US007736382B2

a2 United States Patent 10) Patent No.: US 7,736,382 B2
Webb et al. 45) Date of Patent: Jun. 15, 2010
(54) APPARATUS FOR OPTICAL STIMULATION 4,681,791 A 7/1987 Shibahashi et al.
OF NERVES AND OTHER ANIMAL TISSUE 4,768,516 A 9/1988 Stoddart et al.
4,840,485 A 6/1989 Gratton
(75) Inventors: James S. Webb, Seattle, WA (US); 4972331 A 11/1990 Chance
Charles E. Hamilton, Kenmore, WA
(US); Heather A. Ralph, Seattle, WA Continued
(US); Mark P. Bendett, Kirkland, WA (Continued)
(US); Charles A. Lemaire, Apple Valley, FOREIGN PATENT DOCUMENTS
MN (US)
WO W02000025112 5/2000
(73) Assignee: Lockheed Martin Corporation,
Bethesda, MD (US) OTHER PUBLICATIONS
(*) Notice: Subject to any disclaimer, the term of this Maiorov M., etal, “218 W quasi-CW operation of 1.83 um two-
patent is extended or adjusted under 35 dimensional laser diode array”, “Electronics Letters”, Apr. 15, 1999,
U.S.C. 154(b) by 342 days. pp. 636-638, vol. 35, No. 8.
(21) Appl. No.: 11/257,793 (Continued)
) Primary Examiner—Ahmed M Farah
(22) Filed: Oct. 24, 2005 (74) Attorney, Agent, or Firm—Charles A. Lemaire; Jonathan
M. Rixen; Lemaire Patent Law Firm, P.L.L.C.
(65) Prior Publication Data
US 2007/0060984 A1 Mar. 15, 2007 7 ABSTRACT
Related U.S. Application Data A nerve-stimulation device and method using light to provide
(60) Provisional application No. 60/715,884, filed on Sep. a source of precise stimulation on one or more nerve fibers. In
9. 2005. T some embodiments, this simulation is provided through a
’ device and method wherein a laser- or LED-light-generating
(51) Int.Cl source is operatively coupled to an optical fiber, which in turn
A6IN 5/067 (2006.01) is coupled to a plug in the end of a holder in a sheath. Light is
(52) US.CL oo, 607/89; 607/38; 606/10  then passed from the light source through the optical fiber to
(58) Field of Classification Search ’ f28/898' the holder and out a selected optical tip on the sheath to
607/38-94: 606/3. 917 provide an efficacious amount of light to simulate nerves. In
See application file for complete search,history, some embodiments, the device is constructed from non-mag-
’ netic material such as glass, plastic or ceramics. In some
(56) References Cited embodiments, the light emanating from the optical tip can be

U.S. PATENT DOCUMENTS

4,064,872 A
4,296,995 A

12/1977 Caplan
10/1981 Bickel

¢ 675 8

controlled manually or automatically. Some embodiments
omit the fiber and use light directly from the laser diode.

34 Claims, 17 Drawing Sheets

SURGICAL-LASER 670

CONTROLLER

STIMULATION-LASER
CONTROLLER

MOTION-CONTROL
COMPUTER

IMAGING COMPUTER

674

VO SYSTEM TO
ANNOTATE IMAGE
WITH RESPONSES

78
676
Yy7X

STIMULATION, ANNOTATION, SURGERY, VERIFICATION

ST

SURGERY

klBJEID)

STIMULATION

M N P)PIRIR]
ANNOTATION

IE] DYY®KmEf]




US 7,736,382 B2

Page 2
U.S. PATENT DOCUMENTS RE38,670 E * 12/2004 Asahetal. ........cooeennn. 606/9
6,902,528 B1* 6/2005 Garibaldi etal. ............ 600/118

5,062,428 A 11/1991 Chance 6,909,826 B2 6/2005 Caietal.
5,088,493 A 2/1992  Giannini et al. 6,921,413 B2 7/2005 Mahadevan-Jansen et al.
5,122,974 A 6/1992 Chance 6,956,650 B2  10/2005 Boas et al.
5,139,025 A 8/1992 Lewis etal. 6,989,023 B2*  1/2006 Black ... 607/90
5,152,278 A * 10/1992 Clayman ................... 600/131 7,004,645 B2 2/2006 Lemoffet al.
5,187,672 A~ 2/1993 Chance ctal. 7,006,749 B2*  2/2006 Illichetal. ......c........... 385/137
5,192,278 A * 3/1993 Hayesetal. ................. 606/15 7,031,363 B2 4/2006 Biard et al.
5,212,386 A 5/1993 Gratton et al. 7,040,805 Bl 5/2006 Ou et al.
5,213,093 A *  5/1993 Swindle .......covvnenenn. 600/129 7,116,886 B2  10/2006 Colgan et al.
5,213,105 A 5/1993 Gratton et al. 7,139,603 B2  11/2006 Chance
5,257,202 A 10/1993 Feddersen et al. 7,225,028 B2 5/2007 Della Santina et al.
5,261,822 A 11/1993 Hall et al. 7,244,253 B2* 72007 NEeV .ooovvevvrerrererrrrnans 606/9
5,323,010 A 6/1994  Gratton et al. 7,391,561 B2 6/2008 Di Teodoro et al.
5,353,799 A 10/1994 Chance 2002/0002391 AL*  1/2002 Gerdes ...........cccoevnnn.. 607/89
5,386,827 A 2/1995 Chance et al. 2002/0123781 Al*  9/2002 Shanksetal. ................. 607/89
5402778 A~ 4/1995 Chance 2002/0147400 Al  10/2002 Chance
5464960 A 11/1995 Hall et al. 2003/0236458 Al* 12/2003 Hochman .................. 600/431
5,480,482 A /1996 Novinson 2004/0073101 Al 4/2004 Chance
5,548,604 A 8/1996 Toepel 2004/0116985 AL*  6/2004 Black ........cccccorvennnn. 607/89
5,553,614 A 9/1996 Chance 2004/0225339 Al* 11/2004 Yaroslavsky etal. .......... 607/88
5,564,417 A 10/1996 Chance 2004/0243111 Al 12/2004 Bendett et al.
5,664,574 A 9/1997 Chance 2004/0243112 Al 12/2004 Bendett et al.
5,704,899 A % 1/1998 Milo .oovoriinrieiiiiniens 600/161 2005/0065531 Al*  3/2005 Cohen ........coocverervennn. 606/88
5,792,051 A 8/1998 Chance 2005/0099824 Al 5/2005 Dowling et al.
5,796,889 A 8/1998 Xuetal. 2005/0142344 Al 6/2005 Toepel
5,899,865 A 5/1999  Chance 2005/0228256 Al  10/2005 Labadie et al.
6,110,195 A * 82000 Xieetal. ....ccccooenrrrnnn. 607/89 2006/0129210 Al 6/2006 Cantin et al.
6,171,239 Bl 1/2001 Humphrey 2006/0161218 Al 7/2006 Danilov
6,184,542 Bl 2/2001 Alphonse 2006/0161227 Al 7/2006 Walsh et al.
6,224969 Bl 5/2001 Steenbergen et al. 2007/0053996 Al 3/2007 Boyden et al.
6,246,892 Bl 6/2001 Chance 2007/0054319 Al 3/2007 Boyden et al.
6,257,759 Bl 7/2001 Witonsky et al. 2007/0261127 Al 11/2007 Boyden et al.
6,258,082 B1* 7/2001 Lin ...ccooooriiriniieeeriinnnnnns 606/5 2008/0161697 Al 7/2008 Chance
6,263,221 Bl ~ 7/2001 Chance et al. 2009/0030327 Al 1/2009 Chance
6,267,779 B1* 7/2001 Gerdes .........ccccceevnnnnn. 607/89
6,272,367 Bl 8/2001 Chance OTHER PUBLICATIONS
6,284,078 Bl 9/2001 Witonsky et al.
6,294,109 Bl 9/2001 Ratna et al. Princeton Lightwave, “High Power Multimode Laser Arrays”, down-
6,301,279 B1  10/2001 Garbuzov et al. loaded Oct. 24, 2005 from web address: http://www.
6,314,324 B1  11/2001 Lattner et al. princetonlightwave.com/content/
6,330,388 Bl  12/2001 Bendett et al. pli__high power multimode laser arrays.pdf (2005).
6,339,606 Bl 1/2002 Alphonse Princeton Lightwave, “High Power Water Cooled Laser Stack”,
6,353,226 Bl 3/2002 Khalil et al. Downloaded Oct. 24, 2005 from website: http://www.
6,363,188 Bl 3/2002 Alphonse princetonlightwave.com/, (2005).
6,417,524 Bl 7/2002 Alphonse Princeton Lightwave, “High Power Water Cooled Laser Stack”,
6,444,313 Bl 9/2002 Ono et al. downloaded Dec. 8, 2005 from web address: http://www.
6,456,866 Bl 9/2002 Tyler et al. princetonlightwave.com/content/
6,459,715 Bl 10/2002 Khalfin et al. pli__high power multimode laser _ stacks.pdf. (2005).
6,475,800 B1  11/2002 Hazen et al. Arridge et al., “The theoretical basis for the determination of optical
6,493,476 B2  12/2002 Bendett pathlengths in tissue: temporal and frequency analysis”, “Phys. Med.
6,542,772 Bl 4/2003 Chance Biol”, 1992, pp. 1531-1560, vol. 37.
6,546,291 B2 4/2003 Merfeld et al. Chance et al., “Comparison of time-resolved and -unresolved mea-
6,556,611 Bl 4/2003 Khalfin et al. surements of deoxyhemoglobin in brain”, “Proc. Nati. Acad. Sci.
6,564,076 Bl 5/2003 Chance USA”, Jul. 1988, pp. 4971-4975, vol. 85.
6,585,411 B2 7/2003 Hammarth et al. Nakagawa Atsuhiro, et al., “Pulsed holmium:yttrium-aluminum-gar-
6,592,611 Bl1* 7/2003 Zawada ........ccceenee.. 607/89 net laser-induced liquid jet as a novel dissection device in
6,630,673 B2  10/2003 Khalil et al. neuroendoscopic surgery”, “J. Neurosurg.”, Jul. 2004 , pp. 145150,
6,636,678 Bl  10/2003 Bendett et al. vol. 101.
6,639,930 B2  10/2003 Gritffel et al. Princeton Lightwave, “High Power Single Element Laser”, “www.
6,669,379 B2  12/2003 Janosik et al. princetonlightwave.com/content/
6,669,765 B2  12/2003 Senga et al. HP%20Single%20Element%20Laser%20version%202.pdf”, 2005.
6,688,783 B2 2/2004  Janosik et al. Rolfe, “In Vivo Near-Infrared Spectroscopy”, “Annu. Rev. Biomed.
6,690,873 B2 2/2004 Bendett et al. Eng.”, 2000, pp. 715-754 , vol. 2.
6,744,548 B2 6/2004 Abeles
6,748,275 B2 6/2004 Lattner et al. * cited by examiner



US 7,736,382 B2

Sheet 1 of 17

Jun. 15, 2010

U.S. Patent

61
A\

X €0¢ Nivdl

X 02 NIvHL

X ¢02 35Nd

X 002 3S7Nd

X X|NOILYINNILS ON

Sv et o0
NOILONNA
NoL1ne 10 5355313 NOUONNS. |

Mmm

2l
80
0l ——>
0L \_ H3AEO3HYIANIS TYNOIS YOLLdO
)

< ﬁﬁzmo JOVHNIT TYIINVHOIW IILINOVIA-NON
| [ 31n6u3d

«—wNoisEISY1 A

a1 ‘DIA

vol

YITTOULNOD
H3IMOd + H3SV1

SH38l4 JHOW HO ANO

Ol I

) L 60l
sthy ' goy~ 1SOLLO HINIGNOD / HI1dN0D WY3E
__. At e ettt
HIAOD HLYIHS T181SOdSIA FTHILS NIHL dd Y-
AN (- = u
\,\ S0l MP e
oyl z0L | m
Hv8 YISV HO (S)H3sv i
001" r ]
L0l VI ‘DIA



US 7,736,382 B2

Sheet 2 of 17

Jun. 15, 2010

U.S. Patent

SNOILI313S ONINIL/NOILONNA
HO4 SHOLVYNLOV SINNHL HO H3ONId Gl

cel

(STYNDIS HISV
AdVHIHL /AHIDHNS
HO/ONV NOLLYINWLLS
8Ll
al ‘OBid
M 68
SNOILI313S
OHNINLL/NOILONNS
HO4 (S)HOLYNLOV
gaWNHL HO HIONI4 (1v21L40)
1NOMI 8cl
(S)TYNDIS
........ TOHLINOD 0zL
m HOL19313S -
«---

r~ TYNDIS /\/

e A~ I NOILVINIILS gLl
6L1 oLl
>\ rad)
Ll DI ‘DIA



US 7,736,382 B2

Sheet 3 0f 17

Jun. 15, 2010

U.S. Patent

G8l 08l

,\/4

€81

=N

¥81

——

i
}
[ 4

\\L&&

WNDIS
NOILYInmiLS Sl

Al "OIA

(1v2ILdO)
LNONI 8¢l

(S1vNDIS
TOHINOD 0zl
g

TVNDIS /\\/

NOLLYTNWILS 8L}

HI OIA



US 7,736,382 B2

Sheet 4 of 17

Jun. 15, 2010

U.S. Patent

NiVdl d3dVHS

a;: I T 357Nd Q3dvHS
\!\4
€0¢ az bNuN
\"\4
coe 2Z ‘OIA
NIVHl 3S7Nd
3S1Nd
smk._::; gz ‘oI
\,\1
00 VZ ‘OId

(S)TYNDIS 43SV
OILNIdVYHIHLVIIDENS
..... HO/GNY NOILYTNWILS

— Y

gLl
z9l D] ‘DI



US 7,736,382 B2

Sheet 5 0f 17

Jun. 15, 2010

U.S. Patent

o

€0gE

NOILYINWILS
40 INIOd

00€

S L S L S

@403 NIdS

A

>

Z0€
H3gid
¥IILO
wwm
— v0E
ﬁ 4 YaNIEWOD ) lo:m \/\
mmm w3sv1| (S83sV1 (| [ uannvuooud
FIESIAY, 4 I 310W34 OiavH
1
~ «
d0al A HITIOHINOD
i ALY 304N0S 39HYHD
~1 A 3
L0€ [ 1 §30avHOId <1~
\_ 44 ) GO¢
\L
90¢ J

_/

Ve ‘OIA



U.S. Patent Jun. 15, 2010 Sheet 6 of 17 US 7,736,382 B2

330

r

POINT OF
/U STIMULATION
303

L S L L LS
Q403 T¥NIdS
TN NTXT NN

FIBER

311
OPTICAL
302

N )
2—" [ "yananos
2 sudevt |

(S)d3sv

| sosa7

k 8 [pTmaisin |20 8
(a2}
q

A H3110H.NOD
I

<

/—\/

310

3

FIG. 3B
\_T T

o—" K Ad3LLve




US 7,736,382 B2

Sheet 7 of 17

Jun. 15, 2010

U.S. Patent

oLy

00t

90v 371ANNE H381d
NI 3HY STVYNOIS LHOIT AHIOHNS
HO/ANY ‘NOILYINIWILS "ONILIDHVL

90t
Ly’ 807, > 002
A%
(S)1041NOD 8iv
vnv IVANYIN
0Eh . .~ @3L93NNOD
-43814-1¥91Ld0
LY
148)74 mwl
Y DIA



US 7,736,382 B2

Sheet 8 of 17

Jun. 15, 2010

U.S. Patent

L

c

G

c0¢

HOLVINNILS
1vIILdO
J1aV.INVIdINI

\)\

01

LLG




U.S. Patent Jun. 15, 2010 Sheet 9 of 17 US 7,736,382 B2

(/

\¢

FIG. 64
IMPLANTABLE
OPTICAL
STIMULATOR
" %1!" % X T < -
7 ,
1 .




US 7,736,382 B2

Sheet 10 of 17

Jun. 15, 2010

U.S. Patent

EELEDNLFE

. NOILVLONNY

CEECrT

(NOILLYINNILS

CEE[C

AH3IOHNS

NG

NN

2

¥

G, Pl
NOILVOI4IH3A "AHIDHNS 'NOILY LONNY ‘NOILYINWILS

sasnodsau Hum| X 4 =S
9.9 FDVINI ALYLONNY % .,

OL W3LSAS O

pr9_[ )

_H3LNAWOD ONIDVIAI

( J
ZEM 431ndNOD

| TOHINOI-NOILOW |

219 HITIOHINOD |

| HISYI-NOLLYINMILS

129 3
| _ HATIOHINGD
H3SVTIVOIOHNS

0 +99 g9 ‘ord



US 7,736,382 B2

Sheet 11 of 17

Jun. 15, 2010

U.S. Patent

@@gga@agﬂ

. NOILVLONNY

( NOLLVINWILS

@@@@.@-@J

. NOILVLONNV

(HOdANN

L NOLLVINWILS

@@@@@@xfmm,

(Cle]clu)

AH3IOHNS

: b,
sabn
. sl
...\.r\.r s...-...

L

@@@@EE

L NOLLYINNILS

@0EY

AHIDHNS

; iy, s.umw\ 4 V
NGt .,..,.u\
NOILYOIJIHIA ‘AHIDHNS zo_l_.<.522< ‘NOILYTINWILS NOILVOIIH3A ‘AHIDHNS ‘NOILY.LONNY ‘NOILLYINWILS
89~ A9 ‘DI e894 A9 ‘DI
(EANMRNEESS 289 | [BEZRNMA0OY
NOILV.LONNVY P NOILVLONNV

NOILVDIJIH3A “AHIOHNS ‘NOILYLONNY ‘NOLLYINALLS

NOILYOIFIH3A 'AHIOHNS ‘NOILYLONNY ‘NOLLYINWILS

zg9 4 a9 ‘Did

Lgg A D9 ‘DIA




U.S. Patent Jun. 15, 2010 Sheet 12 of 17 US 7,736,382 B2

FIG. 74

302

714

s ~— /@//Jﬂs
- s
~\ |*7B |
N
d \ 711
711
712 /\/V N

726



U.S. Patent Jun. 15, 2010 Sheet 13 of 17 US 7,736,382 B2

FIG. 7B

719
Y,
./: ioo)
P
-
716 732

'
714 - NN

797 N 711 1 N, 12

=& > 797
796 L1703 o6
795




US 7,736,382 B2

Sheet 14 of 17

Jun. 15, 2010

U.S. Patent

R —— , 68 988
EuquEuuuuHuuuHHE_Hr S~
EHHHHHHHHHH:HHHHHE7W/HNHI// ...... ~
it it by f
et || Syttt |
I — — = =22 = ¢
%ﬁuuhaﬁ\\\\\\n\\|l|||||||\|..|.|..|h.|.q.|. iiiiii A\
EHHHHHHHEHHEHHB - ’
“\ - e
EH_EHHHH_EEHEHB_ - K -— 768
1 ‘|' ’

VIdv
QaLYNINNTTI

€08 g ‘DI

0

qa8 ‘DI

W08 pe oLy



U.S. Patent Jun. 15, 2010 Sheet 15 of 17 US 7,736,382 B2

} 0'3 J//\/E

901
[
902

77

79

79

897
/\J

899
r’

,._/
896

f_/
895

U
4]

FIG. 94
¢
FIG. 9B



US 7,736,382 B2

Sheet 16 of 17

Jun. 15, 2010

U.S. Patent

5
- \[— =]
X \ch ﬁ>
026
%
) \[C h=
X VU
ON@\L@ "
&
) L/cﬁ =
X
A
0z6” " k
x
) L/CT =l
X 026”7 A
|
P— i
X
oz6” A
< <x
X 0 =
A
26 ‘DIA



US 7,736,382 B2

Sheet 17 of 17

Jun. 15, 2010

U.S. Patent

NG
£col S30IA3A LNdNI ¥3sn | |39O9
02014 T @
— S00L 135 7001 \WS
¥aALNdWoD » FIOMLNOO MS
JOHLNOD ANV ONIOVII
© AR Ad39dNS ANV NOILYINAILS
220} 00}
2oL YN N v0l m
103rans P M T
/) VN ezol Y3 TIO8INOD
4L AAHAN Voo 304NOS-ONILLINI-1HDIT
$7 vV 2 (S)dOSN3s f a0
\ $)304N0S
@m\\ W S . 1HOM
" 0€0L 70, A TIEISIA
\Nou i \,\ N i ( (8)30uN0S
801 s 800L HO/ANY| A¥IDUNS
m ps ,.. mmz_m_\/_oo h ||_<O_|rn_o
i< \ _ \
\\ B \ W38 100~
ovl ) ~LHOI (" (S)32¥nos
TUNIONYLS U3aiT VOILdO «—— NOLLYINWILS
p ~ | -TvOILdO




US 7,736,382 B2

1

APPARATUS FOR OPTICAL STIMULATION
OF NERVES AND OTHER ANIMAL TISSUE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This invention claims benefit of U.S. Provisional Patent
Application 60/715,884 filed Sep. 9, 2005, titled “Apparatus
and Method for Optical Stimulation of Nerves,” which is
hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

The invention relates generally to optical nerve stimula-
tion, and more particularly to methods and apparatus to gen-
erate, direct, and control the optical signal used to stimulate
nerves and other animal tissue, and in particular, neural tissue.

BACKGROUND OF THE INVENTION

A nerve can be stimulated in a number of different ways,
including electrical, mechanical, thermal, chemical, and now
optical. A nerve is a filament of neural tissue composed of
cells each having a cell body and one or more axons and
dendrites. The axons extend peripherally as either myelinated
or unmyelinated fibers. A chain of Schwann cells surrounds
each myelinated nerve fiber with a multilayered myelin
sheath. Groups of unmyelinated fibers are associated with
single Schwann cells. Both types of nerve fibers are bound by
endoneurium to form bundles, or fascicles. A perineurial
membrane surrounds each fascicle. Groups of fascicles are
held together by internal and external epineurium to form the
peripheral nerves. The cell body of a motor neuron lies in the
anterior horn of the spinal cord, while the cell body of a
sensory neuron is located in the dorsal root ganglion, near the
cord. (Christine Cheng; See Nerve Compression Syndromes
of the Upper Limb, by Martin Dunitz, published by Taylor &
Francis Group, 2002.)

