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Introduction: Metastatic cutaneous squamous cell carcinoma (cSCC) is a very rare
condition. The lack of definition of an oligometastatic subgroup means that there is no
consensus for its treatment, unlike the mucosal head and neck counterpart. Like the latter,
the cutaneous form is able to develop bulky tumor masses. When this happens, the
classic care approach is just for palliative intent due to a likely unfavorable benefit–risk
balance typical of aggressive treatments. Here we proposed a novel radiotherapy (RT)
technique to treat bulky metastases from cSCC in the context of an overall limited tumor
burden and tried to explain its clinical outcome by the currently available mathematical
radiobiological and ad hoc developed models.

Methods: We treated a case of facial cSCC with three metastases: two of them by classic
stereotactic RT and the other by lattice RT supported by metabolic imaging (18F-FDG PET)
due to its excessively large dimensions. For the latter lesion, we compared four treatment
plans with different RT techniques in order to define the best approach in terms of normal
tissue complication probability (NTCP) and tumor control probability (TCP). Moreover, we
developed an ad hoc mathematical radiobiological model that could fit better with the
characteristics of heterogeneity of this bulky metastasis for which, indeed, a segmentation
of normoxic, hypoxic, and necrotic subvolumes might have been assumed.
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Results: We observed a clinical complete response in all three disease sites; the bulky
metastasis actually regressed more rapidly than the other two treated by stereotactic RT.
For the large lesion, NTCP predictions were good for all four different plans but even
significantly better for the lattice RT plan. Neither the classic TCP nor the ad hoc
developed radiobiological models could be totally adequate to explain the reported
outcome. This finding might support a key role of the host immune system.

Conclusions: PET-guided lattice RT might be safe and effective for the treatment of bulky
lesions from cSCC. There might be some need for complex mathematical radiobiological
models that are able to take into account any immune system’s role in order to explain the
possible mechanisms of the tumor response to radiation and the relevant key points to
enhance it.
Keywords: lattice radiotherapy, tumor control probability (TCP), normal tissue complication probability (NTCP),
spatially fractionated radiation therapy, immunotherapy, metabolic tumor volume, bulky tumors, cutaneous
squamous cell carcinoma
INTRODUCTION

The main aim of reporting this experience is to inform insiders
about the possibility to safely and aggressively irradiate difficult-
to-treat bulky tumors, even large metastases from cutaneous
squamous cell carcinoma (cSCC), with a particular
radiotherapeutic option. An interpretation of its clinical results
is provided, as well as of its ambiguities, likely needing new
radiobiological investigations.

Facial cSCC is one of the most frequent skin cancers,
especially among elderly patients who most commonly report a
history of prolonged occupational exposure to ultraviolet
radiation from sunlight (1). It is able to develop disfiguring
and ulcerating bulky lesions and regional lymph nodes and,
occasionally, distant metastases through the bloodstream (2).
Oligometastatic status was described for the mucosal counterpart
of the head and neck squamous cell carcinoma (HNSCC), but
not for its cutaneous form (3). However, these two variants are
often grouped together in some cancer registries (4, 5) and share
some chemo- and immunotherapy regimens in locally advanced/
metastatic stages (6). The rarity of the metastatic disease and the
low risk of cancer-specific death for cSCC (7) do not allow to rule
out the existence of an oligometastatic stage whereby
radiotherapy (RT) could be employed with a curative purpose,
as it has been successfully done for other metastatic cancers by
adopting the stereotactic approach (8–10). Moving from a low
palliative radiation dose prescription toward a higher radical one
causes some concerns about normal tissue tolerance, especially
for the treatment of bulky tumors. Spatially fractionated RT
(SFRT), specifically lattice RT, overcomes such an issue by
delivering a highly heterogeneous radiation dose to large
targets in order to spare the neighboring organs at risk (OARs)
(11). Such a peculiar dose delivery method could face the typical
non-homogeneous tumor growth by selecting the hypoxic
regions to be boosted for overcoming their relative
radioresistance (12). In these scenarios, choosing the best dose
prescription could be very difficult for the radiation oncologist
2

who must strike a balance between an optimal tumor control
probability (TCP) and an acceptable NTCP (13). Actually, the
classic RT protocols can be unable to achieve a clinical complete
response (cCR), likely due to a radiation dose insufficient to
eradicate any residual cancer cell (14). Tumor behavior may be
described by mathematical models, as regards both the initial
cancer cell proliferation and the repopulation dynamics
following the oncologic treatments. Some of these models,
including the popular linear-quadratic (LQ) one, can assist the
radiation oncologist in the radiobiological determination of dose
escalation to improve TCP, as well as of the most suitable
fraction size and interval to avoid normal tissue damage (15).

