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(57) ABSTRACT

Some embodiments of the present inventive concept provide
a multispectral imaging system including a first light source,
the first light source having a first wavelength configured to
produce a non-coherent illumination to image a sample; a
second coherent light source, different from the first light
source, having a second wavelength, different from the first
wavelength, configured to image the sample simultaneously
with the first light source; a camera configured to simulta-
neously receive information related to the first and second
light sources from the sample, wherein light at the first
wavelength is configured to image a surface of the sample
into the camera and light at the second wavelength is
configured to penetrate the sample and provide information
related to the penetrated sample to the camera; and a
processor configured to combine the received information
related to the first and second light sources and generate a
synthesized image of the anatomical structure and the physi-
ology of blood flow and perfusion of the sample in terms of
blood flow rate distribution.
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DETERMINING PERIPHERAL OXYGEN
SATURATION (SPO2) AND HEMOGLOBIN
CONCENTRATION USING
MULTI-SPECTRAL LASER IMAGING (MSLI)
METHODS AND SYSTEMS

CLAIM OF PRIORITY

[0001] The present application claims priority to U.S.
Patent Provisional Application Ser. No. 62/682,219, entitled
Determining Peripheral Oxygen Saturation (SpQ,) and
Hemoglobin Concentration using Multi-Spectral laser Imag-
ing (MSLI) Methods and Systems, filed on Jun. 8, 2018, the
disclosure of which is hereby incorporated herein by refer-
ence as if set forth in its entirety.

FIELD

[0002] The present inventive concept relates generally to
imaging and, more particularly, to determining peripheral
oxygen saturation (SpO,) using imaging techniques, such as
Laser Speckle Imaging, Laser Doppler Imaging and the like
with multispectral capability.

BACKGROUND

[0003] The measurement results of blood flow and perfu-
sion imaging technologies are typically disrupted by a
motion artifact of the target tissue/organ in clinical circum-
stances. This movement can be micro (i.e., pulsatility of an
arteriole due to systole and diastole blood pressure levels),
intermediate (i.e., normal peristalsis of the small or large
bowel) or macro (i.e., the movement of the heart during the
cardiac cycle). This movement can be intrinsic to the imaged
tissue (i.e., examples cited above), or extrinsic (i.e., the
movement of the heart as a result of the movement of the
lungs during ventilation). Thus, in many clinical situations,
where accurate quantification of flow and perfusion is desit-
able, keeping the imaging target in a stationary status is
difficult and, in some clinical scenarios, is not even possible.
For example, such as imaging the distribution of blood flow
velocity and flow rate for quantifying perfusion in coronary
arteries and myocardium of a beating heart. Unfortunately,
most conventional laser-based perfusion technologies either
assume the target tissue/organ is stationary, which intro-
duces significant inaccuracy or error in the clinical measure-
ment of blood speed or velocity where the target is moving,
such as a beating heart, or simply provide no information for
quantification of perfusion in terms of blood flow rate
distribution that is critically needed in the clinical situation
where the target may or may not be moving.

[0004] Tissues/organs in animals or humans respond dif-
ferently to light of different wavelengths. In general, light of
shorter wavelengths can penetrate only the superficial layers
of the tissues while light of longer wavelengths can pen-
etrate both superficial layers and sub-surface layers in the
spectral region from ultraviolet (UV) to near-infrared (NIR).
UV and visible light of wavelengths less than, for example,
550 nm is optimal for detailed anatomic visualization in
medicine when viewing the surface of tissues and organs.
However, unlike NIR light, UV or visible light imaging is
usually not inherently capable of revealing the physiological
characteristics of tissues/organs in sub-surface layers, in part
due to lack of penetration of the tissues/organs. Accordingly,
improved methods of visualization and quantification are
desired.
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SUMMARY

[0005] Some embodiments of the present inventive con-
cept provide a multispectral imaging system including a first
light source, the first light source being one of coherent,
non-coherent and partially coherent, the first light source
having a first wavelength configured to produce a non-
coherent illumination to image a sample; a second coherent
light source, different from the first light source, having a
second wavelength, different from the first wavelength,
configured to image the sample simultaneously with the first
light source; a camera configured to simultaneously receive
information related to the first and second light sources from
the sample, wherein light at the first wavelength is config-
ured to image a surface of the sample into the camera and
light at the second wavelength is configured to penetrate the
sample and provide information related to the penetrated
sample to the camera; and a processor configured to com-
bine the received information related to the first and second
light sources and generate a synthesized image of the
anatomical structure and the physiology of blood flow and
perfusion of the sample in terms of blood flow rate distri-
bution.

[0006] In further embodiments of the inventive concept
may also include additional coherent or non-coherent light
sources of different wavelengths that specifically interact
with hemoglobin (Hgb) in the blood, and where the absor-
bance of these wavelengths is dependent upon the concen-
tration of oxygenated hemoglobin and deoxygenated hemo-
globin in the blood. These may be additional light sources or
include the first and/or second light sources. These absor-
bance data are captured in conjunction with the first and
second light sources to produce a synthesized image of the
peripheral oxygen saturation in the target tissues being
imaged. In still further embodiments of the inventive con-
cept, a determination of hemoglobin concentration [Hgb]
may be made from the absorbance data related to the relative
concentration and relative concentration change of deoxy-
genated hemoglobin [Hb] and oxyhemoglobin [HbO2].

[0007] In still further embodiments to the inventive con-
cept a presentation of both the blood flow distribution and
the peripheral oxygen saturation images together may be
provided. Thus, data on perfusion, oxygen saturation, and
hemoglobin concentration in the target tissues of interest
may be presented simultaneously.

[0008] Some embodiments of the present inventive con-
cept provide methods for obtaining a multispectral imaging
system, the method including imaging a sample with a least
one first light source having at least one first wavelength
configured to produce a non-coherent illumination for a first
period of time; imaging the sample with at least one second
coherent light source, different from the at least one first
light source, having at least one second wavelength, differ-
ent from the at least one first wavelength, for a second period
of time, wherein the first and second period of time do not
overlap; receiving information related to the at least one first
and second light sources from the sample; and combining
the received information related to the at least one first and
second light sources; and generating synthesized images of
the sample illustrating at least peripheral oxygen saturation
(SpO,) associated with the sample.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1A is a block diagram illustrating a system
implementing dual wavelength imaging in accordance with
some embodiments of the present inventive concept.
[0010] FIG. 1B is a block diagram illustrating a system
including a plurality of light sources in accordance with
some embodiments of the present inventive concept.
[0011] FIG. 1C is a block diagram illustrating a multi-
sensor camera in accordance with some embodiments of the
present inventive concept.

[0012] FIG. 2 is a more detailed block diagram illustrating
various components of a multi-wavelength imaging system
in accordance with some embodiments of the present inven-
tive concept.

[0013] FIG. 3 is a block diagram of a data processing
system according to some embodiments of the present
inventive concept(s).

[0014] FIG. 4 is a more detailed block diagram of the data
processing system illustrated in FIG. 3 in accordance with
some embodiments of the present inventive concept(s).
[0015] FIGS.5A and 5B are a visible light image (5A) and
a near infra-red light image (5B) of a hand.

[0016] FIGS. 6A and 6B are images illustrating the per-
fusion measurement using only near infra-red light (6A) and
dual wavelength illumination (6B) of a stationary hand.
[0017] FIGS. 7A and 7B are images illustrating the per-
fusion measurement using only near infra-red light (7A) and
dual wavelength illumination 7B) of a moving hand.
[0018] FIGS. 8A and 8B are images illustrating the per-
fusion measurement using only near infra-red light (8A) and
dual wavelength illumination (8B) of a stationary hand with
blood supply temporarily occluded by inflating an ipsilateral
blood pressure cuff.

[0019] FIGS. 9A and 9B are images illustrating perfusion
measurement using only near infra-red light (9A) and dual
wavelength illumination (9B) of a large bowel of a pig.
[0020] FIGS. 10A-10D are images illustrating a visible
light image of a piece of small bowel of a pig as to define
anatomical structure (10A); a near infra-red light image of
the same piece of small bowel as to define the transparency
map (10B); blood flow speed distribution map of the same
piece of small bowel calculated by 11 frames of the NIR raw
images using LSI (10C); and a combined visual effect using
A, B, C using an algorithm in accordance with some
embodiments of the present inventive concept to reveal both
anatomical structure and blood flow physiology (10D).
[0021] FIGS. 11A-11C are images illustrating a visible
light image of a piece of small bowel of a pig as to define
anatomical structure by the brightness of the 8 bit grayscale
image (11A); blood flow speed distribution map of the same
piece of small bowel calculated by 11 frames of the NIR raw
images using LSI (11B); and a combined visual effect using
A and B using an algorithm in accordance with some
embodiments of the present inventive concept to reveal both
anatomical structure and blood flow physiology (11C).
[0022] FIGS. 12A-12D are images illustrating Panel A, an
NIR 785 nm image of a small bowel (12A); Panel B a Green
532 nm image of the same small bowel (12B); Panel C, a
reconstructed image of the same small bowel (12C); and
Panel D, an image of the same small bowel taken by a
regular camera (12D).

[0023] FIGS. 13A-13D are images illustrating Panel A, an
NIR 785 nm image of a pig heart (13A); Panel B, Green 532
nm image of the same pig heart (13B); Panel C, a recon-
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structed image of the same pig heart (13C); and Panel D, an
image of the same pig heart taken by a regular camera (13D).
[0024] FIGS. 14A-14E illustrate an image using a visible
wavelength (532 nm) (14A); an image using near infra-red
wavelength (785 nm) (14B); a reconstructed image (in gray
scale) with the visible and infrared wavelengths (14C); a
regular image with room light illumination (14D); and an
image showing blood flow and perfusion image (14E).
[0025] FIGS. 15A-19B illustrate images that compensate
for issues during clinical imaging procedures in accordance
with some embodiments of the present inventive concept.
[0026] FIGS. 20A through 20C illustrate MSPV images at
each wavelength combination and occlusion level in accor-
dance with some embodiments of the present inventive
concept.