Functional magnetic-resonance-imaging (fMRI) systems
use extremely strong magnetic fields in generating images of
an animal subject (e.g., a human) to discern functions and
abnormalities of various portions of the body, and in particu-
lar, of the brain (e.g., during various mental activities or
thought patterns). The high static magnetic fields (B, fields)
created by an MRI machine create a danger of projectile
accidents from any object having magnetic properties that
may be near the MRI machine. Using metal probes to deliver
electrical stimulation to nerves of a subject poses one such
danger. It would be desirable to stimulate a nerve without
using metal probes.

Further, it is desirable to cause a controlled stimulation of
individual nerves. U.S. Pat. No. 6,921,413 issued to Mahade-
van-Jansen et al. on Jul. 26, 2005, and titled “Methods and
devices for optical stimulation of neural tissues,” is incorpo-
rated herein by reference. Mahadevan-Jansen et al. note that
traditional methods of stimulation include electrical,
mechanical, thermal, and chemical. A neuron will propagate
an electrical impulse (a nerve action potential) in response to
a stimulus. The most common form of applying such stimu-
lation is to form a transient current or voltage pulse applied
through electrodes. Electrical, mechanical, and chemical
stimulations have many limitations. To name a few, stimula-
tion by such methods typically results in non-specific stimu-
lation of neurons and/or damage to neurons. Difficulty exists
in recording electrical activity from the neuron due to an
electrical artifact created by the stimulus. To stimulate only
one or a few neurons, fragile micro-electrodes need to be
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fashioned and carefully inserted into the tissue to be stimu-
lated. Such techniques do not easily lend themselves to
implantable electrodes for long-term use in stimulation of
neural tissue. Mahadevan-Jansen et al. describe the use of
low-power light from a free-electron laser (FEL) for optically
stimulating selected individual nerve cells in vivo, while at
the same time not stimulating neighboring cells with the laser
light. Unfortunately, FELs are expensive, large, awkward and
unwieldy.

Further, conventional optical systems include some mag-
netic materials, making them unsuitable for use near MRI
systems.

In view of shortcomings in such conventional devices,
there is a need for devices and methods that can provide
inexpensive, compact, non-magnetic, and/or easy-to-use
optical stimulation of nerves.

BRIEF SUMMARY OF THE INVENTION

In some embodiments, the invention provides a method
and apparatus for stimulating nerves using either an infra-red
(IR) diode laser or light-emitting diode (LED) (e.g., one
running at a wavelength of about 1.87 microns) or a diode-
pumped solid-state laser running at a wavelength of 2.1
microns (e.g., a 785-micron-wavelength laser diode pumping
aTm/Ho solid-state crystal or fiber), or a laser diode operating
at a wavelength of between about 1.8 and about 2.2 microns,
with a fiber light-pen, pointer and/or wand that can be used to
control, direct and/or shutter the light in a non-magnetic
apparatus. In some embodiments, a laser diode is used to
obtain power into an optical fiber that is sufficient to optically
stimulate the nerve. In other embodiments, one or more
LEDs, one or more lasers, or a combination of one or more
LEDs and one or more lasers is used to obtain the stimulation
light.

In some embodiments, either sharing a single optical fiber
or passing in one or more separate fibers next to the optical
fiber that carries the IR nerve-stimulation laser signal, the
invention also includes a visible laser or LED signal that
illuminates and points out the nerve being stimulated, and/or
a high-power surgical and/or therapeutic laser signal that is
used in conjunction with the IR nerve-stimulation signal. For
example, in some embodiments, a visible laser is shined down
an optical fiber to point out to the surgeon where the IR
nerve-stimulation laser signal will be applied; the surgeon
then activates the IR nerve-stimulation laser signal and
observes the response (for example, phantom-limb pain of an
amputee); and once the observed response determines the
nerve location to be treated, the surgical and/or therapeutic
laser signal is applied to that location.

The present invention, with its ability to precisely stimulate
a single nerve or a very small area of a brain with no metal or
magnetic material near the subject, who, in some embodi-
ments, may be a human patient requiring medical care, is a
gateway technology that opens broad areas of medicine and
surgery. In some embodiments, an enlarged digital or video
image of the surgery site is displayed, and as the surgeon
optically stimulates the various nerves or areas, the image is
annotated (e.g., color-coded as a map of nerve function) to
provide a record of which response was observed for each of
the different areas stimulated. In some embodiments, once
the annotated map is sufficiently complete, the surgeon can
input graphical annotation to the computer identifying the
extent or the exact area to which treatment is to be permitted,
the visible signal (showing where the fiber is pointing) is
inputted and compared to the map, such that the controller
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allows the surgical and/or therapeutic laser signal to be
applied only to the identified allowed area.

As used herein, “optical stimulation of nerves” refers to
stimulation caused by impinging light onto nerve tissue,
regardless of the wavelength of the light (ultraviolet, visible,
or infrared, wherein the term “light” is not necessarily
restricted to light in the visible range of 400-to 700-nanom-
eter wavelengths). The nerve being stimulated can be any
nerve, such as motor or sensory nerves in the peripheral
nervous system, nerve tissue of the central nervous system
(nerves within the brain and spinal cord), the cranial nerves
(e.g., the optic nerve, the olfactory nerve, the auditory nerve,
and the like), the autonomic nervous system, as well as brain
tissue and/or any other neural tissue. Thus, the tissue to which
optical stimulation is applied need not itself be a “nerve” as
conventionally defined, but could include brain tissue that
when stimulated by light initiates a response similar to that
carried by a nerve, e.g., an action potential that includes
electrical and/or chemical components, and which is propa-
gated to a location some distance from the point that was
optically stimulated. As used herein, the term “subject” is an
inclusive term that refers to any animal whose nerves may be
stimulated by light, as the term light has been defined above;
this includes non-mammalian and mammalian species,
including humans, and including especially humans who may
be patients receiving professional medical care. As used
herein, the term “optical-fiber structure” is an inclusive term
that includes a single optical fiber as well as a bundle of
individual optical fibers, a fused bundle of optical fibers, star
couplers, and depending on the context optionally includes
ferrules, lenses, and the like used to couple light into and out
of the optical fiber structure.

In some embodiments, the present invention includes at
least. some of the following: a first light-emitting source, a
second light-emitting source, a light-beam combiner, a
mechanical linkage with a trigger mechanism, a ferrule, a
light-emitting-source controller, and a disposable sheath. In
some embodiments, the sheath includes a lens or other optics
to focus the light from the fiber to a particular spot size and/or
shape. In some embodiments, a plurality of different inter-
changeable sheaths are provided, each having a different spot
size and/or shape, allowing the surgeon to choose the appro-
priate light pattern, and/or to change the light pattern based on
results of the first-tried sheath’s light pattern and the patient
response obtained.

In some embodiments, a method is practiced by generating
a first laser using a first light-emitting source, generating a
second laser using a second light-emitting source, transmit-
ting the first and second laser to a beam-combiner optic using
a first optical-fiber structure, transmitting the first and second
laser light from the beam-combiner optic to a ferrule using a
second optical-fiber structure, emitting the first and second
laser light from the ferrule, regulating the first and second
laser light using a mechanical linkage operatively coupled to
a light-emitting-source controller; and connecting the light-
emitting-source controller to the first light-emitting source
via a bus.

In some embodiments, the present invention includes an
apparatus having a finger-and/or-thumb control, a ferrule, a
first optical-fiber structure, a second optical-fiber structure,
and a disposable sheath. This apparatus is used to deliver an
efficacious amount of, in some embodiments, visible and
infra-red (IR) light so as to target and stimulate nerve tissue.

In some embodiments, an apparatus is constructed of an
optical stimulator, a first optical-fiber structure, a radio-fre-
quency (RF) charger, and a radio remote programmer. In
some embodiments, this optical stimulator is implanted into a
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recipient to provide an efficacious dose of light to promote
nerve stimulation. In some embodiments, the stimulation
light is IR (infrared), while in other embodiments, visible
light, ultraviolet, or combinations of a plurality of wave-
lengths are used.

In some embodiments, a method is practiced involving
charging an RF recharger, supplying a charge to a battery
from the RF charger, powering a controller with the battery,
powering a first light source, powering a second light source,
emitting light from the first light source, emitting light from
the second light source, controlling the light from the first and
second light sources using a radio remote programmer, com-
bining the light from the first and second light sources via a
combiner, and transmitting the combined light via an optical
structure to a nerve fiber.

In some embodiments, the invention includes a kit contain-
ing a first light-emitting source, a second light-emitting
source, a light-beam combiner, a mechanical linkage with a
trigger mechanism, a ferrule, a light-emitting-source control-
ler, and an optional disposable sheath. Also contained in this
kit are the various materials needed to assemble the appara-
tus.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is ablock diagram 100 of a first laser device using
a mechanical trigger mechanism.

FIG. 1B is a table showing the function-selection state
machine changes obtained by successive presses of an opti-
cal-stimulation function-selection button 127 shown in FIG.
1C.

FIG. 1C is a block diagram of a laser device 141 using a
manually controlled selector implementing a finger or thumb
control.

FIG. 1D is a block diagram of a laser device 142 using a
manually controlled selector implementing a finger or thumb
control for local mechanical control of the stimulation light.

FIG. 1E is a block diagram of a laser device 143 having a
mister 195 and/or focus plate 194.

FIG. 1F is a block diagram of an apparatus that includes an
elongated endoscope structure 180 and a nerve-stimulation
structure 182.

FIG. 1G is a block diagram of a laser device 162 using a
spring-loaded-tip controlled selector 167 for local mechani-
cal control of the stimulation light.

FIG.2A is adiagram 200 of a single light pulse as would be
typically emitted using a manually controlled shutter or aper-
ture.

FIG. 2B is a diagram 201 of a pulse train as would be
generated when a light pulse device is operatively coupled
and used with light source.

FIG. 2C is a diagram 202 of a shaped pulse as would be
generated when a light pulse device is operatively coupled
and used with light source.

FIG. 2D is a diagram 203 of a shaped train pulse as would
be generated when a light pulse device is operatively coupled
and used with light source.

FIG. 3A is a schematic 300 detailing an implantable ver-
sion of the device that is powered and controlled via an
external source.

FIG. 3B is a schematic 330 detailing a partially implantable
and partially external version of the device.

FIG. 4 is a block diagram of a light-delivery device 400
using a manually controlled selector and delivery system of
laser light.
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FIG. 5 is a block diagram of a light-delivery device 500
using a manually controlled fiber holder and releaser for
guiding and implanting fiber for nerve stimulation using laser
light.

FIG. 6A is a perspective-view block diagram of a light-
delivery device 600 using a remotely controlled frame-and-
carriage system 609 for delivery of optical-nerve stimulation
laser signals.

FIG. 6B is a schematic diagram of a computer-aided opti-
cal-stimulation and/or optical-surgery device 660, according
to some embodiment of the present invention.

FIG. 6C depicts a screen shot 681 of a display of informa-
tion from device 660.

FIG. 6D depicts a screen shot 682 of a display of informa-
tion from device 660.

FIG. 6E depicts a screen shot 683 of a display of informa-
tion from device 660.

FIG. 6F depicts a screen shot 684 of a display of informa-
tion from device 660.

FIGS.7A, 7B, and 7C are perspective-, side-, and top-view
block diagrams of a light-delivery device 700 using a
remotely controlled fiber holder affixed to a subject for nerve
stimulation using laser light.

FIG. 8A is a schematic diagram of an optical-fiber light-
delivery device 801 using a lens-type imager to direct light
over an area.

FIG. 8B is a schematic diagram of an optical-fiber light-
delivery device 802 using a grating on a fiber to direct light
over a line.

FIG. 8C is a schematic diagram of an optical-fiber light-
delivery device 803 using gratings on a plurality of fibers to
direct light over an area.

FIG. 9A is a schematic diagram of an optical-fiber light-
delivery device 901 using a grating on each of two fibers to
direct light over a line at two locations along a nerve 79.

FIG. 9B is a schematic diagram of an optical-fiber light-
delivery device 902 using a polished end on each of two fibers
to direct light to points at two locations along a nerve 79.

FIG. 9C is a series of timing diagrams showing reinforced
stimulation of an action potential along a nerve.

FIG. 10 is a schematic diagram of an optical fiber light-
delivery system 1000.

DETAILED DESCRIPTION OF THE INVENTION

Although the following detailed description contains many
specifics for the purpose of illustration, a person of ordinary
skill in the art will appreciate that many variations and alter-
ations to the following details are within the scope of the
invention. Accordingly, the following preferred embodiments
of'the invention are set forth without any loss of generality to,
and without imposing limitations upon the claimed invention.

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings that form a part hereof, and in which are shown by way
of illustration specific embodiments in which the invention
may be practiced. It is understood that other embodiments
may be utilized and structural changes may be made without
departing from the scope of the present invention.

The leading digit(s) of reference numbers appearing in the
Figures generally corresponds to the Figure number in which
that component is first introduced, such that the same refer-
ence number is used throughout to refer to an identical com-
ponent which appears in multiple Figures. Signals and con-
nections may be referred to by the same reference number or
label, and the actual meaning will be clear from its use in the
context of the description.
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CNAP is an abbreviation for compound nerve action
potential. CMAP is an abbreviation for compound muscle
action potential. As used herein “target neural tissue” is
defined as any neural tissue including, but not limited to,
peripheral nerves, spinal-cord tissue, and brain tissue of ani-
mals, including mammals, and specifically including
humans. As used herein “electrical impulse” is defined an
electrical current applied to the nerve to initiate an action
potential in the neuron. As used herein “stimulation effect” is
defined as propagation of an electrical signal within or along
neural or muscular tissue. As used herein “single nerve fiber”
is defined as a portion of a neuron, namely the axon, which
carries action potentials from the cell body to the axon termi-
nal at a synapse, or one or more of the dendrites, which
accumulate signals from one or more sources and carry these
to the cell body. Many nerve fibers compose a peripheral
nerve, such as the sciatic nerve of a leopard frog (Rana Pepi-
ens) or a mammal.

For ease of explanation and conciseness, the present inven-
tion is described as embodiments of an apparatus and method
for optically stimulating nerves and/or generating nerve
action potentials. CNAP is one form of nerve action potential.
In other embodiments of the invention, substantially similar
apparatus and methods are used for optical stimulation of
other tissues, such as muscles and/or generating muscle
action potentials. CMAP is one form of muscle action poten-
tial.

As used herein “hand operated” means operated by some
portion of a user’s hand or hands, including by one or more of
the fingers, thumb, wrist and palm of the hand, or of both
hands. In some embodiments, a light-delivery handpiece is
hand operated to the extent that the location (i.e., on the nerve
or neural tissue) to which light is delivered is determined by
positioning the handpiece by hand. In some embodiments, a
light-delivery handpiece is also hand operated in that a con-
trol device (such as a button, wheel, trigger, iris, shutter, and
the like) is operated by hand to control the type of stimulation
light (e.g., pulses, intensity, wavelength, pulse train, and the
like) and/or timing of the stimulation light.

As used herein “one micron” is defined 1.0 micrometer. As
used herein “a spot size of d1 microns to d2 microns,” where
dl and d2 are numbers, is synonymous with “an area of a
circle or other shape with a diameter in a range of from dl
micrometers to d2 micrometers,” as is known to people
skilled in the art. For example, a spot size in a range of 200
microns to 600 microns is synonymous with an area (e.g., of
a circle) with a diameter in a range of from 200 micrometers
to 600 micrometers, corresponding to an area with a size in a
range of about 31,416 square microns to about 282,743
square microns, using the formula of Area=Y4xD?. In some
embodiments, a spot is generated by passing the light that
exits an end of an optical fiber through a lens, holographic
imaging pattern, or other imaging apparatus.

In other embodiments, spots with diameters of 1 microme-
ter or smaller to 1000 micrometers (1 mm) or larger are used;
for example, about 5 micrometers, about 10 micrometers,
about 15 micrometers, about 20 micrometers, about 25
micrometers, about 30 micrometers, about 35 micrometers,
about 40 micrometers, about 45 micrometers, about 50
micrometers, about 55 micrometers, about 60 micrometers,
about 65 micrometers, about 70 micrometers, about 75
micrometers, about 80 micrometers, about 85 micrometers,
about 90 micrometers, about 95 micrometers, about 100
micrometers, about 110 micrometers, about 120 microme-
ters, about 130 micrometers, about 140 micrometers, about
150 micrometers, about 160 micrometers, about 170
micrometers, about 180 micrometers, about 190 microme-
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ters, about 200 micrometers, about 210 micrometers, about
220 micrometers, about 230 micrometers, about 240
micrometers, about 250 micrometers, about 260 microme-
ters, about 270 micrometers, about 280 micrometers, about
290 micrometers, about 300 micrometers, about 310
micrometers, about 320 micrometers, about 330 microme-
ters, about 340 micrometers, about 350 micrometers, about
360 micrometers, about 370 micrometers, about 380
micrometers, about 390 micrometers, about 400 microme-
ters, about 410 micrometers, about 420 micrometers, about
430 micrometers, about 440 micrometers, about 450
micrometers, about 460 micrometers, about 470 microme-
ters, about 480 micrometers, about 490 micrometers, about
500 micrometers, about 510 micrometers, about 520
micrometers, about 530 micrometers, about 540 microme-
ters, about 550 micrometers, about 560 micrometers, about
570 micrometers, about 580 micrometers, about 590
micrometers, about 600 micrometers, about 610 microme-
ters, about 620 micrometers, about 630 micrometers, about
640 micrometers, about 650 micrometers, about 660
micrometers, about 670 micrometers, about 680 microme-
ters, about 690 micrometers, about 700 micrometers, about
750 micrometers, about 800 micrometers, about 850
micrometers, about 900 micrometers, about 950 microme-
ters, about 1000 micrometers, about 1.1 millimeters, about
1.2 millimeters, about 1.3 millimeters, about 1.4 millimeters,
about 1.5 millimeters, about 1.6 millimeters, about 1.7 milli-
meters, about 1.8 millimeters, about 1.9 millimeters, about 2
millimeters, about 3 millimeters, about 4 millimeters, about 5
millimeters, or more than about 5 millimeters, or, in other
embodiments, in ranges between any two of the above values.

In some embodiments, a laser diode emitting light with a
1.87-micron wavelength stimulates nerves. This wavelength
is important because devices capable of generating this wave-
length are more available than longer mid-IR wavelengths. In
some embodiments, laser-diode light of a 2.1-micron wave-
length is used for nerve stimulation. Laser diodes that emit
2.1-micron-wavelength light are currently in research and
would most likely work as well as other wavelengths, since
this wavelength, when generated by a lamp-pumped solid-
state laser, has been shown to be effective in stimulating
nerves. In some embodiments, a laser-diode device (having
one or more emitters) outputs light that is used for nerve
stimulation, wherein the light has a wavelength of between
about 1.5 microns and about 6 microns; in various embodi-
ments, for example, the wavelength is in the far infrared at
about 1.5 microns, or about 1.51 microns, about 1.52
microns, about 1.53 microns, about 1.54 microns, about 1.55
microns, about 1.56 microns, about 1.57 microns, about 1.58
microns, about 1.59 microns, about 1.6 microns, about 1.61
microns, about 1.62 microns, about 1.63 microns, about 1.64
microns, about 1.65 microns, about 1.66 microns, about 1.67
microns, about 1.68 microns, about 1.69 microns, about 1.7
microns, about 1.71 microns, about 1.72 microns, about 1.73
microns, about 1.74 microns, about 1.75 microns, about 1.76
microns, about 1.77 microns, about 1.78 microns, about 1.79
microns, about 1.8 microns, about 1.81 microns, about 1.82
microns, about 1.83 microns, about 1.84 microns, about 1.85
microns, about 1.86 microns, about 1.87 microns, about 1.88
microns, about 1.89 microns, about 1.9 microns, about 1.91
microns, about 1.92 microns, about 1.93 microns, about 1.94
microns, about 1.95 microns, about 1.96 microns, about 1.97
microns, about 1.98 microns, about 1.99 microns, about 2.0
microns, about 2.01 microns, about 2.02 microns, about 2.03
microns, about 2.04 microns, about 2.05 microns, about 2.06
microns, about 2.07 microns, about 2.08 microns, about 2.09
microns, about 2.1 microns, about 2.11 microns, about 2.12
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microns, about 2.13 microns, about 2.14 microns, about 2.15
microns, about 2.16 microns, about 2.17 microns, about 2.18
microns, about 2.19 microns, about 2.2 microns, about 2.21
microns, about 2.22 microns, about 2.23 microns, about 2.24
microns, about 2.25 microns, about 2.26 microns, about 2.27
microns, about 2.28 microns, about 2.29 microns, about 2.3
microns, about 2.31 microns, about 2.32 microns, about 2.33
microns, about 2.34 microns, about 2.35 microns, about 2.36
microns, about 2.37 microns, about 2.38 microns, about 2.39
microns, about 2.4 microns, about 2.5 microns, about 2.6
microns, about 2.7 microns, about 2.8 microns, about 2.9
microns, about 3 microns, about 3.1 microns, about 3.2
microns, about 3.3 microns, about 3.4 microns, about 3.5
microns, about 3.6 microns, about 3.7 microns, about 3.8
microns, about 3.9 microns, about 4 microns, about 4.1
microns, about 4.2 microns, about 4.3 microns, about 4.4
microns, about 4.5 microns, about 4.6 microns, about 4.7
microns, about 4.8 microns, about 4.9 microns, about 5
microns, about 5.1 microns, about 5.2 microns, about 5.3
microns, about 5.4 microns, about 5.5 microns, about 5.6
microns, about 5.7 microns, about 5.8 microns, about 5.9
microns, or about 6.0 microns, or, in other embodiments, in
ranges between any two of the above values. In other embodi-
ments, an LED having output wavelengths centered in one of
these ranges is used as a source of light to stimulate nerves.
In still other embodiments, one or more laser diodes or
LEDs that output shorter wavelengths (including short IR,
visible, and/or ultraviolet light) is used as a source of light to
stimulate nerves. In particular, visible wavelengths are impor-
tant because devices capable of generating a great number of
different ones of these shorter wavelengths are becoming
more available, and use of visible light makes the location of
the stimulation signal readily apparent to the user without the
use of separate lasers or LEDs as visible markers. On the other
hand, longer IR laser wavelengths tend to be more eye-safe
(since the liquids and structures in the front of the eye absorb
or block longer IR wavelengths), while shorter laser wave-
lengths can present an eye hazard with respect to which,
precautionary protective measures must be taken. Further,
different wavelengths have different penetration depths into
various tissues, so a selected penetration depth can be
achieved by changing wavelength without changing optical
power, or by a combination of a selected wavelength and
a’selected power. In some embodiments, a laser diode having
an output wavelength of about 0.95 microns (in the infrared)
is used for nerve stimulation. In some embodiments, a laser-
diode device (having one or more emitters) outputs light that
is used for nerve stimulation, wherein the light has a wave-
length of between about 1.5 microns and about 0.2 microns.
In various embodiments, for example, the wavelength is in
the infrared spectrum at about 0.7 microns, about 0.71
microns, about 0.72 microns, about 0.73 microns, about 0.74
microns, about 0.75 microns, about 0.76 microns, about 0.77
microns, about 0.78 microns, about 0.79 microns, about 0.8
microns, about 0.81 microns, about 0.82 microns, about 0.83
microns, about 0.84 microns, about 0.85 microns, about 0.86
microns, about 0.87 microns, about 0.88 microns, about 0.89
microns, about 0.9 microns, about 0.91 microns, about 0.92
microns, about 0.93 microns, about 0.94 microns, about 0.95
microns, about 0.96 microns, about 0.97 microns, about 0.98
microns, about 0.99 microns, about 1.0 microns, or about
1.01 microns, about 1.02 microns, about 1.03 microns, about
1.04 microns, about 1.05 microns, about 1.06 microns, about
1.07 microns, about 1.08 microns, about 1.09 microns, about
1.1 microns, about 1.11 microns, about 1.12 microns, about
1.13 microns, about 1.14 microns, about 1.15 microns, about
1.16 microns, about 1.17 microns, about 1.18 microns, about
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1.19 microns, about 1.2 microns, about 1.21 microns, about
1.22 microns, about 1.23 microns, about 1.24 microns, about
1.25 microns, about 1.26 microns, about 1.27 microns, about
1.28 microns, about 1.29 microns, about 1.3 microns, about
1.31 microns, about 1.32 microns, about 1.33 microns, about
1.34 microns, about 1.35 microns, about 1.36 microns, about
1.37 microns, about 1.38 microns, about 1.39 microns, about
1.4 microns, about 1.41 microns, about 1.42 microns, about
1.43 microns, about 1.44 microns, about 1.45 microns, about
1.46 microns, about 1.47 microns, about 1.48 microns, about
1.49 microns, or about 1.5 microns, or, in other embodiments,
in ranges between any two of the above values.

