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The main challenge in treating malignant brain neoplasms
lies in eradicating the tumor while minimizing treatment-
related damage. Conventional radiation treatments are
associated with considerable side effects. Synchrotron gener-
ated micro-beam radiation (SMBRT) has shown to preserve
brain architecture while killing tumor cells, however physical
characteristics and limited facility access restrict its use. We
have created a new clinical device which produces mini
beams on a linear accelerator, to provide a new type of
treatment called mini-beam radiation therapy (MBRT). The
objective of this study is to compare the treatment outcomes
of linear accelerator based MBRT versus standard radiation
treatment (SRT), to evaluate the tumor response and the
treatment-related changes in the normal brain with respect to
each treatment type. Pet dogs with de-novo brain tumors
were accrued for treatment. Dogs were randomized between
standard fractionated stereotactic (9 Gy in 3 fractions)
radiation treatment vs. a single fraction of MBRT (26 Gy
mean dose). Dogs were monitored after treatment for clinical
assessment and imaging. When the dogs were euthanized, a
veterinary pathologist assessed the radiation changes and
tumor response. We accrued 16 dogs, 8 dogs in each
treatment arm. In the MBRT arm, 71% dogs achieved
complete pathological remission. The radiation-related
changes were all confined to the target region. Structural
damage was not observed in the beam path outside of the
target region. In contrast, none of the dogs in control group
achieved remission and the treatment related damage was
more extensive. Therapeutic superiority was observed with
MBRT, including both tumor control and the normal
structural preservation. The MBRT findings are suggestive
of an immune related mechanism which is absent in standard
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treatment. These findings together with the widespread
availability of clinical linear accelerators make MBRT a
promising research topic to explore further treatment and
clinical trial opportunities. © 2022 by Radiation Research Society

INTRODUCTION

The challenge in treating malignant brain neoplasms lies
in eradicating the tumor while minimizing treatment-related
damage to normal adjacent brain. Conventional radiation
therapy of brain tumors relies on the radiobiological
principle of temporal fractionation to exploit the differences
in the ability of malignant cells and normal tissue cells to
repair radiation damage. Conventional radiation therapy is
administered in a series of 1.8-2.66 Gy daily doses or
fractions, for a period of approximately 4 to 6 weeks (1-3).
While this has dramatically increased physicians’ ability to
cure or provide long-term tumor control of many cancers,
there are some tumors such as high-grade gliomas of the
brain, for which the prognosis remains grim (3). Conven-
tional radiation therapy is also associated with collateral
damage to normal brain tissue (4). In long-term survivors,
this may manifest as varying combinations of neurocogni-
tive/neuropsychological problems and/or impaired bone
growth. These clinical manifestations can be correlated to
the imaging changes on follow up scans (5), and further
explained on pathological examination of the brain adjacent
or away from the targeted lesion. On necropsy studies, the
treated regions show dose dependent changes ranging from
minimal to complete avascular necrosis, extensive vacuol-
ization in brain parenchyma along with rarefaction of the
blood vessels (6-9). An elegant study elucidating long-term
radiation effects on normal brain tissue as a function of dose
and time showed the possibility of neuroinflammation as the
basis for the long-term side effects of radiation (10). Most of
the late radiation damage may be the consequence of
ongoing radiation related changes in the vascular endothe-
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lial fabric network of the brain (11). However, irrespective
of the underlying mechanism of action, mitigating the
toxicity related to radiation treatment while eradicating the
tumor is currently an unmet goal in the treatment of brain
tumors. The dose of radiation to the brain during
conventional radiation therapy for controlling or killing
brain tumor cells has always been limited by the normal
tissue tolerance and treatment-related long-term morbidities,
underscoring the need for better or newer modalities of
treatment (4).

Spatial fractionation radiation treatment using arrays of
narrow, parallel micro-beams, has been explored extensive-
ly using synchrotron-generated X rays. With synchrotron-
generated micro-beam radiation therapy (SMBRT), there
are two main regions of dose distribution; the path of the
micro-beam, or peak, and the tissue that is not directly
traversed by the micro-beam, or valley. Beam width ranging
from tens of microns up to 950 pum has been reported (12).
Slatkin et al. demonstrated preservation of cellular integrity
after SMBRT even at very large doses (13). Dilmanian et al.
and Serduc et al. further showed the normal tissue-sparing
effects of micro-beam radiation treatment on the brain (14,
15). When spatial fractionation is used, normal brain tissue
has been shown to tolerate peak entrance doses of several
hundred Gy with preservation of cognitive function
clinically, and post-mortem neural architecture structurally
(13-18).

