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(57) ABSTRACT

A method of assisting recovery of an injury site of brain or
spinal cord injury includes providing a therapeutic dose of
X-ray radiation to the injury site through an array of parallel
microplanar beams. The dose at least temporarily removes
regeneration inhibitors from the irradiated regions. Substan-
tially unirradiated cells surviving between the microplanar
beams migrate to the in-beam irradiated portion and assist in
recovery. The dose may be administered in dose fractions
over several sessions, separated in time, using angle-variable
intersecting microbeam arrays (AVIMA). Additional doses
may be administered by varying the orientation of the
microplanar beams. The method may be enhanced by inject-
ing stem cells into the injury site.
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METHODS FOR ASSISTING RECOVERY OF
DAMAGED BRAIN AND SPINAL CORD USING
ARRAYS OF X-RAY MICROPLANAR BEAMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 11/054,000, filed on Feb. 10, 2005.

[0002] This invention was made with Government support
under contract number DE-AC02-98CH10886, awarded by
the U.S. Department of Energy. The Government has certain
rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates generally to methods
for assisting recovery of damaged spinal cord and brain and
more particularly to methods of using arrays of x-ray
microplanar beams to assist recovery of damaged spinal
cord and brain.

BACKGROUND OF THE INVENTION

[0004] Aninjury to a portion of the central nervous system
(CNS), i.e., the spinal cord or brain, can not be healed by the
same means used to treat tissue types such as bone, muscle,
liver, the peripheral nervous system (PNS), and so on. An
injured spinal cord, for example, does not heal and recover
to become functional again, as other tissue types do. For
example, severed axons at the injury site fail to reestablish
synaptic connections, resulting in permanent loss of neural
activity.

[0005] In addition, beginning over the first two weeks
after injury, cellular changes are triggered that lead to the
formation of scar tissue that acts as a barrier to prevent
regeneration. For example, astrocytes, the neuroglial cells
which normally provide structural support and protection to
the neurons, transform into reactive astrocytes upon injury.
These reactive astrocytes accumulate to form the bulk of a
scar tissue that forms, which is referred to as a gliosis (or
astrogliosis); and, at a later stage, as a glial scar. This gliotic
tissue acts as a barrier to the reconnection of remaining
uninjured tissue, including axons and neurons, and prevents
regeneration of healthy neural tissue. Without regeneration
and reconnection, there is no return to functionality.

[0006] Other processes that are related to the production of
reactive astrocytes and may hamper the recovery are: a)
production and dissipation at the injury site of axon-growth
inhibiting molecules such as chondroitin-sulfate proteogly-
cans (CSPGs) and keratan-sulfate proteoglycans (KSPGs);
and b) reaction of the immune system, commonly in the
form of white blood cells (leukocytes) at the entrance to the
injury site.

[0007] The barrier formed at the injury site consists of
functional barriers or inhibitors, as well as physical barriers.
For example, the astrogliosis layer that forms at the injury
site, also called the junction (referring to the junction
between healthy tissues), prevents the recovery of the set of
systems required to restore function including formation of
the microvasculature system. With the failure of early vas-
cular recovery, catastrophic vascular collapse ensues leading
to tissue cavitation and stroke-like events. The overall
failure of repair of the microvasculature induces tissue
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collapse and a failure to bridge the junction between healthy
tissues separated by the glial tissue or glial scar.

[0008] One of the only methods currently being
researched to solve the problem is irradiation of the injury
site with X-rays within two to three weeks after the occur-
rence of injury, as described, for example, in Kalderon, et al.,
“Structural Recovery in Lesioned Adult Mammalian Spinal
Cord by X-Irradiation of the Lesion Site,” Proc. Natl. Acad.
Sci. USA, Vol. 93, pp. 11179-11184 (October 1996), or in
Kalderon, at al., “Fractionated Radiation Facilitates Repair
and Functional Motor Recovery after Spinal Cord Transec-
tion in Rat.” Brain Res. Vol. 904, pp 199-207 (June 2001),
both of which are incorporated herein by reference.
Although the method has produced some encouraging
results in laboratory animals, it has not been shown to
produce substantial functional repair of the spinal cord.

[0009] Other methods have focused on limiting the func-
tional expression of inhibitors or altering the microenviron-
ment that prevents spontaneous regeneration. Yet others
attempt to chemically ablate the inhibitory scar barrier.
These methods are limited by the lack of non-invasive
methods for delivery of the chemicals/compounds required
to produce the effect. These methods also exhibit substantial
negative “bystander” effects that are overall deleterious to
the repair process, often exacerbating injury.

