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METHODS, SYSTEMS AND COMPUTER PROGRAM PRODUCTS
FOR DETERMINING HEMODYNAMIC STATUS PARAMETERS USING
SIGNALS DERIVED FROM MULTISPECTRAL BLOOD FLOW
AND PERFUSION IMAGING

CLAIM OF PRIORITY
[0001]  The present application claims priority from U.S. Provisional Application Nos.
62/063,663, filed October 14, 2014 and 62/136,010, filed March 20, 2015, the disclosures of

which are hereby incorporated herein by reference as if set forth in their entirety.

RESERVATION OF COPYRIGHT
[0002] A portion of the disclosure of this patent document contains material which is
subject to copyright protection. The copyright owner, East Carolina University of Greenville,
N.C., has no objection to the reproduction by anyone of the patent document or the patent
disclosure, as it appears in the Patent and Trademark Office patent file or records, but

otherwise reserves all copyright rights whatsoever.

FIELD
[0003] The inventive concept relates generally to visualization of organs and/or tissue

and, more particularly, to determining blood flow and perfusion parameters in a sample.

BACKGROUND

[0004] Blood flow and perfusion in tissue/organs are defined by the amount of blood
transferred per unit time over a 2-dimensional area or in a 3-dimensional structure. Blood
flow generally relates to volume of flow/unit time in conduits larger than the arteriolar level
(macrovascular level). Perfusion typically refers to the blood flow in the microvascular level,
with no current parameters for quantification with non-invasive technologies. Direct
measurement and quantification of blood flow and perfusion in real time is still being
developed.

[0005] Currently, there are several imaging technologies that may be used to measure
the magnitude and distribution of fluid velocity, such as Laser Doppler Imaging (LDI) and
Laser Speckle Imaging (LSI). Fluid velocity is linear flow demonstrating the direction and
magnitude of flow, but does not directly quantify flow in either the microvascular or

macrovascular levels. To be linked with the more clinically intuitive concepts and terms of
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blood flow and perfusion, further assumptions or analysis may be required. Indeed,
combined with proper fluid dynamic modeling, these imaging techniques of fluid velocity
measurement have the potential to derive quantification information of blood flow and
perfusion, in both experimental and human clinical conditions. Throughout this document,
the terms “blood flow” and “perfusion” are used instead of the more technically oriented term
“fluid velocity.”

[0006] Blood flow is not a constant in the cardiovascular system in mammalian
species. Experimental and clinical data document that there are blood velocity changes
within one cardiac cycle because the cardiac output and aortic pressure are not constant
within one cardiac cycle. Using the blood flow in coronary arteries as an example, in the
systolic phase of the cycle the coronary blood flow is low or even stops due to the contraction
of the ventricular myocardium. However, in the diastolic phase the blood flow is
comparatively high and reaches a maximum level. Based on specific anatomic and
physiologic characteristics, the blood flow and perfusion in other tissues and organs may vary
as well influenced by the cardiac cycle, but these different organ systems also have specific
conditions of blood flow and perfusion seemingly unrelated to the cardiac cycle. Current
techniques to assess blood flow and perfusion cannot make this differentiation in these tissues

and organ systems and, therefore, improved techniques may be desired.

SUMMARY

[0007] Some embodiments of the present inventive concept provide methods for
calculating a MetaK G signal. The method includes illuminating a region of interest in a
sample with at least one light source, wherein the light source is a near-infrared (NIR) light
source and/or a visible light source; acquiring images of the region of interest; processing the
acquired images to obtain metadata associated with the acquired images; and calculating the
MetaKG signal from the metadata associated with the acquired images.

[0008] In further embodiments, the MetaKG signal may be derived from raw images
or from perfusion images.

[0009] In still further embodiments, the method may further include acquiring blood
flow and perfusion data using the calculated MetaKG signal. Calculating the MetaKG signal
may further include generating the MetaKG signal from the acquired images by processing
the acquired images to obtain contrast images and calculating average contrast intensity of

the contrast images versus time in the region of interest. The method may further include
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calculating at least one of heart rate and pulsatility information from the average intensity
versus time in the region of interest by analyzing a frequency component of the average
intensity versus time. The method may further include differentiating between abnormal and
normal tissue based on frequency component of the average intensity versus time; and
indicating a degree of abnormality related to an underlying physiological response.

[0010] In some embodiments, the method may further include extracting heart rate
variability (HRV) information from the heart rate calculated from the average contrast
intensity versus time in the region of interest.

[0011] In further embodiments, the method may further include changing
configuration of the region of interest; and generating a two dimensional heart rate map of a
region of interest in a field of view. Changing the configuration of the region of interest may
include changing at least one of the size and the location of the region of interest.

[0012] In still further embodiments, the sample may be one of tissue and an organ.

[0013] In some embodiments, calculating the MetaKG signal may include calculating
the MetaK G signal using average intensity of speckle contrast images.

[0014] In further embodiments, at least one Hemodynamic Status Parameter (HSP)
may be determined including Heart Rate (HR); heart rate variability (HRV); R-to-R interval
(RRI); RRI Standard Deviation (RRISD); systolic Blood Pressure threshold (SBt); rate x
pressure produce (RPP); instantaneous perfusion in systole and diastole; frequency analysis
and time-frequency analysis of a perfusion curve; and contractility index including slope of
the perfusion curve based on the calculated MetaKG.

[0015] In still further embodiments, at least one Hemodynamic Status Parameter may
be determined including tissue oxygen content, hemoglobin content, and temperature based
on the calculated MetaKG signal.

[0016] Some embodiments of the present inventive concept provide computer
systems for calculating a MetaKG signal. The systems include a processor; and a memory
coupled to the processor and comprising computer readable program code that when executed
by the processor causes the processor to perform operations including illuminating a region
of interest in a sample with at least one light source, wherein the light source is a near-
infrared (NIR) light source and/or a visible light source; acquiring images of the region of
interest; processing the acquired images to obtain metadata associated with the acquired
images; and calculating the MetaKG signal from the metadata associated with the acquired

images.
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[0017] Further embodiments of the present inventive concept provide computer
program products for calculating a MetaKG signal. The computer program products
including a non-transitory computer readable storage medium having computer readable
program code embodied in the medium, the computer readable program code including
computer readable program code to illuminate a region of interest in a sample with at least
one light source, wherein the light source is a near-infrared (NIR) light source and/or a visible
light source; computer readable program code to acquire images of the region of interest;
computer readable program code to process the acquired images to obtain metadata
associated with the acquired images; and computer readable program code to calculate the
MetaK G signal from the metadata associated with the acquired images.

[0018] Still further embodiments of the present inventive concept provide methods of
removing movement-related artifacts from a MetaKG signal using dual wavelength light
sources. The methods include illuminating a region of interest in a sample with a near-
infrared (NIR) light source and a visible light (VL) source; acquiring two sets of images of
the region of interest each corresponding to one of the NIR light source and the VL source;
processing the two sets of images to obtain NIR-metadata and VL-metadata; calculating a
NIR MetaKG and aVL MetaKG from the NIR- metadata and the VL metadata, respectively;
extracting a movement-related common signal component from the NIR MetaKG and the VL
MetaKG; and calculating a noise-free MetaKG by cancelling out the movement-related
common signal component from the NIR MetaKG.

[0019] In some embodiments, calculating the noise-free MetaKG may include
removing noise due to a motion artifact, where the noise due to the motion artifact includes

respiratory activity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Tig. 1is a block diagram of a system in accordance with some embodiments of the
present inventive concept(s).

[0021]  Figs. 2A through 2C are graphs illustrating average intensity vs. time in a multi-
wavelength imaging technology in accordance with some embodiments of the present
inventive concept.

[0022]  Figs. 3Athrough 3C are graphs illustrating average intensity vs. time in a multi-
wavelength imaging technology having respiration contamination removed in accordance

with some embodiments of the present inventive concept.
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[0023]  Figs. 4A through 4C are a series of Laser Speckle images of the heart.

[0024]  Fig. 5 is a graph illustrating average intensity v. time representing the metaKG
signal in accordance with embodiments of the present inventive concept.

[0025]  Figs. 6A-Cis a series of Laser Speckle images of the heart during a systolic phase.

[0026] Fig. 7 is a graph illustrating average intensity v. time representing the metaKG
signal in accordance with embodiments of the present inventive concept.

[0027]  Figs. 8A-C is a series of Laser Speckle images of the heart during diastolic phase.

