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This invention relates generally to systems and methods
for the delivery of laser light for therapeutic purposes, and,
more specifically, to laser light delivery systems for the
treatment of buried tumors wherein multiple lasers are used
to treat a deeply buried tumorous mass. More particularly
the instant invention describes a multi-laser tumor treatment
apparatus wherein multiple lasers in a spatial array are used
to simultaneously irradiate a tumor from a multiplicity of
different directions. Tumors treated in this way are heated
more homogeneously than those treated via conventional
single—laser treatments. Additionally, a multiple source laser
treatment scheme puts the enclosing normal tissue at lesser risk
than it would be exposed to if the treatment were conducted
using via a single laser source.
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LASER LIGHT DELIVERY SYSTEM AND METHOD

This application claims the benefit of U.S. Provisional Application No.

60/040,899, which application was filed with the Patent and Trademark Office on April
2, 1997.

BACKGROUND OF THE INVENTION

1. Technical Field:

This invention relates generally to systems and methods for the delivery of laser

light for therapeutic purposes, and, more specifically, to laser light delivery systems for

the treatment of buried tumors.

2. Background:

Laser / tissue interactions and therapeutic applications of laser light are two
rapidly growing areas of research. As is well known to those skilled in the art, high
intensity laser beams have the potential to destroy bodily tissue, a property that can be
turned to useful purposes in the field of tumor treatment, where the term "tumor" will
be used hereinafter to describe any cellular mass that serves no physiological function
including cancers, neoplasms, neoplastic masses, etc. The growth of a tumorous mass
can be retarded or even stopped through the application of thermal energy, and a laser
provides a precise, concentrated, and highly controllable means of delivering that
energy. Tumors on the surface of the body — and those that can be made visible
through surgery or other means — are excellent candidates for such treatment and often
respond favorably to the direct application of laser light. However, tumors that are
buried deep within healthy tissue pose a special problem for laser methods. In more
particular, since lasers are ultimately just coherent light sources, any attempt to
“illuminate” a buried tumor with laser light must necessarily also illuminate the tissue
that lies between the laser source at the surface and the tumor. Thus, the heat from a
laser that is directed at a buried target has the potential to destroy, not only the tumor,
but also to the tissue that encloses it.

Basic physics provides an explanation of why this should be so. Biological

tissues are turbid media and light that passes therethrough is continually absorbed by
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the conducting tissue during its passage. Additionally, bodily tissue is a strong light
scatterer and additional energy is lost from the beam during its transmission due to this
effect. The absorbed and scattered radiant energy is converted into thermal energy
(heat), which energy has the potential to damage the tissue within and along a laser
beam’s path. These two effects can combine to substantially reduce the potential
effectiveness of laser treatment of buried tissues because each unit of radiant energy that
is lost during the beam’s transmission to the tumor represents one less unit of energy
that can be applied to heat its ultimate target. Thus, one of the principal obstacles to the
use of laser light to treat a buried tumor is that the tumor may potentially receive much
less optical power than the surrounding subsurface healthy tissues.

Broadly speaking, there are three general approaches to overcoming the
aforementioned obstacle, the ultimate goal being to maximize the power delivered to the
target tumor while minimizing the risk of collateral damage to other tissues. First are
dye-based treatments which aim to increase the light absorption coefficient of the tumor
by infusing it with one or more special dyes. This makes possible the use of a lower
power laser light source, as the dye-infused tumor will tend to heat more rapidly than
the surrounding tissue. Another approach involves manipulation of the wavelength of
the laser light and the selection of a wavelength to which the tumor is more responsive
than is the surrounding normal tissue. Finally, a third broad approach involves
selection of a light delivery scheme which maximizes the power absorption by the target
tumor and minimizes the exposure of the surrounding tissue to thermal stress. The
present invention is directed to this last approach.