Here we report a case of metastatic facial cSCC with three
separate distant lesions, two of which were radically treated with
stereotactic body RT (SBRT) and the remaining one with lattice
RT (Figure 1). For the latter case, we present four different
treatment plans that are inter-compared by dose volume
histograms (DVHs). Furthermore, in order to evaluate the
effectiveness of each plan, TCP values according to Poisson’s
model as well as NTCP distributions according to the Lyman–
Kutcher–Burman (LKB) model were calculated. Furthermore, we
developed a numerical analysis based on the cell regrowth model
to try to explain some aspects of the observed clinical outcome
taking also into account the tumor heterogeneity.
CASE PRESENTATION

A 75-year-old patient with no significant comorbidities was
submitted to surgical removal of a growing reddish and hard
skin nodule located on the inner canthus of the left eye in
December 2017. The histology report showed a moderately
differentiated cSCC, which was totally resected with negative
margins (R0). No adjuvant therapies were deemed necessary
since it was an early-stage cancer. Long-term follow-up was
negative up to February 2021, when the patient required medical
attention due to the appearance of a suspicious red, painful, and
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semi-soft lump in the left axilla. The nature of such a lesion was
then clarified by means of a needle biopsy, which found the same
histology of the previous facial tumor. A complete head and neck
clinical workup (i.e., physical and fiber-optic examination)
allowed us to exclude a mucosal origin. A contrast-enhanced
CT scan showed that the palpable axillary lump was just the tip
of an inhomogeneous bulky lesion with a semi-fluid core
[maximum diameter was 10.4 cm, volume 171.3 cm3,
Hounsfield units range −115 to 24.4 ( ± 17.3)] and revealed
two further lesions: one was lymphadenopathy of 2-cm diameter
located at the II left Robbins level of the neck and the other was a
painless metastasis of 3.5-cm diameter at the second left
sternocostal joint. An 18F-FDG PET confirmed the three sites
of metastatic disease. The axillary bulky lesion had a highly
inhomogeneous radioactive tracer distribution due to the
presence of a “photopenic area” (SUVmean 0.9) in the inner
region, corresponding to the low-density area [Hounsfield units
range −100 to 22.9 ( ± 13.8)] on the CT image: such
characteristics suggested a necrotic core, surrounded by a
super-avid actively proliferating thick ring, in a way that we
were able to segment two subvolumes for this lesion (Figure 1).
We attributed such differences to a heterogeneous oxygen
landscape within the tumor. Consequently, we named three
concentric subvolumes (Figure 2): the innermost was the
“necrotic core” (86.8 cm3), the outermost was the “normoxic
subvolume” (71.5 cm3), and the transitional mid-layer was
arbitrarily established as the “hypoxic subvolume” (13 cm3) in
an analogous way as previously done by Tubin et al. (16). The
latter volume was derived from a 2-mm isometric expansion of
the clinically detected necrotic area from which then a ring-
Frontiers in Oncology | www.frontiersin.org 3
shaped subvolume has been subtracted. We considered the
disease as in oligometastatic status and proposed an aggressive
treatment, keeping us away from a purely palliative intent. The
two smallest lesions were treated with SBRT for a total dose of 30
Gy in five consecutive daily fractions of 6 Gy. We deemed the
bulky axillary lesion as not approachable by SBRT due to its
exceeding size. Therefore, we decided to treat this lesion with
SFRT by using a single-shot dose of 15 Gy precisely conformed to
five small vertices, followed by 30 Gy in 10 daily fractions of 3 Gy
delivered to the entire gross volume. The patient completed the
RT schedule in 17 days in total (from April 21 to May 7) with no
toxicity. An 18F-FDG PET was performed 1 month later for a
very early assessment of tumor response to treatment: according
to the PERCIST criteria (17), the neck node was stable,
sternocostal metastasis had a partial response (PR), and the
bulky axillary lesion had a complete response. The co-
registered CT scan documented stable disease for the
lymphadenopathy, a slight increase in the skeletal lesion (still
fitting the RECIST criteria for stable disease), and a smaller
residual liquid-like axillary mass without any solid component all
around (Figure 3). Five weeks after completion of RT, the patient
started systemic treatment with cemiplimab (350 mg i.v. q3weeks
administered by intravenous infusion over 30 min). After 15
weeks from the start of cemiplimab (20 weeks after the end of
RT), an 18F-FDG PET/CT was performed for a new assessment
of tumor response, showing a complete response in both neck
node and sternocostal metastases; the axillary lesion maintained
a complete absence of pathological metabolism. On a co-
registered CT scan, a further reduction in the size of the
axillary mass was detected (from the initial size mm 70 × 46 ×
FIGURE 1 | Patient 18F-FDG PET at presentation.
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104 to mm 52 × 35 × 83) (Figure 4). At the last follow-up,
October 29, 2021 (after 25 weeks from the end of irradiation), the
patient developed no treatment-related toxicity and complete
pain relief in the axillary site. Cemiplimab was well-tolerated.
The patient’s timeline is shown in Figure 5.
Frontiers in Oncology | www.frontiersin.org 4
METHODS

