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Abstract

Irradiation with parallel arrays of thin, planar slices of X-ray beams (microplanar beams, or
microbeams) spares normal tissue, including the central nervous system (CNS), and preferentially
damages tumors. The effects are mediated, at least in part, by the tissue’s microvasculature that seems
to effectively repair itself in normal tissue but fails to do so in tumors. Consequently, the therapeutic
index of single-fraction unidirectional microbeam irradiations has been shown to be larger than that
of single-fraction unidirectional unsegmented beams in treating the intracranial rat 9L gliosarcoma
tumor model (9LGS) and the subcutaneous murine mammary carcinoma EMT-6. This paper presents
results demonstrating that individual microbeams, or arrays of parallel ones, can also be used for
targeted, selective cell ablation in the CNS, and also to induce demyelination. The results highlight
the value of the method as a powerful tool for studying the CNS through selective cell ablation,
besides its potential as a treatment modality in clinical oncology.
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1. Introduction and background

1.1. X-ray microplanar beams

The technique of X-ray microbeam irradiation, i.e., exposing tissue to single-dose-fraction
arrays of parallel, thin (25-90 um) planes of synchrotron-generated X-rays (microplanar
beams, or microbeams), was developed at the X17B1 superconducting wiggler beamline of
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the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL)
around 1990 [1,2]; it has also been studied at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France [3] since the mid-1990s. The properties of microbeams that make
them a good candidate for tumor therapy are (a) their sparing effect on normal tissues, including
the central nervous system (CNS) [2-17], and (b) their preferential damage to tumors, even
when administered from a single direction [4,7,12,14]. These concepts are depicted in Fig. 1.
The method is known as microbeam radiation therapy (MRT) [1].

microbeam effects and the method’s therapeutic index: published results

The normal-tissue sparing effect of single-fraction microbeam arrays was established in the
brain of the adult rat [2,4-7,12], the cerebellum of suckling rats [8], the CNS of duck embryos
[10], the cerebellum of piglets [11], and the skin of the mouse [14] and the rat [15]. The
preferential tumoricidal effect of microbeams was demonstrated in two tumor models. The first
model was the intracranial rat 9LGS tumor that was treated using (a) a single parallel array of
microbeams (called unidirectional irradiation, or irradiation with a co-planar array) [5,7,12],
(b) two orthogonal arrays crossing at the tumor (bidirectional irradiation) [5-7], and (c) three
orthogonal arrays crossing at the tumor (tridirectional irradiation) [6]. The second model was
the subcutaneous murine mammary carcinoma EMT-6 tumor that was treated using two
unidirectional irradiation methods [14]:

co-planar microbeam arrays, and

cross-planar arrays, in which two arrays are incident from the same direction on the
target, one with horizontal microplanar beams and one with vertical ones.

Slatkin [18] recently discussed different methods of possible clinical microbeam irradiation.
The animal studies suggested that single-fraction, unidirectional microbeams have a larger
therapeutic index for treating the above tumors than do single-fraction unidirectional broad
beams [12,14]. The therapeutic index is defined as the maximum dose tolerated by normal
tissues divided by the minimum dose for ablating the tumor, or, alternatively, as ED50/TCD50,
where ED50 and TCD50 are the doses that produce a 50% radiobiological effect in normal
tissues (in our case, a damage) and a 50% effect in controlling tumors (in our case, ablating
them), respectively.

The biological processes underlying the above two effects of microbeams are not well
understood. For the sparing effect of microscopic beams in normal tissue, which Curtis et al.
first established with deuteron beams [19,20] rather than with X-ray beams, we can confidently
say that the effect involves the rapid regeneration of the tissue’s microvessels from cells
surviving outside the microbeams’ direct paths (for microbeam arrays, this means survival in
the “‘valley dose’’ regions, i.e., the spaces between individual microbeams). This effect was
demonstrated in work at the ESRF wherein the vascular network of the chorio-allantoic
membrane of the chicken embryo was observed in vivo following microbeam irradiation
[13]. Furthermore, it also became clear that the CNS and the glial system somehow recover
from the insult [2,7,8,11]. Our new studies, discussed in this paper [17,21-23], reveal more
details of this recovery.

