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(57) Abstract: An apparatus for obtaining information regarding a biological structure(s) can include, for example a light guiding ar-
rangement which can include a fiber through which an electromagnetic radiation(s) can be propagated, where the electromagnetic ra-
diation can be provided to or from the structure. An at least partially reflective arrangement can have multiple surtaces, where the re-
flecting arrangement can be situated with respect to the optical arrangement such that the surfaces thereof each can receive a(s) beam
of the electromagnetic radiations instantaneously, and a receiving arrangement(s) which can be configured to receive the reflected ra-
diation from the surfaces which include speckle patterns.
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APPARATUS, BEVICES AND METHODS FOR OBTAINING
OMNIDIRECTIONAL VIEWING BY A CATHETER

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001]  This application relates 0 and claims priority from ULS. Patent Application Serial

Nos. 61/836,716 filed on June 19, 2013, 61/934,454 filed on January 31, 2014, and

61/905,893 filed on November 19, 2013, the entire disclosures of which are incorporated

heremn by reference.

FIELD OF THE DISCLOSURE

{0002]  The present disclosure relates generally to viewing by a catheter, and more

specifically, to exemplary embodiments of exemplary devices, apparati and methods for

ommidirectional {e.g., laser speckie) imaging, and viewing by a catheter.

BACKGROUND INFORMATION

{0003}  Despite major advances in coronary interventions and pharmacotherapies, acute
myocardial-infarction {("AMI™) remains the leading cause of death, annually claiming over 10
miltion hives worldwide. AMI can be caused by coronary thrombosis that can frequently
resuit from the rupture of vulnerable plagque. I vulnerable plaques could be identified and
treated prior to rupture, the incidence of AMI could be substantially reduced, and tens of
thousands of lives could be saved. A key challenge in realizing this preventative paradigm
can be that plagues with vulnerable morphology occur at multiple sites 1o the coronary tree,
and therefore, additional knowledge of plague mechanical stability can be umperative in order
to accurately identify plagoes with the highest risk of rupture.

[0004]  Laser speckle patterns (see, e g, References 96 and 97} can be granular intensity
patterns that can arise from the mterference of coherent light scattered from randomly
distributed light scatiering particles. The scattered photons can experience different path
lengths. The phase difference between partial waves can cause constructive or destructive
mterference, and can produce randomly distributed high or low intensity spots called
speckles. The moving scatterers can introduce different phase shifts for different partial

waves, and can change the interference between partial waves, which can lead 1o temporally
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varying speckle patterns. The temporal evolution of speckies can provide formation of
scatterers’ movement (see, e.g., Reference 98}, and can further the mformation of the media
properties which can influence the scattering particles motion {e.g.. viscoelasticity). (See,
e.g., References 99-103). Laser speckle unaging (“L.SI7) fechmgues have been applied in
medical diagnosis to retrieve information about tissue perfusion (see, e.g., References 98 and
104), and mechanical properties (see, e.g., References 99-103) of tissnes from dynamic
speckle patterns. To perform LS1in vivo, coherent light can be delivered via an opucal fiber,
and the reflected laser speckle patterns can be collected and transmiited via optical fiber
bundles ("OFB™) incorporated within small diameter endoscopes. (see, e.g., References 99-
103 and 105-107),

{0005]  Due to their small transverse dimensions and flexability, optical fiber bundles have
been widely used m medical endoscopy {see, e.g., References 108-112), and in other
minimally~-invasive approaches, 1o enable the capability of being guided through coronaries
or ather condaits of uman body. The large mumerical aperture {"NA"} can compare to the
common optical fiber, and high cores density give fiber bundles can have high light
collection efficiency. The high compact density of cores of fiber bundles can also provide
high resolution fmaging. However in L8, the light can be highly coherent unlike the white
fight endoscopy (see, e.p., Reference 113 m which the interference effect between cores can
be neglected. The hugh density of cores can introduce strong coupling between adjacent
fibers, which can severely affect the image quality transmutted through fiber bundles. Each
fiber i the fiber bundles can support multiple guided modes, and the field of these miodes can
extend mto the claddimg, and can overlap with the mode fields of sarrounding fibers. (See,
e.g., Reference 114}, Such overlapping can lead to the coupling, between modes, of
individual fibers, and interfiber power exchange between adjacent fibers known as the optical
crosstalk between fibers. Consequently, the transmitted images, or laser speckies, can be
modulated by the inter-fiber crosstatk in fiber bundles due to mode coupling. During the
vivo LSI the movement of fiber bundles due to the bulk motion of swrounding tissue can be
hard to prevent. The movement of a fiber bundle can cause the core coupling changing with
tirge, and the modulation o the transmitted speckles can be varying with time. As a resalt,
the time-varving coupling between cores can cause ervoneous speckle temporal statistics, and

can reduce the accuracy of an LST analysis. {See, e.g., Reference 100},
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{0006]  The coupling between fibers modes of different fibers in fiber bundles has been
extensively studied based on the fiber core size, cove spacing, NA and non-uniformity of
cores. {(See, e.g., References 115-117). However these studies mainly focused on the
coupling between fundamental modes of neighboring fibers. Only & few numerical
simulations (see, e.g., Reference 118) and experiments (see, e.g., References 100, 116 and
119} have been condacted to show the fiber crosstalk in multimode fiber bundles and its
influence on image transmission. These numencal sunulations {see, e.g., Reference 118)
only simulated fields propagating a fow mm along the length of bundles due to the intensive
computing required. Previous experiments have demonstrated leached fiber bundles can
effectively reduce the cross talk between cores, and can obtain a relatively stable temporal
decorrelation function of transmitted speckles during bundles motion because of {large core-
to-core separation due to manufacturimg processes of leached fiber bundle. (See, e.g.,
Reference 100}, However, the effect of mode coupling between neighbonng optical fibers on
the transmission of laser speckles may not be well understood.

{0007} In order to conduct laser speckie imaging via a catheter, light can be guided
through an optical fiber and distal optical components to iflumnate a single spot on the
cylindrical lumen to collect reflected speckie patierns via 4 single fiber or collection of
optical fibers {(e.g., a fiber bundle). To conduct circumferential mapping, the catheter can be
rotated during pull-back. However, this can introduce motion artifacts during catheter
rotation that can confound the ability to accurately analyze laser speckle patterns from tissue.
{0008]  Thus, it may be beneficial to provide an exemplary device, apparatus and method
for viewing by a catheter, which can overcome at least some of the deficiencies desertbed

hereiny above.

SUMMARY OF EXEMPLARY EMBODIMENTS
{0609]  These and other objects of the present disclosure can be achieved by provision of
an apparatus for obtaming iformation regarding a biological structure(s), which can include,
for example a light guiding arrangement which can include a fiber through which an
electromagnetic radistion{s) can be propagated, where the electromagnetic radiation can be
provided to or from the structire.  An at feast partially reflective arvangement can have

multiple surfaces, where the reflecting arrangement can be situated with respect to the optical

L
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arrangement such that the surfaces thereof cach can receive a(s) beam of the electromagnetic
radiations mstantaneously, and a receiving arrangement{s} which can be configored to recetve
the reflected radiation from the surfaces which include speckle patterns.

{0016}  In some exemplary embodiments, a polarizing arrangement{s) can be nchuded
which can receive the electromagnetic radiation, and prevent receipt of a same polarization
from returning to the receiving arrangement(s). The reflective arrangement can have a
portion{s} with a shape of a cone, a polvgon or a pyramid. An optical arrangement can be
mcluded which can be configured to receive the electromagnetic radiation(s}. The optical
arrangement can include a GRIN lens, a hall lens, or an imaging lens. The number surfaces
ot the reflective arrangement can be 2 or more, 4 or more, or 6 or more. The light guiding
arrangement can include a configuration which can split the electromagnetic radiation to
further radiations having different wavelengths where the multiple surfaces can reflect the
further radiations, and where the receiving arrangement{s} can be turther configured to
receive the reflected further radiations provided at the different wavelengths.

{0011}  In another exemplary emabodiment of the present disclosure can be an apparatus for
obtaining mformation regarding a biclogical structure(s), which can inclade, for example, a
catheter arrangement which can include a fiber(s) through which an electromagnetic
radiation(s} can be propagated, where the electromagnetic radiation can be provided to or
from the structure. A pullback arrangement can be configured to facilitate a pullback of the
catheter arrangement, and a detector arrangement can includes a plurality of sensors, the
sensors being coupled to a surface of a portion(s) of the vatheter arrangenent, and configured
o move together with the puliback arravgement, and receive optical information associated
with the electromagnetic radiation{s) provided from the structure 5o as to generate the
information.

{0012}  In some exemplary embodunents of the present disclosure, the sensors can be
directly attached to the surface of the portion(s) of the catheter arrangement. The detector
arrangement can inclade a CMOS sensor, a CCD sensor, a photodetector or a photodetector
arrav. The fiber{s) can include a plurality of fibers, or a fiber bundle. For example, at an
tumination wavelengih between abouat 630-720nm. the fiber bundle can have {1} a core
diameter of 3.0 wy = 0.3 um with a fluctuation in core diameter of £ 0.03 umto = 0.3 um,

{11} a numerical aperture of at least 035, and (111) a core spacing of 8.0 um + 0.5 ., The
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pullback arrangement can be controlled by a motor(s}. The motor(s} can control the pullback
arrangement such that the pulltback arrangement can move the catheter and detector
arrangements i a stepped manner. The motor(s) can controd the pultback arrangement to
rotate a drive shaft or distal optics. The motor(s) can be configured {0 keep the catheter
stationary.

{0013} In some exemplary embodiments of the present disclosure, adjacent times for the
movements of the catheter and detector arrangement can be between 5 msec and 100 msec.
The sensors can receive the optical information that can be associated with the
electromagnetic radiation provided at different wavelengths. A filter arrangement can be
configured to filter the optical information based on the electromagnetic radiation provided at
difterent wavelengths. The catheter arrangement can include a drive shafl arrangement
which can hold the fiber(s) and can be directly connected o the pullback arrangement. The
drive shaft arrangement can further hold distal optics. The motor{s) can control the puliback
arrangement such that the pullback arrangement can move the catheter and detector
arrangements continuously at a predetermuned speed or a variable speed.

{0014} In another exemplary embodiment of the present disclosure is an apparatus for
mnaging a portion{s) of a biological structure, which can include, for example a radiation
providing arrangement which can be configured to forward a first electromagpetic
radiation(s} to the structure at multiple Hlumination locations. A detector arrangement can be
1s configured to receive a second electromagnetic radiation(s) from the multiple locations of
the strocture. A pullback arrangement which, during the forwarding of the first
electromagnetic radiation, can be configured to pudl back the radiation arrangement(s) of the
detector arrangement. The detector arrangement can be further configured to image the
portion{s} of the structure based on the second clectromagnetic radiation{s), without a
rotation of the radiation providing arrangement.

{0015]  In some exemplary embodiments of the present disclosure, the first
etectromagnetic radiation(s) can be forwarded to the structure at multiple ilfumination
locations substantially simultaneously. The second electromagnetic radiation{s) can be
received from the nuultiple locations of the structure sobstantially simultaneously. The
second electromagnetic radiation{s) ¢a provides information regarding a speckle pattern

reflected from the portion{s) of the structure. The speckle pattern can have an intensity that



(941

10

S
¥4

3
(¥4

30

WO 2014/205256 PCT/US2014/043245

can vary in time. The vanation of the intensity of the speckle pattern can provide information
regarding mechanical properties of the portion(s) of the structure, which can be determined
by the detector arrangement. The pullback arrangement can be controlled by a motor{s). The
motor(s) can control the pullback arrangement to rotate a drive shaft or distal optics.

j0016]  In another exemplary embodiment of the present disclosure is a method for
inaging portion{s} of a biological structure, which can include, for example, using a radiation
providing arrangement, forwarding a first electromagnetic radiation(s) to the structure at
multiple ilumination locations, using a detector arrangement, receiving a second
electromagnetic radiation(s) from the multiple locations of the structure, and pulling back the
radiation arrangement(s) of the detector arrangement. The detector arrangement can be
configured to image substantially an entire surface of the portion{s} of the structure based on
the second electromagnetic radiation(s), without a rotation of the radiation providing
arrangement.

{00177 1o some exemplary emtbodiments of the present disclosure, the first
eleciromagnetic radiation(s) can be forwarded to the structure at nltiple tlumination
locations substantially simultaneousty. The second electromagnetic(s) radiation can be
received from the multiple locations of the stracture substantially simultaneously,

{0018]  In another embodiment of the present disclosure, a system, method and computer-
accessthle medium can be provided for obtaining information regarding & bological
structare(s), which can melude, for example, recerving information related to a radiation{s)
reflected from the biclogical structure(s} mcluding a speckie pattern(s), and generating an
image of the biological structure(s) based on the mformation. Pixilation artifacts can be
removed from the speckle pattern{s). A speckle mtensity fluctwation of the speckle pattern(s)
can be determined by, for example measuring a change of multiple mirvor facets over time.

A background Huctuation or a source fluctuation from can be removed from the speckle
pattern{s). Non-fluctuating speckles can be filtered from the speckle pattern(s). A phase
fluctuation of the reflected radiation(s) can be determined to, for example, characterize the
tissue.

{0019]  In another erabodiment of the present disclosure, a method of reducing inter-fiber
crosstalk in a fiber optic bundle can be provided, which can include, for example providing a

fiber optic bundle comprising a pluralitv of core fibers each baving a core diameter of 3.0 jon
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+ 0.3 pm with a fluctnation in core diameter of & 0.03 um to 0.3 ym, a numerical aperture
of at least 035, and the fiber optic bundie having acore spacing of 8.8 o = 0.8 pm
Receiving a hight into the fiber optic bundle, where the fiber optic bundle has a reduced inter-
fiber crosstatk. The diameter of the core fibers can be 3.0 pm + 0.2 . The core fibers can
be 3.0 jun = 0.1 um. The fluctuation of the core diameter can be = 0.06 um to £ 0.2 pm. The
fluctuation of the core diameter can be approximately & 0.1 pm. The numernical aperture can
be between 0.38 and 0.41. The core spacing can be 8.0 pm + 0.3 wm. The core spacing can
be 8.0 ym = 0.2 pm. The fiber optic bundle can have an inter-fiber crosstalk that can be at
feast 10% less than the inter-fiber crosstalk within a leached fiber optic image bundle defimed
as SCHOTT North America Type | at a propagation distance of 0.5 m using 690 nm
radiation. The hiber optic bundle can have an inter-fiber erosstalk that can be neghgible.
{0020}  In another exemplary embodiment of the present disclosure i3, an apparatus can be
provided for laser speckle imaging that has low mter-fiber crosstalk, which can include, for
example a coherent radiation source, a fiber optic bundle configured 1o receive radiation from
the coherent radiation source including a plurality of core fibers having a core diameter, a
fluctuation in core diameter, a numerical apertare, and a core spacing, where each of the core
diameter, the fluctuation in core digmeter, the numerical aperture, and the core spacing can be
determined using coupled mode theory ("CMTY. One or more optical elemeants can be
confignred to direct coherent radiation from the fiber optic bundle to a tissug and collect
radiation from the tissue. A detector can be configured to receive a speckle pattern from the
one or mere optical elements. The dismeter of the core fiberscan be 3.0 pum £ 03 pm. The
diameter of the core fibers can be 3.0 wm £ 0.2 ym. The diameter of the core fibers can be
3.0 um= 0.1 um. The fncuation of the core diameter can be = 0.03 um to = 0.3 wm. The
fluctuation of the core diameter can be + 0.05 ym to £ 0.2 ym. The fluctuation of the core
drameter can be approximately £ 0.1 . The numerical aperture can be at least 0.35. The
aumerical aperture can be between 0.38 and .41, The core spacing can be 8.0 yum £ 0.5 pm.
The core spacing can be 8.0 gm £ 0.3 ym. The core spacing can be 8.0 pm + 0.2 pm. The
fiber optic bundle can include a core diameter of 3.0 pm £ 0.3 pm with a fluctuation in core
diameter of = (.1 pm o+ 0.3 pm, and a numerical aperture of at least 0.35, and the fibex

optic bundle having a core spacing of 8.0 um = 0.5 um. The nomerical aperture and the core
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spacing can depend on a wavelength of the coherent radiation source. The core diameter can
depend on the fiber size, the core spacing or the nomerical apertore.
{0021} In another exemplary embodiment of the present disclosure, a method can be
provided for tissue analysis, which can include, for example illuminating a first cylindrical
sectiond(s) of a lumen wall with coherent or partiallv coherent light by passing the light
through a facet(s) of a multiple-faceted pyramidal mirror, receiving light reflected from the
first cvlindrieal section of a lumen wall at the mirror, lluminating a second cylindrical
section(s} of & lumen wall with coherent or partially coherent light at a time different from the
first tuminating step by passing the hight through a second facet(s) of the multiple-faceted
pyramidal mirror, receiving hight reflected from the second cyvlindrical section of a lumen
wall at the nurror, receiving hight reflected from the mirror at a detector and forming series of
speckle patterns, and analvzing changes in the speckle patterns &t time intervals sufficient o
measure changes caused by microscopic motion of objects within the tissue.
{00221 According to a still further exemplary embodiments of the present disclosure, the
iHumination can occur by first dluminating cylindrical section of a lamen wall through erther
a single facet of the pyramidal mitror at a time, or multiple facets of the pyramidal mirror at
one time, where the facets are not adjacent to each other. The multiple faceted pyramidal
nurror can be a four-sided nurror and the cvlindrical section of a lumen wall can be
iHuminated through two non-adjacent facets simultaneously and then the evlindrical section
of a lamen wall can be huminated through the other two non-adjacent facets simoltaneously.
The multiple faceted pyramidal murror can be g six-sided mirror and the evlindrical section of
a hunten wall is dheninated through two or three non-adjacent facets simaltancously.
{00237 These and other objects, features and advantages of the exemplary embodiments of
the present disclosure will become apparent upon reading the following detailed description
of the exemiplary embodiments of the present disclosure, when taken in conjunction with the
appended claims,