It has been theorized that normal brain tissue tolerance to
SMBRT is related to the spatial fractionation of the
radiation, which allows rapid repair of damage by
neighboring endothelial and glial cells (19, 20). Micro-
beams not only have potential for greater sparing of normal
tissue, but are also more damaging to malignant tissues,
with a superior therapeutic ratio (13, 14, 21, 22). However,
the radiobiological mechanisms are not understood conclu-
sively, with several competing theories concerning both
immune response and chemical reaction pathways (13, 14,
21-23). Nevertheless, it is clear from SMBRT studies that
spatially fractionated micro-beams offer an advantage over
conventional radiation therapy.

To extrapolate the knowledge learned from SMBRT
studies and move towards human use, in 2009 a tungsten
collimator was designed to produce a beam of 1,000 um
size that was named a ‘‘mini beam’’, and could be used with
an RT-250 superficial X-ray machine (24). This was the
first step towards realizing the goal of using this new
medical technology for the treatment of human cancers.
Based on the findings from our bridging study done
between the years, 2011 and 2013, with a view to transfer
the therapeutic advantage of SMBRT to larger animals and
possibly to human brain tumor treatment, a linear
accelerator mounted mini-beam collimator for use at a
nominal 6 MV beam energy was designed and characterized
(25-27).

The mini beams generated on a linear accelerator
(megavoltage mini beams) have potential advantages over
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kilovoltage beams generated on a synchrotron, with a
comparatively higher energy that allows radiation to reach
deeper targets within the patient while reducing the surface
dose. Synchrotron beams generally cannot deliver radiation
to targets at 6-10 cm depths without a significant surface
dose. Nevertheless, synchrotron beams can have greater
control of beam shape with a higher radiation intensity, but
can be more limited in terms of availability for regular use
compared to megavoltage radiation sources. Megavoltage
mini beams also differ significantly from either kilovoltage
beams or “‘classical’” micro beams produced at synchrotron
facilities in terms of beam geometry, peak-to-valley dose
ratio (PVDR) and depth-dose characteristics. The mega-
voltage mini-beam collimator used in this work is the same
physical device that has been described by Davis et al, and
consists of 30 tungsten blades with 0.6 mm width and 10 cm
length held in an aluminum frame and arranged to produce
planar mini beams 1 mm thick with a maximum field size of
5 X 5 ecm (27). The collimator assembly is mounted directly
to the linac gantry head using a standard accessory mount.
From ref. 29, using this collimator results in dose peaks with
full width at half maximum (FWHM) of 1.0 mm at
isocenter. The FWHM is relevant because megavoltage
mini beams take a profile with a sharp peak widening
towards the base, as opposed to synchrotron beams which
are quasi-parallel. The PVDR of megavoltage beams is
found to decrease with depth, but is still significant at a 10
cm depth while maintaining a low-surface dose. Both the
FWHM and PVDR of megavoltage beams have a further
dependence on the spot size of the initial electron beam, and
are therefore dependent on the specific linac used. Due to
these factors, the PVDR of the megavoltage mini-beam
collimator in this work was found to be ~1.47 at a 10 cm
depth in water when averaging across results from 3
different machines (25, 27). This is significantly lower than
the PVDR typically seen for synchrotron beams, which can
be as high as 48 when 25 um wide beams are used (19). It
has been proposed that a higher PVDR results in lower
normal tissue toxicity (15), but there is no known direct
relationship between PVDR number and ultimate treatment
efficacy.

With the megavoltage collimator available, this study
aimed to examine animals larger than mice that are typically
used in micro beam studies. Smaller laboratory animal
studies have many pitfalls that were revealed in our initial
study, including the disproportionate size of rapidly
growing transplanted tumors compared to the actual small
size of the brain, resulting in a short life span for these
animals. This short follow-up time postirradiation precludes
the gathering of information on tumor response or long-term
side effects of radiation.