[0027] FIGS. 21A and 21B illustrate MSPV and RR
images at each SpO, measurement in accordance with some
embodiments of the present inventive concept.

[0028] FIG. 22 is a table illustrating various options for
illumination devices in accordance with some embodiments
of the present inventive concept.

[0029] FIG. 23 is a block diagram of a light emitting diode
(LED) SpO, ring design in accordance with some embodi-
ments of the present inventive concept.

[0030] FIG. 24 is a flowchart illustrating operations in
accordance with some embodiments of the present inventive
concept.

DETAILED DESCRIPTION

[0031] Embodiments of the present inventive concept will
now be described more fully hereinafter with reference to
the accompanying Figures, in which preferred embodiments
of the inventive concept are shown. This inventive concept
may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set
forth herein. Like numbers refer to like elements throughout.
In the Figures, layers, regions, elements or components may
be exaggerated for clarity. Broken lines illustrate optional
features or operations unless specified otherwise.

[0032] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the inventive concept. As used herein, the
singular forms “a”, “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises” and/or “comprising,” when used in this speci-
fication, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items. As used herein, phrases such as
“between X and Y” and “between about X and Y” should be
interpreted to include X and Y. As used herein, phrases such
as “between about X and Y” mean “between about X and
about Y.” As used herein, phrases such as “from about X to
Y” mean “from about X to about Y.” The term “about”
means the numerical value can vary by plus or minus ten
percent.

[0033] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this inventive concept belongs. It will be further
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understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
specification and relevant art and should not be interpreted
in an idealized or overly formal sense unless expressly so
defined herein. Well-known functions or constructions may
not be described in detail for brevity and/or clarity.

[0034] It will be understood that when an element is
referred to as being “on”, “attached” to, “connected” to,
“coupled” with, “contacting”, etc., another element, it can be
directly on, attached to, connected to, coupled with or
contacting the other element or intervening elements may
also be present. In contrast, when an element is referred to
as being, for example, “directly on”, “directly attached” to,
“directly connected” to, “directly coupled” with or “directly
contacting” another element, there are no intervening ele-
ments present. It will also be appreciated by those of skill in
the art that references to a structure or feature that is
disposed “adjacent” another feature may have portions that
overlap or underlie the adjacent feature.

[0035] It will be understood that, although the terms first,
second, etc. may be used herein to describe various ele-
ments, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections
should not be limited by these terms. These terms are only
used to distinguish one element, component, region, layer or
section from another element, component, region, layer or
section. Thus, a first element, component, region, layer or
section discussed below could be termed a second element,
component, region, layer or section without departing from
the teachings of the inventive concept. The sequence of
operations (or steps) is not limited to the order presented in
the claims or Figures unless specifically indicated otherwise.
[0036] Spatially relative terms, such as “under”, “below”,
“lower™, “over”, “upper” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the Figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the Figures. For example, if a device in the
Figures is inverted, elements described as “under” or
“beneath” other elements or features would then be oriented
“over” the other elements or features. Thus, the exemplary
term “under” can encompass both an orientation of over and
under. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly. Similarly,
the terms “upwardly”, “downwardly”, “vertical”, “horizon-
tal” and the like are used herein for the purpose of expla-
nation only unless specifically indicated otherwise.

[0037] As will be appreciated by one of skill in the art,
embodiments of the present inventive concept may be
embodied as a method, system, data processing system, or
computer program product. Accordingly, the present inven-
tive concept may take the form of an embodiment combin-
ing software and hardware aspects, all generally referred to
herein as a “circuit” or “module.” Furthermore, the present
inventive concept may take the form of a computer program
product on a non-transitory computer usable storage
medium having computer usable program code embodied in
the medium. Any suitable computer readable medium may
be utilized including hard disks, CD ROMs, optical storage
devices, or other electronic storage devices.
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[0038] Computer program code for carrying out opera-
tions of the present inventive concept may be written in an
object oriented programming language such as Matlab,
Mathematica, Java, Smalltalk, C or C++. However, the
computer program code for carrying out operations of the
present inventive concept may also be written in conven-
tional procedural programming languages, such as the “C”
programming language or in a visually oriented program-
ming environment, such as Visual Basic.

[0039] It will be understood that some embodiments of the
present inventive concept implemented in Matlab may pro-
vide improved processing speeds in accordance with some
embodiments of the present inventive concept.

[0040] Certain of the program code may execute entirely
on one or more of a user’s computer, partly on the user’s
computer, as a standalone software package, partly on the
user’s computer and partly on a remote computer or entirely
on the remote computer. In the latter scenario, the remote
computer may be connected to the user’s computer through
a local area network (LAN) or a wide area network (WAN),
or the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

[0041] The inventive concept is described in part below
with reference to flowchart illustrations and/or block dia-
grams of methods, devices, systems, computer program
products and data and/or system architecture structures
according to embodiments of the inventive concept. It will
be understood that each block of the illustrations, and/or
combinations of blocks, can be implemented by computer
program instructions. These computer program instructions
may be provided to a processor of a general-purpose com-
puter, special purpose computer, or other programmable data
processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the block or blocks.

[0042] These computer program instructions may also be
stored in a computer readable memory or storage that can
direct a computer or other programmable data processing
apparatus to function in a particular manner, such that the
instructions stored in the computer-readable memory or
storage produce an article of manufacture including instruc-
tion means which implement the function/act specified in the
block or blocks.

[0043] The computer program instructions may also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series of operational steps to be
performed on the computer or other programmable appara-
tus to produce a computer implemented process such that the
instructions which execute on the computer or other pro-
grammable apparatus provide steps for implementing the
functions/acts specified in the block or blocks.

[0044] The present inventive concept relates generally to
blood flow and perfusion quantification and, more particu-
larly, to quantification of blood flow and perfusion in tissue/
organs in terms of distributions of blood velocity and blood
flow rate using imaging techniques, such as Laser Speckle
Imaging (LSI), Laser Doppler Imaging (LDI), Florescence
imaging, reflectance imaging and the like with multispectral
capability. Some embodiments of the inventive concept use
two or more wavelengths in the range from 350 nm to 1100
nm to measure/quantify the blood velocity and blood flow
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rate distributions for quantification of perfusion, remove
motion artifact and enhance visualization for presentation
and real-time evaluation and assessment of the synthesized
anatomical-physiological result. As used here, “Multispec-
tral Laser Imaging (MSLI)” refers to imaging techniques
using two or more wavelengths in accordance with some
embodiments of the present inventive concept. For example,
MSLI techniques are discussed in commonly assigned U.S.
patent Ser. No. 10/058,256 entitled Multi-Spectral Laser
Imaging (MSLI) Methods and Systems for Blood Flow and
Perfusion Imaging and Quantification, to Chen et al., the
disclosure of which is hereby incorporated herein by refer-
ence as if set forth in its entirety.

[0045] In particular, some embodiments of the present
inventive concept provide a system that uses two wave-
lengths (or wavelength ranges) of differential transmittance
through a sample to apply laser speckle or laser Doppler
imaging. A first of the two wavelengths may be relatively
small within the UV or visible range, such as blue light
450-495 nm. Light at this wavelength has very shallow
penetration and images the anatomical structure of tissue/
organ surface and serves as a position marker of the sample
but not the subsurface movement of blood flow and perfu-
sion. A second wavelength may be relatively large in the
visible (400-700 nm) or near Infra-Red (NIR) range (700-
2500 nm). Light at this wavelength has much larger pen-
etration depth and reveals the underlying blood flow physi-
ology and correlates both to the motion of the sample and
also the movement of blood flow and perfusion. Using the
imaging measurement of the visible light as a baseline, the
true motion of blood flow and perfusion can be derived from
the NIR imaging measurement without being affected by the
motion artifact of the target. Furthermore, the anatomical
structure information captured by visible light and the
physiological characteristics measured by NIR light is com-
bined as will be discussed herein.

[0046] As discussed in the background of the present
application, using only visible or NIR spectrums may result
in various issues with the final images produced. Accord-
ingly, some embodiments of the present inventive concept
combine different wavelengths of visible and NIR spectrum
(350 nm-1100 nm) into an imaging system, such as LSI,
LDI, Fluorescence, Reflectance or LSI plus Fluorescence
and the like. The combination, as discussed herein, may
reveal much more information of the tissue/organ than using
one single wavelength. In particular, MSLI in accordance
with some embodiments discussed herein can, for example,
(1) account for and remove the motion artifact present in
imaging clinical biologic structures, which creates blood
flow and perfusion quantification inaccuracies; (2) improve
visualization over current technologies by exact synthesis of
both anatomic structure and the physiology of blood flow
and perfusion simultaneously in real time: (3) through a
combination of (1) and (2), improve the accuracy of quan-
tification of blood flow and perfusion in clinical applications
as will be discussed herein with respect to FIGS. 1A through
24.

[0047] As used herein. “real time” refers to provision of
data within a very short amount of time, for example,
milliseconds, so as to appear as if the data was provided
immediately upon request or activation of light sources.
[0048] In some embodiments, in addition to using multiple
wavelengths over the visible and NIR spectrum (350-1100
nm), embodiments of the present inventive concept can, for
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example, combine two or more laser imaging techniques
such as near infra-red fluorescence (NIRF) and Laser
Speckle Imaging (LST), or NIRF and Laser Doppler Imaging
(LDI), into one system as will also be discussed below with
respect to the Figures.

[0049] Furthermore, some embodiments of the present
inventive concept provide the ability to apply methods of
visualization and quantification across multiple clinical and
experimental settings. These settings include direct illumi-
nation and imaging of tissues, but where access to the
imaged Field of View (FOV) is accomplished through
different approaches. These approaches may include, for
example, direct contact or non-contact with tissues, expo-
sure of the tissues during open surgical procedures, or via
endoscopy to access tissues within closed anatomic struc-
tures or tissues in the alimentary tract or tracheobronchial
tree without departing from the scope of the present inven-
tive concept.