[0028]  Fig. 8D is a graph illustrating average intensity v. time representing the metaK G
signal in accordance with embodiments of the present inventive concept.

[0029]  Fig. 9A is an image illustrating one frame of raw image data sequence in diastolic
phase.

[0030]  Fig. 9B is an image illustrating one frame of raw image data sequence in systolic
phase.

[0031]  Fig. 9C s a graph of average intensity vs. time curve as the metaK G signal in
accordance with some embodiments of the present inventive concept.

[0032] Fig. 10A is an image illustrating one frame from raw image data sequence.

[0033]  Fig. 10B is an image illustrating the blood velocity distribution in the fingers.

[0034]  Fig. 10C is a graph of average intensity vs. time curve as the metaKG signal in
accordance with some embodiments of the present inventive concept.

[0035]  Fig. 11Ais an image illustrating LSI-analyzed velocity map of perfusion to two
fingers of left hand and two fingers of right hand.

[0036]  Fig. 11B is a graph illustrating average intensity vs. time curve of 12 seconds (60
fps) image sequence of two fingers of left hand and two fingers of right hand (aggregate
from all four fingers) of Fig. 11A.

[0037]  Figs. 11C is a graph illustrating standard EKG and peripheral oxygen saturation
pulsatility data acquired simultaneous with the image sequence in accordance with
embodiments of the present inventive concept.

[0038]  Figs. 12A and 12B illustrate the two left fingers of Fig. 11A and the associated
average intensity vs. time curve of the two left fingers.

[0039]  TFigs. 12C and 12D illustrate the two right fingers of Fig. 11A and the associated
average intensity vs. time curve of the two right fingers.

[0040]  Figs. 12E through F are graphs illustrating frequency domain analyses of the
average intensity vs. time curves for both the left (E and F) and right (G and H) fingers.
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[0041]  Fig. 13A is an image illustrating LSI-analyzed velocity map of perfusion to two
fingers of left hand and two fingers of right hand.

[0042]  Fig. 13B is a graph illustrating average intensity vs. time curve of 12 seconds (60
fps) image sequence of two fingers of left hand and two fingers of right hand (aggregate
from all four fingers) of Fig. 11A.

[0043]  Fig. 13C is a graph illustrating standard EKG and peripheral oxygen saturation
pulsatility data acquired simultaneous with the image sequence in accordance with
embodiments of the present inventive concept.

[0044]  Figs. 14A and 14B illustrate the two left fingers and the associated average
intensity vs. time curve of the two left fingers.

[0045]  Figs. 14C and 14D illustrate the two right fingers and the associated average
intensity vs. time curve of the two right fingers.

[0046] TFig. 14E through F are graphs illustrating frequency domain analyses of the
average intensity vs. time curves for both the left (E and F) and right (G and H) fingers.

[0047]  Fig. 15A is an image illustrating LSI-analyzed velocity map of perfusion to two
fingers of left hand and two fingers of right hand.

[0048] Fig. 15B is a graph illustrating average intensity vs. time curve of 12 seconds (60
fps) image sequence of two fingers of left hand and two fingers of right hand (aggregate
from all four fingers).

[0049] Fig. 15C is a graph illustrating standard EKG and peripheral oxygen saturation
pulsatility data acquired simultaneous with the image sequence in accordance with
embodiments of the present inventive concept.

[0050] Fig. 16A and 16B illustrate the two left fingers and the associated average
intensity vs. time curve of the two left fingers.

[0051] Fig. 16C and 16D illustrate the two right fingers and the associated average
intensity vs. time curve of the two right fingers.

[0052] Fig. 16E through F are graphs illustrating frequency domain analyses of the
average intensity vs. time curves for both the left (E and F) and right (G and H) fingers.

[0053]  Fig. 17A is an image illustrating LSI-analyzed velocity map of perfusion to two
fingers of left hand and two fingers of right hand.

[0054]  Fig. 17B is a graph illustrating average intensity vs. time curve of 12 seconds (60
fps) image sequence of two fingers of left hand and two fingers of right hand (aggregate

from all four fingers).
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[0055]  Fig. 17C is a graph illustrating standard EKG and peripheral oxygen saturation
pulsatility data acquired simultaneous with the image sequence in accordance with
embodiments of the present inventive concept.

[0056]  Figs. 18A and 18B illustrate the two left fingers and the associated average
intensity vs. time curve of the two left fingers.

[0057]  Figs. 18C and 18D illustrate the two right fingers and the associated average
intensity vs. time curve of the two right fingers.

[0058]  Figs.18E through 18F are graphs illustrating frequency domain analyses of the
average intensity vs. time curves for both the left (E and F) and right (G and H) fingers.

[0059]  Fig. 19 is a block diagram of a data processing system according to embodiments
of the present inventive concept(s).

[0060]  Fig. 20 is a more detailed block diagram of the data processing system illustrated
in Fig. 19 in accordance with some embodiments of the present inventive concept(s).

[0061]  Figs. 21 through 23 are flowcharts illustrating operations for combining images in
accordance with various embodiments of the present inventive concept(s).

[0062]  Figs. 24A through 24D illustrate laser speckle imaging of a pig intestine in
accordance with some embodiments of the present inventive concept.

[0063]  Figs. 25A and 25B are graphs illustrating time-domain (or spectral) analysis of
MetaKG signals in accordance with some embodiments of the present inventive concept.

[0064]  Figs. 26A and 26B are graphs illustrating frequency-domain (or spectral) analysis
of MetaKG signals in accordance with some embodiments of the present inventive concept.

[0065]  Figs. 27A and 27B are graphs illustrating Frequency-time domain (or
spectrogram) analysis of MetaK G signals in accordance with some embodiments of the
present inventive concept.

[0066]  Figs. 28A and 28B are graphs illustrating residual MetaKG versus time/frequency
in accordance with some embodiments of the present inventive concept.

[0067]  Fig. 29 is a graph illustrating frequency-time domain (or spectrogram) analysis of
residual-MetaK G signals in accordance with some embodiments of the present inventive
concept.

[0068]  Figure 30 is a flow chart illustrating operations according to some embodiments of

the present inventive concept.
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[0069]  Figures 31A through 31G are images and graphs illustrating various
hemodynamic status parameters that may be determined from a MetaKG in accordance with

some embodiments of the present inventive concept.

DETAILED DESCRIPTION OF SOME EMBODIMENTS

[0070]  Specific example embodiments of the inventive concept now will be described
with reference to the accompanying drawings. This inventive concept may, however, be
embodied in many different forms and should not be construed as limited to the embodiments
set forth herein; rather, these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the inventive concept to those
skilled in the art. In the drawings, like numbers refer to like elements. It will be understood
that when an element is referred to as being "connected" or "coupled"” to another element, it
can be directly connected or coupled to the other element or intervening elements may be
present. As used herein the term "and/or" includes any and all combinations of one or more of
the associated listed items.

[0071]  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
expressly stated otherwise. It will be further understood that the terms "includes,"
"comprises," "including" and/or "comprising," when used in this specification, 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.

[0072]  Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this inventive concept belongs. It will be further 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 the relevant art and will
not be interpreted in an idealized or overly formal sense unless expressly so defined herein.

[0073]  Throughout the present application the more clinically intuitive terms “blood
flow” and “perfusion” will be used to discuss aspects of the present inventive concept are
used instead of the more technically oriented term “fluid velocity.” However, it will be

understood that these terms may be used interchangeably.
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[0074]  As discussed above, currently there is no method or system for direct
measurement and quantification of blood flow and perfusion in real time. Accordingly,
embodiments of the present inventive concept relate generally to using image metadata as a
physiologically-relevant signal for any blood velocity imaging technology and analysis of
that imaging technology product. As used herein, “metadata” refers to data that describes
another form of data. For example, an image, as discussed herein, may include metadata that
describes how large the picture is, the color depth, the image resolution, when the image was
created, and other data. A text document's metadata may contain information about how long
the document is, who the author is, when the document was written, and a short summary of
the document. Embodiments of the present inventive concept are directed to abstracting a
surrogate “metaKG” signal from any blood velocity imaging technology and analysis of that
imaging technology product, by calculating an average intensity vs. time curve within a
region of interest (ROI) as will be discussed further herein.

[0075] Embodiments of the present inventive concept may be applied to imaging
technology, using one or more appropriate wavelengths to collect digital image data for use
in a medical experimental or clinical context. The imaging may be used for simple
visualization or for more complex qualitative physiologic evaluation or even more complex
quantitative physiologic evaluation without departing from the scope of the present inventive
concept.

