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(57) Abstract: Examination of the structure and function of blood vessels is an important means of monitoring the health of a sub -
ject. Such examination can be important for disease diagnoses, monitoring specific physiologies over the short- or long-term, and
scientific research. This disclosure describes technology and various embodiments of a system and method for imaging blood vessels
and the intra-vessel blood flow, using at least laser speckle contrast imaging, with high speed so as to provide a rapid estimate of

vessel-related or blood flow-related parameters.
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System and Method for Rapid Examination of Vasculature and Particulate Flow Using

Laser Speckle Conirast Imaging

Government Grant Support

This mvention was made with government support under grant 1R43EBOIOES6-01AT awarded by the
National Institute of Biomedical Imagmg and Bioengineering {of the National Institutes of Health), The

government has certam righis 1 the invention.

Field of the Invention

The present wmvention relates goserally to vascular mmaging tochoclogios and methods and, more

particularly ., to the rapid examination of vascolature and blood flow usmg laser speckle contrast imaging.

Background

Blood vessels are the fundamental mechanism by which human and anunal biological svstoms and related
tissucs, organs, and organ systoras receive nuinient supply and remove waste products fo mantam s
viability, integrity. and functionabty. Asalomecal characteristios of blood vessels (e.g., size, structure,
orientation, location, quantity, distribution, and type) are spocific to each biological systom, tissue, organ,
or organ sysiem. Many pathologies manifest as changes in these anatomical characteristics and are also
accompanicd by changes m vascular physiclogy {e.z., velocty or flow rates of blood within an mdevidual
vessel, group of vessely, or network of vessels; disinbution of blood flow within a group or network of
connected or independent vessels, inchiding regiong of vascolar profusion and non-perfusion; and vessel
comphiance, confractility, and proliferation). For example, diabetic retmnopathy (DR) 15 a vision-
threatening complication of diabetes that manifests as progressive narrowing of arteriolar caliber untid
coclusion occnrs. Vessel occlusion s typically followed by vessel prohiferation (Lo, angiogencsis), which
results i increased vision loss and progression toward blindness. Namerous other discases and conditions
mvelve pathologies or svmptoms that mamfest m blood vessel anatomy or physiclogy. Discases
agssociated with modified or abnormal vasculature in the eve melade DR, hyvpertensive retinopathy (HR),
glaucoma, age-related macular degeneration (AMD), retinopathy of prematurny {(ROP), and choroidal
neovascularization {CNV), among others. Vasoular changes i the ove are also associated with svstenuic

diseases, inchuding sleep apuea, Alzhetmer’s disease, brain lesions (e.g., stroke}, varicns comphceations of
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cardiovascular discase, and metabolic discases {c.g., diabetes and hyperthvroidisim).  Varous
dermatological disecases and conditions, meluding melanoma, diabetic foot ulcors, skin fesions, wounds,

and burng, imvoelve imury to or pathophysiology of the vasculature.

These anatomical and phyvaiclogical characteristics are mmportant for the development of novel diagnosties
and therapoutics; the diagnosis, management, and treatment of many diseases and medical conditions; and
the advancement of standard of care for paticots (human and aramal). By evaluaiing the anatonucal and
phyaological charactenistics of the vasculature {(directly or mdirectly, quantitatively or qualitatively), a
scientist, clinician, or veterinarian can begm to understand the viability, integrity, and fonctionality of the
biological systomn, tissue, organ, or organ svstom: bemng studied. Depending on the specific condition
bemg stodied, important markers mayv mamifest as acuie or long-term alterations m blood flow or ather
anatoratoal and physiclogical characteristios of the vasculature. For example, anatomical and
phvsiological sformation, 1n cither absolute terms or as relative changes, may be used as a mechantsm
for monitoring and assessing changes m the retinal vasculature to determine the nisk of blimdness
associated with DR, the likely onset of visual impairment, and potential discasec management and
treattient opilons, among other things. Likewise, almost all ivpes of tumors are accompanied by vascular
changes to the cancerous tissue: tomor angrogencsis and increased blood flow is often observed in
cancerous tissue due to increased metabolic demand of the tumor cells. Sumilar vascular changes are
assoctated with healing of mjuries, inchiding wounds and bums, where angiogenesis serves a critical role
10 the healing process. Hence, anatomical and physiological mformation may assist a clinician or
vetermarian m the momitoring and assessment of healing after a severe burn, recovery of an ncision site,
or the effect of a therapentic agent or other type of therapy (o.g.. skin graft or negative pressure therapy)

in the treatment of a wound or diabetic foot uleer.

Monitoring and assessment of anatonucal and phvsiclogical information can be critically vaportant for
surgical procedures. The imaging of blood vessels, for example, can serve as a basss for cstablishing
tandraarks during surgery. Danag bramn surgery, when a craniotomy is performed, the brain often moves
within the ntracramial cavity due to the release of ntracranial pressure, making 1t difficult for surgeons to
usg preoperatively obtamed images of the brain for anatonucal landmarks. In such situations, anatonucal
and physiclogical aformation mav be used by the surgeon as vascular markers for orientation and

navigation purposes. Anatormical aoad physiological mformation also provides a surgeon with a
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preoperative, mdraoperative, and postoperative mechamsm for montioning and assessment of the target

tissue, organ, or an wdividual blood vessel within the surgical field.

The abiliy to guaniify, visualize, and assess anatomucal and physiological wformation in real-time or
near-real-time can provide a surgeon with feedback to support diagnosis, treatment, and disease
management decisions. An oxample of a case where real-tume foodback regarding anatomical and
phyvsiclogical ieformation 13 muportant is that of intracperative monitoring during soUrosurgerny, of more
spectfically. cerebrovascalar suwrgery. The avadabibity of real-time bood flow assessment in the operating
room {OR) allows the operating newrosurgeon to gwde surgical procedures and receive mmediate
foedback on the effect of the spocific intervention porformed. bn corchrovascular neurosurgery, real~time
blood flow assessment can be useful during ancurvsin surgery 1o assess decreased perfosion in the feeder

vessels as well as other proximal and distal vessels throughout the surgical procedure.

Likewise, rapid oxamination of vascular anatomy and physiology has sipmficant utility in other climical,
vetermary, and research environmenis. For oxample, blood flow is often commensurate with the level of
activity of a tissue and related organ or organ system. Heoce, vascular imaging technigues that can
provide rapid assessment of blood flow can be used for functional mapping of a tssne, organ, or organ
svstern to, for example, evaluate a specific disease, activity, stimmulng, or therapy m a clirucal, veterinary,
or research setting. To illustrate, when the somatosensory region of the brain 1s more active because of a
stimulus to the band, the blood flow to the somatosensory cortex mereases and, at the micro~-scale, the
blocd flow in the region of the most active nowross mercases commensurately, As such, a scientist or
clivucian may emplov one or more vascolar imaging techmques to evaluate the physiological changes w

the somatosensory corlex associated with the stimulus to the hand.

A pumber of vascular imaging approaches oxist to evalvate anatonucal and physiological nformation of
the tissue vasculature. Magnetic resonance mnaging (MR, xrav or computerized fomography (CT),
ultrasonography, laser speckle contrast mnagig (LSCL, and posttron emission tomography (PET) are
among a number of unagmg techmiques that offer guantitative and gualitative information about the
vascular anatomy and physiology. Hach techanique offers unigue features that may be more relevant to the
gvaluation of a particular biological system, tissue, organ, or organ system or a specific discase or medical

conditton.
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LSCL bhas particular relevance i the rapud, miraoperative oxamination of vascular anatomv and
phvsiclogy. L8CT 1s an optical imaging techuigue that uses miterfercace patierns {called speckies), which
are formed when a camera captures photographs of a rough swrface thununated with coherent ight {eg, &
laser), to estimate and map flow of vanous particulates i different types of enclosed twbes. H the rough
surface comprises moving particles, then the speckles corresponding to the moving particlos cause a
bhurring effect during the exposure tume over which the photograph s acquired. The bloring can be
mathematically quantified through the estimation of a quantity called laser speckle contrasgt (K), which s
defined as the ratio of standard deviation to mean of pixel intensitics in a given neighborhood of pixels.
The neighborhooed of pixels may be adjacent 1 the spatial {i.c., withm the same photograph) or temporal
{i.c., across ssquentially acquired photographs) domains or a combination thercof. In the confext of
vascular imaging, LSCI guantifies the blurning of speckics caused by moving blood cells within the blood
vessels of the Huminated region of mierest (RO and can be used to analyze detaled anafomical
mformation (which includes but is not imited to vessel diameter, vessel tortuosity, vessel density m the
RO or sub-region of the RO, depth of a vesse] i the tissue, length of a vessel, and type of blood vessel,
o.g., ts classification as artery or vein) and physiological information (which includes but 15 not himited to
one or more of blood flow and changes thereof in the ROI or a sub-region of the ROL blood flow m an
mdividual blood vessel or group of mdividual blood vessels, and fractional distnbution of blood flow in a

network of eonnected or disconnected blood vessels).

While non-LSCT methods of intracperative real-tiree biood flow assessmend are currenily used, no single
method s considered adeguate 1n all scenarios. For example, 1 the context of corcbrovascular surgery
such as ancurysm swrgery, mnaging of small vet puportant vessels calied perforators necessitates a hughe-
resolution maging technique for montoring anatomical and physiclogical mformation, which is currently
unavailable in the ncurosurgical OR. The use of Indocyanine Green (ICG) Videoangiography has been
assessed for this purpose but challenges still remain because of the potestial for dyve leakage.
intraoperative angiography 18 currently considered the gold standard to assess vessel patency following a
number of cerchrovascular procedures (e.g., aneurvsm clippmg and arteriovencus malformation, AVM,
obliteration). However, angiography does not provide real-time assessment during the actual performance
of surgery. Furthermore, given the mvasive nature of this techmigue, and despiie advancements, the nisk of
complications 13 not chimunated. In AVM surgerv, real-time blood flow assessment helps the sorgeon
better understand whether particular feeding vessels carry high flow or low flow, which could ultimately

mnpact the manner it which those vessels are disconnected from the AVM ({i.c., bipolar cautery versus
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chip higation). Fmally m a discase such as Movamova, which may require direct vascular bypass, real-time
flow assessment can be vsefud m denidfving the preferred recipiont vessels for the bypass as well as

assessing the flow 1a that bypass and sarrounding coriex once the anastomosis 18 completed.

The real-time assessment of blood flow may be helpful in other surgery ficlds that rely on vascular
anastomoses as well, specifically plastic surgery, vascular surgery, and cardiothoracic surgery. Currently,
tochaology sach as the use of Doppler ultrascnography s used to confurm the paicncy of an anastomosis.
However, real-time, guantitative tuaging can add a tremendous benefit 1o assessing the adequacy of a
byvpass, revealing problems to the surgeon in real time o facilitate correction during surgery rather than

postoperatively when cither i is too late or the patient reguires a reoperation.