[0010] There is a need, therefore, for more successful, safe
irradiation methods for assisting functional recovery of a
damaged spinal cord or brain.

SUMMARY OF THE INVENTION

[0011] The present invention, which addresses the needs
of the prior art, relates to a method for assisting recovery of
acute or chronic injury to the brain or spinal cord by
irradiating the injury site with array(s) of X-ray microplanar
beams. The goal of the method of the present invention is to
inhibit the formation of a scar barrier formed by injury to the
spinal cord or brain, and simultaneously promote the regen-
eration of the damaged microvasculature and glial system to
produce substantial functional recovery.

[0012] The present invention includes a method of assist-
ing recovery of an injury site of an acute or chronic injury
to a brain or spinal cord of a subject. The method includes
irradiating the injury site with at least one array of micro-
beams. Fach array includes at least two parallel, spatially
distinct microbeams in an amount and in such a spatial
arrangement to allow delivery of a therapeutic dose of X-ray
radiation to the injury site.

[0013] The therapeutic dose preferably includes an in-
beam in-depth dose in each microbeam substantially in a
range from about 30 Gy to about 500 Gy.

[0014] Preferably, the method includes irradiating the
injury site using a number n of angle-variable intersecting
microbeam arrays (“AVIMA”) delivered in different ses-
sions, where each session is separated by a time interval.
This method is referred to as “AVIMA with dose fraction-
ation.” After irradiating the injury site with one of the
angle-variable intersecting microbeam arrays in one session,
the remaining angle-variable intersecting microbeam arrays
are preferably generated by repeatedly angularly displacing
either an X-ray radiation source generating the arrays or the
subject about an axis of rotation through a center of the
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injury site and additionally irradiating a number (n-1) times,
after the time interval required between irradiating sessions,
to generate the number n of angle-variable intersecting
microbeam arrays. The axis of rotation is parallel to the at
least two parallel, spatially distinct microbeams.

[0015] A pattern of radiation is generated such that the
angle-variable intersecting arrays intersect substantially
only within the injury site. In addition, adjacent angle-
variable intersecting microbeam arrays are spatially sepa-
rated by a displacement angle, which is preferably equal to
0/(n-1), wherein 0 is predetermined by an angular access of
an X-ray source generating the angle-variable intersecting
microbeam arrays to the injury site.

[0016] The method also preferably includes angular dis-
placement of either the source of the microbeam arrays or
the subject by a non-zero integer multiple of the displace-
ment angle between sessions. In other words, any temporal
sequence of the angle-variable intersecting microbeam
arrays may be used to irradiate the injury site.

[0017] The total angular spread 0 defines the total sepa-
ration between arrays, and, thus, encompasses the angle-
variable intersecting microbeam arrays. In one embodiment,
the angular spread is substantially in a range of about 130
degrees to about 150 degrees.

[0018] The present invention may also include generating
a set of n angle-variable intersecting microbeam arrays,
where each of the angle-variable intersecting arrays may be
generated with the same, or a different irradiation orientation
of the at least two parallel, spatially distinct microbeams
(microplanar beams), where the possible irradiation orien-
tations are either horizontal, vertical, or slanted (not hori-
zontal or vertical).

[0019] In one embodiment, the set of n-angle-variable
intersecting microbeam arrays are generated for one irradia-
tion orientation, either horizontal, vertical, or slanted at a
particular angle. The method may also include additionally
generating a second number n of angle-variable intersecting
microbeam arrays, using a different irradiation orientation of
the microbeams for another n sessions. Each session is
separated by the time interval. The different orientations
may be generated by either repositioning the multislit col-
limator or changing to a different multislit collimator. As a
result, the injury site is irradiated for a total number 2n of
sessions. Preferably, the total number 2n of sessions ranges
from three (3) to thirty (30) sessions.

[0020] The subject may be positioned for irradiation treat-
ment in one of an upright position, a side-reclined, and a
slanted position. The arrays are preferably centered around
a zero-angle array that impinges on the patient’s back ata 90
degree angle of incidence.

[0021] The method of irradiating the injury site with
AVIMA may be implemented in sessions separated by the
time interval of at least twelve (12) hours to about seven (7)
days.