In various other embodiments, for example, the wave-
length is in the visible spectrum at about 0.4 microns, or about
0.41 microns, about 0.42 microns, about 0.43 microns, about
0.44 microns, about 0.45 microns, about 0.46 microns, about
0.47 microns, about 0.48 microns, about 0.49 microns, about
0.5 microns, about 0.51 microns, about 0.52 microns, about
0.53 microns, about 0.54 microns, about 0.55 microns, about
0.56 microns, about 0.57 microns, about 0.58 microns, about
0.59 microns, about 0.6 microns, about 0.61 microns, about
0.62 microns, about 0.63 microns, about 0.64 microns, about
0.65 microns, about 0.66 microns, about 0.67 microns, about
0.68 microns, about 0.69 microns, or about 0.7 microns, or, in
other embodiments, in ranges between any two of the above
values.

In various other embodiments, for example, the wave-
length is in the ultraviolet spectrum at about 0.1 microns, or
about 0.11 microns, about 0.12 microns, about 0.13 microns,
about 0.14 microns, about 0.15 microns, about 0.16 microns,
about 0.17 microns, about 0.18 microns, about 0.19 microns,
about 0.2 microns, about 0.21 microns, about 0.22 microns,
about 0.23 microns, about 0.24 microns, about 0.25 microns,
about 0.26 microns, about 0.27 microns, about 0.28 microns,
about 0.29 microns, about 0.3 microns, about 0.31 microns,
about 0.32 microns, about 0.33 microns, about 0.34 microns,
about 0.35 microns, about 0.36 microns, about 0.37 microns,
about 0.38 microns, about 0.39 microns, or about 0.4
microns, or, in other embodiments, in ranges between any two
of the above values.

In some embodiments, the invention uses a nerve-stimula-
tion signal composed of one or more wavelengths within a
range between two numbers selected from the set that
includes all of the above listed far-infrared-, visible-, infra-
red-, or ultraviolet-spectrum wavelengths.

In some embodiments, two or more different wavelengths
are used in combination for nerve stimulation. In some
embodiments, the different wavelengths have different pen-
etration depths into a given tissue, so in some embodiments,
the present invention applies light at a first wavelength from a
first laser to achieve a first tissue-penetration depth, but
applies light at a second wavelength from a second laser to
achieve a second tissue-penetration depth. In some embodi-
ments, a variable amount of each of the two or more different
wavelengths is applied simultaneously to achieve a tissue-
penetration depth that is variable based on the amounts (inten-
sities) of the first and second light wavelengths. In some
embodiments, the two or more different wavelengths are used
in combination in cases where the simultaneous combination
of two or more different wavelengths achieves higher stimu-
lation results when applied to a specific type of neural tissue
than is achieved by the application of either wavelength
alone. In some embodiments, the two or more different wave-
lengths are passed through a single optical fiber for delivery to
the target neural tissue.

In other embodiments, different IR wavelengths have dif-
ferent depths of penetration into living tissue (e.g., nerve
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tissue), and thus one IR nerve-stimulation wavelength is used
for penetration to a first depth, and a second IR nerve-stimu-
lation wavelength is used for penetration to a second depth
that is different than the first depth. In some embodiments, the
two or more different wavelengths are passed through a single
optical fiber for delivery to the target neural tissue.

In still other embodiments, different IR wavelengths have
different absorption ratios or different stimulation results for
different tissue types (e.g., for different types of nerves or
neural tissue), and thus one IR nerve-stimulation wavelength
is used for stimulation of a first type of neural tissue, and a
second IR nerve-stimulation wavelength is used for stimula-
tion of a second type of neural tissue that is different than the
first type. In some embodiments, the two or more different
wavelengths are passed through a single optical fiber for
delivery to the target-neural-tissue area.

In some embodiments, the two or more different wave-
lengths are generated by two or more solid-state light-emit-
ting devices, such as laser diodes, light-emitting diodes, opti-
cally pumped fibers, and the like, and are then combined into
a single optical fiber. In other embodiments, the two or more
wavelengths are sent through separate parallel fibers or
through different cores in a single fiber.

In some embodiments, the optical stimulation light is
directed to a very small area of neural tissue, for example in
order to stimulate a subset of one or more nerves within a
nerve bundle (for example, to stimulate a motor nerve (a nerve
that conducts signals from the brain to one muscle or a portion
of' a muscle), or to stimulate a sensory nerve (a nerve that
conducts signals to the brain from a small area of touch-
sensing nerves), or an auditory nerve for a single audio fre-
quency, or an optical nerve for a small portion of the visual
field or color-sensing spectrum). In some embodiments, such
a precision-directed optical signal includes a single optical
wavelength, while in other embodiments two or more differ-
ent IR-stimulation wavelengths are used for stimulating a
single nerve or neural tissue area. In some embodiments, two
or more different wavelengths provide a stronger stimulation
to one nerve cell or one portion of tissue, while in other
embodiments two or more different IR-stimulation wave-
lengths provide different depths of penetration, such that a
selected depth or range of depths can be chosen by selecting
the wavelength(s) that reach to those depths.

In some embodiments, the optical stimulation light is
directed to a larger area of neural tissue, for example in order
to stimulate a larger number of nerves or brain cells. It has
been found that in some embodiments, the optical stimulation
of a single brain cell or a small number of brain cells is
ineffective in initiating a neural response, while the optical
stimulation of a larger number of brain cells is effective. In
some embodiments, delivery of this larger-area optical signal
includes a single optical wavelength, while, in other embodi-
ments, two or more different wavelengths are used. In some
embodiments, an optical lens, holographic imager, or other
imaging device is used to direct light from an optical fiber to
the larger area that is to be stimulated. In some embodiments,
a grating (e.g., a distributed Bragg reflector having a charac-
teristic grating spacing chosen to eject light from the fiber
along the grating length) is imposed along a length (e.g., in
various embodiments, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5
mm, 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1 mm, 2 mm, 3 mm,
4 mm, 5 mm, 6 mm, 7 mm, 8 mm, 9 mm, 10 mm, 11 mm, 12
mm, 13 mm, 14 mm, 15 mm, 16 mm, 17 mm, 18 mm, 19 mm,
20 mm, or longer than 20 mm) of the delivery end of a fiber in
order that the stimulation optical signal is forced to leave the
fiber over a length of the grating, in order that the optical
signal is directed to neural tissue over that length of grating on
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the fiber. For discussion purposes, the dimension along the
fiber at its emissive end is called the X-direction. In some
embodiments, a plurality of optical fibers is disposed such
that their ends emit light across a line perpendicular to their
length. For discussion purposes, the dimension perpendicular
to the fibers at their emissive end is called the Y-direction. In
some embodiments, a plurality of fibers, each having a grat-
ing on its end, are placed side-by-side such that light is emit-
ted to a larger area, wherein light has an extent in the Y-di-
rection due to the side-by-side spacings of the multiple fibers
and an extent in the X-direction due to the lengths of the
gratings on each fiber. In some embodiments, one or more IR
stimulation wavelengths are also chosen to be emitted across
different extents along a Z-direction, such that a volume of
neural tissue having selected extents in the X-direction, Y-di-
rection, and Z-direction is stimulated using the optical stimu-
lation signal.

Insome embodiments, a plurality of optical fibers is used to
deliver optical-stimulation pulses to different points along the
same nerve fiber or bundle at different times. For example, in
some embodiments, a first fiber A delivers an optical-stimu-
lation pulse to point X , along a nerve at a time t,, then later a
second fiber B delivers an optical-stimulation pulse to point
X further along the nerve at a later time t,,. In some embodi-
ments, the relative timings of the times of the optical-stimu-
lation pulses at t, and t, are selected such that the action
potential traveling along the nerve is reinforced or strength-
ened.

In some embodiments, one nerve is stimulated using dif-
ferent wavelengths applied to different locations along the
nerve; for example 1.8-micron-wavelength light can be
applied to a first point and 2.2-micron-wavelength light can
be applied to a second point. In some embodiments, both the
wavelength and the timing of the light stimulation are varied
along the nerve.

In some embodiments, a diode laser is employed for nerve
stimulation. This is important because a single-diode laser is
a very low-cost source compared to free-electron lasers
(FEL), fiber lasers or pumped solid-state lasers, just to name
a few. A single emitter is used in some embodiments, but, in
other embodiments, may not provide enough power for cer-
tain purposes. In other embodiments, a multiple-emitter
laser-diode device is used, wherein light from a plurality of
emitters is directed to a single nerve. In some embodiments,
a combiner is used to combine light from a plurality of emit-
ters into a single fiber. In some embodiments, one or more
side-emitting lasers are employed, while in other embodi-
ments surface-emitting lasers are used. In some embodi-
ments, a combination of different laser types is used, e.g.,
based on the need to generate certain combinations of wave-
lengths or powers.

In some embodiments, the laser-diode device is coupled to
one or more optical fibers that convey the light to the location
at the nerve for stimulation. In other embodiments, the laser
diode itself is positioned at the point of stimulation, eliminat-
ing the need for the optical fiber.

In some embodiments, a WDM (wavelength-division mul-
tiplexing) coupler is used to combine two or more wave-
lengths to be transmitted through a fiber to be ultimately
delivered to nerve tissues. Such couplers combine light at
differing wavelengths supplied to two or more optical-fiber
ports, to produce a single multi-wavelength beam at an addi-
tional optical-fiber port. WDM couplers are well-known in
the field of telecommunication systems; an early example is
described in U.S. Pat. No. 4,296,995, with a more recent
example described in U.S. Pat. No. 5,796,889. In some
instances of each of the embodiments described herein, a
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WDM coupler is used to couple light from the emitters (e.g.,
laser diodes or LEDs) into an optical-fiber structure.

In at least one embodiment, it is important to make the fiber
core’s size or sizes small for stimulating smaller nerves. More
to the point, given the small size of some nerve fibers, a fiber
core and a laser diameter corresponding to (e.g., equal to or
smaller than) the diameter of this nerve fiber need to be
provided. In some embodiments, a fiber core much smaller
than the nerve fiber is used. For example, in some embodi-
ments, a fiber core having a one-micron (or smaller) diameter
is used. In other embodiments, fibers having core diameters of
100 microns or larger are used. In some embodiments, the
optical fibers are made of a glass such as silica or other
suitable material (such as plastic). In some embodiments, the
optical-fiber bundle used for imaging the tissue being stimu-
lated and observed is made of plastic and/or glass fibers. In
some embodiments, multiple small-core fibers can be used to
simulate multiple small nerves simultaneously or indepen-
dently.

In at least one embodiment, a fiber-coupling technique is
implemented to increase the brightness of light in the optical
fiber by coupling light from a plurality of laser emitters (e.g.,
from a laser-diode bar) for biological stimulation (i.e., nerve
or tissue stimulation). There are many different fiber-cou-
pling techniques that may be employed to increase the bright-
ness of a laser-diode bar. For example, co- and contra-direc-
tional and evanescent coupling are just a few of the coupling
techniques known in the art. Through empirical testing and/or
modeling, a suitable effective fiber-coupling technique can be
determined for use with a laser-diode bar.

In some embodiments, a single-emitter laser diode is
implemented and used to direct laser light of some efficacious
wavelength to a particular target nerve. As described else-
where herein, such single-emitter laser diodes may be side-
emitting and/or surface-emitting laser diodes. The efficacy of
a particular diode can be determined through empirical test-
ing and/or modeling.

In some embodiments, there is a combining and co-align-
ment of a visible wavelength with the IR-stimulation light in
order to provide a visual cue for directing the IR-stimulation
light used for stimulating a nerve. Laser light in the IR range
(e.g., 700 nm-1850 nm or longer) is not visible to the human
eye. Due to this fact, as a practical matter, this IR optical-
stimulation light cannot be easily aimed to a particular target
(e.g., a nerve fiber) using the naked eye. In some embodi-
ments, visible light (i.e., light in the 400 to 700 nm range from
alaser diode, L.E.D., or other source) is also inserted into the
optical fiber or fiber bundle and used to guide movement of
the emitting end of the fiber to aim the IR light so as to allow
the IR light to be applied in an efficacious manner to for
example, stimulate a nerve fiber. In some embodiments, the
visible light is passed through one or more fibers or fiber
bundles (i.e., this can be using the same fiber(s) as the IR
optical-stimulation light, or in other embodiments, using a
separate fiber) so as to provide a target spot. Next (or simul-
taneously), IR light is passed through the same one or more
fibers to the same point on a nerve fiber that the visible light
previously illuminated or currently illuminates. In some
embodiments, both the IR light and visible light have separate
light sources that are coupled into a commonly shared opti-
cal-fiber structure, whereas, in other embodiments, a separate
optical-fiber structure is used to channel each wavelength of
light. In some embodiments, an optical-fiber structure is used
in which at least some fibers are used to transmit light of one
wavelength, while at least some other fibers are used to trans-
mit light of a different wavelength (for example, in some
embodiments, different fibers are used to carry the visible
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light, the IR-stimulation light, and/or the cutting/ablating/
cauterizing light, and/or to return the imaging light obtained
from the tissue being targeted). In some embodiments, still
other optical fibers are used to carry control-light signals to
and from the handpiece, such that an operator holding the
handpiece can selectively command a remote light source to
do his/her bidding. As described below, these optical-fiber
structures are operatively coupled to a glass, ceramic plastic
or some other type of ferrule or plug made from a non-
magnetic material.

In some embodiments, the visible laser light is selected
from one or more wavelengths empirically selected to selec-
tively show a visible difference in reflected brightness when
directed at nerve fibers as compared to blood vessels,
muscles, connective and other tissues. For example, in some
embodiments, a combination of red, green and/or blue laser
or LED light is used. In some embodiments, green light has
been found to be more effective (as an indicator of where the
fiber delivery head is pointing) than red or blue light alone. In
some embodiments, a fiber bundle (with plastic and/or glass
fibers) capable of obtaining and transmitting optical two-
dimensional color imaging to a remote location is used to
convey image information from the subject (e.g., in an MRI
machine) to a remote viewing location. In some embodi-
ments, a machine-vision system is used to distinguish color
features of tissues (e.g., hue, tint, and/or brightness) and/or
shapes of tissues from a digital or video image, and to display
an enhanced image derived therefrom for the operator.

In some embodiments, an IR video imager is used to obtain
and display the location of the IR-stimulation signal without
the addition of visible-wavelength light. In some embodi-
ments, a fiber bundle or other structure capable of obtaining
and transmitting optical two-dimensional IR imaging to a
remote location is used to convey image information to a
remote IR imager.

In some embodiments, a second, high-power laser signal
(called the “surgical signal”) is coupled through fiber to the
stimulation area, wherein the operator can stimulate nerve
tissue using a first stimulation-wavelength-and-power optical
signal (called the “stimulation signal”) to distinguish tissue
that is to be saved from tissue that is to be cut or destroyed, and
then use the high-power laser light to cut, ablate, or cauterize
the tissue to be destroyed. In some such embodiments, the
optical-stimulation signal is provided by a first laser source
(e.g., alaser diode, optically-pumped fiber laser, or the like),
and the optical surgical signal is provided by a second laser
source of higher intrinsic power or energy, or of a different
wavelength more suited for surgical purposes (e.g., another
laser diode, optically-pumped fiber laser, or the like). In other
embodiments, a single laser source is used for both the optical
stimulation signal and the optical surgical signal, wherein a
parameter of the signal is changed to achieve one function or
the other (e.g., in some embodiments, the optical surgical
signal is obtained by shortening the pulse length, for example
by Q-switching, in order that a given amount of energy is
delivered in a very short time to ablate a small area of tissue,
or by lengthening a pulse length having a constant average
energy or by increasing the number of pulses sent in a short
time period in order that one or more pulses with a given
average power integrate over time to heat the tissue being
treated).

In some embodiments, the targeting of various nerve fibers
is performed manually (e.g., by manually moving a hand-
piece to locate the delivery end of an optical fiber so that light
energy may be directed on to the nerve to be stimulated),
whereas, in other embodiments, this targeting is performed
automatically through the use of targeting software (e.g.,
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initially stored on a computer-readable medium), wherein the
targeting software controls operation of a computer that
moves servos or other suitable actuators to move the optical
signal to impinge on a desired location. In an embodiment
utilizing software, the image generated from an MRI device
(e.g., afunctional MRI)is used as a map to guide the targeting
of an IR light source as projected through an optical tip. In
some embodiments, this map describes the topology of the
target area, providing significant references based upon
which the IR light source can be guided. In some embodi-
ments, an input device such as a mouse, joystick, light pen, or
other suitable device is used to input commands from a sur-
geon or other user to direct where the software is to direct
stimulation (the location of nerve tissue to be stimulated).

In some such embodiments, a remote actuator (e.g., an
optical-fiber platform such as described in FIG. 6A) is on a
platform fixed in relationship to a subject (e.g., patient), such
that a surgeon views the tissue on a computer monitor, and
inputs commands, locations, and/or other information to con-
trol movement of the remote actuator, as well as to control the
visible signal, optical stimulation signal, and/or optical sur-
gical signal that is to be sent down an optical fiber to the
actuator and then to the tissue.

In some embodiments, as is disclosed below, the pulse
shapes of the light passing through the device can be con-
trolled through the use of a light-pulse device that regulates
the light under control of a computer, processor or CPU (e.g.,
x86 series, Intel 8051 series utilizing certain computer-ex-
ecutable instructions stored to a computer-readable medium,
or under control of a non-computer, non-programmed elec-
tronic circuit).

A computer-readable medium is defined to be a medium
for carrying or having computer-executable instructions or
data structures stored thereon. Such computer-readable
media may be any available medium that is accessible by a
general-purpose or special-purpose computer system. By
way of example, and not limitation, such computer-readable
media can include physical storage media such as RAM,
ROM, or EPROM, removable media such as CD-ROM or
other optical-disk storage, diskettes, magnetic hard-disk stor-
age or other magnetic-storage devices, or any other media
which can be used to carry or store desired program code
means in the form of computer-executable instructions, com-
puter-readable instructions, and/or data structures and which
may be accessed by a general-purpose or special-purpose
computer system; this physical storage media may be fixed to
the computer system as in the case of EPROM or a magnetic
hard drive, or removable as in the case of an EEPROM on a
USB-connected device (e.g., flash memory device) or
CDROM, DVD, or diskette, or can include network-con-
nected storage (such as a hard drive connected to the internet.
In some embodiments, these instructions are written in an
object-oriented programming language such as C++, Java™,
or Delphi™, and compiled or interpreted into some type of
machine-readable format such as binary code, byte code or
the like. And again, in some embodiments, these instructions
are written in a structured programming language such as C,
and compiled or interpreted into a machine-readable format
such as binary code.

In some embodiments, various methods, systems, appara-
tus or the like are employed to guide the IR light to its target
nerve fiber. In some embodiments, a disposable, biologically
inert, non-metallic or non-magnetic optical tip at the end of a
fiber is provided. In some embodiments, this tip is adjustable
or interchangeable so as to allow for the spot size to vary
depending on type of nerve to be stimulated. In some embodi-
ments, this tip is configured in the form of a light pen, pointer
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or similar handheld device so as to allow the user to manually
target a particular nerve fiber or series of fibers. In some
embodiments, this optical tip is encased in or affixed to a
disposable plastic sheath (e.g., a sterile sheath that is used
once for an operation and then discarded), whereas in other
embodiments it is encased in an end of the aforementioned
light pen, pointer or similar device. In some embodiments, a
sterile disposable sheath is applied to the handpiece before
each use, and is discarded afterwards. In other embodiments,
the handpiece, light pen, pointer or the light-delivery device
itself is provided in a sterile condition, and is inexpensive
enough to be disposable.

