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MULTIPHOTON EXCITATION THROUGH OPTICAL FIBERS FOR
FLUQRESCENCE SPECTROSCOPY

This application claims benetit of U8, Provisional Patent Application
Serial No. 60/181,012. filed on February 8. 2000

FIELD OF TIIE INVENTICGN

I'he present invenuion refates to the nse of multipheton exciration in

conjunction with optical biopsy needles and endoscapes.

BACKGROUND OF THE INVENTION

Many crucial bintogical functions are medinted or accomplished by
hiomalecules and tissue structutes that are intrinsically fluorescent. As a result, there
is an eppartunity (o diagnese and study impartant biclngical events by measuring and
localizing the spectra and tissue flucrescence emission. To investigate i vive internal
processes und structures in large vrganisms, such as human beings end agriculiural
animals, endoscopic procedures which penetrates budy cavilies or ever solid Ussue
may he required.

Endoscopy video imaging in bocky cavities ordinarily utilizes back-
seancred white light applicd through the endaseape 10 fonn a low-resaluiton ealor

image of the internal surfaces of these cavities. Physiclans often use the changes in

shupes and changes in locul apparent color {which ace often due to chunges in bloed
<distribution) to recogruize disease states, such as malignant tumors o inlwomatien,
Unfottunately, these clues are frequently not sullicient, especially for detection of the
carly onset of disease. Diagnostic improvements have been made by quantitative
measurements of the [lght scatiering and of tissue fluorescence emission,

Crdinanily, the light required to exette Wbe fluorescence of tissue 15
delivercd through ar optieal fiber or fiber burdle that is insened through a small tube
built into the endoscopic pipe to accommadaie a mechanical biopsy wirc. Small
optical fibers or tiber bundles can be passed easily through the same tube. Some of

the strongest tissue fluorescence usually seen in this procedure are due te NADH

JP 2004-500197 A 2004.1.8
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(nicotinamide adenine dinucleotide) and o collagen structures, ‘Fheir Nuorescence is
excited by absorption of ultravielet light of about 300 to 400 nm wavelengih
corresponding to photon energres of around 3 to 4 ¢V or sometimes slightly longer
wavelength visible light.

A [irst prablem is that thiy uliraviolet light 1s strongly absorbed by
hemeglobin and oxyhemaoplobin in the blood, which ace not tluorescent, so that
penstration of the illumination inta the tissue depends on their concentration and
distribution.

A zecond problem is that the Ulumination exiting the eptical fibers into
tissue fans our at an included angle determined by the numeric;\] aperture (NA) of the
opticel fiker. Small lerses can tocus the spread so that the lght first converges o a
facus but it then fans out bevond the focal planc. (Typically. the NA is ubout 0.2 und
the [ncluded cone angle is ~17°.) This angular spreading is a problem, because
raughly equal totu} amounrs of fluarescence ate excited in every spherical section at
each distance from the end of the fiber unil attenuaied by absorption. This effect is
schematically illustrated in Figure 1. Fluoreseenee exeitation s stmilarly spread out.
Scuttering does not attenuate the fluoreseence excitaion but does distribute it even
more broadly. Consequently. the votume ohserved is ill defined with its practical
limits depending alsa on blood distribution and light seattering. It should be noted
that these problems end to persist even i lenses focus the illuminatfon andior prisms
and mirrors defleet the light for side viewing

‘The present invention is dirceted to overcoming these deliciencies in

the art,
SUMMARY OF THE INVENTION

One aspect of the present invention relates 1o 2 method of deteeting
digease within a particular Ussue of o plunt or animal. This methed nvolves
activating the particular plant or animal tissue by application of radiation through at
least ane optical fiber uader condhians effective w promete & simultaneous
multiphotan excitation of the particular plant or animal tissue uned to emit an intrinsic

fluoreseenee characteristic. The intrinsic fluorescence characteristic is compared o

JP 2004-500197 A 2004.1.8
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fluarescence emitted by cxeiting healthy tissue of the particular plant or animal under
the same conditions used to carvy cut the activating step, The particular tissue of a
plant or animal where the intrinsic Nuorcseence characreristic differs from the
flusrescence. emitted by exciting healthy tissue of the patticular plant of animal under
the same conditions used to carry out such activiry, is then identifted as potentially
diseused,

Another aspeet of the present invention invalves a method of
producing an image of an intermal surface of a particular ssue within a plant or
animal. In this method, the paticular plant ot animal tssuc is activated with radiation
applicd thraugh an aptical fiber nnder conditions efftctive to promote a simultaneons
multipheton excitation of the internal swerface of the particular tissue within the plam
or animwl and produce an auofluorescence. The avtofluareseence is collected o
produce an image of the internal surface.

The present invention also relates to a methed of detecting and
localizing flunrescence within 4 subject by applying radiation W un internal region of
the subject through at Jeast one aptical fiber, Lach fiber terminales in & tip proximate
to the interal region. Radiation is applied nader comditions cftective t cause
simultaneous multiphoton absarption of fTuorophore molecules within the internal
tegion and, #s a result. fluorescent exeitation proxinate to the tp of the at least one
aptical fiber.