Thus, what is needed is a laser delivery system that can efficiently convey a
maximum amount of optical power to a buried tumor while reducing the risk of
collateral damage to the surrounding normal tissue. Additionally, it should also be
designed so that the laser light is selectively applied to tumorous tissue rather than

normal tissue. Finally, the lasers that comprise the system should be sized such that
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they maximize the power coupling efficiency and the power delivered to the buried
tumor.

Accordingly, it should now be recognized, as was recognized by the present
inventors, that there exists, and has existed for some time, a very real need for a laser
light delivery system that would address and solve the above-described problems.

However, before proceeding to a description of the present invention it should
be noted and remembered that the description of the invention which follows, together
with the accompanying drawings, should not be construed as limiting the invention to
the examples (or preferred embodiments) shown and described. This is so because
those skilled in the art to which the invention pertains will be able to devise other forms

of this invention within the ambit of the appended claims.

SUMMARY OF THE INVENTION

The present invention relates generally to an apparatus and method for achieving
improved optical power deposition into a tumor tissue mass. In theoretical terms, the
invention described herein is founded broadly on the observation that whenever laser
light is used to heat a deeply buried tumor, waste heat is generated as the light travels to
the tumor through the enclosing tissue. If only a single laser light source is used, as is
the practice in the prior art, all of the waste heat is released along a single path.
However, the instant inventors have discovered that if an array of multiple laser sources
is used, it is possible to deliver the same optical power to the tumor while spreading the
inevitable waste heat along multiple paths. This reduces the maximum exposure of any
particular volume of healthy tissue to the laser’s effects, which correspondingly reduces
the risk of collateral damage. Additionally, the instant inventors have discovered that
irradiation of a tumor by an array of lasers carries with it another benefit in that the
tumor may be heated more homogeneously.

In accordance with one aspect of the instant invention, there is provided a laser

light delivery system which utilizes multiple laser beams to simultaneously irradiate a
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tumor mass from a variety of different directions. In the preferred embodiment, a
plurality of optical fibers, through which laser light is conducted, are held in a
circumferential spaced-apart relationship surrounding a buried tumor. The respective
termini of the optical fibers are aimed generally toward the target tumor and, when the
unit is in operation, the tumor is irradiated on all sides by laser light emanating from the
optical fibers. Preferably the optical fibers are provided in pairs, with each pair member
being on an opposite side of the target tumor and each member of the pair being directed
toward the other. Additionally, it is preferred that the exit ends of the optical fibers lie
in a single horizontal plane, although many other spatial arrangements are certainly
possible and have been specifically contemplated by the instant inventors. Finally, it is
preferred, though not required, that the laser light sources be activated simultaneously.

Each optical fiber is preferably held in place by an arm of a light delivery
apparatus, which arm is connected to the arm holding the oppositely disposed fiber by a
tension or pull spring. Thus, the pairs of opposed arms act much like a caliper with
each arm holding an optical fiber in a common plane. The pairs of arms are supported
by a housing consisting of two axially aligned slotted stages.

The radius of each of the optical fibers — and, hence, the radius of the emitted
laser beam — is preferably determined by reference to a specific equation which relates
an optimal radius to the particular optical parameters of the lased tissue. Using the
preferred optical fiber radii results in a laser light treatment that is more homogeneous
and provides a more intense power deposition into the tumor mass than is possible if
only a single laser is used.

Finally, the invention disclosed herein might be useful in any number of medical
treatment scenarios where lasers are currently used or might potentially be used
including photothermal therapies, photomechanical therapies, and noninvasive
photosensitizer-assisted laser therapies of deep tumors.

The foregoing has outlined in broad terms the more important features of the

invention disclosed herein so that the detailed description that follows may be more
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clearly understood, and so that the contribution of the instant inventors to the art may be
better appreciated. The instant invention is not to be limited in its application to the
details of the construction and to the arrangements of the components set forth in the
following description or illustrated in the drawings. Rather, the invention is capable of
other embodiments and of being practiced and carried out in various other ways not
specifically enumerated herein. Finally, it should be understood that the phraseology
and terminology employed herein are for the purpose of description and should not be

regarded as limiting, unless the specification specifically so limits the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an elevational view showing one embodiment of the instant
invention wherein one pair of opposing arms with oppositely disposed optical fibers are
arranged on either side of a buried tumor mass.