[0022] The array(s) of the present invention preferably
include a center-to-center spacing between adjacent micro-
beams and a thickness of each of the at least two parallel,
spatially distinct microbeams, wherein a ratio of the center-
to-center spacing to the thickness is substantially in a range
of about 4 to about 16.
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[0023] 1In one embodiment, the method includes generat-
ing the X-ray radiation with an X-ray bremsstrahlung
source. The microbeams in the array(s) generated with the
bremsstrahlung source preferably have a thickness substan-
tially in a range of about 0.1 millimeters (mm) to about 1.0
mm. Alternatively, the method may include generating syn-
chrotron X-ray radiation, in which case, each of the at least
two parallel, spatially distinct microbeams include a beam
thickness substantially in a range of about 20 micrometers
(um) to about 100 um.

[0024] In another embodiment, the thickness of the micro-
beams is substantially in a range of from about 0.02 mm (20
um) to 1.0 mm.

[0025] The preferred X-ray radiation from a source gen-
erating the microbeam arrays has a filtered broad beam
energy spectrum, with a half-power energy being substan-
tially in a range from at least about 100 keV to about 250
keV.

[0026] In an additional embodiment of the method of the
present invention, the method further includes delivering
stem cells to the injury site.

[0027] The method may also include delivering the micro-
beam array(s) of the present invention to the injury site in a
plurality of temporally discrete pulses of X-ray radiation,
which are, in one embodiment, substantially synchronized
with a physiomechanical cycle of the subject. Preferably, the
physiomechanical cycle includes at least one of a cardiac
cycle and a cardiopulmonary cycle.

[0028] As a result, the present invention provides a
method for assisting recovery of acute or chronic brain
injury to the brain or spinal cord.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 is a schematic representation of the cross-
section of a microbeam array of the present invention
irradiating an injured spinal cord.

[0030] FIG. 2 is a magnified perspective representation of
part of the microbeam array of FIG. 1.

[0031] FIG. 3 is a top cross-section view through the
injury site of FIG. 1, including a schematic representation of
two angularly displaced exposures of the injured spinal cord
with the microbeam array in accordance with an embodi-
ment of a method of the present invention.

[0032] FIG. 4 is a top cross-section view through the
injury site of FIG. 1, including a schematic representation of
three angularly displaced exposures of the injured spinal
cord with the microbeam array in accordance with an
embodiment of a method of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0033] The present invention provides a method of assist-
ing physiological, neurological, and functional recovery of a
damaged spinal cord or brain by delivering a therapeutic
dose of X-ray radiation to the injury site using microplanar
X-ray beams. The method preferably inhibits or minimizes
the formation of an astrogliotic or gliosis barrier at the site
of injury and simultaneously promotes the regeneration and
reconnection of axons. The in-beam therapeutic dose at the
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injury site, delivered by the microbeams, preferably operates
to promote a less hostile environment in which the presence
of growth inhibiting molecules and leukocytes is minimized
and the recovery of the glial system and remyelination
processes are encouraged.

[0034] Referring to FIG. 1, the present invention provides
a method of assisting functional recovery of a damaged
spinal cord or brain by irradiating an entire area of spinal
cord or brain damage, i.e., the injury site 10, with at least one
array of microplanar beams 12 of X-ray radiation. The
particular pattern of radiation formed by the microbeam
irradiation at the injury site 10 preferably both inhibits the
formation of a gliotic barrier formed by injury to the spinal
cord or brain, and promotes the regeneration of the damaged
microvasculature general system to produce substantial
functional recovery. The method of the present invention
preferably promotes this regeneration by encouraging a
bridging of healthy tissue on opposite sides of the damaged
area. This is accomplished preferably by reducing the con-
centration of reactive astrocytes and axon-growth inhibiting
molecules such as condroitin-sulfate proteoglycans (CSPGs)
and keratan-sulfate proteoglycans (KSPGs) and immune-
response cells such as leukocytes, and promoting remyeli-
nation to produce substantial physiological, neurological,
and functional recovery.

[0035] The use of microbeam arrays is known in the prior
art for use in microbeam radiation therapy (MRT) as an
experimental method for the treatment and ablation of
tumors, as described, for example, in U.S. Pat. No. 5,339,
347 to Slatkin et al., which is incorporated herein by
reference. MRT differs from conventional radiation therapy
by employing arrays of preferably parallel and planar micro-
beams of radiation (microplanar beams). The thickness of
each microplanar beam is at least one order of magnitude
smaller in thickness (or diameter if cylindrical rather than
planar beams are used) than the smallest radiation beams in
conventional clinical use. The entire width of the array,
however, may still cover an area comparable to that covered
using broad beam. The advantage over conventional broad
beam radiation for tumor ablation and control is that the
irradiated normal tissue in the path of the individual micro-
beams, which is often irreversibly damaged by conventional
radiation therapy, is allowed to recover from any radiation
injury by regeneration from the supportive cells surviving
between the microbeams.