[0076] Due to its physiologic dependence on the cardiac cycle, blood flow and perfusion
measurement over time does not provide meaningful information without a specific
indication of the cardiac phase. In cardiac computerized tomography (CT) and magnetic
resonance imaging (MRI) scanning, use of the standard external electrocardiogram (EKG) to
gait signal acquisition and to track time during the image acquisition gives the advantage of
linking each specific blood flow and perfusion distribution to its cardiac phase.

[0077] Embodiments of the present inventive concept provide methods for generating
reliable instantaneous blood flow and perfusion distribution at any time of a cardiac cycle and
average blood flow and perfusion distribution of several cardiac phases or cycles.
Furthermore, embodiments of the present inventive concept may allow a valid comparison of
blood flow and perfusion distribution in different cardiac phases and in a pre- and post-
treatment fashion.

[0078]  In particular, in accordance with embodiments discussed herein, when an external

EKG signal is absent during the imaging process, a “surrogate EKG signal” (referred to
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hereinafter as a “metaKG” signal) can be calculated from the metadata contained within the
image/image sequence. For example, from the average intensity vs. time curve of a specific
ROI on the image sequence, using frequency component analysis, a “metaKG” signal can be
calculated and may yield the same heart rate/pulsatility as an external EKG signal. The
“metaKG” signal may also reflect dynamic physiology; for example, when the blood vessel is
occluded, the frequency component changes compared with the frequency component of the
non-occluded control state.

[0079] By using each pixel as a field of view (FOV), a two dimensional (2D) rate map
can be generated using the above concept and abnormal tissue can be identified by examining
the frequency component of each specific region.

[0080]  Although discussed herein with respect to cardiac tissue, the “metaKG” signal
calculated in accordance with embodiments of the present inventive concept is not limited to
cardiac tissue. It may be calculated and used in all tissue/organ systems where blood flow
and perfusion can be imaged and measured, including skin.

[0081] Thus, the metaKG signal in accordance with embodiments of the present inventive
concept is a multi-channel physiological signal that can be derived from the NIR image data
sequence. The number of channels can be up to the pixel number of the NIR image. As
discussed above, this physiological signal can not only be used as a surrogate EKG signal,
but also contains other information about the physiological condition of the monitored
tissue/organ. ‘

[0082]  As discussed above, in accordance with some embodiments, average intensity
within a region of interest (ROI)/multiple ROIs on the NIR image data sequence may be
calculated at each time point. After a series of signal processing, such as noise removal,
baseline correction and other modification, the average intensity vs. time curve at each
ROI/multi ROIs is analyzed in time, frequency and time-frequency domain to monitor the
physiological condition of a tissue/organ

[0083] Thus, embodiments of the present inventive concept provide a completely non-
contact, non-invasive tissue/organ physiological condition monitoring technology that can be
used in real time. The monitoring region and number of channels are much less limited than
traditional monitoring technology, such as EKG. This technology captures and analyzes
much more information than the current products that count heart beat and pulsatility using

visible light as will be discussed further herein with respect to Figs. 1 through 31.
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[0084]  Referring now to Fig. 1, a system for calculating as MetaKG signal in accordance
with some embodiments of the present inventive concept will be discussed. It will be
understood that some systems in accordance with embodiments of the present inventive
concept may be non-invasive. As used herein, "non-invasive" refers to a system or method
that does not require the subject to be injected with a dye, penetrated with an object or
touched with an intrabody probe or probes. Thus, as used herein, the term non-invasive
refers to a system or method that makes no direct contact with the subject. As used herein,
"subject" refers to the person or thing being imaged. The subject can be any subject,
including a veterinary, cadaver study or human subject. As used herein, "perfusion" refers to
blood flow at the tissue perfusion distribution level detected with speckle imaging.

[0085]  Asillustrated in Fig. 1, the system 100 includes at least one light source 120, a
camera 130, an image processing device 110 and a metaKG device 120. Although the system
of Fig. 1 is depicted as only including these elements, it will be understood that other
clements may also be present in the system without departing from the scope of the present
inventive concept. In particular, in some embodiments of the present inventive concept,
multiple light sources 120 may be used. In these embodiments, the first light source may be a
NIR light source and the second light source may be a visible light (VL) light source.
Although embodiments of the present inventive concept are discussed herein as having one or
two light sources, it will be understood that more than two light sources may also be used
without departing from the scope of the present inventive concept.

[0086] In these embodiments, the NIR light source may have a wavelength of from
about 780nm to about 2500nm and the visible light source has a wavelength of from about
400nm to about 780nm. Thus, some embodiments of the present inventive concept provide a
system that uses two wavelengths of differential transmittance through a sample to apply LSI
and/or LDI. For example, a first of the two wavelengths may be within the visible range that
has zero or very shallow penetration, such as blue light 450495 nm. This wavelength
captures 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 perfusion. A second
wavelength may be in the near Infra-Red (NIR) range, which has much deeper penetration.
This wavelength reveals the underlying blood flow physiology 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
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artifact of the target. Furthermore, the anatomical structure information captured by visible
light and the physiological characteristics measured by NIR light are combined. Details with
respect to systems using two wavelengths are discussed in detail in U.S. Provisional
Application No. 62/136,010, filed March 20, 2015, the disclosure of which was incorporated
herein by reference above. Although embodiments are discussed herein with respect to NIR
raw images and visible light images, embodiments of the present inventive concept are not
limited to this configuration. Any other image form that can adequately represent anatomy
can be used without departing from the scope of the present inventive concept.

[0087]  Referring again to Fig. 1, in some embodiments, the at least one light source unit
120 may be, for example, one or more lasers or light emitting diode (LED) lights. The at
least one light source 120 may be used to illuminate a region of interest 140 (hereinafter
“tissue/organ”). If the light source 120 is an NIR light source, it may have a wavelength of
from about 780nm to about 2500 nm. As used herein, the "region of interest" refers to the
region of the subject that is being imaged, for example, the principal vessels and tissue,
organs, etc. When light (incident light 127) from the at least one source 120 is directed to a
living target (region of interest 140), such as a tissue/organ, part of the light will go through
multiple scattering inside the target and eventually reflect back (Reflecting light) to the
camera 130 as shown in Fig. 1.

[0088]  The camera 130 is configured to collect the reflecting light and provide a visible
light or NIR image (NIR Layer 115), each with different characteristics depending, for
example, upon a depth of penetration of the illumination light determined by the wavelength
energy. Thus, laser illumination 120 and image capture 130 may be processed 110 with
near-infrared (NIR) technology and results in a video image sequence or sequences 115 for
subsequent analysis. Details with respect to the NIR technology is discussed in commonly

assigned International Application No. , entitled Methods, Systems and

Computer Program Products for Visualizing Anatomical Structures, Blood Flow and
Perfusion Using Near-Infrared Imaging (Attorney Docket No. 5218-228WO), filed
concurrently herewith, the contents of which are héreby incorporated herein by reference as if
set forth in its entirety.

[0089] Contained within this image sequence or sequences 115 is metadata 118
associated with the each image sequence or sequences. The metaKG device 120 according to
embodiments of the present inventive concept processes the metadata 118 associated with the

image sequences and provides a “metaKG signal” 117, which directly links to underlying
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fundamental physiologic and/or pathophysiologic processes 121 being imaged. In
accordance with embodiments discussed herein, the metaKG signals can optimize the image
acquisition and may be integral to optimizing analysis of blood flow and perfusion 130.
Since the metaKG 117 is imbedded in the metadata 118 of the non-invasively acquired image
sequence without direct tissue contact, embodiments of the inventive concept of the metaKG
enables this new image approach to be directly linked to the physiologic and
pathophysiologic 121 parameters and characteristics without the requirement for traditional
external EKG signals. Thus, a sample 140, for example, tissue or organ, with blood flow and
perfusion may be examined for measurement and quantification of blood flow and perfusion
130 using non-invasive imaging, with no need for an EKG.

[0090]  As discussed above, in a multi-wavelength embodiment, the region of interest 140
is illuminated with two different light sources, for example, NIR and VL, and two sets of
images are acquired and processed to obtain two different types of metadata, for example,
NIR-metadata and VL-metadata. Accordingly, the calculations discussed herein with respect
to metadata related to a single wavelength may be performed for multiple wavelength data.
For example, the NIR MetaKG and the VL. MetaK G may be calculated from the metadata, a
movement-related common signal component may be extracted from the NIR MetaKG and
the VL MetaKG; and a noise-free MetaK G may be calculated by cancelling out the
movement-related common signal component from the NIR MetaKG as will be discussed
further below with respect to a single wavelength. In other words, using two wavelengths in
accordance with some embodiments discussed herein may improve the signal to noise ratio
(SNR) of the image by combining the penetrating capability of the NIR wavelengths and the
advantages of the VL wavelengths, i.e. the superficial surface noise of the VL may be
cancelled out.