[0050] As used herein, “blood flow rate distribution”
refers to a relation between velocity distribution of u (the
velocity vector, in m/sec) in the region of interest or field of
view (FOV) and the blood flow distribution. Calculation of
blood flow rate distribution (volume flow in cc/min)
involves using tools such as computational fluid dynamics
models to obtain blood flow rate (a surface integral of the u
vector over the cross section of a vessel) from a measured
distribution of velocity u. Furthermore, embodiments of the
present inventive concept are configured for macro FOVss of,
for example, about 100 mmxabout 100 mm.

[0051] Referring first to FIG. 1A, a block diagram illus-
trating a simple system implementing dual wavelength
imaging in accordance with some embodiments of the
present inventive concept will be discussed. As illustrated in
FIG. 1A, the system 100 includes at least two light sources,
first 130 and second 131 light sources, respectively, a sample
160, a camera 110 and a communications device (computer
120). In some embodiments of the present inventive con-
cept, the first light source 130 delivers visible light and the
second light source 131 delivers NIR light. As discussed
above, the coherent short wavelength (visible source 130)
does not penetrate deep into the sample 160 (tissue/organ)
but provides detail of the surface of the sample 160 in the
tissue scatter (142). In contrast, the coherent NIR source 131
penetrates deep into the sample 160 and may provide single
(140) or multi particle scatter (141). The reflections 140,
141, 142 off the sample 160 are captured by a camera 110,
which may be, for example, a split-image or multi-sensor
camera in some embodiments. In particular, in some
embodiments the camera may be a multi-sensor camera,
rather than a single camera with one sensor chip. The
multi-sensor camera has multiple sensors and each sensor
may be configured to image one wavelength or wavelength
range. As illustrated in FIG. 1C, in embodiments having a
multi-sensor camera 110", the camera may have a plurality of
spaced apart sensors S1 through SN. Each sensor may be
configured to image one wavelength or wavelength range.
The number “N” in S1-SN can be any reasonable number in
accordance with embodiments discussed here. For example,
“N” may be between 2 and 50 without departing from the
scope of the present inventive concept.

[0052] The information can be processed by the commu-
nications device 120, which combines the visible and NIR
wavelength images to provide improved blood flow and
perfusion data in accordance with some embodiments of the
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present inventive concept. As will be understood, the data
provided by embodiments discussed herein account for
movement 150 of the sample (tissue/organ) 160 and provide
an improved image thereof relative to conventional images.
[0053] Although some embodiments are discussed herein
as having two wavelengths, embodiments of the present
inventive concept are not limited to this configuration. For
example, as illustrated in FIG. 1B, in some embodiments, at
least a third light source 132 is provided having a third
wavelength and this wavelength may penetrate the sample at
a different depth than the first and second wavelengths and
provide a different scatter pattern 143. In some embodi-
ments, the at least third wavelength may be configured to
assess specific physiologic parameters, for example, Hgb
concentration. It will be understood that there may more
than three light sources in some embodiments.

[0054] Thus, in some embodiments a plurality of first light
sources may be used for the MSPV portion of the inventive
concept and a second plurality of light sources may be used
for the SpO, portion of the inventive concept. The wave-
lengths used to obtain the MSPV data may interfere with the
wavelengths used to obtain the SpO, data. Therefore, in
some embodiments the MSPV light sources and the SpO,
light sources may be turned on and/or off at intervals to
reduce the likelihood of interference as will be discussed
further below.

[0055] Referring now to FIG. 2, an example of embodi-
ments wherein a light source provides physiologic param-
eters will be discussed. FIG. 2 is a block diagram illustrating
various components of a multi-wavelength imaging system
in accordance with some embodiments of the present inven-
tive concept. As illustrated in FIG. 2, the system 205
includes at least two laser light sources, visible 230 and NIR
231, a connecting fiber 233, components of an imaging
system 237, a sample 260, a beam splitter 280, a camera 210
and a communications device (computer system 220). In
operation, when the NIR laser delivers NIR light to a living
sample 260, such as a tissue/organ, a portion of the NIR light
will go through single or multiple scattering of both station-
ary and moving particles inside the sample and reflect back.
When the visible laser 230 delivers non-penetrating visible
light, such as light having 430 nm, to a living sample 260,
such as a tissue/organ, most of the light will be reflected
back by the surface within less than 100 pm depth. For the
NIR laser 231, approximately ninety five percent of the light
will be returned from a top 700 pum of the sample 260, which
is enough penetration to pass through coronary artery walls
at, for example, a 300 um depth, and generate information
from moving particles, such as red blood cells, as well as
from stationary tissue.

[0056] The reflected visible light contains the surface
movement information of the sample 260 and, thus, reflects
the motion artifact. The reflected NIR light contains the
surface and subsurface movement information of the sample
260 and, thus, reflects both motion artifact and movement of
the blood flow. As illustrated in FIG. 2, the light produced
by the lasers 230 and 231 may be provided to a fiber 233,
which may have multiple fiber legs and may include a
plurality of splitting fibers 235 as illustrated. However,
embodiments of the present inventive concept are not lim-
ited to the configuration illustrated in FIG. 2. For example,
more or less fibers may be used without departing from a
scope of the present inventive concept. Furthermore, the
light on the fibers may pass through various elements of an
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imaging system 237 before reaching the sample 260. For
example, the light may traverse polarizers, collimators,
expanders, diffusers and the like before reaching the sample
260 without departing from the scope of the present inven-
tive concept. It will be understood that many different
variations of imaging systems 237 may be used in combi-
nation with embodiments discussed herein.

[0057] The incident light 270 illuminates the sample 260
and the reflected light 275 is provided to a beamsplitter 280.
In some embodiments of the present inventive concept, the
beamsplitter 280 may be a dichroic beam splitting system
that separates the NIR 283 and visible light 285. The
separated light 283 and 285 may pass through polarizers,
filters and the like 287 before being delivered to the camera
210. As discussed above, the camera 210 can be, for
example, a split-image (single sensor) or multi-sensor cam-
era without departing from the scope of the present inventive
concept. As stated, the multi-sensor camera has multiple
sensors each configured to image a wavelength or wave-
length range as illustrated in FIG. 1C.

[0058] The NIR 283 and visible 285 images are directed to
the camera 210 and a split image is created on one camera
sensor or on separate camera sensors S1-SN (FIG. 11C) that
have been synchronized and aligned. As discussed above,
different wavelengths have different penetration levels in the
tissue/organ. Using multi-spectrum image design as dis-
cussed herein, the anatomical structure and blood flow
physiology at different depths in the tissue/organ can be
revealed as will be discussed below with respect to various
Figures.

[0059] As illustrated in FIGS. 1A, 1B and 2, systems in
accordance with embodiments of the present inventive con-
cept include communications devices 120, 220, which are
used for the various processing necessary to implement
embodiments of the present inventive concept. Referring
now to FIG. 3, a data processing system 300 that may be
used in the systems of FIGS. 1 and 2, for example, in the
communications devices 120, 220, in accordance with some
embodiments of the inventive concept will be discussed. It
will be understood that the data processing system 300 may
be included in any of the components of the system without
departing from the scope of the present inventive concept.
For example, the data processing system 300 may be
included in the camera 110, 210 or split between various
elements of the system without departing from the scope of
the present inventive concept.

[0060] Referring now to FIG. 3, an exemplary embodi-
ment of a data processing system 300 suitable for use in the
systems of FIGS. 1A, 1B and 2 includes a user interface 344
such as a keyboard, keypad, touchpad or the like, I/O data
ports 346 and a memory 336 that communicates with a
processor 338. The I/O data ports 346 can be used to transfer
information between the data processing system 300 and
another computer system or a network. These components
may be conventional components, such as those used in
many conventional data processing systems, which may be
configured to operate as described herein.

[0061] Referring now to FIG. 4, a more detailed block
diagram of the data processing system 300 in accordance
with some embodiments of the present inventive concept
will be discussed. The processor 338 communicates with a
display 445 via and address/data bus 447, the memory 336
via an address/data bus 448 and the I/O data ports 346 via
an address/date bus 449. The processor 338 can be any
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commercially available or custom microprocessor or ASICs.
The memory 336 is representative of the overall hierarchy of
memory devices containing the software and data used to
implement the functionality of the data processing system
300. The memory 336 can include, but is not limited to, the
following types of devices: cache, ROM, PROM, EPROM,
EEPROM, flash memory, SRAM, and DRAM.

[0062] As illustrated in FIG. 4, the memory 336 may
include several categories of software and data used in the
data processing system 300: an operating system 452; appli-
cation programs 454; input/output (I/O) device drivers 458,
and data 456. As will be appreciated by those of skill in the
art, the operating system 452 may be any operating system
suitable for use with a data processing system, such as OS/2,
AIX or zOS from International Business Machines Corpo-
ration, Armonk, N.Y., Windows95, Windows98, Win-
dows2000, WindowsXP, or Vista from Microsoft Corpora-
tion, Redmond, Wash., Unix, Linux, LabView, or a real-time
operating system such as QNX or VxWorks, or the like. The
1/O device drivers 458 typically include software routines
accessed through the operating system 452 by the applica-
tion programs 454 to communicate with devices such as the
1/O data port(s) 346 and certain memory 336 components.
The application programs 454 are illustrative of the pro-
grams that implement the various features of the data
processing system 300 included in a system in accordance
with some embodiments of the present inventive concept
and preferably include at least one application that supports
operations according to some embodiments of the present
inventive concept. Finally, the data 456 represents the static
and dynamic data used by the application programs 454, the
operating system 452, the I/O device drivers 458, and other
software programs that may reside in the memory 336.
[0063] As illustrated in FIG. 4, the data 456 according to
some embodiments of the present inventive concept may
include acquired visible images 460, acquired NIR images/
data 461, calculated blood flow/perfusion data 463 and
images/video 464. Although the data 456 illustrated in FIG.
4 includes four different files 460, 461, 463 and 464,
embodiments of the present inventive concept are not lim-
ited to this configuration. Two or more files may be com-
bined to make a single file; a single file may be split into two
or more files and the like without departing from the scope
of the present inventive concept.