To obtain more illuminating results using larger animals,
this study compared megavoltage mini-beam radiation
treatment (MBRT) to standard radiation treatment (SRT)
of naturally occurring brain tumors in pet dogs. Primary
nervous system tumors arise spontaneously in companion
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animals as in human patients, and radiation therapy is the
standard treatment for most of these tumors. Client-owned
dogs provide an excellent model for studying the response
of normal brain and tumor to MBRT. Similar to humans,
dogs have gyrencephalic brain whereas small animals like
mice have lissencephalic brain. Dogs can present with
naturally occurring tumors which mimic the biological
behavior and complex tumor microenvironment of sponta-
neous human tumors. (28) Additionally, the response of
canine brain tissue to radiation is similar to that of human
brain tissue, and the physical dimensions of the dog brain
and skull are closer to those of human patients than small
rodents. Side effects in irradiated normal tissues can occur
years after irradiation and limit the total dose that can be
administered to a tumor. Pet dogs can be followed for long
periods of time, up to their remaining lifespan, while having
neurological and imaging examinations to assess for signs
of tumor recurrence and long-term-side effects. Owners are
generally able to give detailed information on the daily
quality of life achieved after irradiation, as well as on subtle
cognitive changes that may not be apparent upon a single
examination by a veterinarian.

Objective

The objective of this study is to compare the treatment
outcomes of linear accelerator based MBRT vs. SRT, to
evaluate the tumor response and the treatment-related
changes in normal brain tissue with respect to each
treatment type.

MATERIALS AND METHODS
Treatment Arms

This study was approved by the local Animal Ethics Research
Board of University of Saskatchewan, Canada, in accordance with
best practices set by the Canadian Council on Animal Care. Pet dogs
with spontaneously developed brain tumors were recruited for the
study. These dogs were evaluated clinically using magnetic resonance
imaging (MRI). Presumptive diagnosis was done based on the
imaging study, with the results detailed in Table 2. None of the dogs
underwent biopsy as per standard of practice. Upon completion of
staging workup, the dogs were randomized to receive SRT vs. MBRT.
All the dogs were anesthetized and immobilized using a vacuum-
deformable body cushion. A thermoplastic neck cushion ventral to the
head and cervical region was used along with a custom-made indexed
maxillary plate, thermoplastic bite block and a thermoplastic head
mask dorsal to the head region. Control dogs received standard
radiation treatment of 9 Gy on 3 consecutive days for a total dose of
27 Gy (Fig. le-g and Table 1, SRT). The treatment was distributed
using 5 entry ports delivered by rotating the linac gantry to fixed
angles determined by the treatment planning system. Dogs in the
investigational MBRT arm received a single 26 Gy fraction mean dose
to the target (Fig. 2 g—i; Table 1, MBRT). In the case of MBRT the use
of ““‘mean dose’” was adapted to refer to the whole target and is defined
by the difference between the dose where the beamlet is traversing
compared to where it is not. Due to this fact point doses are shown in
Fig. 2g—i that are higher than 26 Gy due to the peak and valley dose
distribution of the mini beams. The treatment type used can be defined
as multiple port intersecting mini beams, and was delivered using 2
entry ports as shown in Fig. 2g. All dogs were maintained on steroid
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and anti-epileptic medications as needed. After the treatment, the dogs
were followed at regular intervals by the referring veterinarian for
clinical assessment. Dogs also had a follow-up MRI every 3 months.
The images were evaluated by one neuroradiologist (SW). Depending
on the decision of the owner of these pet animals, they were
euthanized, and brains were obtained for centralized evaluation by a
single veterinary neuropathologist (BP).

X-Ray Fluorescence Imaging

Synchrotron-based X-ray fluorescence imaging (XFI) was per-
formed at the Stanford Synchrotron Radiation Light source on
beamline 10-2, with the SPEAR3 storage ring operating in top-up
mode at 3 GeV and 500 mA, following established methods (29).
Beamline 10-2 was equipped with a 33-pole 1.45-Tesla wiggler, using
a Si(111) double-crystal monochromator (¢ = 90° orientation) and a
Rh-coated mirror for focusing. A micro-focussed beam, approximately
35 X 35 pum, was achieved using an aperture downstream of the I, ion
chamber. Samples were mounted at 45° to the incident beam and raster
scanned using Newport IMS Series stages (Irvine, CA) in 30 pum steps,
providing an oversampling pixel size of 30 pm, using a dwell time of
200 ms per point. An incident energy of 13,450 eV was employed, and
X-ray fluorescence was detected with a silicon-drift Vortex detector
positioned 45° to the sample normal (90° to the incident beam). Multi-
channel array spectra for each pixel in the XFI map were processed
using the Micro Analysis Toolkit SMAK (30).