LSCT has been used as a blood flow wontioring techaigque in the OR. LSCI has been considered for
functronal mapping in awake craprolomies to prevent damage to cloquent regrons of the brain, to assess
the surgical shuntimg of the superior temporal artery (STA) and the middle cerebral artery (MCA) and for
mtraoperative monitorimg dunng nowrosurgory. These approaches bave lnmitations of spatio-temporal
resolufion and availability of anatoreical and physiclogical information on a real-time or sear-real-time

basis.
Summary of the Invention

This disclosure relates to technology and various embodiments of a systom for rapid examination (i.¢.,
real-time or near-real-tine) of vasculature and particulate flow using LSCL In varions embodiments, the
systemy comprises at least one dlumination module and at least one light mastpelation component o
dhintinate the RO of 2 target tissue, at least one camera module and at least one optical element for
capturing light reflected from the ROT of a target tissuc, at least one processor that 1s programmed to
calenlate, cstimate, and/or determmine anatomical and phyvsiological information 1n real-time or near-real-
time using at least LSCI, at least ong storage module for short- and long-term acoess or archival of
electromie data captured, acquired and/or generated by the systeru, and at least one display module that

prosents the snatomical and physiological mformation in real-time or near-real-time.

In various embodiments, the at least one hght sovrce comprises at least one coherent light In some
corbodiments, the at least one light source comprises at least one coherent light and one or more non-

coherent or partially coherent light. In vanows emboduments, the at least one light manipulation

(92}
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component comprises lenses, murors, apertures, filters, beam splitters, boamm shapers, polarizers, wave
retarders, and fiber optics. To various embodunents, the target tissue comprises the cornea, sclera, refina,
eptdernus, dermis, bypodernus, skeletal muscle, smooth mascle, cardiac muscle, cerchrovascular tissue,
the stomach, large and small mtestines, pancreas, liver, gallbladder, kidneys, and lymphatic tissue. In
various embodiments, the target tissue 15 1n situ, 0 vive, or in vitre. In various eobodunents, the at least
one camera modole compnses a charge coupled device (CCDY, complemendary metal oxide
semiconductor {CMOS), metal oxide semiconducior (MOS), or photo~-tubes. In various embodiments, the
at least one optical clement comprises lenses, mirrors, apertures, filters, beam splitters, beam shapers,
polarizers, wave retarders, and fiber optics. In various embodiments, the at least one processor comprises
a ficld programmable gate arvay (FPGA), the contral processing wwt of a personal computer, laptop
computer, mobile computing platform, remote server of server system; an off-the-shelf microprocessor; or
equivalent coraputing device. The at least one processor may also comprise a graphics processing unit
{(GPL, a specialized processor configured for handling graphical and mmage data. The processor may
operate a smgle or multiple cores and carry out serial or paralle] computations. In varnious embodiments,
the anatomical information includes, but is not linuted to, size {e.g., diameter and length), structure (e.g.,
thickness and tortuosity), orentation {(e.g., dopth 1o the tissus, refative relation to other anatosucal
features within the RO, location {e.g., relative relation to other anatomical features witlun the organ,
organ system, or biclogical system), quantity, distnbution {e.g., density m the RO{ or sub-region of the
RO, and tvpe of blood vessels {e.g., artery, arteriole, vein, venule, or other classification). In vanous
embodmments, the physiological information includes, but 1s not finted to, velocity or flow rates of blood
within ap individual vessel, group of vessels, or network of vessels; distribution of blood flow within a
group or setwork of connected or independent vessels, inchiding regions of vascuar profusion and non-
perfusion; and vessel compliance, contractility, and proliferation. ln vanous embodiments, the
calenlating, estimating, and determining m real-time comprises porforming a processing stop within 40
sulliscconds of the original ovent that triggered the processmyg step. In various embodiments, the
calculating, eostiruating, and determimng m near-real-iimie comprises performing a processing step
between 40 millisceonds and 1000 milliscconds of the original ovent that triggered the processing step. In
varous embodiments, gencrating an LSCI image comprises at least the calculation of laser speckle
contrast vahies at ong or more pixels of interest by uttdizing the mitensities of pixels m a spatial, temporal,
or spatic-leruporal neighborhood around the one or more pixels of interesi; and mav also comprise

estumation of speckle contrast-derived secondary values that can be utilized m estimation of anatomcal
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and physiological mformation local to the feature at the one or more pixels of mterest. In various
embodmments, the at least one siorage device comprises random acooss memory (RAM) units, flash-based
memory urats, wagnetic disks, optical media, flash disks, memory cards, or exiernal server or system of
servers {e.g., 8 clond-based system) that may be accessed through wired or wireless means. In various
ombodiments, the electronic data comprises raw image data captured by the at least one camcera sensor,
anatornical and physiclogical information or equivalend parameters caloulated from the raw or processed
mage data, patient-specific data manually entered or antomatically acquured from another source (0.2,
glectromic health record, electronic medical record, personal health record, picture archiving and
communications system, PACS, or other sensors, mncluding heart rate monttor, finger plethysmograph,
respivator, or other surgical, ancsthesiclogical, or medical equipment}, derivative data associated with the
processing of these electronie data, or control and guwidance wnformation (e.g.. scale bars, meno options,
operating mstructions, errer messages) or a combination thereof. In various embodiments, the at least one
display device comprises a digital or analog 2-dimensional or 3-dimensional prosentation system {e.g.,
television, computer monitor, head-mounted display, or mobile computing platform screen) based on
varions technologies {¢.g., cathode ray tubes, hight-cmitting diodes, plasma display technology, higuid
crystals display technology, or carbor nanotubes). In some embodiments, the at least one display device
presents electronic data, including the anatomical and physiological information or equivalent parameters
caloulated from the raw or processed inage data, in a manner that allows an observer to visualize the
mformation, parameciers, or clectronic data overlaid on the OV of the target tissue. In some
cmbodments, the svstem 18 designed to present eclectronic data, wehuding the anatomical and
physiclogical 1aformation or equivalent parameters calculated frova the raw or processed muage data, o

the pser via the viewing lens of the system, an associated microscope, or other surgical insinouent,

Thas invention further relates to technology and methods for rapid examimation of vasculature and
particolate flow vsmg LSCL To produce LSCT data, a stack of N image frames 18 capiured under coherent

ithavination and speckle conirast K(Fg) 1s calcunlated at every pixel of imderest £ using Eqg. 1.

Tn :
Y = 0 et *

e

where oy y and fyp,y are the standard deviation and racan, respectively, in the intensity of all pixels on
a defined local neighborhood N(Py ). K7Pg) values can be calculated such that N{Py) is chosen exclusively

i either the spatial domain called sL5CT (Hg. 2a) or the temporal domain called (L5C7 (Hg. 2b).

~J
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'3

N{(Py)

N{Py) = {Plxg, ye.n) st n —ng

a the above equations, x- and y- coordinates represent spatial coordmates, while # represents the
temporal placement of the pixel by denoting the frame number 1n which the pixel 15 located. Thus, pixel

P, 15 appropriately represented by the coordimates (g ve 74/,

Biood velocty 8 knows to be proportional o a parameter /1, (where 7.0Py 15 the correlation tune of

mitensity fhuctuations) that can be computed from K(Py) using g, 3.

(KPP = T'”'(P(“'{Z - 'r‘,;.(PO) [‘1 — exp (—— - il \3}} ................................................

Thus, plots of /77, and a plot of &(Fy arc cach mdicative of blood velocty and flow and potontzal
constituents of anatomical and physiclogical mformation. Both these plots can be digplayved in grayscale

or pseudo-color for visnalization purposes.

Spatial processing of speckle data requires onlv N=1 mnage frame be acquired and preserves temporal
resodution for sequentral momtormg, but suffers from a compromised spatial resohution. The degree of
compronise 1 spatial resolutton depends on the number of pixels in the spatial neighborhood chosen for

caleulation of speckle contrast.

For high-resolution LSCH, speckle contrast is caloulated using a temporal algonthm that requires the
processig of a tme-stack of soveral (vpically N=80, but may be different) suages. This reduces the
temporal resolution of any functional mformation extracted from the data, and also the prolonged mnage
acguisifion time makes the system and method susceptible to motion artifact. Even if images were
aoquired af 150 frames per second (fps), generating an LSCE image from the 80 frames would require

over 0.5s. To avend the slow output rate, spockle contrast can be caleulated over a rolling tuime-stack of

nages—ihat 16 by ncluding cach new tmage frame io the processing mmage stack and removing the

oldest mmage from the stack. Thas first in first out (FIFQG) stratcgy coupled with fast inplementation of
speckie contrast calculations allows the cutput rate to be as high as the camera frame rate but the system
would siill suffer from latency (te., the output would trail the real-tine event by a latoney of at least the

arnount of time that 18 required to acquire the N=80 tuage frames). If the acqusition speed is 150 fps, the

g4

latency corresponding o the acguisition of 80 frames, would be 8.333 seconds.

Py ng) s tii®yng ~ o ¥ vl S dpxd o EBg 2

LBOframes} fg. 2



WO 2017/062759 PCT/US2016/055976

To counter this problem and achieve rapid exanunation of vasculatwre and particulate flow, the subject
mventon includes a method of calonlating speckie condrast using a combination of spatial processing and
teruporal processing schomes. A pxelneighborhood that 13 cuboidal in the spatio-temporal domain i
used for calenlating speckle contrast. For example, a pixelneighborhood of § pixels x 3 pixels x 5 frames

around it 1s extracted for overy pixel Py (see Hq. 2) for contrast calculation, as expressed in Eg. 4.

NPy = {Fle,yn) s 600 v — (xe. vo)ll & 2pxand [n— ng| < 2frames} ..

K¢P,) 1s then calculated using Fg. . We have previcusly demonstraied a ficld programmable gate array
{(FPGA) based hardware moplementation of femporal contrast caleulations Sundar FPGA-based hardwars
inplementations for spatial contrast calcolations have also been reporied. srL53C7 strikes a balance
between spatial and temporal resolution while still stilizing adequate number of pixels for robust speckde
contrast caleulation. The neighborhood in the spatial domamn and swnber of frames nsed n processing in
the temporal domam may be choson m accordance with the requirements of the tmagmg application.
stESCT performs on par with s£LSCF and 12507 moreproducibidiy of speckie contrast values and the abduy
to diserimunate vessels from background tissse. The choice of awuber of pixels m the spatic-temporal
neighborhood may be as fow or as many depending on the desired spatio~temporal resolution in the output
of mmagmg and the spatial rosolution and frame rate of mmage acquisition. So, when using a camera
operating at 120 Hz, ¢t would be possible to use twice as many frames for st£.5C7 caleulations without
compromising the temporal resolution of the output as one would when using a camera operating at 60H .
Sunilarly, choice of the number of pixels m each frame that constitute the spatio~temporal neighborhood

would also depend on the spatial resolution at which image acquisition is performed.

Once plots of 471 or K are obtained, these plots mav be processed further to obtain anatomucal and

physiclogical mformation, meludmg:

s Bisod velocity—Blood velocity may be estimated as a Hnear or polvnosual function of 17,
values at the location. Subsequently, blood perfusion in a region of the ROI mayv be estimated
usmg these blood velocity estimates.

e  VYessel diameter

Vossel diameters mayv be estunated using the appearance of the K or /1,
values within the vessel with respect to those outside the vessel. Cowmparison of appearance
mohudes comparison of not only the mtensities but also the gradient of miensitics as well as other

features such as ridge-like appearance of vessels or the connectedness of vessels with other

[Ss}
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vessels, Ridge-like appearance can be formulated using the Hessian matnix and s cigenvalues
coraputed for the LSCT mage of the ROL

e Vascnlar bleod flow—Blood flow withi blood vessels may be estunated by combining both
vahies of //t. and valoe(s) of vessel diameter. In one method, vascolar flow may be obtamned by
mtegrating the values of blood velocity along the cross-section of the vessol. In anothor method,
vascular flow may be estimated by multiplymg the average blood velocity with the diameter of
the vessel Curve fitting may be used to refine the estivates of blood velocity or vessel diameters,

s Depth of the vessel in the tissue—Depth of the blood vessel mav be estimated using LSCL at
multiple different wavelengths, which pesctrate the tissue to different extents, thas resolving the
vessel based on the appearance of the vessel in the LSCI image obtained at cach wavelength
relative o its appearance in LSC images obtamed at other wavelengths.

