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QUANTIFICATION OF HEART FAILURE USING MOLECULAR CHEMICAL
IMAGIRG

CROSS-REFERENCE TO RELATED APPLICATIONS
[86061] This application clamms priority to U.S. Provisional Patent Application No.

62/800,800 filed on February 4, 2019, the entire contents of which 1s incorporated by reference.

FIELD

[0002] Edema is swelling that 1s caused by excess fluid trapped n the tissues of the body,
and is often accompanied by swelling, tightness, and pain in the affected tissues. Edema 15
concerning to medical professionals because it ts often a symptom of a serious medical condition,
mcluding congestive heart failure, liver disease, blood clots, tumors that obstruct the flow of blood
or lymph fluid, allergic reactions, low albumin, kidney disease, pregnancy, and adverse reactions
to medications. While edema can occur in tissues throughout the body, it is frequently detected in
limbs and/or extremities including arms, legs, hands, feet, ankles, and calves. Edema can also be
detected in the abdomen or at a location of inflammation, such as during an allergic reaction.
Edema can also occur after exercise, as a response to physical exertion, or from a diet high m salt.

[0003] Heart failure can result from any structural or functional abnormality that impairs
the ability of the ventricle to eject blood (systolic heart failure) or to fill with blood (diastolic heart
failure). Prevalence of heart failure increases with patient age, and a study of over 1.3 million
heart fatlure patients reported that 24.8% of patients were readmitted within 30 days of discharge.
The above factors combined with the cost of hospitalization means that the ability to predict and
prevent heart fatlure readmissions would be useful for reducing healthcare costs and improving

the quality of patient care.
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{0004] Heart fatlure is diagnosed based on symptomatology, physical examination,
medical and family history and test results, including blood tests and imaging. A common
symptom of heart failure is edema, and edema is commonly assessed in a clinical setting by
measuring whether and to what degree a patient has pitting edema. Along with other information,
a test of pitting edema is used to determine whether a particular patient 15 suffering from heart
failure.

[0005]  Although it 1s non-invasive and simple to administer, testing for pitting edema is
subjective and requires training.  To test for pitting edema, a chnician applies pressure with his or
her index finger to the skin of a patient and measures the depth of the indentation and the period
of time required for the skin to recover its original shape, i.e., for the indentation to vanish. The
location of the test 1s generally the patient’s ankle or mud-tibia, but is selected by the chinician to
represent the pont of greatest edema. The presence of pitting edema 15 graded on a scale of 0 —
4+, which 1s mtended to convey the mdentation depth and recovery time. The amount of pressure
apphied 15 based on the climcian’s tramung and clinical experience, and while quantitative
guidelines exist for the final graded score, 1n practice the grading 15 subjective and based on the
judgement of the particular clinician.

{0086] Testing for edema 1s useful not only during hospitalization or clinical treatment,
but also after patient discharge. For heart failure patients, one common ireatment is the
prescription of diuretics, which cause the patient to lose body fluids by increasing the production
of urine. While this treatment is effective in reducing blood pressure, proper dosing and patient
comphliance 1s sometimes difficult, which causes a buildup in fluid and therefore edema. This
causes frequent and costly clinical follow-up visits for patient monitoring or even hospital visits if

the edema 1s severe,
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[0087] Alternative non-invasive edema measurements have been proposed, including
measurements of ankle circumference, patient questionnaires, and indirect measurements of leg
volume. However, these methods have been difficult to correlate with the classical and well-
understood grades of a pitting edema assessment. Invasive implantable devices such as the
CardioMEMS™ HF system available from Abbott Laboratories have been proposed to
continuously measure blood pressure, but have hugh costs due to the necessary implantation. There
15 a need for low-cost, non-invasive devices and methods to monitor patients for signs of edema.
Such devices and methods should be useable by persons with limited or no medical traming
including the subjects themselves, subjects’ family members, persons living with the subjects, and
caregivers. The devices and methods should also be usable outside of clinucal environments, such

as in subjects’ homes and places of employment.

SUMMARY

[0008] The disclosure includes systems for detecting edema n a subject, as well as
methods for detecting edema in a subject.

[8069]  In one embodiment, there 1s a system for detecting edema in a patient, the system
comprising: a hight source configured to irradiate a subject’s tissue with light; an image detector
configured to collect reflected light from the subject’s tissue and generate data associated with the
reflected hight; and a processing device operably connected to the image detector and configured
to: receive the data associated with the reflected light, calculate the intensity of the reflected light,
and determine whether the subject’s tissue exhuibits symptoms of edema.

{0016] In another embodiment, the processing device 1s further configured to determine

a control measurement for a control sample.
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[0011] In ancther embodiment, the processing device is further configured to: compare
the calculated intensity of the reflected hight against the control measurement; and determine an
edema score for the subject, wherein the edema score represents at least one of whether the subject
has edema and a severity of the subject’s edema.

[0012] In another embodiment, the system further comprises at least one filter configured
to filter the reflected light.

[0013] In another embodiment, the at least one filter is a tunable filter configured to filter
the reflected light a specific wavelength range.

[0014] In another embodiment, the at least one filter 15 at least one of a liqud crystal
tunable filter (LCTF), a Fabry Perot tunable filter, a multi-conjugate crystal tunable filter, and a
conformal filter.

[6015] Inanother embodiment, the system further comprises a plurality of tunable filters.

[8016] In another embodiment, the plurality of tunable filters are configured to filter the
reflected light to wavelength ranges of at least one of visible (VIS), near infrared (NIR), visible-
near infrared (VIS-NIR}, shortwave infrared (SWIR), extended shortwave infrared (eSWIR), near
infrared-extended shortwave infrared (NIR-eSWIR), mid-wavelength infrared (MWIR}, long-
wavelength infrared (LWIR), far-infrared (FIR}, infrared (IR}, and terahertz radiation.

