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APPARATUS AND METHOD FOR MESOSKOPIC TOMOGRAPHY

3

CROSS-REFERENCE TO RELATED APPLICATION(S)
16601}  This apphcation relwtes 1o and claims priority from US. Patent Appheation Serial
No. SLT38,130 filed Januvary 29, 2013 and U8, Patent Application Serial No. 6177941 9946
filed March 13, 2013, the entire disclosuves of which arve incorporated herein by reference.

16}
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[8002]  This invention was made with Government support undey grant number NIH
ZROTHLO76398-06 awarded by the National Instituie of Health. The Government has certain
rights thevein.

is

FIELD OF THE DISCLOSURE

{50031 The present disclosure relates generally to exemplary methods and apparatus for
providing mesoscopic optical imaging of structures in a catheter, and more particudarly o
exemplary embodiments of methods, svstems and apparatus for providing and/or utilizing

20 mesoscopic specirally encoded tomography (MSET) of structuwes in a catheter.

BACKGROUND INFORMATION

{p804} A majority of diseases arise within funuinal organs such as the coronary arteries

and the gastromtestinal tract. Undersianding and diagnosis of these diseases can requirg

P
LAy

knowledge of thetr gross and microscopic structine.
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[080S]  An optical imaging catheter has become an bnportant tool to assess and dingnose
diseases ansing from hominal ovgans, Since many of the mechanisms mvolving diseases
occuy on a microscopic scale, lugh-resolution maging techimgues have become relevant. Two
mmportant techiiques for high-resolotion tmaging are optical frequency domain tmaging
(OFDI) and spectrally encoded confocal nucroscopy (SECMY, where rotationally scanning
catheters can be psed for studying the cross-sectional and three-dimensional microstracture of
lunung! pissues. However, e.g., OFD and SECM provide information at a maximum depth of
1-2 millmeters. Therefore, a method to perform optical imaging of structures located at

greater depths would be valuable,

6866} To address this unmet veed and advance catheter-based dingnosis, it may be
possible to wilive other opucal tomography technigues, such as, e laminar optical
iomography {LOTY or dilfuse optical tomography (DOT) LOT faciluates imaging of
absorbing or fluorescent contrast in Ussues o depths of 2-3 millimeters, in the so-called
mesoscopic regime. Meanwhile, the domain of DOT has been on the order of centimeters,
with breast and brain as two of the move common tissaes of terest. The resolution of LOT
is TOO-200 micrometers, whereas DOT exiubits g resolution of several mitimeters. However,

aeither LOT nor DOT has been implemented as a catheter-based solution.

{8607} Accordingly, there may be a need 1o address at least some of the above-deseribed

defictencies,

SUMMARY OF EXEMPLARY EMBODIMENTS

{BBOS] Ii1s one of the objeciy of the present invention fo provide a catheter-baged
approach to perform mesoscopic optical tomography. In accordance with certam exemplary

embodiments of the present disclosure, exemplary meihods and apparatus can be provided,

]
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which enable the mplememation of spectrally encoded mesoscopic tomography of structures

in a catheter.

0809} Another one of the objects of the present disclosiwe 18 to provide a catheter-based
approach to perform optical tomography at greater depths, and more specifically n the

HesOSCoRic regime.

{8010} In order to perform mesoscopie optical tomography in a catheter, we propose o
spectrally encode multiple wavelengibs o generate different sources al specilic spatial
locations. Furthermore, we colleet the information from each source separately by speciral-
encoded detection of Huht coming out of the sample. A sowrce-detecior separation of, e.g., al
most 10 mm can indicate that information from approximataly § mm deep within the tissug
can be collected, thus facilitating the assessment of the mesoscopic region. The exemplary
technique can be [leaible in terms of providing different sowce-detecior arrangemenis by

modifying the spectral encoding scheme.

{8011} Catheter-based mesoscopic spectrally encoded tomography can be performed in
conjuretion with exemplary embodiments of the devices, apparatas and msthods according to
the present disclosare etilizing steady state, time-resolved, andior frequency-resolved data.
The utdization of such exemplary wmiormation facililates a delermination of the optical
parameters of the sample. In an exemplary tomography setup according o an exemplary
embodiment of the presemt disclosure, sach data can facilitate & reconstruction of the donain

ander review,

ja1 2y Further, sccording fo one exemplary ervbodiment of the present disclosure, a
devicedapparatus can be provided which can include a mesoscopic spectrally sncoded

tomography - optical frequency domain imaging 7 spectrally encoded confocal microscopy

i
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(MSET-OFDESECM) catheter that iHuminates the tissues and collects signals from the mside
of the homen, a MSET-OFDESECM system which generates hght sources, detects retuming
fights, and processes signals, and 8 MSET-OFDI/SECM rotary junction which rotates and
pulls back the catheter and connects the moving catheter to the stationary systent. In another
exemplary embodiment, a dualonodality catheter system can be provided for simolaneous

microstructural and deep imaging of arteries in vivo., Any of these embodiments can benefit

from the use of steady state, ime-resolved, and/or frequency-resolved daia.