Anather embadiment of the present invention relates to a method of
detecting and Jocalizing fluorescence within a body of penctrable matcrial by
appiying radiation to an internal region of the body of penetrable material through al
least one optical fiber. Fach fiber terminates in a Up proximate to the internal region.
Radiation is applied under conditions effective 1w cause simulianeous multiphoton
absorption of Nuerophore melecules within the internal region and, as a result,
flupreseent excitation proximate to the tp of the at Jeast one optical {iber.

The present invention utilizes multiphoton absorplion t excite
autofluorescence of lissue with good spatial resolution in order to recognize discase
by autofluorescence spectroscopy. The most usetul tissue fluorescence for this
purpesc is mosi likely 10 require ubsorption of ulttaviolet energles for excitation,

Multiphoton excitation provides the added convenience of infrared ilumination 1o
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provide the necessary excilation energy by simultaneous ubsorption of two ot more
photons by the fluorescent molecules or struetures.

The same advantages deseribed above for internal multiphoton
excitation of fluorescence spectroscopy ilrough optical fibers penctrating a body
cavity or tissuc can be advantageously applicd to probe other penctrable materials that
are, or can be made, fluorcscent. Some examples are: food products, palymeric
structures or poreus media.

One important advantage of multipholon excitation s that the
illumination is not absorbed by hemoglobin and myoglobin and, in fact, not stronuly
absorbed by any other common tissue components. Scatering of infrared [ight by
tissue is also sipnificantly less than seanering by uliraviolet wavelengths, The
principal advantape of muliploton excitation. henaever, for endoscopic finorescence
spectroscopy is that the effective focal volume within which fluorescence is strongly
excited {5 well defined and highly localized (Figure 2). The reasan far this is that the
rate of two-photon excitation of uorestence is praportional i the square of the
illumination intensity. Fox bigher multiphoton processes, the power law exponent of
the intensity is larger, cubte for three-photon excitstion {or example. To multipharon
laser seanning microscopy, this higher power law Teatere makes possible three-
dimensional reselution without generating out-af-facus fluarescenee that would have
o be excluded by confocal spatial filtering.

Nearly the same illumination conditions are also suilable Tor
reneration of sseond and third harmonie generaton in certain suitsble tssues, The
seeond and third harmonies are penerated, respectively, at exsetly ene half and ane
third of the laser llumination wavelengths and can be used with the intrinsic
fluoreseence to help characterize the tissee.

An analogous advantage applies w fluoreseence multiphoton excied
by laser light transmitted throngh an optical fiber as in application to chdoscapic
tissue flugrescence. Although the illumination intensity fans out fust as for one-phetan
excitation with roughly equai total pawer at cach value of radius from the cnd of the
fiber or focal plane of any focusing lens, the excited fluarescence does not follow this
fanned out illumination. Iy the case of two-photon excilation through a single mode

optical {ibec. the distribution of fluorescence is localized near the fiber tip iz 2 shape

JP 2004-500197 A 2004.1.8
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tesembling a candle flame beginning at the fiber tip. This effeetive foeal volume s
defined by the spatial distribution of the square of 'the illumination intensity tor two-
photon excitation. The square of the illumination intensity falls off roughly s the
recipracal founth power of the distance fram the fiber tip so that the fluorescence
excitation is localized. Significant fluorescence is emitted anty from this limired
volume where the square of the excitation intensity s large. a3 Dlustrated in Figure 3.
Lenses, prisms. ote. can be used 1o shift the effective focal volume bevond the end of
the optical fiber and’or 1o provide a side-lovking orientation without losing the
advantages of multiphoton excitstion,

‘Fhis etfeet provides a well-defined focal volume for the fleoreseenes
cxcitation and allows useful spatial resolution which is sharp cnough 1o resolve
important anatomical structares. For cxample. in the colon, about 5 distinct layers
should be distinguishuble. At the surface of the endothelium, an array of ervpts covers
the arca and is terminated in o cellular layer tiat closes the bottoms of the crypis,
fotlowed by several maore lavers including smoath muscle and connective tssue for a
total of about 0.5 gun. These layers are readily resalved by multiphaton laser
seanning microscopy exciring the intcinsic tissue fluorescence. which differs from
layer 1o laver, Such layers and their penurbations by disease near the surface are thus
distinguishable in the inact tissue by endoscopic spectrescopy of the tissus
fluorescence with suffielent spatial resolution as provided by imultiphoton excitation

The multiphoton excitation of the presem invention allows aceurate
spatial discrimination and permits quantification of tfluarescence from small valumes
whose locations are defined in three dimensions. This is espectally important in cases
where thicker layers of cells are to be studied. [n this case. the fiber can penetrate the
tissue 1o observe and resolve the multiphoton excited {luorescence of deeper layers,
thus providing optical biopsy ir stiw. Furthermore. mulliphoton excitalion greatly

reduces the buckeround Muorescence and scattering artifacts.