The preferential tumoricidal effect of microbeams is thought to be partly due to the failure of
the tumor’s microvessels to repair the damage inflicted by these beams, which could then lead
to the loss of blood perfusion and tissue necrosis [7,12,14]. The effects might reflect major
differences between the microvasculature of normal tissues and tumors in response to radiation
[24,25], including (a) the rapid proliferation of endothelial cells in tumors which may render
their microvessels more vulnerable to microbeam damage, and (b) the abnormal basement
membrane in the tumor’s vasculature [25].
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2. CNS effects of microbeams

2.1. Earlier results on selective neuronal cell ablation by microplanar beams

Laissue et al. [4] and Slatkin et al. [2] were first to report targeted, selective ablation of granular
cells in the rat’s cerebellum with high-dose X-ray microplanar beams. Fischer 344 rats were
irradiated anteroposteriorly (AP) with a microbeam array with 37 um beam width and 75 ym
on-center beam spacing. The array was arranged in alternating triplet microbeams delivering
1000 and 2500 Gy in-beam incident doses to the brain. The X17B1 beam was filtered with
0.25 mm Gd, producing a 48.5 keV half-power energy and a 16.3 mm tissue half-value layer.
Therefore, on reaching the cerebellum, the in-beam in-depth doses were less than half the initial
incident dose. Thirty days after exposure, the cerebella tissue was removed, stained with
hematoxylin and eosin (H&E; staining the cell nucleus and cytoplasm, respectively), and
studied [2]. Later microbeam studies at the NSLS and ESRF also reported such ablation of
neuronal cells; the animal models were the cerebellum of the adult rat [7], suckling rat [8], and
piglet [11].

2.2. Present studies of cell ablations in the CNS

Here we report mainly results from two studies in which the rat’s brain was irradiated AP with
high-dose microbeams. The first study (Experiment 1) used very narrow microbeams (27 pm),
spaced 200 um on-center at an 800 Gy in-beam incident dose; over a limited time we followed
the course of microbeam-induced granular cell ablation in sections from the cerebellum, stained
with hematoxylin [17]. In the second experiment we employed a single, much wider
microplanar beam (270 um) at 750 Gy dose, and followed the ablation of oligodendrocytes
and astrocytes in the rat brain’s white matter. We also briefly discuss a study of the rat’s spinal
cord irradiated with 270 um wide high-dose microbeams to assess demyelination and
remyelination, in addition to the loss and recovery of the glial cell populations. Experiment 1
was carried out in collaboration with Drs. Cool, Kruse, and Sze of University of Colorado
Health Sciences Center (UCHSC). Experiment 2 was carried out in collaboration with both
UCHSC and Dr. John McDonald and his group at Washington University, and the spinal cord
study [21-23] was carried out in collaboration with Dr. John McDonald and his group.

3. Experimental design

3.1. Beam energy considerations

For a given synchrotron source the beam’s energy is determined by the amount of beam
filtration used. Because of the trade-off between the beam’s energy and dose rate, the main
consideration in choosing the filtration naturally is the dose rate needed for a particular study.
However, even if the synchrotron source and the dose-rate requirement allow it, the beam’s
energy cannot be raised beyond the limit at which it increases the array’s valley dose to an
undesirable level in the normal tissue. This consideration is more important for smaller values
of beam width and spacing (e.g., 30 and 100 pum, respectively).

To clarify this point, we present the findings from Monte Carlo simulations of dose distribution
in a water phantom produced by a microbeam array of 30-um beam width and 200 um beam
spacing (Fig. 2). The code used was the upgraded EGS4 [26-28], and the routine was similar
to those used in the earlier studies at BNL [1,29]. The simulations show a single period of the
array’s dose distribution, from one beam’s center to another. The phantom was 16 x 16 cm,
and the array size was 30 x 30 mm, impinging on the phantom’s flat side and being centered
symmetrically about the cylinder’s axis. The observation region was at the center laterally, and
7.5-8.5 cm deep into the phantom. The simulations were carried out with monochromatic
beams of 75, 150, and 200 keV. An important feature of the resulting plots is the rounding of
the edges of the beams at the top and the bottom of the fall-off curves; these effects are produced
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by the finite range of the photoelectrons and Compton electrons, set in motion by the incident
X-ray photons. These results clearly show that already at 150 keV, and unequivocally at 200
keV, these electrons produce considerable rounding of the edges of the valley dose region,
although the value at the bottom of the valley in this configuration still is produced by the
photoelectrons and Compton electrons of the scattered photons and not the incident ones. If
these results are gradually extrapolated to higher beam energies, especially after reducing the
beams’ spacing (e.g., to 100 um), an energy is soon reached at which the rounding of the
valleys’ edges dominates the entire valley dose. Because the valley dose in the normal tissue
should be kept below the threshold dose for tissue damage, the effect sets an upper limit for
the beam’s energy for a given beam width/spacing. In general, 250 keV should be considered
as an upper limit for microbeam configurations similar to those appearing in the literature.