In some embodiments, the optical path is selectively inter-
ruptible by a mechanical shutter and/or variable aperture that
allows the user to control the passage of laser light (i.e., the
visible signal, optical-stimulation signal, optical surgical sig-
nal or the like) through the optical tip. In some embodiments,
the shutter is used to start and stop the light passing through
the optical tip. In some embodiments, as with the other com-
ponents that form the delivery end of the device, this shutter
and/or aperture is made from a non-metallic material such as
a plastic, ceramic or similar material. In some embodiments,
the variable aperture is adjustable to control the amount of
light (e.g., the power and/or size of the spot), which, in some
embodiments, also includes the start and stop of the light
signal to the target tissue. In some embodiments, an iris
diaphragm is provided to regulate the variable aperture
through which light passes. In some embodiments, a non-
metallic material such as a plastic, ceramic or similar material
is used to construct the iris diaphragm. In some embodiments,
the optical tip is secured to, or with, a ferrule or similar
apparatus used to connect the optical tip and optical-fiber
structure.

In some embodiments, the flow of light, be it IR or visible,
is controlled via a mechanical linkage incorporated into the
above-described handpiece, light pen or pointer. In such an
embodiment, the linkage includes a trigger-like device that,
when depressed or otherwise manually controlled, controls
the flow of the above-disclosed light. In other embodiments,
the trigger or manual control operates to manipulate an opti-
cal control signal that is coupled to a remote electro-optical
control device that runs the operation, timing and function of
the device. For example, in some embodiments, a remote
laser transmits a laser signal down an optical fiber, and the
manual control reflects back up the optical fiber a portion of
the laser signal (e.g., when a first button is pressed, one pulse
is reflected, when a second button is pressed, two successive
pulses are reflected, and so on, or different neutral-density
filters are used to vary the amount of light that is reflected). In
some embodiments, more than one fiber is used to send and/or
receive the optical control signal(s).

In some embodiments, a sterile, disposable covering or
sheath constructed from plastic, polymer or some other sub-
stance is placed over the above-described handpiece, light
pen or pointer. This disposable covering is then discarded
after use of the handpiece, light pen or pointer. In some
embodiments, this disposable covering includes one of a plu-
rality of different beam-shaping optics that allow for different
beam characteristics for different applications.

In some embodiments, IR light in a higher or lower range
may be more or less, efficacious. For example, near-1R light
(e.g., in the 700-1400 nm range) may be better for nerve-
damage repair (or for cutting, ablating or cauterizing), while
short-wavelength IR light (e.g., in the 1400-3000 nm range)
may be better for vagus nerve stimulation, etc. The efficacy of
aparticular IR wavelength can be determined through empiri-
cal testing and/or modeling.
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In some embodiments, silica (SiO,) fiber for delivering
laser light to a nerve is utilized. The advantages of using silica
include low attenuation loss in delivering laser light.

In some embodiments, a power supply is implemented that
can provide programmable pulse shapes (e.g., pulse width,
repetition rate, etc.). In some embodiments, a laser light
source—be it an IR, visible or some other light source—is
operatively coupled to a timer or pulse-regulating device that
can control the shape, magnitude, cycles or other features of
a light pulse. In some embodiments, this pulse-regulating
device is used in conjunction with the above-described shut-
ter, while in other embodiments it is used alone. In some
embodiments, the pulse-regulating device is used outside of
the magnetic field generated by an MRI device, so as to not
present a danger to an individual using an MRI device. In
some embodiments, a thumb/finger control mechanism
includes a non-magnetic (e.g., plastic) component mecha-
nism that is optically assessed in order to control the light
source to drive a particular pulse shape (e.g., an optical
assessment signal (e.g., an unmodulated laser or LED light
signal) is sent to the component mechanism that is part of the
thumb/finger control mechanism, and the state of the compo-
nent mechanism, which is a function of the position of the
thumb/finger control mechanism, changes a characteristic of
the light and returns it as an optical control signal). Specifi-
cally, whereas in some embodiments programmable pulses
are automatically generated, in at least one embodiment,
pulse shapes can be modified using a thumb/finger control
that can modify the pulse width, repetition rate and the like. In
some embodiments, aknob, toggle or other switch is used that
allows a user to modify the pulse width by turning, for
example, a knob to a particular position. The use of a knob,
toggle or the like to modify the various pulse shapes can be
determined through assessing the ergonomic benefits of a
particular switch and switch location on the above-described
handpiece or light pen.

In some embodiments, a stable platform with a remote
control is implemented to allow for the delivery of IR light to
a target nerve fiber. In at least one embodiment, rather than
manually targeting a specific nerve fiber the targeting and
delivery process can be performed using a remotely operated
device to move and manipulate the above-described hand-
piece or light pen. For example, in some embodiments, a joy
stick or other control device is used to adjust, manipulate the
handpiece or light pen attached to a mechanical arm such that
IR light is efficaciously delivered to the target area. This arm
is constructed from a non-magnetic material such as plastic,
glass, ceramic or the like.

In some embodiments, certain scan techniques are used
that rapidly stimulate areas automatically for use in applica-
tions such as functional MRI, using galvo-scanning mirrors
or fiber bundles that accept the source light at a first end of all
the fibers of the bundle and have their opposite ends spread in
a predetermined pattern (such as pointing at different angles
into a globe volume, or across a linear space as shown in FIG.
4) such as are used in certain helicopter infrared countermea-
sures (IRCMs). In at least one embodiment, it may be more
effective to use some type of scanning technique to treat one
or more nerve fibers than to manually target such fibers using
the above-disclosed methods. In using such methods, ascan is
performed of the target area (which may, for example, be a
series of nerve fibers) and from this scan certain features are
revealed. Once these features are revealed, an efficacious
dose of IR laser light can be applied to the target area.

In at least one embodiment, a laser-wavelength-selective
device is implemented to couple the visible light and provide
power control or laser-safety monitoring or output-power
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measurement. In some embodiments, this is done with a 10%
beam splitter to couple 10% of the visible laser signal into the
fiber with the stimulation-wavelength signal.

In some embodiments, the present invention includes one
or more light sources operatively coupled to one or more
optical-fiber structures. In some embodiments, these light
sources are an IR laser, or visible laser light just to name a few.
In some embodiments, the optical-fiber structure is sur-
rounded with a protective plastic covering. This optical-fiber
structure is, in turn, operatively coupled to a plug constructed
from glass, ceramic, plastic or some other material that does
not conduct magnetic energy. This plug is then inserted into
the above-described handpiece, light pen or pointer. The light
from the light source is then passed though the optical tip of
the handpiece, light pen or pointer. In some embodiments,
this light, and its pulse shapes, can be controlled by a pulse-
regulating device operatively coupled to the light source as is
disclosed above.

In some embodiments, a plurality of light-emitting optical-
fiber structures is used to emit efficacious IR and/or visible
light to stimulate nerve tissue. In at least one embodiment, the
tips of these optical-fiber structures are arranged in an array-
type pattern, whereas in other embodiments the tips are
arranged in a matrix-type pattern. Other patterns are also
provided and are only limited by empirical testing and/or
modeling to determine which patterns are more or less effec-
tive. In some embodiments, fibers arranged in an array-type
pattern are oriented horizontally, relative to, for example, a
human hand which may manipulate these fibers. In some
embodiments, this array or matrix is operatively coupled to a
light pen, wand or similarly configured instrument.

In some embodiments, in those instances where an array-
or matrix-type configuration is used software is used to isolate
an isomorphism between a particular light-emitting optical-
fiber structure and certain nerve tissues. Put another way,
once a reaction of a particular nerve tissue is determined,
software can be used to determine which light-emitting opti-
cal-fiber structure actually caused the reaction on the part of
the nerve tissue. The algorithm to determine which light-
emitting structure caused a reaction could be a simple sequen-
tial-search algorithm whereby each light-emitting optical-
fiber structure individually emits light by itself and a nerve-
tissue reaction is determined to be present or absent, or it
could be a more sophisticated binary-search algorithm
whereby, for example, an array of light-emitting optical-fiber
structures is divided in half, each sub-array tested individu-
ally to determine whether a nerve-tissue reaction is present or
absent, and if one sub-array is indeed associated with a nerve-
tissue reaction then that sub-array is again divided in halfand
the process repeated. Some embodiments use algorithms to
search array-like structures and matrices, such as are well
known in the art. (See Algorithms in C++: Parts 1-4 3¢
Edition, by Robert Sedgewick, Addison Wesley 1998.)

FIG. 1A is a block diagram 100 of a first laser device using
amechanical trigger mechanism 108 mounted on a handpiece
140. In some embodiments, this example of the present inven-
tion has an IR-laser-diode bar 101 operatively coupled to a
beam-combiner optic or optics 103 via one or more optical-
fiber structures 111. In some embodiments, additionally,
operatively attached to the beam-combiner optic or optics 103
is a visible laser 102. As with the IR-laser-diode bar 101, this
too is operatively connected to the beam-combiner optic or
optics 103 via one or more optical-fiber cables 111. In at least
one embodiment, the beam-combiner optic or optics 103 is
operatively connected to a ferrule 107 that contains a light-
emitting optics or lens 115 positioned at one end of the ferrule
107. The ferrule 107 is operatively coupled to the combiner

20

25

30

35

40

45

50

55

60

65

18

optic or optics 103 via one or more optical-fiber cables 109
through which IR laser and/or visible light is passed. In some
embodiments, control of this IR and/or visible light is via a
trigger 108 being pressed by the finger of user 89, which is
operatively coupled to a laser controller/power controller 104
(which may alternatively be designated light-emitting-source
controller 104) via mechanical linkage 106 and specifically
via various control arms 112. In some embodiments, the
light-emitting-source controller 104 is operatively coupled to
the IR-laser-diode bar 101 via a bus 110 so as to regulate the
output of laser light. In some embodiments, the ferrule 107,
attached optical-fiber structures 109, trigger 108 and
mechanical linkage 106 are grouped together and protected
via a disposable replaceable sheath 105 to form handpiece
140. Specifically, in some embodiments, the ferrule 107,
mechanical linkage 106 and trigger 108 are inserted into the
disposable sheath 105 via an opening 113. In some embodi-
ments, the disposable sheath 105 is pulled over the length of
the ferrule 107 and attached optical-fiber structures 109,
mechanical linkage 106, and accompanying trigger 108 until
the light-emitting optics or lens 115 of the ferrule 107 is flush
with the opening 114. In some embodiments, the ferrule 107,
optics or lens 115, trigger 108, mechanical linkage 106,
handle 132, and disposable sheath 105 are manufactured from
non-metallic, non-magnetic materials such as plastics, poly-
mers, ceramics or the like. In some embodiments, the optics
or lens 115 are included as part of the disposable sheath 105.
This allows the optics to be interchanged by swapping
sheaths. In some embodiments, disposable sheath 105
includes some or all of the optics needed to direct light from
optical-fiber ferrule 107 onto the neural tissue as desired. In
some embodiments, disposable sheath 105 and its optics are
interchangeable with other disposable sheaths 105 having
different optics, in order to easily obtain the desired optical
pattern uniquely suited for nerve or brain stimulation. In some
embodiments, the light pattern desired from the optics is
empirically determined. In other embodiments, the sheath
105 provides a clear window, and an interchangeable optics
mechanism (e.g., a threaded or snap-in adaptor configured to
easily change the imaging portion to one of a plurality of
different imagers) is provided in the handpiece.

In some embodiments, an imaging optics turret is provided
at the operative end of handpiece 140, such that different
optical patterns, spot sizes, and/or focal lengths can be pro-
vided by selecting one of a plurality of different lenses or
holographic imagers (e.g., a turret that can be rotated to select
one imaging optical element of the plurality of imaging
optics). In other embodiments, a zoom-type lens is provided
such that spot size and/or shape and focal length can be
independently changed.

In some embodiments, the optical-fiber structures 109 and/
or mechanical linkage 106 are between 5 and 50 meters in
length. The length of the optical-fiber structures 109 and
mechanical linkage 106 can be determined through,empirical
selection and/or modeling so as to allow magnetic or metallic
portions of this device to be a safe distance from the mag-
netic-field effects of an MRI device.

In some embodiments, a single optical fiber or a single
optical-fiber bundle carries both the IR-light stimulation sig-
nal as well as the visible-light pointer signal, and optionally
also carries a higher-power laser light beam that can be used
for surgical purposes (e.g., ablation, cutting, tissue heating
and/or cauterization, and the like). In some embodiments, the
visible light also provides an indication of the currently
selected function that is or can be activated by the user.

In some embodiments, a plurality of manually activable
trigger buttons and corresponding mechanical linkages are
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provided to select and/or activate one or more of a plurality of
different functions of the handpiece, as described below.

In other embodiments, the mechanical linkage(s) and trig-
ger(s) are omitted and replaced with a non-magnetic optical-
fiber-connected controller-selector that is manually operable
to select and/or activate one or more functions. In still other
embodiments, a foot-operated control is used instead.

In some embodiments of the mechanically-linked or opti-
cal-fiber-connected manual controls (or a similarly functional
foot control), three buttons are provided: a first button that
when pushed a first time starts a series of one or more optical
pulses, which series of one or more optical pulses optionally
can automatically stop after a period of time determined by
the function selected, or optionally can stop only after the user
presses this first button a second time; a second button that,
when pressed, advances a function-selecting state machine to
the next one of a plurality of different optical-stimulation
functions (e.g., no stimulation function is selected, or select-
ing the duration, intensity, pulse rate, pulse shape, pulse-train
shape or pattern, and/or wavelength(s), and the like, for the IR
stimulation light), wherein these functions are activated and/
or deactivated by pressing the first button; and a third button
that, when pressed, advances a state machine to the next one
of a plurality of different optical-surgery functions (e.g., no
surgical function is selected, or ablation, cutting, cauterizing,
and the like functions for the high-powered laser light) that
are activated and/or deactivated by pressing the first button. In
some embodiments, successive presses of the stimulation or
surgery function-selection buttons cycle through each of the
items on the menu(s) of functions available.

In some embodiments, a single actuation/control button
108 is used both to select a stimulation function (e.g., by
successive single long-duration presses of button 108 to
select different functions as shown, e.g., in FIG. 1B) and to
control triggering or timing of the stimulation light (e.g., by a
quick double-click of button 108).

In some embodiments, upon changing the stimulation and/
or surgery function by pressing of the respective function-
selection buttons, the color of the visible light being sent
down the optical fiber changes to a different color (e.g., hue,
saturation, and/or intensity) and/or pulse (brightness pulsa-
tions) pattern, wherein the visible light color and/or pulsing of
the light intensity is indicative of the function selected, thus
providing instant feedback to the user concerning which
function is currently active. For example, in some embodi-
ments, a steady light of one of a plurality of different colors
indicates that a stimulation function has been selected,
wherein the color indicates which of the stimulation functions
has been selected; whereas a quickly pulsating light of one of
a plurality of different colors (also different than the stimu-
lation-indicating colors) indicates that a surgery function has
been selected, wherein the color of the pulsing light indicates
which of the surgery functions has been selected. In some
embodiments, audio feedback is also provided as the selec-
tion buttons cycle through the menus of functions available
(such as a synthesized or recorded voice or a set of distinctive
tones that announces which function has been selected).

FIG. 1B is a table 192 showing the function-selection state
machine changes obtained by successive presses of an opti-
cal-stimulation function-selection button 108 (FIG. 1A) or
127 (FIG. 1C)according to some embodiments of the present
invention, wherein in an initial state no stimulation function is
selected (i.e., when activation button 117 is pressed when the
function selector controlled by button 127 is in its initial state,
no optical stimulation signal is sent). After one press of func-
tion-selection button 127, a first optical-stimulation function
is selected (e.g., when activation button 117 is pressed, the
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stimulation signal starts, and when activation button 117 is
released, the stimulation signal stops, or a pulse 200 of a
predetermined temporal length is generated (see FIG. 2A)).
After a second press of function-selection button 127, a sec-
ond optical-stimulation function is selected (e.g., a ramped
pulse 202 of a predetermined temporal length is generated
(see FI1G. 2C) when activation button 117 is pressed). After a
third press of function-selection button 127, a third optical-
stimulation function is selected (e.g., a repeated pulse train
201 of a predetermined number of pulses and temporal length
is generated (see FIG. 2B) when activation button 117 is
pressed). After a fourth press of function-selection button
127, a fourth optical-stimulation function is selected (e.g., a
varying height or ramped pulse train 203 of a predetermined
temporal length is generated (see FIG. 2D) when activation
button 117 is pressed). After a fifth press of function-selection
button 127, the initial no-operation state is again selected,
wherein no stimulation function is selected. Additional
presses of function-selection button 127 then again progress
through successive states of the function menu.

FIG. 1C is a block diagram of a laser device (handpiece)
141 that uses a manually controlled selector 121 implement-
ing a finger or thumb control. In some embodiments, in lieu of
a trigger 108 shown in FIG. 1A, a thumb-and/or-forefinger-
controlled activation button 117 that is one element of a
control apparatus is used to control the flow of IR and/or
visible light. In one embodiment, control signals enter and
exit via a single optical-fiber structure 120. In other embodi-
ments, the input signal is sent through fiber 120, and the return
control signal is returned via fiber 128. In some embodiments,
in contrast to sheath 105 of FIG. 1A, disposable sheath 116
includes one or more disposable (or one or more reusable)
optics (such as a lens or holographic imager). This optical-
fiber structure 120 is operatively connected to a selector 121
that, in turn, is operatively connected to the thumb-and-fore-
finger control apparatus consisting of activation button 117
and function-selection button 127. This selector 121 controls
the amount of IR or visible light exiting the light-emitting
optics or lens in ferrule 119 and ultimately the sheath lens or
optics 114. In some embodiments, IR-stimulation light and/or
visible light is transmitted to the light-emitting optics or lens
119 via one or more optical-fiber structures 118. The light-
emitting optics or lens 119 is held in place via a ferrule 122 to
which these optics or lenses 119 are operatively coupled. In
some embodiments, the ferrule 122, light-emitting optics or
lens 119, thumb-and-forefinger-controlled activation button
117 and function-selection button 127, selector 121, and dis-
posable sheath 116 are manufactured from non-metallic, non-
magnetic materials such as plastics, polymers, ceramics or
the like.

In some embodiments, a source optical signal (e.g., a laser
signal) is sent to the function-selection unit 121 of handpiece
140 through optical fiber 120, and the function-selection unit
121 modifies this optical controller signal (e.g., by pulsing it
off for a short period of time each time activation button 117
is pressed at a particular function setting that has been estab-
lished by presses of function-selection button 127, or selec-
tively changing the intensity using, e.g., a neutral-density
filter, when activation button 117 is pressed at a different
particular function setting that has been established by
presses of function-selection button 127), and returning the
modified signal, e.g., by reflecting the signal back through the
same optical fiber, or by routing it back through a parallel
return optical fiber 128. These optical control signals to and
from the handpiece 140 allow a user holding handpiece 140 to
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select and/or activate one or more functions of the optical-
nerve-stimulation and/or optical-surgery unit 100 (see FIG.
1A).

In some embodiments, optical-fiber structures 118, 120
and 128 are between 5 and 50 meters in length. The length of
the optical-fiber structures 118 and 120 can be determined
through empirical testing and/or modeling so as to allow the
magnetic or metallic portions of this device to be a safe
distance from the magnetic effects of an MRI device.

FIG. 1D is a block diagram of a laser device (handpiece)
142 using a manually controlled selector implementing a
finger or thumb control 145 for local mechanical control of
the stimulation light. In some embodiments, a shutter 147 is
operated by button 146 (in other embodiments, a user-con-
trolled variable iris is provided instead of or in addition to
shutter 147). In some embodiments, a turret 144 having a
plurality of different lenses (e.g., having different focal
lengths, spot sizes, and/or cylinder/astigmatism (to focus to a
long narrow spot or line on the nerve), neutral-density filters,
holographic imagers or other optics) is rotatable using
ratchet-pawl 149 operated by button 148.

FIG. 1E is a block diagram of a laser device (handpiece)
143 having a mister 195 and/or focus plate 194. Handpiece
143 is substantially the same as handpiece 141 of FIG. 1C, but
with the addition of a spring-loaded-tip light controller 167,
mister 195 having a squeeze bulb 193 containing a sterile
saline solution and/or index-of-refraction-matching liquid
that is applied by spraying or drops through nozzle 196, either
directly onto nerve 69 in tissue 68, and/or onto focus plate
194. In some embodiments, focus plate 194 (made of glass,
plastic, or other material transparent to the light wavelengths
ofiinterest) is of a thickness such that when lens 114 is pressed
on one face and the other face is pressed onto nerve 69, then
the light is focussed to a spot size that is desired. In some
embodiments, use of focus plate 194 also keeps the nerve
moist and alive by preventing evaporation. In some embodi-
ments, mister 195 can be used to apply a moistening liquid or
gel onto nerve 69 or onto the nerve-side face and/or outside
face of focus plate 194 (besides keeping the nerve moist and
alive, this provides an index-of-refraction matching that
reduces reflections). In some embodiments, lens 114 is
mounted on a spring-loaded selector activation tip 167, such
that when the tip 167 is pressed onto a nerve or onto focus
plate 194, the stimulation light is activated. In some such
embodiments, selector buttons 127 and 117 are omitted, such
that the handpiece 143 is selectively activated only when tip
167 is pressed against the subject or other object. In some
embodiments, a mechanical shutter (such as shutter 147 of
FIG. 1D) replaces selector 161, and is activated to allow light
to be emitted when the tip 167 is pressed. In some embodi-
ments, such a spring-loaded tip helps to ensure that the correct
focal distance is used.

FIG. 1F is a block diagram of an apparatus that includes an
elongated endoscope structure 180 and a nerve-stimulation
structure 182. In some embodiments, elongated endoscope
structure 180 has an image-obtaining end 185 (e.g., a lens
configured to form an image onto a first end of optical-fiber
bundle 183) configured to be inserted into a small opening in
a subject to enable viewing of an interior tissue of the subject;
afirstlaser diode operable to output a laser beam having a first
wavelength, and that is capable of directly stimulating neural
tissue of a subject, wherein light of the first wavelength has a
first tissue-penetration profile; a fiber holder operable to hold
an optical fiber having a first end optically coupled to receive
the laser beam from the first laser diode and configured to
deliver the laser beam to a second end to stimulate neural
tissue of the viewed interior tissue to the subject; and a user-
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input interface operable to obtain user input and based on the
user input, to control application of the first laser beam. In
some embodiments, at a second end of optical-fiber bundle
183, a lens is provided for direct viewing of the image on the
end of optical-fiber bundle 183, or in other embodiments, a
video camera is used to acquire the image for display on a
video monitor.