6613} For example, according to one exemplary embodiment of the present disclosure,
an arrangement can provide electro-magnetic radiation to an anatomical strocture through one
optical fiber.  Such exemplary arangement can employ the same fiber to perform
OFDESECM imaging, and an adjacent fiber for MSET. The arrangement can also nchade at
feast one apparatus, which s confligwred to transmut the radiation(s} via OFDESECM and

MRET fiber(s) to and from the anatomical structure.

[6614]  The exemplary appavatus can be provided s an optical coherence tomoegraphy

sysigm. Further, a gystem can be provided which obtans imformation regarding the

anatomical strocture and deeper structural information based on the radiation(s) using

spectrally encoded mesoscopic tomography.

{0615} The exemplary apparatus can also be provided in a probe, g cathetar, an eve boy,
an endoseope, wic. Further, at least one additional fiber can at least be located adjacent (o the
other fiber(s). In addition, at least one additional fiber can at least be located adjacent to the
ather fiber{s), Also, spectrally encoded mesoscopic tomography can be performaed with at

feast one fiber with multiple cores.
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o016} According o vet another exewplary embodiment of the present disclosure,
method and computer-accessible mediom can be provided for determining at least one
characteristic of at {east one structure or composition.  Using such method andfor computer-
accessible medinam, 118 possible o receive first data associated with the struchure(s), where
the first data nchede information which faciltates a correction of a physical parameter
associpted with the structurels) Second dats associsted with ot least one struciure or
composition can he received which is different from the first data. The first and second data
can be obtained from subsiantially the same location on o n the structure(s). Further
information associated with the second data can be ascertained based on the physical
parameter.  Then, the characteristic{s) of at least one structure or composiion can be
deternined based on the further data. These data include at least one of the following: steady

state, time-resolved, and frequency-resolved data.

[0617} For example, the first data can include optical coherence tomography data. The
second data can include mesoscopic spectrally encoded tomography data. The physical
pararoeter can be the size of a deeply embedded tssue, mteranl structure, ete. The further
information can include absorption andior scattering properties of the tissue(s) The
computer-accessible medium can melude Instructions. When the mstructions are executed by
a computer arrangement, the computer arrangement is corfigured to perform the above-

described exemplary procedures.

{00187 According to yet further exemplary embodiment of the present disclosure, an
arrgngement can be provided for transnutiing at least ong electro-magnetic radiation between
at feast pwo separate wavegwides i an optical fiber. Such exemplary arvangement can include

at least one first waveguide, and at least one second waveguide, where the optical fiber,

¥4
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which containg the first wavepuide(s) and/or the second waveguide(s), can be rotatable. At
least one first optical arvangement can be provided which commumcates with the first
waveguide andfor the second wavemnde to tansmit the at least one electro~niagnetic
radistion there through, At least one second arrgngement can be provided wlich is
configured to rotate the first opuical fiber which contains the {irst waveguide andfor the

second waveguide.

{019} Al least one fourth arrangement can also be provided which is configured to
generate a1 least one fmage of a sample sy a fonction of the [irst optical coherence
tomography radigtion gnd the second mesoscopie spectrally encoded tomography radiation,

The generated image(s) can be provided for an anatonncal struciure (e g, a hunen).

{6820} According to further exemplary embodiments of the present disclosure, mn
arvangement can be provided for performing exclosively mesoscopic spectrally encoded
tomography in a single waveguwide of an optical fiber. Mesoscopic spectrally encoded
tomography can be performed by wiilbang steady state, time-resolved, and frequency-~

resolved data.

166211  The exemplary MSET technique can be performed individoally and in conjunction
with optical frequency domain mmaging {OFDI} or spectrally encoded confocal microscopy
{(SECM}. According to certain exemplary embodivnents, it 18 possible to provide systen,

apparatus and method to facilitate an acquisition of mesoscopie information from tissue by

emploving steady state, time-resobved, and/or frequency-resolved MSET data.