BRIEF DESCRIPTION OF THE DRAWINGS
{0024}  Further objects, features and advantages of the present disclosure will become
apparent from the following detailed description taken in confanction with the accompanying

Figures showing iHustrative embodiments of the present disclosure, in which:
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{0025]  FIG. 1 is g set of exemplary images of a plaque and a color map of the plaque
according to an exemplary embodiment of the present disclosure;

{00626  FIG. 2 1s an exemplary speckle image according to an exemplary embodiment of
the present disclosure;

{00277 FIG. 3 is an exemplary graph illustrating g2(t) curves according to an exemplary
embodiment of the present disclosure;

{00281 FIG. 415 an exemplary graph dlustrating mean T for different plaque groups
according to an exemplary embodiment of the present disclosure;

{00291 FIG. 5 1s an exemplary graph itlustrating 7 values according 0 an exemplary
embodiment of the present disclosure;

{00307  FIG. 615 an exemplary graph ilustrating an estimation of the overall bulk modulus
of a necrotic core fibroatheroma as a function of fibrous cap thickness according o an
exemplary embodiment of the present disclosure;

{0031]  FIGS. 7A-7C are exemplary graphs tHlustrating the evaluation of spatial
heterogeneity by beam scanning according 10 an exemplary embodiment of the present
disclosure;

j0832]  FIG. 8 is an exemplary colormap lustrating depth imaging w a thin cap
fibroatheroma according 1o an exemplary embodiment of the present disclosure;

{00337 FIG. 915 an exemplary graph illustrating average plaque T measured via an
exemplary leached fiber bundle according to an exemplary embodiment of the present
disclosure;

{0034}  FI1G. 10 1s an exemplarv schematic of an exemplary [ILSO catheter according to an
exemplary embodiment of the present disclosure;

{0035] FIG. 1 is an exemplary image of an exemplary LY catheter sheath according 1o
an exemplary embodiment of the present disclosure;

j036]  FIG. 12 13 an exemplary schematic of an exemplary LSO procedure in a swine
xenograft model according to an exemplary embodiment of the present disclosure;

{0037} FIG. 13 15 an exemplary graph llustrating average 7 calculated for 3 plagque groups
according to an exemplary embodiment of the present disclosure;

{0038]  FIG. 14 is an exemplary graph illnstrating 7 calcolated in a swine using exemplary

PBO procedures according to an exemplary embodiment of the present disclosure;

9
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{0039]  FIG. 15 s an exemplary schematic of an exemplary motor drive assembly for
helical scanming according to an exemplary embodiment of the present disclosure;

{0040  FIGS 16A and 10B are exemiplary images and color maps of 7 over two NC
plaques according to an exemplary embodiment of the present disclosure;

{0041  FiGo 17A s an exemplary graph thustrating a 3D distiibution of mean penetration
depths collected over a catheter according to an exemplary embodiment of the present
disclosure;

[0042]  FIGS. 178 and 17C are exemplary colormaps illustrating cross-sectional
distributions along x and v of FIG. 17A according to an exemplary embodiment of the
present disclosure;

[0043]  FIGS. 18A and 18B are exemplary graphs illustrating spatial resolotion estimated
asing Monte-Carlo Ray Tracing according to an exemplary embodiment of the present
disclosure;

{0044}  FIG. 19 13 an exemplary OFDI image obtained daring visipagoee flushing according
to an exemplary embodiment of the present disclosure;

{0045]  FIG. 20A is an tmage of cross section of a leached fiber bundle sccording to an
exemplary embodiment of the present disclosure;

{0046}  FI1G. 20B is a schematic of fiber bundle in numerical calculations according 1o an
exemplary embodiment of the present disclosure;

[0047]  FIG. 214 is an exemplary image illustrating the amplitude of coupling coefficient
x between all the 19x7 modes according to an exemplary embodiment of the present
disclosure;

{0048}  FIGS. 2IB-21F are exemplary graphs illustrating the intensity of difterent order
modes of central fiber coupled to the corresponding modes of surround fibers with
propagation distance z for ist, 2ud, 6th, 9th and 10th mode respectively according to an
exemplary embodiment of the present disclosure;

{00491 FIG. 22A-22C are exemplary geaphs illusirating core spacing according o an
exemplary embodiment of the present disclosure;
]

INCIease as core $1ze ncrease, core spacing decrease and NA decrease according to an

0050]  FIGS. 22D-221 are exemplary graphs illustrating that the coupling strength can

exemplary embodiment of the present disclosure,;
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j0051]  FIGS 23A-23] are exemplary graphs and exemplary images iHostrating ustrate
how speckle pattern change with propagation distance due to ¢rosstalk between neighboring
cores according to an exemplary embodiment of the present disclosure;

{0052]  FIGS. 24A-24C are exemplary graphs illustrating the reduced change ot miensity
in each fiber of optical fiber bundles according to an exemplary embodiment of the present
disclosure;

{0053} FIGS. 25A-25C are exemplary graphs illustrating that the miensity in each core of
7 core structure can with propagation according to an exemplary embodiment of the present
disclosure;

j0054]  FIG. 26A 15 an exemplary image of a small region of an optical fiber bundle cross
section according to an exemplary embodiment of the present disclosare;

{0035]  FIG. 26B and 26C are exemplary recorded raw speckie images and #ts Fourier
transform according to an exemplary embodiment of the present disclosure:

{0056}  FIG. 26D is an exemplary image of a Fourter transformed speckle pattern
superposed by a Butterworth filter according to an exemplary embodiment of the present
disclosure;

{0057}

j00581  FIGS. 27A and 278 are an exemplary image and s corresponding exemplary
graph illustrating the notch filter according 10 an exemplary ernboediment of the present
disclosure;

{0059]  FIGS. 28A and 288 are exemplary graphs ilustrating the temporal response of the
total intensity of speckie patterns according to an exemplary embodiment of the present
disclosure;

{0060}  FIG. 29 is an exemplary colormap itlustrating the spatally smoothed speckle
pattern average over time according to an exemplary embodiment of the present disclosure;
{0061} FIG. 30A 15 an exemplary image of an exemplary speckle pattern with pixelation
artifact removed according to an exemplary embodiment of the present disclosare;

j0062]  FIG. 30B is an exemplary graph tlustrating the antocovariance curves of speckles
within small windows according to an exemplary embodiment of the present disclosure;
{00631 FIG. 31A is an exemplary image of an acrylamide gel phantom m a 3D printed

mold according to an exemplary embodiment of the present disclosure;
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j0064] FIG 31Bisasetof 8 Tmaps of gels A, B, B, and C from FIG. 31A accordmg to
an exemplary embodiment of the preseat disclosure;
{e6s]  FIG. 31C 1s an exemplary image of swine aorta with butter mjected 1 between the

aorta layers according to an exemplary embodiment of the present disclosure;

{#066]  FIGL 31D is a set of the two longitudinal stitched 1 maps of a tube gecording to an

exemplary embodiment of the present discloswre;

{0067]  FIGS. 32A-32C shows ilustrations of an example of wrapping 2D time constant
maps onto a eylinder to form a eylindrical view of the time constant maps according 1o an
exemplary embodiment of the present disclosure;

[0068]  FIGS. 32D and 32F are exemplary colormaps of a speckle intensity pattern and the
retrieved phase pattern nsing the exemplary 2D Hilbert transform according to an exemplary
embodiment of the present disclosure;

j0069]  FIG. 32F is an exemplary image illustrating locations of the optical vortices
according to an exemplary embodiment of the present disclosure;

{0070 FIG. 32G 15 an exemplary graph tlustrating speckle intensity antocorrelations for
two different speckle sequence according to an exemplary embodiment of the present
disclosure;

{0078  FIG. 32H 15 an exemaplary graph ilfastrating the focations of the optical vortex at
different speckie frames for the fast varying speckle sequence according to an exemplary
embodiment of the present disclosure;

{0072 FiG. 321 15 an exemplary graph illustrating the locations of the optical vortex at
different speckle frames for the slow varying speckle sequence according to an exemplary
embodiment of the present disclosure;

{0073} FIGS. 33A-330 are exemplary images of exemplary patterns according to an
exemplary embodiment of the present disclosure;

{0074]  FIG. 34 is an image of an exemplary speckle pattern according to an exemplary
embodiment of the present disclosure;

{0075]  FI1G. 35 1s an exemplary image of an exemplary colonmap according to an

exemplary embodiment of the present disclosure;

12
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{0076]  FIG. 30 is an exemplary schematic iHlustrating an exemplary mechamsm for the
displacement of blood during imaging according to an exemplary embodiment of the present
disclosure;

{0077 FIG. 37 13 an exemplary image of exemplary M-mode OFDI according to an
exemplary embodiment of the present disclosure;

{0078]  FIGS. 38A-38L are exemplary schematic diagrams of exemplary catheters
according to an exemplary embodiment of the present disclosure;

{06791 FIGS. 39A-39H are exemplary images of exemplary laser spots according to an
exemplary embodiment of the present disclosure; and

j0080]  FIG. 40 is an illustration of an exemplary block diagram of an exemplary system in
accordance with cerfain exemplary embodiments of the present disclosare.

{0081}  Throughout the drawings, the same reference nomerals and characters, unless
otherwise stated, are used to denote bike featwres, elements, components or portions of the
itlustrated embodiments. Moreover, while the present disclosure will now be described
detail with reference to the figures, #t is done so w connection with the iHustrative
embodiments and i3 not limited by the particular embodiments illustrated in the figures and

appended claims.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

{06821 One exemplary object of the present disclosure can be to provide, for patient use,
an optical system and methed that can be termed Intracoronary Laser Speckle Imaping
(“ILSTTY, which can evaluate plaque viscoelastic properties, known {o be mtimately hnked
with the risk of coropary plague rupture. It has been determined that plague rupture can
occur when the atheroma, with severely compromised viscoelastic properties, can fail to
withstand stresses exerted upon it. Theretore, an important ability of an ILSI exemplary
system and method, according to an exemplary embodiment of the present disclosure, can be
to evaluate plaque viscoelasticity, to facifitate an improved understanding of plague stabulity,
and advance chinical capability for the detection of vulnerable plagues with the highest risk of
rupture i patients.

{00831  The exemplary ILSI technology., according to an exemplary embodiment of the

present disclosure, can be based on an exemplary laser speckle approach. For example, laser
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speckle, @ grainy pattern formed by the interference of laser light scattered from tissue, can be
dynamically modulated by endogenous particalar Browsnian motion governed by the
mechanical susceptibility of tissue. It has been previously demonstrated that the time scale of
speckle modulations, defined by the speckle decorrelation time constant, can provide a highly
sensitive metric of viscoelasticity that can be closely related with plague composition and
mechamcal moduli. Given the potential impact of ILS! in measuring a key mechanical
metric of plaque stability, # can be possible to utilize the exemplary 1.8 systems and
methods for evaluating coronary plaques in patients. The large size (e.g., approximately

1. 5num), and Hmited point sampling capability of existing ILS] devices, however, can render
it less than optimal for human use. Therefore, # can be possible to provide g mimaturized
YL.ST catheter for human use which can facilitate scanning of the entire circumference and
length of the coronary artery to evaluate maps of arterial viscoelasticity distribution.

Exemplary Object 1: Provide ILSI Catheter And Console Suitable For Human Use

j0084]  The exemplary ILST technology can utilize a miniaturized intracoronary catheter
{e.g., < L0 num) to acquare speckle images from the artenial wall, The catheter can be
interfaced with a high-speed console to facilitate helical scanning of the coronary artery.
Speckle analysis and visualization procedures can be implemented to reconstruct cylindrical
maps of arterial time constants over the circumference and length of coronary segments.
Performance benchimarks including catheter size and mechanical characteristics, imaging
time and spatial resolution can be optimired and verified 1n buman cadaveric bearts. The
exemplary ILSI catheter performance can be evaluated in living swine using a human 1o
swine coronary graft model to facilitate imaging of human coronaries under physiologic
conditions.

Exemplary Object 2: Indicate Safetv And Feasibilitv Of 11L.8] Technologv In Patients

{0085]  Regulatory procedures mvolving catheter evaluation, biocompatibility testing, laser
exposure evalaation and safetv studies in hving swine can be performed in preparation for

hospatal IRB and FDA applications to conduct climieal studies. 1SO 10355 requirements can

be followed to fabricate sterile, single-use catheters in a controlled, Class 10000 GLP clean

room facility at the Wellman Center. Following regulatory approval, ILST can be conducted

i 20 patients undergoing percutaneous coronary intervention. Cylindrical maps of anterial

14
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mechanical properties measured by ILST can be registered and correlated with microstructural
information obtamed using intracoronary OFDL

{00686]  The exemplary TLSI can provide a teol 1o significantly advance current scientific
understanding of vuluerable plague wstability in patients. It can also provide a powerful
diggnostic role within a comprehensive clinical paradigm of AMI management to facilitate an
identification of plaques with the highest risk of rupture for treatment prior to adverse events

in patients.

EXEMPLARY STRATEGY

{0087]  Exemplary Vulnerable plague detection: AMI, frequently caused by the rupture

of valnerable coronary plague, claims more hives worldwide than cancer, accidents and AIDS
combined. Autopsy studies reveal a type of plaque, the thin cap fiutopsy stud ("TCFA™)
implicated at the site of culprit thrombi in »70% of patients who have succurabed to AML
{see, e.g., References 1 and 2), TCFA’s can be most frequently found within the proximal
approximately S cm of the major coronary arteries and can be hustologically hallmarked by
the presence of a thin fibrous cap {e.g., < 65um), rich n macrophages, overlving a large
necrotic lipid pool. {See, e.g., References 1-5) A nomber of technologies such as optical
coherence tomography {COCT™), virtual histology intravasenlar ultraseund ("VH-IVUS™),
computed tomogeaphy ("CT7), angioscopy and near infrared spectroscopy (“"NIRS™) have
been investigated m patients to evaluate key morphologic featares such as fibrous cap
thickness, plaque burden, caleific nedules and lipid content. (See, e.g., References 6-26) An

unportant challenge, however, 1 wdentifvine plagues with the highest risk of ruphure in

patients can be that plagues with similar valnerable morpholovic features do not all possess

an equal likelihood of rupture. For example, i 70% of patients dving from AMI, multiple

TCFA's can be found without rupture at sites remote fiom the culprit plaque and 1 non-
culprit arteries (see, e.g., Reference 2} and can appear with similar frequency 1 stable
patients with asyraptomatic coronary artery disease ("CAD™). (See, e g, References 2, 27~
28). Moreover, in approximately 20% of cases, plague rupture can be observed in necrotic
eore ("NCT} lesions with thicker fibrous caps (e.g., >100gm), intra-plagoe hemorrhage or
calaific nodules. {See, e.p., References 2, 28, 30-31). These findings call into question the

current detection paradigm that relies entirely on morphologic criteria, and highlights, the

-~
T



(941

10

S
¥4

3
(¥4

30

WO 2014/205256 PCT/US2014/043245

need to augment morphologic findings with important swrrogate metrics, such as mechanical
metrics, m order to accurately evaluate the nisk of plaque rapture. {(See, e.g., References 1
and 2.

{0088} Knowledge of mechanical metrics can be nuportant to accurately determine the
risk of plaque rupture. The atheroma can be viscoelastic in nature, exhibiting both Hquid
{e.g.. viscous) and sohid {e.¢., elastic) behavior. During the pathogenesis of atherosclerosis,
from lesion mutiation to rupture, the viscoelastic properties of the plague can be altered by a
complex milieu of hemodynamic and biochemical processes. The ultimate event of plague
rupture can be a omechanical fathure that can oceur when a plague with severely
compromised mechanical properties can be unable to withstand loads exerted on it {see, e.g.,
References 32-41). Therefore, in order to identify plagues with the highest risk of rupture, it
can be important to complement morphologic intormation provided by current techaologies
with knowledge of viscoelastic properties.

{00897  Current knowledge of plaque viscoelasticity however can be lumited as it can
largely be dertved from ex vivo mechanical testing of cadaveric and amimal anteries. These
measurements can provide only a retrospective snapshot of bulk properties, limiting the
understanding of how mechanical metrics can be altered doring the plague remodeling in
vivo., Therefore, important estimates of plaque viscoelastic properties predisposed to the final
gvent of rupture can be currently waknown, Crucial questions remain on how current
knowledge of plaque mechanical stability translates in vivo, restricting the opportunity for
accurate detection of high-risk vulnerable plagues in patients. Together, these factors can
highlight a tmportant barrier n the field: the ability to detect plagues with the hughest risk of
rupture can be significantly hindered by the absence of tools for the mechanical
characterization of coronary plagues in patients.

{0090}  An exemplary embodiment of an HLSI systens and methed according to the present
disclosure can be provided for a clintcal use that can be used to evaluate the viscoelastic
characteristics of coronary plaques i patients. The exemplary ILS systems and methods can
measures plaque viscoelasticity by utihizing an exemplary laser speckle approach developed
in a laboratory, which can interrogate the ensemble Brownian motion dynamies of hight
scattering particles intimately linked with the micromechanical behavior of the atheroma.

The exemplary [LST systems and methods can measure an index of viscoelasticity defined by
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the speckle decorrslation time constant { 7 § that can be highly sensitive to minute alterations
i the viscoelastic properties of the atheroma {e.g., Section (). (See, e.g., Relerences 42-46).
The exemplary ILST svstents and methods can provide an improved understanding of human
CAD and advance clinical capability to detect plagues with the highest risk of rupture in
patients as discussed below.