[0064] As further illustrated in FIG. 4, the application
programs 454 may include an image processing module 451
and an image capture module 453 in accordance with some
embodiments of the inventive concept. While the present
inventive concept is illustrated, for example, with reference
to the image processing module 451 and the image capture
module 453 being application programs in FIG. 4, as will be
appreciated by those of skill in the art, other configurations
may also be utilized while still benefiting from the teachings
of the present inventive concept. For example, the image
processing module 451 and the image capture module 453
may also be incorporated into the operating system 452 or
other such logical division of the data processing system
300. Thus, the present inventive concept should not be
construed as limited to the configuration of FIG. 4 but is
intended to encompass any configuration capable of carrying
out the operations described herein.

[0065] Furthermore, while the image processing module
451 and the image capture module 453 are illustrated in a
single data processing system, as will be appreciated by
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those of skill in the art, such functionality may be distributed
across one or more data processing systems. Thus, the
present inventive concept should not be construed as limited
to the configurations illustrated in FIGS. 3 and 4 but may be
provided by other arrangements and/or divisions of function
between data processing systems.

[0066] In certain embodiments, such as an LST applica-
tion, the velocity of a target fluid can be calculated using the
following equation:

a Eqn. (1)

v(i, l=vo + W
[0067] where v(i,j) is the velocity of target fluid, v0 is an
added term to account for background noise and may be zero
after the baseline has been removed; a is a constant related
to imaging parameters, laser parameters, time/spatial
smoothing parameters for obtaining ¢ and reflects the optical
characteristics of the target fluid; c¢ is the laser speckle
contrast; and i and j are the row and column pixel index.
[0068] Foran LDIapplication, the velocity of a target fluid
can be calculated using the following equation:

2 Egn. (2)

v(i, j) = mAf

[0069] where v(i,j) is velocity of target fluid; where A is
the wavelength; Af is the change in Doppler frequency
(Doppler frequency shift); and 6 is half of the angle between
the two beams. Typically. there is no direct formula to apply
for NIRF, and the like.

[0070] However, even when the imaged object is station-
ary, there is movement present that must be accounted for to
accurately determine blood flow in vessels and perfusion in
tissue. As recently as 2013, experts in the field of LSI
discussed motion artifact as one of the two key questions
still to be answered in this field. Therefore, systems and
methods that have the capability to identify this motion
contribution and account for its magnitude are needed and
included in technologies claiming to be able to assess,
image, and/or quantify blood flow in vessels and perfusion
in tissues experimentally and in vivo.

[0071] Referring now to FIGS. 5A and 5B, FIG. 5A is a
visible light image of a hand and FIG. 5B is a near infra-red
light image of a hand. These images may be used to calculate
the motion artifact and the movement of the blood flow and
perfusion in accordance with some embodiments of the
present inventive concept.

[0072] In particular, to remove the motion artifact of the
tissue/organ that is caused by movement of tissue/organ,
such as aspiration, spasm, heart beat and the like and/or the
camera, Galilean velocity addition can be calculated using
the following equation:

v12(r)=v13(r)+v32(r)=v13(r)-v23(r)

[0073] where: v13(r) is the velocity distribution of object
of interest (blood flow and perfusion) relative to detector
(camera); v23(r) is the velocity distribution of the host
object (the tissue/organ in which the blood vessel is embed-
ded) relative to detector (camera); v32(r) is the velocity
distribution of the detector (camera) relative to the host
object (the tissue/organ in which the blood is embedded);

Eqn. (3)
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and v12(r) is the velocity distribution of an object of interest
(blood flow and perfusion) relative to the host object (the
tissue/organ in which the blood vessel is embedded). Thus,
embodiments of the present inventive concept may address
a need to determine v12(r) under the condition that the
image signals by the all the current LSI or LDI method
provides only v13(r). According to some embodiments of
the present inventive concept, the multi spectrum imaging
approach, both v13(r) and v23(r) can be made available.
[0074] Using L.SI as an example, using the Eqn. (1) above,
the speckle contrast of coherent NIR laser light C,,,(i,j) is
associated with v13(r), which is the velocity distribution of
an object of interest (blood flow and perfusion) relative to
detector (camera). v13(r) is affected by the movement of
blood flow and the movement of tissue/organ caused by
factors such as aspiration, spasm, heart beat etc. and the
movement of the camera. The visible laser light, especially
within the 450-495 nm wavelength range (blue laser light),
has much less penetration in soft tissue/organ compared with
the NIR laser light.

[0075] Using Eqn. (1) set out above, the speckle contrast
of coherent visible laser light C,,(i,j) is mainly associated
with v23(r), which is the velocity distribution of the host
object (the tissue/organ that the blood vessel is embed)
relative to detector (camera). v23(r) is affected by the
movement of tissue/organ caused by factors such as aspira-
tion, spasm, heart beat etc. and the movement of the camera.
Using Eqgn. (3), v12(r) can be derived using v13(r) and
v23(r) thus the velocity distribution of object of interest
(blood flow and perfusion) relative to the host object (the
tissue/organ that the blood vessel is embed) can be quanti-
fied without the effect of the movement of tissue/organ and
the movement of the camera.

[0076] The speckle contrast of coherent visible laser light
C4s(1y) as a baseline can be used to normalize the speckle
contrast of coherent NIR laser light C,,z(1,j) based on this
mathematic model to reduce the velocity component of the
motion artifact. Computer algorithms may be designed to
normalize (subtract or divide) Cy,x(1,)) using Cp (1) to
vield one or multiple stabilized blood flow and perfusion
maps in real time. The algorithms may be processed by, for
example, a data processor as discussed above with respect to
FIGS. 3-4.

[0077] Referring now to FIGS. 6A and 6B, images gen-
erated using the measurement of the blood flow and perfu-
sion using only NIR and dual wavelength illumination of a
stationary hand will be discussed. As illustrated, the mea-
surement of the blood flow and perfusion using only NIR
and dual wavelength illumination of a stationary hand are
very similar. This is because when the sample/target is
stationary, the motion artifact as baseline measured by
visible light is close to zero. Thus, the result without
removing the baseline (FIG. 6A: using only NIR light) and
the result with the baseline removed (FIG. 6B: using dual
wavelength illumination) are almost identical.

[0078] Referring now to FIGS. 7A and 7B, images illus-
trating the measurement of the blood flow and perfusion
using only NIR and dual wavelength illumination of a
moving hand will be discussed. As illustrated therein, the
measurement of the blood flow and perfusion using only
NIR and dual wavelength illumination of a shaking hand are
very different. The measurement with only NIR light (FIG.
7A) shows much higher perfusion level which is caused by
the motion artifact. The measurement with dual wavelength
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illumination (FIG. 7B) is almost identical to the measure-
ment of the stationary hand. This is because when the
sample/target is moving the motion artifact as baseline
measured by visible light is not zero. Thus, the result without
removing the baseline (FIG. 7A: using only NIR light)
shows more “blood flow and perfusion” than the result with
the baseline removed (FIG. 7B: using dual wavelength
illumination).

[0079] Referring now to FIGS. 8A and 8B, images illus-
trating both the perfusion measurement with only NIR and
the dual wavelength illumination will be discussed. In
particular, FIGS. 8A and 8B are images illustrating the
perfusion measurement using only near infra-red light (8A)
and dual wavelength illumination (8B) of a stationary hand
with blood supply temporarily occluded by squeezing the
wrist of the imaged hand using the other hand. As illustrated,
a decrease induced by the temporary occlusion of the blood
supply to the hand is clear.

[0080] Different from LSI, LDI uses interference of two
coherent light beams: the one from the laser as the light
source and the one reflected from the moving object whose
frequency is slightly shifted from that of the incident light.
LDI determines the speed of one “pixel” or points or a small
region of the object where the incident beam is focused on.
An image is obtained by scanning the focused beam. Similar
to the LST of Eqn. (1) using Eqn. (2), measurement of v13(r)
and v23(r) in LDI can be achieved using a penetrating NIR
beam and a non-penetrating visible beam. Again, using Eqn.
(3) v12(r) of the fiducial points relative to the host object
(the tissue/organ that the blood vessel is embed) can be
identified.

[0081] Furthermore, practically, the laser speckle contrast
is a mixture of static background and dynamic part. The
dynamic part of the speckle contrast is associated with the
motion and the static background is caused by the difference
of the optical characteristics of the inhomogeneous scatter-
ing media. Since among the current LSI technologies, base-
line speckle contrast at a no flow situation is not available,
other than in a controlled phantom/tubing experiment, the
static background of the speckle contrast is a major obstacle
to accurately quantifying blood flow in tissue/organ. Multi-
spectrum illumination schemes provide a baseline speckle
contrast at no flow situation C,,;4(i,j) using visible coherent
laser light. The speckle contrast of coherent visible laser
light C;,((i,j) can be used to normalize the speckle contrast
of coherent NIR laser light C,,z(1,j) based a mathematic
model in accordance with embodiments of the present
inventive concept to reduce the static background in the
speckle contrast as illustrated in FIGS. 9A and 9B. FIGS. 9A
and 9B illustrate perfusion measurement using only near
infra-red light (9A) and dual wavelength illumination (9B)
of alarge bowel of a pig. Measurement inaccuracy caused by
the static contrast can be seen on the surgical drape 950 in
FIG. 9A. In FIG. 9B, the “fake” blood flow and perfusion is
not visible on the surgical drape 950 due to reduction of the
static contrast.

[0082] Embodiments of the present inventive concept pro-
pose the visualization of both anatomical structure and blood
flow physiology of the tissue and organ by one of two
approaches. However, it will be understood that embodi-
ments of the present inventive concept are not limited to the
approaches discussed herein.

[0083] Referring now to FIG. 10A-10D, a first approach
using a dual layer design will be discussed. Referring first to
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FIG. 10A (Panel A), an anatomical layer represented by a
raw (original) image frame of visible light is illustrated.
(Anatomical layer) Img,,(i,j) is an 8 bit gray scale visible
image of the sample/target tissue/organ and i and j are the
pixel indexes along the horizontal and vertical direction. In
some embodiments, the brightness, contrast and gamma
value of this image might be adjusted to achieve better
visualization effect.