{8017] In another embodiment, the light source comprises at least one of incandescent
lamp, halogen lamp, light emitting diode (LED), chemical laser, solid state laser, organic light
emitting diode (OLED), electroluminescent device, fluorescent hight, gas discharge lamp, metal
halide lamp, xenon arc lamp, induction lamp, an ambient light source, or any combination of these

light sources.
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{0018] In another embodiment, the image detector comprises at least one of a 81 CMOS,
S1 CCD, Ge CCD, Ge CMOS, InGaAs CCD, InGaAs CMOS, PiS: CCD, PtS1 CMOS, HoCdTe
CCD, HgCdTe CMOS, InSh CCD, InSb CMOS, CQD CCD, or CQD CMOS.

{00191 In another embodiment, the processor is further configured to fuse intensity data
from two or more imaging modalities.

[0028] In another embodiment, the two or more imaging modalities comprise a visible
image, a hyperspectral 1mage, a shortwave infrared hyperspectral image, a medium-wavelength
infrared hyperspectral image, a long-wavelength infrared hyperspectral image, and combinations
thereof.

[6021] In another embodiment, the system further comprises at least one display device
operably connected to the processing device and configured to display one or more images
received from the processing device, the one or more umages representative of the subject’s tissue.

{00221 In another embodiment, the system further comprises optics for producing a non-
mmaging spectrograph.

[8023] In one embodiment, there 1s a method for detecting edema i a subject, the method
comprising: irradiating, by a light source, a subject’s tissue with light; collecting, by an image
detector, reflected light from the subject’s tissue; generating, by the image detector, data associated
with the reflected light; receiving, by a processing device operably connected to the image detector,
the reflected hight; calculating, by the processing device, the intensity of the reflected light; and
determining, by the processing device, whether the subject’s tissue exhibits symptoms of edema.

{06024] In another embodiment, the method further comprises determining, by the

processing device, a control measurement for a control sample.



WO 2020/163338 PCT/US2020/016589

{0025] In another embodiment, the method further comprises: comparing, by the
processing device, the calculated intensity of the reflected light against the control measurement;
and determining, by the processing device, an edema score for the subject, wherein the edema
score represents at least one of whether the subject has edema and a severity of the subject’s edema.

{00261 In another embodiment, the method further comprises filtering, by at least one
filter, the reflected light.

[0027] Inanother embodiment, the at least one filter is a tunable filter configured to filter
the reflected light within a specific wavelength range.

[0028] In another embodiment, the at least one filter is at least one of a multivariate
optical elements (MOE), hiquid crystal tunable filters (LCTF), acousto-optic tunable filiter (AOQTF),
multi-conjugate tunable filter (MCF), Fabry Perot angle tuned filters, Lyot filters, Evans split
element liquid crystal tunable filters, Solc liquid crystal tunable filters, fixed wavelength Fabry
Perot tunable filters, aur-tuned Fabry Perot tunable filters, mechanically-tuned Fabry Perot tunable
filters, and liquid crystal Fabry Perot tunable filters.

[0029] In another embodiment, the method further comprises filtering, by a plurality of
filters, the reflected light to wavelength ranges of at least one of visible {VIS}, near infrared (NIR},
visible-near nfrared (VIS-NIR), shortwave infrared (SWIR), extended shortwave infrared
{eSWIR}, near infrared-extended shortwave infrared (NIR-eSWIR}, mid-wavelength infrared
{(MWIR)}, long-wavelength infrared (LWIR), far-infrared (FIR), infrared (IR), and terahertz
radiation.

{0030] In another embodiment, the light source comprises at least one of incandescent
lamp, halogen lamp, light emitting diode (LED), chemical laser, solid state laser, organic light

emitting diode (OLED), electroluminescent device, fluorescent light, gas discharge lamp, metal
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halide lamp, xenon arc lamp, induction lamp, and an ambient light source, and combinations of
the above.

{00311 In another embodiment, the detector comprises at least one of a 81 CMOS, St
CCD, Ge CCD, Ge CMOS, InGaAs CCD, InGaAs CMOS, PtS1 CCD, PtS: CMOS, HeCdTe CCD,
HeCdTe CMOS, InSb CCD, InSb CMOS, CQD CCD, or a CQD CMOS.

[0032] In another embodiment, the method further comprises fusing, by the processing
device, intensity data from two or more imaging modalities.

[0033] In another embodiment, the two or more imaging modalities comprise a visible
image, a hyperspectral 1mage, a shortwave infrared hyperspectral image, a medium-wavelength
infrared hyperspectral image, a long-wavelength infrared hyperspectral image, and combinations
thereof

[0034]  In another embodiment, the method further comprises displaying, by at least one
display device operably connected to the processing device, one or more images received from the
processing device, the one or more images representative of the subject’s tissue.

[8035] In another embodiment, the method further comprises producing a non-imaging
spectrograph.

{8036] In one embodiment, there 15 a method for monitoring edema in a subject, the
method comprising: irradiating, by a light source, a subject’s tissue with light; collecting, by an
image detector, reflected light from the subject’s tissue; generating, by the image detector, data
associated with the reflected light; receiving, by a processing device operably connected to the
image detector, the reflected light; calculating, by the processing device, the intensity of the
reflected light; comparing, by the processing device, the mtensity of the reflected light to a control

measurement to determine a current edema score; and determining a change i an edema level for
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the subject based upon a comparison of the current edema score and previously collected edema
nformation.

{00371 In another embodiment, the method further comprises determining, by the
processing device, the previously collected edema information.

{0038] In another embodiment, the method further comprises determining, by the
processing device, the control measurement for a control sample.

[0039] In another embodiment, the method further comprises displaying, by at least one
display device operably connected to the processing device, one or more images received from the
processing device, the one or more unages representative of the subject’s tissue.