{0091} Exemplary Understanding of CAD by ILSE: The exemplary HL.S1 technology can

provide important mechanical metrics implicated m plagque instability i animals and patients.
The mintaturized L3I catheter {(e.g., < 1mm) can facilitate evaluation of small coronary
vessels and fow himiting lesions. The reconstraction of 2D maps (e.g., FIG. 1) can provide
knowledge of viscoelasticity distributions over the circumference and length of the coronary
vessel. The capability {0 evaluate depth-resobved 3D nformation at high spatial resolutions
(e.g., approximately 100 qum) can be provided to facilitate an important understanding of the
mechamcal properties of the hipid pool and fibrous cap in NC plagues of hughest chimcal
relevance. The superior sensitivity of the exemplary ILSI systems and methods described
herein to minute alterations i viscoelasticity can be utithzed for plague remodeling during the
natural history of coronary atherosclerosis leading to rupture. It can be known that in early
lesions, nflammatory processes can influence the accumuliation of low viscosity hipid. (See,
e.g.. References 47 and 48). In advanced plaques, apoptosis of foam cells and intraplaque
hemorthage can result i large necrotic ipid pools of further reduced viscosity. (See, e,
References 49 and 30). Furthermore, lipid pool viscosity can also be influenced by
cholesterol, phospholipids and triglyceride content. (See, e.g., Reference 50). ILSI
measurements of lipid pool viscosity can provide wsights on the load bearing properties of
the atheroma, and can offer a likely explanation for why TCFAs do not all possess the equal
likelihood of repture. The mechanical properties and morphology of the fibrous cap can be
radically altered by a net redaction in collagen content that can oceur doe to an imbalance m
collagen proteolysis by matrix metaltoproteinases ("MMP™) and synthesis due to apoptosis of
smooth muscle cells. {See, e.g., References 31-53). ILSI can provide knowledge of
important estimates of fibrous cap viscoelasticity related with the final event of plague
rupture.

j0092]  Finite element ("TE™) studies of coronary cross-sections derived from histology

sections, or IVUS and OCT images can show that peak stresses associated with plague

3
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rupture can be dependent on the geometry and viscoelastic properties of the fibrous cap and
Iipid pool, and plague rupture can become mminent when the peak stress m the plagque
surpasses an imporiant amphtade. {See, e.g., References 32-41, 54 and 55). Precise
measwrement of peak siress amplitades predisposed to rapture needs accurate estimates of the
viscoelastic properties of plague components in situ. ILSI can help address this challenge;
combining FEA approaches with ILSI maps of viscoelasticity distributions can provide a
powerful new method for accurate evaluation of peak stress in sttu.

{0093]  The spontancons rupture of coronary plaques leading 1o AMI can be unique in
human CAD. Because there can be no realistic anmal models available that can minse ths
event under physiologic conditions, many key hypotheses that relate mechanical metrics with
the final event of plague rupture can only be best stadied 1n haman patients. Exemplary
emboduments of the present disclosure address this challenge by providing translating 1LS1
for use in patients,

{0094}  The exemplary ILSI systems and methods can be used for the detection of
vulnerable plaques 1o patients at risk for AMI Recent clinical studies show that 10% of
patients undergoing PCI and statin therapy following the first acute event develop a second
adverse event due to plaque rupture within 3 vears. {See, e.g., References 56 and 57). The
exemplary [LS] systemns and methods can be used by interventional cardiologists to detect
potential plaques such that a second major adverse event can be prevented. Thus, over
100,060 people annually in the USA alone can benefit by ILSI screening.

{0095}  In order to reduce mortality due to AMI m the general population, new
preventative paradigms for AMI management can be realized. These exemplary paradigms
can use a comprehensive screening strategy to identify at risk patients and detect high-risk
vulnerable plagues m these patients such that they can be treated prior to AML Non-iyvasive
mmaging of the coronary tree using computed tomography {("C17) and magnetic resonance
mmaging (“MRI”) approaches can be important in identifving asymptomatic patients at
highest nsk of AML (See, e g, References 58 and 59). These approaches, however, lack
sufficient sensitivity and resolution to evaluate mechanical and morphological characteristics
to detect vulnerable coronary plagues. A second level of intracoronary screening using LN
can be used to evaluate plaques with compromised mechanical stability hikely to cause AMI

in asymptomatic patients at risk.
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{0096]  Furthermore, the exemplary ILSI systems and methods elegantly can be used for an
integration with other intracoronary technologies such as optical coherence tomography
{“OCT™y and optical frequency domain imaging (“OFDI™) or intravascular yltrasound
{(“IVUSTY, (see, e.g., References 60-62)see, e.g., Reference 57} to render powerful
approaches that can place mechanical findings within a morphologic context for a composite
evaluation of plague stability.

{0097}  Further, treatments for stabilization, including low force self-expanding and bio-
absorbable stents, vascular tissue implants, stem cell and photodynamic therapy, can be
developed by a number of companies and groups. These therapentic interventions can uitlize
diggnostic tools for the accurate diagnosis or determunation of rupture-prone coronary
plagues prior to freatment.

Brief Description of Exemplary ILSI Systems and Methods

{0098] 1t can be umportant to provide a tool {0 evaluate the viscoelastic properties of
coronary plaques in patients, IVUS-based elastography has been developed to measure
plague strains in response 1o ntra-lununal stress. However, evaluation of plaque viscoelastic
properties can be intractable using this approach. (See, e.g., References 63 and 64), While
recent studies have utilized inverse methods and deformable curves to reconstruct Youag's
modult from elastography stram maps, the approxumation of Hnear elastic behavior by these
methods can restrict sccurate evaluation of the load bearing properties of viscoelastic tissne
components and fow viscosity hipid pools. It can be possible to apply elastography
approaches to QCT to provide higher resolution for strain estimation relative to IVUS. Loss
of OCT signal in lipid rich tissue, however, can preclude stram assessment m NC plagues,
thus significantly lmiting clinical utility 65-67 There are no knowsn techniques that can
evaluate the viscoelastic properties of coronary plagues in patients.

{0099} The following benefits can be provided by the exemplary ILST systenss and
methods: 1) a measurement of plaque viscoelasticity that cannot be accomplished by any
other previoasly known technique. 2) facilitation of a chnical grade 1LSI device for use in
patients. 3} The use of the exemplary ILST device in human translation.

{00100}  The exemplary ILS! device can facilitate a comprehensive screening of the arterial
circumference over long coronary segments to evaluate plague viscoelasticity maps at spatial

resolution approximately 100um. It can be possible to provide an exemplary mintatorized
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ILST catheter {e.g., 2.4-3.0 F) including one or more low cross-talk fiber bundies with
sufficient motion tolerance 10 evaloate the coronary wall in vive. To achieve capability for
helical scanning, it can be possible to provide an exemplary optical rotary junction and motor
drive assembly that can couple and recerve hight from multiples cores of the fiber bundle
while simultaneously rotating and translating the catheter during imaging. In order to
facititate a collection of arterial speckie decorrelation information, a programmable stepper
motor can be utilized to encode and transimit forque to the catheter in discrete increments,
which can facilitate sufficient sampling of the corenary circumference at a rotational rate of
approximately 1Hz. The exemplary ILSI device can utilize a high-speed complementary
metal oxide semiconductor ("CMOS™) camera {e.g., 2kHz frame rate) to obtain 7
measurements over very short time scales {e.g., 25 ms) over which the mfluence of fow
frequency arterial deformations induced by cardiac {approximately 1Hz) or respiratory
{approximately 0.2 Hz) motion can be largelv mitigated. Using this exemplary approach,
ILSI measurements can be accomplished without the need for electrocardiogram ("EKG™)
gating in vivo,

{00101}  The exemplary ILSI device does not need aprion approximations on plague
geomnetry of loading conditions to measure viscoelasticity, therefore, automated LS analysis
can be rapidly accomplished rendering ease of use in the catheterization suite. Cyhndncal
2D maps of plaque viscoelasticity can be provided from ILSI data to measure the influence of
spatial heterogeneities. Exemplary methods can be provided that can utilize g spatio-
temporal speckle analysis in conjunclion with Monte Carlo models of Hight propagation to
provide a new technigue for depth-resolved ILSI in NC plagues in vive. By combining
cucamierential scanmning with depth-resolved ILSI, the complete 3D determunation of plaque
viscoelasticity distributions can be achieved at selected sites to furnish information on the
load bearing properties of the lipid-pool and fibrous cap. Because ILSI measorenments can be
based on phase shifts of multiply scattered light caused by minute scatterer displacements,
this exemplary techmique can be highly sensitive to small changes in plague viscoelastic
properties, and can render high precision for the evaluation of lipd pools.

j00102] 1t can also be possible to provide a chinical translation of the ILSI technology

according to an exemplary embodiment of the present disclosare.
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Exemplary Approach

{00103] Exemplary Overview of Approach: 1LSI can be based on an exemplary laser

speckle approach that has been developed to evaluate the viscoelastic properties of tissue,
{See, e.g., References 42-45, 65 and 63-70). For example, laser speckle {e g, FIG. 2), (see,
e.g.. Reference 71) a grainy intensity pattern that occurs by the interference of coherent light
scattered from tissue, can be modulated by the Brownian motions of endogenous particles
within tissue. In can be well known that the extent of particular Brownian motion can be
intimately related with the micromechanical susceptibility of the medium, and particles can
exhibit larger motions when their local environment can be less viscous. {See, e.g.,
References 72-74). Consequently, in an atheroma due to the low viscosity of lipid, scatterers
can exlubit rapid Brownian motions, eliciting rapid speckle intensity fluctuations compared to
stiffer fibrous regions. The extent of speckle fluctuations can be quantified trom the speckle
decorrelation curve, g2(1), which can be obtained by calculating the normabized cross-
correlation coefficient over a time series of laser speckie patterns {e.g., FIG. 3). The rate of
speckle modulation given by the speckle decorrelation time constant, T _can provide a highly
precise index of plague viscoelasticity that can be closely related to plague composition and

viscoelastic moduli. (See, e.g., References 42, 46)

{00104] (3 Plague Characrerization, Studies have been conducied to demonstrate the

capability of LS for evaluating the index of viscoelasticity, 7 in cadaveric plagues.™ Time-
varying speckle patterns were obtained from approximately 100 anenal samples using a
Helium Neon source {(e.g., 632 nm) and a CMOS cammera to evaluate g2¢0). The time
constant, 7 was measured by exponential fitting of g2¢0) for each plague (e.g., FIG. 4).
Exemplary results show that T ¢4 provide highly sensitive discrimination of plaque type
{e.g., p=0.0601). In particular, LS can demonstrate exquisite sensitivity (e.g., 100%) and
specificity {e.g., 92%) for discrimingting the viscoelastic properties of TCFAs (e.g., 7=
43ms} due to rapid particular Brownian motion within low viscosity Hpid pool {e.g.,
p<0.0001). Similarly, stiffer fibrous and fibrocalcific lesions can elictt significantly larger 7

values {e.g., p<0.001}).
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{00105] (1) Exemplare Relationship between T and plague composition; Since viscoelastic

properties can be highly dependent on composition, 7 showed high correlation with plague
cotlagen content {e.g.. R=0.73; p=~0.0001) and consequently with cap thickness (e.g., R=0.87;
p=0.001). {See. e... Reference 42). Given the low viscosity of lipid. a strong negative
correfation {e.g., R=-0.81; p<0.0001) between T and hipid content was observed. These
exemplary results demonstrate that LS can measure an index of viscoclastieny, 1, closely
related with compositional metrics associated with plaque stability.

{00106] (1) 7_and viscoelastic modulus: In order to demonstrate the poteatial of LN in

estimating the viscoelastic properties of samples, the relationship has been evaluated between
the modulus of viscoelasticity, G, measured by mechanical testing and L8 time constant, 7,
nsing {2} homogenons gels, and (b) atherosclerotic plaques. In the present disclosure, the
term, “bulk” modulus, G, can be used to define the overall modulus which mtegrates over the
sample volume.

{00107} (a) Homogenous gels: 1.8 was performed on collagen, PDMS, PEG and Matrigel

substrates of varying concentrations. Corresponding mechanical testing measurements were
performed on all samples asing a strain-controlled rheometer {e.g.. ARG2, TA Instruments
Inc., MA) 1o measure modulus G, The samples were loaded between the parallel plates of the
rheometer and an oscillatory strain {e.g., 1%) was applied over a frequency range of about
0.1-53Hz. High correlation between 7 and G (e.g., R=0.92 p<.001} was observed over the
linear frequency range in all samples. These results confirm that T o4p provide a highly
accurate estimate of sample viscoclastic properties (e.g., FIG. 5). To evaluate the
measurement senstiivity of LSI, time lapse measurements of 7 were compared with G valoes
measwred duning slow caring of PDMS gels over 24 howrs. High correspondence between T
and G was observed {e.g., R = 0.95, p=0.01), confirming the high sensitivity of the LS
approach to changes in viscoelastic properties of the sample.”™

{00108] (b)) drteriad plague studies: LS was conducted by averaging 7 values over 3mm

disks of aortic sites, histologically confirmed as caleific, fibrous and Hpid-rich. Mechanical
testing was performed as above, which revealed distinet 7 values between plague groups:
2.27x 107 Pa {calcific), 3.63x107 Pa {fibrous) and 2.23x20° Pa (NCEA). Analysis of variance
{“ANOVA”) tests showed statistically significant differences in 7 for the plague types {e.g.,

p<0.001). These values also correspond with previousty published reports. (See, e.g.,
22
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Reference 76). For all plagues, T correlated well with G (R=0.97, p<0.001), establishing the
close relationship between Tand plaques viscoelastic properties, and suggesting that Tagp
provide a key metric related to the mechanical strength of the plague.

Exemplary Influence of spatial heterogeneities:

[00109] (i) Modeling Studies: To evaluate the mfluence of structural parameters on the bulk

modulus, a plague was modeled as a multtlayered oylinder of thickness, L. and viscoelastic
maodulas, G, For the purpose of this model, it can be assumed that viscoelastic modulus, G
G {elastic modulus), supported by previous reports. (See, e.g., References 76 and 77).
Given its clinical significance, it can be possible to consider a NUC plaque with a fibrous cap
and NC of thicknesses L1 and 1.2, and moduoli Gl and G2, loaded between the parallel plates
of a theometer. The twisting moment M applied by the rheometer can be determined by the
distribution of shear stresses mtegrated across the plague. (See, e.g., Reference 50). By
eqgoating M with the polar moment of inertia and the angular displacement of the sample, @t

can be possible to deduce the expression, for example:
G = o S (H

{00110] Eqn. (1) shows that the overall bulk modulus of the plague can be related to the
thickness and viscoelastic modulus of each layer. Egn. (2) below can be applied to evaluate
the relationship between the bulk modulus G and Hibrous cap thickness in g NC plaque, using
previousty reported values (see, e.g., Reference 76) of G1 = 496 kPa, and G2 = 222 kPa, for
fibrous and bipid rich tssue and can evaluate the influence of varying fibrous cap thickness
{e.g., 0-300 um) on bulk G {e.g., FIG.3). This exemplary model can be also extended to
include multiple layers of varying depth-dependent viscoelasticity by using the following
exemplary generalized equation:

% @

{5 " (;}
{00111} These studies indicate that the fibrous cap thickuess can greatly infhuences the
overall bulk viscoelasticity of the plaque {e.g., FIG. 6, and also indicate that the
measurement of bulk viscoelastic properties can provide a key metric closely related with

plagque stability,

)
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{00112} (i) Laterad scanning in LSI To evaloate the capability of LS in measurimg

heterogeneities, laser speckle images of plagques were obtamed by scanning the He Ne spot at
300um increments and the spatial distribution of 7 was measwred. Figure 7 demonstrates the
lateral variation of Tas a function of beam location. As the beam was scanned across each
leston, T varied significantly depending on tissue type: T was low {e.g., 20 — 50 ms) in the
low viscosity NC regions {e.g., FIG.7A} and higher in the stiffer caleific (e.g., approximately
2200 ms i FIG.7B) and fibrous (e.g., approximately 800ms in FIG.7C) regions. Sinularly
20 maps of the spatial 1 distributions were obtained by beam scanning over the region of
mterest ("ROD™) (e g, FIG. 1), to facilitate a detection of heterogeneities such as cakeific
nodules and lipid pools to facilitate comprehensive coronary screening.

{00113] (80 Depih-dependent heteregeneities: Due to the diffusive properties of light
propagation in tissue, photons returning from deeper regions have a higher probability of
remittance farther away from the iHlumination location. ™! In such publications, 7 was
computed over the entive speckie pattern. Therefore, Brownian motion was integrated over
all optical depths and information about tissue heterogeneity was lost. By combining LS
with an exemplary Monte Carlo analysis of light propagation, depth information can be
obtained. (See, e.g., Reference 43). In this study, the capability to measure fibrous cap
thickness was demonstrated by analvzing varigtion in T as a funciion of radial distance, p,
from the iHumination location i each speckle image. Fibrous cap thickness estimates
obtained using this method, were highly correlated with Histologic measurements {e.g., FIG.
8). These findings indicate the potential of obtaining depth information using LS, which can
be further explored for in vivo intracoronary use in the current proposal.

Exemplary Intracoronary 1LSI1

Exemplary 1LS] catheter construction and testing

{00114] (1) Fiber bundle selection: Optical fiber bundles form an important part of the

exemplary L3I catheter to transmit speckle patterns. One challenge can be that speckle
modulation can be influenced by mter-fiber light leakage (e.g., cross-talk} which can likely be
exacerbated during motion. A stady™ was performed to investigate the influence of motion
on the diagnostic efficacy of fiber bundle based LSI in 75 artenial plagues, while cvclically

modulating the flexible length of the bundle to mimic cardiac motion and tortuosity. A

variety of fiber bundies were tested. The bundle with the highest motion tolerance was
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selected as having the (a) highest correlation, {b} lowest error, and (¢} mimimal statistically
significant difference in measuring plaque 7 values under stationary and moving conditions.
Low cross-talk feached fiber bundles provided the best motion stability {e.g., SCHOTT, Inc.),
likely due to the manufacturing (e.g., Isaching) process which can result in large separations
between fiber cores and reduced cross-talk. (See, e.g., Reference 44). In particular, the
leached bundle with the smallest partial core size of gpproximately 0.36 (e.g., core area +
fiber area) provided the best results for the above three criteria (e, FIG. 9). Based on these
findings, mimsturized leached fiber bundles wiath fow partial core sizes {e g, <0.4} can be
meorporated in the clinical-grade ILS catheter proposed i this grant.

