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CONTROLLED RELEASE OF RADIONUCLIDES

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims the benefit of US Provisional Application 62/651,274,
entitled "Controlled release of radium isotopes in the framework of BaRT (Diffusing alpha-
emitters Radiation Therapy)”, filed on April 2, 2018, whose disclosure is incorporated herein

by reference in its entirety.

FIELD OF THE INVENTION
The present invention relates generally to radiotherapy and particularly to methods of

alpha brachytherapy.

BACKGROUND

Radiation is used to kill cancerous or other malignant cells. Different methods are
known for delivery of the radiation to the cancerous cells. One of these methods involves use
of radioactive atoms, which emit radiation. Most methods involving use of radioactive atoms
use atoms which emit beta and gamma radiation, which have a relatively long range and
therefore is easier to deliver target cancerous tissue. Alpha radiation, however, has much
higher energy and therefore can be more effective in killing cancerous cells. The effective
range of alpha radiation, however, is very short, and therefore to be effective the radioactive
atoms which emit the alpha particles must be positioned very close to the malignant cells.

One method used to deliver alpha emitting radioactive atoms to malignant cells is
targeted radionuclide therapy. In targeted therapy, carriers, such as liposomes, are connected
to radioactive atoms and injected into the blood stream of a patient. During circulation, the
liposomes attach to malignant cells and when alpha particles are emitted by the radioactive
atoms at least some of the emitted alpha particles destroy the malignant cells.

PCT publication WO01/60417 to Larsen, titled “Radioactive Therapeutic Liposomes”,
PCT publication WO 02/05859 to Larsen, titled: “Method of Radiotherapy” and US patent
publication 2004/0208821 to Larsen, titled: “Method of Radiotherapy”, the disclosures of
which are incorporated herein by reference in their entirety, describe liposomes which
encapsulate heavy radionuclides which emit alpha particles. The radionuclides may include,
among others, Radium-223, Radium-224 and Thorium-227. Daughter radionuclides generally
remain trapped during nuclear transformation of the radionuclides.

Another method of delivering alpha radiation to malignant tissue is Brachytherapy, in
which one or more seeds carrying a radioactive substance, also referred to as a radionuclide,

are implanted in a tumor.
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US patent 8,834,837 and US patent publication 2009/0136422, which are incorporated
herein by reference in their entirety, describe the use of a brachytherapy device with alpha
radiation. The radioactive substance emits not only alpha radiation, but also daughter nuclei of
the radioactive substance, which emit further alpha particles in a chain reaction. This increases
the range of cells affected by the alpha radiation.

Various radionuclides have been suggested for use for brachytherapy.

US patent publication 2004/0242953 to Good, the disclosure of which is incorporated
herein by reference, describes various isotopes which can be used for brachytherapy, including
Thorium-228.

US patent publication 2013/0253255 to Van Niekerk, the disclosure of which is
incorporated herein by reference, describes a brachytherapy seed carrying two disparate
isotopes of the same substance.

US patent publication 2008/0249398 to Harder et al., the disclosure of which is
incorporated herein by reference, describes a hybrid multi-radionuclide sealed source for use
in brachytherapy.

It is generally desired to prevent the radionuclide from being washed away from the
source by body fluids before the radionuclide has a chance to decay. PCT publication
WO02018/207105, titled: “Polymer Coatings for Brachytherapy Devices”, which is
incorporated herein by reference in its entirety, describes coatings which are chosen to prevent
the radionuclide from being washed, while not inhibiting the desorption of daughter nuclei
from the source.

US patent publication 2002/0055667 to Mavity et al., the disclosure of which is
incorporated herein by reference in its entirety, describes radionuclides with bio-absorbable
structures that have a predefined persistence period which is usually substantially greater than
the half-life of the radionuclides. The radionuclides remain localized and sequestered at a
desired target site while significant radioactivity remains.

US patent 8,821,364 to Fisher et al., the disclosure of which is incorporated herein by
reference in its entirety, describes a brachytherapy seed made up of microspheres containing
an alpha-particle-emitting radiation source and a resorbable polymer matrix, which rapidly

dissolves.

SUMMARY
An aspect of some embodiments of the present invention relates to a brachytherapy
device, comprising a base adapted for being at least partially introduced into a body of a

subject and a plurality of radionuclide atoms of a first alpha-emitting isotope, coupled to the
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base in a manner that not more than 25% of the radionuclide atoms leave the base in 24 hours,
in methods other than radioactive decay. When installed in a human subject, the brachytherapy
device emits radionuclide atoms of the first alpha-emitting isotope at a rate of at least 0.1% of
the number of radionuclide atoms of the first alpha-emitting isotope coupled to the base, per
24 hours.