BRIEF BESCRIPFTION OF THE DRAWINGS

Figare | is a perspective drawing showing the spatal distribution of

ultravielet light emiteed fram a sinple mode optical fiber as well as the corresponding

JP 2004-500197 A 2004.1.8
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autallugreseence i sccorlunce with the prier art. Here. the drop in intensity of
radiation is reciprocal w the sguare of ihe distance from the tip of the optical fiber.

Figure 2 is a perspective drawaing showing the spatial distribution of
ultraviolet light of two photon excitation fluarescence emited from a single mode
aptical fiber in accordunce with the present invention. [Nere, the pattern of
illumination is nearly the sume as for one-phaton excitstion. Towever, because the
rate of two photon excitation is proportienal to the square of the pulsed illumination
intensity. the fluorescence intensity decreases trom the tip of the fiber approximately
as the recapeacal fourth power of the distance from the tip ot the fiber providing a
laghly lovalized effective locil volume for excitation of the fluorescence. For higher
order fluorescence excitation, the power faw concentration of the entission is even
stronger. reciprocal six power for three-photon excitation for example, although the
sharpness of the effective focal volume could be reduced if a larger diwmeter optical
tiber is used.

Figure 3 shows a two photon excitation profile at the fiber cutput i the
form of a Uaussian [nlensity Profile. Uhis ligure is a represemtation of the spatial
distribution of the two-phaton excited Muerescence emission from a uniform
fluorephore shewn tor a plane along the axis of the opiical fiber beginning at the exit
[tom the fiber. The normalized maximum drops by helf is aboul 10-13 micrometers
alang the axis and has a halt maximum half-width of about 2 pm at the exil of this
typical single mode fiher,

Tipure 4 shows an endoscope artangement in aceardance with the
present invention.

Figure 5 shows an aptical lopsy needle arrangement in accordance

with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Cne aspect of the present invention relates to a methad of detecting
digease within a particulsr lissue of a plant or animal. This method involves
activating the purticular plant or animal tissue by application of radiation through at

Jeast une optical fiver under conditions effective to promote a simulianeous
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multiphoton excitation of the particular plant or enimal tissue and te emit an intrinsic
fluprescence characteristic. The intrinsic uorescence characteristic Is comparad 1o
fluoreseence emitted by exciting healthy tissue of the particular plant or animal wnder
the same conditions usad w carry out the activating step. The particular tissue of a
plunt or animal where the inwinsic fluorescence charactetistic differs from the
fluarescence, emitted by exciting healthy tissue of the particular plant or animal under
the same conditions used to carey out such activity, is then identified as potentiaily
discased.

Another aspect of the present invemion invelves a method of
producing an image of an internal surface ol a particular tissue within a plant or
animal, In this method, the particalar plant or animal tissuc is sctivated with radiation
applied through an optical fiber under eanditions effcctive w promaote 3 Simultancaus
multiphoton excitation of the intermal surface of the particular tissue within the plant
ar animal and produce an autefluorescence. The awtofluoreseence is collected o
preduce an image of the tissae under the internal surfiwe by recording a set of
adjacent volumes.

The present jinvention also relaws to a methed of detecting and
lewalizing Nuorescence within a subject by applyiig radiation to an internal region of
the subject through ar least one optical Ober. Lach [iber lenminates in a tip proximate
10 the internal region. Radiation is applicd under conditions ¢[Tective to cause
simultanecus multiphoton absorption of uarophore molecules within the internul
regivn and. as a resull. fluorcscent excitation is proximate 10 the tip of the at least ope
aplical fther,

Ancther embodiment of the present invention relates to a method of
detecting and localizing fluorescence within 2 body of perstrable material by
applying radialion to an internal repion of the body of penetrable material through at
lcast onc optical fiber. Each fther terminates in « tip proximate to the intemal region.
Radiation is applicd under conditions effective 1o cause simultaneous multiphoton
absarprion of fluaraphore molecules withie the internal region and. as & result.
fluorescent excitation proximate to the (ip of the ul least one optical fiber.

One form of the preseol Invention tnvelves the use of multiphoten

endoscopic autofluarescence spectroscopy of (issue surfaces imide the vavities of
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living organisms. Endoscopie inspection and imaging al low resolution of the internal
surlaces of by cavitizs is already a well-csiablished stundan] medical procedure,
Multiphaton endoscopic auto/luerescence spectroscapy through optieal fibers allows
resplution of surface autofluorescence separately from the autefluorescence of
underlying layers of the tissue, Thers are potentially numerous future improvements,
Alrcady it is possible w steer. poing, and focus optical fibers with control appacatus to
deteet the fluareseence of ussue regions of interest in the endoscopy of body cavities.
Annlogous techniques are applicable (o uchieve the advanrages of multiphoton
flusrescent excitation for endoscopy. Tt can be anticipated that scanning of fibers or
sucressive illunination of individual libers or clusters in a bundlc can be used 1o form
multiphoton intrinsic flusrescence images. This aspect of the present invention can
be used to image the Quorescence of tissues in internal channels such 23 the eolon.
esophagis, stomach, intestine. bladder. uterus, vagina, lung, vvaries, and throm, As a
result, malignaney can be detecied by recognition of differences in the fluarescence
excited with ultraviolet excitation cocrgies.