RESULTS

A total of 16 dogs were treated in the study, 8 animals per
group between the years 2013 and 2017. The initial
diagnosis and lesion characteristics for each dog based on
the MRI are shown in Table 1, as determined prior to
radiation treatment. The lesions were denoted as “‘well
defined” if the lesion borders could be clearly visualized.
They are labelled “‘ill defined,” if the borders could not be
clearly visualized on the MRI. By location of the tumors
both groups were having equal proportion (50%) of tumors
located on either side of the tentorium. Among the standard
radiation treatment group only 2 out of 8 dogs showed
features suggesting an aggressive nature tumor (dogs 2 and
5) with brain parenchymal invasion compared to 7 out of 8
dogs in MBRT group (dogs 10 to 16) showing aggressive
features including brain parenchymal invasion or invasion
into the canal in the base of skull.

Two dogs treated in the standard radiation treatment arm
had to be euthanized a short time after the treatment, 1
within 48 h and 1 at day 45. Similarly, 1 dog in the MBRT
arm had to be euthanized within 48 h (Table 2). The autopsy
study of these 3 dogs showed aspiration pneumonia and
sepsis as the cause for death. Following assessment, these
were all deemed unrelated to the treatment, and therefore
these 3 dogs were not included in the final analysis. The
remaining dogs in the study in both arms were euthanized
during follow-up at the discretion of their owners depending
on their symptoms and how they were thriving.

Clinical Evaluation During Follow-up

The overall survival ranged from 45 to 1,500 days for the
standard radiation treatment group, 150 days to 1,080 days
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TABLE 1
Lesion Location and Characteristics Prior to Radiation Treatment Determined from MRI
Pre-radiation Tumor
Treatment treatment volume
Patient type Location Lesion characteristics size (cm) in CC
1 SRT Mid cranial fossa, dural based Well defined 14 X09X15 1.08
2 SRT Left temporal lobe, invading parenchyma Heterogenous, necrosis, edema 1.2 X 1.1 Xx24 1.05
3 SRT Dorsal caudal aspect of 3rd ventricle Well defined, no necrosis, no edema 04 X 06 X04 0.17
4 SRT Posterior fossa, behind brain stem, dural Ill defined, no necrosis, edema 1.2 X 3.1 X26 538
based,
5 SRT Midbrain near Thalamus, invading brain Well defined, no necrosis, no edema 13X 15%X14 1.68
parenchyma
6 SRT Frontal lobe, olfactory bulb, dural based Well defined, edema, no necrosis 20X 1.6 X 1.0 4.12
7 SRT Skull base near foramen magnum, post fossa, Well defined, no necrosis, no edema 05X 14Xx25 217
dural based
8 SRT Posterior to brainstem in posterior fossa, Ill defined, no edema, no necrosis 1.6 X 15 X 1.0 1.78
dural based
9 MBRT  Right frontal lobe, dural based Well defined, edema, no necrosis 1.3 X 1.0X19 235
10 MBRT  Left posterior fossa, Well defined, minimal edema, no necrosis 28 X 1.0 X 1.0 4.38
extending to internal auditory canal, dural
based
11 MBRT  Brain stem and cerebellar peduncle, Ill defined, possible necrosis, edema 1.6 X 1.3 X 23 159
invading brain parenchyma
12 MBRT  Right Cerebellar, invading brain parenchyma Well defined, minimal edema, no necrosis 14X 15 %X 10 4.27
13 MBRT  Left frontal lobe, invading brain parenchyma, Well defined, edema, no necrosis 14 X 26 X 18 5.67
olfactory bulb
14 MBRT  Frontal lobe, invading brain parenchyma [ll-defined ring enhancing, edema, no 1.3 X12X12 325
necrosis
15 MBRT  Left cerebellar Well defined, minimal edema, multi cystic, 1.6 X 1.7 X 1.0 1.67
Nno necrosis
16 MBRT  Frontal lobe invading brain parenchyma [ll-defined ring enhancing, edema, no 1.3 X12X12 252

necrosis

Abbreviations: SRT = Standard radiation treatment; MBRT = Megavoltage mini-bean radiation treatment.

for the MBRT group. The median and mean survival was
710 days and 652 days, respectively, for standard radiation
treatment group. The median and mean survival for MBRT
group was 210 days and 384 days, respectively. Full results
for all dogs individually are reported in Table 2. During the

first 2 months of follow-up there was no significant

difference observed between the two treatment arms, in
terms of their symptoms or the medications required.