[0091] Referring now to Figs. 2A through 2C, graphs illustrating average intensity vs.
time using a multi-wavelength imaging technology to document the presence of the metaKG
signal will be discussed. Fig. 2A illustrates the 20 seconds metaKG using near infra-red
wavelength illumination; Fig. 2B illustrates the 20 seconds metaKG using near visible
wavelength illumination; and Fig. 2C illustrates the 20 seconds EKG signals. As illustrated
therein, the metaK G is fluctuating at heart rate frequency (90 peaks per minute) and also at
respiration frequency (one larger peak every 4~5 seconds). Figs. 2A through 2C also
illustrated that the metaK G generated by near infra-red illumination has less noise than the

one generated by visible wavelength illumination.
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[0092]  Referring now to Figs. 3A through 3C, graphs illustrating average intensity vs.
time using a multi-wavelength imaging technology to document the presence of the metaKG
signal with respiration contamination removed will be discussed. Fig. 3A illustrates the 20
seconds metaKG without respiration contamination using near infra-red wavelength
illumination; Fig. 3B illustrates the 20 seconds metaKG without respiration contamination
using near visible wavelength illumination; and Fig. 3C illustrates the 20 seconds EKG
signals. As illustrated in Figs. 3A through 3C, the metaKG is only fluctuating at heart rate
frequency (90 peaks per minute). As further illustrated, the metaKG generated by near infra-
red illumination has less noise than the one generated by visible wavelength illumination.

[0093]  Thus, it will be understood that although many embodiments of the present
inventive concept are discussed herein with respect to a single light source having a particular
wavelength, embodiments of the present inventive concept are not limited to this
configuration.

[0094]  Figs. 4A through 4C are images illustrating a single frame in the raw image data
sequence (4A); inversed spatial contras image (4B) and an inversed temporal contrast image
(4C). The graph of Fig. 5 illustrates average intensity vs. time during the image acquisition
period of time as the metaKG signal (end-diastolic phase in a specific cardiac cycle is
labeled). Thus, Figs. 4A through 4C and 5 illustrate instantaneous blood velocity distribution
of anterior wall of a heart using Laser Speckle Imaging (LSI) at the end-diastolic phase of the
cardiac cycle (determined visually).

[0095]  Figs. 6A through 6C illustrate a single frame in the raw image data sequence (6A);
an inversed spatial contrast image (6B); and an inversed temporal contrast image (6C). Fig. 7
illustrates an average intensity vs. time curve during the image acquisition period of time as
the metaK G signal (end-diastolic phase in nine (9) cardiac cycles are used). Thus, Figs. 6A
through 6C and 7 illustrate average blood velocity distribution of anterior wall of a heart
using Laser Speckle Imaging at the end-diastolic phase of the cardiac cycle.

[0096]  Figs. 8A through 8C illustrate a single frame in the raw image data sequence (8A);
an inversed spatial contrast image (8B); and an inversed temporal contrast image (8C). Fig.
8D illustrates an average intensity vs. time curve during the image acquisition period of time
as the metaK G signal (end-systolic phases in eight (8) cardiac cycles are used). Thus, Figs.
8A through 8D illustrate average blood velocity distribution of anterior wall of a heart using

Laser Speckle Imaging at the end-systolic phase of the cardiac cycle (determined visually).
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[0097]  Figs. 9A through 9B illustrate using an average intensity vs. time curve as the
metaK G signal in a potential cardiac application to assess blood flow and perfusion. Fig. 9C
illustrates the average intensity vs. time curve as the metaKG signal with diastolic and
systolic phases labeled. Fig. 9A illustrates one frame of raw image data sequence in diastolic
phase and Fig. 9B illustrates one frame of raw image data sequence in systolic phase.

[0098]  Referring now to Figs. 10A through 10C, using average intensity vs. time curve as
the metaK G signal in a potential skin/peripheral extremity application to assess blood flow
and perfusion will be discussed. Figs. 10A and 10B illustrate a finger perfusion measurement
setup. Fig. 10A illustrates one frame from raw image data sequence, with flow to the two left
fingers reduced by greater than 70% by inflation of a blood pressure cuff on the left arm. Fig.
10B illustrates the blood velocity distribution, illustrating this substantial reduction in flow
and perfusion to the left fingers. Fig. 10C is a graph illustrating an average intensity vs. time
curve as the metaKG signal.

[0099] Referring to Figs. 11A through 18H, use of the average intensity vs. time curves
as the metaKG signal in a different finger perfusion measurement experiment will be
discussed. These figures illustrate a potential skin/peripheral extremity application to assess
blood flow and perfusion. The figures document the interoperability of the metaKG, the
external standard EKG, flow, velocity of flow, frequency, and change in frequency due to
pathophysiologic changes in flow and perfusion in accordance with embodiments discussed
herein.

[00100] Referring first to Figs. 11A through 11C, embodiments of at baseline, with no
fingers occluded will be discussed. Fig. 11B illustrates the average intensity vs. time curve of
12 seconds (60 fps) image sequence of two fingers of left hand and two fingers of right hand
(aggregate from all four fingers). Fig. 11A illustrates an LSI-analyzed velocity map of
perfusion to all four fingers. Fig. 11C illustrates standard EKG and peripheral oxygen
saturation pulsatility data acquired simultaneous with the image sequence. The metaKG
‘rate’ is 73 beats/min (bpm), while the recorded standard EKG rate is 74 bpm.

[00101] Referring now to Figs. 12A through 12H, using the same data as in Figs. 11A-C,
this baseline data is further analyzed. Figs. 12B and 12D illustrate the wave form of the
average intensity vs. time curve of the two left (12A) and two right (12C) finger sets,
respectively, and show that they are similar (L. = 73 bpm, R = 74 bpm). Figs. 12E/F and
12G/H are frequency domain analyses of the average intensity vs. time curves, which

document that the main frequency component in both finger sets is the heart rate (HR), and
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that the main frequency component of the two left fingers (Figs. 12E and 12F) and two right
fingers (Figs. 12G and 12H) are virtually identical.

[00102]  Referring now to Figs. 13A through 13C, results of the same experimental setup
as Figs. 11A-12H, but now flow and perfusion to the left two fingers (Fig. 13A) are occluded
by the blood pressure cuff will be discussed. The peripheral oxygen saturation measurement
is made from the third digit on the left hand. Fig. 13B illustrates an average intensity vs. time
curve of 12 seconds (60 fps) image sequence of two fingers of left hand and two fingers of
right hand (Fig. 13A). Fig. 13C illustrates the standard external EKG and peripheral oxygen
saturation pulsatility data acquired simultaneous with the image sequence. With the finger
occlusion, the metaKG signal (aggregate from all four fingers) differs slightly from the
standard ECG (72 bpm vs. 69 bpm).

[00103] Referring now to Figs. 14A through 14H, analysis is similar to that discussed
above with respect to Figs. 12A-H. The flow and perfusion to the left finger set (14A) are
occluded, while the right finger set (14C) is normally perfused as the control. Figs. 14B and
14D illustrates the wave form of the average intensity vs. time curve as the metaKG of the
left (14B) and right finger sets (14D), and that they are different. Figs. 14E/F and 14G/H
illustrate the frequency domain analysis of the average intensity vs. time curves. Figs. 14G/H
illustrate the main frequency component of the non-occluded right finger set (14D) is still the
HR. Figs. 14E/F, however, illustrate the frequency component of the occluded left finger set
is degraded from the perfused condition in Figs. 12E/F, and very different from the frequency
component of the two right fingers (Figs. G/H). Thus, Figs. 14A through 14H illustrate that
there is a difference in the metadata (B&D) because blood flow to the fingers in A are
occluded and those in C are not. The strength of intensity fluctuation in D and G are much
greater than that in B and E. In other words, when the blood flow is blocked, the metadata
(MetaK G) may weaken.