¢ Length of the vessel—Length of the vessel may be estimated by tracking the blood vessel or its
centorline at a pixel level from one pomnt to another. The sum of pixel-to~-pixel distances may be
reported as 15, or the pixel-to-pixe! distances may be refined o obtain a smooth traversal prior ic
estimating the total length.

= Vessel Tortuosity— Tortuosity of the vessel may be estomaied utilizing one of the following
methods. Gne method includes estmation of tortuosily between two locations on any vessel of
wterest as the ratio of the length of the vessel along 1ts axis between the two locations to the
straight fine distance between the two locations. Another method meludes estimation of tortuosity
between two locations on any vessel of interest as the nomber of times the curvature of the vessel
changes per unit lengih of the vessel while axially traversing the vessel between the said two
focations on the vessel,

¢ Type of blood vessel—An artery {or an arteriole) may be diseriminated from a vein {or a vemule)
by analvzing the vessel’s appearance in the LSCI umage and a colored or monochrome
photograph (reflectance or absorption mmage tn son-coherent light), Arterial vessels have higher
biood velootties as compared o venous vessels, and also carry more oxygenated bood, which hags

different Light absorption propertics.

The subject mvention can be cmbodied differently for different apphlications that mclade acuie or
fongitudmal clinical diagoostic and monitoniag purposes, clinical decision sopport, and regearch uses. In
varicus crubodiments, the mvention 18 utdized in & manner such that the target 18 any enclosed tube {ie,

analogous to biood vessels) and particulate flow (1e., analogous to blood flow). An example of such a
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target may be a plastic tube with artificial blood flowing through i, or nucrofluidic channels with
suicrobeads flowing through them. The lymphatic svstem 13 another example of a target that the subject

mvention may be utihized for imaging.

in vanous embodiments, the system and mothod are designed for real-time or near-real-time blood flow
wnagmg during surgery, mcluding cerebrovascular surgery and other nourosurgeries; plastic and
reconstructive surgery; oplthalmic surgery; cardiac surgery; endoscopic surgery, ear, nose, and throat
{ENT) sorgery; and dendal surgery. In cach case, such assessment of one or more electronic data may lead
to actionable outputs such as surgical planning, diagnosis of intended or meidental conditions or
comphlications, proguaosis of the outconwe of the surgerv, modifving the course of the surgery m real-time,
short or fong-term ireatments or therapics, or managonment of health post-surgery. The actionable cuiput
raay result from considering the assessment of the one or more elecironic data in cogjuncion with
mformation gathered from other sensory or therapeutic medical device equipment or disease management

system.

J

Cerebrovascidar Surgery_and (ther Newrosurgeries: In preparatton for corcbrovascular surgery, the

surgical team establishes a surgical plan, typically based on MRI and CT images of the patient’s bran.
The sorgical plan involves a strategy for navigating to the specific surgical site in a way that nuniuizes
risk of damage to the vascular anatomy. The surgical procedure often requires the use of an operating
nucroscope to observe the surgical ficld and typically mvolves observation of vessel patency and vessel-
specific phvsiclogical information m the surgical field. In an ascurvsm sorgery, for example, blood flow
i perforator vessels associated with the ancorysm and s parent vessels are of great suportance for
chnical outcomes and, hence, an mmporiant monitoring target. Other types of neurosurgeries for which
observation of vessel patency and vessel-specific anatomical and physiological information in the surgical
fiold &5 1mportant melude vascular grafting surgeries o patients soffering from Movamoya discase,
arteriovenous malformation surgerics, braig {umor resection surgerics, awake cramiotomics where
functional mapping is desired, spnal cord swrgeries, and surgeries performed to rebove carpel tunael
syadrome. The subject invention can be embodied to provide the surgeon with real-ime or near-real-time
assessment of vessel patency and vessel-specific anatomical and physiological imformation to tnprove the

efficiency and effectiveness of cerebrovascolar and other neurosurgical procedures.

Plastic and Reconstructive Surgery: One of the manstays of plastic and reconstructive procedures 1 to

ensure the patency and viability of grafting procedures. Henee, it 1s important to monitor and visnalize the

11 -
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blood flow m discased and reconstructed or grafted tissue, as well as their mterface. The grafting
procedures of interest mvolve those such as free tissue transfer procedures, which transfer skin, vessels,
muscle, and bope from one part of the body to another. Thus procedure can be wsed, for example, after
treating cancer or removmg a tumor or after an accident or burn. The critical portion of a tissue transfer
procedure 15 connecting the removed vessels to the vessels m the receiving stte. Likewise, monitoring the
patency and viability of an anastomosis of blood vessels i1s critical to the success of organ transplant or
replantation procedures (¢.g.. a finger or other body part). The subject oveation can be embodied to
provide real-time or pear-real-time blood flow information that assists surgeons in determimng that the

ransferred vessels have proper blood flow and connection.

Oohthalmic Surgery. Ophthalme surgerics are oftes precise and morcasingly conducted with robotic
systermas. For example, a nomber of surgenies {e.g., treatment of DR and ROP) mvolve irradiation of the
reima with 1tense beams of laser to cavterize the vessels in the region to restnct undesired vascular
probiferation. Such a laser systems could be angmented with speckle-based imaging systems that use a
fow-intensity laser in the mwvisible spectruny and zonerate blood flow mformation v the ROL Such
mformation might help the surgical system avoid certain vessels (e.g., major vessels) and confum that
flow in the vessels of interest 15 as deswed (L., wrunterrupted or stopped, as appropriate). The subject
mvention can be embodied to obtain and display real-ime or nearwreal-time blsod flow mformation to
facilitate operating ophthalmic surgeons or surgical systems for decision making on navigation and

cutcomes.

Cardiae Surgery. Many cardiac swrgeries, ncluding coronary artery bypass grafting, angloplasty, or

endarterectomics requure infraoperative evaluation of blood flow to ensore successfild completion of the
procodure. In such procedures, visual mspoction with use of surgical loupes 1s a typical means of
evaluating vessel patency. The subject mvention can be embodied o provide real-time or near-real-ting

visnalization of anatomical and phyvsiciogical mformation 1o the FOV of the surgical loupes.

Endoscopic Surgerv: Endoscopie surgeries typically involve manipulation or resection of vessels, tissue,

and organs. As with other surgical procedures, the ability to identify the vessel anatomy and physiology
i the surgical sife 1s critical for navigation to provent unintonded injury or rupture of the vessels and o
wentify arcas of disease. For example, mesenteric ischonuia (where blood flow i the gastrointestinal
svstern 1s deoreased due to blood vessel blockage), wtraoperative, real-tirne or near-real-time mountiorng

of blood flow m the miesunal tissue can facilitate identification of specific regions of decreased flow to

12 -
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mprove, tor example, the efficiency of plague renmwoval procedures or fo muinunize the portion of damaged
tissue that must be removed. Likewise, the abiliy to evahuate the paicncy and viability of vessels and
organs following a resectron 18 critical to the patent’s outcome. In some cases these procedures are
performed manually, semi-automatically, or automatically using a computer-aided surgical system. The
subject invention can be eobodied to provide real-tune or near-real-time visualization of anatomacal and
phyvsiclogical ieformation during an endoscopic surgical procedore through the integration of LECT with

endoscopic instnunents, with or without computer-aided surgical equupment.

In some embodiments, the svstem 1s designed as a standalone device for observing the target tissue in the
surgical sife. In some embodiments, the system 1s designed to operate m a modular fashuon with a surgical
sucroscope for observing the target tissue i the surgical site. o some embodunents, the system s
destgned to operate in conjunction with exasting medical equipment, mcluding electronic medical records;

ACS, MRL CT, and other maging devices; laser ablation or electrocantery devices: or compuier-mded
surgical systems. In varions embodiments, the system s designed to display the real-time or near-real-
time blood flow images and other anatomuical and physiclogical mformation v the viewfinder of a
surgical microscope for obsorvation by the surgoon during the swrgical procedure. 1o some embodiments,
the svstem s designed to display the real-timie or near-real-time blood flow images and other anatomacal
and physiclogical information on a monitor m the surgical suite for observation by the surgeon and other
members of the surgical tcam during the surgical procedure. Tn some embodiments, the display of the
real-time or near-real-time blood flow mmages and other anatomucal and physislogical mformation s
designed to overday on another mnage {e.g., MR or CT image of the preoperative anatomy, visnal hight
unage, or KOG angiograa ) of the surgical siie FOV. In some embodiments, the display 1s desigaed o
present the real-time or near-real-time blood flow mages and other anatomical and physiclogical

mformation i one or more cvepieces of a surgical microscope.

In some embodiments, the system and method are designed for real-time or near-real-thme bload flow
puaging during nop-surgical wmedical procedares to support chnical diagnosis or treatment decisions or for
rescarch purposes. In some embodiments, the system is designed to facilitate evaluation of physiological
rosponse to various stinuli, meluding visual stimuls, andiory stimouls, somatoseasory stmuli, or motor
sl In some cmbodiments, the system is desigued to facditate cvaluation of physical activily,

mcluding exercise, Valsalva maneover, or physical therapy . In some embodiments. the system 1§ designed

-
6
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to facihitate evaluation of pharmacological or other therapeutic agents or devices. In some embodiments,

the system & designed for portable use in a chinical or communtiy health environment.

In some embodiments, the svstem and method are designed for prechmical rescarch in mumal models or
for vetermary applications. The subject mvention can be embodied appropriately to meet the size and
flow-related techrucal requirenents of the spocific aumal tissue that is boing tmaged. Tor example, for
imaging the cat brain, a FOV of Soun x Swmm mav be adeguate, and vessels of mderest are fikely to have
diameters that are in the sub-mithimeter range. Blood velocitics and flow values are also different than in
human vessels and, hence, the camera exposure time that 1s used for tmage acquisition may be different
than in the clinical-grade svstom. In some embodiments for anmmal use, the working distance of the
svsients objective lens to the point of focus of the optical svstem may be shorter than e systeras
destgned for climcal surgery. For example, 1o small ammal research the exposed tissue 18 expected o be
relattvely shallow and, hence, the working distance of the system’s objective lens to the pomt of focus of
the optical svstem can be less than 60mm and be vanable to accommodate for the optical magnification of
the gystem that mav be desired for specific applications. Along with the relatively shorter working
distance, the magnification and optical resohuiton for somee embodavents for small anmimal use are higher.
Application-specific requirements such as the diameter of the smallest vessel of inferest m the target
tissue, and the field of view of the target tissue may determine the optical magmification and the pixe
resolution of the camera used. Varous attributes of the system such as optical magnification, pixel size of
the camera, size of the pixel array on the camera sensor, should be chosen such that the diameter of the
smallest vessel of inicrest spass at least five pixels, and simultancously, the active pixel arca of the

camera sensor inages the entive field of view degired.

b some embodiments for anunal use, the svsiem s designed to ompbasize modularity. In such
embodments, the system may comprise a stand to hold the various clemenis {(eg., iHumination and
cameera modules) and allow for mudtiple degrees of freedom adpustment of the orientation to facildate
mugging of the ROL through various access-based or application-specific consiraimis of the preparation. In
some embodiments, the system may comprise one or more mechanisms {e.g., a specialized platform or

stereotaxic stand) for fixing, posifioning, or sccuring the asunal with respeet to the systom. In some