Target Volume Definition
A neck and thorax 1.25-mm thickness slice CT simulation
without contrast medium was performed after modeling a
FIGURE 3 | Patient 18F-FDG PET 1 month after treatment.
FIGURE 2 | Schematic representation of the axillary GTV: necrotic core (black), mitotic area (red), whole hypoxic area (blue), and vertices targeted by large dose
boost (purple). GTV, gross tumor volume.
February 2022 | Volume 12 | Article 809279
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thermoplastic mask on the patient for immobilization of the
head, neck, and shoulders in a reproducible setup. Regarding the
metabolic imaging, PET/CT scans were acquired with a GE
Discovery five-ring PET tomography 50 min after i.v. of 185
MBq of 18F-FDG and processed with software Q Clear. Thanks
to this software, it was possible to calculate not only the SUVmax
and the SUVmean but also the metabolic tumor volume (MTV)
and the total lesion glycolysis (TLG = MTV × SUVmean).

For the left axillary site, the gross tumor volume (GTV) was
the entire bulky lesion as defined on the CT scan. We contoured
three concentric subvolumes: the innermost was the “necrotic
core” (86.8 cm3), the outermost the “normoxic subvolume” (71.5
cm3), and the transitional mid-layer was arbitrarily established as
the “hypoxic subvolume” (13 cm3) (Figure 6). The vertices were
five spheres of 1-cm diameter, astride the boundary between the
metabolically active external ring and the necrotic core, that is,
where a transitional hypoxic zone may be assumed. The other
two GTVs (neck lymph node and sternocostal joint) were
defined on the CT images with the support of an 18F-FDG
PET. Three clinical target volumes (CTVs) were created by an
isometric expansion of 0.5 cm for each GTV in order to target
also the subclinical disease around the macroscopic one.

Treatment Planning
For the axillary bulky lesion, three couple of plans were generated
using Treatment Planning Software Eclipse® (version 13.7.14
powered by Varian) in a Volumetric Modulated Arc Therapy
(VMAT) technique; the treatment unit used for this work was a
Novalis-TrueBeam STx linear accelerator equipped with a high-
definition multi-leaf collimator (MLC) and an X-ray image
Frontiers in Oncology | www.frontiersin.org 5
guidance system including a six degrees of freedom robotic
couch (ExacTrac, BrainLab®, Munich, Germany). The high-
dose vertex volume was arbitrarily configured using five
spherical high-dose vertices with a diameter of 1.0 cm placed
within the GTV and with at least 2.0 cm of separation (center to
center). The optimized monoisocentric plan resulted in at least
99% of the prescribed dose covering 100% of each vertex volume
(D100vertex ≥ 14.85 Gy).

Each couple of plans was made a planned sum.
The four plans were named as follows:

Plan A: 30 Gy in 10 daily fractions of 3 Gy each to the CTV
(Figure 7), every time summed up to one of the following three.
Plan B: 15 Gy to the GTV in one fraction (Figure 8).

Plan C: 15 Gy to the hypoxic ring in one fraction (Figure 9).

Plan D: 15 Gy to the vertices in one shot (Figures 10, 11).

For each plan, 2 half coplanar arcs (0°–179° CW/CCW) were
used with jaw tracking technique, i.e., a specific technique that
was provided by the Varian TrueBeam series (Varian, Crawley,
UK), where the jaw can track the aperture of the MLC to reduce
the leakage and transmission and thus reduce doses to normal
tissues around the tumor.

For the other two disease sites, the above equipment and
procedure were used for delivering an SBRT treatment with a
dose of 30 Gy in five daily fractions of 6 Gy each.

The algorithm used for the plans was Anisotropic Analytical
Algorithm (AAA version 13.7.14).
FIGURE 4 | Patient 18F-FDG PET at 4.5 months after treatment.
February 2022 | Volume 12 | Article 809279
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Numerical Analysis
Computational analyses were performed in order to evaluate the
ability of tumor control and the risk for OARs for the various
plans considered.

In particular, two independent analyses were carried out: 1)
calculation of the TCP using Poisson’s model (empirical model)
and the NTCP adopting the LKB model; 2) ad hoc developed
radiobiological model considering the different regions present
within the tumor.

Tumor Control Probability and Normal Tissue
Complication Probability Modeling
Structure sets and calculated three-dimensional (3D)-dose
matrices of the RT plans were exported as DICOM files.

In order to calculate the TCP and NTCP values, the
equivalent dose in 2 Gy per fraction, EQD2, was evaluated
using the following expression:

EQD2 = D
d + a=b
2 + a=b

� �

where D is the total dose in Gy, d is the dose per fraction, and a/
b is the ratio of linear to quadratic cell killing probability
Frontiers in Oncology | www.frontiersin.org 6
according to the LQ model. In particular, for a tumor, the
value of a/b=10.5Gy was used (18), and the values of
a/b=8.8Gy (19) and a/b=3.5Gy (20) were adopted for the skin
and chest wall, respectively. Since the spatial resolutions of the
various plans considered were not identical, all plans were re-
sampled to the highest resolution (1.5 × 1.5 × 1.5 mm3).