{221 These and other objects of the present disclosure can be achieved by provision of
an apparates for illeminating a sampleds) that can inchude, for example, a first arrangement

that can transout o first electro-magnetie radiation and a second electro-magnetic radiation,

6
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the first and second electro-magnetic radiations can have different wavelengths from one
another. The first arrangement can transant the first and second electro-magnetic radiations
to different spatial locations on the sample(s). A second arrangement(s) can be configured to
receive g third radiation{s) provided from the samplefs), the third radiation{s) can be
assoctated with an mteraction of the first and second electro-magnetic radiations in the
smmpleds). A processing third arrangement can be configured to receive, from the second
arrangement, at least one fourth radiation that can be based on the third radiaton{s), and
generate information reparding a sub-surface portion(s) of the sample(s) based on the fourth
radiation.

166231 In some exemplary embodiments of the present disclosure, the fivst and second
arrgngements can be spatially separated from one another. The sepuration can be by more
than | mum, more than 2 mm, more than 5 mm, andfor more than 10 nun.  The processing
third arrangement{(s) can generate the information by applying a diffuse, a mesoscopic
tomography or a reconstruction procedure to obtain a composition or @ structure of the at
least one sub-surface portion,

jer24y In certain exemplary embodiments of the present disclosure, the first arrangement
andfor the second arrangement can inclhide a waveguwide armangement.  The waveguids
arrangement can nclade an optical fiber arrangement, which can include a fiber bundle, The
first arrangement andfor the second arrangement can include a dispersive oplical
agrrangement,  The first arrangemeni andior the secomd arrangement can melude a lens
arrangement.  In certain exsmplary embodimemnts of the present disclosure, the frst
arranzement andior the second arrangement can be provided in a housing, which can be
structared to be provided mto the sample(s) which can be an anatomical strugture. The

housing can be part of a catheter or an endoscope.
& p P
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[a025} In some exemplary embodiments of the present disclosure, 8 fourth srrangement
can be configured to receive a fifth electro-magnetic radistion from the second
arrangement{(s} that can be based on third radiation(s), the fourth arrangement can provide
data that can be of reflectance confocal nmucroscopy, SECM, OFDI. SD-OCT, FFOOM, 2™
and 3 harmowic microscopy, fluorescence mricroscopy or RAMAN. A laser sowrce can
provide @ source radiation for receipt by the frst arrangement.  In certam exemplary
entbodiments of the present disclosure, a ight modulating arrangement can be configured o
modulate an intensity of the fivst and second electro-magnetic radiations, thereby modulating
an intensity of the third radiation.  The processing arrangement can obtain the injensity
mformation regarding the modulation and a phase of the third radiaion. The processing
arrgngentent can atilive mformation regarding 8 modulation and g phase to generate further
information regarding the sample(s). The further information can be tomographic
information,  structural  information, compositional information  or optical property
information.

{0826}  These and other objects, features and advamtages of the exemplary embodiments
of the present disclosure will become apparent upon reading the following detailed
description of the exemplary embodimenty of the present disclosure, when laken in

conpunction with the appended clyims,
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BRIEF DESCRIPTION OF DRAWINGS

{6827} Further objects, features and advantages of the present disclosure wall become
appavent from the following detaled description taken in conpunction with the accompanying

figures showing ustrative embodiments of the present disclosure, in which:

[BO28] Figurg H{a) is a side cross-sectional view of a mesoscopic specivally encoded
tomography -~ optical frequency domasms tmaging (MSET-OFDI) optical imaging catheter with
a side~viewing ball lens, and a conventonal diffractive element for MSET detection,

gccording (0 one exemplary embodiment of the present disclosure;

251 Figurg 1{b} is a side gross-sectional view of a mesoscopic specttally encoded
tomography - optical frequency domain imaging (MSET-OFDI)} optical imaging catheler with
a side-viewing ball lens, and 8 grazing configuration of the diffractive element fo facililate
deeper imaging in the MSET defection, according to another exemplary embodiment of the

present disclosure;

{8030} Figwre 2(a) 1s 8 side cross-sectional view of a mesoscopic spectrally encoded
fompgraphy ~ specinallv ewoded confocal microscopy {(MSET-SECM) optical imagmg
catheter with a reflective/diffractive component for SECM, and a diffvactive element for

MESET, according o séill exemplary embodiment of the present disclosare;

[6631} Figure 2(h} is a side cross-sectional view of a mesoscopic spectrally encoded

tomography -~ specirally encoded confocal microscopy {MSET-SECM) optical imaging

S

anaging, according to vet another exemplary embodiment of the present disclosure;