Figure 2 is a view taken along cutting plane 2-2 of Figure 1. This view shows
three pairs of opposing arms. The springs are in different horizontal planes so as not to
interfere with each other.

Figure 3 is view taken along cutting plane 3-3 of Figure 1. This figure shows
three opposing pairs of optical fibers, held by opposing arms, pointing at the tumor
mass.

Figure 4 is an isometric view of the light delivery system housing.

Figure 5 is an isometric view of one pair of opposing arms urged inwardly by

tension springs.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The present invention provides a new apparatus and method for the irradiation
of tumors wherein multiple laser light sources are used. Referring first to Figures 1 and
4, wherein a preferred embodiment of a light delivery system for multiple beam delivery

is illustrated, the light delivery system includes a housing which is generally indicated
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by the reference numeral 10. The housing 10 preferably comprises an upper stage 12
and a lower stage 14 maintained in axial alignment by a number of connecting bars 16.
Each stage consists of a circumferential ring 18 connected to a central hub area 20 by a
number of spokes 22. Each of the spokes 22 contains a slot or longitudinal aperture
24. The upper stage 12 and lower stage 14 have a common longitudinal axis and the
slots of the upper stage 12 are aligned with the slots of the lower stage 14.

Resident within each corresponding pair of slots 24 is an optical fiber support
arm 26. Referring now to Figures 1 and 5, each arm 26 has an upper end 28
extending through the slot 24 in the upper stage 12 and a lower end 30 extending
through the corresponding slot in the lower stage 14. The lower end 30 of the arm 26
is preferably provided with an annular ring 32 at its terminus, the annular ring 32
functioning as a contacting surface for placement against the area to be treated. A bore
34 extends transversely through the lower end 30 of the arm 26 at a point
corresponding to the center of the annular ring 32. The lower end 30 of the arm 26 is
contoured in a U-shape such that a space 36 is created between the surface of the
annular ring 32 and the bore 34.

In the preferred embodiment, a pair of tension or pull springs 38 urge each pair
of opposing arms 26 inwardly. One tension spring 38 is positioned below the upper
stage 12, while another is positioned slightly above the lower stage 14. One or more
tension springs 38 or similar devices may be used to provide an inwardly directed force
to each pair of opposing arms. As shown in Figure 2, the tension springs 38 lie in
different horizontal planes so as not to interfere with each other. Additionally, those
skilled in the art will recognize that any number of other devices and materials might be
used in place of conventional metal springs to urge the opposing arms 26 together
including — but not limited to — rubber straps, elastic bands, threaded nut and bolt
combinations, etc. Thus, the term "tension spring" will be used hereinafter to refer

generally to any device of this sort that tends to urge the two arms together.
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An optical fiber 40 lies in the bore 34 of each arm 26, and the exit end 42 of
each optical fiber 40 preferably protrudes slightly from the margin of the arm 26. The
purpose of the optical fibers 40 is to conduct laser light from its source to the instant
device where it is emitted from the exit ends 42. In the text that follows, "laser light
source" will be taken to include not only the actual lasers, but also the exit end 42 and
the optical fiber 40 / exit end 42 combination as they are, for all practical purposes,
laser light sources themselves.

The exit end 42 of the optical fiber 40 lies in the space 36 created by the
annular ring 32 of the U-shaped lower end 30 of the arm 26. The bore 34 is showh
as being horizontal and the exit end 42 as being perpendicular to the longitudinal axis of
the arm 26, however, it is within the scope of the present invention to angle the bore
34 or manipulate the emergence angle of the optical fiber 40 — and particularly the
orientation of the exit end 42 of the optical fiber — so that the energy from each laser
may be aimed out of the plane formed by the exit ends 42. This arrangement makes it
possible to adjust the irradiation angle so that some tumors that cannot be brought
within the confines of the device can be treated. Additionally, although it is preferred
that the lasers are generally aimed toward the same point in the tissue subsurface, it is
anticipated that in some circumstances the orientation of each laser might be adjusted
somewhat away from aiming at a single point so as to produce a more diffuse effect,
thereby increasing the size of the treated region.