FIG. 1G is a block diagram of a laser device (handpiece)
162 using a spring-loaded-tip controlled selector 167 for local
mechanical control of the stimulation light and/or surgical/
therapeutic light. In some embodiments, a ramp on spring-
loaded-tip controlled selector 167 slides along the corner of
shutter 147, forcing the shutter open when the tip is pressed
against something. In some embodiments, a foot-controlled
switch or selector (not shown) is activated by the user to select
the type of optical signal, and/or to activate or select the
timing of the light pulse, such that light is emitted under the
control of the user by a selector that is located away from the
handpiece and the subject. In some embodiments, both this
external selector and the spring-loaded tip must be pressed
simultaneously to allow a pulse to be emitted.

In some embodiments of any of the Figures and descrip-
tions herein, a thin transparent membrane 168 (such as plastic
surgical tape or sterilized Saran Wrap™) is placed over and/
or in contact with the nerve to keep it from drying out (drying
can cause tissue damage and changes the reflectivity to the
stimulation light signal). Some embodiments of the invention
use a method of stimulating and/or treating nerves that
includes covering the nerve with a transparent material
(which is either flexible membrane or rigid substrate, or a
combination of the two, depending on the embodiment), and
delivering an efficacious amount of light through the trans-
parent material. In some embodiments, the transparent mate-
rial is configured to prevent drying. In some embodiments,
the transparent material is configured to ensure a proper focus
of the light. In some embodiments, the material is partially
transparent, in order to reduce the intensity of the delivered
light signal by a predetermined amount. In other embodi-
ments, the material is substantially fully transparent, in order
to deliver a maximum amount of light.

FIG. 2A, FIG. 2B, FIG. 2C, and FIG. 2D depict various
diagrams 200, 201, 202 and 203 showing a single light pulse,
apulsetrain, a shaped pulse and a shaped train respectively. In
some embodiments, these various types of pulses can be
generated via a light-emitting-source controller 104 (alterna-
tively designated a laser controller/power controller 104)
operatively coupled to an IR-laser-diode bar 101 viaa bus 110
such as that disclosed above. In other embodiments, other
pulse forms are used, the efficacies of which are determined
through empirical testing and/or modeling.

FIG. 3A is a schematic 300 detailing an implantable ver-
sion of the device that is powered and controlled via an
external source. In some embodiments, an optical stimulator
301 is implanted into a subject (e.g., a patient) to provide an
efficacious amount of IR-light stimulation to a nerve fiber. In
some embodiments, this optical stimulator 301 contains com-
ponents including an RF recharger 306, battery 307, control-
ler 308, visible-laser source 309, IR-laser source 310 and
combiner 311, with each being operatively coupled to each
other such that the RF recharger 306 provides electrical
power to the battery 307, which, in turn powers the controller
308. The controller 308 provides electrical power and control
signals to the visible-laser source 309 and IR-laser source
310, regulating type and intensity of pulse generated by each
of these sources. In some embodiments, the light from these
sources (i.e.,309 and 310) is sent to a combiner 311 where the
light is combined into a single beam. In some embodiments,



US 7,736,382 B2

23

the combiner 311 is operatively coupled to an optical-fiber
structure 302 that is then positioned such that it can deliver an
efficacious amount of IR light to a point of stimulation 303. In
some embodiments, this point may be nerve fibers located
along the spinal cord, whereas in other embodiments this
point of stimulation 303 may be some other group of nerve
fibers. As with other embodiments, light from the visible-
laser source 309 is used to position the optical-fiber structure
302 relative to a point of stimulation 303. Once the optical-
fiber structure 302 is positioned, IR laser light may be applied.

In at least one embodiment, control of the optical stimula-
tor 301 is via a radio remote programmer 304 that sends
control signals to the above-described controller 308. In some
embodiments, an RF charge source 305 is used to supply
electrical power to the optical stimulator 301.

FIG. 3B is a schematic detailing a partially implantable and
partially external version of a device 330 similar in its ulti-
mate function to device 300 of FIG. 3A. In some embodi-
ments, only the combiner 311 and fiber 302 (together forming
the implanted portions 332) are implanted (i.e., essentially
passive portions of the device), and stimulation light is trans-
mitted transcutaneously from an external unit 331 having the
active components, such as battery 307, controller 308, vis-
ible-laser source 309, and IR-laser source 310. This allows
the active components to be readily serviced, programmed or
changed, and to be removed from the subject when not
needed. In use, these active external components are pressed
against the skin of the subject over combiner 311, which
receives the light signals that pass through the skin, and
combines the light and delivers it through fiber structure 302
to the one or more internal points of stimulation 303. In some
embodiments, fiber structure 302 delivers stimulation or
therapeutic light to a plurality of different positions on one or
more nerves.

FIG. 4 is a block diagram of a light-delivery device 400
using a manually controlled selector 404 and delivery system
410 of'laser light. In some embodiments, delivery system 410
includes a multi-fiber ferrule 405 presenting a plurality of
optical-fiber-structure ends 407 closely spaced apart along a
line and placed into a delivery head 401. Fiber bundle 406
includes a plurality of fibers that, in some embodiments, are
each separately controllable to selectively deliver stimulation
light signals to one or more of the plurality of optical-fiber-
structure ends 407.

In some cases, for each fiber in bundle 406 a single-emitter
diode with a single-mode fiber is used, depending on the
nerve size. In some embodiments, the head 401 is placed
across a nerve bundle within which the desired nerve of
interest is located. Individual optical fibers of fiber bundle 406
are illuminated with stimulation light successively, in order to
locate a particular nerve of interest. This allows the user to
move the light beam small distances between adjacent nerves
without moving the delivery head or having to manually
adjust small distances by hand. In some embodiments, a foot
control having the same functionality is used in place of
button or lever 404 and selector wheel 409, in order that small
hand movements (as might be needed to actuate button 404)
do not end up moving optical delivery head 401 relative to the
nerve bundle.

In some embodiments, nerve-stimulating IR light is emit-
ted from the one or more of the plurality of optical-fiber ends
407 in a successive sequence as controlled, e.g., through the
depression of a button or lever 404 by the operator’s finger 89,
that controls movement of ratcheting selector wheel 409,
which interrupts light passing from light-source fiber 417 to
light-sensor fiber 418. In some embodiments, light-source
fiber 417 and light-sensor fiber 418 are used to control deliv-
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ery of optical-nerve-stimulation light through the stimulation
fiber 406. In some embodiments, the effectiveness of the
IR-light stimulation is determined by observing muscle
twitches, through the patient (or other subject) reporting a
touch or other sensation, or by, for example, observing an
fMRI image. In some embodiments, light delivered through
fiber bundle 406 is controlled to sequentially scan the light
signal 499 across head 401.

In some embodiments, the pattern and speed of scanning is
predetermined by a computer program, while in other
embodiments the pattern is manually controlled by operator
89. In some embodiments, the computer program controls the
emission of stimulation laser light in some type of pattern
based upon an algorithm (e.g., a programmed binary search,
sequential search, or the like) so as to determine which opti-
cal-fiber end 407 delivered an efficacious dose of IR light to
the nerve of interest. This allows placement of head 401
across a region of tissue that contains the specific nerve of
interest at some unknown position, and then scanning the
position of the light output to the different optical-fiber ends
407 to locate the specific nerve without further movement of
head 410. In some embodiments, the algorithm includes one
or more of the following: optically scanning a plurality of
tissue areas, detecting a response of interest, and determining
which of the scanned tissue areas, when optically stimulated,
causes the response of interest. In some embodiments, the
method further includes outputting visible light to point out a
physical location of the scanned tissues that caused the
response of interest (e.g., shining a laser light out the one fiber
end 407 that would illuminate the selected nerve). In some
embodiments, the algorithm includes delivering different
temporal patterns and/or intensity profiles of one or more
light pulses all to a single location, and then repeating this for
other locations. In some embodiments, the start and/or pro-
gression of the algorithm is operator controlled (e.g., in some
embodiments, a finger control such as control mechanism 430
having one or more separately activable mechanisms (e.g.,
buttons) 404 and one or more light-interrupter wheels 409,
connected to respective optical control-signal fibers 417 and
418 of FIG. 4).

The actual reaction or response of nerve tissue to IR-light
stimulation would, in some embodiments, be determined
through empirical observation (muscle twitches), subject
reporting (of a touch sensation, taste sensation, or other sen-
sation), by or some other method known in the art. In some
embodiments, the user changes the position and/or function
(e.g., changing the pulse length or intensity) of the handpiece
on the basis of the response. In other embodiments, the
response is detected by the stimulation system, and the func-
tion of the stimulation system automatically adjusts the
stimulation based on the response feedback (e.g., in some
embodiments, a stimulation signal is repeated until the
response is detected, and then the stimulation stops and/or an
audio or visual indication of the response is output by the
stimulation system). The manipulation ofthe array head itself
is facilitated, in, at least one embodiment, through the use of
an ergonomically designed handle 412, which is covered by a
replaceable, disposable, sterile sheath 411, and by the feed-
back to the user provided by having visible light delivered to
the area that would be stimulated by the IR stimulation signal
and/or the other audio and/or visual indications.

In some embodiments, the invention provides an apparatus
containing a first light-emitting source, a second light-emit-
ting source, a light-beam combiner, a mechanical linkage
with a trigger mechanism, a ferrule, a light-emitting-source
controller, and a disposable sheath. In some embodiments,
the apparatus includes emitting IR light from the first light-
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emitting source. In at least one embodiment, the apparatus
wherein the second light-emitting source emits visible light.
Still, in at least one embodiment, the apparatus wherein the
first light-emitting source is operatively coupled to the light-
beam combiner via a first optical-fiber structure. In some
embodiments, the apparatus wherein the second light-emit-
ting source is operatively coupled to the light-beam combiner
via a second optical-fiber structure. In some embodiments,
the apparatus wherein the light-beam combiner is operatively
coupled to the ferrule via a third optical-fiber structure. In at
least one further embodiment, the apparatus wherein the
mechanical linkage with a trigger mechanism is operatively
coupled to the light-emitting-source controller via an arm.
And yet in still one further embodiment, the apparatus
wherein the light-emitting-source controller is operatively
coupled to the first light-emitting source via a bus.

In some embodiments, light-delivery device 400 also
includes light-sensing capabilities in the same head configu-
ration, wherein an optical-nerve-stimulation light signal is
sent out one or more of the fibers and a change in the appear-
ance of the nerve or the surrounding tissue is sensed to deter-
mine whether or not the correct nerve was selected by the
stimulation signal. For example, in some embodiments, a
stimulation signal is sent out a first fiber and the fibers on
either side are sensed (in the visible, UV and/or IR light
spectrum) to determine if the desired response occurred.

In other embodiments, light-delivery device 400 also
includes light-sensing capabilities in the same head configu-
ration, wherein an observation light signal (i.e., having one or
more selected light frequencies) is sent out one or more of the
fibers in bundle 406 (or, in other embodiments, ambient room
illumination is used), and the color or the appearance of the
nerve or the surrounding tissue is sensed through that fiber
end 407 or neighboring optical fibers to determine whether
the location of tissue selected by the observation signal was
nerve tissue or other tissue based on differences in the color of
the reflected light or other sensed. In some embodiments, a
visible light is sent out on one or more of the fibers in bundle
406 to illuminate and point out to the surgeon where the
nerves are located (one or more of the fiber ends 407 would
illuminate just the nerve tissue without illuminating other
tissue).

FIG. 5 is a block diagram of a light-delivery device 500
using a manually controlled fiber-holder-and-releaser 514 for
guiding and implanting an optical fiber 302 connected to
delivery system 301 for delivery of optical nerve-stimulation
signals of laser light. In some embodiments, light-delivery
device 500 includes an ergonomically designed pen-like
handle 510 covered by an optional replaceable, disposable,
sterile sheath 511. In some embodiments, a button 504 releas-
ably holds implantable optical fiber 302 that optionally
includes an optic-interface end 520 (such as a tiny lens). In
some embodiments, once the proper location for stimulating
a nerve of interest (e.g., using any of the above embodiments
combined with or along with light-delivery device 500) opti-
cal-fiber end 502 will be affixed to that location in the patient,
for example, using suture-able tie-downs 521 sutured to the
surrounding tissue. Once optical-fiber end 502 is affixed,
button 504 is operated to release the fiber 302 from holder 514
and handle 510 is removed. In some embodiments, handle
510 includes its own optical fiber 530 that injects light (such
as auxiliary stimulation or visible light for identifying a spe-
cific nerve) from its end 531 through the side and into optical
fiber 302. This allows leaving just the crucial implantable
fiber 302, while removing the surgeon-assist type fiber(s)
530. Some embodiments of the invention combine the func-
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tions and features of device 500 with one or more of the
embodiments of FIGS. 1-4 above.

FIG. 6A is a perspective-view block diagram of a light-
delivery device 600 using a remotely controlled frame-and-
carriage system 609 for delivery of optical-nerve stimulation
laser signals. In some embodiments, light-delivery device
600 is used for guiding and/or implanting an optical fiber 302
connected to implantable optical stimulation system 301. In
some embodiments, a plastic frame 610 is affixed to a patient
platform (such as an MRI machine 608) configured to provide
asuitable platform for holding and stabilizing the optical fiber
302 as it is positioned and has light passed through it. Frame
610 is of a size to suit the needs of the situation, and in some
embodiments, the patient is by-in-large immobilized in sta-
tion 609 relative to frame 610 to obtain precise control of the
position of the stimulation light relative to the area being
stimulated. In some embodiments, X-carriage 612 moves the
stimulation-delivery head 623 in the X-direction (e.g., front-
and-back relative to the patient 99) based on a manual rotation
(e.g., by the hand 89 of a user) of the X-control knob 617,
which moves plastic cables 614 (e.g., in some embodiments,
non-stretch gel-spun polyethylene or Nylon fishing line)
around pulleys 611 suitably situated. In some embodiments,
Y- carriage 613 moves the stimulation-delivery head in the
Y-direction (e.g., left-and-right relative to the patient 99)
based on a manual rotation of the Y-control knob 618, which
moves plastic cables 615 around pulleys 611 suitably situ-
ated. In some embodiments, threaded stimulation-delivery
head 623 moves the stimulation-delivery head in the Z-direc-
tion (e.g., towards and away relative to the patient 99) based
on a manual rotation of the Z-control knob 619, which moves
plastic cables 616 around pulleys 611 suitably situated, and
thus rotates threaded stimulation-delivery head 623 towards
or away from the patient 99. In some embodiments, Y-car-
riage 613 also carries optics (e.g., a lens that focuses an image
onto a fiber-bundle array that carries the image signal as light
to a remotely located CMOS or CCD imager array) to obtain
a video or digital image of the surgical site. In the embodi-
ment shown, frame 610 is large enough (e.g., 50 cm along
each side of frame 610, in some embodiments) to fit around
the patient 99, and is affixed to the surgical table (not shown),
and the patient’s head is immobilized (e.g., strapped in place)
to minimize movement of the surgical site relative to the
Y-carriage 613 and the fiber head. In some embodiments,
computer-controlled motors (e.g., see motors 667, 668, and
669 of FIG. 6B below) replace the hand-operated knobs 617,
618, and 619 to move the fiber head in the X, Y, and Z-direc-
tions. In some embodiments, additional computer-controlled
motors and/or hand-operated knobs allow movements in
additional degrees of freedom (e.g., pitch and yaw of direc-
tion the fiber head is pointing).

In some embodiments, implantable optical stimulation
(I0S) system 301 is first implanted under the patient’s skin in
the upper chest area, and optical fiber 302 is threaded under
the skin to the vicinity of the area to be stimulated (e.g., to a
brain lesion or epileptic focus) and connected to stimulation-
delivery head 623. Manually-operable position controllers
617-619 then move the shuttle and thus the fiber’s light-
delivery end to each of various locations and optical stimula-
tions are applied, until the desired location is located, where-
upon the optical fiber 302 is released from head 623 and fixed
in place (e.g., by sutures or other appropriate means). I0S
system 301 then applies therapeutic optical stimulation as
needed, on an ongoing basis.

FIG. 6B is a schematic diagram of a computer-aided opti-
cal-stimulation and/or optical-surgery system 660, according
to some embodiments of the present invention. In some
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embodiments, system 660 includes controller 670 and frame-
and-carriage system 661. In the embodiment shown, frame-
and-carriage system 661 is identical in operation to frame-
and-carriage system 609 of FIG. 6A, except that system 661
is small enough (e.g., 5 cm along each side of frame-and-
carriage system 661, in some embodiments) to affix directly
to the patient 99. For example, in some embodiments, frame
661 is temporarily screwed to the skull 70 of patient 99, such
that the patient’s head need not be as immobilized (e.g.,
strapped in place) for cases where it may be desirable to allow
the patient to move her or his head in response to the IR
stimulation signal.

In some embodiments, controller 670 includes a laser-
surgical-signal controller 671, a laser-stimulation-signal con-
troller 672, a motion-control computer 673, and imaging,
display, and annotation computer 674, a display or monitor
671, and an input/output (/O) system 676, and a digital
camera 675. In some embodiments, a non-metallic optical-
fiber bundle 678 (e.g., one or more fibers wound in a large
circle to form an array of 10,000 or more fibers wound in an,
e.g., S-meter-circumference circular form with an approxi-
mate rectangular or square cross-section (e.g., 100 fibers by
100 fibers in 5 mm by 5 mm cross section), and the bundle is
then cleaved such that the fibers at each end occupy corre-
sponding positions) and the 5-meter-long bundle is used to
carry the image from the surgery site to a remote imaging
device such as a CCD (charge-coupled device) or CMOS
(complementary metal-oxide-semiconductor) in place of
camera 675.

In some embodiments, motion-control computer 673 runs
motors 667, 668, 669 and the like to position and point the
fiber head 679 at each of a plurality of different locations of
the brain 73 of the patient 99. In some embodiments, the skin
71 of the patient’s scalp 70 is retracted, and a hole is cut
through the skull bone 72 to expose a portion of the brain 73,
and frame-and-carriage system 661 is temporarily attached to
the skull 72 with screws. The image obtained from camera
677 through fiber bundle 678 is displayed on monitor 675. In
some embodiments, a set of software icons (a “toolbox”) is
visually presented on monitor 675 to allow the user (e.g.,
surgeon) to control the motion-control computer 673 and the
stimulation controller 672. In some embodiments, I/O system
676 includes a mouse, light-pen pointer, joystick and/or voice
recognition software for the user to control operations of
system 670, and to annotate the image on monitor 675 to
indicate the responses obtained from each of the stimulations
(e.g., color coding and/or text or icons to indicate each of the
responses obtained or sensed). In some embodiments, the
user can then indicate the surgical or therapeutic operation to
be performed and the spatial extent of the operation, which
information is then sent to surgical-laser controller 671 to
perform the operation. In some embodiments, the motion
programming and stimulation is then again performed to
determine the success or extent or response obtained. In some
embodiments, the operations of this paragraph are iteratively
repeated as needed.

FIG. 6C depicts a screen shot 681 of a display of informa-
tion from computer-aided optical-stimulation and/or optical-
surgery system 660 of FIG. 6B. At this point, a starting screen
is shown having an image of the surgical site on the subject 99
(e.g., showing an exposed portion of the subject’s brain
through an opening in the skull). Also on this screen are one
or more toolbars and/or drop-down menus that allow a user to
stimulate areas of the brain (e.g., using one or more different
stimulation light wavelengths, intensities, pulse widths, pulse
trains, shapes of pulse intensity, and the like), annotate the
image, and control other functions of system 660, as well as to
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record to a storage medium various images of the operation
for documentation and later review. For example, at this point,
the STIMULATION toolbar is highlighted to show that vari-
ous functions (these are denoted M, N, O, P, Q, and R here. but
other methods of presenting information and obtaining user
input (such as radio buttons, full text, graphical depictions,
icons and the like) are used in other embodiments). In some
embodiments, a crosshair target 685 is superimposed over the
brain image to show the selected position for a stimulation
signal to be applied, and an arrow from the selected function
(e.g., M) moves dynamically to visually connect the selected
function with the point that will be stimulated. In some
embodiments, the user can use a mouse or other graphical-
user-interface (GUI) input device to move the crosshair target
685 (which then runs motors 667, 668, 669 under control of
motion-control computer 673 to move the light-emitting end
to stimulate the-exact position indicated) and to select the
stimulation function. In some embodiments, the imaging
computer detects the location of light emitted, and automati-
cally positions the crosshair target 685 to indicate the location
ondisplay. In some embodiments, the annotation information
is displayed to the side, with a leader line connecting the
annotation to the points of stimulation and response. This
allows the computer system to “remember” and keep track of
each stimulation location (along with an annotation of the
response obtained) over a period of time while the surgeon
performs other duties and stimulates other areas to form a
complete function map of the exposed brain area, in order that
the surgeon can go back later to perform surgery, therapy, or
additional stimulation.

In some embodiments, once the opening surgery is per-
formed and system 660 is attached in place, most or all of the
subsequent operation is done through the computer interface.
In some embodiments, this allows an experienced surgeon to
perform much of the surgery either from across the room or
from a geographically remote location, for example, con-
nected from a remote computer workstation by an internet
connection that transmits image information to the remote
location and control information to the local portion of sys-
tem 660.

FIG. 6D depicts a screen shot 682 of a display of informa-
tion from system 660, showing one exemplary annotation
result. For example, at this point, the ANNOTATION toolbar
is highlighted to show that various functions (these are
denoted S, T, U, V, W, X, Y, Z and * here. but in other
embodiments, other methods of presenting information and
obtaining user input (such as radio buttons, full text, graphical
depictions, icons and the like) are used). In some embodi-
ments, outline maps 686 of the areas associated with various
groups of response to the light stimulation (e.g., “finger motor
control,” “arm touch sense,” “smell,” or “sight”) are defined
and drawn by the computer under control of the surgeon, as
well as much finer annotations 687 of exactly which response
was obtained by stimulation of each point (e.g., “knuckle-
joint flexure of left index finger”). In some embodiments,
color coding is used as an indicator. In some embodiments,
icons and/or abbreviations are used. In some embodiments, as
the mouse pointer is moved over an icon or spot and is clicked,
apop-up description appears providing more information that
was stored previously, and this information is hidden again
when the mouse pointer moves off that spot.