[0040] In another embodiment, the method 15 performed in at least one of a hospital,
nursing home, doctor’s office, outpatient facility, office, assisted hiving facility, a car, bus, train,

airplane, ship, workspace, office, mobile home, mobile chinical facility, or personal residence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041]  Aspects, features, benefits and advantages of the embodiments described heremn
will be apparent with regard to the folowing description, appended claims, and accompanying
drawings where:

[8042] FIG. 1 depicts a sample environment where an imaging system can be used to
measure fluid content 1n a patient’s tissue i accordance with one or more embodiments of the
present disclosure.

{0043] FIG. 2 depicts an illustrative imaging and processing system in accordance with
one or more embodiments of the present disclosure.

{0044] FIG 3 depicts an dllustrative imaging device in accordance with one or more

embodiments of the present disclosure.
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[0045] FIG 4 depicts a sample flowchart illustrating a process for determining a
likelihood of a patient having edema in accordance with one or more embodiments of the present
disclosure.

[0046] FIG S depicts a sample flowchart dllustrating a process for monitoring a patient’s
edema levels in accordance with one or more embodiments of the present disclosure.

[0047] FIG. 6 depicts a sample comparison image of a patient’s hand in accordance with
one or more embodiments of the present disclosure.

[0048] FIG. 7 depicts a sample absorption specira for a patient’s hand in accordance with
one or more embodiments of the present disclosure.

[0049] FIG R depicts a flowchart of a partial least squares regression model in
accordance with one or more embodiments of the present disclosure,

[8056] FIG. 9 depicts a flowchart of a partial least squares discrimunant analysis model

m accordance with one or more embodiments of the present disclosure.

DETAILED DESCRIPTION

[0051] This disclosure 1s not limited fo the particular systems, devices and methods
described, as these may vary. The termunology used 1 the description is for the purpose of
describing the particular versions or embodiments only, and 15 not imtended to himit the scope.

[8052]  As used in this document, the singular forms “a,” “an,” and “the” mclude plural
references unless the context clearly dictates otherwise. Unless defined otherwise, all technical
and scientific terms used herein have the same meanings as commonly understood by one of
ordinary skill in the art. Nothing in this disclosure 13 to be construed as an admission that the

embodiments described in this disclosure are not entitled to antedate such disclosure by virtue of
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prior invention. As used in this document, the term “comprising” means “including, but not limited
t0.”

{0053] The present disclosure s directed to systems and methods for detecting edema.
More specifically, the present disclosure is directed to systems and methods for the non-invasive
detection of edema that offers the potential to aid in ongoing monitoring of a subject’s fluid
retention, thereby providing clinucians with an objective method of determining edema levels to
guide treatment for a variety of disease states.

[0054]  As used herein, the term “subject” means any human or arumal that can be tested
or measured for edema. The subject may be healthy, known to have one or more health conditions,
or suspected of having one or more health conditions. In some embodiments, the subject 13
diagnosed with a medical condition or 15 suspected of having a medical condition; such subjects
may alternatively be referred to as a patient.

[B055]  As used herein, the term “control” means the experimental data that s obtained
by collecting reflected light from unaffected areas of a subject. For example, the control can be
obtained by collecting reflected light from areas including at least one of the upper arm, thigh, or
back. In other embodiments, the term “control” means the experimental data that is obtained by
collecting reflected light from a subject that is unaffected by edema, from any tissue location.

{8056] In one or more embodiments, a light source illuminates the tissue that 15 to be
analyzed for the presence of edema. The light source 1s not limited and can be any source that is
useful in providing the necessary illumination for the endoscope other ancillary requirements, such
as power consumption, emitted spectra, packaging, thermal output, and so forth. In some
embodiments, the light source is an incandescent lamp, halogen lamp, light emitting diode (LED),

chemical laser, solid state laser, organic hight emitting diode (OLED), electroluminescent device,

-10-
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fluorescent light, gas discharge lamp, metal halide lamp, xenon arc lamp, induction lamp, or any
combination of these light sources. In some embodiments, the light source 15 a tunable light source,
which means that the light source 1s monochromatic and can be selected to be within any desired
wavelength range. The selected wavelength of the tunable light source is not limited and can be
any passband within the visible (VIS), near infrared (NIR), visible-near infrared (VIS-NIR),
shortwave infrared (SWIR), extended shortwave infrared {(eSWIR), near infrared-extended
shortwave infrared (NIR-eSWIR), mid~-wavelength infrared (MWIR), long-wavelength infrared
(LWIR), far-infrared (FIR), infrared (IR), and terahertz radiation bands. The wavelength ranges
are described below.

[0057] In some embodiments, the hight source 1s omitted. For example, if the detection
of edema 1s performed outdoors or mn other locations with sufficient ambient light, a separate hight
source 1s not required and can be omittted. This may be desirable to maximize the portability of
the overall system.

[0038] In one or more embodiments, an 1mage detector collects icoming photons that
are reflected from the tissues of a subject and generates an 1mage for analysis. The functionality
and construction of the image detector are not limited. In some embodiments, the image detector
is characterized by the wavelengths of light that 1t 1s capable of imaging. The wavelengths of light
that can be imaged by the image detector are not limited, and inchide visible (VIS), near infrared
{NIR), visible-near infrared (VIS-NIR}, shortwave infrared (SWIR), extended shortwave infrared
{eSWIR}, near infrared-extended shortwave infrared (NIR-eSWIR}, mid-wavelength infrared
{MWIR), 0054long-wavelength infrared (LWIR), far-infrared (FIR), infrared (IR}, and terahertz
radiation. These correspond to wavelengths of about 380 nm to about 720 nm (VIS), about 720

nm to about 1100 nm (NIR), about 400 nm to about 1100 nm (VIS-NIR), about 850 nm to about

-11-
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1800 nm {SWIR}, about 1200 nm to about 2450 nm {(eSWIR), about 720 nm to about 2500 nm
(NIR-eSWIR), about 3 um to about 8 um (MWIR}, about 8 pm to about 15 um (LWIR), about 15
um to about 1 mm (FIR), about 720 nm to about 1 mm (IR}, and about 100 um to about 1 mm
(terahertz). The above ranges may be used alone or i combination of any of the listed ranges.
Such combinations include adjacent (contiguous) ranges, overlapping ranges, and ranges that do
not overlap. The combination of ranges may be achieved by the inclusion of multiple image
detectors, each sensitive to a particular array, or by a single image detector that has a filter array
that permits the image detector to sense multiple different ranges.