{00115] (i) Exemplary 1L catheter: An exemplary ILSI catheter (e.g., dia=1.57mm} can

be provided that can inchude an inner optical core and custom-designed external sheath.*® The

optical core (e.g., FIG. 10) can consist of an optical fiber to iHluminate the anterial walt and a
leached optical fiber bundle to collect arterial speckie patterns. The exemplary design of the
catheter distal optics for light deliveryv and speckie image wansmission was optumized using
ZEMAX (e.g., ZEMAX Development Corporation) for an approximate 500 gm field of view
{"FOV™}, The optical elements {e.g., GRIN lens, polarizer and mirror) were assentbled at the
distal face of the fiber bundle within a clear tube (e.g., FIG. 10} and the proxamal bundle face
was imaged via an objective lens and CMOS camera. To bouse the optical core, it can be
possible to use a double-lumen catheter sheath {e.g., FIG. 11). Since blood presents an
impediment to mitracoronary optical approaches, the sheath can include an occlusion batloon
which can facilitate the companison of the effectiveness of proximal balloon occlusion
(“PBO7) with Hlushing technmiques during the exemplary ILS] procedure. The sheath can also
have radic-opagne marker at the distal end for fluorescopic guidance and @ rapid exchange
gutdewire port. The catheter performance in evaluating cadaveric plaques was compared
with free-space LSI high corvelation (e.g., R =0.79, p=0.01) was attained between ILSI and
free space 7 measurements. For in vivo testing, the catheter was mterfaced with a portable
console for mtravascular evaluation in the aorta of a hving rabbit. Distinct differcaces in
arterial 7 measured at normal aortic and stented sites confirmed in vivo feasibility. {See
e.u., Reference 46).

Exemplary Feasibility of intracorenary L.S1 in living swine

.
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j00116]  The feasibility of ILS] has been reviewed for coronary evaluation i vive, and 1o
determine the mfluence of cardiac motion, and blood displacement approaches.

{00117] (1) Human to swine coronary xenograft model: Exemplary choice of animal model

can be motivated by two key requirements: {1) feasibility of ILSI can be best tested on human
coronary disease, and (2} testing must be performed under conditions that mimic human
cardiac physiology. This medel has been previously described to test intracoronary optical

technologies. (See, e.g., References 82 and 83}, Cadaveric hearts (e.g., N=3) from patients

who died of AMI were obtained (c.g, NDRIY. LAD and RCA coronaries (e.g., proximal 5
cm) were prosecuted and side branches ligated. Corenary grafts were marked with India mk
on the adventitial side to identify discrete sites for co-registration with Histopathology, In
anesthetized swine {e.g., N=3), the chest was opened, the grafts were sutured on the beating
swine heart, and blood flow was redirected through the graft via an aorto-atrial conduit. A
total of 24 discrete sites in 6 grafts were evaluated using 1LS] 1 3 hiving swine.

j00118] (i) Exemplary ILSI procedure: A portable console was developed, which

incorporated a Hehuwm-Neon source (e.g., 632nm, 30mW) and a CMOS camera to capture
speckle mages at frame rate approximately 1kHz {e.g., S12x512 pixels). The LS catheter
was manuatly advanced under fluoroscopic guidance over & guide wire via the left carotid
and to each discrete lesion by co-registering the ilumination spot with the vistble India mk
mark on the artery. Prior to imaging, the proxamal neclusion balloon was engaged while
flashing with Lactated Ringers ("LR”} to ensure that blood did not re-enter the FOV. To
evaluate the influence of cardiac motion, acquisition of the frst speckle image was triggered
on the R-wave of the swine EKG signal, followed by asynchronous acquisition of subsequent
frames over approximately 3 cardiac cveles. Following the exemplary 1LSI procedure, the
swine were sacrificed, and the grafts explanted and processed for Histopathological
evaluation. Plagues (e.g., N=24} were diagnosed as lipid pool {e.g., n=3), pathological
mtimal thickening ("PIT™) (e.g., =7} and fibrous (e g, n=14) plaques. (See, e.g., Reference

1} ILSI analysis was performed as detailed below.

j00119) (i) Influence of cardiac motion; 1n order to achieve clinical viability in patients,

the H.SI technology can facilitate rapid coronary screening while retaining adequate motion
stability over the cardiac ovele. While EKG gating can be implemented o mitigate the

mfluence of cardiac motion, this approach can add significant time to the imaging procedure.
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Instead, a non-gated approach can permyit rapid imaging of long coronary segments
factittating the use of the ILS! device in patients. The studies below were performed to
mvestigate the influence of cardiac motion gnd compare EKG-gated versos non-gated 1ILSI
measurements.

{00120 Toevaluate the EXG vating approach to conduct ILSY, the 1 value for each plague

was calculated at the mid-diastole phase of the cardiac cyele (e.g., approximately 600 ms

after onset of R-wave). To evaluvate the non-gated approach. the 1 value for each plague was

compuied ai a time point dering the cardiac cycle that was randomly selected by software.
For both cases, T was calculated by exponential fitting of 30 ms of the initial decorrelation of
the g2t} curve. FIG. 13A shows an exemplary illastration of the average 7computed for the
plague groups using the EKG-gated and non-gated approaches, and the results of the pairwise
comparisons between plague groups are shown in FIG, 13B. Using both approaches,
differences in 7 between the three plaque groups were highly significant. Demonstrating
that plagque viscoelasticity could be well distinguished even under conditions of cardiac
motion. This can be because sufficient motion stability can be achieved by emnploying rapid
image acquisition rates (e.g., 21kHz) using a bigh speed CMOS detector to measure laser
speckie fluctuations over very short time scales. In vive plague time constants were about
<28ms {e.g., FIG. 13), indicating that imaging durations of about 25 ms can sufficiently
enable plague discrimination. Given the low frequency of cardiac motion {e.g.,
approximately 1Hz) relative to the high rate of speckle decorrelation over short time scales,
ILSI can be conducted during the cardiac cyvele without the need for EKG gating. A key
result can be that differences in T measured within the same plaque group using the two
exemplary approaches were not significantly different {e.g., FIG. 13A). This can
demonstrate that non-gated ILST works just as well as EKG-gated 118! m vivo, From the
results of this study, it can be possible to infer that: (a) an imagmg duration <23ms can be
sufficient to measure speckle decorrelation for plague evaluation n vivo, and (b) ILSI can be
conducted in vivo without EXG-gating.

{00121]  (iv) Intracoronary flushing: Similar to other intravascular optical techniques, in

ILSI the presence of blood can hinder imaging.  Proximal balloon occlusion {"PBO™) and
purging with flushing media can be two exemplary methods routinely nsed in conjunction

with angioscopy and OCT to displace blood during the imaging procedure. (See, e.g.,
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References 19 and 613, While PBO can routinely be emploved in Japan, the nsk of ST-
segment elevation can vt the widespread adoption of this method in the USA. Instead,
flushing with contrast agent {e.g., Visipaque) or Lactated Ringers (“LR™) solution can
routinely be used as a safe altemative during imaging.™ Therefore, in order to assess
feasibility of ILSI for patient use, studies were conducted in native coronanes of living swine
to compare PBO and flushing approaches as detailed below.

{00122]  (a) Balloon occlusion versus flushing in living swine: A 3num coronary stent was

deployed into the native LAD of anesthetized swine, and LS was conducted at normal
arterial sites, and within the stent, while the proximal occlusion balloon was engaged. The
batloon was then disengaged, and the sites were evaluated in conjunction with g 30 cc
Visipague flush. Using both PBO and flashing approaches, differences in 1 between the
normal unstented and stented sites were highly significant {e.g., p<0.01), demonstrating that
ILST can be conducted using either of the two exemplary approaches to displace blood during
mmaging. In addition, differences 10 v measured within the same location with both PBO and
flushing were not significantly different (e.g., FIG. 14). This can demonstrate that 1LS1 can
be conducted i conjunciion with Bushing to sufficiently displace bloed during intaging.

001231 (b) Influence of residual blood: To test the infloence of restdual blood cells on

Tvalues, it can be possible to perforn L3I on four aortic plagues within a flow cell through a
3 mum intervening laver of whole blood {e.g., HUT=30%), serially dituted using PBS. For
example, 7 values at HCT < 0.1%% were sirailar to those values measured without any
mtervening medium. Subsequently OCT tmaging was performed and 1t was determined that
at HOTF >0.03%, backscattering from blood cells was clearly evident in OCT mmages. In
chimical studies nsing intracoronary OCT and recent swine stodies {e.g, FIG. 19y no
backscattering from blood cells can be observed during flushing. Since blood does not affect
LSL ata HCT <0.1% and purging m patients can apparently reduce the intracoronary HCT o
<0.03%, levels of residual blood cells during flushing can be sufficiently low to conduct

ILSL

{00124} Summary of Exemplary Studies: Through centam studies, the exemplary L8]

systems and methods have been developed and validated as a powerful tool to evaluate
plaque viscoelastic properties. These exemplary studies have demonstrated, 1) The LS tme

constant, T, can provide a metric that can intimately be linked with plague viscoelastic
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properties, 2} LSI can enable highly precise differentiation of plague type, and can have
exquistte sensitivity for the evaluation of TCFAs. 3) LS can facilitate the measorement of
spatial and depth-dependent heterogeneities, 4) Intracoronary LSI can be conducted in vivo at
high mmaging rates in conjunction with flushing. Given the high clinical impact of measuring
coronary plaque viscoelasticity and suppornted by the success of exemplary resulis ia the
current disclosure, it can be possible to extend LSI for intracoronary evaluation in patients. It
can also be possible to provide, according to an exemplary embodiment of the present
disclosare, chmical grade 1LSI technology, and conduct the first in human feasibility stadies

as detatled below,

Exemplary Desien and Methods

{00125]  Overview of Exemplary design: Efforts have been directed towards developing
clinical-grade ILSI catheters suitable for human use and & console to enable helical scanning
over long coronary segments. Prechinical validation of the new ILSI device can be conducted
to evaluate coronary plague viscoelasticity in living swine. Further, for human clinical
studies can be conducted, for example, in 20 patients {o assess the safety and utility of ILSL
It can also be possible to obtain ap exemplary tool that can improve an understanding of
human CAD,

Exemplary Methods:

j00126] The exemplary ILSI catheter described in exemplary studies above enabled the
demonstration of 7# vive feasibility for intracoronary evaluation. Its fonctionality for patient
use, however, can be restricted given its large size {e.g., approximately 4.53F/1 37mm). In
addition, the existing IL5] devices may only be pernut limited point sampling of discrete
sites, therefore precluding the capability for comprehensive infracoronary screening to
evaluate arterial viscoelasticity distributions. Furthermore, because the exemplary device can
utilize dlumination over an extended beam {e.g., approximately 250 pum), and the mdex of
viscoclasticity, T, evaluated over the entire speckle pattern, depth-depeandent information can
be lost or degraded. These issues can be solved according to certain exemplary embodiments
described herem below.

j00127]  In order to achieve clinical utility, for example, a nuniaturized exemplary 1LSI
catheter (e.g., approximately 2 4F- 3.0F / 0.8-1 Omm) can be provided that can access small

flow-limiting coronary arteries of patients, and can conduct rapid helical scanning of
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coronary segmems. Speckle analysis and visualization methods can be implemented to
reconstruct arterial viscoelasticity distribations. This can facilitate comprehensive
circumferential screening of about 3.0-5.0 cm of the major coronary arteries with a
tongitudinal umage spacing (e.g., piich) of aboat 0.25 - 1 .O0mm, while admunistering a safe
total amount {e.g., <100 ¢c) of flushing media.

{00128] Exemplary H.ST device: Exemplary modifications of the exemplary device can be
focused on certain components thereof, for examiple: (1) catheter, (31) motor drive assembly
for helical scamning, and (111} console. The catheter can include an mner cable that can house
the optical core. During inaging, the motor drive assembly can rotate and stroultaneousty
puilback the inner cable within an cuter stationary sheath to accomplish helical scanning

{e.g.. FIG.15).

{00129)  Lxemplary LS catheter: 1t can be possible to provide a miniaturized leached fiber
bundles {e.g, diameier approxamately 250 g, length = Im). Unilizing a fiber size of
approximately 8um, with a partial core area of approximately 0.4, approximately 2000
collection fibers can be incorporated to obtain a fiber bundle with sufficiently low cross-talk
to trapsmit speckle patterns. A central light delivery fiber can be mcluded for Hhununation.
Micro-optical components including a focusing lens, custom polanizer and rod ndrror can be
optinmuzed, tested and affixed to the distal bundle face. A vaniety of different lenses can be
investigated, meluding GRIN lenses and custom-fabricated ball lenses, and optimized 1o
provide a focosed thanination spot size of approximately 20pm and nmaging FOV of
approximately S00pum. Minigturization and fabrication of optical components can be
conducted to achieve a target optical core size of approximately 300pm. The optical core can
be affixed within a driveshaft cable (2.g., Asahi Intec, CA) 10 convey torque from a motor (o
enable hehical scanning. A transparent rapid-exchange sheath with a guide wire port can
house the catheter cable assembly, and can be tested for eptical clanty.

{00130] (1) Exemplarv motor deive assembly can include an optical rotary junction

{“ORI7} that can couple hight with the rotating optical core {e. g, FIG. 15} Excellent
rotational uniformity (e.g., < 10% modulation) and low transmission loss (e.g., < 1 dB) in can
be provided with ORJs provided in the exemplary OCT/OFDI systems. {See, e.g,,
References 60, 61 and 85}, For example, the ORJ was designed to couple with a single

optical fiber within the OCT/OFD catheter while continpously spinning at speeds of
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approximately 6000 rpm. The ORJ can be provided for the use with the exemplary ILSI
device such that: {a) it can facilitate coupling of light with a rotating optical fiber bundle
consisting of multiple optical fibers, and (b} the exemplary ILSI catheter would not spin
continuously. Instead m order to permut acquusition of the speckle image time series over
about 23ms at each circumferential location {e.g., based on studies shown i FIG. 13), 2
stepper motor can be incorporated 1o rotate the optical core at discrete steps with a residence
time of about 25 ms per step. The exemplary ORJ can mnclude a collimating lens (e.g., L.2)
affixed at the proxamal end of the optical core and 8 motor coupled with the driveshaft to
enable rotation. A CMOS sensor {e.g., Mikvotron 1310} can be housed directly within the

ORI, and transnutted speckle patterns can be imaged via @ stationary lens (e.g, L1). The
rotational rate of the catheter can be 1Hz. A linear pullback stage can facilitate a
translation/pultback during imaging over speeds of about 0.25-1 0mm/s. Retational
distortion {2.g., < 10%) can be measured by comparing 7 values of aortic plaques with 4

stationary catheter {e.g., Table.1}
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{00131} (i) The portable console can be modified to facilitate helical imaging and data

visuglization. Engineering tasks can include: a) interface 1o control the motor drive assembly
and antomated flush devices, and b) software imerface design. Similar to the exemplary
preliminary studies, a He Ne light source (e.g., 632 nm, 30 mW) can be used for ilumination.
Time-varying laser speckle images can be collected at an approxamately 2kHz trame rate
{e.x., 512x512 pixels}.

{00132] Reconstruction of arterial viscoelasticity maps: To obtain sufficient spatial

sampling during catheter rotation, a lateral spacing of about <230 pum can be utilized between
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rotational steps. Considening the tvpical coronary circamference of about 10mm, and the

catheter FOV of about 500 pm, 40 discrete steps can facilitate adequate spatial overlap for
suftficient circumferential sampling at about a THz rotational rate. The longitudinal scan pitch
and total imaging time can be determined by the poll-back speed {e.g., Table 1),

j00133] Exemplary 2D reconstruction: To evaluate 2D artenial viscoelasticity maps, at each

site, T can be computed over each speckle image by exponential fitting of the g2(1) curve
using previously reported techniques. (See ez, References 42 and 46). The resalting 2D
array of discrete ¥ values can be processed vsing spatial filtering and bilinear 1mage
mterpolation approaches to reconstruct maps corresponding to arterial viscoelasticity
distributions.™ NC plagues of high clinical refevance identified by low 7 values {e.g.,
approximately 5-10ms} can be selected to explore depth-resolved analysis.

{00134} Exemplary Depth analvsis: The capability of ILSI to provide 3D depth-resolved

distribution of 7 values in NC plaques in vivo is described below. For example, at each
location (x,¥) over the FOV, windowed cross-correlation can be performed over the speckle
time series to obtain g2(t). To ensure sufficient ensemble averaging, g2(t) can be measured
by averaging several cross-comrelation functions that evolve in time over about a 25 ms
imaging duration and over neighboring pixels, which can influence the measored spatial
resolution for mapping. The resulting 2D distribution of 7 {x,¥) can be obtained {e.g.,
FIG.16) by exponential fitting of g2(1) curves. Due to light transport properties, 7 (x,y)
farther from the beam location can be influenced bv longer optical paths. Using a Monte-
Carlo Ray Tracing ("MCRT™) algorithra, a look up table of the 3D distribution of mean
penetration depths {z} over the FOV remittance plane can be created {e.g., FIG.17), and the
corresponding depths for each 7 {x.¥) can be determined 1o provide the depth-resoived
distribution of 7. The process can be repeated at each circumitrential beam location to

reconstruct the full 3D viscoelasticity distribution of NC plagues.

j00135] Estimated Resolution: Axial resolation can be estimated by the full width-half
maxinmn ("FWHM™) of the penctration depth distnbution and the lateral resolution can be
deternuned from the FWHM of the radial scattering PDF. Estimated values using MCRT can
be plotted {e.g., FIG. 18). Spatal resclution can degrade with depth (e.g., Table 1).
However, over superficial depths, the estinated spatial resolution about <100um can be

sufficient to evaluate thin caps that can be wiost clinically relevant, At deeper depths {about

2

fd



10

o]
L

(941

¥4

WO 2014/205256 PCT/US2014/043245

>100pm), resolution approximately abont 100-200p0m can be sufficient to evaluate large
necrotic cores of nghest siguificance. Exemplary methods described herein can be tested on
human arteries and phantoms of spatial and depth-varving properties. Axial resolution can be
measured by scanning a sample of known G wiathin scattering media using a motorized stage.