Figure 4 shows an endoscope arrangement in accordance with the present
invention. [0 this cmbodiment of the present invention, laser 2 produces laser
illumination T. which is ditected by dichroic filter 4 into aplical fiber ussernbly 6.
Fipure 4A shows aptical fiber assembly 6 in more detail where laser iilumination L
passiny through lens/focusing array 8 and into optica) fiber 10d. Optical fibers 10a-
16g are housed in cable 12 which is connected 1o sndosvope head picee 14 'The distal
end of the enduscope is passed into the mouth of patient P theough caviry C which. in
this case. ix the esupbugus. The distal end of the endoscope terminates in endoscope
tip [6 and excitation/eollection unit 18. As shown in Figure 4B, which shows
excitation/cellection unit 18 in more detail, laser illumination 1. passes (hrough opiical
fiber 10d and is directed at tissue T, As a result, tissue T fluoresces al the tip of
optical fiber 10d (see Figure 2}, and such [Tuorescence F is collected hy optical fibery
102-10g, The colleeted fluereseence F passes. in seriatim, through endoscope head
piece 14, optical fiber assembly § Gneluding lens/ocusing array 8), dichroic filter 4,
barrier fitter 20, and into spectrascopic andor imaging detection cquipment 22,

Anotber forn of the present invention is based on penctration of tssue

itself with either at least one conventional optical fiber ot with an optical biopsy

JP 2004-500197 A 2004.1.8



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(24)

WO $1/59423 PCT/USOL390L

10

20

=
3

30

-9

acedle. To this application, the aptical (ber or optical blopsy needle is inserted in the
tissue itself to sample the autefluorescence of the tissue at the end of the fiber or
fibers. The fiber can fumction like a hypodermic svringe whicti can be inserted into
the tissue as needed. Alternatively. the optical Gher’s distal end can be configured o
abut the surface of the plant or animal tissuc being imaged. With multiphoton
excilation, the volume at the end of the fiber where fuorescence is excited is well
defined in principle. This can be carricd cut with a bundle of fibers wrapped around
an initial Aber. Alternatively, a bundle of fibers which illumingte a larger valume can
be utilized. In blopsy of dense tissue cancers, such as hreast or liver cancer, the liher

can probe the {luorescence along insertion pathways. Nore that in contrast with

conventional biopsy, whicl generally requires time consuming tissue fixing and
staining procedures. the optical biopsy with multiphoton excited fluorescence
spectroscopy provides immediate diagnostic spectral data as the prabe s inserled and
moved within the pavicnt.

Figure 5 shows an optical biopsy needle arrangement in accordance with the
present invention. [n this embediment of the present invention, laser 102 produces
laser illumination: L which is dirceted by dichraic filter 104 foto optical fiber assembly
106, Figure 3A shows oprical fiber assembly 108 in more detatl where Jaser
(luenination L pussing through lens/focusing array 108 and inw optical Fber 104,
Optical fibers [10u-10g are housed in cable 112 which is connected 10 optical biopsy
ncedle head piece 114, The distal end of the optical biopsy needle (e, neadle 116) 3=
passed through the skin of patient P and into pelvis . As shown iz more detail in
Figure 3B, within ncedic 116, taser tllumination [ passes througl eptical liber 104
and is directed at tissue T. As a result, tissue T fuoresces at the tp of optical fiker
10d (see Figure 2}, and such fluoreseenee F is collected by optical fibers 110u-110g.
The vollected fluorescence F passes, in scrtatim, through optical biopsy needle head
piece 114, optical fiber assembly 106 (including lensifocusing array 108), dichroic
filter 104, barrier filter 120. and into spectroscopic andior imaging detection
squipment 122,

These forns of the present invention can also be carvied out in
comhination where an enduscopic Is inserled into a bedy cavity of 2 patient 1o provide

a roure for fibers to rewch an intermal surface of a body cavity from which the tibers
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can be inserted joto the lissse 1o sample its successive tavers. For example, in the
cearch for the onset ¢ cancer In the wall of the colon, the tissue has ahowt § lavers,
cach with its awn characteristic optical properiies and autoflucrescence. Successive
optical prabing of each layer can distinguish (hem and recognize their changes by

3 dissase.