[0059] In some embodiments, the image detector s characterized by the matenals from
which it is made. The materials of the image detector are not hmited and can be selected based on
the wavelength ranges that the camera chip 1s expected to detect. In such embodiments, the camera
chip comprises sitlicon (81}, germanium (Ge), indium galhiom arsenide (InGaAs), platinum silicide
{PtS1), mercury cadmium telluride (HgCdTe}, induim antimonide (InSb), colloadal quantum dots
{COD), or any combination thereof.

[0060] In some embodiments, the image detector is characterized by its electrical
structure. The electrical structure of the image detector 1s not limited and can be selected from a
charge coupled device {CCD) or a complementary metal oxide semiconductor ({CMOS) image
sensor. It should be noted that the materials listed above can each be used with either electrical
structure to form the final image detector. Examples include St CMOS, 81 CCD, Ge CCD, Ge
CMOS, InGaAs CCD, InGaAs CMOS, P81 CCD, Pt8i CMOS, HgCdTe CCD, HeUdTe CMOS,
InSb CCD, InSb CMOS, CQD CCD, and CQD CMOS. These image detector structures may be
used alone or in combination, either in the same physical image sensor or in multiple separate

mage sensors.
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[0061] In some embodiments, the methods and related processes for detecting edema as
described herein include tlluminating the tissue of a subject with one or more of visible (VIS), near
nfrared (NIR), vistble-near infrared (VIS-NIR), shortwave infrared (SWIR), extended shortwave
nfrared (eSWIR), near infrared-extended shortwave infrared (NIR-eSWIR), mid-wavelength
nfrared (MWIR), long-wavelength infrared (LWIR), far-infrared (FIR), mfrared (IR}, and
terahertz radiation. When the above light s reflected from the tissue that is being illuminated, the
intensity of the reflected light 1s compared to a control such as normal tissue or a baseline intensity
for normal tissue. In some examples, edema can be detected based on an increase in absorbed
light at these wavelengths compared to a subject’s control measurements. In some embodunents,
systems for detecting edema as described herein include a light source, an image detector, and a
processor. The processor 1s configured to compare the intensity of the reflected light with the
expected intensity of the control, such as normal tissue or a baseline mtensity of normal tissue.

[8062] In some examples, the method may further include processing calculated light
miensity data. For example, in some embodiments, the method may 1nclude the steps of fusing
miensity data from two or more imaging modalities such as, for example, a visible image, a
hyperspectral image, a shortwave infrared {SWIR) hyperspectral image, a medium-wavelength
mfrared (MWIR)} hyperspectral image, a long-wavelength infrared (LWIR) hyperspectral image,
and the like and combinations thereof. Such fusing can be accomplished by applying a fusion
algorithm as 1s known in the art.

{8063] Insome embodiments, the systems and methods of the disclosure are configured
to generate images of the tissue being analyzed, and the images are used to determine whether the
subject has edema. Such images may be formed using any of the spectra listed above and are

detected by the appropriate image detector and optics, the spectra including at least one of visible

13-
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(VIS), near infrared (NIR), visible-near infrared (VIS-NIR}, shortwave infrared (SWIR}, extended
shortwave infrared (eSWIR), near infrared-extended shortwave infrared (NIR-eSWIR), mid-
wavelength infrared (MWIR), long-wavelength infrared (LWIR), far-infrared (FIR), infrared (IR},
terahertz radiation, and combinations of these. In other embodiments, the systems and methods of
the disclosure are configured not to generate images, i.e., they are non-imaging spectroscopy
system and methods. In such embodiments, no recognizable image of the tissue is generated, but
instead an image 1s generated based on the compositional and structural signature of the tissue. As
above, the spectra for generating the non-imaging spectroscopy data 15 not hmited and includes at
least one of visible {VIS}), near infrared (NIR), visible-near infrared (VIS-NIR), shortwave jnfrared
(SWIR), extended shortwave mfrared (eSWIR), near infrared-extended shortwave infrared (NIR-
eSWIR), mid-wavelength infrared (MWIR), long-wavelength imfrared (LWIR), far-infrared (FIR),
mfrared (IR}, terahertz radiation, and combinations of these. In some embodiments, the non-
imaging spectroscopy or non-imaging spectrograph s at least one of a Raman spectrograph, a
SWIR spectrograph, a NIR spectrograph, or a combmation of those. In some embodiments, there
are additional optics that are configured to produce a non-imaging spectrograph, the non-imaging
spectrograph including at least one of a Raman spectrograph, a SWIR spectrograph, a NIR
spectrograph, or a combination of those.

{8064] Insome embodiments, the image detector 1s used in conjunction with a filter that
modifies the light that 1s to be detected by the image detector. The filter is not limited and is
selected from multivariate optical elements (MOE), hiquid crystal tunable filters (LCTF), acousto-
optic tunable filter (AOTF), multi-conjugate tunable filter (MCF}, Fabry Perot angle tuned filters,

Lyot filters, Evans split element liquid crystal tunable filters, Solc liquid crystal tunable filters,

-14-
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fixed wavelength Fabry Perot tunable filters, air-tuned Fabry Perot tunable filters, mechanically-
tuned Fabry Perot tunable filters, and hquid crystal Fabry Perot tunable filters.