0
crebodments, such mechanisms may be adjustable or modular for use 1o animals of differcnt tvpes and
sizes, In some embodmments, the optical arrangement of the sysiem can be adjusted to acconnt for

different applications and to accommodate various sizes of animals.
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I various cmbodiments, the systom and method are designed to compensate for motion artifact.
Acquiston of multiple image frames makes LSCI sosceptible o anv motion artifacts. In such
smbodiments, the system iy designed o reduce motion artifact by mcorporating a stable sargical
microscope or amimal stand and rapid acquisition (less than 40ms) of a small number of images (.o, only
5 fast-acquired tmage frames i s:L5CT) for every bloed flow image genorated. In some embodiments, the
systerm Comprises one or more motion compensation mechanisms {9.g., 3-axis accelerometar) o detect
farge or fast motion acd a mechanism and method to tag any resulting speckle data as potentially
maccurate. In soch erubodiments, the system may comprise a mechanism to indicate to the user that the
data 1s maccurate, mchuding through blanking of the display vntil the undesired motion ceases or the
display of an appropriate message wn the FOV. In some embodunents, the svstem employs a throshold for

pixel mtensity to ehminate nowse from the displayed blood flow image.

o some orubodiments, the one or more motion compensation nmechanisms UsEs OQC Of MOIE O a
combination of accelorometer and nmage data. In such embodiments, the system and method mav involve
the steps of and mechanism for feature detection (e.g., vessel detection using its nidge hike appearance),
followed by estimation of tuage registration parameters uging an affine model with sub-pixel resolution.
In some embodiments, accelerorcter data mav be osed o bias the extraction of registration parameters
through mmproved imtialization of the motion compensation mechanism. For example, the registration
parameters may be used to register seguontially acquired mage frames to the first frame prior to the
caloulation of laser speckle contrast. In some embodiments, the system comprises a processor with

ge module with sufficient memory to facilitate the computationally wiensive

g4

sufficient speed and a stora
process of real-timie motion compensation {e.g., with real-time video mode, real-time vessel mode, or
real-time relative mode). 1a some embodiments, the system s designed fo facilitate motion compensation
by acquiring mnage data m a snapshot mode. Tn some embodiments, a fiduciary marker may be added to

get to serve as the feature for detection, motion identtfication, and compensation.

£

the tmaging tar

Ia some embodiments, the one or more motion compensation mechanisms uses wformation from other
sensors {e.g., heart rate momtor, finger plethysmograph, respirator, or other surgical, anesthesiological, or
medical equipment) to detect, calculate, or cstunate motion artifact or to deternmune when and whether to
ndicate to the user that the data is maccurate. In such embodments, the sysiem and method may ovolve
the steps of and mechansm for feature detection from the infonmation obtained from the other source

{c.g., the peak or trough of a finger plethyvsmogram, which correspond to svstole and diastole of a cardiac

JEN
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cvele, or the peak or trough of a respirator, wluch correspond to completion of mspiration and expiration,
respectivelyv), followed by estimation of unage registration parameters or a deciston regarding the need to

mwform the aser of the potential maccuracy of the data.

In some embodiments, the system and method are designed to compensate for glare and stray reflections.
The target tissue and suwrroundmg surzical site mav have exposed features that reflect hight mio the
imaging optics towards the camera module, creating light artifacts (e, glare or sirav reflections). Hence,
i some crmbodinents, the sysiem may comprise one or more mechantsms to detect such bght artifacis
and one or more mechanisms to mdicate this potential inaceuracy to the user or compensate for this
potential maccuracy. One embodiment of a mechamism to detect the light artifact comprises an unage-
processing algorithry that wdentifies a cluster of saturating pixels that rammaing approximately constant
through the sequentially acquued image frames. One embodunent of a mechanism to compensate for the
potential maccuracy due to the light artifact compnises selectively blanking out those pixels that are
gathering erroncouns data and displaving only those pixels that are gathening data without being affected

by siray bight.

in some embodiments, the sysiem and method are designed to mstruct to follow one or more steps to
reciify the cause of motion artifact or stray light. For example, the user may be asked to change the
relative position between the system and the imaging target or stabilize the image target and system with

respect to cach other

Brief Description of the Drawings

FIG. |18 a block diagram illosirating an embodiment of a systern for rapid exammation of particolate
flow in a target tissue,

FEGS. 2A, 2B, and 20 illustrate differont embodiments of a systom designed for real-time cstunation and
visualization of blood flow during surgery.

FIGR. 3A and 3B dhustrate two embodiments of a system for real-time or near-real-time imaging of
retimal blood flow.

FIG. 4 illustrates an embodunent of a svstem for imaging m anesthetized and restrained animals,

FIG. 5 15 a flowchart depicting an embodiment of a method for rapid examimation of particulate flow

psing LSCL
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FHG. 6 illustrates an embodiment of a spatiotemporal method of caleulating laser speckle contrast for
rapid exaramation of particulaie flow in a target tissue.

FiG. 7 illastrates a method for performing LSC on a field prograsuuable gate array.
Detafied Description of the Invention

The following detailed description of the present subject matter refers fo the accompanving drawings that
show, by way of iHustration, specific aspecis and embodiments i which the prescat subject matier may
be practiced. These embodiuents are desenbed m sufficient detail (o enable those skilled m the art to
practice the present subject matter. The invention can assume various cmbodiments that are suitable to s

specific applications.

FiGG 1 15 2 block diagram dlustrating as embodiment of a svstem 166 for rapid exanunation of particelate
flow m a target tissue 101, In various embodimenis, the target tissue 181 comprises any tissug, organ, or
organ system of anyv hwnan or animal biological system, mcluding but not himited to the comes, sclerg,
retina, epidernus, dermis, hypodernus, skeletal muscle, smooth muscle, cardiac muscle, brain tissue, the
spinal cord, the stomach, large and small intestines, pancreas, liver, gallbladder, kidneys, endocrme tissue,
and associated or disassociated blood vessels asd bymph vessels. In various embodiments, the system 166
comprises at least one ilhmumation wodule 118 that 15 configured to generate at least one type of coherent
hight and to direet the gencrated heht to the target tissue 181 bemg imaged; at least one ilumination optics
126 that 1s configured such that the desired RO 1s illummated with the at least one type of coherent light;
at least one camera module 138 that 15 configured o capture bight that s reflected or scattered by the
target tissue 381 being mviaged: af least one nviaging optics 348 that s configured such that the desired
ROT s focused on the camera sensor within the camera module 134 with desired specifications of
magnification, field of view, speckle size, spot size; at least one processor module 138 configured at least
to estimate anatomical and physiclogical information m real-time or near-real-time using the data
acquired by the camsera meodule 138 and o condrol the operation of the svstem 10; at feast one display
module 168 configured to present the estimaled anatomical and physiological mformation or eguivalent
parameters caleulated from the iinage data by the processor module 158 or the raw data acquired by the
camera module 138; at least one storage module 178 configured fo store the estinated anatomical and
physiological information or equivalent parametors calculated from the umage data by the processor

rmodule 154 or the raw data acquired by the camera module 138 for temporary or future use; and at least
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one user wterface module 188 configured to allow the user or operator 1o mieract with the svstom 186 and
prograry various opitons for features and parameters relovant to the performance of the vartous modules

116, 126 1380, 148 156, 166, 176, 188 of the systorm 188,

The dlummation wodule 118 comprises one or more Hght sources such that at least one of the sources
produces coherent light (o.g., & laser) for speckle production and LSCL In some embodments, the
tHomination module 188 comprises addittonal light sources that produce coherent, non-coheorent, or
partially coberent light The wavelength of the cue or more lights bewng emitted by the light sources 1w the
preferred embodiment lies i the 100-micron to 2000-micron range. In some embodiments, one or more
wide-band light sources 1s used to produce Light with more than one wavelength. In some embodments,
the one or more wide-band Hzht sources s fitied with one or more filters to narrow the band for specific
apphications. Typically, now-coherent heght sowrces are useful for reflectance- or absorption-based
photography. In some embodiments, duect visualization and focosing of the systern 108 on the target
tissue 181 15 achieved under non-coherent lummation. In some embodiments, the dlummation module
118 incorporates mechamsms to control one or more of the power, mtensity, wradiance, tming, or
duration of iHumination. Such a coniro! mechanism mav be electronc {examples include a timing cuaut,
an on/off swiiching crreuit, a variable resistance circuit for dimuming the niensity, of g capacitor-based
circuit to provide a flash of hight) or mochanical where one or more optical elements (examples melude an
aperture, a shutter, a filter, or the source itself) may be moved i or out of the path of ihimination. In
various ambodiments, the fight sources mehided m the dhummnation module 138 may be pulsatde or

continaous, polarized or noa-polarized.

The lumination optics 128 comprise an arrangement of one or more hight manipulation components,
which includes but 1s not hmited to lenses, murors, apertures, filters, beam splitiers, beam shapers,
polarizers, wave retarders, and fiber optics, that serve the purpose of delivering light from the dluwunation
module 188 to the deswred RO 10 the target tissue 181, The ilommation optics 128 for the various
cribodments mcludes components that manipulate the light 18 a manner than 13 useful for muaging the
tissue of mterest based on the specific application. In some embodiments, the itHumination optics 128
mcludos a polarizer in the path of iHummation that polarizes the hight m a manner that significantly

attenuates the ight except when reflected or scattered by the target tissue 181

The camera module 138 comprises at least one camera sensor or image acquasition device that s capable

of transducing ncident Light to a digital representation {called mage data). The camera module 138 is
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configured to direct the mage data for further processing, display, or storage. In some emboduncnts, the
camera module 138 comprises mechanisms that control truage acquisition paramcters, mchiding exposure
time (L., time for which the camera sensor pixel integrates photons prior to a readout), pixel sepsitivity
{i.c., gan of cach pixel}, binmng (.o, reading muliple pixels as if it was one compound pixel), active
arca (t.c., when the eotire pixel array 15 not read out), among others. In the varions embodiments, the at
feast one camera sensor wsed m the camera module 138 s a2 charge coupled device (CCD),
complenentary metal oxide semitconductor ({CMOS), metal oxide semiconductor (MOR), based on photo-

tubes, or another sumilar technology designed to capture nuage data.

The maging optics 148 compnise an arrangoment of one of more light manipulation components that
serve the purpose of focusing the ROI of the tarpet tissue 181 on to the at least one camera sensor of the
cantera moduole 138, 1o some embodunents, the mmaging optics 140 comprise a mieans {o form more than
one inage of ROI or sub-regions of the RO1 of the target tissue 181, 1n some ewbodiments, the more than
one image projects onto the one or more camera sensors or on the observer’s retina through an eyepiece.
b the various emboduncnts, the magmg optics 148 determine the imaging maguification, the field of
view {FOV), size of the speckle (approxuuated by the diamcter of the Adry dise pattern), and spot size at
various locations within the FOV. In some embodiments, the mnaging optics 148 mchudes light
mampulation components that, 1n conjunction with components of the illununation optics 128, reduce the

undesired glare resulting from various optical surfaces.