TCP was calculated based on the LQ Poisson’s model (21, 22)
through the use of the pyradiobiology software (23, 24). The
values of the parameters TCD50 and g are those for head and
neck squamous cells, at 51.77 Gy and 2.28, respectively (25).

For NTCP calculation for the skin and chest wall, the LKB
model was applied (26). The parameters adopted for these
calculations are n = 0.1, m = 0.21, and TD50 = 68.00 Gy for
the case of pathological fracture of the chest wall and n = 0.1, m =
0.12, and TD50 = 70.00 Gy for the case of necrosis/ulceration of
the skin (27).

Ad Hoc Radiobiological Model
The above-described analysis does not completely take into
account the heterogeneity of the tumor region, and, therefore,
the reliability of TCP values is limited. For this reason, a
numerical radiobiological model able to consider various
aspects of the complexity of the system was provided.
FIGURE 5 | Patient’s timeline from the beginning of the disease to the last follow-up accompanied by the SUV evolution of the 18F-FDG PET scans through the
various steps.
February 2022 | Volume 12 | Article 809279
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The proposed analytic method proposed to analyze the
different radiobiological treatments is based on the
following points:
Frontiers in Oncology | www.frontiersin.org 7
I. Tumor spheroid approximation since the volumes of the
cell subpopulations are more relevant than their shapes;

II. The radiation effect is described by the LQ model;
FIGURE 6 | Simulation CT scan images in the axial (top left), coronal (lower left), sagittal (lower right) planes. In the top right picture, a 3D rendering of the spatial
relations of target subvolumes with the skin and chest wall (portions included in the NTCP calculation) is shown. The purple line encloses the necrotic subvolume, the
light-blue one represents the hypoxic ring, the red line contains the gross tumor volume, and the green lines are for OARs, i.e., chest wall and skin. NTCP, normal
tissue complication probability; OARs, organs at risk.
FIGURE 7 | Plan A: 30 Gy to the entire CTV. Black line is for GTV, red for CTV, light-blue for the chest wall, and yellow for the skin. CTV, clinical target volume;
GTV, gross tumor volume.
February 2022 | Volume 12 | Article 809279
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III. The radioresistance of the hypoxic area is taken into
account by the oxygen enhancement ratio (OER) approach;

IV. The vertices are localized in partial overlap with the necrotic
and hypoxic volumes;

V. The effects of the initial large dose (15 Gy) on the normoxic
and hypoxic cells is described by average doses;

VI. 10 daily doses of 3 Gy follow the initial treatment.

The detail of the calculations is reported in Supplementary
Material 1, and the final results compare (see Discussion)
different methods of delivery of the large initial dose.
Frontiers in Oncology | www.frontiersin.org 8
RESULTS

The effectiveness in tumor control and damage to healthy tissues
was evaluated for the four different RT approaches by means of
the two numerical studies mentioned above.

The analysis was performed via the pyradiobiology software,
which calculates the TCP using Poisson’s model, and the NTCP
adopting the LKB model. The results are reported in (Table 1).

From this analysis, it is evident that NTCP for the chest wall
for Plan D (lattice) is comparable to that for Plan A (30 Gy in 10
FIGURE 8 | Plan B: 15 Gy to the GTV. GTV, gross tumor volume.
FIGURE 9 | Plan C: 15 Gy to the hypoxic ring (light-blue area).
February 2022 | Volume 12 | Article 809279
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fractions), and it is an order of magnitude smaller than that for
Plan C (which is a combination of SBRT-PATHY as employed
by Tubin et al. and a sequential palliative 30-Gy dose in 10
fractions of 3 Gy/day to the entire tumor volume) and 2 orders of
magnitude smaller than that for Plan B (a single dose of 15 Gy
homogeneously delivered to the entire tumor volume followed
by 30 Gy in 10 fractions of 3 Gy/day).

Analogous behavior is observed for NTCP values related to
skin exposure. Therefore, the lattice configuration of irradiation
allows sparing healthy tissues better than hypoxic ring
irradiation (Plan C) and entire volume irradiation (Plan B).
Frontiers in Oncology | www.frontiersin.org 9
Regarding TCP analysis, Plan B is characterized by a high
value (i.e., 87%), and this is related to the total volume irradiation
with preliminary 15-Gy exposure, whereas in the case of Plan C
(hypoxic ring irradiation), this probability is more than halved,
and in the case of lattice irradiation (Plan D actually delivered to
the patient), it is equal to about 3%. In order to consider also the
heterogeneity of the tumor regions and to further model the
response of this tumor to the RT procedure chosen, plans C and
D were compared by means of an ad hoc developed
radiobiological model, providing the respective cancer cell
survival probability (CCSP) predictions. For such models, we
used the a, b, and a/b values for cSCC suggested by van Leeuwen
FIGURE 10 | Plan D: 15 Gy to the vertices (red circles).
FIGURE 11 | 3D rendering of vertices within the GTV enclosed between the skin and chest wall. GTV, gross tumor volume.
February 2022 | Volume 12 | Article 809279
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et al. (28). The numerical analysis in Supplementary Material 1
carried out a detailed quantitative comparison between methods
C and D, by evaluating the survival fraction before and after the
standard treatment for the normoxic and hypoxic
subpopulations. The results are reported in Tables S2, S3
(Supplementary Material 1) where you can observe that the
initial radiation dose of 15 Gy delivered to the whole hypoxic
area (model C), rather than to the vertices (model D), gives a
smaller survival probability, i.e., a better tumor control, but with
a very large average dose (Dmean_normoxic_subvolume equal
to 10.44 Gy for Plan C and to 4.3 Gy for Plan D) distributed in
the nearby normoxic area.
DISCUSSION