Optionally, the first alpha-emitting isotope comprises Radium-224 and/or Radium-223.
Optionally, the brachytherapy device includes a semi-porous polymer coating layer on the
radionuclide atoms, configured to allow diffusion of a percentage of the radionuclide atoms, so
as to provide the emission of the at least 0.1% of the number of radionuclide atoms of the first
alpha-emitting isotope coupled to the base, per 24 hours. Optionally, the semi-porous polymer
coating layer comprises PDMS (polydimethylsiloxane). Optionally, the semi-porous polymer
coating layer has a thickness of no more than 0.5 microns. Optionally, the semi-porous
polymer coating layer allows diffusion of the radionuclide atoms out of the brachytherapy
device at a rate of at least 0.5% in 24 hours.

In some embodiments, the brachytherapy device further includes a base polymer
coating layer on the base, and the plurality of radionuclide atoms are attached to the base
polymer coating layer and thus coupled to the base in a manner allowing the radionuclide
atoms to detach and diffuse, without nuclear decay. Optionally, the base polymer coating layer
is configured to prevent diffusion of the radionuclide atoms therethrough. Optionally, the base
polymer coating layer comprises polycarbonate. Optionally, the base polymer coating layer
has a thickness of at least (.25 microns. Optionally, the brachytherapy device emits
radionuclide atoms of the first alpha-emitting isotope at a rate of at least 3% of the number of
radionuclide atoms of the first alpha-emitting isotope coupled to the base, per 24 hours.
Optionally, not more than 15% of the radionuclide atoms leave the base in 24 hours, in
methods other than radioactive decay.

In some embodiments, the plurality of radionuclide atoms are coupled to the base in a
manner that not more than 8% of the radionuclide atoms leave the base in 24 hours, in
methods other than radioactive decay. Optionally, the brachytherapy device further includes a
bio-absorbable polymer coating layer on the base, wherein the radionuclide atoms are
embedded in the bio-absorbable polymer coating layer, and wherein when installed in a
subject, the bio-absorbable polymer coating layer dissolves in a manner causing emission from
the device of the at least 0.1% of the number of radionuclide atoms of the first alpha-emitting
isotope coupled to the base, per 24 hours. Optionally, the radionuclide atoms are distributed

substantially evenly in a thickness of the bio-absorbable polymer coating layer. Optionally, the
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brachytherapy device includes a plurality of radionuclide atoms of a second alpha-emitting
isotope, which decays into the first alpha-emitting isotope, which are coupled to the base in a
manner that the radionuclide atoms do not leave the brachytherapy device, but upon nuclear
decay, a daughter nuclei of the decaying radionuclide atom is emitted from the device.

Optionally, the plurality of radionuclide atoms of the second alpha-emitting isotope
have an activity level of less than 20%, less than 10% or even less than 5% of the activity level
of the radionuclide atoms of the first alpha-emitting isotope included in the device. Optionally,
the plurality of radionuclide atoms of the second alpha-emitting isotope have an activity level
greater than 1% of the activity level of the radionuclide atoms of the first alpha-emitting
isotope included in the device. Optionally, the plurality of radionuclide atoms of the first
alpha-emitting isotope constitute at least 50% of the radionuclide atoms in the brachytherapy
device. Alternatively or additionally, the plurality of radionuclide atoms of the first alpha-
emitting isotope provide at least 50% of the activity of the radionuclide atoms in the
brachytherapy device. Optionally, the plurality of radionuclide atoms of the first alpha-
emitting isotope have a density of at least 5100 atoms per square centimeter of the base.

An aspect of some embodiments of the present invention relates to a brachytherapy
device, comprising a seed base adapted for being at least partially introduced into a body of a
subject, a first coating layer on the seed base, configured to prevent passage of Radium-224 or
Radium-223 therethrough, particles of a Radium-224 or Radium-223 radionuclide placed on
the first coating layer, and a second coating layer on the particles, configured to allow
diffusion of at least 0.1% of the particles of Radium.