Letcetion of the mubtiphaton excited fluorescence and the second and
third harmonic of the lascr cxeitation generated in the tissue can be uecowplished by
endoscopy end optical biopsy through the optical fiber that provides the excitation and
of course through surrounding fibers in a hundle ar through thick optical tbes for

1 elficient collection of light excited near the tip of the single mode excitation fiber or
flbers. There is a significunt advantage in floorescence colleeton cfficiensy for
multiphoton endescopic tissue Muorescence over single photon excitation, because the
emission is localized near the fiher tip where it is most accessible w collection optics.
The same advantage applics in optical biopsy. Desirably, the present invention is

15 camied oul with a plurality of optical fibers, ineluding a single cxcitation fiber
surrounded by a plucality of collection tibers.

Effective multiphotun mwlecular excitation is made possible, in
accordance with the present invention, by the combination of (a) the very high, local,
instantaneous inlensity and (b the temparal concentration of & pulsed laser. A high

20 intensity, leng wavelength, monochromatic light source which is facusable to the
diffraction limit such as a taniom sapphize mode locked solid state lasee, with cach
pulse having a duration ef about 104 femtoseconds (100 x 10 scconds) ai a

repetition rate of about 80 MITz. Other Jasers that are also effective tor multiphoton

excitation and harmonic generation can also be used, These fast pulses are directed

(=)
v

(hrough the endoseope or optical biopsy needie to targel tissue within a Jiving plant or
animal or, alternatively, a tissue specimen. Because of the high instantaneous power
provided by the very shoyt dusation intense pulses focused 1 the diffraction [imit.
there is an appreciable probability that & fluorophore (a Muorescent dye). contained in
the: target. and necmally excitabie by a single high energy photon having a short

30 wavelength. typically ultraviclet, will absarh two Tong wavelength photons (fom the
Taser source simullaneously. This absorption combines the energy of the two phatons

in the fluorophore moleeule, thereby raising the Quaraphore to its excited state,
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When the Nuorophote retuens o its noremal state, il emits light. and this Hght then
passes back through the endoscope or aptical biopsy needle 10 a suitable detector.

The multiphoton excitation of fluotaphares by highly intense, short
pulses of Habt constitines a general fluorescence micrascepy technique for imaging
which provides impraved background discrimination and reduces photobleaching of
the flugrophotes. This is because the [ocused Mumination provided in the microscape
fills a converging couc as it passes into the specimen. All of the light which reaches
the plune of focus at the apex of the converging cone. cxcept the tiny (raction which is
absorbed in the fluoraphore. then passes vul the upposite side of the specimen through
o diverging cone. Unly in the region of the feeal puint on the ehject plane at e waist
furmed by the converging and diverging concs is the intensity sutfictantdy high 1o
produce multiphoton sbsorption in the speeimen floorophors, and this intensit
dependenec enables long wavelength excitation only tihe small local volume of the
specimen surrounding the focal paint. This sbsorption is produted by means nt'a
streanr of Last, high imensity, femiosecond puises of relatively long wavelenuth which
reluins a moderate average illumination inteosity of long wavelenpth hht throughou
the remainder of the specimen outside the region of the focal point. As a result,
phatableaching of the fluorophore vutside the plane of focus is virtually eliminated,
One-photon absorption of the fang wavelength light is aegligible, and owstde the
plane of focus the instantancous intensity is oo low far appreciable two-photon
absorption and excitation, even though the time average illumination is in reality
nearly untform throughout the depth of the specimen. This eftect alsa sipnificanty
reduces the damage to living cells

In grder 10 obtain thwee dimensienal resolution, the present invention
can utilize twa-photon excitation of a lluorophore which has & one-photon abserption
peak at a wavelength whieh overlups or excceds one-half that of the exciting light.
For three-photen exeitation, the ene-photon absorption everlaps one-third that of the
exciting light. To accomplish this, the lager produces a very short pulsed lascer beam
ol high instaneancons pawer and of a relatively long wavelength. for example in the
visible red of the infrared range. This Yight is directed 10 a specimen coataining a
fluorophare normally excited by a single photon having a short wavelength (e.a.,

ultaviolet radiation) range <o that twe low energy (red) photons must conyhine their

JP 2004-500197 A 2004.1.8



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

27)

WD 01/59423 PCTAUS01/83%01

10

™~
(52

=12

energy to provide the same excilation of the specimen tha would be provided by a
single high energy (uliraviolel) photon, Both the exciwarion and hence the
fluprescence rates in the specimen are propertional o the square of the intensiy of the
incident light. Ii the focused excitation laser beant, the inlensity of the long
wavelenglh incident light beeomes high enough to exeile the fhuorophores in the
specimen only in the region of the foeal point, This foval poinl may be adjustably
positioned within the specimen so that Huorescence and’or photolysis of the specimen
are produced only in a selected ellipsoidal volume around the focus. Thus, in
sccordance with the present invention. only long wavelength excitatian light has tn
pass through the specimen. and (his long wavelength light is focused o produce
sulficicnt fnlensity (o eseile Huorescence only in 2 very small region. This

flucrescence s produced even il the flusrophore normally absorks only in the

ultraviolet. Sinee the foeal point can be selectvely positioned in the specimen. three-
dimensionai resolution is provided in bath scanning flucrescence microscopy and in
photolysis, including photolysis of photon-activatable reagents which can be relcased
by phatalysis.