K788

Lateral resolution can be venified using a patterned PDMS resolution target. Utilizing
exemplary beam scanning in conjunction with depth-resolved L8 can provide an important
understanding of the viscoelastic properties of the fibrous cap and NC layess to estimate the
load bearing capabilities of clinically significant NC plagues.

{00136] JLSI Testing and validation in swine: The hnnan fo ywine corenary xenograff

model (e.g., preliminary studies) can be used o validate the 1LSI device for coronary
screening. Human covonary grafis {e.g., 2 per heart x 18 hearts) can be grafted in
anaesthetized swine {e.g., N=10} for ILSI vahdation. The distal start and end of scan
locations can be marked by India ik corresponding with the visible ILSI beam for co-
registration with Histology. Scanning can be performed over an approximately Sco pull-
back in conjunction with a Visipaque flush. Following ILSI, the grafis can be evaluated
using miracoronary QFDI in vive. Histology sections can be obtained at 2mm mcrements
and co-registered with the corresponding ILSI cross-section. For example, a total of 300
ILSI-OFDI-Histology cotrelated cross-sections can be analvzed (e.g., 25 sections/artery x 2
arteries x 10 hearts). Plague type can be diagnosed at approximately 250w spacing using
both Histology and OFDI as, for example, TCOFA, THEA, PIT, Fibrowus or fibrocaleific, and
compared with 7 at each site. In NC plagues, fibrous cap thickness can be measured by
depth-resolved IL.S1 and can be compared with Histology. Success can be determined by
ANOVA tests to evaluate 7 difference between groups, based on OFDI and Histology

fan

diagnosis, p<0.05 can be considered statistically significant.

Exemplary Alternate Embodiments:

{00137} Exemplary aptical rotary junction: o the unlikely event that about >10%; deviation
in T can be observed during catheter rotation, an alternative approach (e.g., recently

demonstrated in OCT) (see e.g., Reference 90) can be implemented in winch the optical core
can be mamtained stationary, and torque can be conveyved to the distal mirror via a driveshaft.

It can also be possible to the use of cone ndrrors to conduct LS Assuming that cone mirrors
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can be sufficiently numaturized, they can likely provide a viable option to enable
omnidirectional viewing in the ILSI catheter.

{00138]  Exemplary dliernate exemplary catheter designs: Exemplary ILST procedures can
be conducted i the conjunction with saline fushing. In the unlikely event that saline
flushing does not sufficiently displace blood, a multi-prong contact based design can be
employved that can maintain endoluminal surface contact doring imaging. Similar contact
based catheters can be utilized in thermography studies and can be approved for use in
patients. {See, ey Reference 24).

{00139 Exemplary Depth-analysis: The 1o vivo feasibility of 3D analysus can be
performed, and the performance metrics can be based on 2D maps of bulk 7 measurements,
based on the results of previous exemplary studies that establish the significance of bulk ¢ for

assessing high-risk plagues.

Exemplary Methads:

j00140] Optimal fushing parameters to conduct 1LSY in patients: 1LST can be

conducted in vive while flushing with Visipagee to displace blood. To calculate the total
maging duration over which clear viewing of the arterial wall can be achieved, further
studies have been conducted in hiving swine. Flushing with Visipague was performed at flow
rates of about 2-deeds, comumonty used in patients, and OFD was simultanecusly conducted
1o evaluate blood scattering within the lomen, For a single 10 cc flush at about 3ce/s, optimal
blood clearance and unobstructed viewing of the artenial wall was achieved over
approximately 6 s {e.g., FIG.19). From these results, it was inferred that to condoct ILSH in
patients, § intermittent flushes (e.g., 10cce/flush) of Visipaque can facilitate sufficient blood
displacemment to scan an approximately Scoy long coronary segment in less than a minute
{e.g., at a scan pitch = oy}, Thas a low total volame of approximately 80ce of Visipaque
can be administered. The average volume safely administered in patients can be reported to
be aboot 26521 30ml. {See, e.g., References 92 and 93).

Pl ]
{00141} Human IS study

- Following regulatory approval, it can be possible 1o evaluate

coronary plaque viscoelasticity using 1LS in a cohort of 20 patients with native CAD who

present at the MGH cardiac catheterization laboratory for percataneous coronary intervention
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{(“PCT™). In order to test the feasibility of the ILST approach in patients, intracoronary OFD]
can be used to provide a microstractural context for ILST resulis. Briefly, the culprit lesion
can be deternuned from the patient’s gngiogram. The OFDI catheter can be advanced over a
guide wire just distal to the culprit leston. The maximom coronary length scanned can be
about 5.0cm {e.g., range: 2.0-3.0cm, imagingfush parameters calewlated below are based
ot mercimum levigth), During a 3s, 3eefs flush, the OFDI catheter can be withdrawn at a
putlback speed of about 20 mm/s to scan a Som segment. Following the OFDI procedure,
1181 can be conducted. The ILSI catheter can be similarly advanced distal to the culprit
lesion under fluoroscopic guidance. Safety can be evaluated by monitoring hemodynamic
parameters, EKG and development of symptoms during the exemplary ILSI procedure. The
YL.ST catheter’s rotational rate can be about L.OHx and imaging can be conducted in
conjunction with § intermittent flushes {o.g., 10ce) at about 3ce/s as detailed above to image a
matching 5.0 cm length i <50s. The total amount of Visipague administered for the entire
imaging procedure can be <100cc. It can be expected that the exemplary procedure can add
15 — 20 minates to the routine PCI procedure {e.g, typical duration of 120 minuotes),

[00142] Data co-registration and analvsis: To determine the feasibility of LS in

patients, ILSI 2D viscoelasticity maps can be compared with plague type and microstroctural
information obtained from QFDL In order to accomplish accurate data comparisons, digital
coronary angiography can be conducted at the start and end of both OFDI and 1181
proceduares to permit data co-registration.  Additional landmarks, including the guiding
catheter, stent edges and side-branch vessels can be used to tmprove registration accuracy. bl
Co-registration in the circomferential direction can be done by reading the motor encoder
positions on the OFDI and ILSI rotary junctions. OFDI images can be interpreted using
previously established methods to characterize coronary plagues as: TCFA, THFA, PIT,
Fibrous or fibvocaleific. {See e, References 12, 62, 94 and 95). ILSI-OFDI correlations
can be evaluated using ANOVA tests to assess the feasibility of ILST in measuring distinet ©
values based on plague type. The feasibility of measuring depth-resolved viscoelasticity can
be evaluated in NC plaques by co-registering ILSI 2D cross-sectional maps of ¥ distributions

with corresponding OFDI cross-sections.

Exemplary Potential Problems and Alernative Ntrategies:
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{00143} Blood: Blood i the FOV can cause rapid blurmning of speckle due to moving blood
cells. Real-time speckle analysis can be implemented and scan repeated iff ¥ <0 Ims. An
alternative solution to detect bloed can be to mcorporate simultaneons coronary viewing via
the same catheter with a white Hght source and color camera.

{00144} Cardiac motion; For example, ILSI can be conducted without EKG gating. In the
unlikely event that cardiac motion can be problematic, EKG gating can be utilized, and the
feasibility of ILSI can be tested by evaluating discrete arterial sites predetermined by QFDL
{00145] Nephrotoxicity: In patients with renal impairment, Lactated Ringers can be used
which has provided good ILST results in exemplary studies. In these patients inaging can be
restricted to a <3 .0cm segment.

j00146] Culprit lesion: In the event that the culprit site can be inaccessible, OFDI and 1LSI
can be performed posi-PCL

{00147] OFDI OFDI-ILSI comparisons can be verified. Smce. no intracoronary
technology exists to measure plague viscoelasticity metrics in patients, in vive ILSE
feasibility can be tested using OFDI findings that have been well established for plaque
gvaluation. (See, e.g., References 12, 62, 94 and 95).

[00148] The developed by Snvder (see, e.g., Reference 120) can be applied to determine the
various parameters of the fiber optic bundle as described herem. CMT can be an approximate
analytical approach to study optical crosstatk between neighboring waveguwdes m terms of
the coupling between guided modes of neighboring waveguides, to fully mvestigate coupling
between all modes of adjacent fibers. The influence of multiple fiber bundle parameters on
inter-fiber crosstalk and the modulation of ransmitted laser speckles can be quantified.
Farthermore, fiber bundle parameters can be defined to considerably reduce the modulation

of transmitted speckle patierns caused by mode coupling between and within multi-mode

cores.
OFB Type  Coresize Coreto | NA
{ant) core
spacing
gy +
Type | 4.5 7.4 .40
Type 1l 35 8,5 0,40

Table 2. Specifications of two commercially available OFB
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Exemplary Devices And Methods For Achieving OQmui-Directional Viewing

{00149]  In an exemplary embodiment {e.g., FIG. 15) described and shown herein, the motor
drive assembly can be used to conduct helical scanning of the vessel. The motor drive
assembly can be modified to achieve a 360-degree rotation of the catheter, or it can be rotated
over a lmited, or partial angle, to iluminate and image a section or sector of the lumen
circwmnference at one time. The exemplary design can include an optical rotary junction
{"ORJY™) that can couple light with the rotating optical core. In OCT catheters, the ORJ can
be designed to couple light with a single optical {iber while continuously spinning at speeds
of approximately 6000 spm. The ORJ provided for the exemplary 1LS1 device can have two
exemplary features: (1) it can facilitate coupling of light with a rotating catheter, and can
include a fiber bandle with multiple optical fibers, and {11} the ILS{ catheter can be prevented
from spinning continnously. In order to permit measurenent of speckle decorrelation over
about 25ms at each circumferential location, & motor drive can be meorporated to rotate the
optical core at discrete steps with a residence time of about 25 ms per step. The ORJ can
include a collimating lens at the proximal end of the optical core 1o couple tight mto 4 central
iumination fiber, and a motor coupled with the driveshaft to enable rotation.  An exemplary
CMOS sensor can be housed directly within or connected to the ORI, andd can transmit
speckle patterns unaged via a stationary lens. The exemplary rotational rate of the catheter
can be about 1Hz, A linear pullback stage can facilitate translation'pullback during imaging
over speeds between, but not limited to, about 0.25-1 . 0mmys. In this exemplary design, the
mner optical core can be affixed within a driveshaft cable to convey torque from a motor, to
facilitate helical scanning. Some or all of the inner cable {e.g., the optical fiber bundle and
distal optics) can rotate.

{00150] In another exemplary embodiment of the present disclosure, the inner optical core
can remain stationary, and mechamical torque can be conveyed only to the distal mirror that
can be affixed to the dniveshatt cable. In still another exemplary embodiment of the present
disclosure, a ring of illumination fibers surrounding the collection bundle can be ased to
iluminate the tissue, and the distal mirror can be rotated. Via a ring of itlumination fibers,
the tissue can be illaminated using Hght with a single wavelength, or with multiple fibers
dluminating the tissue using different wavelengths of ight. This can facilitate a better

separation and a more robust analvsis of speckle patterns. There can also be no are no
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moving parts. Instead a multi-faceted mirror {e.g . figures described below) can be
incorporated at the distal end for omnidirectional viewing of the entire circamference of the
lumen {e.g., 360 degree omnidirectional viewing), The multi-faceted mirror can be a cone
murror. Alternatively, or in addition, a cone-polygon / pyramidal shaped murror can be used
in which one or more of the reflecting surfaces can include oneg or more flattened reflective
facets. Multiple illumination fibers can iftuminate different facets of surfaces of the multi-
faceted mirror, and speckle images can be collected simultaneously from 2 or more facets.
During image processing, images obtained from multiple facets can be unwrapped and
reconstructed to visualize the entire circumference of the laminal tissue of interest as shown
below,

{00151]  In another exemaplary emsbodiment of the present disclosure, the opuical core can
rerain stationary, and a rotating galvo-mirror can be incorporated at the distal end. The
mirror can be provided to it within a less than about a Tmm catheter sheath.

j00152] 1nsome or all of the exemplary embodiments, an optional circular polarizer can be
included to reduce the influence of back-reflections or specular reflections emanating from
surfaces of the catheter sheath, or from the surface of the tissue of interest. Specular
reflections can be removed using software during post-processing of speckle mmages, This
can be achigved by, for example, thresholding the image based on the temporal statistics of
speckle fluctuations where pixels with neghgible speckie fluctuation can be masked out
during analysis. This can ensare that only light, or other electromagnetic radiation, that has
undergone multiple scattering can be analvzed to measwre an mdex of tissue viscoelasticity.
[001583] Preventing a receipt of the same polarization from returning i the radiabion (e.g.,
fight) can be beneficial in reducing back-reflected Hght of the similar polarization state that
has scattered only once, or a few times, from the catheter surfaces andfor surface of tissue,
which can otherwise mcrease the strong background intensity and confound the sensitivity of
the device m measuring laser speckle intensity fluctuations scattered from tissue, The
polarizer can be replaced by computer software, or other methods, which can mclude spatial
and temporal filtering that can similarly prevent back-reflections of light of the same
polarization state. Filtering (e.g., 1o replace the polarizer) can be achieved by removing
pixels in the pnage in which the imensity fluctuation can be zero, or negligible, over time

cansed by reflected light that has maintained 1ts polarization state following a single or few

8
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scattering events. Thus, fluctuating speckles canses by depolarized light, which has
undergone mualtiple scattermg through tissue, can be analvzed to measure the mechamical

properties of tssue,

Exemplary Image Processing And Visualization

{00154} Exemplary image processing procedures according to an exemplary embodiment of
the present disclosure can mclude image unwrapping {e.g.. FIG. 33B and 33C) removal of
pixitation artifact (e.g., FIG. 33F), spatio-temporal analysis of speckie floctuations and
visualization using a tine constant color map and display. Varloss procedures can be used
depending on the complexity of measurement that is required,

[00155]  An exemplary procedure can include measuring measuore the speckle decorrelation
curve, g2(t}, by cross-correlation of multiple speckle frames obtained over the time series,
conducting spatial and temporal averagmg over multiple g2(1) carves and determining the
time constant by exponential fitting over short time scales. The speckle time constant can be
repotted as an fadex of tissue viscoelasticity. To extract 3D depth information, 1t can be
possible to use a hybrid approach that combines Monte-Carlo ray tracing ("MCRT™) with
spatio-temporal windowed analysis of speckle patterns. This exemplary procedure has been
previously been validated in necrotic core coronary plague. (See ez, Reference 435 Tt can
also be possible to modify this exemplary procedure to account for changes in the number of
scattering events as a function of depth.

{00156} Additional exemplary procedures can be provided to measure the elastic and
viscous modali of plagues divectly from laser speckie patterns. g2(1) can be related to mean
square displacement (“"MSD”) of light scattering particles within the plaque, and the MSD
can be related to elastic and viscous moduli via the Stokes Einstein’s formalisms. Tt can also
be possible to display 2D maps of tme constant by using spatial averaging, spatial filtermg
along with bilinear image interpolation techniques. It can be possible to further apply the
above apparatus and methods for nse i an exemplary helical/ovhndrical display and for use

co-registration for intra-coronary mapping. (See e.g., FIG. 1).

Exemplary Efficacy OFf 1LS1
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{00157} In order to vahidate the use of the exemplary LSI to measure tissue mechanical
properties, LS results of time constant {e.g., on test phantoms and tissue} can be compared
with mechanical testing using a rheometer, which has been previously shown to exhibit
excellent correlation in these stuchies {e.g., R=0.79, p<0.05}). (See ez, Reference 42).
j00158] In order to validate capability of LS to discniminate between plague mechanical
properties, LS} time constants compared with Histopathological diagnosis of tissue type can
be performed by a Pathologist. Differences between time constant measurements for
different tissae types can be evaluated using ANOVA tests. Both ex vive and in vivo studies
show distinction can be good between NC plagues and other plaque tvpes {e.g, including
normal, fibrous, caleific and pathological intimal thickening). (See e.g., References 46, 70
and 97} Since plague mechanical properties can be dependent on collagen and hipid,
correlation between time constant and collagen and lipid content within the measurement area
of interest can be performed. Collagen content can be measured using Picrositius staining,
polarized light microscopy measurements and lipid using otlved O, as well as
immunohistochenucal staining to detect Apolipoprotein B complex on LDL cholesterol. (See
e.g., References 42, 45 and 95},

[00159]  Seasttivity and Specificity of the exemplary LST has been measured previously
ex vivoe validation studies. (See e.g., Reference 42). This can be done by receiver operating
characteristic ("ROCTY analysis. The exeraplary test can evaluate the capability of LSIHio
distinguish mechanical properties of thin cap fibroatheroma ("TCEFA™) plagues as these can
be considered more nnstable plaques of chinical significance. The presence of TCFA can be
considered +ve diagnosis, and all other tissue types can be considered ~vediagnosis. Both

senstiivity (e.g.,

100%) and spec {e.g., 92%) can be maxunized, which can be used with a
diagnostic threshold of thme constant of about 76ms. These exemplary stodies can be
stmlarly performed for m vivo studies.

{00160]  Sensitivity = True Positive/{ True positive + False NegativeY and specificity = Troe
Negative/(False Positive +Troe Negative). Flushing using contrast agents, lactated ringers or
dextran solution can be routinely used in the catheterization laboratory for QCT and
angioscopy tmaging. Additionally, a contrast agent can be routinely used for angiography for
a number of years. No major technical challenges can be expected in the flushing process,

and this mechanism can be manual or automated. It can be possible to provide procedures to
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optinuize flushing for L8] (e.g., parameters: type of flushing agent, rate of flush, volume of
flogh, etc.) similar to OCU T angioscopy.