[0084] Referring now to FIG. 10B, a processed image is
produced based on one or more raw image frames of near
infra-red light to reflect two-dimensional (20) speed distri-
bution of blood flow and perfusion of the imaged tissue/
organ using Laser Speckle or Laser Doppler Imaging tech-
nology. (Physiological layer) Img,x(i,j) is an 8 bit indexed
image with its numerical values mapped to a predefined
color map. Usually, the color ranges from blue to red (0 to
255) with blue representing no/minimum flow speed and red
representing the highest flow speed that the system can
detect.

[0085] Referring now to FIG. 10C, a transparency map is
produced using methods that overlap the anatomical layer or
parts of the anatomical layer over a physiological one, which
will cause the bottom layer to be invisible (covered) or
partially invisible (covered). Methods that overlap the physi-
ological layer or parts of the physiological layer over
anatomical one will cause the bottom layer to be invisible
(covered) or partially invisible (covered). A transparency
map/matrix is applied in accordance with embodiments of
the present inventive concept to ensure the visibility of both
layers using the following equation:

Imgli, ) —Min(Img(i, j)) Y Eqn.(4)

Max(img(i. j)) - Min(Img(i. )

TG, j)= (

[0086] where T(ij) is the transparency map with Img
being a raw (original) image frame of visible or near
infra-red light and x being an adjustable parameter >0 and
<=2. Basically, each pixel value in T(i,j) is between 0 and 1
with O representing no transparency and 1 representing
100% transparency. Parameter x controls the contrast of the
transparency map and if x>1, transparency has a larger
dynamic range and if x<1, the transparency has a smaller
dynamic range. FIG. 10D represents the combined visual
effect using A, B and C in accordance with embodiments of
the present inventive concept to reveal both anatomical
structure and physiology.

[0087] Referring now to FIGS. 11A through 11C, a second
approach using color and brightness design will be dis-
cussed. As illustrated in FIG. 11A, an anatomical layer is
represented by image brightness: a raw (original) image
frame of visible light. Img;4(1,j) is an 8 bit gray scale visible
image of the sample/target tissue/organ and i and j are the
pixel indexes along horizontal and vertical direction. The
brightness, contrast and gamma value of this image may be
adjusted to achieve better visualization effect.

[0088] Referring now to FIG. 11B, a physiological layer is
represented by image color: a processed image based on one
or more raw image frames of near infra-red light to reflect
2D speed distribution of blood flow velocity and perfusion
of the imaged tissue/organ using Laser Speckle or Laser
Doppler Imaging technology. In a first step, an 8 bit indexed
color image is generated with its numerical values mapped
to a predefined color map. Usually, the color ranges from
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blue to red (0 to 255) with blue representing no/minimum
flow speed and red representing the highest flow speed that
the system can detect. In a second step, the 8 bit indexed
color image is converted to a normalized RGB map RGB,
(i,j) with the color of each pixel being represented by (R, G,
B) three values and each value range from 0-1. It will be
understood that since the Figs. are in black and white, the
corresponding grey scale has been employed herein.
[0089] Referring now to FI1G. 11C, anatomical and physi-
ological layers are fused together by creating an 8 bit RGB
color image as Img(i,j )=Img,,.(1,])xRGB,,4(1,)). Note, each
color channel (matrix Ryz(1), Guyr(i) and Baz3G,)) 1s
multiplied by the same visible image Img,,(i,j).

[0090] According to some embodiments of the present
inventive concept, multi wavelength imaging design may be
used to simultaneously combine different imaging technolo-
gies together. For example, as discussed herein, NIR fluo-
rescence technology based on indocyanine green uses 808
nm illumination and the fluorescence emission light is 830
nm and 808 nm reflection light is considered as noise and
filtered out. In accordance with some embodiments of the
present inventive concept, the 808 nm reflection light can be
used to achieve LSI or LDI while maintaining the 830 nm
fluorescence function.

[0091] Referring now to FIGS. 12A-12D, images illus-
trating Panel A, an NIR 785 nm image of a small bowel
(12A); Panel B a Green 532 nm image of the same small
bowel (12B); Panel C, a reconstructed color image of the
same small bowel (12C); and Panel D, an image of the same
small bowel taken by a regular camera (12D) will be
discussed. In particular, using the multi spectral imaging
system in accordance with some embodiments of the present
inventive concept, an original color image can be con-
structed by using each spectrum as one RGB color channel.
For example, using an NIR image as a red color channel and
a 532 nm image as a green color channel, the color image of
a small intestine can be generated without using a color
camera as illustrated in FIGS. 12A-12D. It will be under-
stood that since the Figs. are black and white, the corre-
sponding grey scale has been employed herein.

[0092] Referring now to FIGS. 13A-13D, images illus-
trating Panel A, an NIR 785 nm image of a pig heart (13A);
Panel B, Green 532 nm image of the same pig heart (13B);
Panel C, a reconstructed color image of the same pig heart
(13C); and Panel D, an image of the same pig heart taken by
a regular camera (13D) will be discussed. FIGS. 13A-13D
illustrate using an NIR image as a red color channel and a
532 nm image as a green color channel, the color image of
a pig heart can be generated without using a color camera.
If the information of one color channel is missing, an
algorithm is designed to generate this data using the infor-
mation of the other two color channels. Since the color of a
sample (tissue/organ) is mainly red, embodiments of the
present inventive concept can generate color that is very
close to the original one as long as the information of the red
color channel is available as discussed with respect to FIGS.
10A-10D and 11A-11D. Thus, embodiments of the present
inventive concept allow the reconstructed color image to
reveal information of deeper tissue/organ if NIR is used as
the red color channel as shown in Panel C (FIG. 12C) vs.
Panel D (FIG. 12D).

[0093] As discussed briefly above with respect to the
Figures, some embodiments of the present inventive concept
use two wavelengths of differential transmittance through
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target tissue to apply LSI or LDI. In some embodiments, a
first wavelength is within the visible range having zero or
very shallow penetration, such as blue light (450-495 nm).
The imaging result of this non-penetrating illumination
serves as capturing the anatomical structure of tissue/organ
surface and position marker of the target tissue/organ, but
not the subsurface movement of blood flow and perfusion.
A second of the two wavelengths is Near Infra-Red (NIR),
which has much deeper penetration and the imaging result of
this NIR illumination reveals the underlying blood flow
physiology, which correlates both to the motion of the target
tissue/organ and also the movement of blood flow and
perfusion.

[0094] Using the imaging measurement of the visible light
as a baseline, the true motion of blood flow and perfusion
can be derived from the NIR imaging measurement without
being affected by the motion artifact of the target. Further-
more, the anatomical structure information captured by
visible light and the physiological characteristics measured
by NIR light may be synthesized together according to some
embodiments of the present inventive concept. The synthe-
sized imaging product according to embodiments discussed
herein provides a previously unattainable clarity of visual-
ization and accuracy of quantification of blood flow and
perfusion across the spectrum of clinical applications of
laser imaging technologies.

[0095] Thus, embodiments of the present inventive con-
cept provide improved image quality and real time data
acquisition (several seconds vs. minutes for all other tech-
nologies) and analysis. This real time aspect of the present
inventive concept makes this technology a real option for
sustained adoption of the technology by a surgeon/provider.
Embodiments of the present inventive concept accurately
depict and quantify blood flow and perfusion.

[0096] Further embodiments of the present inventive con-
cept are directed to color image reconstruction using multi-
wavelength imaging techniques discussed herein. It will be
understood that the images are presented in a gray scale as
the patent application publishes in black and white. In
particular, using a dual wavelength imaging technique as
discussed herein, two images may be acquired simultane-
ously. One is near infra-red image IR(x,y) and the other is a
visible image VIS(x,y). X and Y represent the index of the
horizontal and vertical pixel. To reconstruct a red green blue
(RGB) color image, red, green and blue channels are cal-
culated separately as follows:

v NIRGr, y) = min(NIR(, ) )bl Egr. (9

R )= 27 = xarx (max(NIR(x, ) - mnNIRG, 7)
e VIS(x, y) — min(VIS(x, y)) ]bz Eqn. (6)

Cx y) = @7 - Dxax (max(VIS(x, ) — min(VIS(r, y)
o VIS(x, y) - min(VIS(x, y)) ]bs Eqn. (7)

Bx.y) =127 - xasx (max( VIS(x, y) = min(VISGr, )
NIR(x, y) — min NIR(x, ¥)) Eqn. (8)

max(VIR(x, y) — min(NIR(x, y)

where R(x,y), G(x.y), B(x,y) are the red, green and blue
channels, respectively, of the RGB color image; N is the bit
of the color map, for example, 8 bit or 16 bit; a and b are the
adjusting parameters for each channel; min is the function to
get the minimum value; max is the function to get the
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maximum value; and Eqn. (8) serves as a normalization of
the original image of one specific wavelength. Furthermore,
the brightness, contrast and gamma value of the original
image of one specific wavelength might be adjusted before
applying the equations above.

[0097] The multi-wavelength color image recreation tech-
nique in accordance with some embodiments of the present
inventive concept may reduce the need for an extra color
camera in the device; can create a color image with a
minimum of two wavelengths; and compared with tradi-
tional color images, the color image produced in accordance
with embodiments discussed herein visualizes a larger depth
of penetration due to use of near infra-red wavelength.
[0098] Referring now to FIGS. 14A through 14E, various
images of a segment of a large bowel of a pig imaged using
the multi-wavelength imaging device in accordance with
some embodiments of the present inventive concept will be
discussed. FIG. 14A is an image of the bowel of the pig
obtained using a visible wavelength (532 nm). FIG. 14B is
an image of the bowel of the pig using a near infra-red
wavelength (785 nm). FIG. 14C is an image of the bowel of
the pig reconstructed with the wavelengths of FIGS. 14A
and 14B. FIG. 14D is a regular color image (shown in gray
scale) of the bowel with room light illumination. FIG. 14E
is a blood flow and perfusion image of the bowel in
accordance with some embodiments of the present inventive
concept.