The processor module 158 comprises one of more processing clements configured to calculate, ostimate,
or deferming, in real<time or near-real-lone, one or more asatomical and physiological mfomation or
cqurvalent parameters caleudated from the mnage data. The processor module 138 further comprises one
or more processing clements configured to mouplemontd control functions for the system 108, ncluding
control of operation and configuration parameters of the camera module 13¢ (0.2, exposwre time, gain,
acquisition timmg) and the iHommation module 118 (cg, tming, duration, and svachrony of
ithimunation); control of the transmission of mage data or derivatives thereof to the display modale 160
or the storage module 178; control of which anatomical and phyvsiclogical wnformation or equivalent
parametors should be calculated, estimated, or detormined by the processor module 138; control of the
position and orientation of ong or more components of the iHummatios module 118, Huoucation optics
128, cantera modude 138, or maging optics 146, and control of the powsr, safety orteria, operational

procedures of the system 1046
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b various embodiments, the processor module 158 1s configured to calculate, cstunate, or determime ong
or more anaicmical and physiological nformation or cquivalend parameters calculated from the image

data in one of more of the following modes:

e  Real-time video mode—In the real-ime video mode, the processor module 158 15 configured to
calculate, estimate, or determing one or more anatonucal and phyvsiclogical nformation or
equwvalent parameters calculated from the mmage data based on certain predeternuncd sct of
parameters and m svechrony or near-syachrony with the image acquisition. {o the real-time video
maode, the frame raie of the video presented by the display module 168 ¢ greater than 16 frames
per second (Ips), allowing the surgoon to perceive uninterrupted video (based on the persistence

ih

of vision being 1/16" of a second).

s Real-time vesse! mode—In real-time vessel mods, the systom 08 15 configured to allow the
surgeon to sclect, using aufomatic or semi-aptomatic meass, one or more vessels and to
cinphasize the anatomical and phystological mformation 1n the selected vessels over other vessels
m the FOV. In some embodiments, the system 188 15 configured to allow the surgeon to select all
arteries or all veins, extracted awtomatically, n the entire FOV or an ROI of the FOV. In such
cmbodiments, the extraction mav be aclueved by ctther {a) computing the anatomical or
phvsiological mformation m the entire ficld but displaving only the anatomical or physiological
nformation 1o the sclected vessels, or (b) computing the anatontical or physiological mformation
only in the selected vessels and displaving the anatomical or phyvsiological information
accordimgly, or {¢) computing the anatomical or phvsiological mformation in the entive ficld and
cnhancing the display of the selected vessels through an aliernate color scheme or by highlighting
the pre-selected vessels centerlines or edges.

e Real-time relative mode—In the wal-tine relative mode, the processor module 158 inciudes the

baseline vahues of apaiomical and physiclogical nformation in #8 computation of mstantaneous
values of anatomical or phyvsiological wformation. The real-time relative mode may be
miplemented as a differcnce of mstantancons values of anatomical or physiological mformation
from the baseline valucs, or as a ratio of the anatomical or physiological nformaiion with respect

{0 baseline values.

in the saapshot mode, the processor modale 158 generaies a single nuage of the
anatomnical or physiological mformation i the surgical FOV. In this embodiment, the processor

module 138 mav utilize a groater number of frames for computing the anatomical or

N
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physiclogical mformation than 1w utilizes doring the real-time modes, since the temporal
constraigts are somewhat relaxed. In the snapshot mode, all the functionalties of the real-ime
modes are afso possible (e g, display of change of blood flow wstead of blood flow, or eshanced

display of a set of selected vessels).

The display module 168 comprises one or more displav screens condfimured to present the cstunated
anatoraical and physiological information or eguivalent parameters caloulated from the image data by the
processor wodule 158 or the raw data acquired by the camera modale 138 In some embodiments, the one
or more display screens are physically located in close proxinuty to the remaining elements of the system
186, In some embodiments, the one or more display scroens arce phyvsically located remotely from the
remanuog clements of the svsten 168, In the varous embodiments, the one or more display screens are
connected by wired or wireless means to the processor module 158, In some embodunents, the display
module 168 & configured to provide the observer with a visualization of the RO and the estimaied
anatomical and physiological information or equivalent parameters calculated from the image data by the
processor module 188, In the various embodiments, the display module 168 15 configured for real-time
visualization, near-real-ftime visualization, or refrospecitve visualization of imaged data or csitmaied
anatormical and physiological information or cquivalent parameters caloulated from the image data that i
stored m the storage module 178 Varnous aspects of anatomical and phyvsiclogical mionnation, or
eguivalont parameters and other outputs of the processor may be presented in the form of monochrome,

color, or pseado-color images, videos, graphs, plots, or alphanumenc valucs.

The storage module 178 comprises one or more mechanisms for archeving electronic data, wcluding the
ostimated apstomical and physiclogical mfonnation or equivalent parameters calculated from the mmage
data by the processor module 158 or the raw data acquired by the camera module 138 In varous
embodments, the storage module 178 13 configured to store data for temporary and long-torm use. In
various embodunecnts, the one or more mechanisms mehudes random access memory {(RAM) wuts, flash-
based memory units, magnetic disks, optical media, flash disks, memory cards, or external server or
system of servers {o.g., a cloud-based system) that may be accessed through wived or wireless means. The
storage module 178 can be configured fo store data based on a vanety of user options, mehudimg storing
all or part of the cstimated anatomical and phvuiclogical mformation or equivalent parameters calculated

from the nuage data by the processor module 158 or the raw data acquired by the camera module 138
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The user interface module 188 comprises one or more user input mechanisins fo permit the user to control
the operation and preforred settings of the varicus modules 118, 126, 130, 146, 158, 160, 176, 188 of the
svstern B In various embodiments, the one or miore user input module includes a touch-screen,
kevboard, mouse or an equivalent navigation and selection device, and virtual or electronic switches
controlled by hand, foot, eve, or voice. In some embodiments, the one or more user nput mechanisms 1s

the same as the one or more display screens of the display module 166

in some erubodimends, the wser mterface modole 188 is castomured for two types of users. The prouary
user of the system 180 15 one or more surgeons perfonning the surgery. In some embodiments, the system
186 19 configured to facihifate porforming the swrgery via computer-aided surgical systems. The
anatonucal and physiological mformation provided o the one or more sorgeons to assisi with decision-
raaking during the sergical operation at various times. The user mierface modale 188 of the system 168

allows the user to:

¢ Tumm on/off {(or standby) the visuabization of anatomucal or phyvsiclogical from surgical
microscops FOV as desired (reforred to as the “real-time video mode™), which 1s achievable using
a variety of triggers, including the pressing of a physical or virtual button or stmilar switch by the
surgeon s hand, finger or foot, the creation of an audible trigger, or the motion of an object or
body part;

¢ Acquire and visuahze accurate and real-time angtomical or physislogical mformation 1 a blood

N\

vessel of mmterest (reforred to as the “realtime vessel mode”™), which s mplemented by the

72

systorn 188 euher on a continuous basis, or when triggered by the surgeon using a varicty of

triggers, mncluding the pressing of a physical or virtual bution or simular switch by the surgeon’s
hand, finger or foot, the creation of an andible frigger, or the motion of an object or body part;

¢ Visugalize either the mestantancous estimation of anafomical or physiologieal mformation or the
change i measurement of anatonucal or physiological information (referred fo as the “real-time
relative mode”) from a prosct baschne value, which are both muplemented by the systom 188
throngh appropriatelyv storing bascline values i the storage module 178 and configunag the
processor module 158 to either not utibre or upihze the bascline values 1w its computation of
mstantaneous values of the anatomical or physiclogecal miomation to obtam the anatomical or

physiological imformation or change in the anatomical or physiological iformation.



WO 2017/062759 PCT/US2016/055976

e Store snapshots or videos of the anatomical or physiclogical information i the surzical field if
uneeded (referred to as the “snapshot mode”), which is implemented by the system 188 by
providing the uscr a “capture” buttos {(phvsical or virtnal), and subscquently handled by the

processor module 158, winch dicects the data to the storage modale 178

The secondary user of the system s the assisting staff of the operation, potentially including scrub burse,
assisting nurse practifioncr, ancsthesiologist, and other clinicians m the operating room or positioned
remotely outside the operating room during the operation. The user nterface module 188 of the svsicm
168 allows the secondary user to assist the surgeon to sct up the svstem, modify parameters, and perform
cortaan functions i real-time that the primary user may require {capture mmage, save video, efe.), some or
all of which mav be cnabled by a portion of the user mierface module 180 that 1 cnstomized for
secondary access. Thas, in some embodiments, the user mterface modufe 188 comprises bwo sub-
modules, a {irst sub-moduole that will be accessible to the operating surgeon and a second sub-moduie that

will be accessible by the secondary user.

FIGS. 24, 2B, and 2C illustrate different embodiments of a system designed for real-time estimation and
visnalization of blood flow during surgerv, The emboduuent m FIG. ZA shows a systern 288 that mncludes
a physically-micgrated surgical pucroscope 281 The illummation optics and imaging optics leverage the
opticad assembly 285 of the surgical microscope 281, The systern 288 esitmaies blood flow within an
FOV 2148 the size of which 1s determimed by the magmification scttings of the surgical mucroscope 281,
The system 268 estimates the blood flow within the depth of focus as set by the surgical nucroscope 281,
When used i hurnan surgical environments, the FOV 210 has a diameter that ranges from approximately
10mm o Soun m diameter. When uwsed in veterinary enviropments, the FOV 218 has a drameter that

ranges from approximately Smm to Simm i diameter,

I FIG. 24, the systom 288 stilizes multiple optical ports 206 to engage 1) the imaging optics 283 to form
an image of the FOV 218 on the camera seasor of the camera module 284, and 2) the displav module 267
to project the anatomical and physiological wformation 1 one or more of the eyepioces 288 of the
surgical microscope 281, In some embodiments, an aperture 15 ncluded 1 the imaging optics 283 that
determines the diameter of the Ay dise (1o, speckls size) for a given magnification and the wavelength
of the laser used. The system 280 emplove an ilivmination module 202 with faser diode of Hght 1o the
mvisible range (700nm to 1080nm) o prevent discuption of the sorgical ficld, a wuform beam shaper to
achieve uniform top-hat or flat-top llwumation that transforms a Gaussian beam of the laser diode nto a

(3]
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uniforny intensity distribution, and a near-mfrared (NIR) polarizer to generate a lmearly polarized
thumination. In soine embodnmentds, laser diode homogenization and reshaping may be assisied by two
orthogonal Powell lenses. In some embodiments, one or more fiber-optic :llomination ports may be
employed to fransmit light to the surgical arca to luminate the RO 211, In some ombodiments, the
wavelength of coherent hight is selectively matched to fluorescent dyves to combine LSC with other

mnaging techmiques (e.g., 1CG angiography ).

The camera module 284 mchides a CMOS camera sensor that comprises a 2048 x 2048 pixel array, cach
of which 15 5 Sium x 5. 51um 1n size such that the imaging optics 283 forms an image of the entire FOV 218
on the camera sensor of the camera module 284, In vanous embodiments, the pixels of the camera sensor
may be binned at the hardware level or software level such that the data 1 read out i a manner that cach
frame contains 1024 x 1024, 312 < 512, or 256 x 256 pixel array {corresponding o 2x2, 4x4, or 8x3
binning, respectively). o some embodiments, data acquired by the camera module 264 15 directed to an
FPGA 289 via a camera hink at a ralc greater than or egual to 120 frames per seccond. In some
cmbodiments, the FPGA performs stZ.8CY caleulations and gencrates 24-bit RGB color representations of

blood flow wnformation for presentation to the user via the display modale 287 over an HDMI 1nterface.