3.2. Irradiation set-up

The studies presented here were carried out at the NSLS’s X17B1 superconducting wiggler
beam-line. The storage ring operated at 2.8 GeV and the superconducting wiggler operated at
4.3 T. The beam was filtered with 3.17 mm of silicon and 6.35 mm of copper, producing a
half-power energy of about 120 keV and a dose rate of about 50 Gy/s at the site for the subject,
about 30 m from the source.

3.3. Design of experiment 1

Male Fischer 344 rats, 200-225 g, were irradiated AP with a 10 x 10 mm unidirectional array
of microbeams of 27 um width, 200 um spacing [17]. The beam was produced from a broad
beam using a tungsten multislit collimator manufactured by Tecomet [30], the manufacturer
of the multislit collimator used in our earlier works [14,15]. The collimator was 5 mm thick in
the direction of the beam, and produced an array of vertical micro-planar beams, 1.5 mm high
and up to 50 mm wide. The in-beam incident dose used was 800 Gy, attenuating to about 560
Gy at the depth of the cerebellum. Two rats were studied at the following times after exposure:
3h, 2,4, and 16 d. No acute dose effects were observed. The rats were euthanized, using a
CO,-0, mixture. Their brains were removed, fixed in formalin, and axial cuts of tissue were
embedded in paraffin. Serial sections (5 um) were made and stained with hematoxylin.

3.4. Design of experiment 2

4. Results

The second experiment was designed to show the targeted ablation of oligodendrocytes and
astrocytes in the white matter of the rat’s brain. The animals were irradiated AP with a single,
vertical microplanar beam 270 um wide (actually, three 90 um beams side-by-side) and 11 mm
high at an entrance dose of 750 Gy. Following euthanasia of groups of animals at one week,
three weeks, and three months by tissue perfusion with phosphate buffered saline (PBS) and
then 10% buffered formalin, the brains were sectioned sagittally, embedded in paraffin, and
sectioned at 5 um. The sections were stained with immunofluorescent labeling specific to
oligodendrocytes and astrocytes.

4.1. Results of experiment 1

The results are shown in Figs. 3—7. The 3-h time-point cerebellum tissues stained with
hematoxylin already showed the microbeams’ paths as bands of cell with hyperchromatic
nuclei (Fig. 3), representing neurons gradually undergoing necrotic death [17]. The staining
for hyperchromatic cells was more intense at 2 d (Fig. 4), but by 4 d the density of these cells
started to decrease (Fig. 5). By day 16, the beams’ paths were represented by hypo-chromatic
bands of missing nuclei in the tissue (Fig. 6). Fig. 7 shows a tissue section similar to that of
Fig. 6 in which two intact capillary blood vessels are seen crossing these former microbeam
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paths; this observation is evidence for the regeneration of the capillaries after irradiation. The
banding effect in the cerebrum was visible, although much less pronounced (Fig. 8). This lesser
response, which we had also previously observed in the microbeam-irradiated rat’s brain, is
partly attributed to the comparative paucity of neurons in the cerebrum; cerebral banding
became visible only after 3 weeks.

4.2. Results of experiment 2

Fig. 9 shows the results of immunohistochemical studies of white matter tissue in the rat brain
(midsagittal sulcus), one week after irradiation. The panel shows from left to right,
immunofluorescent labeling for adenomatous polyposis coli (APC; oligodendrocytes; red),
glial fibrillary acid protein (GFAP; astrocytes; green), Hoechst nuclear counterstaining (blues),
and the triple overlay. The loss of putative oligodendrocytes (APC*) and astrocytes (GFAP*)
within the beam’s path and their preservation just outside it are clear. At two months (not
shown) these cell populations were largely restored.