In its preferred use, the device delivers laser power to a buried tumor. Shown
in phantom lines in Figure 1 is a buried tumor 44 lying within subcutaneous tissue 46.
In practice, the location of the tumor 44 is typically determined in advance by means
such as ultrasonography, x-ray, and / or palpation. The absorption of the thermal
energy from the laser by the tumor is preferably enhanced by infusing it with a

photosensitizer, such as indocyanine green, prior to laser treatment by the instant

invention.



10

15

20

25

WO 98/43704 PCT/US98/06346

In application, the arms 26 of the device are preferably positioned
circumferentially about the tumor 44, with the exit ends 42 of the optical fibers 40
being aligned with the center of the tumor. A remote lasing apparatus or apparatuses
(not shown) is then activated; its beams are guided into the remote ends (not shown) of
the optical fibers 40; the laser light is carried through the optical fibers 40 to the instant
device; and, the laser light is emitted from the exit ends 42 of each of the optical fibers
40. As illustrated in Figures 1 and 3, the tumor 44 is lased — preferably
simultaneously — from a number of different directions to achieve a more
homogeneous and intense power deposition in the tumor 44 than was previously
available.

It 1s not essential that all of the optical fibers 40 emit laser light in every
application. In fact, it has been specifically contemplated by the instant inventors that
fewer laser light sources might be utilized depending on the circumstances. By way of
example, it is possible that only two of the six lasers in Figure 3 might actually be
activated in a particular case, the remaining exit ends 42 of the optical fibers having
been blocked. However, using more beams generally results in a more homogenous
and intense power deposition into the tumor, and thus that would be the preferred
embodiment. Additionally, although the exit ends 42 of the optical fibers 40 in Figure
3 are arranged at equally spaced intervals about the perimeter of a circle, this is not
essential to the operation of the invention. Indeed, it is preferred that the exit ends 42
be positioned so that, insofar as it is possible, a given volume of healthy tissue is
exposed to waste heat from only one of the laser beams. That being said, it is
anticipated that the exact number, positions, and orientations of the exit ends 42 may
have to be customized depending, for example, on the location of the tumor within the
body. In some cases, it may be impossible to “surround” or encircle the tumor with the
laser array because of the tumor's location. In those cases, the lasers could instead be
arranged into a semi-circular or some other array pattern. Whatever the spatial

arrangement or pattern, however, it is critical that the active lasers all be aimed generally
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toward the same region of the body if the most favorable therapeutic results are to be
obtained.

Preferably, the exit end 42 of each optical fiber 40 is positioned 1 mm to 2 cm
away from the surface of the skin 48. The laser energy is then delivered to each optical
fiber 40 from one or more laser sources. For purposes of the instant application, each
optical fiber 40 will be spoken of as though it were powered by a separate laser,
although that is not essential and, in fact, a single laser beam — properly divided —
might act as a source for the entire array of optical fibers 40.

While it is preferred that the optical fibers 40 be configured in oppositely
disposed pairs having their exit ends 42 in a common horizontal plane, it should be
understood that the present invention also encompasses the use of a plurality of optical
fibers 40 arranged into a spatial array of laser sources. The term "spatial array" will be
understood herein to mean any two or three dimensional (3-D) arrangement of
individual laser sources, wherein the lasers are aimed generally toward the same target.
The spatial array might take a planar (two dimensional) form like the near-circular
arrangement illustrated in Figure 3, wherein the tumor is situated within the body of the
device (i.e., within the spatial array) and is surrounded by the laser sources. More
generally the spatial array might take a 3-D form wherein the laser sources are arranged,
for example, on the surface of a dish or other concave object, the curvature of the disk
being preferably chosen so as to help train the lasers sources on the target.