¢
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jan32} Filgure 3a) is 8 side cross-sectional view of a standalone mesoscopic spectrally
encoded tomography (MSET) optical mmaging catheter with one sowrce and multiple

detectors according to one exemplary embodiment of the present disclosure;

(6833} Figure 3{b} i3 a side cross-sectivmal view of a standalone mesoscopic spectrally
encoded tomography (MSET) optical tmaging catheter with multiple sowrces and multiple

detectors according to a further exemplary emibodiment of the present disclosure;

344 Figure 4{a) 13 a schematic diagram and a bench-top embodiment of a mesoscopic
specirally encoded tomography - optical frequency domain tnaging (MSET-OFDI) systam,
the setup also represents g standalone MSET with one source and multiple detectors

according to still another emshodiment of the present disclosure;

j3s] Figure 4(b) is a schematic diagram and a bench-top embodument of a mesoscapic
spectrally encoded tomography - specirally envoded confocal mucroscopy (MSET-SECM}
system, the setup also represents a standalone MSET with multiple sources and muliiple

detectors according to a further exemplary embodiment of the present disclosure;

8636 Figure 3a} is an exemplary mmage of a tssue-munucking phantom with one
inclusion and the corresponding MSET experimental results by utihzing the exemplary

methods, devices and apparatus according o the preseat disclosure; and

{0037}  Figure 5(b) is an exemplary mmage of a tissue-mimicking phantom with two
inclusious and the corresponding MSET expertmenial vesults by utihzing the exemplary

methods, devices and apparatus according to the present disclosure.

{6638} Throughouwt the fgures, the same refevence numerals and characters, unless

otherwise stated, are used o denote like features, elements, components or portions of the

10
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tustrated embodiments.  Moreover, while the subject disclosure will now be deseribed in
detwil with rveference 1o the figures, ® 18 done so in connection with the illustrative
embodiments. It is intended that changes and modifications can be made to the desenibed
exemplary embodiments without departing from the true scope and spint of the subject

disclosure as defined by the appended claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

8039 Figure 1{a} shows a side cross-sectional view of a mesoscopic spectrally encoded
tomography ~ optical frequency domamn maging (MSET-OFDI optical tmaging catheler with
a side-viewing ball lens, and a conventional diffiactive element for MSET detection,
according to one exemplary embodiment of the present disclosure. In particular, as shown in
Figure H{a), an MSET-OFDI system 100 1s employed. & modulated broadband or swept-
source fight 102 is split 104 and delivered through a fiber 106, Optical elements 108, 110,
and 112 {e.g., spacer and lenses) can be used {0 focus the light 114 onto the sampla 116, An
arrangement of diffractive element 124, lens 126, spacer 128, and outpat fiber 130, can serve
to spectrally detect 122 scaltered light 120 coming from different depths within the sampls.
Information for Optical Frequency Domain Imaging 18 may be obtamed from the output of
fiber 106 afler raversing the splifting wnit.  Steady state, time-resolved, andior frequency-
resolved data 134 can be oblamed after speetval separation or photodetection 132 from the
outpat MSET fiber 130, MSET imnformation, including a structural reconstruction, can be
obtained from the OFDI processing unit output 136 and the steady state, time-resolved,
andior frequency-resolved data 134, Exemplary elentents i Figwe &) are as follows:
MSET-OFDI system 108, fiber 106,130, spacer 108,128, lens 110,126, ball lens 112, and

diffractive element 124
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ja040} Figure 1{b} shows a side cross-sectional view of the MSET-OFDI optical imaging
catheter with a side-viewing ball lens, and a graming configuration of the diffractive clement
to facilitate deeper inwging i the MSET detection, according to another exemplary
embodiment of the present discloswre.  In particular, as shown in Figure Wby, an MSET-
OFDI system 1) is employed. A modulated broadband or swept-source hight 102 e split 104
and delivered throngh a fiber 106, Optical elements 108, 110, and 112 {e.g., spacer and
lenses) can be nsed to focus the light 114 onto the sgmple 116, The grangement of vellective
glement 140, diffractive element 138, lens 126, spacer 128, and output fiber 130, can serve
spectrally detect 122 scattered ight 120 coming from different depths within the sample. The
diffractive element 138 can be used in a grazing configuration to enable wide spectral
separation. Information for Opticy] Frequency Domain Imaging 118 may be oblained from
the cutput of fiber 106 afler raversing the splitting vnit.  Steady state, tme-resolved, andior
frequency-resobved data 134 can be obtained after speciral separation or photodetection 132
from the ouwtput MSET fiber 130, MSET information, including a structural reconstroction,
can be obiained from the OFDI processing unit output 136 and the steady state, time-
resolved, andior frequency-resolved data 134, Exemplary elements in Figore b)Y are as
follows: MSET-OFDI system 100, fiber 106,130, spacer 108,128, lens 110,126, ball lens 112,

reflective elemant 140, and diffractive element 138 at grazing configuration.