Optionally, the seed base comprises a tube defining an internal channel. Optionally, the
first coating layer comprises polycarbonate. Optionally, the first coating layer has a thickness
of at least 0.05 microns, at least 0.1 microns, or even at least 0.3 microns. Optionally, the first
coating layer has a thickness of no more than 1 micron or even no more than 0.5 microns.
Optionally, the second coating layer comprises PDMS (polydimethylsiloxane). Optionally, the
second coating layer has a thickness of no more than 0.5 microns or even no more than 0.3
microns. Optionally, the second coating layer has a thickness of at least 0.1 microns.
Optionally, the device allows diffusion of the particles of Radium through the second coating
layer at a rate of at least 0.5% in 24 hours or even at least 5% in 24 hours. Optionally, the
device allows diffusion of the particles of Radium through the second coating layer at a rate of
no more than 10% in 24 hours or even no more than 2% in 24 hours.

An aspect of some embodiments of the present invention relates to a brachytherapy

device, comprising a probe adapted for being at least partially introduced into a body of a
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subject, particles of Radium-224 retainably embedded on or beneath a surface of the probe, in
a manner ensuring that the particles remain in the probe while a therapeutic dose of decay
chain nuclei and alpha particles of said particles is emitted outside the surface; and particles of
Thorium-228 retainably embedded on or beneath a surface of the probe, in a manner ensuring
that the particles remain in the probe while a therapeutic dose of decay chain nuclei and alpha
particles of said particles is emitted outside the surface. An activity level of the Thorium-228
particles is lower than 50% of an activity level of the particles of Radium-224 in the device.

Optionally, the probe comprises a removable probe. Optionally, the removable probe
comprises a needle, a tip of an endoscope, a tip of a laparoscope or a tip of an imaging device.
Optionally, the probe comprises a tube defining an internal channel. Optionally, the
brachytherapy device includes a protective coat, coating the probe and the Thorium-228
radionuclide, wherein a thickness and a material of said protective coat is selected so as not to
prevent said emission of said decay chain nuclei and said alpha particles. Optionally, the probe
comprises an inner elongated member and an outer tubular member having a mouth section
configured for receiving said inner elongated member, said inner elongated member being
movable within said outer tubular member and having a distal end and a proximal end,
whereby said radionuclide is on or beneath a surface of said distal end. Optionally, the probe
and particles of a Thorium-228 are not coated. Optionally, the probe comprises a
brachytherapy seed.

An aspect of some embodiments of the present invention relates to a method of
brachytherapy treatment, comprising determining at least one property of a malignant tumor in
a patient, selecting a layout of one or more seeds loaded with radionuclide atoms of a first
isotope which emits alpha radiation, to be implanted in the malignant tumor, responsively to
the determined at least one property, selecting for each of the one or more seeds, a rate of
release of the first isotope from the seed, not including the release of alpha particles and
daughter nuclei and installing seeds having the selected rates of release in the malignant tumor
according to the selected layout. Optionally, the first isotope comprises Radium-224.
Optionally, determining the at least one property of the malignant tumor comprises
determining a shape and/or size of the malignant tumor. Optionally, installing the seeds
comprises installing seeds having at least two substantially different rates of release of the first

isotope.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic illustration of a brachytherapy device, in accordance with an
embodiment of the present invention;

Fig. 2 is a schematic cross-section of a brachytherapy device, in accordance with
another embodiment of the present invention;

Fig. 3 is a schematic illustration of a brachytherapy device, in accordance with still
another embodiment of the present invention; and

Fig. 4 is a schematic illustration of a brachytherapy device, in accordance with another

embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

An aspect of some embodiments of the invention relates to a brachytherapy implant
which carries an alpha-emitting radionuclide. The radionuclide is mounted on the implant in a
manner which allows a small percentage of the radionuclide atoms to leave the implant and
diffuse into nearby tissue. Optionally, the rate of release of radionuclide atoms is less than 5%,
less than 4%, less than 3% or even less than 2% every 24 hours. Optionally, the rate of release
of radionuclide atoms is greater than 0.1%, greater than 0.5% or even greater than 1% every
24 hours. The controlled release of the radionuclides at the desired rate increases the energy of
decay particles that reaches farther points of a tumor in which the brachytherapy implant is
installed, without allowing too large an amount of radiation to leave the tumor into
surrounding healthy tissue.

In some embodiments, the desired rate of atom desorption is achieved by coating the
brachytherapy implant with a coating having a thickness and/or other properties selected to
allow a desired rate of desorption.