The component parts of the instant laser light delivery system may be machined
from surgical steel or extruded or molded using a strong, preferably autoclavable,
plastic in manners well known in the art.

The various parameters of the lasers are preferably selected as described
hereinafter, taking into account the light absorptive capacity of the tumor and the optical
properties of the tissue that surrounds it. It should be noted at the outset that when an
array of lasers is used, it is possible to decrease the wattage (power) of each laser as

compared with the power that would be typically required of a single laser. Within
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limits, the power of each individual laser source may be decreased by a factor roughly
proportional to the number of lasers in the array. That is, when two lasers are used,
each may be set to deliver approximately one-half of the wattage that would normally be
required of a single laser. If the two laser array is correctly positioned (preferably with
each on an opposite sides of the tumor) the therapeutic effect of the two lasers will
typically exceed that of a single laser of the same total power which is applied from a
single direction. Furthermore, in the case of treatments such as photothermal
immunotherapy — where the objective is not the total destruction of the tumor — the
source power can be reduced to an even more tolerable level.

The particular choice of the laser light wavelength is not critical to the instant
invention, but in the preferred embodiment an 805 nm diode laser should be used if
indocyanine green is employed as the photosensitizer. Other choices are certainly
possible and those skilled in the art will understand the various considerations that go
into making the choice of a laser wavelength.

Finally, the radius of the laser (as measured, for example, by the radius of the
exit end 42) is preferably chosen according to the following equation:

r, = [8(2d, ~ 2L + &)]'"°
where 1, is the preferred laser radius, d, is the distance between the center of the tumor
and the upper tissue surface, & is the penetration depth of the laser, and L, is one
transport mean free path. The variables L,' and & are further defined in terms of the
optical properties of the healthy (or "background") tissue:

Lt’ = 1/[l’l“a + us(l_g)]’

and

8 = \3u,Mn,+pn(-g),
where, |, is the absorption coefficient of the non-tumorous tissue, W is its scattering
coefficient, and g its anisotropy factor. Those skilled in the art will recognize that W, is
generally defined to be the probability of photon absorption per unit infinitesimal path

length within the transmitting tissue; |, is the probability of photon scattering per unit
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infinitesimal path length; and, g is the average of the cosine value of the deflection angle
by single scattering.
By way of example, if the optical properties of the background tissue are W=
0.1 cm L, p= 100 cml, g=0.9, and the distance between the center of the tumor and
the upper tissue surface d, is 1.5 cm, the transport mean free path can be calculated to
be:
L'=1/{p, + p (1-g)] =0.099cm ,

and the penetration depth is

8= 43u,lu,+ 1, (-g =057cm,
resulting in an estimated radius r, of 1.39 cm. Note that, not only is this a preferred
laser radius, but it also will be an optimal choice where the tissue parameters match
those of the example.

Choosing the laser beam radius according to the preceding formulas can result
in a more effective laser therapy for deep tumors. As a general rule, the broader the
radius of the beams, the more homogeneous the power deposition in the tumor will be,
with the preferred radius r, of the laser beams providing near optimal thermal
deposition within the tumor. Through the use of the instant guideline for choosingr,
practitioners can potentially avoid unnecessary exposure and heating of skin's surface
(i.e., the beam radius is too large) and damage caused by a peak power deposition (a
“hot spot”) near the tissue surface (i.e., the beam radius is too small).

In summary, the instant inventors have discovered that an array of laser sources
produces a more homogeneous and intense power deposition into a target tumor. The
fact that the maximum power absorption by background tissue can be reduced with
multiple beams to the level comparable to that absorbed by the tumor shows the promise
for better therapeutic outcomes, especially where the laser array is used in conjunction
with an optimized configuration of tumor dyes. Additionally, as is well know to those
skilled in the art, surface cooling with liquid or gas can be used in conjunction with the

instant invention to further drastically reduce the energy accumulation within the surface
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tissue. Scanning the laser beams during the treatment can also be employed to reduce
surface heating and this feature could also be incorporated within the instant invention.
Finally, although the preferred embodiment of the instant invention contains six laser
light sources, it is specifically contemplated by the instant inventors that an increase in
the number of beams beyond six could also be beneficial in some cases.