4.3. Microbeam-induced demyelination and subsequent remyelination in the rat’s spinal cord

Male Fischer 344 rats were irradiated with a single microplanar beam, or up to 4 parallel ones,
of a 270 um wide beam at high doses including a 1000 Gy incident dose (about 750 Gy in-
depth dose) [21-23]. Two weeks later, oligodendrocytes and astrocytes had been selectively
ablated and myelin was destroyed in the microbeam’s path, as detected by immunofluorescence
techniques; at three months, uniform repopulations of the glial cells, and remyelination, were
observed. No vascular damage was seen, and no axonal loss was detected of white matter
[21-23]; therefore the tissue’s cytological features were intact except for the early-stage loss
of glial cells or myelin within the microbeam slice.

5. Discussion and conclusions

The body of evidence already appearing in the literature on microbeam effects studied in
different normal and cancerous tissues points to the potential of microbeam in clinical radiation
therapy. This potential is based on the remarkable tolerance of normal tissues to microbeams,
and on the larger therapeutic index for MRT over conventional beams found in treating two
types of malignant tumors. However, any particular application must overcome problems such
as (a) keeping the valley dose adequately low in the normal tissue, which may not be easy for
large and/or deeply seated tumors, (b) minimizing the effects of cardiosynchronous body
pulsation, which might be achieved by administering the entire dose in a fraction of heart beat
or by cardiac-gated irradiation and (c) mitigating the effects of a high dose to the proximal
tissue that is needed because of the beams’ relatively low energy, and thus more limited dose
penetration to the tissue. The solutions may be in finding the right clinical applications, and
the right irradiation geometries. MRT is currently considered one of the most exciting
applications of synchrotron X-rays in medical research [3,31].

The potential of microbeams for CNS research is also very large, based on the findings
presented here and by other investigators. In particular, our results show that microbeams can
selectively ablate slices of neurons, oligodendrocytes, and astrocytes in the CNS because of
the differential dose sensitivity of different cell types, without causing tissue necrosis. In other
words, by adjusting the dose one can selectively ablate different cell types. Also, our results
show that microbeams can induce temporary demyelination in two weeks without axonal or
vascular damage, with remyelination following in 3 months post-irradiations. The effects are
a further indication of the recovery of the normal tissue’s microvasculature after exposure to
microbeam irradiation, especially from transient damage to the capillaries. This recovery
constitutes the basis for restoring the tissue’s viability, and therefore its complete restitution;
it signifies that the normal tissue remains viable (i.e., in terms of blood perfusion and metabolic
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activities) even though slice(s) of neurons or glial cells were ablated (i.e., there is no *‘pan
necrosis’”). Because no other method can ablate the glial cells and cause demyelination without
concomitantly inducing some damage in the tissue’s structure, we conclude that microbeams
offer a unique tool for studying the effects of selective removal of mitotic and non-mitotic cells
in the CNS and other tissues.
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Normal tissue
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Fig. 1.

Schematic view of irradiating a tumor with an array of parallel microbeams. The figure
indicates the sparing effect of microbeams in normal tissue, and their preferential tumoricidal
effect.
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Monte Carlo simulations of the dose distribution from an array of parallel microbeams in a

represents the dose distribution for one complete period of the array.
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Fig. 3.
Path of a microbeam in the cerebellum 3 h post-irradiation seen as darkened cerebella granular
cells (400 x).
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Fig. 4.
Microbeam’s path seen in the cerebellum 2 d post-irradiation (400 x).
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Fig. 5.
Microbeam’s path in the cerebellum 4 d post-irradiation. Some neurons have disappeared (400

x).
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Fig. 6.
Microbeam pattern of banding seen in the cerebellum 16 d post-irradiation. Almost all neurons
had disappeared, leaving a strong white band (arrows) (200 x).
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Similar to Fig. 6, but also showing two undamaged capillary blood vessels crossing the

microbeam-induced tracks (arrows) (200 x).
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Fig. 8.
Microbeam pattern of banding seen in the cerebrum 3 weeks post-irradiation (arrows) (200 x).
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Fig. 9.

Schematic horizontal section of the rat brain showing the position of the microbeam just lateral
to the midsaggital sulcus. Loss of putative oligodendrocytes (APC+) and astrocytes (glial

fibrillary acidic protein, GFAP+) one week after exposure to a 270 um wide, 650 Gy microbeam
in the white matter of the rat brain (midsaggital sulcus) (work carried out in collaboration with

John McDonald et al., Washington University).
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