However, clinical evaluation beyond 2 months showed

TABLE 2
Tumor Types and Response to Treatment

seizure was the more predominant symptom among the

Patient =~ Treatment type Clinical diagnosis from imaging Number of days after treatment Final pathology Response
1 SRT Ependymoma 78 Choroid plexus carcinoma PR
2 SRT Ependymoma 2 Ependymoma PR*
3 SRT Ependymoma 1,020 Ependymoma PR
4 SRT Meningioma 360 Meningioma PR
5 SRT Meningioma 45 Choroid plexus carcinoma PR*
6 SRT Meningioma 1,500 Meningioma PR
7 SRT Meningioma 900 Meningioma PR
8 SRT Meningioma 819 Meningioma PR
9 MBRT Meningioma 210 Choroid plexus carcinoma PR
10 MBRT Meningioma 150 Meningioma PR
11 MBRT Meningioma 2 Meningioma PR*
12 MBRT Meningioma 180 No tumor seen pCR
13 MBRT Meningioma 570 No tumor seen pCR
14 MBRT Meningioma 240 No tumor seen pCR
15 MBRT Meningioma 1,080 No tumor seen pCR
16 MBRT High-grade glioma 240 No tumor seen pCR

Abbreviations: PR = Partial remission (examination under microscope at any magnification revealed the presence of residual brain tumor); pCR
= Pathological complete remission (no residual tumor visible under the microscope at any magnification).

* Animal was euthanized within 48 h postirradiation (death not attributed to treatment).

“Animal died within 45 days postirradiation (death not attributed to treatment).
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FIG. 1. Brain sections of a dog treated with standard radiation treatment. Staining was accomplished using hematoxylin. The red box indicates
the targeted region. Regions outlined in blue circles are shown in magnified images. The right panels show the treatment plan with beam path and
dose cloud, as well as the treatment position of the dog. Panel a: Imaging of the targeted region shows persisting residual tumor with viable tumor
cells. Panel b: Shows a region remote from the region targeted with standard radiation treatment, showing large amounts of radiation changes with
vacuolations and extensive edema. Panel c: Image of the region just outside the targeted area show radiation related changes and rarefaction of
vessels with micro-vessels showing perivascular infiltrates. Panel d: Shows more advanced radiation necrotic changes and radiation-induced
encephalomalacia is seen in areas quite far removed from treated area, receiving less than 50% of radiation dose. Panel e: Shows an axial slice of
the patient with the five entry ports (yellow rectangles) used for treatment as well as the dose color map with a point dose of 2,540.4 cGy within
the target region. The entry ports are defined by the rotation angle of the linac gantry, labeled in red text. The mean dose to the peak-to-valley in
this case was 2,702 cGy. Panel f: Shows the same patient as panel e from a sagittal perspective with included dose map and a point dose of 2,850.8
cGy shown. Panel g: Shows the 3D model of the same patient and five entry ports outlined in yellow along with a point dose of 2,858.8 cGy
shown. The pattern used to collimate the radiation field is marked by a yellow outline at the end of each of entry ports.

MBRT dogs compared to the standard radiation treatment  dogs. One dog that received MBRT showed changes
group, while progressively worsening of existing neurolog- ~ suggestive of tumor necrosis versus recurrence on follow-
ical deficits or new neurological symptoms were more  up imaging. This has been confirmed upon necropsy study

predominant in control arm (standard radiation treatment) as radiation necrosis was present with no visible tumor.
dogs compared to MBRT group. Among the standard radiation treatment group, 2 dogs did

not have follow-up imaging as the owners declined follow
up imaging. By comparison, tumors persisted in all standard
radiation treatment dogs (4/4) with minimal shrinkage noted

Follow-up images showed tumor response at varying time  in only 2 dogs. Treatment-related brain edema changes in
intervals in the MBRT group, including complete response  the standard radiation treatment arm were noted in 2 of the 4
in 2 dogs. There was treatment-related edema noted in 2/7  dogs.

Follow-up Imaging analysis
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FIG. 2. Sections of dog brain treated with mini beam (MBRT) along with the treatment plan showing the beam path and isodose lines and the
treatment position of the dog. Staining was accomplished using hematoxylin. The red box indicates the area targeted for treatment with MBRT.
Panel a: Images of the targeted region show pan-necrosis in the area where tumor was situated, and at greater magnification in panel b, the same
area shows karyorrhectic debris with no surviving tumor cells. Even inside the region targeted by MBRT, the area imaged in panel ¢ shows
surviving neural cells (N), and oligodendrocytes (OC) adjacent to treatment related vacuolation. Also seen is perivascular infiltration in a micro-
vessel (PVI). Panel d: Shows the target region with clear evidence of perivascular lymphocyte infiltrates and infiltrates in parenchyma as well as
gliofibrillary regeneration. Further magnification in panel e shows macrophage infiltration in the treated region. The region shown in panel f
represents the hippocampus which is ~6 mm from the targeted region, and shows intact nuclear layers with no radiation changes. Panel g: Shows
an axial slice of the patient with the two entry ports (yellow rectangles) used for treatment as well as the dose color contours with a point dose of
3,019.0 cGy shown within the target region. The mean dose to the peak-to-valley shown was 2,771 cGy in this case. Panel h: Shows the same
patient from a sagittal perspective with included dose lines clearly showing the peak-valley pattern of the mini beams, with a point dose of 3,027.2