In other embodiments, the desired rate of atom desorption is achieved by including a
bio-absorbable material with radionuclide atoms embedded therein, in the brachytherapy
implant. The bio-absorbable material degrades when the brachytherapy implant is within the
patient, and due to the degradation, the radionuclides leave the implant.

An aspect of some embodiments of the invention relates to a brachytherapy implant
which carries a plurality of different alpha-emitting radionuclides. In some embodiments, the
radionuclides have a substantial probability of having their daughter nuclide leave the
brachytherapy implant into the tumor upon nuclear decay. Optionally, the plurality of different
radionuclides include a parent nuclide and a daughter nuclide, which results from radioactive

decay of the parent. In some embodiments, the parent nuclide comprises Thorium-228 and the
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daughter nuclide comprises Radium-224. In other embodiments, the parent nuclide comprises
Thorium-227 and the daughter nuclide comprises Radium-223.

Fig. 1 is a schematic illustration of a brachytherapy device 20, in accordance with an
embodiment of the present invention. Brachytherapy device 20 comprises a support 22, which
serves as a base for device 20 and is configured for insertion into a body of a subject.
Brachytherapy device 20 further comprises on an outer surface 24 of support 22, a bio-
absorbable coating 28, having a thickness TO, with radionuclide atoms 26, dispersed therein
throughout the thickness TO of coating 28. It is noted that for ease of illustration, atoms 26 are
drawn disproportionately large relative to the thickness of coating 28.

Support 22 comprises, in some embodiments, a seed for complete implant within a
tumor of a patient, and may have any suitable shape, such as a rod or plate. In some
embodiments, support 22 is cylindrically-shaped and has a diameter of 0.3-1 mm and/or a
length of 5-60 mm. Alternatively to being fully implanted, support 22 is only partially
implanted within a patient and is part of a needle, a wire, a tip of an endoscope, a tip of a
laparoscope, or any other suitable probe.

Bio-absorbable coating 28 optionally comprises a semi-porous resorbable bio-
compatible polymer matrix having a low resorption rate. The resorption rate is optionally
lower than 1 micron, lower than 0.5 microns, lower than 0.2 microns or even lower than 0.1
microns a day. On the other hand, the resorption rate is not negligible and, in some
embodiments, is higher than 0.05 microns, 0.1 microns, 0.3 microns or even higher than 0.8
microns a day. Optionally, the resorbable polymer matrix has a resorption rate of less than
20%, less than 10% or even less than 5% of the thickness of coating 28 per day. The
resorption rate is optionally higher than 1%, 3%, 5% or even 10% per day. The resorption rate
is optionally selected according to the half-life of the radionuclide atoms 26. In some
embodiments, the resorption rate is such that at least 15%, 25% or even 40% of coating 28
dissolves within the half-life duration of radionuclide atoms 26 from the time at which
brachytherapy device 20 is implanted. Optionally, the resorption rate is not too fast and less
than 80%, less than 60%, less than 40% or even less than 25% of coating 28 dissolves within
the half-life duration of radionuclide atoms 26 from the time at which brachytherapy device 20
is implanted.

Bio-absorbable coating 28 optionally comprises polylactide (PLA), polyglycolide
(PGA) or co-polymers of PLA and PGA, tailored to achieve the desired resorption rate.
Alternatively or additionally, coating 28 comprises co-poly lactic acid/glycolic acid (PLGA).
The polymers of coating 28 optionally have molecular weights ranging from 5,000 to 100,000.
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The material of coating 28 dissolves in the patient through any of the methods known in the
art, such as one or more of ultrasonic energy, reaction with body temperature and/or reaction
with body fluids. Additional discussion of bio-absorbable polymers which may be used in
accordance with embodiments of the present invention after adjustment for the desired
resorption rate are described in above mentioned US patent 8,821,364 and US patent
publication 2002/0055667.

Bio-absorbable coating 28 typically has a thickness TO of between 0.5-10 microns, for
example between 1-5 microns. Coating 28 is optionally thick enough to protect the
radionuclide atoms 26 from being washed away before dissolution of coating 28, yet thin
enough to allow the diffusion of the daughter radionuclides therethrough.

Radionuclide atoms 26 are optionally of an element which ejects alpha radiation in

radioactive decay, and for which the daughter radionuclide easily diffuses through coating 28.