[0065] 1In some embodiments, the use of a conformal filter may improve discrimination
performance by, for example, discriminating between a target and background and increasing the
throughput of a tunable filter. Increased throughput of the filter improves the speed of the analysis.
Exemplary tunable filters that are usable to construct a conformal filter include hiquid crystal
tunable filters (LCTF), acoustic optical tunable filters (AOTF), Lyvot iquid crystal tunable filters,
Evans Sphit-Element hiquid crystal tunable filters, Solc liquid crystal tunable filters, ferroelectric
liquid crystal tunable filters, Fabry Perot hiquid crystal tunable filters, and combmations thereof.

[0066] Referring now to the Figures, FIG. 1 illustrates a sample environment where a
subject may be tested for edema. For example, as shown in FIG. 1, an tmaging and processing
device 100 can be positioned adjacent to, for example, a subject 105 lving in a hospital bed. It
should be noted the imaging and processing device 100 15 shown as being mounted on a tripod by
way of example only. In certain moplementations, the imaging and processing device 100 can be
a handheld device carried by, for example, a doctor, a nurse, a medical technician, a family
member, the subject, or any other caregiver or person. In other embodiments, the imaging and
processing device 100 can be mounted on a rolling cart or other similar eastly movable structure
for moving throughout, for example, a hospital, nursing home, doctor’s office, sutpatient facility,
office, assisted living facility, and/or any other location where subjects are present.

{0067] The position of the imaging and processing device 100 relative to the subject 163
is based on various factors such as the illumination and 1mage capture characteristics of the
maging and processing device 100. For example, in certain implementations, the imaging and

processing device 100 1s placed less than about one meter from the subject 105 In another
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example, the imaging and processing device 100 15 placed between about 1 meter and about 2
meters from the subject. In some embodiments, the imaging and processing device 100 is placed
more than about 2 meters from the subject. The distance between the imaging and processing
device 100 and the subject 105 is not himited and may be determined based on the required amount
of reflected light or the required signal quality for accurately processing and determining whether
the subject has edema. In some embodiments, the distance between the imaging and processing
device 100 and the subject 103 is determined based on the physical dimensions available for the
data to be collected, such as the limited space available i a car, bus, train, auplane, ship,
workspace, office, mobile home, mobile clinical facility, or personal residence.

[0068] FIG. 2 idlustrates a sample imaging and processing system 200, In certain
embodiments, the 1maging and processing system 200 can be incorporated into simular
environments as the imaging and processing device 100 described above. As shown in FIG. 2, the
maging and processing system 200 can include various components and/or subsystems. For
example, in certain implementations, the 1maging and processing system 200 can include an
imaging component 205 and a processing device 210, In some embodiments, the imaging and
processing system 200 can further include a display device 215 operably connected to the
processing device 210 and configured to display images and other information related to the
detection of edema in a subject.

{8069] In certain implementations, the imaging component 205 can include an image
detector or other simifar imaging device configured to capture the spectral ranges described above.
In some embodiments, the image detector includes a VIS image detector and a SWIR image
detector. In addition to the image detector, the imaging component 205 may include conformal or

other filters that are configured to modify the light that i1s to be detected by the image detector.
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The mmage detector output the collected light into a corresponding electrical signal representing
data related to the collected light The imaging component is described in greater detail in the
discussion of FIG. 3 below.

[0070] As shown in FIG. 2, the imaging component 205 can be operably connected to
the processing device 210. In certain implementations, the processing device 210 can be
configured to recetve the data relating to the collected reflected light, calculate an intensity of the
reflected light, and compare the intensity of the reflected light to a control. Addwtionally, in various
embodiments, the processing device 210 can be operably connected to the display device 215 or
to another output device such as, for example, a printer, a router, a computer, a laptop, a monitor,
a television, a mobile phone, a smartwatch, or a combination thereof.

[6071] In certain implementations, the processing device 210 can be configured to
produce one or more 1mages from the data recetved by the imaging component 205, The one or
more images can be displayed, for example, on the display device 215, In some embodiments, the
processing device 210 can generate a single tmage that 1 displaved on the display device 215 In
alternate embodiments, the processing device 210 can generate multiple images based on the data
acepired from the imaging component 205,

{06721 In some embodiments, the processing device 210 includes a fast switching
mechanism to switch between two views {or spectral images) corresponding to spectral data
collected by the imaging component 205 from two or more filters. For example, as 18 discussed in
additional detail below 1n reference to FIG. 3, the imaging component can include one or more
tunable filters configured to filter the collected light into wavelength bands. Thus, when a single
image is displaved, the image may be generated from spectral data obtaimed from one filter or the

spectral data from multiple filters may be combined or overlaid into a single image, which may
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provide increased contrast or mtensity, thereby providing a comparison of the overlaid images. In
other embodiments, separate images corresponding with the data obtained from each filter may be
displayed side-by-side.

[0073] In some embodiments, the processing device 210 1s in communication with one
or more non-transitory, computer readable storage mediums. For example, the processing device
210 may be configured to access various software 211 configured to provide mstructions to the
processing device from a furst computer readable storage medium.  The instructions, when
executed, can cause the processing device 210 to perform various functions, such as the edema
detection processes described herein

[0074] The processing device 210 may further be configured to access a computer
readable medium that contains a look-up table 212 ("LUT”). In certain uplementations, the LUT
212 can include mformation that, when accessed by the processing device 210, enables the
processing device to tune the one or more fiiters of the imaging component 205 to detect edema in
certain tissue. For example, the LUT 212 may include a number of voltages that, when apphed to
a filter, enable the filter to produce filtered light of a spectral shape associated with one or more
tissue types related to various degrees of edema. In the case of a multi-stage filter, the LUT 212
can include voltages that can be applied to each stage of the filter in order to produce filtered light
associated with tissue types related to various degrees of edema.