[0099] Referring now to FIGS. 15A to 19B, details with
respect to real time image quality test protocols will be
discussed. Real time image quality test protocols are devel-
oped based on customized algorithms using image registra-
tion and image metadata to examine the following issues
during a clinical imaging procedure:

[0100] Movement of target: FIGS. 15A and 15B illustrate
images of a stationary hand (15A) and a moving hand (15B)
detected by a customized image registration algorithm. By a
customized image registration and optical flow algorithm,
the quantified detection result curves can be drawn under the
images.

[0101] Movement of a field of view or the Camera: FIGS.
16A and 16B illustrate imaging of a hand image captured by
stationary camera (16A) and a hand captured by moving
camera (16B) detected by customized image registration
algorithm.

[0102] Blocked field of view: FIGS. 17A and 17B illus-
trate an image of a hand (17A) and an image of a hand that
is partially blocked by a twister (17B) and this blocked field
of view is detected by a customized image registration
algorithm.

[0103] Intrusion of headlight of surgeon/physician: FIGS.
18A and 18B illustrate an image of a hand (18A) and an
image of a hand with a head light shining on it (18B) and this
extra light within the FOV is detected by a customized
algorithm using metadata in the image.

[0104] Ambient light condition: FIGS. 19A and 19B illus-
trate an image of a hand with a room light off (19A) and an
image of a hand image with the room light on (19B) and this
is detected by customized algorithm using metadata in the
image.

[0105] The goal of this process is to reduce the likelihood,
or possibly eliminate, low quality images caused by incor-
rect image acquisition to improve the visualization and
increase accuracy of the quantification of the blood flow and
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perfusion imaging in accordance with some embodiments of
the present inventive concept.

[0106] As discussed above, the data obtained using the
imaging methods discussed above can only be used to derive
distribution of blood flow speed u. In clinics, the information
on distribution of blood flow rate given by the product of
blood flow velocity u and the cross section area of blood
vessel A is needed. To obtain the distribution of u(r) where
r is the three dimensional coordinate, the Navier-Stokes
equation has to be solved, which is given by Equations (9)
and (10) set out below:

ad Eqn. (9
p-(a—I;+uV-u)=—Vp+/,c-Vzu+F o )
d Eqn. (10
a—’;+V-(pu)=0 4z (10)

where p is the density (kg/m3), u is the flow velocity vector
(m/s), p is the pressure (N/m2 or Pascal), F is the volume
force vector (N/m3) and m is the viscosity. Solving the
Navier-Stokes equations produces a velocity field, ie. a
distribution of fluid velocity in space and time. Once this
velocity field is obtained, other quantities of interest, such as
flow rate and drag force, can be calculated. These calculated
quantities can be compared to the experimental data
obtained using the methods discussed above to validate the
data.

[0107] Computational procedures for a non-invasive mea-
surement of blood flow rate distribution in principal vessels
in tissues/organs will now be discussed with respect to some
embodiments of the present inventive concept. Procedures
begin by illuminating a tissue region of interest with a
coherent light source, such as a laser with sufficiently long
wavelength for relatively large penetration depth between,
for example, 550 nm to about 1100 nm as the second
wavelength. Using methods discussed above, scattered light
at the second wavelength is acquired to determine spatial
distribution of blood flow speed in the principal vessels and
perfusion distribution in tissue in the region of interest. A
velocity field of u(r) for the region of interest is calculated
numerically. In some embodiments, the velocity field is
calculated using Equations (9) and (10) set out above. Blood
flow speed in the region of interest based on the calculated
velocity field is calculated. The calculated blood flow speed
in the region of interest is compared to the blood flow speed
determined using the acquired image data at the second
wavelength from the region of interest to verify results.
[0108] Referring now to FIGS. 20A through 21B, embodi-
ments for using MSLI discussed above with respect to FIGS.
1A through 19 to determine peripheral oxygen saturation
(SpO,) will be discussed. In particular, embodiments of the
present inventive concept illustrate a correlation between
image intensity and an SpO, value as will be discussed
further below.

[0109] SpO, is a percentage of oxygenated hemoglobin
relative to a total amount of hemoglobin found in the
bloodstream. The SpO, determination is used clinically as a
monitoring technique to determine if a patient has a suffi-
cient level of oxygen at any given time. The quantitative
value represents the relative performance of the cardiovas-
cular system in supplying oxygen throughout the body. This
assessment is important in the detection of hypoxemia, or
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abnormal decrease in oxygen content, in patients. Conven-
tional techniques for determining SpO, use pulse-oximeter
devices that generally require patient contact, which is
classified as an invasive technique. Non-contact and com-
pletely non-invasive techniques for monitoring of blood
oxygen saturation have also been attempted, however,
improvement for non-contact and non-invasive techniques
are desired. Some enbodiments of the present inventive
concept provide such a technique, as will be discussed
further herein.

[0110] In particular, to determine SpQO,, the Beer-Lambert
law is used to linearly correlate SpO, to the ratio-of-ratios
(RR) signal. The Beer-Lambert law generally states that the
quantity of light absorbed by a substance dissolved in a fully
transmitting solvent is directly proportional to the concen-
tration of the substance and the path length of the light
through the solution. The RR signal is determined using the
ratio of pulsatile signals (AC) to non-pulsatile signals (DC)
from two different wavelengths. One wavelength is used to
represent the amount of oxygenated hemoglobin, while the
other is used to represent the amount of total hemoglobin in
the bloodstream. The AC and DC components are taken
from the two independent signals to calculate an R ratio for
each. The R ratios of both wavelengths are then compared to
determine an RR signal, which is finally correlated to an
SpO, percentage. The mathematical determination can be
defined using the equations below. In particular. SpQ, is
determined by the amount of oxygenated hemoglobin rela-
tive to total hemoglobin as follows:

$p0, = L1202 10
P2 = Tivo, e

Eqn. (11)

wherein SpQ, is percentage of oxygenated saturation in
arterial blood; HbO2 is the concentration of oxygenated
hemoglobin measured in blood; and Hb is the concentration
of hemoglobin in blood. As illustrated in Eqn. (12) below,
SpO, is linearly related to the RR signal by the Beer-
Lambert law.

SpO,=m*RR+b Eqn. (12)
where m is the correlation coeflicient between the RR signal
intensity and SpO, percentage; RR is the ratio of pulsatile
signals (AC) to non-pulsatile signals (DC) from two differ-
ent wavelengths and is a measure of the signal intensity, and
b is the y-intercept of the trend line of the relation between
RR intensity and SpO, percentage.

[0111] The RR signal is calculated as the ratio of pulsatile
signals to non-pulsatile signals from two different wave-
lengths as follows:

AC,U Eqn.(13)
Ry  DCy
RR= — = ——
Rvn ACu
DCy

where ACh1 is a pulsatile signal at a first wavelength and
DCAMI is a non-pulsatile signal at the first wavelength; and
AC)2 is a pulsatile signal at a second wavelength and DCA2
is a non-pulsatile signal at the second wavelength.
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[0112] A noncontact imaging technology exists that com-
bines visible and near-infrared wavelengths of light to
monitor oxygen saturation (SpO,). The imaging system for
this technology consists of one camera with two identical
light emitting diode (LED) arrays placed on each side of the
system. The LED arrays include alternating rows of the
visible and near-infrared wavelengths, and each row is timed
to switch on and off alternatively so that the imaging data
from each wavelength would be equal in size. From the
imaging data, a region of interest (ROI) is selected to
provide a photoplethsymography (PPG) signal to be used in
the SpO, calculation. For both wavelengths, the image
intensity is averaged over all the pixels in that ROI to
determine the PPG signal used. The AC and DC components
are extracted from the PPG signal by calculating the average
peak-to-peak and mean values respectively. These two vari-
ables are used as the AC (peak-to-peak) and DC (mean)
values for the individual wavelength ratio calculation (R, ;,
R;,) shown in the Eqn. (14) set out below. With the two
ratios known, the ratio-of-ratios (RR) value is then calcu-
lated to correlate with an SpO, percentage.

ACy  Peakto-Peak,, Egn. (14)
R M A
RR Signal = B DGy = 7/\4@6{%\1 s
Re  ACu  Peak-to-Peak),
DCy2 Meany,

Al = VIS, 22 = NIR

where the first wavelength is a visible wavelength and the
second wavelength is near infrared.

[0113] In stark contrast to using a one-dimensional PPG
signal that uses the intensity of the imaging data, embodi-
ments of the present inventive concept provide a noncontact
imaging routine to calculate SpO, using two-dimensional
imaging data to provide the AC and DC components that
makeup the individual ratios of both wavelengths.

[0114] It will be understood that ideally optimal visible
and near-infrared wavelengths would be identified along
with the hardware configuration. However, for purposes
discussed herein, standard deviation (STD) and mean of the
image data are used for the RR value equation shown below.
The standard deviation (STD) and mean values used are
two-dimensional arrays to represent the STD and mean of
the image set, while conventional methods discussed above
rely on one-dimensional values of an intensity signal.
Accordingly, the RR value is replaced with an RR image.
The intensity of a ROI from that RR image is then correlated
to the SpQO, percentage. Thus, embodiments of the present
inventive concept illustrate a new way of evaluating SpQO, in
addition to the traditional SpO, determination.

ACy STD,, Eqn. (15)
R et )
RR Image = Mo DGy = —Meanll
Re AGp s,
DCXZ Meany

Al = VIS, A2 = NIR

[0115] Some embodiments of the present inventive con-
cept illustrate that MSLI which is also known as Multi-
Spectral Physiologic Visualization (MSPV) technology can
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be used to relate peripheral oxygen saturation in the target
tissue to the RR image intensity. Experiments illustrating
embodiments of the present inventive concept have been
performed. In particular, in a first test two different laser
diodes with different wavelengths were used, one at 690 nm
to represent the visible (VIS) wavelength in the RR image
calculation and one at 785 nm to represent the near-infrared
(NIR) wavelength in the RR image calculation. It will be
understood that although the current interchangeable laser
diode system produces a power level of 12 mW for the 690
nm laser diode, embodiments of the present inventive con-
cept are not limited to this configuration. Furthermore, the
785 nm laser power was decreased to this low power level
to match the surface intensity of both wavelengths to reduce
any signal interference. Furthermore, these additional wave-
lengths can be one or more of the first and second light
sources or may be the third or fourth light sources. An
MSPV prototype system was used to capture ten (10)
seconds of imaging data at each wavelength under different
experimental conditions. The results of these experiments
are discussed below with respect to FIGS. 20 and 21.