{00161] A practical challenge can potentially be inadequate flushing. Usually, the presence
of blood can be easily detected as i can cause very rapid speckle decorrelation, and can
provide a distinct time constant signature. To detect problems with inadeqguate flushing, it
can be possible to include white light source to conduct color angioscopy in tandem through
the same catheter. Alternately, vartous other exemplary methods can be used (e.g., a dual
wavelength iHumination fo measure absorption due to presence of bloed).

j00162] If fushing still poses a challenge, proximal balloon occlusion can be used for a
short period of time. Flushing for clearing blood from the field of view during optical
imaging can be roatinely emploved m angioscopy as well as and OCT/OFDL Over 1000
studies have been published, and this exemplary method is well accepted by chinicians.
Farthermore, flushing the coronary tree with contrast agent has been routinely used for many
decades in conventional anglography procedures.

[00163] ILSI can be conducted, in vive, while flushing with contrast agent or lactated
ringers can be used to displace blood. The exemplary flushing mechanism is described in
FI1G. 36, Using calculations based on exemplary OCT studies in swine (e.g., FIG. 37) 10
cordduct ILST in patients, the use 8-10 mternuttent flushes {e.g., 10ce/flush) of diluted contrast
agent or lactated ringers Visipagque can permit sufficient blood displacement to scan an
approxumately Scm long coronary segment in {ess than a munute {e.g., at a scan piich = Imm).
Thus, 1t can be expected that a low total volume about 80 — 100 ¢¢ of flushing agent can be
administered during LS, which can be balow the average volume that is safely administered
in patients. {(See e.g., References 92 and 93},

{00164] According to a further exemplary embodiment of the present disclosure, it is
possible to provide 8 mimaturized {e.g., <Imm} ILSI catheter that can be safely guided
through the coronary artery to conduct intracoronary mapping. It can be beneficial to keep
the exemplary device as sinmlar to a commercially available {e g | regulatory approved) IVLIS
catheter and system as possible. It can also be possible to confirm ILS! catheter
characteristics (e.g., damage to endothelm, trackability, pushability and ease ot use) are

stmifar to an exemplary IVUS catheter.
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Exemplary Analvsis Of Omni-Directional Mirrer Configurations:

{00165] Exemplary embodiments of exemplary omm-divectional catheters can inchude
reflective arrangements or at least partially-reflective arrangement that can include multiple
facets at the distal tip of the catheter to direct electromagnetic radiation to the cyhndrical
lumen, and to collect reflected speckle patterns from multiple sites of the lumen
circumference without rotating the catheter.

{00166] FIGS. 38A-38C lustrate an exemplary cone-polygon/pyranudal mirror for ommi-
directional (e.g., laser speckle, ete} imaging. The image is at the bottom of the image plane
for the object that is at the top of the mirror. At the image plane, the central part can have
more aberrations and a larger spot radius, while the edge can have less aberrations and
smaller spot radivs. The spot size at the edge can be smaller than a fiber’s crosg-section
surface. Additionally, the off-axis object can cause overlap of the images if the off-axis
object has an enough large distance.

j00167] FIGS. 38E-38H illustrate an exemplary cone mirror-side view for vertical focal
plane. The umage 15 at bottom of the image plane for the object at the top of the murror. At
the image plane, the central part can have more aberrations more aberration and a larger spot
radius, while the edge can have less aberrations and smaller spot radius. The spot size at the
edie can be smaller than a fiber’s cross-section surface. The off-axis object can cause
overlap of the images if the off-axis object has an enough large distance. The horizontal
aberration can be very strong due to curvature of the cone mirror.

{00168] FIGS. 381-38L illustrate an exemplary cone mirror top view for horizontal focal
plane. The vertical focal plane and horizontal focal plane can be at different location,
{approximately | mm difference. Strong horizontal image aberrations can be seen, and can
cause severe image overlap honizontally. Also present, is a big spot size, and an inadequate
horizontal resolution.

{00169 FIGS. 39A-39H illustrate exemplary images obtamed using various exemplary

onmi-ditectional mirror configurations. Exemplary selections of fiber bundle parameters can

be used to reduce inter-fiber cross-talk during laser speckle imaging.

{60170] Optical fiber lumdles can typically incorporate thousands hexagonally arranged
mdividual optical fiber cores as shown in FIG. 20A. The analysis of mode coupling between

all of the fiber cores can be far too complicated and nomerically intensive to be calculated.
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However a stimiplified system of 7 parallel fibers can be used to model the coupling berween
the modes of these fibers (see, e.g., References 115-117) and the result can be easily extended

to an entire fiber bundle. Here, a multi-core optical fiber svstent of 7 hexagonally arranged

cores embedded m a wniform cladding material as shown in FIG. 208, can be used. The fiber

bundle specifications can be based on two commercially available leached fiber bundles {e.g.,

SCHOTT North America) and are listed in Table 2 above. These two tvpes of fiber bundles
were chosen because their specitfications can be typical for the fiber bundies used in LSL
{See, e.g., Reference 100}

{00171} Coupled mode theory {see, e.g., References 114 and 120-122) can be a common
theoretical model used to obtain approximate solutions to the coupling between waveguides
of multiple waveguides systems. Compared to the normal mode expansion methed (see, ey,
Reference 115), in which the field can be expanded i terms of normal medes solved from
Maxwell's equations with the boundary conditions of the entive comphicated structare, n
CMT the field can be decomposed into the modes of each individual wavegnides (see, e.g.,

Reference 114):

S v ria N o (o viexniif oz
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v

where av can be a complex amphitnde of vih mode; ev and hy can be electric and magnetic
components of normalized mode field of each individual fiber, respectively: By can be the
mode propagation constant of mode y; z can be the propagation distance alony the fiber
bundle and the summation over v runs through all modes of all mdividual fibers. The
effective refractive mdex of mode Er can be defined as nefl = Bu/k, where k=2/A can be the
to solve out (see, e.g., Reference 115) while in OMT, modes of each core of {iber bundle can
be solved independently. The complex amplitude of modes can be ebtamed by solving the
coupled mode equation (see, e.g., Reference 114} which can deseribe how the amplitude can
vary with propagation distance z along with the length of the coupled waveguides, where, for

example:
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= can be the mode coupling coefficient between mode v and p. The
couphing coefficient can be directly related to the degree of overlapping of mode field. The

couphng coefficient kvp along with the difference in mode propagation constant

AR oy _w%"‘. . - . ~ . -
= By decide the coupling strength of uth, mode to vth mode. The mode coupling

coefficient ¢, can be determined by the overlap coefficient of mode fields {ev, hv) and {en,

fy

hu} and the pertarhation ™ of mode u 1o the mode v. Here the element of matrix

e wf[{sﬁxh.\ +¢ wh boadedy ) = o _
S E R ©and oy, for the normalized mode field by definttion.
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The element of matrix x can be given by, , where o can be the angular
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: {v*’*’»"&} ‘&{k*} 18X } can be the difference between

frequency of the laser light and
the dietectric constant of the whole multi~core structiwre and the dielectric constant of the
structure with only the individual fiber supporting the mode p.
{00172] To evalvate the modulation of laser speckle patterns during transmission throagh
the optical bundles, laser speckle fields can first be numerically generated {see, 2.g.,
Reference 973 by Fourter ranstorm the field with random phase. The polarization of
speckies can be chosen along with the linear polarization of fundamental modes of fibers.
The generated speckle ficlds can then be decomposed into HE, EH, TE and TM fiber modes
of individual fibers. The complex amplitude of each guided fiber mode at #=0, av{(}, can be
aiven by for example:

a,{0) = [ e, - B dudy

i '
{5)

where Ey can be the generated speckle electric field. By solving the Eq. (4) for each
propagating made with the inttial valoe of a,(0), the complex amplitude at propagation
distance z can be obtained. The transmitted speckle patterns can then be reconstructed by
linearly combining the fields of all fiber modes with its amplitude. The modulation of the

transmitted speckles can then be evaluated by the correlation coefficient of the infensity
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patterns between reconstructed speckle patterns at different positions along the length of
bundles and the reconstructed speckie patterns at z=0 {see, c.g., Reference 273, where, for

example:

) (10eoy, = L) Iz = 0) - T(z = 0))
) oo z=0y
{6
S where I{x. vz} can be the intensity of speckle electric field
Efrgnz) = Dandejedrsdexplid JTi2d and @05} can be the spatial average and standard
deviation of the intensity patterns at different z, respectively. Here x, v can be the transverse
poordinates of the potats within the 7 core argas. € = 1 can indicate that two speckle patterns
can have same spatial Boectuations and so totally correlated when C = 0, the speckies patterns
0 can have no correlation. Thus the average of C over 20 speckie realizations can be used to

measure the speckie modulation.

Exemplary Speclkde Imape Processing

Exemplury Elinination of Pivelation Artifact

5 (001731 To conduct ILSL, a small-diameter, flexible optical fiber bundie can be used to
transmit the laser speckle patterns reflected from the coronary wall to the high speed CMOS
camera at the proximal end of the nmaging catheter. However, the hexagonally assembled
optical fibers can create 8 honevcomb-like pixelation artifact, as shown i FIG. 26A. Each

white round area 2605 is a fiber core. The dark gaps 2610 between cores are the fiber

0 cladding. Due to these gaps, the speckle images may not be continuous. These gaps can also
reduce the number of pixels covered by each speckle, and can therefore reduce the efficiency
of spatial average m calculating the temporal statistics of speckles patterns, such as the
speckle autocorrelation, within a certain spatial area. Thus, the area can be enlarged to
mclude more pixels to obtam an adequate spatial average. Consequently the spatial

5 resolution of the exemplary maps of the arterial viscoelasticity distribution constructed from

the speckle fluctuations can be degraded. This degradation can himit the abidity to distinguish
morphological features of ussues, such as the size and shape of plaques. To eliminate the

pixelation artifact, two exemplary numerical methods can be apphed for two distinet speckle
45



10

b
4

WO 2014/205256 PCT/US2014/043245

size regimes {e.g., speckle sizes larger than core spacings and speckie sizes smaller than core

spacings).

3

Exemplarvy Speckle Size Larger Than Core To Core Spacing

{00174}  According to the Nyquist-Shannon sampling theorem, if the speckle size can be
larger than the cove spacing between two neighboring cores, the spatial frequencies of the
speckie patterns can be lower than that of the hexagonal pattern of fibers. Therefore, the
hexagonal pattern of fiber cores m Fourier domain can be removed by applving a low pass
filter whose cut-off frequency can be no less than the highest spatial frequency of the speckle
pattern,

{00175] The recorded raw images can be transformed {e.g.. using a Fourier transform) to
spatial frequency domatn and then multiplied by 8 low pass filter HB(uw.v) {e.g.. a Butterworth
tow pass filter), which can provide, for example:

z
V(D) DY {7
Dig,vy={{ae—~u, ¥ + (v~ 117,

Hytu vy=

where u and v can be the coordinates i the Fourter domam, w and vy can be the center of
the filter, Dy can be the cut-off frequency and n can be a positive integer. A Butterworth
filter can be used because it is a low pass filter with minimal ninging antifacts induced by the

shape of the cutting edge owing to the Gibbs phenomenon. Then the product of the Fourter

spatial domain to reconstruct the speckle patterns.

{00176] FIG. 268 illustrates a raw speckle images obtained by an exemplary 1LSI catheter
from a coronary phantom. Areas 2013 and 2620 are the speckle patterns reflected from the
two opposite area i the phantom. The honeycomb-like pixelation artifact can be eastly seen
in the Fig. 26B. Fig. 260 shows the Fourier transform of the raw mmage. The hexagonal
pattern 2625 of the local maximums n Flg. 260 can be due to the hexagonal assembled
optical fiber cores. In Fig.26D the Fourier transform is superposed by a Batterworth filter,
The filter cutoff frequency can be equal 1o the spatial frequency of the fiber cores. Area 2630
gray area 1s the rejected high frequency area by the low pass filter. The 6 first order

Rt

hexagonal arranged dots 2635 are at the cutoff region of the low pass filter. If the filter cutoff
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frequency s even smaller, the entire periodic pattera can be filtered out such that the

pixelation artifact can be removed.

Exemplarvy Speckle Size Smaller Than Core To Core Spacing

j00177] For the speckle patterns with speckle size smaller than core spacing, the spatial
frequencies of the speckle pattern can be higher than that of the hexagonal pattern of fibers,
Thus, simply applying the low pass filter can also remove the lugh frequency components of
the original speckle patterns. The reconstracted speckie image can also be heavily blurred
due to loss of high frequency information. A votch band-rejected filter can be applied for
selectively eliminating hexagonal pattern in the Fourier domain. {See e.g., Reference 126).
A poteh reject filter can be formed as the product of muliiple Butterworth band-reject filters
whose centers are the centers of hexagonal bright spots in the Fourter domain. The notch
filier Hyy can be designed as, for example:
Hyolyy =110 H ()

i

PH(D vy DY

D e vy = —~u ) + vy Y17,

H (=1~

where w, and v can be the center of the kth bright spot in the Fourter domain and 1] can be the
multiphication symbol. An example of the noteh filter 18 shown in FIGS. 274 and 278, As
shown in FIG, 27A, hexagonal arranged maximums of the Fourter transform of the raw
speckle image can be covered by dots 2705, The periodic dots 2705 i FIG. 27A are the
rejected areas of the notch filter. A 3D view of the exemplary notch filter 1s shown in FIG.
278, After the notch filter can be applied, the pixelation artifact can be removed. However,
the reconsiructed speckle patterns can contain the components whose spatial frequencies can
be higher than the spatial frequencies of the original speckle patterns. To remove the
unnecessary high frequency components, an additional Buatterworth low pass filter can be
applied to the speckle patterns retrieved by using the notch filters. The cutoff frequency of
the low pass filter can be set 1o be larger than the spatial frequencies of the original speckle

patterns. The reconstructed speckie pattern is shown in the FIG. 30A. Area 3008 of FIG.
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30A can be the area where the pixel intensity can be zero. Outlined regions 3010 and 30158

are the speckle patterns that can have enough wtensity to calculate their temporal statstics.

Exemplary Quantifving Spatial-Temporal Fluctuations Of Speckle

Exemplary Temporal And Spatial Normalization (f Speckle Patterus.

{00178} In addition to the Brownian motion of light scattering particles, various other
effects, such as the fluctuations of output power of laser source, can also cause the
fluctnations of speckle mtensity. In order to precisely measure the rate of speckle mtensity,
temporal fluctuations due to the motion of Hight scattering, the intensity of each pixel can be
divided by the spatially averaged intensity of the corresponding frame. The averaged
intensity for each fiame can be calculated by averagmg the intensity over all pixels. The
averaged intensity can also be temporally smoothed to remove the random noise. FIG. 28A
shows the variation of the total intensily of the speckies with time. Line 28035 represents the
smoothed total mtensity. FIG. 288 shows the same total intensity over the imaging time
after the pixel intensiiv 1s divided by the smoothed average intensity.

[00179]  To construct the 21 maps of the viscoelasticity of vessel walls, the spatial variation
of speckle tensity due to the spatial profile of the iflumination light can also affect the
precision of the measurement of the speckle fluctuation rate. This can be because the
statistics of speckle flactuations can be dominated by the pixels with high intensity. Thug,
the pixel with strong intensity can have more weight than the pixel with low miensity in
caleulating the statistics of speckie fluctuations. To remove this effect, the averaged speckle
patterns over all frames can be calenlated. Then the averaged speckle pattern can be spatially
smoothed to remove the residual granular patterns of speckles. A spatially smoothed speckle
pattern average over frame sequence is shown in FIG. 29, The intensity of each pixel can be
divided by the corresponding pixel intensity of the spatially smoothed speckle pattern average
over imaging time. Therefore, all the pixels can equally contribute to the calenlation of the

temporal statistics of speckle fluctuations.

Exemplary Speckle Intensity Antocorrelation
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{00180  In order to characterize the rate of speckie temporal fluctnations and further map
the viscoelastic properties of vessel walls, the temporal autocorrelation of the speckle

intensities g:{At) can be caleylated as, for example:

f
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where Kt} and Kt+At) can be the pixel mtensities at times t and t+AL, and < >pixels and <>y
can indicate spatial and temporal averaging over all the pixels and over the imaging time
respectively. However the direct light reflection frowm the outer sheath and/or other stray hight
in the ILST catheter can lead to the constant background which can mtroduce ervoneous
speckie intensity correlation and the high plateau level of g2{At) curve. To resolve this issoe,
the agtocovariance (see e.g., Reference 127} of the speckle patterns g2{At} can be calculated,
where, for example:

-

- < {1 I+ A=<+ AO > ) _
(ﬁf.'{;ﬁz).m{/ ; < )(, ( )2, ‘,« (10}
\ ) /
i

‘sj"(‘l(f}m{.!{'i}:»p )f M;x(!{;‘+¢§f3~“ AN > ) > e |

poined

C{AD can deternune the correlation between the fluctuations around average of the intensity.
C{AL can caleulate the correlation between the intensity fluctuations around its engemble
average instead of between the intensity itself in g2{Af). Because the miensity can inclnde
both the speckle intensity and the intensity of the background, if the background light cannot
be neglected, the constant background between the intensity can lead to imprecise g2(At).
Since the fluctuations of the intensity can come from the time-varving speckle, the correlation
between the intensity Hoctuations can more precisely measuare the rate of the speckle
temporal fluctuations, At the end, the g2{At) or C{At) can be fitted to an exponential function
KAtyF=a¥exp(-tA/tytc where t can be the time, the fitting pavameter © can be the decay mate of
the speckle correlation functions, a and ¢ are the othey fitting parameters. 1 cau also be
termed as time constant. This exemplary process can be repeated to calculate spatial and
temporal speckle fluctuations from all facets of the ommni-directional mirror incorporated in

the exemplary ILST catheter,

Exemplary Time Constant Mapping And Visualization
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{00181] To construct 2D maps of the viscoelasticity of tissues, whole imaging area can be
divided, as shown w FIG. 274, mto muluple small windows (e.g., 40 by 40 pixel windows).
The autocorrelation, or the autocovariance of the speckies within each window can be
calculated sinular to the above. Each window can have an approximately 30% area
overlapped with its 4 neighbors (e.g., top, bottom, left and right neighbors). The different
C{AL) curves for different small windows in the region outhined by area 27201 FIG. 27A are
shown m FIG. 30B. Each curves 3020 is a C{Ma curves s i, 27A 1 Each curve 3025 13 the
exponential fit to the corresponding blue C{A( the ex. Then, the time constants for all
windows can be retnieved from the exponential fit. The spatially discrete time constants can
then be bi-linearly interpolated to construct a smooth map of the time constants,

{00182] In order to test the exemplary umage processing, an Acrvlamude gel phantom ina
30 printed mold with 3 slots can be prepared. Each slot can be filled with different gel with
different viscoelasticity. The exemplary mold and the exemplary gel filled in are shown
FIG. 3TAL The gel A contains 4% Acrylamide and 0.025% of bisacryvlamide. Gel B contains
% Acrylamide and 0.025% of bisacrylanude. Gel C contains 5% Acrylamide and 0.035%
of bisacryvlamide. Gel A has low viscosity while gel C has high viscosity. 3 different time
constant maps at 3 different positions in each slot are shown i the FIG. 31B. As shown in
FIG. 3B a big difference between the maps of the gel A and C can be observed, as well as
between and between the maps of gel A and B, The differences between the 3 maps be
obtamed at different positions of the same gel are relatively small.