FI1G. 2B shows an ilfastration of a svstem 228 designed for use with surgical or dental foupes. The system
228 comprises an iHumunation module 221 that 15 configured o generato coherent light i the mvisible
range {(700mm to 1000nm) and non-~coherent Light m the visible range (400am to 700mm) directed to the
target tissue being imaged; iHumination optics 222 that s configured soch that the deswed RO is
ithanated with the coherent hight and ithuwination optics 223 that 18 configured such that the desired
ROT 15 illominated with the non-coherent hight; a camera module 224 that 15 configured to capture light
that 1s reflocted or scattered by the target tissue being mmaged; inaging optics 223 that 1s configured such
that the desmed ROI s focused on the camera sensor within the camera module 224 with desired
specifications of magnmfication, ficld of view, spockie size, spot size; a cable 228 for faciuating data
transmission between the camera module 224, the lamunation module 221, and the processor module
227, which 1s configured to estimate anatomical and physiological information n real-ime or near-real-
time usmg the data acquired by the camera module 224 and to control the operation of the systom 224,
two display modules 228 and 229 coufigured to present the estimated anatomuical and phyvsiologieal
mformation or equivalent parameters calculated from the tmage data by the processor module 227 or the

raw data acqured by the camera module 224 a storage module 238 configured to store the estimated
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anatormical and physiclogical information or equivalent parameters calenlated from the image data by the
processor module 227 or the raw data acguwed by the camcera wodule 224 for future use; and a uscr
miterface module 231 configured to alfow the user or operator o interact with the systermn 228 and program
various options for features and paramotors relovant to the performance of the vanous modules 221, 2232,

223,224, 225,226, 227, 228, 2298, 238 of the svstem 226

FIG. 2C shows an dhusteation of a system 244 desigued for use i an endoscopic sorgical sciting. The
sysiem 248 comprises an illomination module 241 that s configured o gencrate coberent light w the
mvisible range (700mm to 1000nm) and non-coherent light 1 the visble range (400nm to 700nm)
directed to the targot tissue bemg wnaged; dununation optics 242 that emplovs one or more fiber optics
such that the desired RO! 15 Huounated with the coherend hight and son-cohereat hight; a camera moduls
243 that 1 configured to capture hght that s reflected or scattered by the target tissue being mmaged;
puaging optics 244 that s configored such that the desired RO 15 focused on the camera sensor withaa the
camera modole 243 with desired specifications of magmification, field of view, speckie size, spot size; a
processor module 248 that is configured 1o estimate anatomical and phyvsiclogical mformation in real-time
or near-real-itme using the data acquired by the camera modole 243 and to control the operation of the
svstern 248 a digplay module 246 configured {o present the estimated anatomical and physiclogical
mfonnation or equivalent parameters calcolated from the image data by the processor module 245 or the
raw data acquired by the camera module 243; a storage module 247 configured fo store the estunated
anatoraical and physiological information or eguivalent parameters caloulated from the image data by the
processor module 245 or the raw data acquived by the camcera module 243 for future use; and a uscr
miterface module 248 configured to alfow the user or operator to interact with the systern 248 and program
various options for foatures and paramotors relovant to the performance of the vanous modules 241, 243,
243, 244, 245, 246, 247 of the system 248, The system 248 comprises a handle 249 to facilitate handheld

use doring surgery,

FIGS. 3A and 3B illastrate two emboediments of a system for real-time or near-real-time imaging of
retinal blood flow. In the embodunent ilustrated 1 FIG. 3A, the system 388 1s designed for clinical use
for research or diagnostic purposes. The system 386 comprises a rotinal imaging device 381 that houses
an tlunination modsle configured to generate coherent light 1o the visible or 1avisibie range (460nm 1o
1300nm) and nop-coberent light in the vistble rapge (400am to 700mm} divected to the desired RO of the

reting; Hlupination optics that is configured such that the desired ROT of the retina is ithomnated with the
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coherent hight and non-coherent hight; a camera module that 18 configured to capture light that is reflected
or scattered by the dhuninated ROT of the reting; imaging optics that s configured such that the desiced
RO of the retina 15 focused on the camera sensor within the camera module with desired speaifications of
magnification, field of view, speckle wize, spot size. The retinal imaging device 3 1s designed to fit onto
a bench-top stand 382 that allows the user to manipulate the position and onientation (i.c., height, angle,

god. A clun rest 384 15 used o

g4

and proxumiy) of the device to the retina of the subject 363 being mua
reduce motion of the subject’s 363 head and to fix the relative distance between the subject’s 383 retina
and the retinal 1nagiag device 381, The sysiem 388 further comprises a laptop computer 305 that houses
a processor module configured to estimate anatomical and physiological information in real-time or near-
real-time using the data acquired by the camera moduic and to control the operation of the retinal imaging
device 381, a displav module configured to present the eostimated anatosucal and physiological
mformation or equvalent parameters calcolated from the mmage data by the processor module or the raw
data acquired by the camera module of the retinal imagmg device 381, a storage module configured to
store the estimated anatomical and physiclogical information or equivalent parameters calculated from the
mnage data by the processor module or the raw data acquired by the camera module for future use; and a
user interface module configured to allow the user or operator to interact with the retinal nuagmyg device
308 and program various options for fealures and paramcters relovant to the performance of the various
modules of the svstem 388, The retmal imaging device further comprises a display module 386
configured to present the estimated anatomucal and physiological information or equivalent parameters

calculated from the mnage data by the processor module or the raw data acquired by the camera module.

In FIG. 3B, the system 3208 15 mplemented as a retinal imaging device 321 desigued for handbeld use.
The retinal maging deviee 321 houses an iflumunation module comprising of a diode laser {e.g., a 630nm
red laser) and a visible wavelength LED source (e.g., an LED with peak cnussion wavelength of 340nm);
a camera wodule comprising of a CMOS camera; display modude 322 comprising of an LCD sorcen; a
storage module comprising of an §D card modale; a processor wodule comprising of an Ardwino-based
nmicrocontroller or an FPGA. The user mierface module s inplemented through a combination of
switches on the deviee or on a remote controlier, one or more on-screen menus on the display modale
322, and a kevboard and mouse for paramecter and mformation entry. The retinal mmaging device 323
cmplovs a rubber eve cup 323 to siabidize the device with respect to the eve of the subject 324, In some
embodiments, the retinal imaging device 321 includes a wireless module that facilitates transpussion of

clectromic data to a local laptop computer or mobile computing device or fo a remote sorver or server
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system. In some embodiments, the systom 328 emplovs a laptop computer or mobile computimg device as
a secondary display meodule. In some cmbodiments, the system 328 includes a transmission module that
facilitates transmission of electropte data o a remote server or server system {or further storage,
processing, or display. Tn some embodiments, the system 328 comprises 3 processing module configured
to display anatomical and phyvsiological mformation from retinal vasculature with a latoncy of less of than

100 mitliseconds.

FiG, 4 :llostrates an embodiuent of a systers for imaging m anesthetived and restrained asimals. The
gystem 488 comprises an imaging device 481 that houses an hunmation module configured to generate
at least one coherent light i the visible or mvisible range (400nm to 1500nm) and at least one non-
coberent light i the visible range (400mm to 700am) directed to the target tissoe of an anesthetized and
restramed aramal 482 iHumination optics that is configured such that the target tissue 18 Mlominated with
the coherent light and non-coberent light. a camera module that 15 configured to capture hght that 1s
reflected or scattered by the tHummated ROI of the target tissue; imaging optics that 1s configured such
that the desired ROI of the target tissue 1s focused on the camera sensor within the camera module with
desired specifications of magnification, field of view, speckie size, spot size. The tmaging device 481 is
destgned to fit onio a bench-top stand 483 that allows the user o manipulate the position and orientation
{i.c., height, angle, and proxunuty} of the device relative to the amimal 482 being imaged. The system
farther comprises a platforin 484 (o g., a stereotaxic frame) used to reduce motion of target tissue of the
animal 482 and to fix the relative distance between the target tissue of the amumal 482 and the maging
device 461, The systern 468 further comprises a lapiop computer 485 that houses a processor modale
configured o estimate anatomical and physiological information i real-time or near-real-time using the
data acquired by the camera module and to control the operation of the imaging device 481; a display
module configured to present the ostimated anatomical and phvsiological nformation or equivalent
parameters calcalated from the image data by the processor module or the raw data acquired by the
camera modude of the unaging device 481, a storage modale configured {o store the estimated anatomical
and phystological mformation or equivalent parameters calculated from the mmage data by the processor
module or the raw data acquired by the camera module for future use; and a uwser mterface modale
configured to allow the user or operator fo interact with the unaging device 481 and program various
options for features and paramciers relevant ic the performance of the various modules of the system 48§,
in some cnibodiments, the system 488 mohides a transmission modole that facilitates transmisston of

electromic data to a remote server or server system for further storage, processing, or display. In some

o]
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embodiments, the magmg device 4481 s designed specifically for magmyg of swrface or subcutancous
vasculature. In somee embodiments, the imaging device 481 15 designed specifically for mmagiong of the
vasculature of surgically exposed tissue. In some embodimenis, the imaging device 481 15 designed
spectfically for mmaging of retinal vascolature. In some embodunents, spoaific parts {e.g, optical
clements) of the imaging dovice 481 mav be exchanged with other parts to optimiize the svstem 488 for

inaging the vascalature of specific tissue.

FiG. 5 18 a flowchart depicting an enibodmaent of a method for rapid exanunation of particulate flow
using LACH In thus embodimoent, the LSCL process 380 for rapid examination of particulate flow beging
once friggered 881, In vartous embodimonts, the trigger 861 that starts the LSCI process 586 can be
manual (Lo, user-generated), automated (1., svstem-generated), or scru-auioraated (.o, user- or system-
generated). Once the triggering step 581 has commienced, the system that mpplements the LSCY process
508 obtamns the necessary parameters, wcluding exposare time, frame rate, resolotion, hinmng factor, and
gam. The various parameters can be provided by erther the user or obtamed from memory. Parameters
may be modificd manually or automatically using feedback from the unaging result and guality of one or
more electronte data. The sysicin theo, at 583, illusunates the ROT of the target tissue with coherent light
and acquares, at 384, a stack of N frames under this coherent hight illumimation at the predetermined
exposure tune and gain. Next, the systom caloulates, at 385, speckie contrast, X for the pixels of interest
m the ficld of view, using the N frames of acquired speckle image data, generating an L3CT mmage (Image
Result 1) at 586, From the LSCT uuage the svstem estimates, at 567, blood velocity or flow, gencrating
Image Rosolt 2 at 588, At S09, the system converts mage Result 2 1o a pseudo-color represeutation of
blocd velocity or flow {hmage Resolt 31, providing for nteitive visualization of blood velocity or flow
mformation. The system displave, at 511, Image Resslt 1, lmage Result 2, or Image Rosult 3, as
appropriate, depending on the user-selected or preset display setting. Based on the paramcier sctiings at
562, the LSCT process S48 contiaucs to provide rapid exammation of particulate flow. An cmboduncnt

may generate Image Resudt 3 duectly from Image Resalt 1, at 512, using pre-determined lookup tables

that assign color-codes direatly to speckle contrast values.