{8075] In certain implementations, the processing device 210 can be configured to
acquire the appropriate information from the LUT 212 based on user input of image processing,
The processing device 210 can then communicate this information to a controller of the imaging
component 205, which in turn applies the appropriate voltages to each filter or each stage in each

filter. In some embodiments, this process may occur in real time or in near real time providing
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flexibility for detecting multiple tissue types of interest in near real time. This may allow the user
to modify or completely change the displaved image while the intraoperative optical diagnostic
device s in use.

{00761 1t should be noted that, while the software 211 and LUT 212 are shown as being
in separate computer readable mediums, this 1s provided by way of example only. Depending
upon the resources avatlable and the design of the imaging and processing system 200, the software
211 and LUT 212 can be implemented on a single computer readable medium. However, 1n certain
implementations, the LUT 212 can be stored at a remote location accessible to the imaging and
processing system 200 via, for example, a wired or wireless network communications. In such an
arrangement, the LUT 212 can be updated at a central location (for example, a server operated by
a manufacturer of the imaging and processing system 200) accessible by a plurality of imaging
and processing systems.

[8077] FIG. 3 illustrates a sample architecture for the imaging component 205 as
described above in FIG. 2. As shown in FIG. 3, the imaging component 205 can include various
additional components and subsystems. For example, the imaging component 205 can include a
controller 310 operably connected to, and configured to control, a lighting subsystem 305, imaging
receiving optics 315, and a filter 320. It should be noted that, as shown in FIG. 3, the filter 320 15
shown as an optional component.  As described below in additional detail, depending upon the
implementation of the imaging component 205 and the functionality of its various components,
the functionality of the filter 320 can be incorporated into an additional component such as, for
example, the image receiving optics 315,

{0078] Referring again to FIG 3, the controller 310 can be implemented as a processing

device configured to execute a set of instructions related to operation of the imaging component
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205 The mstructions can be stored on a computer readable medium (not shown m FIG 3)
operably connected to the controller 310. In certain implementations, the controller 310 can be a
dedicated processing device programmed specifically for controlling the various components of
the imaging component 205, In such an arrangement, the instructions related to operating the
controller 310 can be included on a computer-readable medium integrated directly into the
controller 310

[0079] In some embodiments, the lighting subsystem 305 can include filters on one or
more light sources. The filters on the one or more light sources are discussed above. For example,
i certain embodiments, an iofrared (IR) long pass filter 1s included on a hight source to eliminate
visible hight emitted from the light source. The resultant IR light 15 eve-safe and invisible to
common digital cameras.

[0086] In some embodiments, the image receiving optics 315 can be configured to collect
hight reflected by the uradiated tissue. In some embodiments, the image receiving optics include
an image detector such as, for example, a St CMOS sensor configured to detect VIS RGB
mformation and a CMOS InGaAs sensor configured to detect SWIR 1nformation. In alternative
embodiments, the image recetving optics 315 include a 81 CMOS or CCD image detector which
can be used to collect the VIS spectrum or the VIS-NIR spectrum if no infrared cut-off filter s
emploved over the image detector. In still further embodiments, the image receiving optics 315
may be configured for Raman spectroscopy.

{0081] Insome embodiments, additional NIR and SWIR cameras and/or detectors can be
mcorporated into the image receiving optics 315, For example, the image recetving optics 315 can

further include a mercury cadmium telluride (HeCdTe) IR detector, an Indium Antimonide (InSb)
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IR detector or photodiode, a colioidal quantum dot camera, and/or other similar NIR and SWIR
cameras and detectors,

[0082] In certain embodiments, the imaging recetving optics 315 mclude optics for
focusing light collected from the tissue. For example, in some embodiments, the imaging receiving
optics 315 include telescopic or other similar focusing optics configured for at least one of locating
and focusing on tissue and/or collecting light from the tissue.

[0083] As noted above, in some embodiments, the imaging component 205 includes a
filter 320 configured to filter collected light information received by the image receiving optics
315 In certain implementations, the filter 320 can mclude any tunable filter known in the art
mcluding, but not limited to, SWIR multi-conjugate hiquid crystal tunable filters, SWIR liqud
crystal tunable filters, Fabry Perot angle tuned filters, acousto-optic tunable filters, hquid crystal
tunable filters, Lyot filters, Evans split element hiquid crystal tunable filters, Solc hquid crystal
tunable filters, fixed wavelength Fabry Perot tunable filters, air-tuned Fabry Perot tunable filters,
mechanically-tuned Fabry Perot tunable filters, or liquid crystal Fabry Perot tunable filters. In
certain embodiments, the filter 320 can be a multi-conjugate liquid crystal tunable filter (MCF).
A MCF includes a series of stages composed of polarizers, retarders, and liquid crystals. As a
result of this arrangement, the M{F s capable of providing diffraction-limited spatial resolution
and spectral resoluotion consistent with a single-stage dispersive monochromator. The MCF may
be tuned to any wavelength in the given filter range. In some embodiments, the MCF may be
controlled by a processor. In other embodiments, the filter 320 is a conformal filter that is made
of, for example, at least one hiquid crystal tunable filter. Similar to the discussion above, in some

embodiments, the conformal filter 1s controlled by a processor.
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[0084] In certain implementations, the filter 320 can be implemented as a fixed filter
array. For example, when processing light collected using a snapshot imaging spectrometer, a
fixed filter array can be used to process collected light prior to passing the processed light to the
spectrometer for analysis.