In accordance swith the present invention. the nccessary excitation
intensity is provided from a radiation light soures which may be. for example. a
tianium sapphite mode locked laser generating pukses of light having a wavelength in
the ted region of the spectrum, for example about 700-1000 nm, or with the pulses
having 1 width of 107 seconds o 107 seconds. conveniently a1 about $0 MHz
repetiion cate. Other bright pulsed lasers may alse be used o produce light at
different relatively Jang wavelengihs in the tnfrared or visible red region of the

spectrum, for example, to generate the necess

citation photon energies which

will add up to the appropriate absorption energy band required by the luorephores in
the spectrum which normally would he excited by absarption of a single photon in the
spectral region having wavelengths about one-half the wavelength of the incident
Light. ! shotter excitation wavelengths are needed. the lnser wavelengths can be
divided by 2, 3. or 4 by external hanmonic gencration.  Thus, for example, two
photons in the visible red region at 730 nm would combing 10 ¢xeire 4 fluorophare

which normzally absorbs light in the uliraviclet region at or above 375 nm. whilc two

JP 2004-500197 A 2004.1.8
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phatons in the infrared region of, for example, 1070 nm. would excite a fluorophare
whick absorbs at or sbove 533 nm in the visible tight region.

o a modified form of the invention, the single wavelength light source
<an be replaced by two different long warvelength laser sources so thar the incident
Light beam consists of hwo superimposed pulsed light beams of high inslantuncous
power and of difftrent wavelengths. The wavelengihs of the incident beam are
selected to excite a fluorophore which is ahserbent at a short wavelength which may
be deseribed as.

Phgne=1{2 1 12y
where dp ts the short wavelength of the absorber, and 2y and Az are the laser incident
beam wavelengilts.

In two-phaton excitatien, with a typical two-photon cross seetian § of!

&= 10" m siphown
with the pulse parameters given abuve (100 tsce. pulses at a repetition rate of 80
MIz). and with the beam focused by a lens of numerical aperure A - 1.4, the averase
incident Iaser power (Py) of approximately 50 mW saturates the fluoreseence output
of a fluorephore at the limit of one absorbed photon per pulse per tluorophore. The
number n, of photons absorbed por fluorophore per pulse depends oa the fallowing

relationship:

where
©is the pulse duration.
f is the repetition rate:
Py is the average ineident laser power:
& 15 the photon absorption cross seclion;
I is the Planck guantum af actien;
e is the speed of light and
A s the numerical aperure of the locusing lens.
The flunreseence emission could be inereased, however, by increasing the pulse

repetition frequeney up e the inserse Muorescence liletine. which typically is:

JP 2004-500197 A 2004.1.8
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tor comparison. ove-photon fluorescence satugation occurs st ineident powers of
aboul 3 mW.

In addition to measurement of mpinsie tissue {luorescence with
mualtiphuton excitation, it is possible w ntilize the fluorcscence ol drugs 1o detect (heir
location in lissue. Ofien, such drugs segresate to particular tissue struciures or
diseass products, such as wmors, Multiphoton excitation can be usexd 10 identify
them. Many important deugs absorh ultraviolet light to become fluorsscent and are,
therefore, eifectively exciled by multiphoton excitation. As a result. all of the
advantages of multiphoton excilation of intrinsic tissue {Juorescence together with the
labeling featuees previded by the selective segregation or binding of fluorcseence
drugs are achieved. For example, the principal drug used o treat colitis, S-amino
sulicylic acid, cun be tmaged in all of the Tayers of living colon tissue explants as the
drug is metabalized. [t can be Jocated relative to complex tissue structure by imaging
tissue autefluoreseence due Lo collagen. nicotinamide adenine dinuclectids (NADIH,
and ather seructures, Multiphoton excitation of such drugs can be abserved ix vivo
within tissues by multiphoton eadoscopy and’or nwultiphoton optical biopsy,

Photoactive agents including Hluorescent dyes are commaonly used in
multiphmon microescopy w image properties of cells and tissues. Soitable photoactive
agents inclnde dyes which are exciled by multiphoton excitation such as, organic
molectles whose tluoreseence changes when they bind metal tons such as Ca’' . Mg™",
Nu"or K™ or H'. Dycs which bind to the DNA double helix such as DAPI (4.6-
dismiding-2-phenylindole. dihydrochloride] are pardcularly useful, Many such dyes
are suitable for application i vive

Fluoresence distribution could be prabed by multiphoton sbserplion
endescopic spectroscopy in Jiving animals, including humans, o reeognize
inflammatory disease such as colitis and to follow the progress of jts reatment. The
distribution of Muorescent protopomphyrin [X, the metabalic product of aminolevulinic
acid. which accumulates in cancer cells, would similarty be useful in cancer detection.
NADH fluorescence may be the most promising cencer signal accessible by
multiphoten absorption endoseopic specteoscopy, bul it must be spatially localized by

mudtiphoton absorption to distinguish it from collagen. which is similarly fluorescent
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in adjavent lissues. 1t has been known for many yoars thut certain tissues and tissue
camponents, particularly collagen, an impartant structural component ol Ussue that
appears in many forms, are very slfective at generating the second harmonic of bright
coherent illuminadon. The second hurmonte of illumination hes exactly hatf af the