Background and Radiobiological Issues
This case report presents a novel technique to treat bulky tumors,
generally treated with palliative-only RT. The peculiarity of
the RT technique here presented is mainly linked to the ability
to deliver high radiation doses to small areas of the GTV,
so that radiation oncologists can treat with a higher total dose
the GTV as compared to other techniques using lower
homogeneous radiation doses due to the close proximity of
OARs. Furthermore, as regards the treatment planning, this is
no more difficult than the other volumetric plans; it is likely more
time-consuming because the radiation oncologist has to choose
the vertex positioning within the GTV and to co-register PET/
CT images with simulation CT images. Finally, the time to
deliver radiation doses to the vertices is no different than that
of other modulated/stereotactic techniques. The palliative
radiation approach could not achieve a satisfying TCP, thus
adversely affecting the patient survival chances. This issue is
particularly relevant when a large mass develops in the context of
an overall limited tumor burden, as in the present case, where it
is reasonable to expect a better outcome than a multimetastatic
setting (29–32). Currently, the oligometastatic disease is
effectively treated by stereotactic RT, that is, with an
approximately homogeneous radiation dose delivered to the
entire tumor volume (33). Such an approach would appear to
allow a deferral in the use of aggressive chemotherapy regimens
even among those patients affected by oligometastatic mucosal
HNSCC (34). The advanced and/or metastatic cSCC counterpart
may be treated with targeted therapies, but such a consideration
does not rule out a key role for ablative RT (35, 36), not yet
extensively tested due to the low rate of metastatic disease (37).
However, bulky masses could not be treated with high-dose
Frontiers in Oncology | www.frontiersin.org 10
stereotactic RT without exceeding the normal tissue tolerance
(38). Alternative solutions to deliver ablative radiation doses are
under study, and SFRT is among them (39). Such a method is
supposed to trigger a killing bystander effect (Figure 2) on the
underdosed tumor subvolumes (40). Bulky tumors are
characterized by a heterogeneous oxygen supply that generates
an alternation of well-oxygenated proliferating areas and hypoxic
“dormant” areas. Notoriously, tumor hypoxia represents the
main obstacle to the full effectiveness of RT (41). For a given
dose, such a condition increases the cancer cell survival fraction
both in vitro and in vivo. This issue may occur for two reasons:
1) due to a spatial limit of oxygen diffusion to cells that are more
distantly located from newly formed vessels during disordered
neoangiogenic sprouting or 2) to a transient mechanic occlusion
of such capillaries because of endothelial cell abnormalities,
starving harder the innermost cells. Both phenomena
determine a significant reduction in the partial pressure of
oxygen (pO₂) that, for the aforesaid reasons, is inhomogeneous
within the tumor tissue. Considering that the oxygen path is
mostly stopped at a depth from the vessel of 100–200 mm, it
explains how, beyond this threshold, cell cascades culminating in
necrosis may be triggered (42). Thus, it is not infrequent to find a
necrotic core surrounded by a vital cell ring. It is reasonable to
assume that between normoxic and necrotic areas, hypoxic cell
clones exist. These cells, for example, through—but not only—
the hypoxia-inducible factor 1a (HIF-1a) signaling pathway,
develop a metabolic adaptation to hypoxia and survive (43).
They may be not actively proliferating but still viable and able to
escape from the radiation effects. In fact, oxygen enhances free
radical formation and fixes chemical damages induced by
ionizing radiations, especially double-strand DNA breaks. The
variability of cell survival rate at different levels of pO₂ is
summarized by the OER parameter. Therefore, oxygen
deprivation, by increasing tumor cell survival, could impair
oncologic outcomes, such as local control (LC) and,
consequently, also overall survival (OS). Indeed, the clearance
of normoxic cells by radiation could recruit previously hypoxic
cells to be exposed to a better promitotic pO₂, thus enhancing
their proliferative and metastatic potential. Such cell behavior is
at the root of radiation dose fractionation in clinical practice. In
fact, the tumor redox landscape constantly changes in parallel
with variations in cellular density (44). However, total removal of
all cells is not always achievable. This applies especially to bulky
tumors whose absolute number of hypoxic cells may be very
high. In this scenario, another issue becomes evident: as
expected, the unintended dose delivered to nearby healthy
tissues (OARs) increases when the target volume increases due
TABLE 1 | TCP values for tumor cells and NTCP values evaluated for the chest wall and skin.