[00104] Referring now to Figs. 15A through 15C, results of the same experimental setup
as prior figures, but now the blood cuff on the left arm has been released and both finger sets
are perfused again (note the time stamp from the standard EKG display) will be discussed.
Fig. 15B illustrates the average intensity vs. time metaKG curve of 12 seconds (60 fps) image
sequence of two fingers of left hand and two fingers of right hand (Fig. 15A). Fig. 15C
illustrates bottom panel is the standard external EKG and peripheral oxygen saturation
pulsatility data acquired simultaneous with the image sequence. The metaKG rate is 72 bpm

versus the standard EKG rate of 75 bpm.
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[00105]  Referring now to Figs. 16A through 16H, an analysis is similar to Figs. 12 and 15
above will be discussed. Figs. 16B and 16D illustrate the wave form of the average intensity
vs. time curve of the left (16A) and right (16C) finger sets are similar after the occlusion on
the two left fingers (16A) are released. Figs. 16E/F and 16G/H illustrate the frequency
domain analyses of the average intensity vs. time curves, which again illustrate that the main
frequency component is the HR, and that the main frequency component of the left finger set
(16E/F) and the right finger set (16G/H) are identical again after the occlusion to the left
finger set is released.

[00106] Referring now to Figs. 17A through 17C, using the same experimental setup as
Fig. 15, the heart rate of the subject was temporarily increased by isometric exercise. The
average intensity vs. time curve as the metaKG signal in this finger perfusion experiment is
illustrated with the heart rate elevated. Fig. 17B is the average intensity vs. time curve of 12
seconds (60 fps) image sequence of the left and right finger sets (17A). Fig. 17C illustrates
the standard external EKG and peripheral oxygen saturation pulsatility data acquired
simultaneously with the image sequence.

[00107] Referring now to Figs. 18A through 18H, Figs. 18B and 18D illustrate that wave
forms of the average intensity vs. time curve of the left (18A) and right (18C) finger sets are
similar. Figs. 18E/F and 18G/H illustrate that the frequency domain analyses of the metaKG
data, which show the main frequency component is the HR in both finger sets (18A and 18C),
and that the main frequency component of the two left fingers (Figs. 18E/F) and two right
fingers (Figs. 18G/H) are identical.

[00108] As discussed above, because the blood flow and perfusion are dynamic processes
that change in one cardiac cycle, it is critical to synchronize the imaging measurement results
with a reference signal. Most commonly in medical imaging the reference signal is the
external electrocardiogram ( EKG) signal. In other words, if the blood flow measurement is
not linked to specific physiologic parameters, such as the time point during a cardiac cycle,
the results are not useful because they have no physiologic context.

[00109]  Furthermore, the significance of the physiologically-referenced, for example,
EKG-timed, blood flow and perfusion measurement in evolving imaging technologies is
Instantaneous flow and perfusion distribution that can be generated and linked at any time of
a cardiac cycle as discussed above. Similarly, average flow and perfusion distribution can
also be generated and linked to one or several cardiac phases or cycles as discussed with

respect to the figures above.
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[00110]  The significance of the physiologically-referenced, for example, EKG-timed,
blood flow and perfusion comparison, i.e., before and after an intervention, in evolving
imaging technologies is as follows: (1) A standardized, non-temporal baseline for comparison
(in physiology, time phase is not standard across clinical applications); and (2) unique and
often novel new physiologic/pathophysiologic information, not obtainable otherwise.

[00111]  The significance of the physiologically-referenced, for example, EKG-timed,
blood flow and perfusion also creates the analytical basis for: (1) quantitative comparison of
the instantaneous flow and perfusion distribution, because the flow and perfusion patterns
will vary, based on the physiology/pathophysiology of blood flow and perfusion.
Quantitative comparison typically requires before and after imaging data that are
synchronously comparable, and EKG synchronization is a useful way to link the quantitative
flow and perfusion to an independent, objective benchmark, i.e. a specific cardiac phase.
Moreover, the precision of a benchmark like the EKG is useful for defining the starting and
ending points of the averaging process, versus simply finding a random starting point and
averaging a few seconds of flow and perfusion measurements, where quantitative comparison
of the average flow and perfusion maps is indicated.

[00112] Embodiments of the present inventive concept address situations where an EKG
signal is not available or desirable. As discussed herein, embodiments of the present
inventive concept provide a “surrogate EKG signal” that can be used instead of the standard
EKG signal to identify and target these physiologic processes, benchmarks, data acquisition
and data analysis parameters. The “surrogate EKG signal” has been referred to herein as a
“MetaKG signal.” The MetaKG in accordance with embodiments discussed herein consists
of an electrical, mechanical, and/or motion signal embedded in the metadata of the image
file(s) obtained by imaging across or within the visible and near-infrared spectrum
wavelengths. The surrogate EGK signal is referred to herein as “metaKG.”

[00113]  As discussed above with respect to the Figures, for example, Figs. 2 through 8D,
the metaK G is imbedded in the average intensity vs. time curve of the raw image data
sequence. In particular, if 10 seconds of image sequence is captured at 100 frames/second,
an average intensity is calculated at each frame to form a curve of 1000 intensity points along
the 0~10 second time line. Due to contraction of the heart, the imaged tissue/organ will move
toward and away from the camera causing the intensity to fluctuate periodically. The
fluctuation of intensity shows certain pattern in one cardiac cycle and repeats itself different

cardiac cycles.
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[00114]  Although embodiments of the present inventive concept are discussed herein with
respect to cardiac applications, embodiments of the present inventive concept are not limited
to this configuration. For example, the periodic fluctuation average intensity vs. time not
only happens in cardiac imaging applications, but also in other tissues/organs. In particular,
Figs. 10A through 10C illustrate a metaK G signal in accordance with embodiments discussed
herein from finger digits of the upper extremities, despite being located quite far from the
heart.

[00115]  In validating the accuracy of this metaK G physiologic data using frequency
component analysis, in Figs. 11A through 11C, the metaKG signal yields the same heart rate
as the real EKG signal and peripheral oxygen saturation pulsatility data (73 bpm vs. 74 bpm).
[00116]  As further illustrated in Figs. 12A through 12H, the frequency components of the
average intensity vs. time curves from representative different normal tissues (left hand finger
pair (12A) vs. right hand finger pair(12C)) are similar indicating the HR as the main
frequency component of the metaKG.

[00117]  As evidence of the physiologic relevance of the metaKG, when blood flow and
perfusion are physiologically or pathophysiologically reduced, the frequency component of
the average intensity vs. time curve metaKG from the occluded tissue changes compared with
the frequency component from the non-occluded control tissue metaK G, as illustrates in Figs.
13A-C. In Figs. 14A through 14H, the main frequency component of the metaKG average
intensity vs. time curve from the non-occluded control tissue is still the HR which is
consistent with the external EKG reading while the frequency component of average intensity
vs. time curve from the occluded tissue becomes more complex. This indicates the presence
of a different and abnormal underlying physiological response.

[00118]  As further evidence of the physiologic relevance of the metaKG, when blood flow
and perfusion can be restored to the certain part of tissue that was previously interrupted of
blood flow and perfusion, the frequency components of the average intensity vs. time
metaKG from occlusion released tissue and normal tissue are similar, as indicated by the HR
as the main frequency component as shown in Figs. 15A through 15C and 16A through 16H.
[00119]  Finally, as further evidence of the physiologic relevance of the metaKG, Figs.
17A through 17C and 18A through 18H, demonstrate that when the heart rate is elevated (HR
103 bpm), the frequency components of the average intensity vs. time metaKG curves from

different normal tissues are similar. This indicates that metaKG signal HR is the main

19



WO 2016/061041 PCT/US2015/055234

frequency component, which again is consistent with the external EKG tracing obtained at
the same time.

[00120]  Accordingly, as discussed briefly above, using an EKG signal to track time during
the image acquisition is useful to link each specific blood flow and perfusion distribution to
its cardiac phase. For any blood flow and perfusion imaging technology, this method can
generate reliable instantaneous blood flow and perfusion distribution at any time of a cardiac
cycle and average blood flow and perfusion distribution of several cardiac phases or cycles.
Furthermore, this method allows the valid comparison of blood flow and perfusion
distribution in different cardiac phases and in a pre and post treatment fashion. Thus, the link
between EKG and image acquisition and subsequent instantaneous and average blood flow
and perfusion measurement upgrades any current blood flow and perfusion imaging
technology into a more practical, reliable, precise and clinically relevant methodology. IN
accordance with embodiments discussed herein, when an EKG signal is absent during the
imaging process, a metaKG signal (surrogate EKG signal) can be calculated from the average
intensity vs. time curve of a specific region of interest on the image sequence. As discussed
above with respect to Figs. 2 through 18H, the metaKG signal yields reliable heart
rate/pulsatility information using frequency component analysis. When the blood vessel is
occluded, the frequency component changes compared with the frequency component of the
non-occluded control tissue indicating underlying physiological response.