FIG. 6F depicts a screen shot 683 of a display of informa-
tion from system 660, showing one exemplary surgery plan-
ning and execution function. For example, at this point, the
SURGERY toolbar is highlighted to show that various func-
tions (these are denoted A, B, C and D here. but in other
embodiments, other methods of presenting information and
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obtaining user input (such as radio buttons, full text, graphical
depictions, icons and the like) are used). In some embodi-
ments, once the generalized outline maps of the areas asso-
ciated with various groups of response and/or the detailed
functional maps have been generated, the surgeon uses her or
his input device (such as a mouse) to define the surgical
operation to be performed, and the allowed extent 688 of the
surgery, in order that the computerized system 660 can check
each subsequent command for whether that portion of the
surgery is to be allowed or prohibited (this helps the surgeon
“stay within the lines” during an cutting, ablation, or cauter-
ization, for example). In some embodiments, once the extent
of the surgery has been delineated, the computer verifies the
proposed operation and presents the surgeon with any warn-
ings that may be appropriate for the proposed surgery. In
some embodiments, the surgeon can then manually operate
the positioning of the light-delivery head and the timing and
power to be used for each portion of the cutting, and the
computer will enforce the “stay within the lines” definition
earlier provided, and will also permit the surgeon to override
the limits or redefine the borders and the type of surgery being
performed. In some embodiments, the software will also
detect certain emergency situations or exigent actions
needed, and visually and/or audibly notify the surgeon of the
exigency and of the proposed corrective measures that can be
applied, and/or can perform the corrective measures auto-
matically under computer control, such that those responses
can be preprogrammed and checked under quiet and diligent
consideration before the emergency arises.

FIG. 6F depicts a screen shot 684 of a display of informa-
tion from system 660 once a portion of surgery has been
completed. For example, at this point, the VERIFICATION/
STIMULATION toolbar is highlighted to show that various
functions (these are denoted M, N, O, P, Q and R here. but
other methods of presenting information and obtaining user
input (such as radio buttons, full text, graphical depictions,
icons and the like) are used in other embodiments). The image
now shows the brain with a portion 689 that has been removed
by the just-completed surgery, and the stimulation and anno-
tation functions can be repeated to check brain functions and
results and to determine whether additional surgery may be
needed before concluding the operation.

In some embodiments, an optical-fiber-bundle-coupled
video camera is configured to image the area being stimu-
lated, and an interactive graphical user interface program is
provided to overlay the image with graphics, color, tinting,
and/or textual information to annotate the image of the por-
tion of the brain being stimulated, such that the surgeon can
create a visual record of the lesions, functions or responses
observed for each portion of the imaged area of the brain. This
annotated image assists the surgeon to see where to excise,
resection, cauterize, implant radioactive seeds (e.g., for can-
cer treatment), implant optical fiber(s) (e.g., for treatment of
epilepsy or orgasmic dysfunction) and the like.

In some embodiments, the present invention uses a frame-
and-carriage system 609 (see FI1G. 6A) that includes a plastic
X-shuttle (or X-carriage) 612 that moves the optical fiber in
the X-direction, a plastic Y-shuttle (or Y-carriage) 613 that
moves the optical fiber in the Y-direction, each operated by
plastic lines (e.g., non-stretch fishing lines of gel-spun poly-
ethylene, Nylon or other suitable material) 614 and 615,
respectively, which are coupled to hand-controls 617 and 618,
respectively. Some embodiments also include a Z-direction
actuator 623 (e.g., a stimulation-delivery head 623 having a
threaded shuttle operated by plastic lines 616 from hand-
control 619, in some embodiments). In some embodiments,
an operator 89 manually operates hand-controls 617, 618,
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and/or 619. In other embodiments, a computer-assisted actua-
tor system is used, e.g., wherein computer-controlled rotary
servos control rotation of controls 617, 168, and 619. By
making frame 610, its pulleys, shuttles, lines, screws, and
other parts out of plastic, glass, ceramic or other suitable
non-magnetic material, system 600 can be used in an MRI
machine or other similar environment, where devices that
included a magnetic material would be unsuitable, or in an
X-ray machine, where devices that included a metallic mate-
rial would be unsuitable.

In other embodiments (as shown in FIG. 7A, FIG. 7B, and
FIG. 7C, described below), a different small frame 700 is
affixed to the patient (e.g., in some embodiments, screwed to
the patient’s cranium using, for example, plastic (e.g.,
Nylon™) screws, in order that even if the patient’s head
moves, the optical fiber does not move relative to the nerve or
brain area that light from the fiber is stimulating).

FIG. 7A, FIG. 7B and FIG. 7C are perspective-, side-, and
top-view block diagrams, respectively, of a light-delivery
device 700 using a remotely controlled fiber holder 710
affixed to a subject 99 for nerve stimulation using laser light.
In some embodiments, fiber holder 710 includes a base 712
held to patient 99 using plastic screws 711 (e.g., screwed into
the cranium 796 within skin opening 797 around a hole 798
drilled into the cranium 796 to expose the brain 795 where
optical stimulation occurs). Posts 713 hold platform 714
above base 712. In some embodiments, platform 714 forms a
spherical socket for a ball-and-socket joint to hold spherical
ball actuator 715. The top post 725 of spherical ball actuator
715 is moved by X-actuator 718 and Y-actuator 719, that
allow control of'the X and Y positions of fiber end 703, while
Z-actuator 717 allows the fiber end 703 to be moved in the
Z-direction and P-actuator 716 (which is connected through
actuating end 726 to fiber end 703) allows changing the
bending angle of fiber end 703. In some embodiments, addi-
tional actuators allow control of additional degrees-of-free-
dom (e.g., twisting the fiber end 703 to different compass
directions). In some embodiments, these four or more actua-
tors include stiff plastic cables within plastic sheaths, to pro-
vide push-pull control of position from a distant operator
position. In some embodiments, an operator 89 manually
operates controls 716, 717, 718, and/or 719. In other embodi-
ments, a computer-assisted actuator system is used.

In some embodiments, an imaging fiber bundle 730 is used
with any of the above systems, in particular the embodiments
of FIG. 6A or FIG. 6B and FIG. 7B. In some embodiments,
imaging fiber bundle 730 includes optics 731 that obtain an
image conveyed by fiber bundle 732, in order to obtain imag-
ing to a remote viewing area in a non-magnetic manner. In
some embodiments, a video enhancement of the image from
the distal end of the fiber bundle 732 is performed and shown
on a monitor (such as a liquid-crystal-display (LCD) com-
puter screen). In some embodiments, this image shows the
operator 89 where the laser light is directed by imaging the IR
laser light (e.g., by a suitable charge-coupled-device (CCD)
imager) of the stimulation signal as shown on the patient 99,
thus eliminating the need for the visible laser pointer signal.

In some embodiments, a high-power laser is also coupled
to the optical fiber (or carried in its own separate fiber), in
order to provide a capability for cutting or ablating tissue
(e.g., nerve or brain tissue that has been located and identified
by the light stimulation signals). This allows the surgeon to
stimulate a brain area (or other nerve tissue) to more precisely
locate specific regions that are to be saved versus other areas
that are to be cut, cauterized or ablated. Thus, a surgeon
wanting to excise a tumor or an epileptic focus can better
locate and identify, e.g., borders of a lesion and surrounding
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functional portions of the brain using the optical-fiber-deliv-
ered optical stimulation according to the present invention,
and then use the optical-fiber-delivered cutting or ablating
function.

(In an article in Epilepsia. 1991 March-April; 32(2):179-
86 titled “Intractable epilepsy and structural lesions of the
brain: mapping, resection strategies, and seizure outcome,”
the authors (Awad 1. A., Rosenfeld J., Ahl J., Hahn J. F., and
Luders H. of the Department of Neurosurgery, Cleveland
Clinic Foundation, Ohio 44195-5228) noted: “Forty-seven
patients with structural brain lesions on neuroimaging studies
and partial epilepsy intractable to medical therapy were stud-
ied. Prolonged noninvasive interictal and ictal EEG recording
was performed, followed by more focused mapping using
chronically implanted subdural electrode plates. Surgical
procedures included lesion biopsy, maximal lesion excision,
and/or resection of zones of epileptogenesis depending on
accessibility and involvement of speech or other functional
areas. The epileptogenic zone involved exclusively the region
adjacent to the structural lesion in 11 patients. It extended
beyond the lesion in 18 patients. Eighteen other patients had
remote noncontiguous zones of epileptogenesis. Postopera-
tive control of epilepsy was accomplished in 17 of 18 patients
(94%) with complete lesion excision regardless of extent of
seizure focus excision. Postoperative control of epilepsy was
accomplished in 5 of 6 patients (83%) with incomplete lesion
excision but complete seizure focus excision and in 12 of 23
patients (52%) with incomplete lesion excision and incom-
plete focus excision. The extent of lesion resection was
strongly associated with surgical outcome either in itself (p
less than 0.003), or in combination with focus excision. Focus
resection was marginally associated with surgical outcome as
a dichotomous variable (p=0.048) and showed a trend toward
significance (p=0.07) only as a three-level outcome variable.
We conclude that structural lesions are associated with zones
of epileptogenesis in neighboring and remote areas of the
brain. Maximum resection of the lesion offers the best chance
at controlling intractable epilepsy; however, seizure control is
achieved in many patients by carefully planned subtotal
resection of lesions or foci”)

In some embodiments, the present invention provides a
more precise, reliable and efficacious method for such sur-
gery, in that the optical stimulation of nerve and brain tissue
can provide more precise results than previous methods (such
as the above-mentioned EEG recording followed by mapping
using chronically implanted subdural electrode plates), the
screwed-on cranial platform can provide a more stable and
perhaps precise platform from which to perform excision
and/or resections using laser light sufficiently powerful to cut
and/or cauterize the relevant tissues. Because of the low mass
and relatively high flexibility of optical fibers, they are more
readily maneuvered by computer-controlled servos that can
be programmed to perform precision surgical procedures as
controlled by a surgeon.

FIG. 8A is a schematic diagram of an optical fiber light-
delivery device 801 using a lens-type imager to direct light
from a fiber’s delivery end over an area of a nerve or neural
tissue. In some embodiments, a replaceable/changeable
imaging end 810 having one or more lenses (or, in other
embodiments, holographic imagers) 811 is selected to obtain
the desired size and shape of the illuminated area that will be
irradiated with the IR stimulation signal. The changeable
imaging end 810 shown in FIG. 8A is shown with a threaded
capsule, however other embodiments use other connection
methods, such as, for example, a snap-in fitting. While optical
stimulation of a single nerve can be accomplished easily by
directing the IR stimulation light to a very small point, when
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attempting to stimulate brain tissue a larger spot is typically
needed. Thus, according to each situation, a spot size suitable
for that situation is needed, so having the ability to easily
change the imaging end 810 according to the needs of a
situation is very helpful. It is also useful for assisting in
empirically determining an optimal imaging configuration or
spot size.

As used herein, the “launch end” on an optical fiber is not
limited to just the fiber’s first end, but can also be the point or
length along the fiber to which light from a source (such as a
laser diode) is coupled to insert the light into the fiber, and the
“delivery end” is not limited to just the fiber’s second end, but
can also be the point or length along the fiber from which light
from the fiber is ejected to illuminate and/or stimulate a nerve
or neural tissue.

FIG. 8B is a schematic diagram of an optical fiber light-
delivery device 802 using a grating on a fiber’s delivery end to
direct light over a line. In some embodiments, fiber 897 has a
grating 821 imposed on its end (e.g., by etching, implanting,
or other suitable means), wherein grating 821 causes the laser
IR stimulation light signal to leak out over the length of
grating 821, providing a line of light for nerve stimulation. In
some embodiments, an opaque sleeve 890 is movably fitted
over a portion of fiber 897 and grating 821, wherein sleeve
890 can be moved lengthwise along fiber 897 to expose a
variable portion of grating 821 in order to easily change the
length of the line in the X-direction along which light is
emitted. Thus, without changing fibers, the length in the X-di-
rection over which light is emitted can easily be changed by
sliding sleeve 890 to a position that exposes that length of the
grating 821.

FIG. 8C is a schematic diagram of an optical-fiber light-
delivery device 803 using gratings on each one of a plurality
of fibers to direct light over an area. In some embodiments, a
bundle of fibers 886 is provided having a plurality of indi-
vidual fibers 892, 893, through 894 (in some embodiments,
up to 25 or more individual fibers are provided; however, any
number of fibers from two fibers up through hundreds or
thousands of fibers is contemplated). In some embodiments,
a first movable opaque sleeve 891 is provided such that the
length in the X-direction over which light is emitted can
easily be changed. In some embodiments, a second movable
opaque sleeve (not shown) is provided such that the length in
the Y-direction over which light is emitted can easily be
changed. In some embodiments, each individual fiber 892-
894 has light launched into it by one or more individually
activable laser diodes, such that the length in the Y-direction
over which light is emitted can easily be changed, or such that
one or more individual ones of the plurality of individual
fibers 892, 893, through 894 can be illuminated to provide one
or more selectable extents in the Y-direction to which an
optical stimulation signal is sent. In some embodiments, two
or more individual laser wavelengths are selectably coupled
to the launch end of each fiber, such that the depth in the
Z-direction to which light is directed can easily be changed by
selecting the one or more wavelengths that penetrate to that
depth. When different types of cells or tissues have varying
responses that depend on the wavelength of the light used for
stimulation, the type of cell or tissue to be stimulated is
selectable by choice of appropriate stimulation
wavelength(s).

FIG. 9A is a schematic diagram of an optical-fiber light-
delivery device 901 using a grating on each of two optical
fibers 896 and 897 to direct light over lines (i.e., along a length
of'nerve) at two locations X , 77 and X 78 along a nerve 79.
In some embodiments, either nerve location X, 77 or nerve
location X5 78 is stimulated by sending a pulse of stimulation
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light into the launch end of fiber 896 or fiber 897, respectively,
and the resulting response for each stimulation is observed
(e.g., by watching a muscle twitch), sensed (e.g., by having
the patient report the sensation they feel), or imaged (e.g., by
using a functional MRI imaging system). In other embodi-
ments, both nerve location X , 77 and nerve location X ; 78 are
successively stimulated by sending a pulse of stimulation
light into the launch end of fiber 896 and fiber 897, respec-
tively, at slightly different times (e.g., where the second
stimulation pulse is sent at a time corresponding to the speed
of'the action potential traveling along that nerve at a distance
and time delta relative to the first stimulation pulse), and again
recording the resulting response for the paired stimulations as
above. In yet other embodiments, simultaneous light-stimu-
lation pulses are sent to nerve location X, 77 and nerve
location X 78 and the response is observed and/or recorded.
As described above for FIG. 8B, in some embodiments, the
exposed grating length of the delivery end is variable using a
sleeve or other suitable variable aperture.

FIG. 9B is a schematic diagram of an optical-fiber light-
delivery device 902 using a polished end on each of two
optical fibers 899 and 895 to direct light to points at nerve
location X, 77 and nerve location X 78 along a nerve 79.
This embodiment is similar to that of FIG. 9A, except that the
delivery end of each fiber has the stimulation light exiting
from the physical end of the fiber (e.g., a cleaved end), and the
delivered light is directed onto and stimulates one respective
point along nerve 79. The operation or use of this device is as
described above for FIG. 9A.

In some embodiments, action potentials are all-or-none,
binary occurrences and therefore are not reinforceable—once
an action potential is triggered, it goes to the end of the axon
and causes neurotransmitter release into the synaptic cleft.
However, if a nerve is cut or damaged by disease, it may be
desirableto start an action potential and then restart the action
potential beyond the damaged area.

FIG. 9C is a series of timing diagrams of optical energy
and/or nerve voltage versus distance X along the nerve in
arbitrary units, showing “reinforced” stimulation of an action
potential along a nerve, as stimulated at successive times by a
device such as device 901 or device 902 described above. At
a time t,, an optical stimulation pulse A is sent down a first
optical fiber (896 or 895) to nerve location X , 77 wherein it
triggers a response that includes an action potential 920,
which begins propagation down the nerve 79. At a slightly
later time t,, the action potential 920 has traveled to point X,
71 along nerve 79. At a still later time t,, the action potential
920 has traveled to point X, 72 along nerve 79. At a yet later
time t;, the action potential 920 has traveled to point X; 73
along nerve 79. At a yet later time t,, the action potential 920
has traveled to point X5 78 along nerve 79, and a second light
pulse B is sent down a second optical fiber (897 or 899) in a
manner that is timed to reinforce (or, in other embodiments, to
counteract) the action potential 920 traveling along nerve 79.
At a yet later time t, the reinforced action potential 920 has
traveled to point X 75 along nerve 79.

FIG. 10 is a schematic diagram of an optical-fiber light-
delivery system 1000. In some embodiments, system 1000
includes a handpiece 140 to be held by a user who manually
directs and activates the stimulation and/or surgical optical
energy. (In other embodiments, a frame-based light-delivery
unit such as unit 609 of FIG. 6 A or unit 661 of FIG. 6B or unit
700 of FIG. 7A is used.) The optical energy is delivered by
one or more optical fibers in optical-fiber structure 109. In
some embodiments, one or more optical-stimulation sources
101 emit IR (or light of another suitable wavelength) nerve-
stimulation light, which is coupled by light-beam combiner
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and/or coupler 103 to optical-fiber structure 109. In some
embodiments, optical-stimulation sources 101 include one or
more infra-red laser diodes emitting light at one or more
different wavelengths (e.g., 1.87 microns, 2.2 microns, or
other efficacious wavelengths) under control of light-emit-
ting-source controller 104.

In some embodiments, one or more visible-light sources
102 emit visible indicator light (i.e., light having one or more
visible wavelengths suitable for indicating to a user where the
stimulation light or surgical light will be delivered), which is
coupled by light-beam combiner and/or coupler 103 to opti-
cal-fiber structure 109. In some embodiments, visible-light
sources 102 include one or more visible-light LEDs, incan-
descent lamps, and/or laser diodes emitting light at one or
more different wavelengths (e.g., 0.45 micron blue light (e.g.,
gallium-indium nitride devices), 0.55 micron green light
(e.g., gallium-indium nitride LED or laser-diode devices),
0.63 micron red light (e.g., gallium-arsenide LED or laser-
diode devices), or other wavelengths useful for pointing and/
or delivering to the user function-state information such as
different colors or pulsing characteristics to indicate which
function has been selected) under control of light-emitting-
source controller 104.

In some embodiments, one or more high-power laser
sources 1001 emit high-power laser light (or very short pulse
laser light), which is coupled by light-beam combiner and/or
coupler 103 to optical-fiber structure 109. In some embodi-
ments, high-power laser sources 1001 include one or more
high-power lasers or laser diodes or optically-pumped-fiber
lasers emitting light at one or more different wavelengths
(e.g., 1.55 microns, or other wavelengths useful for surgical
purposes) under control of light-emitting-source controller
104. In some embodiments, the high-power laser light effects
a burning or cutting operation where heat results from the
laser interaction with the tissue (i.e., absorbing photon energy
from the laser light and converting it to heat). This can result
in cauterizing the surrounding tissue and reducing bleeding.
In other embodiments, the very short pulse laser light (e.g.,
femtosecond pulses that concentrate power into a very short
time period) effects an ablation or tiny explosion that removes
tissue with substantially no heating of surrounding tissue.

In some embodiments, a set of machine control instruc-
tions (programmable control code to adjust, time, or other-
wise control pulse shape, timing, intensity, and the like) is
stored on computer-readable medium 1004 (for example, a
compact FLASH memory fob, diskette, CDROM, or network
connection (e.g., the internet)), which is connectable to con-
trol one or more operations or functions of light-emitting-
source controller 104.

In some embodiments, an imaging and control computer
1020 provides automated control signals 1025 to light-emit-
ting-source controller 104, wherein the controller 104 con-
trols the timing, pulse characteristics, wavelength, intensity
and like characteristics of the light. In some embodiments, a
hand-operated manual control 108 includes one or more but-
tons, or a rotary control or other actuator form, and is manu-
ally operable to remotely control one or more functions of
light-emitting-source controller 104 via signals 1008 to imag-
ining and control computer 1020. In other embodiments, a
separate hand or foot control (not connected to the handpiece)
that provides similar functionality is used in place of manual
control 108. In some embodiments, one or more sensors 1030
are configured to sense one or more responses of subject 99 to
the optical stimulation of the subject’s nerve 77 (or other
neural tissue). In some embodiments, the signal(s) 1035 from
sensor(s) 1030 pass to imaging and control computer 1020
and are used to augment control of light-emitting-source con-
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troller 104 (e.g., changing or terminating a stimulation pulse
once the desired response is achieved). In some embodi-
ments, automated or programmed control generated by imag-
ing and control computer 1020 augments or modifies the
control commands from manual control 108 based on prede-
termined criteria, in order to prevent erroneous commands or
accidental actuations of manual control 108 from doing harm
or performing non-allowed procedures.

In some embodiments, imaging and control computer 1020
also obtains images from one or more digital cameras 1021
and/or 1022, and displays the resulting images on display
1024. In some embodiments, one or more input devices 1023
allow a user to annotate the obtained images using tinting,
color, overlaid diagrams, and the like to provide a record of
the areas stimulated and the resulting responses. For example,
various areas of an exposed brain of a patient can be succes-
sively stimulated, and the functions indicated by the
responses observed or sensations reported can be recorded as
color overlays of the image of the brain, and/or an excision or
resection can be planned and plotted on the image. In some
embodiments, a set of machine control instructions (pro-
grammable control code to augment the imaging, annotation,
control functions, and the like) is stored on computer-read-
able medium 1005 (for example, a diskette, CDROM, or
network connection (e.g., the internet)), which is connectable
to control one or more operations of imaging and control
computer 1020.

In some embodiments, one or more of the items labeled
herein as “plastic” are implemented using some other non-
magnetic material such as ceramic or structured carbon nano-
tubes, or the like. In other embodiments, one or more of the
items labeled herein as “laser diodes” are implemented
instead as light-emitting diodes (LEDs) or as optically-
pumped solid-state optical amplifiers (e.g., semiconductor
laser-like devices that are pumped optically).

In some embodiments, the invention provides a method
that includes generating a first laser using a first light-emitting
source, generating a second laser using a second light-emit-
ting source, transmitting the first and second laser to a beam-
combiner optic using a first optical-fiber cable, transmitting
the first and second laser light from the beam-combiner optic
to a ferrule using a second optical-fiber cable, emitting the
first and second laser light from the ferrule, regulating the first
and second laser light using a mechanical linkage operatively
coupled to a light-emitting-source controller; and connecting
the light-emitting-source controller to the first light-emitting
source via a bus. In some embodiments, the method further
includes generating IR light from a first light-emitting source.
In some embodiments, the method additionally includes gen-
erating visible light from a second light-emitting source. In at
least one embodiment, this method includes protecting the
ferrule and the mechanical linkage via a disposable plastic
sheath. In some embodiments, the method includes emitting
a single pulse of light via appropriate action of a light-emit-
ting-source controller. In some embodiments, the method
further incorporates emitting a pulse train of light via appro-
priate action of a light-emitting-source controller. In some
embodiments, the method includes emitting a shaped pulse of
light via appropriate action of a light-emitting-source control-
ler. In still further embodiments, the method includes emit-
ting a shaped train of light via appropriate action of the
light-emitting-source controller.