0041}  Figure a) shows g side cross-sectional view of the MSET-SECM optical
imaging catheter with a reflectiveddiffractive component for SECM, and a diffractive element
for MSET, according to still exenmplary embodiment of the present disclosure. I patticular,
as shown in Figore 2(g), an MSET-SECM system 200 is emploved. A modulated broadband
or swept-source light 202 is split 204 and delivered through a fiber 206. With elements 208,

210, and 212 {e.g., spacer, fens, snd reflectiveddiffractive element), different wavelengths are
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encoded spectrally 1o generte muluple sowrces 214 at different spatial points on the sample
216, The grrangement of diffractive element 224, lens 226, spacer 228, and output fiber 230,
serve to spectrally detect 222 geattered light 220 coming Fom different depths within the
sample. Information for Spectrally Encoded Confocal Microscopy 218 may be obtained from
the output of {iber 206 afler traversing the sphitting wut. Steady state, tme-resolved, andior
frequency-resolved data 234 may be obtained after spectral separation or photodetection 232
from the cutput MEET fiber 230, MSET information, mcluding a structural reconstruction,
may be obtained from the SECM processing unit output 236 and the steady state, time-
resolved, and/or fregquency-resolved data 234, Exemplary elements in Figure 2{a) are as
follows: MSET-SECM system 200, fiber 206230, spacer 208228, lens 2107226,

reflectivesdilfraciive element 212, and diffractive element 224,

{6642} Figure 2{b) shows a side cross-sectiopal view of the MSET-SECM optical
imaging catheter, where both diffractive clements are gsed in a graxing configuration o
permit deeper imaging, according o vet another exemplary embodiment of the present
disclosure. In particelar, as shown in Figuve 2(b), an MSET-SECM systery 200 15 emploved.
A modulated broadband or swept-source light 202 15 sphit 204 and delivered through a fiber
206, Wih elements 208, 210, 238, and 240 {eg., spacer, lens, veflective element, and
diffractive element), dilTerent wavelengths can be encoded spectrally to generste multiple
sources 214 at different spatial poinis on the sample 216, The exemplary arrangement of
diffractive element 242, reflective element 244 lens 226, spacer 228, and output fiber 230,
can serve to spectrally detect 222 scattered hight 220 comuing from different depths within the
smmple. Exemplary grazing configurations, both for input and cutput ports, can facilitate wide
source-detector separations, and thus deeper imaging. Teformation fov Specirally Encoded

Confocal Microscopy 218 may be obtained from the output of fiber 206 aftey traversing the
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splitting wit. Steady state, tme-resolved, andfor freguency-resolved data 234 nwy be
obtained afler spectral separation or photodetection 232 from the output MSET fiber 230,
MSET mformaton, including a structural reconstraction, may be obtained from the SECM
processing wmit output 236 and the steady state, time-resolved, andior frequency-resolved
206,230, spacer 208228, lens 210,226, reflective element 238244, and diffractive element

240,242 gt grazing configuration.

{6643} Figure 3(a) shows a swde cross-sectional view of a standalone mesoscopic
spectrally encoded tomography (MSET) optical tnaging catheter with one source snd
muliiple detectors sccording to one exemplary embodiment of the present discloswwe. In
particular, a8 shown in Figare 3{a), a MSET system 300 s emploved A modulated
broadband or swept-source light 302 15 spiit 304, debivered, and collected through a fiber 306,
A -45 deg. polarvizer, followed by a 45 deg. polarization rotator can be used 1o selectively
transonf bight through a polarization sensitive splitting wnt {e.g., components 308, 310, and
314). Addrionally, light reflected at the splitting anit can also be minimized. Elements 314,
316, 318, and 320 {e.g. polarization sensitive splitting unit, spacer, 45 deg. polarization
rotator, and 43 deg. polanzer) can function as one or more optical 1solators. Lenses 312, 322,
and 324 can be used to relay and focus light 326 onto the sample 328, The perpendicularly
polarized component ol the scattered hight 330 can be spectrally detected 332 by the
diffractive element, sphiting wit, lens, rotator, and polarizer (see, ¢.g., components 334, 314,
312, 310, and 308). A non-reciprocal element, such as g civculator, can be used fo 1solate the
diffuse light. It is possible to use a diffractive element i a grazing configuration o enable
wide spectral separation.  Steady state, time-reselved, andior frequency-resolved data 338