The diffusion coefficient of the daughter radionuclide in the polymer may be at least 101!

cm?/sec. Preferably, the radionuclide atoms 26 are of an isotope which creates a chain of at

least 3, or even at least 5 alpha emitting decay events until a stable or long half-life element is
reached. Radionuclide atoms 26 optionally comprise an isotope of Radium (e.g., Ra-224 or
Ra-223), which decays by alpha emission to produce a daughter isotope of Radon (e.g., Rn-
220 or Rn-219), which decays by alpha emission to produce an isotope of Polonium (e.g., Po-
216 or Po-215), which decays by alpha emission to produce an isotope of Lead (e.g., Pb-212
or Pb-211).

In some embodiments, all of radionuclide atoms 26 are of the same isotope. In other
embodiments, radionuclide atoms 26 are of two or more different isotopes of the same element

and/or of two or more different isotopes of different elements.
Typically, the density of radionuclide atoms 26 in coating 28 is between 10'! and 10"

atoms per square centimeter. The atoms 26 are optionally equally distributed throughout the
thickness of coating 28.

Fig. 2 is a schematic illustration of a brachytherapy device 100, in accordance with an
embodiment of the present invention. Brachytherapy device 100 is similar to device 20 of Fig.
1, but its bio-absorbable coating 28 is formed of a plurality of layers which differ in the
composition of their polymer matrix and/or the concentration of radionuclide atoms 26 therein.
As shown, coating 28 includes three layers which increase in their concentration of
radionuclide atoms 26, as the layers are farther from support 22. A first layer 102, closest to

support 22, has a first and lowest concentration of radionuclide atoms 26. A second layer 104
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has a higher concentration than first layer 102, and a third layer 106, farthest from support 22
has a highest concentration of radionuclide atoms 26. Device 100 is presented by way of
example, and in other embodiments, brachytherapy devices may have two layers or more than
three layers. In addition, in other embodiments, the concentrations of radionuclide atoms 26 in
the layers are different. Optionally, the concentration increases as the layers are closer to
support 22. In some embodiments, the concentrations of the layers alternate between high and
low levels and do not monotonously increase or decrease with the distance from support 22.

Alternatively or additionally to differing in concentration of radionuclide atoms 26, the
layers of coating 28 differ in the resorption rate of their polymer structure. In one embodiment,
the resorption rate is higher in outer layers than in inner layers. In other embodiments, the
resorption rate is lower in outer layers than in inner layers.

Fig. 3 is a schematic illustration of a brachytherapy device 21, in accordance with
another embodiment of the present invention. Device 21 differs from device 20 in that device
21 does not include a bio-absorbable coating, and instead has an outer layer 33 which allows
slow diffusion of radionuclide atoms 26 out of device 20, at a desired rate. Optionally, device
21 includes two polymer layers: an inner layer 30 of a first polymer that coats outer surface
24, and outer layer 33 of a second polymer that coats inner layer 30. Atoms 26 are coupled to
inner layer 30 and covered by outer layer 33 in a manner which generally keeps atoms 26 from
leaving device 21, but allows slow diffusion of radionuclide atoms 26 out of device 20. On the
other hand, outer layer 33 optionally allows daughter nuclides to easily leave device 21 as a
result of nuclear decay and/or due to the properties of the daughter nuclei.

Outer layer 33 optionally comprises a biocompatible PDMS (polydimethylsiloxane)
with a porosity and/or thickness adjusted to achieve the desired diffusion coefficient for
radionuclide atoms 26. The thickness of layer 33 is optionally between 0.1 and 10 microns, for

example between (.1-0.3 microns, or between 0.5 — 1 microns. Layer 33 is optionally formed
such that radionuclide atoms 26 have a diffusion coefficient therein of less than 10'13 01n2/sec

014

or even less than 2%1 cm?/sec. Optionally, radionuclide atoms 26 have a diffusion

coefficient in layer 33 greater than 2#10°13 cmz/sec, possibly even greater than 810"
cm?/sec. On the other hand, the daughter nuclides of radionuclide atoms 26 optionally have a

much higher diffusion coefficient in layer 33, for example, at least 101 em?/sec.

Inner layer 30 optionally comprises a material having a weaker bond to radionuclide
atoms 26 than support 22, so as to allow atoms 26 to escape from device 21 without the energy

of nuclear decay. In some embodiments, inner layer 30 comprises a polymer, such as
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polypropylene, polycarbonate (PC), polydimethylsiloxane, polyethylene terephthalate,
poly(methyl methacrylate), and/or polysulfone, that coats surface 24. In some embodiments,
inner layer 30 is also permeable to the daughter radionuclide; for example, the diffusion

0—11

coefficient of the daughter radionuclide in layer 30 is at least 1 em®/sec. Tn other

embodiments, inner layer 30 is less permeable to daughter nuclei, or even is substantially not
permeable to daughter nuclei.