While the invention has been described with a certain degree of particularity, it
is manifest that many changes may be made in the details of construction and the
arrangement of components without departing from the spirit and scope of this
disclosure. It is understood that the invention is not limited to the embodiments set
forth herein for purposes of exemplification, but is to be limited only by the scope of
the attached claim or claims, including the full range of equivalency to which each

element thereof is entitled.
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THE CLAIMS
WHAT IS CLAIMED IS:
1. An apparatus for the treatment of a tumor by laser light, comprising a plurality

of spaced-apart laser light sources, wherein each of said plurality of spaced-

apart laser light sources is aimed generally toward the tumor.

An apparatus according to Claim 1 wherein each of said plurality of spaced-

apart laser light sources is activated simultaneously.

An apparatus according to Claim 1 wherein said plurality of spaced-apart laser

light sources is arranged so as to form a spatial array of laser lights sources.

An apparatus according to Claim 3 wherein said spatial array of laser light

sources is a planar array of laser light sources.

An apparatus according to Claim 4 wherein said planar array of laser light

sources is a circular array of laser light sources.

An apparatus according to Claim 5 wherein said plurality of spaced-apart laser

light sources are arranged at equal intervals about a perimeter of a circle.

A laser light deliver system for the treatment of a tumor within a patient by an

application of laser light, comprising:

€)) a plurality of laser light sources, each of said plurality of laser light
sources emitting a laser light beam during treatment of the tumor;

(b) at least two support arms for maintaining said plurality of laser light
sources in a spaced apart arrangement, each of said at least two support
arms having a lower end, and each of said lower ends
(bl) supporting at least one of said plurality of laser light sources,

and,
(b2)  holding each of said at least one of said plurality of laser light
sources in an orientation aimed generally toward the tumor; and,
© a housing for carrying said at least two support arms and for maintaining

said at least two support arms in a spaced apart arrangement.
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8. An apparatus according to Claim 7 further comprising:
(d) at least one lasing apparatus, each of said at least one lasing apparatuses
emitting a laser light beam when activated;
(e) a plurality of fiber optical cables for the conduction of laser light from
5 - said at least one lasing apparatuses to said plurality of laser light
sources, each of said fiber optical cables having an exit end and an
entrance end,

(el)  said entrance end of each of said fiber optical cables being in

communication with at least one of said at least one lasing
10 apparatuses,

(e2)  said exit end of each of said fiber optical cables emitting at least a
portion of at least one of said laser light beams when said at least
one lasing apparatuses are activated; and

wherein each of said plurality of laser light sources is an exit end of said
15 plurality of fiber optical cables.
9. An apparatus according to Claim 7
wherein there are an even number of laser light sources and a same even number
of support arms, each of said at least two support arms supporting a single laser
light source, and
5 wherein said laser light sources are arranged in oppositely disposed pairs,

each laser light source in an oppositely disposed pair being placed on an

opposite side of the tumor, and,

each laser light source in an oppositely disposed pair being generally

directed toward the other.

10.  An apparatus according to Claim 9 wherein said support arms are arranged in
oppositely disposed pairs and wherein each support arm in an oppositely

disposed pair is urged toward the other support arm in an oppositely oriented

pair by a tension spring.
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12.

15

A method for the treatment of a tumor by laser light, wherein is provided a

patient having a tumor, comprising the steps of:

(a) identifying at least an approximate location of the tumor within the
patient;

(b) obtaining at least two spaced-apart laser light sources, each of said laser
light sources emitting a beam of laser light when activated;

(©) orienting each of said at least two spaced-apart laser light sources so that
each is aimed generally toward the tumor; and,

(d) activating said at least two spaced-apart laser light sources, thereby
irradiating the tumor with at least two spaced-apart beams of laser light.

A method according to Claim 11 wherein a photosensitive dye is infused into

the tumor before the tumor is irradiated in step (d).
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