{00183} To test the above exemplary methods, a phantom can be prepared using a small

piece of swine aorta, A small amouwat of fat emulsion can be imjected with low viscosity

between lavers of the aorta to mimic the lipid pool of the coronary plaques. Then, the piece

of aorta can be wrapped mto a small tube {e.g., approximately 3-4 mm i diameter). The
swine aorta with injected fat is shown m FIG. 31C. The exemplary 151 catheter can be
mnserted into the tube of aorta and the time varying speckle patterns reflected from the areas
of the tube ifluminated by the iHlumnation fibers of the catheter can be recorded. At each
longitudinal position along the coronary, four v maps can be constructed. Then the catheter
can be pallback a short increment to 8 new position and the maging can be performed agam.

Then all the 1 maps at different positions along the coronary can be longitudinal stitched
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together to form 4 long v maps. Al the v maps can be stitched together and wrapped on the
surface of a cvlinder to create 2D ovhindrical maps of the viscoelasticity of the coronary.
{00184]  An example of wrapping a 2D 1 map 1o form a evlindrical view of the maps

shown in FIG. 32A. ftcanbe vsfmpped onto the surface of a cylinder to form a evlindrical

view of the arterial viscoelasticity map {e.g., FIG. 32B). At each longitudinal position, the
circumterential distribution of the ¢ values can be displayed by cross-sectional ning {e.g.. FIG.

330,

{00183] At cach position along the coronary, four v maps can be constructed. All ther
maps can be stitched together and wrapped on the swface of a cvlinder to create 2D
cviindrical maps of viscoelasticity of the coronary. An example of wrapping 2D maps to

form a cyhndrical view of the maps i3 shown in FIG. 32

Exemplary Other Measure Of The Speckle Fluctuation Rate

j00186] Time-varving speckle fields can arise from the interference of laser light scattered
by the moving particles 10 a complex media such as tissue contain locations of zero intensity.
Since both the in- and out-of-phase components of the field can vanish at the position where
the intensity can be null, the phase can be undefined there. The locations with zero intensity
and undefined phase can be called phase singularities, also called an optical vortex. In
addition to the temporal witensity fluctuations of the speckle patterns, the Brownian motion of
hight scattering particles m {issue can alzo cause the phase of the speckle field. Therefore, the
locations of the eptical vortices can also change with time. Thus, the speckle fluctuation rate
and the displacement of the optical vortices between speckle frames can be strongly
correlated. The spatial locations of the phase singularities can be tracked over all frames of
the speckde sequence. The averaged mean squared displacement of the speckle vortices can
serve as another measure of the speckle fluctuation rate, can measure the viscoelasticity of
tissues. AS the phase of speckle patterns may not be measored using the current 1LSI
catheter, an exemplary Hilbert transform can be used to generate the pseudo-field Ufx,y) (see
e.g., Reference 128), where, for example

Ulx, = 1{x, 3y +iH T {(x 0)
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where [{x,v} can be the speckle mitensity pattern and H{I{x,¥)} can be the Hilbert transform
of I{x,v} . Then the phase of the Ux,y) cau be called the pseudo-phase e{x, v}, which can be,
for example:

 H(x,

P e “ }§
PLEI) = R sl
@fx, ¥ HEND

{06187] The temporal-spatial behavior of the optical vortices of the pseudo-phase can be
simitar to the behavior of the optieal vortex of the real phases. (See e.g., Reference 128).

The ocations of the phase singularity can be obtained by calcnlating the phase change in g
complete counterclockwise cwreuit around the phase singudanity, If there can be a singulanity
within the closed circuit, the phase change can be 227 rad. This phase singularity can be
described in terms of a topological charge of +1. Phase singulanties of opposite signs can be
created or annihilated in pairs with the evolvement of the speckle field.

[00188] FIGS. 32D and 32E show exeraplary mtensity pattern and the psendo-phase of this
speckle intensity patterns, respectively. The locations of phase singularities with positive and
negative charge are indicated by element 3205 red “+7 and element 3210 “0” m the FIG. 32F.
The underground area 3215 1s the pseudo-phase of the speckle pattern.

j00189]  Two speckle pattern sequences with 50 and 100 frames can be selected. Their
teruporal autocorrelation g2(t) of the mtensity patterns ave shown in FIG. 32G. From FIG.
32G, it can be seen that the g2(t) curve of the speckle sequence with 50 frames can decay
much faster than the g2(t) curve of the speckle sequence with 100 frames. For both
sequences, their pseudo-phase can be geperated, and the locations of the vortices of all frames
can be determined. These locations are then plotted 1w FIG. 32H. The positively charged
vortices are plotted as stars 3220, and the nepatively charge vortices are plotted as circles
3225, The locations of each individual vortex over several frames can trace a path called a
vortex frail. One example of a wail of an optical vortex of each speckie sequence is outlined
in FIGS, 32H and 321 By comparing FIGS. 32H and 321, the trails of the vortices can be
seen, and are quite long and straight in a slowly varving sequence {e.g., FIG. 321}, Inthe
rapidly decorrelating speckle sequence {e.g., FIG. 32H), the vortices trails are shorter and
tortuous. The straight and long trail can mean that the vortices stay at the same position for
long time and the displacement of the vortex between two consecutive frames can be small.

Therefore, the mean squared displacement of the optical vortices can be inversely related to
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the time constant of the antocorrelation of the speckle intensity patterns, and can serve as an
additronal measure of the viscoelastictty of the tissue.

An advantage of utilizing the temporal-spatial behavior of the optical vortices can be that it
may only a need few frames to obtain the adequate statistics of' the mean squared
displacement of the phase singularities. Therefore, it can greatly shorten the imaging time,
white calculating the decorrelation of the speckle frames can require fong imaging time that

has to be few times longer than the decorrelation tume of the speckles.

Exemplary Results And Discussion OF Fiber Bundle Selection

j00190] The coupling can be integrated between all guided modes in different individual
cores of a 7~core structwre with specifications of type I fiber bundle listed in Table 2 above.
Since each core m this structure can support 19 guided modes at a wavelength of about 690
min, the total number of guided fiber modes can be 7x19=133, and therefore, the dimensions

of the matrices of coupling coefficient x between all modes can be 133 by 133, The

Ky N .
§ t ;«i are shown in FIG. 214 Here the niode

amplitudes of the mode coupling coefficients
mdex v can run through all 133 guided modes. 1t 1s noted that the first 19 modes, which can
propagate in the central fiber, can have large coupling coefficients with the higher order
muodes of all sarrounding fibers while the couphing coefficients between the modes of cach of
the & surrounding fiber and the modes of its 3 nearest neighbors can be much larger than the
couphng coefficients to the modes of farther cores. Thus, the coupling coefficient of modes
of each core can be dominant by the couphing to the modes of s nearest neighbors. FIGS.
21B-21F show the intensity in each core, which can be the summation of squared mode
amplitades over all guided modes in the core, which can oscillate between the central fiber
and surronnding fiber with propagation distance 2. As shown in FIGS, 21B-21F, the mode |,
2,0, 9, 10 of central fiber can initially be excited at z=0. The wode amphtudes changing with
zup to 1 m which can roughly be a typical length of fiber bundles used in medical endoscopy
can then be caleulated.

[00191]  As the order of excited mode of central fiber can increase from ¥ 1o 10 as shown in
FIGS, 21B-21F, the coupling distance defined as the oscillation period of intensity along with
propagation distance z becomes shorter. The mtensity in central core represented by hne
2105 can't couple to the swrounding cores whose intensity represented by lines 2110 when
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only the fundamenial mode of central core can be excited as shown in FIG. 21B. While FIG.
21F shows that there can be multiple couphing distances within Tm which can mdicate strong
core-to-core coupling when only mode 10 of central fiber can be intially excited. For the
modes with same order of different wdentical cores, the difference between the propagation
constant AP of these modes can be 0, and the coupling strength mayv only depend on the mode
coupling coefficient between these modes with same order in cach fiber. Since the fields of a
higher order modes can extend more mito the claddmg, the overlapping of higher order mode
field can be stronger, and coupling between higher order modes of identical cores can be
stronger. For the modes with different order of adiacent cores, due 1o the difference m
propagation constant, the cross order mode coupling can be neglected which can be observed
in FIG. 21F. I there can be cross order mode coupling, the intensity oscillation between
central and surround cores can be more complex than the simple one pertod oscillation shown
i FIG. 21F, Thus, if the namber of guided modes m each fiber can be reduced to less than
18, the coupling between cores can be suppressed.

{00192} In order to better understand the effect of different fiber bundles specifications on
the coupling efficiency of all modes, the total intensity coupled from central core to
surrounding cores along with propagation distance for the fiber bundles with different
specifications, including core sizes, core spacings and NA, as shown in FIG. 22, can be
investigated. In the exemplary calcnlation, the mitial value of amplitudes of all guided N
maodes of central fiber can be set to be equal, al{0) = a2(0) = = aN(0) = (1/N}1/2, and the
mitial value of the mode anmplitudes of surrounding fibers can be all set to zeves, The
coupling between fibers for fiber bundles with 3 different core sizes {eg, 2 pm, 3 pmand 4
jm), 3 different core spacings (e.g., 6 wm, 7 pm and & pm), and 3 ditferent NA, {e.g., 0.22,
0.32 and 0.40) can be calculated. As shown in In FIGS. 22A-22C, coupling strength can be
stronger as core sizes increase from 2 qun, 3 pm to 4 pm because the fibers can support more
tugher order modes whose coupling can be strong and the overlap of lower order mode can
also be stronger since they can be closer when core size increases. FIGS. 22D-22F show that
the large core-to-core spacing can fead to reduced coupling due to the large separation
between mode felds becanse of the less mode field overlaps when the cores can be closer.

FIGS. 22(3-221 show that the larger NA indicating larger refractive index contrast between
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core and cladding material can lead to stronger confinement of mode fields and can reduoce
overlapping of modal fields of neighboring fibess.

{06193] The modulation to the transmitted speckie patterns due to the core coupling is
shown in FIG. 23A-23C. FIGS. 23A-23C show the numencally generated speckle patterns,
the speckle patterns coupled in the fiber bundle at z=0, and speckle patternatz= 1 m for
fiber bundle with 3 um core size, 6 um core spacing and 0.40 NA . Swong modulation of the
speckle patterns can be observed from the difference of speckle patterns in FIGS. 238 and
23C. The ensemble average over 20 speckle realization of correlation function for fiber
bundles with different core sizes, core spacings and NAs are shown m FIGS. 230.23F
respectively, The large core-to-core separation, small core size and large refractive index
contrast between core and cladding material can be essential to reliably transmitted speckle
patterns. Based on the resuldts shown i FIGS. 22A-22F, and 23A-231, fiber bundies with 3
pum core size, 8 tm core spacing and (.40 NA can have moderate crosstalk between fibers,
and its specifications can be close 10 those commercially available, such that it can be
relatively easy 1o manuafacture. The fiber with 3 tm core size can support © modes o avord
strong coupling of higher order dindes. The transmitted speckie patterns at z-0O, 1 and 100
cm are shown in FIGS. 23G-231, respectively. The modulation of speckle patterns along with
z can be less than the modulation of the speckle patterns shown in FIGS. 23B and 23C. It

shows again that the relative large separation can help to suppress core couphing and

modulation {o speckle patterns. The hugher NA can confine mode field m the core better, but
hugher NA can also mcregse the number of guided modes and 0,40 NA can be the highest
currently available contrast of refractive index between core and cladding matenial of fiber
bundles.

{00194}  An addittional parameter that can influence mode coupling can be the non-
uniformty of fibers such as fluctuations of core size and wwregular core shape. This non-
uniformity can tntroduace the mismatch in propagation constant R between cores and a small
amount of musmateh can extensively reduce mode coupling between fibers. (Seee g,
References 115 and 117). This great reduction can be observed in FIGS. 24B and 24C, in
which the total intensity transferred from central fiber to sarrounding fibers for fiber bundles
with same core size and 1%6 and 2% randomness in core size are shown. However even

though the fluctuation of core size can introduce mismatch of propagation constants of same

1.4
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order modes, it can introduce the possibility thay different order modes in adjacent fibers have
nearly equal and can cause strong couplig between cross order modes of neighboring cores.
FIG. 248 shows one example that Sth mode of central fiber and 6th mode of one neighboring
fiber i3 almost the same, such that there can be strong couphing between these two modes.
Thus it can be important to utihize the non-uniformity to reduce the cross talk between fibers
since it can introduce the possibility of cross order mode coupling. To reduce this possibibity,
reducing the guided modes of each fiber supported can be performed.

{06195] By combining all above exemplary resolts, the parameters of fiber bundles can
include a core diameter of 30 pm = 03 o, or 3.0 g = 0.2 pm, or 30 uym £ 0.1 pm, or a
core diameter of 3.0 pm within measurable error.

{00196] The exemplary diameter of the core can have a fluctuation of + .02 pmto + 0.4
pny = 0.02 wmto = 0.3 wm, = 0.03 wim to £ 0.3 um; 0.05 wm to £ 0.2 um, or approximately %

0.1 pm. In some embodiments, the core fluctuation can be approxymately 0.06 i {e.g.,
2.0%). An even larger mismatch (e.g., larger than = 0.4 um) could also be used to mtroduce
an even larger mismatch between modes of the cores. However, such a large mismatch in
core fluctuation can preferably be used with smaller core diameters (e.g., a core diameter of
2.7 qan, 2.8 win, 2.9 wm or 3.0 pum) instead of larger core diameters. The exemplary bondle
specifications can be used at, and can be based on, a wavelength of between about 630-
720nm. The bundle specifications can also he dependent on the tlumination wavelength, and
can be selected to redace crosstalk between optical fibers in the exemplary fiber bundle. In
some embodinents, the manutacture of the core can provide for such a fluctustion in the core
diameter as mberent m the formation process. Thus, if can be an aspect of the present
disclosure that the fluctuation m the core diameter can be defined by the formation of the
fiber bundle. In other embodiments, an increased fluctuation as compared to the minimal
fluctuation that can be formed can be preferred.

{06197} The fiber bundle can also nclude a core spacing of 8.0 pn £ 0.7 um, RO um £ 0.5
pm, 80 pm 04 g, 8.0 g 2 0.3 jm, 8.0 um+ 0.2 pm, or 8.0 pmyd 8.1 pm, or 80 pm
within measurable ervor. The fiber bundle can also mclude a numerical aperture of at least
(.33, at least (.36, al least (0.37, at least 0.38, at least .39 orat least 0.40. In one
embodiment, the nwnerical aperture can be between 0.37 and 041 or berween 038 and 041

While the highest NA for current commercially available fiber optic bundles can be
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approximately 0.40, higher NA can be preferred for reducing crosstalk, and the higher NA
can be used should they become available, such as a NA of about 042, 043, 044, or 045, In
one embodiment, the fiber bundle has a core diameter of 3.0 um £ 0.1 pm with fluctuations
in the core size of +: 0.1 wmto + 0.2 pm, a core spacing of 8.0 g & 0.5 wm, and a numerical
aperture of between 0.38 and 0.41.

{00198]  While there can be variability in each of the parameters as described herein, it can
be understood that each of the parameters can be intervelated, and if #t 18 desirable to change
one parameter in the formation of the optical fiber, it can also be advisable to change one or
more other parameter to compensate for the initial change.

j00199] The fiber bundle as described herein can reliably transmit speckle patterns at
wavelength 690 nm.

{00200] The fiber optic bundles of the present disclosure can have reduced inter-fiber
crosstalk. In some embodinments, the reduction m mter-tiber crosstalk at a propagation
distance of 0.5 m using 690 nm radiation can be at least 109, 209, 30%, 40%, 50%, 60%,
70%, B0%, 90%, or more compared to an available fiber optic bundle, such erther of the
SCHOTT Type 1 or SCHOTT Type 2 leached image bundies described in Table 2 above. In
some embodiments, the inter-fiber crosstatk of the fiber optic bundle can be at a negligible
fevel. While the variance m the fiber size can facilitate that, two adjacent fibers have
identical core diameters and thus a relative increase w inter-fiber crosstalk, in some
embodiments, the average inter-fiber crosstalk for the fiber optic bundle can be msignificant
and provides a near-zerd negative contribution to the image quality,

{00201  The exemplary coupled intensity in cores of one configuration of type Tand type It
fiber bundles with =0.1 um randomness in core size and exemplary fiber bundles according
to the present disclosure are shown in FIGS. 25A-25C, respectively. The strong couopling can
be seen m both type | and type Ul fiber bundles while the coupling in fiber bundles of the
present disclosure mav not be obvious. When fiber bundles are moving, the coupling
between cores could change with time because the motion can change the mode overlapping
and introduce modulation to the extra phase difference between cores due to bending and
twasting of fiber bundles. {See, e.g.. References 124 and 125). However {or totally
decoupled cores, the effect of fiber bundles motion can be weak, and can be neglected. 5o, o

conduct in vivo LS, a fiber bundle with fully decoupled cores can be preferred to elinunate
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the influence of hundle motion. The fiber bundle, as desenbed herem, has shown the small
conpling between cores 30 that 1if should not be sensitive o the bundle motion.