TCP Tumor NTCP Chest Wall NTCP Skin

Plan A 0.030 0.00040 2.0 * 10−9

Plan B 0.870 0.020 0.000015
Plan C 0.400 0.0076 0.000013
Plan D 0.032 0.00047 2.3 * 10−9
February 2022 | Volume 12 | Ar
Plan A: 30 Gy/10 fractions to GTV. Plan B: 15 Gy/1 fraction to GTV. Plan C: 15 Gy/1 fraction to “hypoxic ring.” Plan D: 15 Gy/1 fraction to 5 vertices.
TCP, tumor control probability; NTCP, normal tissue complication probability; GTV, gross tumor volume.
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to a deleterious dose–volume effect (45). Then, radiation
oncologists face daily this dose-limiting factor associated with a
poor radiosensitivity of the hypoxic components. To counteract
the depletion of tumor oxygen, various strategies such as the use
of radiosensitizers have been tested to improve the therapeutic
ratio of radiation dose. Unfortunately, practical results have not
always confirmed the theoretical assumptions, likely because the
topic is even more complex (46). Regarding the dose fraction
size, it is known that large ones could overcome hypoxia-related
radioresistance, but these could not be easily deliverable in a
uniform manner to the entire tumor due to the aforementioned
dose–volume effect that puts a strain on the tolerance of
neighboring OARs. A compromise solution could be to deliver
a high radiation dose/fraction solely in some tumor subvolumes,
namely, the hypoxic ones. This is the actual basis for oxygen-
guided RT. This novel concept is based on the detection of
hypoxic subvolumes within tumor tissue for a selective radiation
boost while limiting the unnecessarily escalated dose to well-
oxygenated and radiosensitive ones. Such a pattern of radiation
dose delivery is shared with another treatment strategy, the
SFRT, basically known in two main forms: the GRID and the
lattice one (39). These two differ by a more rigorously geometric
arrangement of high-dose regions in the first respect to the
second one. Both treatments were created as non-oxygen guided.
We believe that an SFRT technique based on hypoxia tracking
could enhance the synergy between high radiation dose, able to
eradicate hypoxic clones, and the subsequently elicited
radiobiological effects, which could promote tumor regression
also in low-dose regions as well as distantly in non-targeted
lesions (11). However, cell interactions against the background of
the host immune system are not fully known and, consequently,
not purposely engageable to lead an antitumor response. On the
other hand, by adopting an in silico model to explain the
interaction (that is, the killing effect) between radiation dose
and hypoxic cells, the radical dose to eliminate them all, even
after taking into account the time between a fraction and the next
one, could be approximately predicted (12).