[00121] Referring now to Figs. 19 and 20, a data processing system 200 that may be used
in the system 100 illustrated in Fig. 1 in accordance with some embodiments of the inventive
concept will be discussed. The data processing system 200 may be included in the metaKG
device 120, the camera 130 or split between various elements of the system 100 without
departing from the scope of the present inventive concept. As illustrated in Fig. 19, an
exemplary embodiment of a data processing system 200 suitable for use in the system 100 of
Fig. 1 includes a user interface 244 such as a keyboard, keypad, touchpad or the like, I/O data
ports 246 and a memory 236 that communicates with a processor 238. The I/O data ports 246
can be used to transfer information between the data processing system 200 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.

[00122] Referring now to Fig. 20, a more detailed block diagram of the data processing

system 200 in accordance with some embodiments of the present inventive concept will be
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discussed. The processor 238 communicates with a display 345 via and address/data bus 347,
the memory 236 via an address/data bus 348 and the I/O data ports 246 via an address/date
bus 349. The processor 238 can be any commercially available or custom microprocessor or
ASICs. The memory 236 is representative of the overall hierarchy of memory devices
containing the software and data used to implement the functionality of the data processing
system 200. The memory 236 can include, but is not limited to, the following types of
devices: cache, ROM, PROM, EPROM, EEPROM, flash memory, SRAM, and DRAM.
[00123]  As shown in Fig. 20, the memory 236 may include several categories of software
and data used in the data processing system 200: an operating system 352; application
programs 354; input/output (I/O) device drivers 358; and data 356. As will be appreciated by
those of skill in the art, the operating system 352 may be any operating system suitable for
use with a data processing system, such as Mac OSX, 0S/2, AIX or zOS from International
Business Machines Corporation, Armonk, NY, Windows95, Windows98, Windows2000,
WindowsXP, Windows §, Windows 10 or Vista from Microsoft Corporation, Redmond, WA,
Unix, Linux, LabView, or a real-time operating system such as QNX or VxWorks, or the
like. The I/O device drivers 358 typically include software routines accessed through the
operating system 352 by the application programs 354 to communicate with devices such as
the I/0 data port(s) 246 and certain memory 236 components. The application programs 354
are illustrative of the programs that implement the various features of the data processing
system 200 included 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 356 represents the
static and dynamic data used by the application programs 354, the operating system 352, the
I/O device drivers 358, and other software programs that may reside in the memory 236.
[00124]  Asillustrated in Fig. 20, the data 356 according to some embodiments of the
present inventive concept may include acquired images 360, image metadata 361,
physiologic signal data 363, calculated blood flow/perfusion rates (velocity data) 364 and
MetaK G data 365. Although the data 356 illustrated in Fig. 20 includes five different files
360, 361, 363, 364 and 365 embodiments of the present inventive concept are not limited to
this configuration. Two or more files may be combined 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.
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[00125]  As further illustrated in Fig. 20, the application programs 354 may include a
metadata module 351, an image capture module 352, a MetaKG module 353 and velocity
module 354 in accordance with some embodiments of the inventive concept. While the
present inventive concept is illustrated, for example, with reference to the metadata module
351, the image capture module 352, the MetaKG module 353 and the velocity module 354
being application programs in Fig. 20, 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 metadata module 351, the image capture module 352,
the MetaKG module 353 and the velocity module 354 may also be incorporated into the
operating system 352 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,
20, but is intended to encompass any configuration capable of carrying out the operations
described herein.

[00126]  Furthermore, while the metadata module 351, the image capture module 352, the
MetaKG module 353 and the velocity module 354 are illustrated in a single data processing
system, as will be appreciated by 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 configuration illustrated in Figs. 19 and 20, but may
be provided by other arrangements and/or divisions of function between data processing
systems.

[00127]  As discussed above with respect to Fig. 1, at least one source 120 may illuminate
a sample of tissue/organ and light may be reflected into a camera. The camera 130/image
capture module 352 may receive the reflected light and provide it to the imaging processing
device 110 to provide an image 360. These images may be processed (metadata module
351) to provide metadata 361 associated therewith and an MetaKG signal 365 (surrogate
EKG signal) may be determined by the MetaKG module 353 using the Physiologic signal
data 363 and the metadata 361 as discussed above. As also discussed above, this surrogate
EKG signal (MetaKG signal) may be used to provide blood flow and perfusion data 364 by
the velocity module 354. In particular, the data 356 may be used by the metaKG module 353
to provide blood flow and perfusion data synchronized with a surrogate EKG signal (metaKG
signal).

[00128]  Operations in accordance with various embodiments of the inventive concept will

now be discussed with respect to the flowcharts of Figs. 21 through 23. Operations for
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calculating a MetaK G signal begin at block 2116 by illuminating a region of interest in a
sample with at least one light source, for example, a near-infrared (NIR) light source and/or a
visible light source. Images of the region of interest are acquired (2125). The acquired
images are processed to obtain metadata associated with the acquired images (block 2135).
The MetaKG signal is calculated from the metadata associated with the acquired images
(block 2145). In some embodiments, the MetaKG signal may be calculated or derived from
one of raw (reflectance images) images and perfusion (analyzed) images (processed images).
In some embodiments, the sample may be one of tissue and an organ.

[00129]  In some embodiments, blood flow and perfusion data may be acquired using the
calculated MetaKG signal (block 2155). Dotted lines indicating optional subject matter.
[00130]  Referring now to Fig. 22, operations begin at block 2217 by generating the
MetaK G signal from acquired images by calculating average intensity versus time in the
region of interest. At least one of heart rate and pulsatility information may be calculated
from the average intensity versus time in the region of interest by analyzing a frequency
component of the average intensity versus time (block 2227). In some embodiments, heart
rate variability (HRV) may be extracted from the heart rate calculated from the average
intensity versus time in the region of interest. As used herein, the term “heart rate variability”
refers to a measure of changes of the heart rate over time. This change may be large or small,
and over a small or large time-interval. Normally, the heart rate is not absolutely regular, and
one can quantify the degree of changes of the heart rate over a certain period of time, for
example, the heart beats faster and slower with respiration. Some types of HRV are
indicative of abnormal physiological status, and/or diseases.

[00131]  Abnormal and normal tissue may be differentiated based on a frequency
component of the average intensity versus time (block 2237). A degree of abnormality
related to an underlying physiological response may be indicated (block 2247).

[00132]  Referring now to Fig. 23, a configuration of the region of interest may be changed
(block 2318). For example, one of the size and the location of the region of interest may be
changed. A two dimensional heart rate map may be generated of a region of interest in a
field of view (block 2328).

[00133]  Asdiscussed above, in some embodiments of the present inventive concept, a
surrogate EKG (MetaKG) may be calculated using average intensity of the raw images.
However, in some embodiments, the MetaKG may be calculated using average intensity of

speckle contrast images as will be discussed further below with respect to Figs. 24A through
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29. Embodiments of the present inventive concept illustrated in Figs. 24A through 29 discuss
processing the images in the time domain, frequency domain and the time-frequency domain
as discussed below. Thus, Figs. 2A - 3B, 5, 7, 8D, 9C, 10C, 11B, 12B, 12D, 13B, 14B, 14D,
15B, 16B, 16D, 17B, 18B and 18D illustrate MetaK G signals calculated from a raw image
(reflectance image) in accordance with some embodiments of the present inventive concept.
Figs. 25, 26 (frequency domain), 27 (time-frequency domain), 28A, 28B (frequency domain)
and Fig 29 (time-frequency domain) illustrate MetaKG calculated from perfusion images
(LSI, LDI etc.) in accordance with some embodiments of the present inventive concept.
[00134]  Referring first to Figs. 24A and 24B, laser speckle imaging examples of a pig
intestine will be discussed. Figs. 24A and 24B illustrate a raw NIR laser speckle image and a
NIR laser speckle contrast image, respectively. Figs. 24C and 24 D illustrates a raw . VL
laser speckle image and a VL laser speckle contrast image, respectively. As illustrated, the
difference between the raw laser speckle images (24A and 24C) and the laser speckle contrast
images (24B and 24D) is more apparent in the NIR images (24A and 24B) than it is in the VL
images (24C and 24C). This is indicative of the fact the NIR laser speckle contrast image
(24B) provides better insights into blood flow and perfusion than the raw NIR laser speckle
image (24A).