> waveiength and thus twice the photn energy of the fundamental illumination.
Similarly. the third harmanic of dlumination has exactly one third af the wavelength

. Generation of second harmonic

and. therefore, three times the photon enery,
radiation hus. in fact, been demonstrated tw be a useful phenomenon for microscapic
imaging of cells. Because the Tlumination conditions required to excite second or

10 thind larmenic in complesx tissue ave nearly the same us lor multiphoton flugrescence
excitation, it is possibhe ro take advantege of sccond or third harmonic generaion. in
tissues such as collagen, W complement multiphoton exciamion of inrinsic issue
fluorescence. Tn complex Lissues. the second or third harmonic radiation is frequently

radiated theough brrad angles which makes it detectable along with the multiphotan

0

exciled Muorescence. The present vention can be used Tor a variety of purposes. For
eximple, histological and clinieal compaosition, structure, metabolic state, and vitality
in the region ol the subject can be determived. Alternatively, funcliunal respansg (o
physiological and pharmacologicnl stimuli and disease states can be detected in the
region of the subjeet. Lastly, tissue o dtug {luotescence excitation and cinission
20 specira, luminosity, fluotescence liletime. und temporal fluctuations in the region of
the subject can be determined.

Although preferred embodiments have been depicied wnd described in
detail hereio, 1t will be apparent to those skilled in the relevant act that various

madifications, additions. substitations and the iike can be made withoul departing

1
L

from e spirit of the mvention and these ure therefore considered to be within the

scope of the invention as defined an the clanms which follow.
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WHAT 15 CLAIMED:

I A method of detecting disease within a particular tssuc of a

plant or animal comprising:

activating the partizulur plant or animal tissue by application of
radiation through at least vne aptical fiber under conditions effective to promote a
simtaneous mubtiphoton exeitation of the partivular plant or animal tissue and to
cmit an intrinsic fluorescence characteristic:

coemparing the intrinsic fluorescence characieristic ol
Huerescence emilted by exciting healthy tissue of the particular plant ur anima) under
the same conditions used to carry out said activating: and

identifying the particular tissue of a ptant or antal where the
mtrinste fluorescence charactensue differs [rom the fluorescence. emitted by exciting
healthy tissue of the particular plant or animal under the same conditions used o carry

out said activating. as potentially discased,

The method aecording 1o claim 1, whercin the radiation is

applied substantially adjacent 1o the particular plant or antmal tissue.

The methed aecording to claim 1, wherein the radiation is

applied within the pacticular plant or animal tissue.

4. The methed according to claim [ further comprising:
ireating the particular plant or animal tissue with at least one
phows-active agent prior 1o said activating.
3. The methad according 10 claim 1. wherein the radislion is

goncrated by a laser.

a. The method aceording to claim 5, whereia the radiation is

pulsed.

JP 2004-500197 A 2004.1.8
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a The methodt according 1o ¢laim 6, wherein the rudiation is

pulsed &t a pulse widih between about 10™ second to 1077 second.

8. The method uccording to elaim 7, wherein the laser is a mode-

locked laser.

<+ The method according W clain 1. wherein the a1 least one

oprical fiber has a terminal end abutling a sucfuce of the plant or animal tissue.

12 The method aceording w ¢lwim 1, wherein the at least one

optical fiber s dispused within the plant or animal tissue

1k The metbod acrording to claim 10. wherein the at Jeast one

optical fiber constituies or is assoviated with an optical biopsy necdle.

12 “I'he method aceording to claim !, wherein the at least one

optical fiher is dispowscd within a bady cavity of the plant or animal.

13 The method aceording to claim 12. wherein the at least ane

optical fiber is assoctated with an endoscope.

14, The method according 1o ¢taim 12, wherein the body cavity is
selected from the group consistmg of colon. esophapus, stomach, intestine. bladder,

uterus. vagina, lung, ovaries, and throat

15 The method according lo claim | further comprising:
collecting radiation applied o the plant or animal tissue using,

one or more collection optical fibers.

16. A method according to claim 1, wherein Lhe tissue is eftective

o producs second or third hannenics of illumination,

JP 2004-500197 A 2004.1.8
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E7. Amethod of produeing an itnage of an internal region of a
particular lissue within o plant or animal comprising:
activating the particular plant or animal rissue with radiation
applicd through an opnieal fiber under conditions effective o promate a simultaneous
multiphotan excitation of the intemal region of the particular tissue within the plant or
animal and produee an antofluorescenve and
colieeting the antofluorescence 10 produce an image of the

internal region.