Typically, the thickness T1 of inner layer 30 is between 0.1 and 2 microns, such as
between 0.1 and 1 microns. In some embodiments, inner layer 30 has a thickness of between
about 0.2-0.4 microns, e.g., about 0.3 microns. In other embodiments, however, inner layer 30
is thinner than 0.1 microns, or even thinner than 50 nanometers. In still other embodiments,
inner layer 30 is omitted and radionuclide atoms 26 are placed directly on support 22, and

other means are used to prevent a strong bond between radionuclide atoms 26 and support 22.
Typically, the density of radionuclide atoms 26 in device 21 is between 5#10'0 and 10"

atoms per square centimeter.

The structure of layer 33 of device 21 and/or of coating 28 of device 20 are optionally
selected so that at least 0.1%, at least 0.5% or even at least 1% of atoms 26 in the device leave
the device through diffusion or dissolving of coating 28, per day. In some embodiments, the
percentage of radionuclide atoms 26 that leave the device by diffusion or dissolving in a day is
less than 3%, less than 2%, less than 1% or even less than 0.5%. Optionally, the number of
atoms 26 that leave by diffusion or dissolving in a given time is less than 5%, less than 3%,
less than 1% or even less than 0.5% of the number of atoms 26 that undergo nuclear decay in
the given time. The number of atoms 26 that leave in methods other than nuclear decay is
optionally greater than 0.1%, greater than 0.5% or even greater than 1% of the number of
atoms 26 that undergo nuclear decay.

The diffusion or dissolving typically begins immediately or shortly after device 20 or
21 is installed in the patient, such that already in the first 24 hours after installation, or at most
in the 48 hours after installation, at least 0.1% of radionuclide atoms 26 in the device leave the
device through diffusion or dissolving.

Fig. 4 is a schematic illustration of a brachytherapy device 120, in accordance with
another embodiment of the present invention. Device 120 comprises a support 22 with
radionuclide atoms 124 and 126 of two different elements on an outer surface 24 of support
22. Any suitable method known in the art may be used to attach radionuclide atoms 124 and
126 to support 22, such as thermal treatment as described, for example in US patent

publication 2009/0136422, or a thin protective layer (not shown), such as a 5-10 nanometer
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layer of titanium.

Optionally, radionuclide atoms 124 are a daughter nuclide resulting from decay of
radionuclide atoms 126. In some embodiments, radionuclide atoms 124 comprise Radium-224,
while radionuclide atoms 126 comprise Thorium-228. Radionuclide atoms 126 optionally have
an activity level of less than 50%, less than 20%, less than 10% or even less than 5% of the
activity level of the radionuclide atoms of radionuclide atoms 124.

In an embodiment, radionuclide atoms 124 have an activity level of about 2 micro Ci,
and radionuclide atoms 126 have an activity level of between about 40-100 nCi. The decay of
Thorium-228 ejects a daughter radionuclide in the form of Radium-224, achieving an effect
similar to that achieved by the devices of Figs. 1-3.

The brachytherapy devices discussed above with reference to Figs. 1-4, when based
mainly on Radium-224 radionuclide atoms, allow a given percentage of the Radium-224 to
leave the brachytherapy device without decay. Some of this Radium-224 will leave the tumor
altogether, before it undergoes nuclear decay, as the half-life of Radium-224 is 3.66 days.
Such lost Radium-224 atoms may not only be wasted, but also may reach and damage healthy
tissue. Therefore, the prior art avoided release of radionuclide atoms having such a long half-
life into the tumor. In accordance with the present invention, it has been determined that a
release of a relatively small amount of Radium-224 into the tumor, is beneficiary and provides
much needed energy to areas of the tumor distanced from the brachytherapy device. This
benefit was determined to outweigh the drawback of lost radionuclide atoms.