may be obiained alier speciral separation or photodetection 336 from the output fiber 306,
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MSET miormation, including a stractural reconstruction, yaay be obtained from the steady
state, ime-resolved, and/or frequency-resolved data 338, Exemplary elements in Figure 3(a)
are as follows: MSET system 300, fiber 306, -+ 45 deg. Polavizer 308320, 45 deg
polarization rotator 313318, lens 312322, polarization sensitive splitting anit 314, diffractive

element 334, g spacer 316, and ball lens 324,

{6644}  Figure 3(b) shows a side cross-sectional view of the MSET optical imaging
catheter with mustiple sources and multiple detectors according to a further exemplary
embodiment of the present disclosure. In particular, as shown i Figure 3{b}, a MSET system
300 15 enaploved. A modulated broadband or swept-source bght 302 s sphit 304, delivered,
and collected through a fiber 306, A 45 deg. polarizer, followed by a 45 deg. polarization
rotator can be ased 1o selectively transmit light through a polanization sensitive sphitting wmt
{see, e.g, components 308, 310, and 314). Additionally, hght reflected at the sphiting untt
cant also be redoced andfor mininwred. Elements 314, 316, 318, and 320 (e ¢, polarization
sensitive splitting, spacer, 45 deg. polanzation rotator, and 45 deg. polanzer) can function as
one or more optical dsolators. Lenses 312, 322 and 342 can be used to relay Heht With
spacer 340, lens 342, reflective element 344, and diffractive element 346, eg., different
wavelengths can be encoded spectrally to generate multiple sources 348 at different spaual
points on the sample 328 The perpendicularly polarized component of the scattered lght
330 can be spectrally detected 332 by the difftactive element, sphiting uat, lens, rotator, and
polarizer {see, e.g., components 334, 314, 312, 310, and 308} A non~reciprocal element,
such as a circulator, can be used to isolate the diffuse hght. Grasmg exemplary
configurations, both for mput and output pors, can facilitate wide source-detector
separations, and thus deeper imaging. Steady state, tme-resolved, andior frequency-resolved

data 338 may be obtained alier specival separation or photodetection 336 from the ouiput

oy
L
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fiber 306, MSET information, including a structural reconstruction, may be obtained from the
steady state, time-resolved, andfor frequency-resolved data 338 Exemplary elements m
Figure 3(b) are as follows: MSET system 300, fiber 306, ~/+ 45 deg. Polarizer 308,320, 45
deg. polarization rotator 310318, lens 312,322 342, polarization sensitive spinting wost 314,

diffractive element 346,334, spacer 316,340, and reflective elewent 344,

{6645}  Figure 4{a) shows a schematic diagram and a bench-top embodiment of the
MSET-OFDI sysiem, the setup also representing a standalone MSET system with one sowce
and multiple detectors according to still another embodiment of the present disclosure. Thig
exemplary configuration can be equavalent o the one emploved with an exemplary MSET-
OFD systern and can be utilized to study external organs or other bench-top samples. In
particular, as shown i Figwre ), modulated broadband or swept-source hght 402 4s
delivered through a fiber 400, emploved on the retarn path for Optical Frequency Doman
Imaging. Optical clements 404, 408, 412, and 416 {e.g.. lonses, diffractive clement, and
splitting anit) can be used 1o collimate 406, diffvact {zero-order diffraction shown) 410, sphit
414, and focus the hght 418 onto the sample 420, An arvangement of lens 416, sphiting wit
412, and diffractive element 432, can serve to spectrally detect 430 scatiered light 428
coming from different depths within the sample. The spectrally detected light 430 5
collimated 434 and coupled 438, through use of at least one lens 436, mio the output MSET
fiber 440, Information for OFDI may be oblained alier the reflected bight 418 from the
sanple 15 split 422, diffracted 424, and coupled 4206 into the ontput OFDY fiber 400, Steady
state, time-resolved, andfor frequency-resolved data can be obtamed afier speciral separation
or photodetection from the output MSET fiber 440, Exemplary elements in Figare 4(a) are as