[00135] Referring now to Figs. 25A and25B, graphs illustrating time-domain (or spectral)
analysis of MetaKG signals will be discussed. Fig. 25A illustrates an NIR-MetaKG (X)
versus time and Fig. 25B illustrates a VL-MetaKG (Y) versus time. The X lines on both plots
represent the large amplitude slow trend of the MetaK G caused by the respiratory activity
related movement. Both NIR-MetaKG (W) and VL-MetaKG (Y) are contaminated by this
noise to the same degree.

[00136] Referring now to Figs. 26A and 26B, graphs illustrating frequency-domain (or
spectral) analysis of MetaK G signals will be discussed. Fig. 26A illustrates the Power
Spectral Density (PSD) of NIR-MetaKG versus frequency and Fig. 26B illustrates the PSD of
VL-MetaKG versus frequency, both graphs illustrating respiratory activity and cardiac
activity in the frequency domain. Thus, PSD is a measure of strength of a given signal’s
specific frequency components.

[00137] Referring now to Figs. 27A and 27B, graphs illustrated frequency-time domain (or
spectrogram) analysis of MetaK G signals will be discussed. Fig. 27A illustrates a
spectrogram of NIR-MetaK G and Fig. 27B illustrates a spectrogram of VL-MetaKG, both

including cardiac and respiratory activity. The spectrogram of MetaKG signals reveals the
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frequency-domain spectral contents of the signals over time. Both MetaKG signals are
severely contaminated by the respiratory activity related noise. The spectrogram of the NIR-
MetaKG (27A) shows a slight sign of cardiac activity (labeled line), which is much weaker
than the respiratory activity related noise.

[00138]  Referring now to Figs. 28A and 28B, graphs illustrating residual MetaK G will be
discussed. Fig. 28A illustrates residual-MetaKG versus time and Fig. 28B illustrates
residual-MetaK G versus frequency. By utilizing both NIR-MetaKG and VL-MetaKG, the
residual-MetaKG can be extracted. The PSD of the residual-MetaK G (Fig. 28B) clearly
shows that the signal’s dominant component is related to the cardiac activity (about 90 bpm),
not the respiratory activity.

[00139]  Referring now to Fig. 29, a graph illustrating frequency-time domain (or
spectrogram) analysis of the residual-MetaKG will be discussed. The spectrogram of the
residual-MetaK G signal illustrates in Fig. 29 reveals that the signal is free from the
respiratory activity related noise. The instantaneous heart rate changing over time is marked
thereon. By utilizing the residual-MetaKG, the slight changes in the heart rate over time can
be tracked and heart rate variability (HRV — defined above) can be computed.

[00140] Given the residual MetaKG, there are many ways to calculate HRV. However,
most of them are designed to calculate HRV over a long period of time, for example, at least
5 minutes. MetaKG in accordance with embodiments discussed herein tends to be shorter
than average (20s~1min), the difference between the maximum and minimum HR values may
be obtained and may be used as a HRV index. An extended Kalman filter may be used to
estimate the heart rate series of any given Meta-KG. Then, the HRV may be determined as
the difference between the maximum and minimum heart rate values.

[00141] Referring now to Fig. 30, operations for a two wavelength embodiment in
accordance with some embodiments will be discussed. As illustrated in Fig. 30, operations
for removing movement-related artifacts from a MetaKG signal using dual wavelength light
sources begins at block 3050 by illuminating a region of interest in a sample with a near-
infrared (NIR) light source and a visible light (VL) source. Two sets of images of the region
of interest are acquired, each corresponding to one of the NIR light source and the VL source
(block 3053). The two sets of images are processed to obtain NIR-metadata and VL-
metadata (block 3055). An NIR MetaKG and a VL. MetaKG are calculated from the NIR-
metadata and the VL metadata, respectively (block 3057). A movement-related common

signal component is extracted from the NIR MetaKG and the VL MetaKG (block 3058). A
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noise-free MetaKG is calculated by cancelling out the movement-related common signal
component from the NIR MetaKG (block 3059).

[00142]  As discussed above, embodiments of the present inventive concept that use
multiple wavelengths to acquire multispectral images can remove noise due to motion
artifacts caused by, for example, respiratory activity (Figs. 26-29). Single wavelength
technologies may not be able to effectively remove such noise artifacts.

[00143] Referring now to Figures 31A through 31G, a block diagram illustrating
Hemodynamic Status Parameters (HSP) that may be derived from MetaKG in accordance
with embodiments discussed herein will be discussed. As illustrated in Figure 31, the HSPs
may include Heart Rate (HR), heart rate variability (HRV), R-to-R interval (RRI), and RRI
Standard Deviation (RRISD) as illustrated in Fig. 31C, systolic Blood Pressure threshold
(SBt) as illustrated in Fig. 31G, and rate x pressure produce (RPP), instantaneous perfusion in
systole and diastole, frequency analysis and time-frequency analysis of the perfusion curve,
and contractility index (slope of the perfusion curve) as illustrated in Figs. 31A-31B and
31D-31F. In some embodiments, the MetaKG may be used to derive additional HSPs such as
tissue oxygen content, hemoglobin content, temperature, and the like. The opportunity to
capture these relevant hemodynamic parameters non-invasively from imaging is an
innovation for clinical point-of-care monitoring technologies. Real-time integration with
physiologic blood flow and perfusion data will further augment the accuracy and potential
diagnostic and therapeutic impact of these digital HSP data trended over time.

[00144] It will be understood that embodiments of the present inventive concept may be
used in any format of clinical imaging, which includes both surgical imaging (usually an in-
patient application) and other out-patient imaging procedure (non-surgical application)
without departing from the scope of the present inventive concept.

[00145] Example embodiments are described above with reference to block diagrams
and/or flowchart illustrations of methods, devices, systems and/or computer program
products. It is understood that a block of the block diagrams and/or flowchart illustrations,
and combinations of blocks in the block diagrams and/or flowchart illustrations, can be
implemented by computer program instructions. These computer program instructions may
be provided to a processor of a general purpose computer, special purpose computer, and/or
other programmable data processing apparatus to produce a machine, such that the

instructions, which execute via the processor of the computer and/or other programmable
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data processing apparatus, create means (functionality) and/or structure for implementing the
functions/acts specified in the block diagrams and/or flowchart block or blocks.

[00146]  These computer program instructions may also be stored in a computer-readable
memory 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 produce an article of manufacture including instructions which implement the
functions/acts specified in the block diagrams and/or flowchart block or blocks.

[00147]  The computer program instructions may also be loaded onto a computer or other
programmable data processing apparatus to cause a series of operational steps to be
performed on the computer or other programmable apparatus to produce a computer-
implemented process such that the instructions which execute on the computer or other
programmable apparatus provide steps for implementing the functions/acts specified in the
block diagrams and/or flowchart block or blocks.

[00148]  Accordingly, example embodiments may be implemented in hardware and/or in
software (including firmware, resident software, micro-code, etc.). Furthermore, example
embodiments may take the form of a computer program product on a computer-usable or
computer-readable storage medium having computer-usable or computer-readable program
code embodied in the medium for use by or in connection with an instruction execution
system. In the context of this document, a computer-usable or computer-readable medium
may be any medium that can contain, store, communicate, propagate, or transport the
program for use by or in connection with the instruction execution system, apparatus, or
device.

[00149]  The computer-usable or computer-readable medium may be, for example but not
limited to, an electronic, magnetic, optical, electromagnetic, infrared, or semiconductor
system, apparatus, device, or propagation medium. More specific examples (a non-
exhaustive list) of the computer-readable medium would include the following: an electrical
connection having one or more wires, a portable computer diskette, a random access memory
(RAM), a read-only memory (ROM), an erasable programmable read-only memory (EPROM
or Flash memory), an optical fiber, and a portable compact disc read-only memory (CD-
ROM). Note that the computer-usable or computer-readable medium could even be paper or
another suitable medium upon which the program is printed, as the program can be

electronically captured, via, for instance, optical scanning of the paper or other medium, then
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compiled, interpreted, or otherwise processed in a suitable manner, if necessary, and then
stored in a computer memory.