FIG. 6 illustrates an emboduncent of a spatiotemporal method of caleulating laser speckle contrast for

got tissue, The method 686 15 miended to provide real-tine

&

rapid oxammation of particulate flow m a tar
or near-real-time acguisition, processing, and dwssplay of blood flow mformation from the vasculature of

any tssue. The method o8 bogins with the acquisition, at 681, of speckie mmage frames of the

_98 L
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vasculature under coherent hight lumination. In thas embodiment, a stack of N=3 spockic unage frames
are acquired at 681 In other emboduneots, the stack of speckie umage frames acquired at 681 ranges from
2 to 21 {larger nomber of frames may be enabled by cameras with ultrafast image acgoisition). The stack
of speckle image frames acquired at 881 are transforred and processed at 602 using stL5C7 {o caleulate the
lagser speckle contrast vahues and generate an LSCT image at 663, The LSCI unage is processed at 684 1o
csitmate the biood flow 1n the vasculature withm the FOV of the speckle image frames acquired at 681, In
some embodiments, the flow esitination at 684 invelves integration of blood velocities across the cross-
section of the vessel to provide cumulative flow m one o more vessels at One of MOre cross-sections,
while in some embodiments, only blood velocity may be estimated and imterpreted as the localized blood
flow at the underlving pixel. Some embodiments may implement both methods of flow estimation, and
permit the user to sclect a desired method. The flow estimation at 584 generates a blood flow image for
visualization by a user or further processing. The method 688 continuously repeats as addibonal speckle
mage frames are acquired at 681, In vanous embodiments, the stack of speckle mmage frames acquired at
661 nsod to generate cach subsequent LSCH mage at 803 and the corresponding bicod flow mmage at 585
mclides 0 1o N-1 of the speckie mage frames in the provious stack, where nois the number of speckle
inazce frames acqoired at 681 to produce the LSCI tmage at 683 and the cormesponding blood flow tmage
at 685 By rapid visualization of new blood flow mmages at 685, the method 688 s able to achieve a real-

timie or near-real-time display of blood flow mformation from the vasculature of the imaged fissue.

FIG. 7 dlustraies a method for performmyg LSCT on a ficld programmabie gate array. In this embodiment,
the method 768 begies with the acquisition of a stack of speckle mmage frames, which are transferred at
762 via an FPGA camera modale mterface at 781 The FPGA utdizes a fute number of memory and
temporary registers to compute laser speckle contrast images according to the spatio~-temporal processing
schome. In some embodiments, the FPGA receives 1024 x 1024 pixel data and stores it ido the FPGA's
Direct Memory (FPGADM ) 783, The frames contimue to refresh until the method 788 15 halted. In thes
embodiment, at 784 the first § frames are copied from the FPGADM and stored in a different temporary
focation within the FPGADM. The processing on these 5 frames begins at 785 and, 1o paraliel, the next 5
frames arrive at the frame rate of the camera and are similarly stored on the FPGADM at 783, Acquiring
pixels at 82MHz with four pixels per clock requires about 4ms to store a [024x 1024 frame, sllowing
20ms to complete all processing on the 3 frames before the next 5 frames are ready for processing.
Starting from the bottom right comer, 25 pixels {equivalent to a 5 x 3 pixed spatial window) at a time are

read from each copied frame, padding the edge cases with zeros. The group of pixels are sent to two
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memory modules per frame in parallel. The first memory module (M1), at 705, maintams a som of the
pixel values while the second memory module (M2), at 786, mammtains a sum of the square of pixel
values. Both the modules at 785 and 706 store the sums of the {irst colummn of 3 pixels and subtract it from
the total for the next pixel 1 the current line, allowing the FPGA to read only 3 pixels for the rest of the
outputs for the current line mstead of 25 The outpuis of all the M1 modules are added at 787 and then
squarad at 788 to form au output Sww_Sq) while the outputs of all the M2 modules are summed at 787 io
form an output {Sq_Sum) Next, Sq Sumn s shifted buwise o the left by two and thes summed with
Sg_Sum {equivalent to multiplving by 3) at 789, This result s, at 718, divided by Sum_Sq and reduced by
i to produce the final sum of the group of pixels across the 5 frames. At 711, the square root of this final
sunt produces the X value, at 712, for the pixel. The method 708 repeats for cach line 1n the frames and
then for the next set of five frames. In some embodiments, where the 20ms ime requireraent cannot be

met, another set of modules 13 added that starts from the top right corner of the frame.

Umee the X value 15 computed for a pixel, the value of /7, 1¢ obtamed for the pixel using lock-up tables
stored in the memory of the FPGA. This value of /v, indicates the amount of perfusion at the pixel. Each
values of /7, has a unique representation 1o psendocolor (i the red-green-bluc of RGB space). Thus,
each matrix of 74, valoes is transformed using look-up tables to three matrices, one cach for the red,
green, and blue components of the pscudocolor representation of the entive ROL As desenbed, the
computation of {7, as an mtermediate stop may be vanocessary, and the RGB matrices mav be computed
dircetly from the X values using look-up tables. In addition, the FPGA also adds a fuute tune-latency o
the stream of raw images acquired from the camera module, and crcates a hocar combination of the raw
munage and cach of the RGE matrices. When the latency 15 matched with the amounat of time reguired for
the FPGA to generate the first set of RBG matrices measured from the onset of mmage acquisition, this
processing scheme creates a stream of compound images wheren the blood flow information is depicied
10 pscoade-color and overlaid on the raw unage of the target ROL This stream of corapound images that

tag the mput by a specific latency constitute the oniput i this embodiment.

The FPGA then directs the output (values of /77, ) as a 24-bit RGB color representation to the display
module. In this endbodiment, the display module comprises an LCD sorcen that displavs the stream of
compound peages i real-ftme or near-real-tioue, as determmined by the latenoy mircduced doring the
generaiton of the output image streami. The LCD screen includes a driver module that parses the

streaming unage data and displays it on an appropnately sized sereen.

98]
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WHAT IS CLAIMED IS:

1.

A vascular imaging sysiem, comprising:

Cue or more thimination madeles configured to generate at feast ane tvpe of coberent hight o

ilurmmate the target tissug;

One or more camera modules, comprising at least one camera sensor or unage acquisition device,

configured to capture bight that is reflected or scattered by the target tissue;

One or more hight mampulation components configured to ilummate the desired region of
interest of the target tissue with the af least one type of coherent fight or to direct the reflected or
scattered light from the desired region of mierest of the target tissue to the said one or more

camera modules;

Cue or more processors, wherein at least one of said one or more processors are configured to
calcolate, estunate, or determune anatopucal and physiological wformation 1 real-time or near-
regh-time and at Ieast one of said one or more processors are configured to control the operation

of said vascular imaging svsten;

Une or more displav modules configored to present one or more of the said anatosucal and
physiclogical information, pararacters calenlated from the processed mnage data, or the raw data

acquired by the one or more camera wmodules m real-time or pear-real~time;

One or more storage modules configured for short- or Iong-~terin access or archival of one or more
of the said anatonucal and phyvsiological information, parameters calculated from the processed

mmage data, or the raw data acquired by the one or more camera modules; and

One or more mterface moduoles configured to allow a uvser to mteract with said vascular imaging

systen:

wherein the said anatomical mformation comprises one or more of vessel diameter,
vessel tortuosity, vessel density 1o the region of wnicrest or sub-region of the region of

wterest, depth of a vessel in the tissue, length of a vessel, and type of blood vessel, and

wheren the said physiological information compnises one or more of blood flow, blood
velocity, change m blood flow, change 1n blood velocity, and spatial distribution of bioed

flow cach of which may be specific to the region of interest, & sub-region of the region of
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6.

3

(]

mierest, an individual blood vessel, or a group of connected or disconnected mdividual

blood vessels.

The systerm of claim 1, wherein said at least one tyvpe of coherent Hght has a wavelength 1o the

mvisible or near infrared spectrum.

The system of claim |, wherein sad vascular imaging system further comprises one or more
dlumunation modules configured to generate at least one tvpe of non-coherent or parbially

coherent hight to iluminate the target tissug,

The system of claim 1, wherein said target tissue comprises the cornea, sclera, retina, epidermis,
dernus, bypodermis, skeletal muscle, smooth muscle, cardiac muscle, corebrovascular tissue, the
stomach, large and small miestines, pancreas, liver, gallbladder, kidneys, and lymphatic tissue of

a human or arumal.

The svstem of claim 1, wheren said one or more camera modules comprise charge coupled

device, complementary metal oxide semiconductor, metal oxide senuconductor, or photo-tubes.

The system of claim 1, wherem said one or more light mantpulation componenis comprise lenses,
murrors, aperiures, filters, beam splitters, beam shapers, polarizers, wave retarders, and fiber

optics.

The svstem of clam 1, further comprising:
One or more processors configured to capture, acquire, or geneorate ong of Juore

electronic data;
One or more display modules configured to present one or more electronie data;

One or more storage modules configured for short- or long-term access or archival of one

or more clectronic data; or
One or more terface modules configured to allow a user (o mteract with one or more
electronic data;

wherein said electronic data comprises raw 1image data captured by the one or
more camera modules, anatomical and physiological wformation or cguivalent
parameters calcnlated from the raw or processed image data, patient-specific data

manually entered or automatically acquired from one or more other sowrces,
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dervative data associated with the processing of these clectronic data, or control

and guidance wformation;

wherein said other scwrces comprises clecironic health records, electromic
medical records, personal health records, picture archiving and commumications
svstoms, heart rate monitor, finger plethvsmograph, respirator, or other surgical,

anesthesiological, or medical equipment.

The systern of clain 7, wherein said vascudar inaging svstem further cormprises one or more
ransmission modules configured to transfer electrome data for storage, processmg, or display

PUIPOSES.

The system of claum 8, wherem said one or more transmission modules is configured to transfer
clectronic data via wired or wireless means, mohudmg local arca networks, wide arca networks,

near {ield networks, Bluetooth networks.

The system of claun 7, wherein said one or more display modules are further configured to
present an overlaid visnalization of said one or more clectrone data on the view of the target
tissue or directly on the targat tissue.

The system of claim 1, wherem said one or more processors are configured to implement at least
laser speckie contrast inaging.

The svstem of clann 1, wherem said one or more processors are further configured to perform
angiography, wherein smd angiography comprises one or more of fluorescein angiography,

mdocvanme groen angiography, or angiography using an appropriate contrast agent or dye.

3. The system of claun |, wherein said one or more processors are configured to compensate for

motion ariifact.

The systern of clamm 1, wherein said one or more processors comprise one or more single core or
multi~core processors, graphic processing wuits, ficld programmable gate arrays, integrated
electronics sysioms, an off-the~shelf microprocessor, or the central processing unt of a porsonal
computer, laptop computer, mobile computing platform, remoie server or server system, or

cquivalent computing device,

. The systern of claim 1, wherein said one or more display modules comprise one or more digital or

analog screens and projection modules.

[§8]
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The svstem of claim 1, wherein said one or more storage modules comprise random access
memory poits, flash-based memory unts, magnetic disks, optical media, flash disks, memory
cards, or external server or systern of servers that can be accessed through wired or wireless

means,

. The svstem of clamm 1, wherein said one or more interface modules comprise one or more user

mput mecharusms to pernat the user to control the operation and preferred settmpgs of said
cascoplar imaging system, wherein said one or more user mpot mechanisms comprise a touch-
screen, kevboard, mouse or an equivalent navigation and selection device, or virtual or electromc

switches controlled by hand, foot, eve, or voice.