[0036] The Slatkin et al. patent discloses the segmentation
of'a broad beam of high energy X-ray into arrays of parallel
microbeams (beams of thickness less than about 1 millime-
ter (mm)), and a method of using the microbeams to perform
radiation therapy on tumors. The tumor receives a summed
absorbed dose of radiation exceeding a maximum absorbed
dose tolerable by the target tissue by crossing or intersecting
microbeams at the target tissue. The irradiated in-beam
normal tissue is exposed only to non-crossing beams. Nor-
mal tissue between the microbeams receives a summed
absorbed dose of radiation, called a valley dose, less than the
maximum tolerable dose; i.e., normal tissue in the valleys
receives a nonlethal dose, leaving surviving supporting cells.
The surviving cells migrate to the irradiated normal tissue in
the path of the microbeam, allowing normal tissue in the
path of the beam to recover from radiation injury.

[0037] The method of the present invention includes irra-
diating the injury site of an acute (injury site less than 20
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days old) or chronic (more than 20 days old) injury to the
spinal cord or brain with an array of microbeams, which are
preferably parallel microplanar beams, instead of using a
conventional, unsegmented broad beam, to assist recovery
from the injury. The use of microbeam arrays for recovery
of damaged spinal cord and brain takes advantage of the
normal tissue-sparing characteristics offered by the geom-
etry of microbeam arrays, described supra. The microbeam
arrays allow the normal tissue, including that of the central
nervous system (CNS) which encompasses the spinal cord,
to recover almost completely from the damage produced by
the radiation.

[0038] In addition, it is believed that irradiation of the
injury site with microbeam arrays advantageously assists in
recovering the capillary blood vessels that are injured in a
reversible manner. Segments of the endothelial cells in the
direct path of the microbeams are destroyed (as would occur
with conventional broad beams), but are regenerated by
endothelial cells and vessel wall cells surviving between
microbeams. Consequently, the massive vascular collapse
and tissue collapse that occurs with conventional broad-
beam treatment of spinal cord and brain injuries is avoided,
and the tissue’s microstructure, which is mainly the capillary
blood vessels, is spared.

[0039] Specifically, in the prior art broad-beam methods
for treating brain and spinal cord injury, the width of a
conventional broad beam is too large to allow the above
recovery process to proceed. Because the capillary blood
vessels constitute the basic infrastructure of the tissue, its
survival is the most important factor in the recovery of the
entire CNS tissue from microbeam arrays.

[0040] The method of the present invention is also
believed to advantageously promote the restoration of the
“in-beam” glial cells and myelin in the healthy CNS tissue
just outside the injury site, which are damaged by direct
irradiation as the microbeams traverse a path to the injury
site. For example, although the microbeams of the present
invention can kill progenitor and mature glial cells and
destroy myelin in the path of the individual beams, this
system component also recovers, this time from the endog-
enous progenitor glial cells in the CNS tissue which survive
between microbeams. These surviving cells migrate to the
neighboring areas of direct exposure to microbeams in
which the tissue has been depleted of glial cells. The cells
then differentiate and become mature and functioning glial
cells, including mature and myelinating oligodendrocytes.
Finally, a remyelination process begins whereby lost myelin
is replaced with a new, functioning myelin.

[0041] The microbeam array essentially “cleans” the glio-
sis produced at the injury site by reactive astrocytes, which
forms the junction between healthy tissue, by using an
adequately high dose, or “therapeutic dose” of X-ray radia-
tion. The therapeutic dose as used herein is the in-beam,
in-depth (at the depth of the injury) radiation dose, typically
measured in units of Gray (“Gy”), required at the injury site
to allow the damaged spinal cord or brain to recover from
the injury. The therapeutic dose must, however, remain
below the threshold for inducing permanent radiation dam-
age to normal tissue in the beam path.

[0042] Preferably, the therapeutic dose of irradiation kills
the glial cells in the path of the microbeams, mostly reactive
astrocytes whose aggregation will (or has) produced the
