[00150]  Computer program code for carrying out operations of data processing systems
discussed herein may be written in a high-level programming language, such as Java, AJAX
(Asynchronous JavaScript), C, and/or C++, for development convenience. In addition,
computer program code for carrying out operations of example embodiments may also be
written in other programming languages, such as, but not limited to, interpreted languages.
Some modules or routines may be written in assembly language or even micro-code to
enhance performance and/or memory usage. However, embodiments are not limited to a
particular programming language. It will be further appreciated that the functionality of any
or all of the program modules may also be implemented using discrete hardware components,
one or more application specific integrated circuits (ASICs), or a field programmable gate
array (FPGA), or a programmed digital signal processor, a programmed logic controller
(PLC), or microcontroller.

[00151] It should also be noted that in some alternate implementations, the functions/acts
noted in the blocks may occur out of the order noted in the flowcharts. For example, two
blocks shown in succession may in fact be executed substantially concurrently or the blocks
may sometimes be executed in the reverse order, depending upon the functionality/acts
involved. Moreover, the functionality of a given block of the flowcharts and/or block
diagrams may be separated into multiple blocks and/or the functionality of two or more
blocks of the flowcharts and/or block diagrams may be at least partially integrated.

[00152] Inthe 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.
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THAT WHICH IS CLAIMED:

1. A method for calculating a MetaK G signal, the method comprising:

illuminating a region of interest in a sample with at least one light source, wherein the
light source is a near-infrared (NIR) light source and/or a visible light source;

acquiring images of the region of interest;

processing the acquired images to obtain metadata associated with the acquired
images; and

calculating the MetaKG signal from the metadata associated with the acquired
images,

wherein at least one of illuminating, acquiring, processing and calculating is

performed by at least one processor.

2. The method of Claim 1, further comprising one of:
deriving the MetaK G signal from raw images; and

deriving the MetaKG from perfusion images.

3. The method of Claim 1, further comprising acquiring blood flow and
perfusion data using the calculated MetaK G signal.

4. The method of Claim 3, wherein calculating the MetaKG signal further
comprises generating the MetaKG signal from the acquired images by processing the
acquired images to obtain contrast images and calculating average contrast intensity of the

contrast images versus time in the region of interest.

5. The method of Claim 4, further comprising calculating at least one of heart
rate and pulsatility information from the average intensity versus time in the region of interest

by analyzing a frequency component of the average intensity versus time.

6. The method of Claim 5, further comprising:
differentiating between abnormal and normal tissue based on frequency component of
the average intensity versus time; and

indicating a degree of abnormality related to an underlying physiological response.
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7. The method of Claim 5, further comprising extracting heart rate variability
(HRV) information from the heart rate calculated from the average contrast intensity versus

time in the region of interest.

8. The method of Claim 1, further comprising:
changing configuration of the region of interest; and

generating a two dimensional heart rate map of a region of interest in a field of view.

9. The method of Claim 8, wherein changing the configuration of the region of

interest compfises changing at least one of the size and the location of the region of interest.

10.  The method of Claim 1, wherein the sample comprises one of tissue and an

organ.

11. The method of Claim 1, wherein calculating the MetaKG signal comprises

calculating the MetaK G signal using average intensity of speckle contrast images.

12. The method of Claim 1, further comprising determining at least one
Hemodynamic Status Parameter (HSP) including Heart Rate (HR); heart rate variability
(HRV); R-to-R interval (RRI); RRI Standard Deviation (RRISD); systolic Blood Pressure
threshold (SBt); rate x pressure produce (RPP); instantaneous perfusion in systole and
diastole; frequency analysis and time-frequency analysis of a perfusion curve; and

contractility index including slope of the perfusion curve based on the calculated MetaKG.

13. The method of Claim 1, further comprising determining at least one
Hemodynamic Status Parameter including tissue oxygen content, hemoglobin content, and

temperature based on the calculated MetaK G signal.

14, A computer system for calculating a MetaK G signal, the system comprising:
a processor; and
a memory coupled to the processor and comprising computer readable program code

that when executed by the processor causes the processor to perform operations comprising:
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illuminating a region of interest in a sample with at least one light source, wherein the
light source is a near-infrared (NIR) light source and/or a visible light source;

acquiring images of the region of interest;

processing the acquired images to obtain metadata associated with the acquired
images; and

calculating the MetaKG signal from the metadata associated with the acquired

images.

15.  The system of Claim 14, wherein the processor further performs operations

comprising acquiring blood flow and perfusion data using the calculated MetaKG signal.

16.  The system of Claim 15, wherein the processor further performs operations
comprising generating the MetaKG signal from acquired images by calculating average

intensity versus time in the region of interest.

17. The system of Claim 16, wherein the processor further performs operations
comprising calculating at least one of heart rate and pulsatility information from the average
intensity versus time in the region of interest by analyzing a frequency component of the

average intensity versus time.

18. The system of Claim 17, wherein the processor further performs operations
comprising:

differentiating between abnormal and normal tissue based on frequency component of
the average intensity versus time; and

indicating a degree of abnormality related to an underlying physiological response.

19.  The method of Claim 17, wherein the processor is further configured to extract
heart rate variability (HRV) information from the heart rate calculated from the average

contrast intensity versus time in the region of interest.
20.  The system of Claim 14, wherein the processor further performs operations

comprising:

changing configuration of the region of interest; and
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generating a two dimensional heart rate map of a region of interest in a field of view.

21. The system of Claim 20, wherein the processor further performs operations

comprising changing at least one of the size and the location of the region of interest.

22.  The method of Claim 14, wherein the processor further calculates the MetaKG

signal using average intensity of speckle contrast images.

23. A computer program product for calculating a MetaKG signal, the computer
program product comprising:

a non-transitory computer readable storage medium having computer readable
program code embodied in the medium, the computer readable program code comprising:

computer readable program code to illuminate a region of interest in a sample with at
least one light source, wherein the light source is a near-infrared (NIR) light source and/or a
visible light source;

computer readable program code to acquire images of the region of interest;

computer readable program code to process the acquired images to obtain metadata
associated with the acquired images; and

computer readable program code to calculate the MetaKG signal from the metadata

associated with the acquired images.

24, The computer program product of Claim 23, further comprising computer
readable program code to acquire blood flow and perfusion data using the calculated MetaKG

signal.

25.  The computer program product of Claim 24, wherein the computer readable
program code to calculate the MetaKG signal further comprises computer readable program
code to generate the MetaKG signal from acquired images by calculating average intensity

versus time in the region of interest.

26.  The computer program product of Claim 25, further comprising computer

readable program code to calculate at least one of heart rate and pulsatility information from
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the average intensity versus time in the region of interest by analyzing a frequency

component of the average intensity versus time.

27.  The computer program product of Claim 26, further comprising:

computer readable program code to differentiate between abnormal and normal tissue
based on frequency component of the average intensity versus time; and

computer readable program code to indicate a degree of abnormality related to an

underlying physiological response.

28.  The computer program product of Claim 26, further comprising computer
readable program code configured to extract heart rate variability (HRV) information from
the heart rate calculated from the average contrast intensity versus time in the region of

interest,

29.  The computer readable program product of Claim 23, further comprising:
computer readable program code to change configuration of the region of interest; and
computer readable program code to generate a two dimensional heart rate map of a

region of interest in a field of view.

30.  The computer program product of Claim 29, wherein the computer readable
program code to change the configuration of the region of interest comprises computer
readable program code to change at least one of the size and the location of the region of

interest.

31.  The computer program product of Claim 23, wherein the computer readable
program code configured to calculate the MetaKG signal comprises computer readable
program code configured to calculate the MetaK G signal using average intensity of speckle

contrast images.

32. A method of removing movement-related artifacts from a MetaK G signal
using dual wavelength light sources, the method comprising:
illuminating a region of interest in a sample with a near-infrared (NIR) light source

and a visible light (VL) source;
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acquiring two sets of images of the region of interest each corresponding to one of the
NIR light source and the VL source;

processing the two sets of images to obtain NIR-metadata and VL-metadata;

calculating a NIR MetaKG and a VL MetaKG from the NIR- metadata and the VL
metadata, respectively;

extracting a movement-related common signal component from the NIR MetaKG and
the VL MetaKG; and

calculating a noise-free MetaKG by cancelling out the movement-related common
signal component from the NIR MetaKG,

wherein at least one of illuminating, acquiring, processing, calculating, extracting and

calculating is performed by at least one processor.

33.  The method of Claim 32, wherein calculating the noise-free MetaK G

comprises removing noise due to a motion artifact.

34, The method of Claim 33, wherein the noise due to the motion artifact

comprises respiratory activity.
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