. The system of clamm 1, wherewn the one or more processors, display modules, storage modules, or

interface modules 15 located 10 close proxuuily to or remotely from the one or more illumination
moduoles, camera moedules, or hight manipulation components.
The systent of claim 1, wherein the svetem 18 configured for perfornung real-time or near real-

tme maging during surgical procedures.

. The svstem of clain 1, wherein one or more components of the sysiem are configured for

portabifity, wherein satd portability ncludes handheld, head-mounted, or other wearable use or

mtegration into a movable trolley-tvpe system.

. The system of clainn 1, wherein one or more components of the svstem are configured for

cndoscopic nnaging.

(£t

vatem of clanm 1, wherem one or more components of the system are configured for

mtravascilar imaging.

The system of claim 1, wherein the system nteracts with other seusory, therapeutic, or disease

managoment sysiems o generate at least oue actionable cutput.

. The system of claim 1, wherein said vessel 1s one or more of naturally ocowrring or artificial

blood vessels.

. The system of clamn 24, wherem said artificial blood vessels inchide any tube through which

blood flows ar can be divected to flow over any pertad of time.

. A mothod of rapid exammation of particulate flow, comprising:

98]
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An tmage acquisition step, wherem a stack of one or more speckie mage frames are acquired;

A first processing step, wherein the said stack of one or more speckle mmage frames are processed

to calculate faser speckle contrast vahies to generate one or more faser speckie contrast images;

A second processing step, wherein the said one or more laser speckie contrast mmages are
processed fo calculate, estimate, or deternune anatomical and physiological mformation and 1o

gonerate a visualizable representation of said anatomucal and phyvsiclogical imformation,

A display step, where the said anatomical and phystological information, parameters caloulated at
the first procossing step or sccond processmg step, or the raw data from the said stack of one or

more speckie image frames are preosented for visualization; and

A third processing step, wherem the sard method of rapid examunation of particulate flow is
repeated to generate real-time or near-real-tine visnalization of said anatonucal and physiological
mformation, said parameters caleulated at the first processing step or second processing step, or

said raw data from the said stack of one or more speckle image frames;

wheretn the said anatosucal mdormation coraprises one of more of vessel diameter,
vessel tortuosity, vessel density i the region of mterest or sub-region of the region of

interest, dopth of a vessel 1 the tissue, length of a vessel, and type of blood vessel, and

wherein the said physiclogical mformation comprises one or more of blood flow, blood
velocity, change 1o blood flow, change 1 blood velocuy, and spatial distribution of blood
flow gach of which may be specific to the region of mterest, a sub-region of the region of
wterest, an ndividual blood vessel, or a group of connected or disconnected mdividual

blood vessels.

27. The method of claim 26, wherein said particudate flow comprises the movement of one or nrore of
>
bicod, hymphatic flatd, Bving cells, syathetic Mood, microbeads, microspheres, or particolate

contrast agends.

28. The method of claim 26, wherein said calculation of laser speckie contrast values 1 sard first
processing step s performed at any pixel m any acquired mage {frame using data from the said
pixel’s adjacent spatial neighborbood comprising one or more additional pixels 10 the same said

any acquired frame and its one or more adjacent sequentially acquired image frames.

[§8)
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The method of claim 26, wherein said caloulation of lasor speckle contrast values in sad first
2

processing step 15 performed at anv pixel in any acquired frame usmg data from only sard pixel’s

focation across multiple acquired tmage frames.

The method of claim 26, wherein said calculation of laser speckle contrast values 1 said first

processing step 15 performed at any pixel in any acquired frame using data from the pixel’s

adjacent spatial nerghborhood comprismg ore or more additional pixels ondy in the same said any

acquired frame.

. The method of claim 26, wherein said calonlation, estimation, or determnation of anatomical and

hysiological iformation 1o said second processing step is performed through one or more of
fUEY S

mathematical computations or the use of lookap tables.

The method of claun 26, wherem said visuahzable representation i said sceond processing step
comprises pseudo-color representation that may be predetermined or customizable during use or

numerical representation with a format that ¢ predetermmed or customizable durmg use.

The racthod of clamm 26, wheremn sawd method of rapid exanusation of particelate flow fucther

COTAPrISes:

A processing step, wherein one or more electromic data are captured, acquired, or

gencrated,;

A display step, wheren said one or more elecironic data are presenied for visualization;

and

A storage step, wherein said one or more electronic data are stored for short- or long-term

access or archival;

wherein sawd clectrorde data comprises raw image data capiured by the one or
more camera modudes, anatomucal and physiclogical wformation or eguivalent
parameters caloulated from the raw or processed image data, patient-specific data
manually entered or automatically acquired from one or more other sources,
derivative data associated with the processing of these electronic data, or control

and guidance mformation;

wherein satd other sources comprises electromc health records, clectronte

medical records, personal health records, pictire archiving and communications

98]
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gysteins, heart rate montor, finger plethysmograph, respivator, or other surgical,

anesthesiological, or medical equipment.

. The method of clamm 33, wherein said method of rapid examination of particolate flow further

COMPrises a processing step o process said one or more clectronie data for manually, semi-
automatically, or auntomatically configuring parameters related to the one or more mage

acquistiion, processing, and display steps.

3. The method of clapn 33, wherein said wmethod of rapid examination of particulate flow further

comprises a processing step to caleulate the relative change of said one or more electronic data.

5. The method of claim 33, wherein said method of rapid exanunation of particulate flow further

coraprises a processing step for decigion making iacluding ove or more of diagnosis of a chinwal
condition, progrosis of an cutcome, or the determination of subsequent actions including

treatment and management of the climeal condition.

. The method of claim 26, wherein the one or more wmage acquisition, processing, and display

stops use parameters that may be predetenmimed or configured during use.

. The method of clamm 26, wherein the said method of rapid examunation of particulate flow 18

preceded by one or more sieps meluding the steps of focusmg the ficld of view, adjusting the
magnification, adjusting the aligninent of the unage acquisition modules and display modules, or

configuring the processor in accordance with predetermined or user-input parameters,

. The method of clasu 26, wherein the said method of rapd examination of particulate flow s

proceded by one of more steps of configuration of system components for appropriste placement
with respect to the particulate flow.

The method of claun 26, wherein the said method of rapid exammation of particulate flow s
preceded by one or more steps of calibration of said anatomucal and physiological information.
The method of claim 26, wherein the said method of rapid examination of particulate flow g
suceeedod by one or more steps of data storage over the short- or long-term or data transmission

for remote use.

. The method of claim 26, wheretn said method of rapid exasunation of partieslate flow uses

corapensatory means to reduce the relafive motion or misalignment between mudtiple mnage

frames that are sequentially acquired.

88
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The method of clamm 42, wherein said compensatory means pertains o the use of one of more of
maotton detector, accelerometer, detoction of features wr acquired wunage data, detection of
fiduciary markers on the said target tissue, or detection of features obtaimed by apalvzing data

acquired by additional sensors.

The method of clamn 42, wherein said compensatory means pertamns fo correction of motion

artifact between sequerdially acquired tmage frames throogh regisiration of sald acquired teage

g4

frames.

. The method of claim 42, wherem said compensatory means pertams to mstructing the user to

erformn one or more stops prior o proceeding with imaging.
] | | 5 By

. The method of claim 42, wherein said compensatory means pertains to wentification of moion

artifact leading to a step of alerting the vser about potentially uarehable data through one of more
actions, mcludmg displaving appropriate messages and temporary blanking an appropriate

portion of the one or more ¢lectronic data presenied on the one or more display modales.

. The method of claim 26, wherem said method of rapid exammation of particulate flow detects the

meidence of siray light reaching the one or wore camera modules.

The method of clamm 47, wheremn said detection of meidence of stray hght leads to remedial
actions, including displaying appropriate messages, tomporary blanking of an appropriate portion
of one or more slectronic data presented on the one or more display modules, and nstructing the

user 1o porform one or more steps prior to proceeding with imagng.

. The method of claim 26, wherein one or more steps of the rapid examnation of particuliate blood

flow are duplicated for control by or presentation to any number of additional users.

. A method of rapid examination of particulate flow, comprising:

An unage acguisition step, wherein a stack of one or more speckle nnage frames are acguired,

A first processing step, wherein the said stack of one or more speckle unage frames are processed
to calculate laser speckie contrast values to generate one or more faser speckie contrast images;

A second processing step, wherein the said one or wmore laser speckie conirast images are
processed to estimaie apaiomical and physiological information and to generate a visualizable

representation of said anatomical and physiclogieal information;

[#8]
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A display step, where the said anatomical and physiological information, parameters calculated at
the fiest processing siep or second processing step, or the raw daia from the said stack of one or
more specklec nnage frames are presenied for visualization as an overlay 1 the {ield of view of a

surgical metrament;

wheremn the said anatomical mformation comprises one or more of vessel diameter,
vessel tortuosity, vessel density 1o the region of inierest or sub-region of the region of

wterest, depth of a vessel in the tissue, length of a vessel, and type of blood vessel,

wherem the said physiological mformation comprises one or more of blood flow, blood
velocity, change m blood flow, change 16 blood veloeity, and spatial distribution of bioed
flow cach of which may be specific to the region of interest, & sub-region of the region of
iierest, an mdividual blood vessel, or a group of connected or disconnected mdividual
blood vessels, and

wherem said visualizable representation comprises pseudo~-color representation that may
be predetermined or custonmizable during use or numerical representation with a format

that 18 predetermined or customtzable durmg use,

51. The method of clan 50, wheren said surgical insinpuent periains to one or more means of

4y
[

mpaging  to  support the surgical process mcluding  surgical microscopes, ondoscopes,

{aparoscopes, ophthalmoscopes, and surgieal loupes.

The method of clatm 30, wherein one or more of the said anatomiwcal and phyvsielogical
mformation, said parameters calculated at the first processimg step or second processig step, or
sad raw data from the smd stack of one or more speckle mage frames are used for feedback and
decision making pertaining to one or more of swgical planmmg, assessment of the surgical
procedure, diagnosis of mientional or meidendal conditions, prognosis of ocutcomes, and the
determination of subscgoent surgical and now-surgical actions wncluding  treatment and

management of the situation,
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of interest of the target tissue to the said one or more camera modules; one or more interface modules configured to allow a user to
interact with said vascular imaging system;, which are not present in Group 1.

The special technical features of Group Il include at least a first processing step, wherein a stack of one or more speckle image frames
are processed to calculate laser speckle contrast values to generate one or more laser speckle contrast images;, which are not present
in Group 1.

The common technical features shared by Groups |-l are calculating, estimating, or determining anatomical and physiological
information; presenting one or more of the said anatomical and physiological information in real-time or near-real time; wherein the said
anatomical information comprises one or more of vessel diameter, vessel tortuosity, vessel density in the region of interest; depth of a
vessel in the tissue, length of a vessel, and type of blood vessel, and wherein the said physiological information comprises one or more
of blood now, blood velocity, change in blood flow, change in blood velocity, and spatial distribution of blood flow each of which may be
specific to the region of interest, a sub-region of the region of interest, an individual blood vessel or a group of connected or
disconnected individual blood vessels.
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the said physiologica! information comprises one or more of blood flow, blood velocity, change in blood flow, change in blood velocity,
and spatial distribution of blood flow (estimating flow characteristics such as velocity; paragraph {0027}) each of which may be specific to
the region of interest, a sub-region of the region of interest, an individual blood vessel or a group of connected or disconnected individual
blood vessels (estimation hased on a target ROI; paragraph [0027]).

Since the common technical features are previously disclosed by the Fan reference, these common features are not special and so
Groups {-1l lack unity.
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