c¢Gy shown. Panel i: Shows the 3D model of the patient and the two entry ports used and a labeled point dose of 3,708.5 cGy.

Synchrotron X-ray fluorescence imaging on the MBRT
dog brain showed preservation of normal structural anatomy
at in the brain immediately adjacent to the target area as well
as along the path of the beam.

Pathological Evaluation

Neuropathological analysis revealed that all the dogs in
the control group treated with standard radiation treatment
displayed residual brain tumor during examination under
microscope at any magnification (Table 2), a situation
which was labeled as “‘partial response’” (PR). A situation
in which no residual tumor was visualized under any
magnification was denoted as ‘‘pathological complete
response’”’ (pCR). None of the dogs treated with standard
radiation treatment showed pCR, i.e., 0% pCR. There were
extensive mitotic figures seen, and macrophage infiltration
was noted in the residual tumor as seen in Fig. la.
Widespread vacuolar edema, in the form of vacuolations,
was seen in both white matter and gray matter (Fig. 1b and
c¢). Radiation treatment-related changes outside the targeted
area can also be seen. Encephalomalacia was noted even in
regions of the brain that received lower doses than 50%
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(Fig. 1d). There was rarefication of vessel density along
with few perivascular or parenchymal inflammatory cell
infiltrations (Fig. 1c).

By comparison, the MBRT dogs showed excellent
response, excluding the dog that was euthanized within 48
h of treatment, with 71% (5/7) of dogs showing no residual
tumor, indicating pCR. Even the dog that was euthanized
early within 48 h of treatment, had also shown tumor
necrosis and reduction in tumor size. The remaining 2 dogs
(2/7) that achieved partial remission, showed few residual
tumor cells. One dog showed hemorrhagic necrosis in the
tumor bed (Fig. 2a) similar to what has been reported by
Tiller-Borcich et al. (31).

Among the dogs designated with pCR, the tumor bed
region showed only karyorrhectic debris (Fig. 2b), with
lymphocyte and macrophage infiltration (Fig. 2d and e).
The microvasculature in this region also showed fibrinoid
necrosis in the vascular walls along with lymphocyte
infiltration. The density of lymphocyte infiltration was more
florid in perivascular regions (Fig. 2c and d). Lymphocyte
infiltration was also seen in the meninges and in the brain
parenchyma.
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FIG. 3. Comparative immuno-staining for mini-beam radiation treatment (MBRT) on the top row vs. standard radiation treatment (SRT) on the
bottom row. Panel a with immunohistochemistry (IHC) staining for plasma cells using the CD138 antibody clearly shows positive staining for
infiltrating plasma cells. The corresponding standard radiation treatment image, panel d, shows almost no staining for plasma cells. Similarly in
panels b and e, T lymphocytes using CD3 antibody clearly shows positive staining for infiltrating T lymphocytes in dogs treated with MBRT,
while almost none is seen when standard radiation treatment is used. Last, panels ¢ and f with IHC staining for CD4 lymphocytes once again
shows infiltrating CD 4 lymphocytes in dogs treated with MBRT with almost no staining in control dogs.

Among the MBRT dogs, white matter vacuolation was
noted in close proximity to the target area (Fig. 2b and c).
However, there were features of gliofibrillary activation/
repair in the area. Similarly, there were intact neural cells in
the targeted area, months after the treatment, suggestive of
neuropil recovery (Fig. 2c). All the radiation-induced
changes were confined to the area that received >50%
dose, closer to the area that was targeted with MBRT. The
rest of the brain traversed by MBRT, though in close
proximity to the target, remained anatomically intact and
did not show treatment-related changes (Fig. 2f). There
were no tracks of megavoltage mini beam present in the
region of the brain traversed by the beam (the dose given
through each beamlet was approximately 50% of the
prescription dose to the target, ie., 13 Gy). Specific
immunostaining showed infiltration by T lymphocytes and
plasma cells in the MBRT group while this was nearly
absent in the control group (Fig. 3).