In at least one embodiment, the invention includes an appa-
ratus comprising a finger-and or-thumb control, a ferrule, a
first optical-fiber cable, a second optical-fiber cable, and a
disposable sheath. This apparatus is used to deliver an effica-
cious amount of; in some embodiments, visible and IR light
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s0 as to target and stimulate nerve tissue. In some embodi-
ments, the apparatus includes a configuration wherein the first
optical-fiber cable is used to send control signals. In some
embodiments, the apparatus includes a configuration wherein
the second optical-fiber cable is used to send laser light.

In some embodiments, an apparatus is constructed of an
optical stimulator, a first optical-fiber cable, an RF charger,
and a radio remote programmer. In some embodiments, this
optical stimulator is implanted into a recipient to provide an
efficacious dose of IR light to promote nerve stimulation. In
some embodiments, this optical stimulator includes an RF
recharger, a battery, a controller, a first light-emitting source,
a second light-emitting source, and a combiner.

In some embodiments, a method is practiced involving
charging an RF recharger, supplying a charge to a battery
from the RF charger, powering a controller with the battery,
powering a first light source, powering a second light source,
emitting light from the first light source, emitting light from
the second light source, controlling the light from the first and
second light sources using a radio remote programmer, com-
bining the light from the first and second light sources via a
combiner, and transmitting the combined light via an optical
cable to a nerve fiber. In some embodiments, the method
includes transmitting IR light via an optical cable to a nerve
fiber. In at least one embodiment, the method includes trans-
mitting visible light via an optical cable to anerve fiber for the
purpose of designating a target nerve fiber.

Some embodiments include a kit that includes a first dis-
posable sheath that includes a first optical system configured
to focus light into a first predetermined pattern that is effica-
cious to optically stimulate a nerve. In some embodiments,
the kit further includes a second disposable sheath that
includes a second optical system configured to focus light
into a second predetermined pattern, different than the first,
wherein the second optical system is efficacious to optically
stimulate a nerve. In some embodiments, the sheath(s) of this
kit are configured to fit over a handle such as handle 132 of
FIG. 1C, handle 412 of FIG. 4, handle 512 of FIG. 5, or fiber
end 703 of FIG. 7B, and provide one or a plurality of different
focus patterns (providing different sizes or shapes of focussed
light).

In some embodiments, a kit containing various compo-
nents is included, this kit containing a first light-emitting
source, a second light-emitting source, a light-beam com-
biner, a mechanical linkage with a trigger mechanism, a fer-
rule, a light-emitting-source controller, and a disposable
sheath. Also contained in this kit are the various materials
needed to assemble the apparatus.

In some embodiments, the ferrule and the mechanical link-
age are covered with a disposable plastic sheath.

In some embodiments, a single pulse of light is emitted
based on a manual user input (such as the press of a button or
the rolling of a wheel) that is coupled mechanically, electri-
cally or optically to the light-emitting-source controller (e.g.,
a unit that applies electrical power to a laser diode).

In some embodiments, a pulse train of light is emitted
based on a manual user input (such as the press of a button or
the rolling of a wheel) that is coupled mechanically, electri-
cally or optically to the light-emitting-source controller (e.g.,
a unit that applies electrical power to a laser diode).

In some embodiments, a shaped, non-square pulse of light
is emitted based on a manual user input (such as the press of
a button or the rolling of a wheel) that is coupled mechani-
cally, electrically or optically to the light-emitting-source
controller (e.g., a unit that applies electrical power to a laser
diode).
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In some embodiments, a shaped pulse train of light is
emitted based on a manual user input (such as the press of a
button or the rolling of a wheel) that is coupled mechanically,
electrically or optically to the light-emitting-source controller
(e.g., a unit that applies electrical power to a laser diode).

Some embodiments of the present invention include an
implantable apparatus that has an optical-light stimulator
operable to generate a light signal that will stimulate a nerve,
a first optical fiber operatively coupled to receive light from
the stimulator and deliver the light to the nerve, a power
source operatively coupled to power the stimulator, and a
receiver configured to receive programming commands from
a wireless remote programmer, in order to selectively control
operation of the stimulator based on a set of data that was
wirelessly received.

In some embodiments, the apparatus is configured to be
implanted in the body of a mammal. In some embodiments,
the power source is a battery. In some embodiments, the
stimulator further includes an RF recharger operable to
receive RF energy and recharge the battery. In some embodi-
ments, the stimulator further includes a first light-emitting
source and a second light-emitting source operatively
coupled to be controlled by the stimulator. In some embodi-
ments, the stimulator further includes an optical combiner
operatively coupled to combine light from the first light-
emitting source and the second light-emitting source into an
optical fiber.

Some embodiments of the present invention include a
method that includes charging a battery using RF energy,
powering a controller from the battery, remotely program-
ming the controller, selectively emitting light from a first light
source under control of the controller, selectively emitting
light from a second light source under control of the control-
ler, combining the light from the first and second light
sources, and transmitting the combined light to a nerve.

In some embodiments of this method, the selectively emit-
ting light from the first light source includes emitting IR laser
light from a laser diode. In some embodiments, the selectively
emitting light from the second light source includes emitting
visible light.

Some embodiments of the present invention include a kit
that includes a first light-emitting source, a second light-
emitting source, a light-beam combiner, a mechanical linkage
with a trigger mechanism, a ferrule, a light-emitting-source
controller, and a disposable sheath.

Some embodiments of the present invention include an
apparatus that includes an optical fiber, an optical-fiber holder
operable to optically couple the optical fiber to a nerve, and an
optical sensor operable to distinguish nerve tissue from other
tissue based on a sensed optical color.

Some embodiments further include one or more additional
optical fibers, wherein an illumination light is delivered to the
nerve tissue using one or more of the plurality of optical
fibers, and the sensed optical color is sensed through one or
more of the optical fibers.

Some embodiments of the present invention include a
method that includes generating light from a first laser-diode
device, the light having a wavelength between about 1.8
microns and about 2.2 microns, and stimulating a nerve with
the light. In some embodiments, the light from the first laser-
diode device is in a range of between about 1.80 microns and
about 1.85 microns, or in a range of between about 1.81
microns and about 1.86 microns, or in a range of between
about 1.82 microns and about 1.87 microns, or in a range of
between about 1.83 microns and about 1.88 microns, or in a
range of between about 1.84 microns and about 1.89 microns,
or in a range of between about 1.85 microns and about 1.90
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microns, or in a range of between about 1.86 microns and
about 1.91 microns, or in a range of between about 1.87
microns and about 1.92 microns, or in a range of between
about 1.88 microns and about 1.93 microns, or in a range of
between about 1.89 microns and about 1.94 microns, or in a
range of between about 1.90 microns and about 1.95 microns,
or in a range of between about 1.91 microns and about 1.96
microns, or in a range of between about 1.92 microns and
about 1.97 microns, or in a range of between about 1.93
microns and about 1.98 microns, or in a range of between
about 1.94 microns and about 1.99 microns, or in a range of
between about 1.95 microns and about 2.00 microns, or in a
range of between about 1.96 microns and about 2.01 microns,
or in a range of between about 1.97 microns and about 2.02
microns, or in a range of between about 1.98 microns and
about 2.03 microns, or in a range of between about 1.99
microns and about 2.04 microns, or in a range of between
about 2.00 microns and about 2.05 microns, or in a range of
between about 2.01 microns and about 2.06 microns, or in a
range of between about 2.02 microns and about 2.07 microns,
or in a range of between about 2.03 microns and about 2.08
microns, or in a range of between about 2.04 microns and
about 2.09 microns, or in a range of between about 2.05
microns and about 2.10 microns, or in a range of between
about 2.06 microns and about 2.11 microns, or in a range of
between about 2.07 microns and about 2.12 microns, or in a
range of between about 2.08 microns and about 2.13 microns,
or in a range of between about 2.09 microns and about 2.14
microns, or in a range of between about 2.10 microns and
about 2.15 microns, or in a range of between about 2.11
microns and about 2.16 microns, or in a range of between
about 2.12 microns and about 2.17 microns, or in a range of
between about 2.13 microns and about 2.18 microns, or in a
range of between about 2.14 microns and about 2.19 microns,
or in a range of between about 2.15 microns and about 2.20
microns, or in a range of between about 2.16 microns and
about 2.21 microns, or in a range of between about 2.17
microns and about 2.22 microns, or in a range of between
about 2.18 microns and about 2.23 microns, or in a range of
between about 2.19 microns and about 2.24 microns, or in a
range of between about 2.20 microns and about 2.25 microns.

Some embodiments of the method further include convey-
ing the light from the laser-diode device to the nerve using an
optical fiber. In some embodiments, the laser-diode device
includes a plurality of emitters, and the method further
includes combining the light from at least two of the plurality
of emitters into the optical fiber.

Some embodiments of the method further include affixing
the optical fiber to a frame fixed in positional relationship
relative to a patient. Some embodiments of the method further
include remotely controlling a positioning of the light relative
to the nerve.

Some embodiments of the present invention include an
apparatus that includes a first disposable sheath that includes
a first optical system configured to focus light into a first
predetermined pattern that is efficacious to optically stimu-
late a nerve.

Some embodiments are supplied as a kit that further
includes a second disposable sheath that includes a second
optical system configured to focus light into a second prede-
termined pattern, different than the first, which is efficacious
to optically stimulate a nerve.

Some embodiments of the present invention include an
apparatus that includes a first light-emitting source operative
to emit an optical signal at a first wavelength that is capable of
directly stimulating a nerve of a patient; an optical-fiber struc-
ture having a first end and a second end; a light-beam coupler
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that is configured to direct light from the first light-emitting
source into the first end of the optical-fiber structure; a light-
emitting-source controller operatively coupled to the first
light-emitting source and the second light-emitting source to
selectively control light output thereof; and a light-delivery
unit operatively coupled to the second end of the optical-fiber
structure, wherein the light-delivery unit, the optical-fiber
structure or both the light-delivery unit and the optical-fiber
structure are configured to direct the optical signal onto neu-
ral tissue.

In some embodiments, the first light-emitting source emits
infra-red (IR) light from a laser diode.

Some embodiments further include a second light-emitting
source operative to emit an optical signal at a second wave-
length that is capable of directly stimulating a nerve, wherein
the second wavelength is different than the first wavelength
and has a different penetration depth into a given tissue, and
wherein light at the first wavelength is applied to achieve a
first tissue-penetration depth, and light at the second wave-
length is applied to achieve a second tissue-penetration depth.

Some embodiments further include a second light-emitting
source operative to emit an optical signal at a second wave-
length that is capable of directly stimulating a nerve, wherein
the second wavelength is different than the first wavelength
and has a different penetration depth into a given tissue, and
variable amounts of the first and second different wavelengths
are applied simultaneously to achieve a tissue-penetration
depth that is variable based on the intensities of the first and
second wavelengths of light.

Some embodiments further include a third light-emitting
source, wherein the third light-emitting source emits visible
light, and wherein the light-beam combiner is operatively
coupled to direct light from the third light-emitting source
into the optical-fiber structure.

In some embodiments, the light-delivery unit includes a
handpiece configured to be held by hand during delivery of
the nerve stimulation, and the apparatus further includes a
disposable sheath configured to cover at least a portion of the
handpiece to provide a sterile covering.

Some embodiments further include a user-operable control
mechanism operatively coupled to the controller to control a
function of the controller, the control mechanism being con-
figured to be operated in conjunction with the handpiece.

In some embodiments, the user-operable control mecha-
nism is mounted on the handpiece, and configured to be hand
operated by a user.

In some embodiments, the user-operable control mecha-
nism is mechanically linked to the light-emitting-source con-
troller.

In some embodiments, the light-delivery unit includes a
frame configured to be affixed to the patient, and a moveable
light-delivery head connected to the frame and configured to
be changeably positioned to deliver light to one of a plurality
of locations on the patient.

Some embodiments of the present invention include a
method that includes obtaining, from a first laser diode, a first
laser beam having a first wavelength that is capable of directly
stimulating neural tissue; transmitting the first laser beam in
an optical-fiber structure; imaging the first laser beam from
the optical-fiber structure onto a location on the neural tissue
for stimulation of the neural tissue; -and obtaining user input
and based on the user input, controlling the first laser beam. In
some embodiments, the first laser beam has an infra-red (IR)
wavelength.

Some embodiments of the method further include obtain-
ing a second laser beam having a second wavelength that is
capable of directly stimulating a nerve, wherein the second
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wavelength is different than the first wavelength and has a
different penetration depth into a given tissue; transmitting
the second laser beam in the optical-fiber structure; applying
light at the first wavelength to achieve a first tissue-penetra-
tion depth; and applying light at the second wavelength to
achieve a second tissue-penetration depth.

Some embodiments further include obtaining a second
laser beam having a second wavelength that is capable of
directly stimulating a nerve, wherein the second wavelength
is different than the first wavelength and has a different pen-
etration depth into a given tissue; transmitting the second
laser beam in the optical-fiber structure; and applying vari-
able amounts of the first and second different wavelengths
simultaneously to achieve a tissue-penetration depth that is
variable based on the intensities of the first and second wave-
lengths of light.

Some embodiments further include obtaining a third light
beam having a visible-light wavelength; transmitting the third
light beam in the optical-fiber structure; and imaging the third
light beam from the optical-fiber structure as an indication of
where the first laser beam is directed.

Some embodiments further include providing a handpiece
for manually directing the location of the imaged stimulation
light; and covering at least a portion of the handpiece with a
sterile cover.

In some embodiments, the obtaining user input includes
coupling a control mechanism to a laser controller to control
a function of the controller, wherein the control mechanism is
configured to be operated in conjunction with the handpiece.

In some embodiments, the control mechanism is mounted
on the handpiece, and the obtaining user input includes cou-
pling a manual operation of the control mechanism by a user
to control the first laser beam.

Some embodiments further include providing a handpiece
for manually directing the location of the imaged stimulation
light, wherein the obtaining user input includes coupling a
user-operated control mechanism to a laser controller to con-
trol a function of the controller, wherein the control mecha-
nism is separate from the handpiece and is configured to be
operated such that operation of the control mechanism is
independent of movement of the handpiece.

Some embodiments further include providing a light-de-
livery unit for directing the location of the imaged stimulation
light, wherein the light-delivery unit includes a frame config-
ured to be affixed to the patient, and a moveable light-delivery
head connected to the frame; and positioning the light-deliv-
ery head to deliver light to one of a plurality of locations on
the patient.

Some embodiments of the present invention include an
apparatus that includes means for generating a first laser
beam having a first wavelength that is capable of directly
stimulating neural tissue of a patient, wherein light of the first
wavelength has a first tissue-penetration profile; means for
transmitting the first laser beam; means for imaging the trans-
mitted first laser beam onto a location on the neural tissue for
stimulation of the neural tissue; and means for obtaining user
input and based on the user input, controlling the first laser
beam.

In some embodiments, the means for generating the first
laser beam includes a laser diode and means for controlling
electrical power to the laser diode to control timing and inten-
sity of the first laser beam.

Some embodiments further include means for visibly indi-
cating a location on the patient at which nerve stimulation is
to be obtained by application of the first laser beam.

Some embodiments further include means for generating a
second laser beam having a second wavelength that is capable
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of directly stimulating neural tissue of a patient, wherein light
of the second wavelength has a second tissue-penetration
profile different than the first tissue-penetration profile, and
wherein the means for generating the second laser beam is
optically coupled to the means for imaging.

Some embodiments further include means for generating a
third laser beam that is capable of optically cutting tissue,
wherein the means for generating the third laser beam is
optically coupled to the means for imaging.

In some embodiments, the apparatus is made of materials
compatible with use within a magnetic field of an operating
magnetic resonance machine.

Some embodiments of the present invention include an
apparatus that includes an elongated endoscope structure
having an image-obtaining end configured to be inserted into
a small opening in a patient to enable viewing of an interior
tissue of the patient; a first laser diode operable to output a
laser beam having a first wavelength, and that is capable of
directly stimulating neural tissue of a patient, wherein light of
the first wavelength has a first tissue-penetration profile; a
fiber holder operable to hold an optical fiber having a first end
optically coupled to receive the laser beam from the first laser
diode and configured to deliver the laser beam to a second end
to stimulate neural tissue of the viewed interior tissue of the
patient; and a user-input interface operable to obtain user
input and based on the user input, to control application of the
first laser beam.

Some embodiments further include the optical fiber.

In some embodiments, the fiber holder is further config-
ured to implant and release the optical fiber in the patient.

Some embodiments include combinations of elements
from different ones of the above-described Figures and speci-
fications. Some embodiments of the invention include a com-
puter-readable medium that has instructions stored thereon
for causing a suitably programmed information processor to
perform methods that include one or more of the functions or
subfunctions described herein.

Some embodiments of the present invention include an
apparatus that includes a first light-emitting source operative
to emit an optical signal at a first wavelength that is capable of
directly stimulating muscle tissue of a subject; an optical-
fiber structure having a first end and a second end; a light-
beam coupler that is configured to direct light from the first
light-emitting source into the first end of the optical fiber
structure; a light-emitting-source controller operatively
coupled to the first light-emitting source to selectively control
light output thereof; and a light-delivery unit operatively
coupled to the second end of the optical-fiber structure,
wherein the light-delivery unit, the optical fiber structure or
both the light-delivery unit and the optical-fiber structure are
configured to direct the optical signal onto muscle tissue. In
some embodiments, the first light-emitting source emits
infra-red (IR) light from a laser diode.

Some embodiments of the muscle stimulator further
include a second light-emitting source operative to emit an
optical signal at a second wavelength that is capable of
directly stimulating muscle tissue, wherein the second wave-
length is different than the first wavelength and has a different
penetration depth into a given tissue, and wherein light at the
first wavelength is applied to achieve a first tissue-penetration
depth, and light at the second wavelength is applied to achieve
a second tissue-penetration depth.

Some embodiments of the muscle stimulator further
include a second light-emitting source operative to emit an
optical signal at a second wavelength that is capable of
directly stimulating muscle tissue, wherein the first wave-
length is different than the second wavelength and has a

20

25

30

35

40

45

50

55

60

65

42

different penetration depth into a given tissue, and variable
amounts of the first and second different wavelengths are
applied simultaneously to achieve a tissue-penetration depth
that is variable based on the intensities of the first and second
wavelengths of light.

Some embodiments of the muscle stimulator further
include a third light-emitting source, wherein the third light-
emitting source emits visible light, and wherein the light-
beam combiner is operatively coupled to direct light from the
third light-emitting source into the optical-fiber structure.

In some embodiments of the muscle stimulator, the light-
delivery unit includes a handpiece configured to be held by
hand during delivery of the muscle tissue stimulation, and the
apparatus further includes a disposable sheath configured to
cover at least a portion of the handpiece to provide a sterile
covering.

Some embodiments of the muscle stimulator further
include a user-operable control mechanism operatively
coupled to the controller to control a function of the control-
ler, the control mechanism being configured to be operated in
conjunction with the handpiece.

In some embodiments of the muscle stimulator, the user-
operable control mechanism is mounted on the handpiece,
and configured to be hand operated by a user. In some
embodiments, the user-operable control mechanism is
mechanically linked to the light-emitting-source controller.
In some embodiments, the light-delivery unit includes a
frame configured to be affixed to the subject, and a moveable
light-delivery head connected to the frame and configured to
be changeably positioned to deliver light to one of a plurality
of'locations on the subject.

Another aspect of some embodiments of the invention
include a method that includes obtaining, from a first laser
diode, a first laser beam having a first wavelength that is
capable of directly optically stimulating an action potential in
a tissue of an animal; transmitting the first laser beam in an
optical-fiber structure; applying the first laser beam from the
optical-fiber structure onto a location on the tissue for stimu-
lation of the tissue; and obtaining user input and based on the
user input, controlling the first laser beam.

In some embodiments, the first laser beam has an infra-red
(IR) wavelength.

In some embodiments, the tissue is muscle tissue, and the
action potential is a muscle action potential.

In some embodiments, the tissue is neural tissue, and the
action potential is a nerve action potential.

Some embodiments further include obtaining a second
laser beam having a second wavelength that is capable of
directly stimulating muscle tissue, wherein the second wave-
length is different than the first wavelength and has a different
penetration depth into a given tissue; transmitting the second
laser beam in the optical-fiber structure; applying light at the
first wavelength to achieve a first tissue-penetration depth;
and applying light at the second wavelength to achieve a
second tissue-penetration depth.

Some embodiments further include obtaining a second
laser beam having a second wavelength that is capable of
directly stimulating muscle tissue, wherein the second wave-
length is different than the first wavelength and has a different
penetration depth into a given tissue; transmitting the second
laser beam in the optical-fiber structure; and applying vari-
able amounts of the first and second different wavelengths
simultaneously to achieve a tissue-penetration depth that is
variable based on the intensities of the first and second wave-
lengths of light.

Some embodiments further include obtaining a third light
beam having a visible-light wavelength; transmitting the third
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light beam in the optical-fiber structure; and imaging the third
light beam from the optical-fiber structure as an indication of
where the first laser beam is directed.

Some embodiments further include providing a handpiece
for manually directing the location of the imaged stimulation
light; and covering at least a portion of the handpiece with a
sterile cover.

In some embodiments, the obtaining user input includes
coupling a control mechanism to a laser controller controlling
the first laser diode in order to control a function of the
controller, wherein the control mechanism is configured to be
operated in conjunction with the handpiece.

In some embodiments, the control mechanism is mounted
on the handpiece, and wherein the obtaining user input
includes coupling a manual operation of the control mecha-
nism by a user to control the first laser beam.

Some embodiments further include providing a handpiece
for manually directing the location of imaged stimulation
light, wherein the obtaining user input includes coupling a
user-operated control mechanism to a laser controller to con-
trol a function of the controller, wherein the control mecha-
nism is separate from the handpiece and is configured to be
operated such that operation of the control mechanism is
independent of movement of the handpiece.