In some embodiments of the invention, the percentage of Radium-224 radionuclide
atoms allowed to leave the brachytherapy device is selected responsive to the size of the
tumor. Optionally, seeds adjusted for release of different amounts of Radium-224 are provided
to a physician and the physician selects a suitable seed responsive to the size of the tumor and
the intended position in which the seed is to be implanted. Alternatively, the physician
determines the size of the tumor and accordingly a suitable seed with a desired extent of
release of Radium-224 is provided. In some embodiments, when implanting a plurality of
seeds in a single tumor, different seeds may have different extents of release of Radium-224.
For example, seeds implanted on the outskirts of the tumor optionally release small extents of
Radium-224, or practically none, while seeds implanted in the center of the tumor release
larger extents of Radium-224. In some embodiments, a physician determines a size and/or
layout of a tumor and accordingly selects a number of seeds to be implanted in the tumor
and/or the extent of release of Radium-224 of each of the seeds to be implanted.

In general, any suitable technique known in the art may be used to apply polymer
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coating 28 to device 20, or inner layer 30 and outer layer 33 to device 21, such as a dip-coating
technique for example as described in above mentioned PCT publication W02018/207105.

Typically, atoms 26 are generated by the decay of the preceding radionuclides in their
decay chain. For example, as described in US Patent 8,894,969 to Kelson et al., atoms of Ra-
224 may be generated by spreading a thin layer of acid containing Uranium-232 (U-232) on a
metal. The U-232 decays to produce Thorium-228 (Th-228), which in turn decays to produce
Ra-224.

Any suitable technique, such as any one or more of the techniques described in the
aforementioned '969 patent to Kelson, may be used to couple atoms 26 to support 22. For
example, a generating source that generates a flux of the radionuclide may be placed in a
vacuum near support 22, such that nuclei recoiling from the generating source traverse the
vacuum gap and are collected onto, or implanted in, surface 24. Alternatively, the radionuclide
may be electrostatically collected onto support 22, by the application of a suitable negative
voltage between the generating source and the support. In such embodiments, to facilitate the
electrostatic collection of the radionuclide, support 22 may comprise an electrically-
conductive metal, such as titanium. For example, support 22 may comprise an electrically-
conducting metallic wire, needle, rod, or probe. Alternatively, support 22 may comprise a non-
metallic needle, rod, or probe coated by an electrically-conductive metallic coating that
comprises surface 24.

To treat a subject, at least one brachytherapy device is inserted fully or partially into
the body of the subject, typically into, or immediately adjacent to (e.g., within 0.1 mm, such as
within 0.05 mm or 0.001 mm, of) the tumor that is to be treated. Subsequently, while the
brachytherapy device remains within the body, the radionuclide decays, thus emitting alpha
particles, daughter nuclei and a percentage of the radionuclide atoms 26 into the tumor.

In some embodiments, following the radioactive decay of at least some of the
radionuclide atoms, e.g., after a predetermined duration of time, and/or in response to
monitoring the size of the tumor and/or the fraction of emitted alpha particles, the
brachytherapy device is removed from the subject. In other embodiments, the device is not
removed from the subject.

It will be appreciated that the above described methods and apparatus are to be
interpreted as including apparatus for carrying out the methods and methods of using the
apparatus. It should be understood that features and/or steps described with respect to one
embodiment may sometimes be used with other embodiments and that not all embodiments of

the invention have all of the features and/or steps shown in a particular figure or described



10

15

20

WO 2019/193464 PCT/1B2019/052524

13

with respect to one of the specific embodiments. Tasks are not necessarily performed in the
exact order described.

In some embodiments, combinations of the above described embodiments of Figs. 1-4
are used. For example, a brachytherapy device may include a bio-absorbable layer for release
of Radium embedded therein, and in addition include Thorium atoms attached to an inner
support. As another example, a brachytherapy device may include a bio-absorbable and
diffusible layer, which allows release of Radium or other radionuclide atoms through both
diffusion and dissolving of the bio-absorbable layer.

It is noted that some of the above described embodiments may include structure, acts
or details of structures and acts that may not be essential to the invention and which are
described as examples. Structure and acts described herein are replaceable by equivalents
which perform the same function, even if the structure or acts are different, as known in the
art. The embodiments described above are cited by way of example, and the present invention
is not limited to what has been particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations and subcombinations of the various
features described hereinabove, as well as variations and modifications thereof which would
occur to persons skilled in the art upon reading the foregoing description and which are not
disclosed in the prior art. Therefore, the scope of the invention is limited only by the elements
and limitations as used in the claims, wherein the terms "comprise," "include,” "have" and
their conjugates, shall mean, when used in the claims, "including but not necessarily limited

to.