Clinical Implications and Perspectives
In clinical practice, the finding of bulky tumors is not
uncommon. A large part of them sometimes presents a
necrotic core, detectable as a deeper hypodense region on CT
scans (47, 48) or as photopenic on 18F-FDG PET images (49).
The most common approach used in these cases, especially when
these masses are metastases, is to treat the total volume with a
homogeneous palliative dose, so as not to exceed the tolerance of
OARs at the boundary with the target periphery. Clearly, such a
strategy is unable to produce a durable LC and, subsequently,
could address the need for re-treatment, obviously not without
serious concerns regarding toxicities. Conversely, a uniform
high-dose delivery could be not deliverable without a
hazardous dose–volume effect. Hence, the radiation oncologist
is often forced to settle for the first option. To circumvent these
risks, recently, Tubin et al. proposed an unconventional
irradiation technique for partially treating inhomogeneous
bulky tumors (SBRT-PATHY): to deliver a high radiation dose
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to hypoxic areas with a sharp dose fall-off toward the outside of
the tumor in order to spare the normoxic portion and, above all,
the peripheral microenvironment for evoking immune
radiobiological effects (bystander and abscopal) (50). This
strategy achieved great clinical results in terms of tumor
volume regression with no additional toxicity as compared to
conventional palliative treatment (16). In this technique, the low-
dose region represented by the normoxic peripheral tumor ring
acts as a “buffer” between the high-dose hypoxic rim and the
adjacent OARs to spare. However, further clinical trials with a
larger sample size are needed prior to translating these
preliminary results to routine clinical practice. In fact, partially
uncovering some tumor subvolumes could be at least
controversial or even hazardous from the radiation oncologist’s
point of view. The concern about the difficulty in precisely
mapping the hypoxic areas for selective irradiation could deter
the implementation of this strategy. After all, the spatial
resolution of current clinical imaging could be unable to detect
all minor hypoxic regions. The consequence of missing out on
the required radiation dose to one of these areas may be poor
tumor control. For this reason, an alternative to SBRT-PATHY
could be to selectively boost detectable hypoxic areas while
maintaining a low effective dose in the remaining normoxic
areas. Such an approach could balance the need for a booster
dose in radioresistant hypoxic regions with the need to cover the
overall tumor volume with an adequate radiation dose to hamper
a rapid tumor regrowth while preserving nearby normal tissues.
This strategy is calling for a mathematical model that can help to
determine the required radiation dose to overcome hypoxic
radioresistance. For this purpose, we have chosen a single dose
of 15 Gy because this dose size has proven to be more effective in
terms of tumor regression when compared to lower doses (51).
Moreover, the single shot allowed us to bypass the redistribution
in tumor oxygenation, following each radiation dose in
fractionated schedules. In fact, the tumor oxygen map
constantly evolves after radiation due to the recovery from
vaso-occlusive events in tumor vessels on the one hand and to
the prothrombotic effect associated with the swelling of
irradiated tumor endothelial cells on the other (52). Among
the non-invasive techniques currently available for measuring
oxygen levels in tumor tissues, we find optical methods, those
based on NMR, and nuclear medicine techniques. PET/CT has
several advantages: a good intrinsic resolution, a 3D
representation of the tumor, the possibility of making
semiquantitative evaluations of the hypoxic tumor load, the
ease of execution, the reproducibility of the data, and above all
the highest diagnostic specificity in the characterization of the
hypoxic tissue (53). A large number of PET tracers have now
been developed for the identification of hypoxia. 18F-
fluoromisonidazole is the most studied PET tracer for hypoxia
imaging, but the accumulation of the tracer in the hypoxic tissues
is rather slow, and the tumor/background ratio is still quite low.
Therefore, only a few radiopharmacies produce specific tracers
for hypoxia, and procurement is very difficult. 18F-FDG is the
most widely used PET tracer in oncology, as cancer cells usually
show an increase in their metabolism and in particular in
February 2022 | Volume 12 | Article 809279
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glycolysis, even in conditions of aerobiosis (Warburg effect). The
increase in the expression of glucose transporters and glycolytic
enzymes can also be activated by hypoxia, through the factor HIF-
1a (anaerobic glycolysis, the Pasteur effect) (53). Apart from the
constitutive photopenia of large tumor necrosis, the uptake of FDG
under both normal and reduced oxygen pressure conditions
obviously makes FDG non-specific for hypoxia. However, FDG-
PET/CT proved to be a good tool in staging patients with cSCC as
well (54). Other studies have reported nodal involvement
sensitivities ranging between 91% and 100% and change in
management in 6.25%–40% of patients (55–57). A recent study in
node-positive cSCC patients calculated the positive and negative
predictive values for nodal detection in preoperative FDG-PET/CT
as 91.1% and 66.7%, respectively (56). As a consequence of this, the
use of such an imaging to study and characterize the tumor disease
in our patient was appropriate.

Mathematical Radiobiological Models: A
Call For New Ones?
Taking into account the different dose prescriptions and amore and
more detrimental dose–volume effect as the irradiated volume
increases, Plan A would have an excellent NTCP but the worst
TCP. Conversely, Plan B would be likely characterized by an
excellent TCP and a not negligible NTCP for the chest wall (2%)
when compared to plans C and D (58) and at the expense of the
target dose coverage as evidenced by the cumulativeDVH shown in
Figure S1 of SupplementaryMaterial 2 (see the smoother slope of
the orange curve nearby the dose prescription value). As these
outcomes do not fit a radical and safe curative purpose, we
developed an ad hoc mathematical radiobiological model only for
plansC andD inorder to further investigate their respectiveCCSPs.
Interestingly, the numerical results about the cell survival rate
according to the LQ model show a strong reduction of the
subpopulation volumes, although with a TCP that could be small
for a large clonogenic number (seeTables S2, S3 on the cell survival
fraction).Thismeans that the LQmodel couldnot be able to explain
the reported cCR after lattice RT delivery. Such a finding supports
our assumption about immune intervention even more. After all,
the involvement of immune response, specifically the recruitment
of effector immune cells at the distant disease sites, needed to be
adduced to explain the abscopal effect reported in a case with
multiple nodules of cSCC, ofwhich only onewas irradiated (59). As
Plan A employed a palliative dose by definition and Plan B a not
safely deliverable uniform high dose, respectively, we deemed it
useless to provideCCSP for them.Conversely,we elaboratedNTCP
for the skin and chest wall for all four dose prescriptions, purposely
rescaled inEQD2 (EquivalentDose in 2Gy/Fx) value.As evidenced
by cumulative EQD2-DVHs in Supplementary Material 2, the
volume of the skin and chest wall for Plan D was constantly lower
than that for Plans B and C at each dose level. In other terms, the
addition of vertices dose has an almost negligible effect over the two
OARswhen compared to the other two plans. This was particularly
evident at the highest dose levels, as inferred from the differential
DVHs.However, all plans have a very-lownear-zero risk of damage
for both the chest wall and skin. Indeed, as a more detailed
examination shows, the near-zero risk of Plan D is of another
Frontiers in Oncology | www.frontiersin.org 12
order of magnitude in comparison with that of Plans B and C, e.g.,
up to 10,000 times smaller for the skin. In fact, on the NTCP curve,
the value of risk for Plan D is just beyond that of Plan A and
significantly distant from that of Plans B and C, which, conversely,
are closer to the curve sectionwith the greatest slope that indicates a
very real danger for the chest wall and skin. Also regarding the chest
wall, the largest volume to be boosted in Plan B entails a low but
significant risk (≈2%)when compared to the risks of PlansC andD.
Thismeans thatPlanD is amoreprecautionarymethodof radiation
delivery. Suchafinding couldbemainlyuseful incaseof theneed for
re-treatment or treatment of neighboring metachronous
metastases. Moreover, it has to be emphasized that NTCP
predictions are largely influenced by the amount of OAR volume
under investigation. We considered a very large portion of the skin
and chest wall, namely, the one approximately exposed to at least 2
Gy because no dose is without sequelae. Thus, in the NTCP
simulation, the risk prediction related to the highest doses could
beunderrated if suchdoses are computed as scattered in a very large
volume rather than as concentrated in a small one. Starting from
these considerations, the lattice approach could be even more
advantageous than it appears in this particular case. The flexibility
for high-dose vertices positioning permits to maximize tumor
control without threatening the surrounding healthy tissues. This
assumption can be valid also for other tumor histology and high-
risk locations. Of particular note, the lattice dose delivery permitted
amore rapid tumor response than the other twodisease sites treated
with classic stereotactic RT.