DISCUSSION

In this study, all dogs treated with MBRT showed a
response. Among this group 71% achieved complete pCR,
with no residual tumor on postmortem study, in comparison
to control group (standard radiation treatment) where dogs
showed only partial response at best. The persistence of
tumors after the treatment noted in the standard radiation
treatment group, was similar to the tumor responses
observed in the studies done in the past (6-8). The long-
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term treatment related changes seen in the standard radiation
treatment group such as extensive vacuolization in brain
parenchyma, encephalomalacia and rarefaction of vessels
were similar to the findings reported in the literature (6-9).

In the MBRT group, the late-radiation-induced changes
were mostly confined to areas that received >50% of the
dose. There was no cellular or anatomical architectural
damage related to treatment noted in the path of the MBRT
beam. The findings from XFI provide insight into the
distribution and concentration of elements, providing a
measure of the metabolic state (including ion concentra-
tions) in the tissue and demonstrate if there is any detectable
damage to healthy brain. XFI results confirm that there is no
detectable damage to healthy brain even in both entry and
exiting paths of the mini beams. On neuropathological
evaluation, the lethal treatment effects were seen only in the
areas where spatially fractionated arrays of beams were
intersected to overlap each other, which was planned with
the intention of achieving more treatment effect in the target
region. Despite the tissue destruction in the form of pan-
necrosis (necrosis of cells and neuropil), it was confined
mostly to the targeted area, and there were findings
suggestive of cellular regeneration and recovery close to
the area outside the targeted region. Neuropil recovery was
noted within millimeters from the ablated target. By contrast
in the control dogs, the late radiation changes in the brain,
including microvacuolation and encephalomalacia, were
noted in the areas that received doses <50% of the target
area dose.
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Radiation produces both neuropil injury and vascular
injury. Encephalomalacia, or necrotic brain, can be seen
with many causal origins which can be due to either
vascular etiology and/or direct neuropil effect of high-
energy photons. Evidence of both can be found in standard
radiation treatment dogs in this study. In addition, tumor
response to the radiation might be adduced from the
lymphocyte infiltration. Supporting this idea was our
finding of differential lymphocytes infiltration seen between
MBRT and standard radiation treatment groups. The
macrophage infiltration by contrast was more causally
related to the necrosis.

Lymphocyte infiltration confined to the area of treatment
after a single large dose open beam treatment has been
reported (10) and presumed to be part of neuroinflammation
response. The long standing neuroinflammation noted in
this study shows that there is a possibility of long-term
memory for immune system surveillance against tumor
recurrence. Eloquent studies by Bouchet et al., showed the
possibility that the tumoricidal effect of spatially fraction-
ated doses may be mediated through immune modulation
involving a complex network of mediators (32, 33).
Interestingly, our study has shown more diffuse lymphocyte
infiltration in the targeted region for MBRT patients, both
perivascularly as well in the parenchyma outside the
targeted area, which was not seen in the control group.
This raises the possibility of immune modulation as a
possible mechanism for the impressive results noticed with
MBRT, however these results cannot conclusively deter-
mine the mechanism(s) responsible for pCR in MBRT
patients. Immune modulation also possibly explains the
exceedingly early response noted in the dog that was
euthanized within 48 hours after treatment in the MBRT
group. There are currently multiple hypothesis regarding the
precise mechanism of action that leads to improved
outcomes from synchrotron based micro or mini-beam
treatments, none of which have been able to fully explain
the outcomes (13, 14, 21-23). Similarly regarding MBRT
generated on a linear accelerator, the immune modulation
may play a role as one of the main mechanistic effects of
MBRT that results in improved tumor cell destruction and
related long-term effects noticed on normal brain tissue.
However, a full explanation of the immune effects occurring
during MBRT is beyond the scope of this work.

Results similar to those reported here have been shown
for SMBRT where a study comparing SMBRT to
synchrotron-generated open beam treatment for brain tumor
has shown better tumor response with micro-beams (34).
Despite this, MBRT clearly shows superior tumoricidal
effects compared to standard radiation treatment with a
significant sparing of damage to normal tissue.