[0085] In additional embodiments, the filter 320 can be a multivariate optical element
filter. In certain emnbodiments, the filter may be a conformal filter. The term “conformal filter”
generally refers to a filter that simultaneously transmits multiple passbands, 1.e., spectral shapes.
The use of conformal filters can improve discrimination performance by, for example,
discriminating between a target and a background and increasing the throughput of a tunable filter,
thereby, tmproving the speed of an analysis. Conformal filters can be tunable to a variety of
different configurations. Examples of tunable filters that can be configured for use as a conformal
filter include, but are not limated to, a iquid crystal tunable filter, an acoustic optical tunable filter,
a Lyot iquid crystal tunable filter, an Evans Split-Element hquid crystal tunable filter, a Solc hqud
crystal tunable filter, a ferroelectric liquid crystal tunable filter, a Fabry Perot iquid crystal tunable
filter, and combinations thereof.

{0086] In additional implementations, the imaging component 205 can be implemented
as a dual polarization device. In such an implementation, the imaging component 205 can include
an optical separator positioned to receive light reflected from the tissue and separate the reflected
light into two or more optical paths. It should be noted that, although such a device can include
more than two optical paths, such embodiments are referred to as “dual polarization” devices for
simplicity. Fach optical path can include one or more filters that reflect light of particular
wavelengths removing them from the optical path and allowing other light to pass through the

filter to generate filtered light, i.e. a “filtered component.” The one or more filters can be any
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tunable filter or conformal filter, such as those described above. In some embodiments, each
optical path can terminate at a detector which is positioned to receive and detect the filtered
component. In other embodiments, a single detector may be positioned to simultaneously receive
and detect the filtered components from each optical path. Thus, embodiments may include one
or more detectors depending on the configuration. The imaging and processing devices of such
embodiments, including one or more detectors, may further include a processor electronically
connected to the one or more detectors that receive data from each detector. The processor may
be configured to analyze the data and generate an 1image as disclosed heremn.

[0087] It should be noted that the components included in FIG 3 and their relative
arrangement 1s provided by way of example only. Depending upon the design and intended
functionality of the mmaging component 205, the components contained therem and thew
arrangement may vary accordingly.

[0088] FIG. 4 dlustrates a sample process for detecting whether a patient 15 experiencing
edema. Intially, a processing device such as processing device 210, can determine 405 control
measurements for the subject. For example, as noted above, the control measurements can be
determined 405 by collecting reflected light from unaffected tissue of the subject such as, for
example, tissue of the upper arm, thigh, or back. Alternatively, control measurements can be
determined 405 from an unaffected subject or collection of subjects. For example, in some
embodiments, control measurements may be an average absorbance obtained from the arms, legs,
hands, feet, ankles, calves, abdomen, or any combination thereof of one or more unaffected
sitbjects.

{0089] After control measurements are determined 405, the process can advance to

detecting whether the subject is currently exhibiting symptoms of edema. A device, such as

3



WO 2020/163338 PCT/US2020/016589

maging and processing device 200 can irradiate 410 the subject’s tissue with light. In certain
implementations, irradiating 410 the tissue can be carried out using ambient light or a light source
such as, for example, a laser illumination source, a broadband light source, or an ambient light
source as described above. Depending upon the implementation of the light source, the process
can optionally include filtering 411 the emitted light In some embodiments, the process can
nclude filtering 411 the dluminating light by, for example, removing visible spectrum light.

[0090] A detection device, such as the image receiving optics 315, can be configured to
collect 415 the light reflected by the subject’s tissue. Thus, in various embodiments, collecting
415 the reflected light can be carried out by an 1mage detector such as, for example, the S1 CCD
detectors or S1 CMOS detectors described above, which are typically used to collect visible hight
for photographs, with Raman spectroscopic imaging systems, and/or with InGaAs or focal plane
array (FPA) detectors, which are typically used in near-infrared spectroscopic imaging systems.
The particular detection device used to collect 415 the reflected light may be an independent
element of a device for carrying out the methods described above.  Alternatively, the image
detector can be associated with a hight source.

{8091] Depending upon the conditions under which the reflected light is collected 415
and the intended processing of the collected hight, the collected light can optionally be filtered 416.
For example, the reflected light can be filtered 410 into one or more wavelength bands to produce
hyperspectral images.

{8092] A processing device, such as processing device 210, can be configured to receive
mformation related to the collected reflected light and calculate 420 the intensity of the collected
reflected light. In certain implementations, the processing device can calculate 420 the mtensity

of collected reflected light having wavelengths of about 900 nm to about 1300 nm, about 1400 nm
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to about 1550 nm, or combinations thereof, or any individual wavelength or range encompassed
by these ranges. For example, in some embodiments, the processing device may calculate 420 an
ntensity of reflected light having a wavelength of about 700 nm to about 1100 nm, about 1100 am
to about 1300 nm, about 1200 nm to about 1300 nm, about 1100 nm to about 1250 nm, about 900
nm to about 1100 nm, about 900 nm to about 1150 nm, or combinations of any of the above ranges
made by combining the ranges or respective endpoints. In some embodiments, the processor
calculates the ntensity of light having a reflected wavelength of about 700 mm, about 750 ni,
about 800 nm, about 850 nm, about 900 nm, about 950 nm, about 1000 nm, about 10530 nm, about
1100 nm, about 1150 nm, about 1200 nm, about 1250 nm, about 1300 nm, about 1350 nm, about
1400 nm, about 1450 nm, about 1500 nm, about 1550 nm, about 1600 nm, about 1650 nm, about
1700 nm, about 1750 nm, about 1800 nm, about 18350 nmy, about 1900 num, about 1950 mm, about
2000 nm, or any combination or range that i1s formed by one or more of the above wavelength
values.