{06202] Optical fiber bundles have been demonstrated to be a key component to conduct
endoscopic LSE The transmutied faser speckles can be modulated by inter-fiber coupling
reducing the accuracy of speckle temporal statistics. As described herein, coupled mode
theory can be applied, and the imfluence of fiber core size, core spacing, numerical aperture
and variations i core size on mode coupling and speckle modulation has been analyzed. The
analysis of the speckle intensity autocorrelation of time-resolved speckle frames illustrated
that a fiber bundle with about 3501 pm core size, about B1im core spacing and about 0.40
NA, can facilitate reliable speckle transmission to conduct endoscopic LST at about 690 nm.
The exemplary results can provide solutions and reconumendations for the design, selection
and optinuzation of fiber bundles to conduct endoscopic LSL

{00203] Figure 40 shows a block diagram of an exemplary embodunent of a system
according to the present disclosure. For example, exemplary procedures in accordance with
the present disclosure described heretn can be performed by a processing arrangement and/or
a compuiting arrangement 4002, Such processing/computing arrangement 4002 can be, for
example entirely or a part of, or include, but not lintted to, a computer/processor 4004 that
can include, for example one or more microprocessors, and use mstructions stored on a
computer-accessible medinm (e, RAM, ROM, hard duve, or other storage device).
{00204]  As shown i Figure 40, for example a computer-accessible mednm 4006 {e.g., as
described herein above, a storage device such as a hard disk, floppy disk, memory stick, CD-
ROM, RAM, ROM, etc., or a collection thereof) can be provided {e.g., in communication
with the processing arrangement 4002). The computer-accessible medium 4006 can contain
executable instructions 4008 thereon. In addition or alternatively, a storage arrangement
4010 can be provided separately from the computer-accessible medium 4006, which can
provide the mstructions to the processing arrangement 4002 so as to configure the processing
arrangement to execute certain exemplary procedures, processes and methods, as described
herein above, for example.

{00205]  Further, the exemplary processing arrangement 4002 can be provided with or
mchade an input/output arrangement 4014, which can include, for example a wired network, a

wireless network, the internet, an intranet, a data collection probe, a sensor, etc. As shown in
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Figure 40, the exemplary processing arrangement 4002 can be in commmunication with an
exemplary display arrangement 4012, whach, according to certam exemplary embodiments of
the present disclosure, can be a touch-screen configured for inputting information 1o the
processing arrangement in addition to outputting information from the processing
arrangement, for example. Further, the exemplary display 4012 andfor a storage arrangement
4010 can be used to display and/or store data in a user-accessible format andfor user-readable
format.

{00206] The foregoing merely illustrates the principles of the disclosure. Various
modifications and alterations to the described embodiments will be apparent to those skilled
in the art i view of the teachings herein. It will thus be appreciated that those skilled in the
art will be able to devise namerous systems, arrangemaents, and procedures which, although
not explicidy shown or described herein, embody the principles of the disclosure and can be
thus within the spirit and scope of the disclosure. Various different exemplary embodiments
can be used together with one another, as well as interchangeably therewith, as should be

anderstood by those having ordinary skil m the art. In addition, certain terms ased m the

present disclosure, inclnding the specification, drawings and claims thereof, can be used

synonvmously in certain instances, inctuding, but not limited to, for example, data and
nformation. It should be understood that, while these words, and/or other words that can be
synonymons 1o one another, can be used synenvmously herein, that there can be instances
when such words can be mtended to not be used synonymously. Farther, {o the extent that
the prior art knowledge has not been explicitly incorporated by reference herein above, it 1s
explicitly corporated herem in its entivety.  All pubhications referenced are incorporated

herein by reference in theiy entireties.
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WHAT IS CLAIMED IS:

1. An apparatus for obtaining information regarding at least one biological structure,
COMPrising:

a light guiding arrangement which includes at least one fiber through which at least
one electromagnetic radiation is propagated, wherein the electromagnetic radiation is
provided at least one of to or from the structure;

at least partially reflective arrangement having multiple surfaces, wherein the
reflecting arrangement is situated with respect to the eptical arrangement such that the
surfaces thereof each receives at least one beam of the electromagnetic radiations
mstantaneousty; and

at least one receiving arrangement which is configured to receive the reflected

radiation from the surfaces which mchude speckie patterns,

2. The apparatus according to clann 1, further comprising at least one polarizing
arrangement which receives the electromagnetic radiation, and prevents receipt of a same
polatization from retwming to the at least one receiving arrangement.

3. The apparatus according to clamm 1, wherein the reflective sirangement has at least

one portion with a shape of at least one of'a cone, a polygon or 4 pyramid.

4. The apparatus according to clatm 1, Duther comprising an optical arvangement

configured to recetve the at least one electromagnetic radiation.

5. The apparatus aceording to claim 4, wherem the optical arrangement meludey at

feast one of @ GRIN lens, a ball lens or an imaging lens.

6. The apparatus according to claim 1, wherein the number surfaces 1s 2 or more.
7. The apparatus according to clainy {, wheren the number surfaces is 4 or more.
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8. The apparatus according to claim 1, wherein the number sarfaces is 6 or more.
g, The apparatas according to claim 1, wherein the light guiding srrangement

mclades a configuration which splits the electromagnetic radiation to forther radiations
having different wavelengths, wherein the multiple surfaces reflect the further radiations, and
wherein the at least one receiving arrangement is forther configured to recetve the reflected

further radiations provided at the different wavelengths.

16, An apparatus for obtaining mformation regarding at least one biclogical structure,
comprising.

a catheter arrangement which mcludes at least one fiber through which at least one
electromagnetic radiation is propagated, wheremn the electromagnetic radiation 1s provided at
teast one of 1o or from the structare;

a pullback arrangement which is configured to facilitate 8 pullback of the catheter
arrangement; and

a detector arvangement which includes a plurality of sensors, the sensors being
coupled to a surface of at least one portion of the catheter arrangement, and configured to
move ogether with the pullback arrangement, and receive optical mfonmation associated with
the at least one electromagnetic radiation provided from the structure so as to generate the

mformation.

T The apparatus of clatm 10, wherein the sensors are divectly attached to the sarface

of the at least one portion of the catheter arrangement.

12. The apparatus aceording to claim 10, wherein the detector arrangenent includes at

feast one of & CMUOS sensor, a CUD sensor, a photodetector or a photodetector array.

1

Tad

The apparatus according to claim 10, wherein the at least one fiber includes a

plarality of fibers.

14. The apparatas according to claim 10, wherein the at least one fiber includes a fiber
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hundle.

15. The apparatas according to claim 14, wherein the fiber bundle has (1) a core

diameter of 3.0 pm & 0.3 pm with a fluctuation m core diameter of + 0.03 gm to + 0.3 pm,

(i1} a numerical aperture of at least .35, and (i) a core spacing of 8.0 pm = 0.5 um.

16 The apparatus according to claim 10, wheremn the pullback arrangement is

controlied by at least one motor.

17, The apparatus according to claim 16, wherein the at least one motor controls the
pullback arrangement such that the pullback arrangement moves the catheter and detector

arrangements in a stepped manner.

I8. The apparatus according to claim 16, wherein the at least one motor controls the

pullback arrangement to rotate at teast one of a drive shaft or distal optics.

18 The apparatas according to colatm 18, wherein the at least one motor is configured

to maintain the catheter stationary.

20, The apparatus according to claim 17, wherein adjacent times for the movemenis of

the catheter and detector arrangement arg between 5 msec and 100 msec,

21 The apparatus according to claim 10, wherein the sensors recetve the optical
20information that is associated with the electromagnetic radiation provided at different

wavelengths.

22, The apparatas according to clamm 21, further comprismg a filter arrangement which
is configured to filter the optical information based on the electromagnetic radiation provided
at different wavelengths.

23, The apparatus according to claim 10, wherein the catheter arrangement mclodes a
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drive shaft arrangement which holds the at least one fiber and 18 duwectly connected 1o the

pullback arrangement.

24, The apparatas according to claim 23, wherein the drive shaft arvangement Rurther

holds distal optics.

23, ‘The apparatus according to claim 13, wherein the at least one motor controls the

pullback arrangement sach that the pullback arrangement moves the catheter and detector

arvangements continuously at at least one of a predetermined speed or a variable speed.
26, An apparatus for imaging at least one portion of a biological structuve. comprising:

a radiation providing arrangement which is configured to forward at feast one first
electromagnetic radiation to the structure at multiple dlumination locations;

a detector arrangement which is configured to receive at least one second
electromagnetic radiation from the multiple locations of the stracture; and

a pullback arrangement which, during the forwarding of the first electromagnetic
radiation, i3 configured to pull back at least one of the radiation arrangement of the detector
arrangement,

wherein the detector arrangement is further configured 1o mmage the at least ong
portion of the stracture based on the at least one second electromagnetic radiation, without a

retation of the radiation providing arrangement.

27. The apparatus according to claim 26, wherein the at least one first electromagnetic
radiation 1s forwarded to the structure at mueltiple tlumination locations substantally

simultaneously.

28. The appavatas according to claim 26, wherein the at least one second
eleciromagnetic radiation is received from the multiple locations of the structure substantially
simulianeously.

29, The apparatos according to claim 26, wherein the at least one second
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electromagnetic radiation provides mformation regarding a speckle pattern reflected from the

at least one portion of the structure.

30, The apparatas according to claim 29, wherein the speckle pattern has an intenasty

that varies i time.

31 The apparatuy aceording to claim 29, wherein the variation of the intensity of the
speckle pattern provides information regarding mechanical properties of the at least one

portion of the structure, which are determined by the detector arrangement.

32. The apparatus according to claim 26, wherein the pullback arrangement is

conttrolled by at least one motor.

33. The apparatus according to claim 32, wherein the at least one motor controls the

pullback arrangement to rotate at teast one of a drive shaft or distal optics.

ol
s

A method for imaging at least one portion of a hiological structure, comprising:
a) using a radiation providing arcangement, forwarding at least one first
glectromagnetic radiation to the structure at multiple ilumination lecations;

b} using a detector arrangement, recetving at least one second electromagnetic
rachiation from the muoltiple locations of the structure; and

¢} during procedare (a), pulling back at least one of the radiation arvangement of
the detector arrangement,

wherein the detector arrangement is configured to image substantially an entire
surface of the at least one portion of the structure based on the at least one second

electromagnetic radiation, without a rotation of the radiation providing arrangement.
35 The method according to claim 34, wherein the at least one first electromagnetic

radiation i3 forwarded to the structwre at multiple Hhanination locations substantially

simultaneously.
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36 The method according to claim 34, wherein the at least one second electromagnetic

radiation 1s recetved from the multiple locations of the stracture substantially stmultaneousty.

37. A method for obtwning information regarding at feast one biological structure,
comprising.

receiving information related to at least one radiation reflected from the at least one
brological structure mcluding at least one speckle pattern; and

using a computer hardware arrangement, generating an image of the at feast one

biological structure based on the information.

38, The method of claim 37, further comprising removing pixilation artifacts from the

at least one speckle pattern.

39, The method of claim 37, further comprising determining a speckle intensity

fluctuation of the at least one speckle pattern,

443, The method of claim 39, wherein the speckie totensity fluctuation s determned by

measuring a change of muluple mirror facets pver time.

41. The method of claim 37, further comprising removing at least one of a background

fluctuation or & seurce Huctuation from the at least one speckle pattern,

42. The method of claim 37, further comprising filtering at least one of substantially

static or non-fluctuating speckles from the at least one speckle pattern.

43, The method of clatm 37, further comprising determining a phase fluctuation of the

at feast one reflected radiation.

44, A non-transitory computer-accessible mediom having stored thereon computer-
executable instructions for obtaming mformation regarding at least one biological structare,

wherein, when g computer arrangement executes the instructions, the conputer arrangement
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is configured to perform procedures comprising:

recerving mformation related to at least one radiation reflected from the at least one
biological structure including at least one speckie pattern; and

generating an fmage of the at least one biological stracture based on the

information.

45, A method of reducing inter-fiber crosstalk m a fiber optic bundle comprising:
providing a fiber optic bundle comprising a plurality of core fibers cach baving:
a core diameter of 3.0 wm & 0.3 pm with a fluctuation in core diameter of &
0.03 pmto =03 pm, and
a numerical aperture of at feast (035, and
the fiber optic bundle having a core spacing of 8.0 urn = 0.5 m; and
receiving a light into the fiber optic bandle, wherein the {iber optic bundle has a reduced

inter-fiber crosstalk.

46, The method of item 46, wherein the diameter of the core fibers 18 3.0 pm = 0.2 um.
47. The method of item 46, wherein the dlameter of the core fibers s 3.0 um = 0. g
48, The method of e 46, wherein the fluctuation of the core diameter i+ 0.06 pm
o

0.2 .

49 The method of item 48, wherein the fluctuation of the core diameter 18

approxunatety

00 .
50, The method of item 406, wherein the numerical aperture s between 038 and 0.41.
51, The method of item 46, wherein the core spacing 1s 8.0 um £ 0.3 pm.

e

b
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52, The method of tem 51, wherein the core spacing is 8.0 pm £ 0.2 um.
53. The method of item 46, wherein the fiber optic bundle has an inter-fiber crosstalk

that 1 at least 10% less than the inter-fiber crosstalk within a leached fiber optic 1mage

bundle defined as SCHOTT North America Type 1 at a propagation distance of 0.5 m using

690 nm radiation.

54, The method of stem 33, wherein the fiber optic bundle has an inter-fiber crosstalk

that is negligible.

55, An apparatus for laser speckle imaging that has low inter-fiber crosstalk
COMPLISInG:

a coherent radiation source,

a fiber optic bundle configured to receive radiation from the coherent radiation
source comprising a plurahity of core fibers having a core diameter, a fluctuation in core
diameter, a numerical aperture, and a core spacing, wherein each of the core diameter, the
fluctaation in core diameter, the mumerical aperture, and the core spacing 1s determined using
coupled mode theory (CMT);

one or more optical elements configured to direct coherent radiation from the fiber
optic bundle to a tissee and collect radiation from the tissue; and

a detector configured to receive a speckle pattern from the one or more optical

clements,

56, The apparatus of item 35, wherein the diameter of the core fibers is 3.0 um £ 0.3
un.
87, The apparatas of ttem 56, wheremn the diameter of the core fibers 18 3.0 pm+ 02
pum,
S8, The apparatus of item 57, wherein the diameter of the core fibers 8 3.0 pym 0.1
Jm,
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39, The apparatus of tem 35, wherem the fluctuation of the core diameter 18 3 0.03 pm

to & 0.3 pm.

60, The apparatus of item 59, wherein the floctuation of the core diameter s £ 0.05 um

to+ 02 pm.

61, The apparatas of item 60, wherein the fluctuation of the core diameter is

approximately = 4.1 pm.

62, The apparatus of item 35, wherein the mumerical aperture s at least 0.35.

63. The apparatas of ttem 62, wherein the numencal aperture 1s between 0.38 and 0.41.
64, The apparatus of item 35, wherein the core spacing s 8.0 um £ 0.5 g,

65, The apparatas of item 64, wherein the core spacing is 8.0 pm 2 0.3 ym

06, The apparatus of tem 65, wheretn the core spacing is 8.0 pra £ 0.2 pnu

67, The apparatas of item 55, wherein the fiber optic bundle comprises a core diameter

of 3.0 pr & 0.3 pm with a Hluctuation in core diameter of £ 0.1 pmto £ 0.3 pm, and a
aumerical aperture of at least 0.33, and the fiber optic bundle having a core spacing of 8.0 pm

£ 0.5 ym.

68. The apparatas of claim 55, wherein a fiber size, the numerical aperture and the core

spacing depends on a wavelength of the coherent radiation source.

69, The apparatus of claim 68, wherein the core diameter depends on at least one of the

fiber size, the core spacing or the numerical aperture.
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70, A method of tissue analysis comprisimg:

tHuminating at least one first cylindrical section of a lumen wall with coberent ot
parttally coherent light by passing the light through at least one facet of a nultiple-faceted
pyranudal miror,

receiving light reflected from the first ovlindrical section of a fumen wall at the
NHITOT,
dluminating at least a second cvlmndrical section of a lumen wall with coberent or partatly
coherent light at a thme different from the first Huminating step by passing the light through
at least a second facet of the multiple-faceted pyramidal mirror, receiving Hight reflected from
the second cvlindrical section of a lumen wall at the mirror;

receiving light reflected from the mirror at a detector and forming senies of speckle
patterns;

analyzing changes in the speckle patterns at tirne mtervals sufficient to measure

changes caused by microscopic motion of objects within the tissue,

71. The method of claim 70, wherein the iHumination cccurs by first tluminating
cylindrical section of 4 lumen wall through either a single facet of the pyramidal mirror ata
time, or nuiltiple facets of the pyramidal mirror at one time, wherein the facets are not

adjacent to each other.

72 The method of clainy 70, wherein the multiple faceted pyramidal mirror s a fous-
sided mirror and the cvimdrical section of a fumen wall 18 thmnnated through two non-
adjacent facets simultaneously and then the cyvlindrical section of a fumen wall is ithoninated

through the other two non-adjacent facets stmultaneously

Y-

5
v

3. The method of clatm 70, wherein the multiple faceted pyramidal mirror 15 a six-
sided mirror and the cyvlindrical section of a lumen wall 13 Hluminated through two or three

non-adjacent facets simultaneousiv.

T
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