Advantages From This Preliminary
Experience
As cSCC is prevalent among very elderly and frail patients, our
SFRT solution could be valuable also for the treatment of primary
bulky lesions in those cases not eligible for radical surgery due to a
high anesthetic risk or technical complexity (60). In this patient
setting, the treatmentoptionherepresentedcouldbe saferandmore
tolerable than the multi-drug systemic therapies investigated in
currently ongoing trials (61). Besides, such immuno- and
chemotherapeutic agents may struggle to penetrate within hypo-
vascularized hypoxic tumor subdomains with a consequent decline
in LC. Also, well-established drug protocols, like the one here used,
based on cemiplimab, are not without serious concerns about
toxicities and still have a poor overall response rate (62). To
improve the latter, a combination of cemiplimab with
hypofractionated RT has been already tested with encouraging
results (63).

Limitations
We are fully aware that this study has several limitations. First of
all, one swallow does not make a summer: a case report does not
allow to draw any definitive conclusions. Secondly, all the
numerical analyses are based on the estimated number of cells
contained in each voxel, in a way that their computation is, of
course, largely approximate. Thirdly, the failure to use clinical
imaging that was specifically devoted to accurately distinguishing
the different subvolumes (normoxic, hypoxic, and necrotic ones)
represents another weakness. In any case, in this regard, on the
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basis of 18F-FDG tracer distribution, it is reasonable to assume
that a transitional layer populated by oxygen-starved cells rings
an innermost photopenic area due to necrosis. Fourthly, the
whole procedure of target contouring, particularly the choice of
vertex number, size, dose, and positioning, was strictly operator-
dependent and this could undermine the reproducibility of the
result. Fifthly, the role of lattice RT in achieving the reported
results may be overestimated due to the use of cemiplimab
following the RT course, although it must be emphasized that
the cCR in the bulky axillary lesion was documented already
prior to the drug administration. However, we did not just
present our successful approach but even tried to provide a
reliable scientific insight, in agreement with the currently
available mathematical radiobiological models. It is indeed
worth stressing that the LQ model predicted a very small value
of TCP for the delivered plan (3%), but nevertheless, we observed
a very positive outcome: actually, there is the possibility that we
described just one of the three cases out of 100 with tumor
control. Further investigations on large series with similar
tumors should be performed in order to confirm the reliability
of this model in describing this type of RT planning.

Final Considerations
To the best of our knowledge, this is the first report about lattice
RT in which the vertex positioning was based on the 18F-FDG
PET-detected metabolic heterogeneity within a large tumor mass
as a surrogate of its oxygen landscape and whose clinical
outcome was attempted to be explained either by the currently
available mathematical radiobiological models or an ad hoc
developed one. Neither the first nor the second could be
sufficient to exhaustively explain the reported outcome, likely
calling for more complex radiobiological models.

The list of successful lattice RT applications now includes
bulky cSCCs.
CONCLUSIONS

Lattice RT might be safe and effective for the treatment of bulky
locally advanced or metastatic cSCCs. Large trials are needed to
Frontiers in Oncology | www.frontiersin.org 13
draw up tailored RT for difficult-to-treat cancer patients, and
wide investigations are needed to deeply evaluate the
effectiveness of the lattice RT. Moreover, more theoretical
analyses with existent and/or novel radiobiological models
could be useful to explain lattice RT effects, also taking into
account the reaction of the host immune system to this particular
radiation dose delivery.
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