Some embodiments further include providing a light-de-
livery unit for directing the location of the imaged stimulation
light, wherein the light-delivery unit includes a frame config-
ured to be affixed to the subject, and a moveable light-delivery
head connected to the frame; and positioning the light-deliv-
ery head to deliver light to one of a plurality of locations on
the subject.

Some embodiments of the present invention include an
apparatus that includes means for generating a first laser
beam having a first wavelength that is capable of directly
stimulating an action potential in muscle tissue of a subject,
wherein light of the first wavelength has a first tissue-penetra-
tion profile; means for transmitting the first laser beam;
means for imaging the transmitted first laser beam onto a
location on the muscle tissue for stimulation of the action
potential in the muscle tissue; and means for obtaining user
input and based on the user input, controlling the first laser
beam.

In some embodiments, the means for generating the first
laser beam includes a laser diode and means for controlling
electrical power to the laser diode to control timing and inten-
sity of the first laser beam.

Some embodiments further include means for visibly indi-
cating a location on the subject to which optical muscle stimu-
lation is to be obtained by application of the first laser beam.

Some embodiments further include means for generating a
second laser beam having a second wavelength that is capable
of directly stimulating muscle tissue of a subject, wherein
light of the second wavelength has a second tissue-penetra-
tion profile different than the first tissue-penetration profile,
and wherein the means for generating the second laser beam
is optically coupled to the means for imaging.

Some embodiments further include means for generating a
third laser beam that is capable of optically cutting tissue,
wherein the means for generating the third laser beam is
optically coupled to the means for imaging.

In some embodiments, the means are compatible with use
within a magnetic field of an operating magnetic resonance
imaging (MRI) apparatus.

Some embodiments of the present invention include an
apparatus that includes an elongated endoscope structure
having an image-obtaining end configured to be inserted into
a small opening in a subject to enable viewing of an interior
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tissue of the subject; a first laser diode operable to output a
laser beam having a first wavelength, and that is capable of
directly stimulating muscle tissue of a subject, wherein light
of'the first wavelength has a first tissue-penetration profile; a
fiber holder operable to hold an optical fiber, the optical fiber
having a first end configured to be optically coupled to receive
the laser beam from the first laser diode and configured to
deliver the laser beam to a second end to stimulate neural
tissue of the viewed interior tissue of the subject; and a user-
input interface operable to obtain user input and based on the
user input, to control application of the first laser beam. Some
embodiments further include the optical fiber.

In some embodiments, the fiber holder is further config-
ured to implant and release the optical fiber in the subject.

In some embodiments, a high-power diode laser array is
used for one or more of the light sources used in the above
described embodiments. For example, some embodiments
use high-power MQW (multiple quantum well) multiple-
emitter laser arrays available from Princeton Lightwave Inc.,
2555 Route 130 South Suite 1, Cranbury, N.J. 08512, whose
laser arrays output laser light with up to 30 watts or more
power at 1.45 to 1.55 microns and up to 12 watts or more
power at 1.85 microns. In some embodiments, the present
invention uses lasers such as described in “218 W quasi-CW
operation of 1.83 pm two-dimensional laser diode array” by
M. Maiorov et al., Flectronics Letters, Vol. 35 No. 8, 15 Apr.
1999. Some embodiments use the structures described for
such lasers modified to produce other IR wavelengths. In
some embodiments, the present invention uses light sources
such as described in U.S. Pat. No. 6,639,930 titled “Multi-
level closed loop resonators and method for fabricating same”
which issued 2003 Oct. 28; U.S. Pat. No. 6,556,611 titled
“Wide stripe distributed Bragg reflector lasers with improved
angular and spectral characteristics” which issued 2003 Apr.
29; U.S. Pat. No. 6,459,715 titled “Master-oscillator grating
coupled power amplifier with angled amplifier section”
which issued 2002 Oct. 1; U.S. Pat. No. 6,417,524 titled
“Light emitting semiconductor device” which issued 2002
Jul. 9; U.S. Pat. No. 6,363,188 titled “Mode expander with
co-directional grating” which issued 2002 Mar. 26; U.S. Pat.
No. 6,339,606 titled “High power semiconductor light
source” which issued 2002 Jan. 15; U.S. Pat. No. 6,301,279
titled “Semiconductor diode lasers with thermal sensor con-
trol of the active region temperature” which issued 2001 Oct.
9; and U.S. Pat. No. 6,184,542 titled “Superluminescent
diode and optical amplifier with extended bandwidth” which
issued 2001 Feb. 06; each of which is incorporated by refer-
ence.

Itis to be understood that the above description is intended
to be illustrative, and not restrictive. Although numerous
characteristics and advantages of various embodiments as
described herein have been set forth in the foregoing descrip-
tion, together with details of the structure and function of
various embodiments, many other embodiments and changes
to details will be apparent to those of skill in the art upon
reviewing the above description. The scope of the invention
should, therefore, be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled. In the appended claims, the
terms “including” and “in which” are used as the plain-En-
glish equivalents of the respective terms “comprising” and
“wherein,” respectively. Moreover, the terms “first,” “sec-
ond,” and “third,” etc., are used merely as labels, and are not
intended to impose numerical requirements on their objects.
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What is claimed is:
1. An apparatus for stimulating a nerve of a subject to

generate a nerve action potential in the nerve of the subject,
the apparatus comprising:

a first light-emitting source operative to emit an optical
signal having a first wavelength and a predetermined
temporal intensity profile that are selected to directly
stimulate the nerve of the subject to generate the nerve
action potential the nerve of the subject, wherein the first

46

stimulate the neural tissue of the subject to generate the
nerve action potential in the neural tissue of the subject,
wherein the first light-emitting source includes a solid-
state laser;

an optical-fiber structure having a first end and a second
end;

a light-beam coupler that is configured to direct the optical
signal from the first light-emitting source into the first
end of the optical fiber structure;

light-emitting source includes a solid-state laser; 10 a light-emitting-source controller operatively coupled to
an optical-fiber structure having a first end and a second the first light-emitting source to selectively control the
end; first light-emitting source to emit the optical signal hav-

a light-beam coupler that is configured to direct the optical ing the temporal intensity profile adapted to stimulate

signal from the first light-emitting source into the first the nerve of the subject;

end of the optical fiber structure; 15 alight-delivery unit operatively coupled to the second end
a light-emitting-source controller operatively coupled to of the optical-fiber structure, wherein the light-delivery

the first light-emitting source to selectively control the unit, the optical fiber structure or both the light-delivery

first light-emitting source to emit the optical signal hav- unit and the optical-fiber structure are configured to

ing the temporal intensity profile adapted to stimulate direct the optical signal onto neural tissue in a spatial

the nerve of the subject; and 20 pattern, wherein the temporal intensity profile of the

a light-delivery unit operatively coupled to the second end optical signal from the first light-emitting source con-

of the optical-fiber structure, wherein the light-delivery trolled by the controller and the spatial pattern of the
unit, the optical fiber structure or both the light-delivery optical signal delivered by the light-delivery unit, when
unit and the optical-fiber structure are configured to directed at the neural tissue of the subject, trigger the
direct the optical signal onto neural tissue in a spatial 25 nerve action potential in the neural tissue of the subject,
pattern, wherein the temporal intensity profile of the wherein the first light-emitting source emits infra-red
optical signal from the first light-emitting source con- (IR) light; and

trolled by the controller and the spatial pattern of the a second light-emitting source operative to emit an optical
optical signal delivered by the light-delivery unit, when signal having a second wavelength selected to directly
directed at the nerve of the subject, trigger the nerve 30 stimulate the neural tissue of the subject to generate the
action potential in the nerve of the subject. nerve action potential in the neural tissue of the subject,

2. The apparatus of claim 1 wherein the first light-emitting wherein the second wavelength is different than the first
source emits infra-red (IR) light from a laser diode. wavelength and has a different penetration depth into a

3. The apparatus of claim 2, further comprising: given tissue, and wherein light at the first wavelength is

a third light-emitting source, wherein the third light-emit- 35 applied to achieve a first tissue-penetration depth, and

ting source emits visible light, and wherein the light- light at the second wavelength is applied to achieve a
beam coupler is operatively coupled to direct light from second tissue-penetration depth.

the third light-emitting source into the optical-fiber 11. The apparatus of claim 10, wherein the first light-
structure. emitting source includes a laser diode.

4. The apparatus of claim 1, further comprising: 40 12. The apparatus of claim 10, wherein the first light-

an elongated endoscope structure having an image-obtain- emitting source includes an optically pumped fiber laser.

ing end configured to be inserted into a small opening in 13. An apparatus for stimulating neural tissue of a subject
a subject to enable viewing of an interior tissue of the to generate a nerve action potential in the neural tissue of the
subject, wherein the optical-fiber structure forms at least subject, the apparatus comprising:

part of the elongated endoscope structure; and 45 a first light-emitting source operative to emit an optical

a fiber holder operable to hold the optical fiber structure. signal having a first wavelength and a predetermined

5. The apparatus of claim 1, wherein the temporal intensity temporal intensity profile that are selected to directly
profile includes a square-intensity pulse shape of a predeter- stimulate the neural tissue of the subject to generate the
mined temporal length. nerve action potential in the neural tissue of the subject,

6. The apparatus of claim 1, wherein the temporal intensity 50 wherein the first light-emitting source includes a solid-
profile includes a shaped-intensity pulse shape having a state laser;
ramped pulse intensity of a predetermined temporal length. an optical-fiber structure having a first end and a second

7. The apparatus of claim 1, wherein the temporal intensity end;
profile includes a pulse train of a predetermined number of a light-beam coupler that is configured to direct the optical
pulses and temporal length that is generated when the first 55 signal from the first light-emitting source into the first
light-emitting source is activated. end of the optical fiber structure;

8. The apparatus of claim 1, wherein the temporal intensity a light-emitting-source controller operatively coupled to
profile includes a pulse train having a plurality of successive the first light-emitting source to selectively control the
pulses of differing intensity. first light-emitting source to emit the optical signal hav-

9. The apparatus of claim 1, wherein the first wavelength is 60 ing the temporal intensity profile adapted to stimulate
between about 1.5 microns and about 6 microns. the nerve of the subject;

10. An apparatus for stimulating neural tissue of a subject a light-delivery unit operatively coupled to the second end
to generate a nerve action potential in the neural tissue of the of the optical-fiber structure, wherein the light-delivery
subject, the apparatus comprising: unit, the optical fiber structure or both the light-delivery

a first light-emitting source operative to emit an optical 65 unit and the optical-fiber structure are configured to

signal having a first wavelength and a predetermined
temporal intensity profile that are selected to directly

direct the optical signal onto neural tissue in a spatial
pattern, wherein the temporal intensity profile of the
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optical signal from the light-emitting source controlled
by the controller and the spatial pattern of the optical
signal delivered by the light-delivery unit, when directed
atthe neural tissue of the subject, trigger the nerve action
potential in the neural tissue of the subject, wherein the
first light-emitting source emits infra-red (IR) light; and

a second light-emitting source operative to emit an optical
signal at a second wavelength selected to directly stimu-
late the neural tissue of the subject to generate the nerve
action potential in the neural tissue of the subject,
wherein the first wavelength is different than the second
wavelength and has a different penetration depth into a
given tissue, and variable amounts of the first and second
different wavelengths are applied simultaneously to
achieve a tissue-penetration depth that is variable based
on the intensities of the first and second wavelengths of
light.

14. The apparatus of claim 13, wherein the first light-

emitting source includes a laser diode.

15. The apparatus of claim 13, wherein the first light-
emitting source includes an optically pumped fiber laser.

16. An apparatus for stimulating a nerve of a subject to
generate a nerve action potential in the nerve of the subject,
the apparatus comprising:

a first light-emitting source operative to emit an optical
signal having a first wavelength and a predetermined
temporal intensity profile that are selected to directly
stimulate the nerve of the subject to generate the nerve
action potential in the nerve of the subject, wherein the
first light-emitting source includes a solid-state laser;

an optical-fiber structure having a first end and a second
end;

a light-beam coupler that is configured to direct the optical
signal from the first light-emitting source into the first
end of the optical fiber structure;

a light-emitting-source controller operatively coupled to
the first light-emitting source to selectively control the
first light-emitting source to emit the optical signal hav-
ing the temporal intensity profile adapted to stimulate
the nerve of the subject; and

a light-delivery unit operatively coupled to the second end
of the optical-fiber structure, wherein the light-delivery
unit, the optical fiber structure or both the light-delivery
unit and the optical-fiber structure are configured to
direct the optical signal onto neural tissue in a spatial
pattern, wherein the temporal intensity profile of the
optical signal from the light-emitting source controlled
by the controller and the spatial pattern of the optical
signal delivered by the light-delivery unit, when directed
atthe nerve of the subject, trigger the nerve action poten-
tial in the nerve of the subject, wherein the first light-
emitting source emits infra-red (IR) light, wherein the
light-delivery unit includes a handpiece configured to be
held by hand during delivery ofthe optical stimulation of
the nerve, the apparatus further comprising:

adisposable sheath configured to cover at least a portion of

the handpiece to provide a sterile covering.

17. The apparatus of claim 16, further comprising a user-
operable control mechanism operatively coupled to the con-
troller to control a function of the controller, the control
mechanism being configured to be operated in conjunction
with the handpiece.

18. The apparatus of claim 17, wherein the user-operable
control mechanism is mounted on the handpiece, and config-
ured to be hand operated by a user.
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19. The apparatus of claim 17, wherein the user-operable
control mechanism is mechanically linked to the light-emit-
ting-source controller.

20. The apparatus of claim 16, wherein the first light-
emitting source includes a laser diode.

21. The apparatus of claim 16, wherein the first light-
emitting source includes an optically pumped fiber laser.

22. An apparatus for stimulating a nerve of a subject to
generate a nerve action potential in the nerve of the subject,
the apparatus comprising:

a first light-emitting source operative to emit an optical
signal having a first wavelength and a predetermined
temporal intensity profile that are selected to directly
stimulate the nerve of the subject to generate the nerve
action potential in the nerve of the subject, wherein the
first light-emitting source includes a solid-state laser;

an optical-fiber structure having a first end and a second
end;

a light-beam coupler that is configured to direct the optical
signal from the first light-emitting source into the first
end of the optical fiber structure;

a light-emitting-source controller operatively coupled to
the first light-emitting source to selectively control the
first light-emitting source to emit the optical signal hav-
ing the temporal intensity profile adapted to stimulate
the nerve of the subject; and

a light-delivery unit operatively coupled to the second end
of the optical-fiber structure, wherein the light-delivery
unit, the optical fiber structure or both the light-delivery
unit and the optical-fiber structure are configured to
direct the optical signal onto neural tissue in a spatial
pattern, wherein the temporal intensity profile of the
optical signal from the light-emitting source controlled
by the controller and the spatial pattern of the optical
signal delivered by the light-delivery unit, when directed
at the nerve of the subject, trigger the nerve action poten-
tial in the nerve of the subject, wherein the first light-
emitting source emits infra-red (IR) light, wherein the
light-delivery unit includes a frame configured to be
affixed to the subject, and a moveable light-delivery
head connected to the frame and configured to be
changeably positioned to deliver the optical signal to one
of a plurality of locations on the subject.

23. The apparatus of claim 22, wherein the first light-

emitting source includes a laser diode.

24. The apparatus of claim 22, wherein the first light-
emitting source includes an optically pumped fiber laser.

25. An apparatus for stimulating neural tissue of a subject
to generate a nerve action potential in the neural tissue of the
subject, the apparatus comprising:

means for generating a first laser beam having a first wave-
length and a predetermined temporal intensity profile
that are selected to directly stimulate the neural tissue of
the subject to generate the nerve action potential in the
neural tissue of the subject, wherein light of the first
wavelength has a first tissue-penetration profile;

means for transmitting the first laser beam as a spatial light
pattern;

means for imaging the transmitted first laser beam onto a
location on the neural tissue for stimulation of the neural
tissue; and

means for obtaining user input and based on the user input,
for controlling the first laser beam to have the temporal
intensity profile and the spatial light pattern, wherein the
temporal intensity profile of the first laser beam from the
means for generating the first laser beam and the spatial
pattern of the first laser beam delivered by the means for
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imaging, when directed at the neural tissue of the sub-
ject, are adapted to trigger the nerve action potential in
the neural tissue of the subject.
26. The apparatus of claim 25, wherein the means for
generating the first laser beam includes a laser diode and
means for controlling electrical power to the laser diode to
control timing and intensity of the first laser beam.
27. The apparatus of claim 25, further comprising means
for visibly indicating a location on the subject to which opti-
cal nerve stimulation is to be obtained by application of the
first laser beam.
28. The apparatus of claim 25, wherein the first wavelength
is between about 1.5 microns and about 6 microns.
29. An apparatus for stimulating neural tissue of a subject
to generate a nerve action potential in the neural tissue of the
subject, the apparatus comprising:
means for generating a first laser beam having a first wave-
length and a predetermined temporal intensity profile
that are selected to directly stimulate the neural tissue of
the subject to generate the nerve action potential in the
neural tissue of the subject, wherein light of the first
wavelength has a first tissue- penetration profile;

means for transmitting the first laser beam as a spatial light
pattern;

means for imaging the transmitted first laser beam onto a

location on the neural tissue for stimulation of the neural
tissue;

means for obtaining user input and based on the user input,

for controlling the first laser beam to have the temporal
intensity profile and the spatial light pattern, wherein the
temporal intensity profile of the first laser beam from the
means for generating the first laser beam and the spatial
pattern of the first laser beam delivered by the means for
imaging, when directed at the neural tissue of the sub-
ject, are adapted to trigger the nerve action potential in
the neural tissue of the subject; and

means for generating a second laser beam having a second

wavelength that is selected to directly stimulate the neu-
ral tissue of the subject, wherein light of the second
wavelength has a second tissue-penetration profile dif-
ferent than the first tissue- penetration profile, and
wherein the means for generating the second laser beam
is optically coupled to the means for imaging.

30. An apparatus for stimulating neural tissue of a subject
to generate a nerve action potential in the neural tissue of the
subject, the apparatus comprising:

means for generating a first laser beam having a first wave-

length and a temporal intensity profile that are selected
to directly stimulate the neural tissue of the subject to
generate the nerve action potential in the neural tissue of
the subject, wherein light of the first wavelength has a
first tissue-penetration profile;

means for transmitting the first laser beam;

means for imaging the transmitted first laser beam as a
spatial light pattern onto a location on the neural tissue
for stimulation of the neural tissue; and

means for obtaining user input and based on the user input,
for controlling the first laser beam to have the temporal
intensity profile and the spatial light pattern, wherein the
temporal intensity profile of the first laser beam from the
means for generating the first laser beam and the spatial
pattern of the first laser beam delivered by the means for
imaging, when directed at the neural tissue of the sub-
ject, are adapted to trigger the nerve action potential in
the neural tissue of the subject; and
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means for generating a second laser beam that is selected to
optically cut tissue, wherein the means for generating
the second laser beam is optically coupled to the means
for imaging.

31. An apparatus for stimulating neural tissue of a subject
to generate a nerve action potential in the neural tissue of the
subject, the apparatus comprising:

means for generating a first laser beam having a first wave-
length and a temporal intensity profile that are selected
to directly stimulate the neural tissue of the subject to
generate the nerve action potential in the neural tissue of
the subject;

means for transmitting the first laser beam;

means for imaging the transmitted first laser beam as a
spatial light pattern onto a location on the neural tissue
for stimulation of the neural tissue;

means for obtaining user input and based on the user input,
for controlling the first laser beam to have the temporal
intensity profile and the spatial light pattern, wherein the
temporal intensity profile of the first laser beam from the
means for generating the first laser beam and the spatial
pattern of the first laser beam delivered by the means for
imaging, when directed at the neural tissue of the sub-
ject, are adapted to trigger the nerve action potential in
the neural tissue of the subject; and

wherein the means for generating, the means for transmit-
ting, the means for imaging, and the means for obtaining
are compatible with use within a magnetic field of an
operating magnetic resonance imaging (MRI) appara-
tus.

32. An apparatus for stimulating nerve of a subject to
generate a nerve action potential in the neural tissue of the
subject, the apparatus comprising:

a laser diode operative to emit an optical signal having a
first wavelength and a predetermined temporal intensity
profile that are selected to directly stimulate the nerve of
the subject to generate the nerve action potential in the
nerve of the subject;

an optical-fiber structure having a first end and a second
end;

a light-beam coupler that is configured to direct the optical
signal from the laser diode into the first end of the optical
fiber structure;

a laser diode controller operatively coupled to the laser
diode to selectively control the laser diode to emit the
optical signal having the temporal intensity profile
adapted to stimulate the nerve of the subject; and

a light-delivery unit operatively coupled to the second end
of the optical-fiber structure, wherein the light-delivery
unit, the optical fiber structure or both the light-delivery
unit and the optical-fiber structure are configured to
direct the optical signal onto neural tissue in a spatial
pattern, wherein the temporal intensity profile of the
optical signal from the laser diode controlled by the
controller and the spatial pattern of the optical signal
delivered by the light-delivery unit, when directed at the
nerve of the subject, trigger the nerve action potential in
the nerve of the subject.

33. The apparatus of claim 32, wherein the first wavelength

is between about 1.5 microns and about 6 microns.

34. An apparatus for stimulating a nerve of a subject to
generate a nerve action potential in the nerve of the subject,
the apparatus comprising:

an optically pumped fiber laser operative to emit an optical
signal having a first wavelength and a predetermined
temporal intensity profile that are selected to directly
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stimulate the nerve of the subject to generate the nerve
action potential in the nerve of the subject;

an optical-fiber structure having a first end and a second
end;

a light-beam coupler that is configured to direct the optical
signal from the fiber laser into the first end of the optical
fiber structure;

a laser controller operatively coupled to the fiber laser to
selectively control the fiber laser to emit the optical
signal having the temporal intensity profile insert
adapted to stimulate the nerve of the subject; and

52

a light-delivery unit operatively coupled to the second end

of the optical-fiber structure, wherein the light-delivery
unit, the optical fiber structure or both the light-delivery
unit and the optical-fiber structure are configured to
direct the optical signal onto neural tissue in a spatial
pattern, wherein the temporal intensity profile of the
optical signal from the fiber laser controlled by the con-
troller and the spatial pattern of the optical signal deliv-
ered by the light-delivery unit, when directed at the
nerve of the subject, trigger the nerve action potential in
the nerve of the subject.
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