[0116] During a first experiment, three different wave-
lengths were used to test embodiments for correlating the
RR image signal to SpO, value measured with a pulse-
oximeter. The combination of wavelengths tested include
690 nm+785 nm and 690 nm+830 nm lasers. However,
embodiments of the present inventive concept are not lim-
ited thereto. Any type of light sources may be used without
departing from the scope of the present inventive concept.
During the experiment, a conventional pulse-oximeter was
attached to the index finger of the left hand, and this hand
was placed under the field of view (FOV) for imaging. A
blood pressure cuff was used to decrease the blood supply to
the left arm at certain pressure values ranging from baseline,
to intermediate, to maximum occlusion levels. These values
were determined to be 0 mmHg, 110 mmHg, and 170 mmHg
(occlusion levels 1, 2 and 3, respectively) to cause a decrease
in the SpO, value calculated with the pulse oximeter. In
some embodiments, a subject under test could be instructed
to hold their breath, which would reduce oxygen without
reducing blood flow. Each of the three wavelength was
imaged separately at all three occlusion levels and the
near-infrared imaging data was collected from the iCertainty
prototype device to be used in subsequent calculations. The
SpO, value was found to drop from an average of 98% to
97% to 91% at each of the 1, 2, and 3 occlusion levels,
respectively. One second of data (generally includes about
163 frames due to high frame rate) was selected for calcu-
lation of an RR image from the two wavelength combina-
tions, along with the MSPV image using only the 785 nm
imaging data to show the change in blood supply/perfusion
to the left hand at each imaging sequence. Imaging results
for the first experiment are illustrated in FIGS. 20A through
20C. In particular, FIGS. 20A through 20C illustrates 0
percent, 50 percent and 100 percent occlusion at all three
wavelength combinations, 690/785 nm RR images, 690/830
nm RR images, and 450/785 nm, respectively. As illustrated,
monitoring the ring finger of the left hand in the RR images
shows that the image intensity and the SpO, value decreases
as the cuff pressure increases during the experiment. The
MSPV image data also demonstrates the effects of the cuff
pressure to occlude the blood supply to the left hand.

[0117] It will be understood that since each wavelength
data sequence captured was at different time points, and not
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simultaneous, the left hand may have and, likely did, change
position between recordings. The change in the hand posi-
tion caused a misalignment between the imaging data that
led to a determination of an RR signal at areas where the
hand was aligned and produced some unwanted noise in
areas where there was a misalignment. Due to this con-
straint, a tissue-oxygen image map could not be produced in
this experiment; therefore, a region of interest (ROI) was
selected for intensity comparison. In every sequence, the
entire ring finger was found to have the best alignment to
produce comparative results. The mean of the RR image
intensity of the ROI was compared from baseline to 100%
occlusion as this represents the highest drop in SpO, level.
For the 690/785 nm data set, the percent difference in
intensity from an average drop in SpQO, from 98% to 91%
was found to be 10%. In the 690/830 nm data set, the percent
difference in intensity from the same SpQO, drop of 98% to
91% was found to be 15%. Both results show that as the
SpO, value decreases the RR image intensity also decreases.
However, the only issue with this experiment is that the
MSPYV results show a loss of perfusion at the drop in SpO,
level.

[0118] During a second experiment, only one of the wave-
length combinations was used. The 690 nm+785 nm lasers
were setup to the same low power specifications from the
first experiment. The second experiment also followed the
same imaging setup of the left hand with the pulse-oximeter
placed on the left index finger. The cuff pressure for this
experiment was set to 110 mm Hg to allow for a decrease in
flow/perfusion and to reduce a possibility of a loss in blood
supply to the left hand. Re-breathing was also performed to
decrease the peripheral oxygen saturation levels in the hand.
These two manipulations in combination caused a decrease
in the SpO, value from a baseline of 98% to 91%, while
maintaining the blood supply and MSPV results in the left
hand. Baseline and manipulation image sequences were
acquired for the 690 nm and 785 nm wavelengths to be used
in the RR image calculation. The imaging results show a
decrease in the RR image intensity as the SpO, measure
decreases. The same misalignment issues from experiment
one were also present in these imaging results and produce
some unwanted signal noise. To account for this, a small
ROI was selected at the base of the ring finger as there
appears to be some misalignment at the tip of the same
finger. The percent difference in intensity of the square
region of interest (show in FIG. 21B) from a drop in SpO,
of 98% to 91% was found to be 9% in the second experi-
ment. The imaging results from this experiment are illus-
trated in FIGS. 21A and 21B. As illustrated, the imaging
results show no change in MSPV or blood flow/tissue
perfusion to the hand image during the peripheral oxygen
saturation decrease. The selection of an ROl is not a require-
ment, however, when the signals are aligned and the full
Field of View of the MPSV image can be used for deter-
mination of SpO,.

[0119] As discussed briefly above, some embodiments of
the present inventive concept provide a new approach to the
non-contact peripheral oxygen saturation (SpO,) determi-
nation. Preliminary results suggest that there is a linear
correlation between the RR image intensity and SpO,
change. There were multiple design constraints determined
from these experiments, and these constraints will be
addressed for future devices. The low power laser diode
system used, the misalignment of the hand images, different
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image acquisition times, and wavelength selection con-
straints will all be addressed during design and build of the
actual device(s). In some embodiments, the low power laser
diodes may be replaced by different wavelength LED’s to
increase the signal-to-noise ratio of the imaging results and
provide substantial power and illumination to the field of
view. The misalignment caused by different image acquisi-
tion times may also be addressed with simultaneous signal
capture in real time. Wavelength combination may also be
optimized to provide the best correlation of the RR image
intensity and SpO, value at levels ranging from 100% to
80%. This development may be incorporated with the cur-
rent MSPV solution by the addition of an LED ring to not
interfere with the MSPV determination. The LED ring may
contain both optimized wavelengths and the subsequent RR
image data collection may follow the MSPV determination.
Both imaging results may then be calculated and presented
to the operator.

[0120] In some embodiments, the RR image calculation
may also be investigated further to determine a way to
calculate a relative hemoglobin ([Hb]) concentration. The
lower wavelength will have optical absorption properties—
high Hb absorbance and low HbO2 absorbance—and vice
versa for the higher wavelength. The [Hb] and [HbO2] can
be determined from the absorbance data, and a relative trend
of hemoglobin concentration [Hb] can be determined from
the relative absorbance changes and the sum of [Hb]+
[HbO2]. The tissue oxygen image along with a representa-
tion of the relative hemoglobin concentration in the target
tissue may provide new data captured alongside the MSPV
solution to improve clinical examination of the target tissue
imaged.

[0121] Furthermore, in some embodiments of the present
inventive concept a non-invasive, non-contact peripheral
oxygen saturation determination (SpQ,). an index of the
physiologic endpoint of perfusion, and derived hemoglobin
concentration [Hgb] as an index of anemia is provided. SpO,
monitoring is closely associated with hypoxemia, where
arterial oxygen tension is below “normal” values, but is
unassociated with hypoxia, which is the failure of oxygen-
ation at the tissue level producing anaerobic metabolism.
Hypoxemia and hypoxia can be differentiated in part by
simultaneously knowing the perfusion status to the tissues
and/or the oxygen carrying capacity in the blood. A rise in
SpO, from 838% to 92% increases the oxygen content in the
blood by 4%. In contrast, increasing [Hgb] from 8 g/ to 12
¢/l increases the oxygen carrying capacity by 33%, and
doubling the cardiac output in this situation increases oxy-
gen delivery to tissues by over 60% without any change in
SpO,. Thus, knowing all three components (SpO,, [Hgb],
and perfusion status) of peripheral oxygen delivery is highly
desirable for monitoring—hence the value-added of aug-
menting MPSV with SpQ, as discussed above, rather than a
conventional stand-alone determination of only SpO,.

[0122] In some embodiments, two separate wavelengths
may be used, the first wavelength having a range of 600-700
nm, and the second wavelength having a range of 800 nm
and above according to the absorption spectra of hemoglo-
bin and oxygenated hemoglobin molecules. The illumina-
tion source in these embodiments may use multiple LED’s
of substantial power to provide a uniform intensity onto the
FOV, which is set at 9 cmx9 ¢m at a distance of 32 ¢cm from
the target in some embodiments. The SpO, solution must
generally be small enough to not interfere with the standard
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hardware setup for the MSPV solution. In other words, the
wavelengths used to obtain the MSPV data may interfere
with the wavelengths used to obtain the oxygenation param-
eters. Thus, in some embodiments, the light sources may be
turned on and/or off in intervals so that both sets of data can
be obtained without interference.

[0123] In these embodiments, the illumination sources
(light sources) may take on various combinations. Two
embodiments will be discussed herein, but embodiments of
the present inventive concept are not limited thereto. In the
first embodiment, multi-wavelength emitters may be used.
Since embodiments of the present inventive concept use two
separate wavelengths, the ability to house multiple wave-
lengths within one emitter solution allows for double the
amount of individual LEDs to be used. These embodiments
also provide an adjustment in wavelength on the higher end
if needed. The disadvantage that may occur with these
embodiments is a price increase. The multi-wavelength
design options include varying wavelengths of 670 nm, 770
nm, 810 nm, 850 nm, 950 nm, and 1300 nm even though the
950 and 1300 nm options will not be needed. Table 1 set out
in FIG. 22 provided various Martech illumination sources
that contain multi-wavelength options that may be used in
accordance with embodiments discussed herein. However,
embodiments of the present inventive concept are not lim-
ited to this configuration.

[0124] In the second embodiment, the number of available
LED:s is divided in half, where one half will supply the first
wavelength, and the other half will supply the second
wavelength within the system. The advantage of this
embodiments is the decrease in price per unit of LEDs and
a simpler electronic design. The disadvantage may be
increased demand for a greater number of LEDs to provide
enough illumination to the target. The LED solutions avail-
able from the supplier vary greatly over visible and NIR
wavelength, and could include a 670 nm and anywhere from
770 nm-980 nm.