follows: fiber 400,440 lens 404 416,436, splitting unit 412, and diffractive element 408 432,
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o046} Figure b} shows a schematic disgram and an exemplary bench-top embodiment
of the MSET-SECM system, the setup also representing a standalone MSET system with
multiple sources and multiple detectors according w a further exemplary embodiment of the
present disclosure. This exemplary configuration can be equivalent to the one emploved in an
exemplary embodiment of the MSET-SECM system and yuay be used 0 assess external
argans o other bench-top samples.  In particular, as shown in Figure 4(h), modulated
broadband or swept-source light 402 is delivered through a fiber 442, utilized on the vetumn
path for Specirally Encoded Confocal Microscopy. Optical elements 404, 408, 412, and 416
{e.g., lenses, diffractive element, and splitiing unit) can be used to collimate 406, diffract 444,
split 446, and focus the light 448 onto the sample 420, An arrangement of fens 416, splitting
uniy 412, and dilfractive elemient 432, can serve to spectrally detect 430 scattered hight 428
coming from different depths within the sample. The spectrally detected hght 430 is
collimated 434 and coupled 438, through use of at least one lens 436, into the ontput MSET
fiber 440. Information for SECM may be obtained after the reflected hight 448 from the
sample is splu 450, dillracted 432, and coupled 454 mio the output SECM fiber 442, Steady
state, time-resolved, andfor frequency-resolved data can be obtainad alter speetral separation
or photodetection from the output MSET fiber 440, Examplary glements in Figure 44b) are as

follows: fiber 442, 440, lens 404 416,436, sphitting uay 412, and diffractive element 408,432,

[8047}  Figure Sa) dlusirates an exemplary image of a tissus-mimicking phantom with
one inclusion and the corresponding MSET experimental results by utilizing the exemplary
methods, devices and apparatus according 1o the present discloswre. Figwre Hb) &5 an
exemplary image of a tissue-mimicking phantom with two mclusions and the corresponding
MEET experimental results by utilizing the sxenplary methods, devices and apparsius

gccording to the present disclosare,

w}
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[o048]  The forepoing mevely Mlustrates the principles of the disclosure.  Various
modifications and alterations 1o the deseribed embodiments will be apparent to those skilled
in the art in view of the teachings herein. Indeed, the arvangements, svstems and methods
according o the exemplary embodiments of the present disclosure can be used with andior
implement any OCT systemn, OFDT system, SD-OCT system or other imaging systenms, and
for example with those deseribed in International Patemt Application PCTUS2004/029148,
filed September 8, 2004 which published as International Patemt Publication No. WO
2005047813 on May 26, 2005, US. Patent Application No. 117266779, filed November 2,
20035 which published ag U.S. Patent Publication No. 2006/0093276 on May 4, 2006, and
U8, Patent Application No. 10/501 276, filed July 9, 2004 which published as U.S. Patent
Publication No. 20050018201 on lJamuary 27, 2005, and US. Patent Pubheation No.
2002/0122246, published on May 9, 2002, the disclosures of which are incorporated by
reference herein in their entiveties, It will thus be appreciated that those skilled in the art will
be able to devise numerous systems, arrangements, and procedures which, although not
exphicitly shown or described hevein, embady the principles of the disclosure and can be thus
withinn the spirit and scope of the disclosure,  {n addition, all publications and references
referred to above can be incorporated hevein by reference mn their entireties. It should be
undersicod that the exemplary procedures described hersin can be stored on any computer
accessible mediom, including a hard drive, RAM, ROM, removable disks, CD-ROM,
memory  sticks, ete, and executed by a provessing arrangement andior computing
arrangement which can be andior mclude a bardware processors, IMICIOProCessor, mini,
macro, mainframe, etc., including a plurality and/or combination thereof. In addition, certan
terms used i the present disclosure, including the specification, drawings and claims thereof,

can be used synonymously in certain instances, mcluding, but not limted to, e.g., data and
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information. It showdd be andersiood that, while these words, andior other words that can be
synonymous 1o one another, can be used synonymously heretn, that there can be instances
when such words can be intended 10 not be used synounymously. Further, to the extent that
the prior avt kuowledge has not been exphicitly tncorporated by reference herewy above, it can
be explicitly being incorporated hevein i its entirety. All publications referenced above can

be incorporated herein by reference.
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WHAT IS CLAIMED IS