Beam width of micro-beams may have significant impact
on the tissue-sparing ability. A study comparing spatially
fractionated beams with widths ranging between 200-800
pm, showed more uniform cellular necrosis including
mature vasculature compared to beams with width <100
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um, where cellular necrosis involved specifically immature
vasculature in zebrafish (35). However, another study (36)
showed vascular normalization irrespective of beam width
or dose, presumably from pericyte activation. In our study
the beam width was kept to 1,000 pm in size, and no
cellular damage noted in the beam path (both entrance and
exit path). Our study finding is also contrary to a study
using deuteron micro-beams, which showed destruction of
normal tissue with 1,000 um beams (37). The differences
between synchrotron beam and megavoltage beam shape
also results in a different dose to the interface between
heavily irradiated peaks and nominally unirradiated valley
tissues. Regenerative and reparative mechanisms possibly
persist at this interface, as observed on microscopic
examination as well as XFI, showing the regeneration of
glial fabric and neural cell preservation very close to the
targeted region just outside the intersected mini beams (Fig.
2c and f). Therefore, it can be speculated that the efficacy of
these mechanisms may be different for megavoltage beams
compared to synchrotron beams. Tissues irradiated with
megavoltage mini beams will have a larger peak-to-valley
interface region that receives a partial dose compared to
tissues irradiated with SMBRT which has a sharper
interface between peak and valley. This work shows
delivering radiation in a spatially fractionated array of
beamlets in a fashion similar to SMBRT, unlike the uniform
dose delivery with standard conventional radiation treat-
ment, would achieve superior tumor cell kill while
preserving normal anatomy resulting in less tissue damage
or side effects.

Studies have alluded (38, 39) to the feasibility of 2
interlacing micro-beams to deliver a large ablative dose to
the target while exploiting the use of the tissue-tolerating
effect of micro-beams in their path, before and after the
intersection. One such study (39) hypothesized that the
interlacing of the beams might allow for dose reduction,
while achieving the same biological effect on the tumors.
The positive effects of intersecting mini beams were
achieved in this study where pan-necrosis was noticed in
the area where 2 MBRT beams were intersected in the
tumor-bearing targeted region. Just 26 Gy mean dose was
applied in a single fraction to completely ablate the tumor
(pCR 71%).

Use of more than one intersecting, non-parallel opposed
MBRT beams would help encompass the target with a near-
total prescribed dose, with relatively lower entry and exit
doses. The main goal of this approach is to ablate the tumor
in its entirety, while attempting to preserve normal
structures. Two or more non-parallel MBRT beams, used
to intersect over the target region appear to achieve this aim,
as the entrance and exit beam paths will still have the peak-
to-valley dose ratio maintained (from 50% to 30% i.e., from
0 cm to 10 cm depth) (25). The postmortem analysis of the
brains of MBRT dogs show minimal to no radiation-
induced damage in both the beam entrance and exit path,
unlike the control dogs treated with a more uniform dose.
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This new therapeutic modality does have few caveats
including, limited use of gantry angles (degrees of freedom),
the collimator itself needs to be manually attached to linear
accelerator head, and requires a large number of monitor
units to deliver the desired dose as the collimator output
factor is low. However, these issues may not translate to
major disadvantage for MBRT pending further development
of the technology.

CONCLUSION

This is the first randomized study using MBRT generated
on a linear accelerator with 1,000 um size beams to treat de
novo brain tumors in larger animals with a gyrencephalic
brain. Findings in larger gyrencephalic brains with de novo
tumors may be more closely applicable to the human brain,
compared to findings from the lissencephalic brains of
rodent animals such as rats or mice with transplanted tumors
in their brain. The findings in this study reflect the long-
term treatment outcome including both tumor control and
late treatment-related effects on brain. The findings of
MBRT have been discussed considering the published
SMBRT work found in the literature.

This study using pet dogs which unlike human patients,
are not cared for medically from the point of disease
progression to death. Instead, they were euthanized at the
discretion of their owners depending on social and
emotional factors. This makes the survival or progression-
free interval assessment impossible to discern. Nevertheless,
this study showed an impressive 71% pCR in the study arm
with 0% pCR in control arm, indicating clear therapeutic
superiority of MBRT. In addition, the study also showed
sparing of normal tissue in the study arm, compared to the
control arm, highlighting the superior therapeutic ratio. The
superior therapeutic results noted with MBRT including
both tumor control, and normal structural preservation in the
presence of neuroinflammation suggests the possibility of
an immune-related mechanism in both therapy and toxicity.
This justifies a potential scope for using immune modula-
tory agents, along with MBRT in the treatment of brain
tumors. MBRT produced on a linear accelerator offers
greater equipment accessibility to explore further treatment/
clinical trial opportunities.
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