18, The method according (o cléim 17, wherein the at least one

optical (iber is fuxtaposed with 2 surtaec of the plant or animal tssue,

19, The method according to clain 17 further comprising:
treating the parlicular plant ar animal tissue with ac least one

phote-active agent prior to sald activating.

20, The method according to elaim 17, wherein the radiation is

penerated by a laser,

21, The method according to clam 7. wherein the radiation is
pulsed.
22, The wethod according ta claim 21, whereir the radiation. is

pulsed atu pulse width hetween about 107 second to 107 second.

23 The method according 1o claim 21, wherein the Jaser is a mode-

locked laser.

24, The method aceonding Lo claim 17, wherein the at least one

aptical fber is disposed within a body cavity af the plant or animal,

JP 2004-500197 A 2004.1.8
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25, The method according to clain 17, whercin the at least ong

optical fiber Is associated with an endoscope.

26.  The method according 1o ¢laim 17, wherein the body cavity is
seleeted fram the group consisting of colon, esophagus. stomach, fntestine. bladder.

utcrus. vagina, lung, ovaries, and throat.

27. The rethad acearding to claim 17, wherein the at least one

optical [iber is a bundle of optical fibers.

28, A method according to claim 17, wherein the tissue is effective

1o produce second and thied hanmonies of illumination.

26 A methed of detecting and localizing fluorcseence within &
subject comprising:
applying radiaticn to an (nternal surthes of the subject through
at least one apical [ber, each of which terminates in a tip proximate to the internal
surface, under conditions effective (o cause siranltaneous multiphaton absorption of
flucrophore molecules within the inrernal surface and, as & resull. fluorescent

excitation proximate to the tip of the at least one opticat fiber.

3 A method aceording to claim 29, wherein the at least one
optical fiber is inseried {nto the subject through an externally aceessible hody cavity
of the subject.
3i. A method according 1o ¢laim 30, wherein the at least ane

aptical fiber is associated witlr an cndoscope,

32, A method according 1o claim 30, wherein 1he body cavity is
selected from the group consisting of colon, esophagus. stomach, intestine, bladder,

uterus, vagina. fung, ovaries, and thraat.

JP 2004-500197 A 2004.1.8
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33 A method acearding 1o claim 29, wherein the at least one

optical fiber is inserted into the subject through a penetrable surface of the body,

34, A methiod according to claim 29 funher cumprising:

Inaging the internal surfaee of the subject after said subjecing.

35 A method according to claim 29 further compristng:
detecting disease in the internal surface of the suhject afier said

applying.

36, A meihod secondiog to claim 2% further comprising:
treating the subject witlt at least one phuoto-active agenl prior o

saidd applying.

37 A method sccording (o claim 29, wherein the radiation is

generated with a laser.

34 A method according to claim 29, wherein the rudiation is

pulsed.

3. A method according (o ¢laim 38, whereln the tadiation is

pulsed at a pulse width between about 167'? second o 107 second.

40. A method according to ¢laim 34, wherein the baser is 2 mode-

locked laser.
41 A mebod according 10 claim 29 further canprising:
detecting histological and clinical composition. structare,

metabalic state, and vitality in the internal surfiace of the subject afier said applying

42 A method according to elaim 29 further comprising:

JP 2004-500197 A 2004.1.8



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(36)

WQ 01/59423 PCTS0143901

o

Hi

=2
5y

in

_a -

deteeting functional response to physiological and
pharmacological stimuli and disease states in the internal surface of the subject afier

said applying.

41, A method aceording 1o claim 29 further comprising:
dergeting Hssue or drug fluorescence excitation &ad entission
spectra, luminosity, luorescence lifetime, and wmporal (uctuations In the intemal

surface of the subject afier said applying.

44, A method aceording to claim 29, wherein the lissue is effective

10 produce second and third harmonics of )lhanination.

25 A method of detecting and localizing flugrcscence withina
body of penetrable material comprising:
applying radiation to aninternal region of the body of
penetrable material through at least ene optical fiber. each of which terminates in a tp
praxfmate to the intemal region, under conditions effective 1o canse simultancons
muliphoton absarption of fluotophors malecules within the imernal region and, asa

tesult. (uorescenl excitation proximate o the np of the at least one eptical fiber.

46, A methed according 1o claim 45, wherein the @t least one

oplical fiber is inserted nto the bedy of penctrable material.

47, A method according ta claim 45 further comprising:

imaging the region of the subject afler said subjecting.

48, A method according o claim 45. wherein the radiation is

generated with i laser.

49, Aacthod acconding to claim 435, wherein the radiation is

pulscd.

JP 2004-500197 A 2004.1.8
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53¢ A method according to claim 4%, wherein the radiation is

pulsed b a pulse width berween about 1077 second to 107 second.

51 A method according w claim 30, wherein the [aser iz a mode-

5 locked laser.

52, A method according te claim 45, wherein the bady of

penetrable matertal is effective to produce seeand and third harmonies of illumination.

JP 2004-500197 A 2004.1.8
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