy) and immunotherapy (anti-PD-1 antibody) have already
been effectively made in experimental animal models [106]. Then, to optimize radiotherapy
effects, the definition of suited time points to exploit tumor oxygen dynamics for adaptive
dose-painting in fractionated schedules and to include immunotherapies for reducing the
cumulative dose of radiation is required. A biological link between intra-tumoural oxygen
landscape and SFRT effects among patients affected by squamous cell carcinomas of the
head and neck is investigated by means of hypoxia-specific PET imaging in an ongoing
trial (NCT01967927).

On the basis of the above, it is clear the need for defining the more appropriate
fraction size of high dose, total one, targeted subvolumes size and shape, time interval
between fractions, spatial arrangement of doses, including low ones, radiation beam
quality (photons vs. hadrons), and integration with immunotherapy. It is noteworthy to
underline that, up to date, there is no clear evidence confirming the advantages of LATTICE
radiotherapy over classic irradiation. Indeed, in the absence of comparative analyses, the
LATTICE approach should not be considered the standard one. Experimental animal
models and preliminary clinical trials are intended to clarify these issues for a standardized
therapeutic protocol and to better understand the underlying biological mechanisms.
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