I An apparatus for ithaminating at least one sample. compnising:

at least one [ivst wvangement which transmits a fist electro-magnetic radiation and a
second electro-magnetic radiation, wherein the first and second electro~magnetic radiations
have different wavelengths from one another, sod wherein the at least one fivst grrangement
transaits the first and second electro-magnetic radiations to different spatial locations on the
at least one sample; and

al least one second arrangement which {s configured to recetve at least one third
radiation provided from the at least one sample, whersin the at least one third radiation is
associated with an interaction of at least one of (i) the first eleciro-magnetic radiation or {it)
the second electro-magnetic radiations with the at least one sample; and

at least one processing third arrangement which 1s configured to:

{1 receive, from the second arrangement, ® least one fourth radiation that s

based on the at least oneg third radiation, and
(it} generate information regardmy at least one sob-surface portion of the at least

ong sample based on the fourth radiation.

g

The apparatas according 1o clamm 1, wheren the Srst and second arsangemenis are

spatially separated from one another.

3 The apparatus according 1o clanm 2, wherein the first and second arrangements gre

spatially separated from one another by more than 1 oun.
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4. The apparates according to claim 3, wherein the Srst and second arrangements are

spatially separated from one another by more than 2 mm.

S The apparatus according to claim 4, wherain the first and second arrangements are

spatially separated from one another by more than § s,

6, The apparatus according to claim 3, wherein the first and second arnmgements are

spatially separated from one another by more than 10 mm

7. The apparatus according to claim 1, wherein the at least one computer thid
arrangement penerates the information by applying a diffuse or mesnscopic inmography or
reconstruction procedure to obfain a composition or a structore of the at least one sub-surface

portion.

] The apparatus according to clamm 1, wherein at least one of the first arvangement ov

the second mrangement inchules & wavegmde arangement.

BA. The apparatus according to clamm 1, wheren the waveyuide mirangement ncludes an

opticad fiber arrangement.

9. The apparatus according to clamm 1, wheremn the optical fiber arrangement includes a

fiber hundle.
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1, The apparates aocording to claim {1, wherein the first arrangement has a dispersive

optical arrangement.

11, The apparatus according to clatm 1, wherem the second srrangement has a dispersive

optical arrangement,

12, The apparatus according to claim 1, wherein each of the first and second

arrangements has a dispersive optical srangement.

13, The apparatas according to claim 1, wherem at least one of the first arrgugenient oy

the second arrangement includes a lens arrangement.

14, The apparatus according o claim 1, wherein at least one of the first arrangement or

the second arrangement are provided in a housing.

15 The apparates according to claim 1, wherein the housing 15 structured to be provided

mto the at least one sample which is an anatomical structore.

16, The apparabus according to claim 1, wherein the bousing 1s part of a catheter or an

endoscope.

17, The apparates according to claim 1, further comprising 8 fouorth arvangement which is
configared 1o recerve a fifth electro-magnetic radiation from the at feast one second

arrangement that 1s based on the at least one third radiation, wherein the fourth arrangement



10

e
4

WO 2014/120773 PCT/US2014/013605

provides data that is at least one of reflectance confocal microscopy, SECM, OFDI, SD-OCT,
FFOCM, second and third harmonic sicroscopy, fluorescence microscopy or RAMAN

SPECVOsCOopy.

18, The apparatus acvording to claim 1, further comprising a laser source providing a

source radiation for receipt by the first arvangement.

190 The apparatus according to olaim 1, firther comprising a Hpht modulating
arrangement which is configured io modulate an iniensity of the first and second eleciro-

magnatic radations, thereby modulating an intensity of the third radiation.

2. The apparatus according to claim 19, wherem the processing arrangemat obstains the
imtensity information regarding the modulation and a phase of the thurd radiation.

21, The apparatus according to clamm 24, wherein the processing arrangement gtilizes
wfornation regarding the modulation and the phase to generate fiwther information regarding

the at least one sample.
22 The apparatus according {o claim 21, wherein the further iformation i al keast one of
tomographic information, structural information, compositional information, optical property

information,

230 A method for sthominating at least one sample, compnising:

[
Lo
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ransmitting a frst electro-magnetic radiation and a second electro-magnetic radianion,
wherein the first and second electro-magnetic radiations have different wavelengths from one
another, and the first and second electro-magnenc radiations are tmmsomtted to different
spatial locations on the at least one sanple; and

s receiving at least one third radigtion provided from the at least one sample, wherein

the at least one third radintion is associated with an intersction of at least one of (i) the first
electro-magnetic radiation or {11} the second electro~-magnenic radiations with the at least one
sanple; and

recetving at least one fourth radiation that is based on the at least one third radiation,

0 and

gengrating information regarding at least one sub-surface portion of the at least one sample

based on the fourth radiation.
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