[0125] In some embodiments, an electronic circuit board
1s designed to power the LED array. The electronics may be
provided in a housing structure to allow for ease of imple-
mentation into the prototype device. The circuit design for a
control board of this LED array.

[0126] Referring now to FIG. 23, a block diagram of an
LED design in accordance with some embodiments of the
present inventive concept will be discussed. These LEDs
may be incorporated into embodiments of the present inven-
tive concept to replace an existing LED illumination ring
with a SpO, illumination source.

[0127] Referring now to FIGS. 23A and 23B, a system for
illumination (23A) and a top view thereof (23B) illustrating
an LED SpQ, ring design in accordance with some embodi-
ments of the present inventive concept will be discussed. As
illustrated, the system in included optics 2381, MSPV
diffusers 2393, an LED SpO, ring 2390, a camera lens 2391
and a target 2383. As illustrated, the LED SpO, ring 2390 is
placed in between the camera lens 2391 and optical diffusers
2393 that are already set in place. Various measurements are
illustrated on FIG. 23, however, embodiments of the present
inventive concept are not limited thereto.

[0128] As discussed above, imaging at the various MSPV
wavelengths may interfere with imaging at the SpO, wave-
lengths. Thus, the lights sources may be turned on/or off at
various intervals to allow both features to operate without
interference. It will be understood that timing and synchro-
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nization of image acquisition using the various wavelengths
may vary depending on the system. In some embodiments of
the present inventive concept, timing and synchronization of
imaging acquisition may be, for example, 1.0 seconds for
Sp0,, 8.0 seconds for MSPV, and 1 second for SpQ,, since
simultaneous illumination will change the imaging data. The
LED illumination microcontroller device may be pro-
grammed and incorporated into the MSPV hardware/soft-
ware in some embodiments.

[0129] Referring now to FIG. 24, a flowchart illustrating
operations in accordance with some embodiments of the
present inventive concept will be discussed. As illustrated in
FIG. 24, operations for obtaining a multispectral imaging
system begin at block 2400 by imaging a sample with a least
one first light source having at least one first wavelength
configured to produce a first illumination for a first period of
time. In some embodiments, the at least one first light source
may be two light sources, a first configured to image a
surface of the sample and the second configured to penetrate
that sample and provide information from the penetrated
depth. These two light sources may illuminate the sample for
a first period of time, for example, about 8 seconds. It will
be determined if the first period of time has expired (block
2410). If the first period of time has not expired (block
2410), operations continue at block 2400 so that at least one
first light source continues to illuminate the sample. If, on
the other hand, the first period of time has expired (block
2410), the at least one first light source is turned off and the
sample is imaged using at least one second light source for
a second period of time, which is different from the first
period of time (2420). For example, the second period of
time may be about 1.0 seconds in some embodiments. It will
be understood that in some embodiments, the at least first
and second light sources are not turned on at the same time.
These light sources provide illuminate for different purposed
and may interfere with one another if they are turned on at
the same time.

[0130] Tt is determined if the second period of time has
expired (block 2430). If the second period of time has not
expired (block 2430), operations continue at block 2420 and
the at least one second light source continues to illuminate
the sample. If, on the other hand, it is determined that the
second time period has expired (block 2430), information
related to the at least one first and second light sources are
received from the sample and combined (block 2440).
Synthesized images of the sample are generated illustrating
at least peripheral oxygen saturation (SpO,) associated with
the sample. Thus, in some embodiments a first set of
wavelengths may be used to illuminate the sample to obtain
MSPV data and a second set of wavelengths may be used to
illuminate the sample to obtain other data including SpO,
data. As discussed, these wavelengths may illuminate the
sample at different times so as to provide the most accurate
output.

[0131] In some embodiments, the one of the light sources
may have a wavelength in a red spectrum from 700 nm to
800 nm, which is used to determine peripheral oxygen
saturation (SpO,). In other embodiments, the SpO2 data
may be provided by first and second light emitting diodes
(LEDs) without departing from the scope of the present
inventive concept.

[0132] As briefly discussed above, by combining MPSV+
SpO, (both non-invasively determined through our core
technology plus modifications) and having an index of
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anemia, all three components of what can generate hypoxia
at the tissue level are known (not DIAGNOSTIC of hypoxia,
but much more useful in hypoxia circumstances than SpQO,
alone). Obtaining all three of these parameters simultane-
ously is novel above and beyond obtaining SpO, through our
novel approach by itself. This combination may provide new
and important insight into differences between hypoxemic
and hypoxic conditions.

[0133] In the drawings and specification, there have been
disclosed example embodiments of the inventive concept.
Although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of
limitation, the scope of the inventive concept being defined
by the following claims.

That which is claimed is:

1. A multispectral imaging system, the system compris-
ing:

a first light source having a first wavelength configured to

produce a non-coherent illumination to image a sample;

a second coherent light source, different from the first
light source, having a second wavelength, different
from the first wavelength, configured to image the
sample simultaneously with the first light source;

a camera configured to simultaneously receive informa-
tion related to the first and second light sources from
the sample, wherein light at the first wavelength is
configured to image a surface of the sample into the
camera and light at the second wavelength is config-
ured to penetrate the sample and provide information
related to the penetrated sample to the camera; and

a processor configured to combine the received informa-
tion related to the first and second light sources and
generate synthesized images of the sample illustrating
peripheral oxygen saturation (SpO,) associated with
the sample.

2. The system of claim 1, wherein the first light source is

one of coherent, non-coherent and partially coherent.

3. The system of claim 1, further comprises:

at least one additional light source, different from the first
and second light source, the at least one additional light
source having a third wavelength, different from the
first or second wavelengths, configured to image the
sample in conjunction or simultaneously with the first
and second light sources,

wherein the processor is further configured to combine the
received information related to the first, second and at
least one additional light sources and generate synthe-
sized images of the sample illustrating blood flow
distribution and peripheral oxygen saturation (SpO,)
associated with the sample.

4. The system of claim 3, wherein at least one of the first,
second and at least third light sources are periodically
switched on and/or off to allow remaining ones of the first,
second and at least third light sources to image the sample.

5. The system of claim 3 wherein the first and second light
sources are turned on for a period of about 8 seconds and
wherein at least one third light source is turned on for about
1 second, such that the first and second light sources are not
turned on while the at least one third light source is turned
on.

6. The system of claim 4, wherein at least one of the first,
second and at least third light sources has a wavelength in a
red spectrum from 700 nm to 800 nm and wherein the
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wavelength in the red spectrum is configured to determine
peripheral oxygen saturation (SpO,).

7. The system of claim 4, wherein the at least one third
light source comprises first and second light emitting diodes
(LEDs) configured to image the same and provide data to
determine peripheral oxygen saturation (SpQ,).

8. A multispectral imaging system, the system compris-
ing:

a first light source having a first wavelength configured to

produce a non-coherent illumination to image a sample;

a second coherent light source, different from the first
light source, having a second wavelength, different
from the first wavelength, configured to image the
sample simultaneously with the first light source, the
first and second wavelengths being configured to pro-
vide information from the sample at different depths of
the sample;

at least one third light source, different from the first and
second light sources and having at least one third
wavelength, wherein the at least one third wavelength
is configured to provide different information from the
sample than the first and second wavelengths;

a camera configured to receive information related to the
first and second light sources from the sample during a
first time period and the different information related to
the at least one third wavelength from the sample
during a second time period, different from the first
time period; and

a processor configured to combine the received informa-
tion related to the first, second and at least one third
light sources and generate synthesized images of the
sample and quantify peripheral oxygen saturation
(SpO,) associated with the sample.

9. The system of claim 8, wherein light at the first
wavelength is configured to image a surface of the sample
into the camera and light at the second wavelength is
configured to penetrate the sample and provide information
related to the penetrated sample to the camera.

10. The system of claim 9, wherein the first light source
is one of coherent, non-coherent and partially coherent.

11. The system of claim 10, wherein the first and second
light source are turned on during the first time periods and
off during the second time period and wherein the at least
one third light source is turned off during the first time
period and turned on during the second time period.

12. The system of claim 11, wherein the first time period
is about 8 seconds and wherein the second time petiod is
about 1.0 second.

13. The system of claim 12, wherein the at least one third
light source has a wavelength in a red spectrum from 700 nm
to 800 nm and wherein the wavelength in a red spectrum is
configured to determine at least a peripheral oxygen satu-
ration (SpO,) saturation level in the sample.

14. The system of claim 12, wherein the at least one third
light source comprises first and second light emitting diodes
(LEDs) configured to image the same and provide data to
determine a peripheral oxygen saturation (SpQO,) in the
sample.

15. A method for obtaining a multispectral imaging sys-
tem, the method comprising:

imaging a sample with a least one first light source having
at least one first wavelength configured to produce a
first illumination for a first period of time;
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imaging the sample with at least one second light source,
different from the at least one first light source, having
at least one second wavelength, different from the at
least one first wavelength, for a second period of time,
wherein the first and second period of time do not
overlap;

receiving information related to the at least one first and

second light sources from the sample; and

combining the received information related to the at least

one first and second light sources; and

generating synthesized images of the sample illustrating

at least peripheral oxygen saturation (SpO,) associated
with the sample.

16. The method of claim 15, wherein at least one first and
second light sources are periodically switched on and/or off
to allow remaining ones of the first, second and at least third
light sources to image the sample.
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17. The method of claim 16 wherein the at least one first
light source is turned on for a period of about 8 seconds and
wherein at least one second light source is turned on for
about 1 second, such that at least one first and second light
sources are not turned at the same time.

18. The method of claim 16, wherein at least one of the
at least first and second light sources has a wavelength in a
red spectrum from 700 nm to 800 nm and wherein the
wavelength in the red spectrum is configured to determine a
level of peripheral oxygen saturation (SpO,) in the sample.

19. The method of claim 16, wherein the at least one
second light source comprises first and second light emitting
diodes (LEDs) configured to image the same and provide
data to determine a level of peripheral oxygen saturation
(SpO,) in the sample.

* ok %k
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