[8093] The processing device can be further configured to compare 425 the intensity of
the reflected light to the control measurements. Changes in absorption of light of these
wavelengths can be indicative of edema. As such, by comparing 425 the intensity of the reflected
light and control measurements, the processing device can determine 430 a fluid content and/or an
edema score for the subject. As used herein, an edema score refers to the hikelihood that a subject
is currently experiencing edema. An edema score may also provide a quantified reading of the
severity of the edema. For example, the edema score can be a number ranging from ¢.0t0 1.0, A
reading of 0.0 can represent the control measurement of the subject’s normalized tissue. In certain
mmplementations, a larger value may represent more severe edema. Thus, the process described

above in reference to FIG. 4 can be used to identify a disease or condition associated with edema.
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[0094] Moreover, the processes and techniques taught herem can further be used to
monitor a subject that has been previously identified as having edema. Turning again to the
Figures, FIG. 5 illustrates a sample process for detecting and monitoring changes in a subject’s
edema. Intially, a processing device, such as processing device 210, can determine 505 control
measurements for the subject. In some embodiments, the control measurements can be determined
505 by collecting reflected light from unaffected tissue of the subject such as, for example, tissue
of the upper arm, thigh, or back. In some embodiments, the control measurements can be
determined 505 from an unaffected subject or collection of subjects.

[0095]  After the control measurements are determined 503, a current edema level or score
can be determined for the subject. A device, such as imaging and processing device 200, can
irradiate S10 the subject’s tissue with light. Depending upon the implementation of the hight
source, the process can optionally include filtering 511 the emtted hight. For example, the process
can include filtering 511 the dlummating light by removing VIS light.

[0096] A detection device, such as mmage receiving optics 315, can be configured to
collect 515 the hight reflected by the subject’s tissue. Depending upon the conditions under which
the reflected light is collected 515 and the intended processing of the collected light, the coliected
light can optionally be filtered 516. For example, the reflected light can be filtered 516 into one
or more wavelength bands to produce hyperspectral images.

{8097] A processing device, such as processing device 210, can be configured to receive
mformation related to the collected reflected light and calculate 520 the intensity of the collected
reflected light. The processing device can be further configured to compare 525 the mtensity of
the collected reflected light to the control measurements to determine a current edema score for

the subject.
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[0098] The processing device can also determine 530 a subject’s historic information
relating to edema. The historic information can include, for example, data retrieved from the
subject’s medical record or the like. For example, the subject’s edema score as determined in the
process described with reference to FIG. 4 can be stored in the subject’s medical record. The
processing device can then determine 530 the previous edema score from the medical record.

[0099] The processing device can compare the current edema score for the subject against
the subject’s historic edema information to determine 535 whether any changes to the subject’s
edema level or score have occurred. Such changes can be ndicative of changes to the subject’s
fluid content and/or a changing, worsening, or improving medical condition. A caregiver such as
the subject’s physician can review the changes in the subject’s edema scores or levels and adjust
the subject’s treatment regimen accordingly.

[0108] FIGS. 6 and 7 illustrate sample output images and data that can be produced for
further analysis and/or review using the techmques, systems, and processes as described herein.
For example, FIG. 6 illustrates a set of images of a patient’s hand. On the left, the image represents
normal tissue. In the normal image, the subcutaneous vasculature 13 highly visible. However, in
the right image, the patient 1s experiencing peripheral edema. Due to the increased water content
in the patient’s tissue, the vasculature conirast decreases and, as such, the measured calculated
mtensity of the reflected hight will reflect this decrease in vasculature contrast. FIG. 7 ilustrates
a comparison of the SWIR absorption spectra for normal tissue and tissue exhibiting signs of
peripheral edema.

{01061] Inaddition to detecting disease conditions, exercise-related edema can be detected
by increased adsorption of light having wavelengths in the range of about 900 nm to about 1300

nm and about 1400 nm to about 1550 nm, when absorption spectra of the hand of an individual
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pre-workout and post-workout are compared. Accordingly, even mild edema, like exercise-
mnduced edema, can be detected based on the change in intensity of reflected light at these
wavelengths. The methods of the embodiments described above are therefore applicable for
identifying any condition associated with edema, and not necessarily only those caused by disease
or other malady.

[0102] It should be noted that the nuplementation details described above are provided
by way of example only. For example, the image acquisition system and environment described
in reference to FIG. 1 1s provided for illustrative purposes only. Based upon the computation
requirements of the processing device and the imaging characteristics of an 1mage capture device,
the systems, methods and processes described herein can be incorporated into various devices and
systems. For example, systems for detecting edema described and taught herein can be realized
using a smartphone having a light source and an image detector. The smart phone may have an
mstailed program or app for calculating the mtensity of hght at wavelengths in the range of about
900 nm to about 1300 nm and about 1400 nm to about 1550 nm, or any of the ranges defined
above. In particular, the program or app may calculate the intensity of collected light at
wavelengths of about 700 nm to about 1100 nm. The smartphone can be configured to transmit
mformation related to the calculated intensity of the collected light to a remote location, such as
the office of a physician or other similar caregiver. The transmitted information can be used to
remotely monitor any changes in the subject’s peripheral edema and, if necessary, make treatment
changes such as, for example, diet changes, medication changes, exercise recommendations, and
other simtlar changes.

{0103] Such systems including smartphones may be particularly useful for detecting

edema assoctated with heart disease and exercise quickly and with a device that a large portion of
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the population already owns and uses regularly. Rather than teaching a heart failure patient to use
a completely new device, or subject the patient to regular testing at a clinician’s office, hospital,
or other similar location, the patient can learn to use their personal smartphone, or other similar
umaging and processing device, to measure their cutrent edema score according to the processes
and techniques described herein.

[0104] In sull further emboduments, the system may be used in various professional and
consumer settings. For example, in a professional setting, a system for conformal vision may be
incorporated into medical devices that are present in a physician’s office, a hosputal, a chinic, a
retail pharmacy, or other similar healthecare settings. In such professional settings, the system may
be used as part of routine testing during a person’s recurring visits to such a healthcare setting,
although this 1s but one example of the mmvention and 13 not ntended to be hmiting. The system
may alternatively be used in other professional settings, such as beauty salons, hair care salons,
spas, nail salons, skin treatment centers, gyms, health clubs, and the like.

[0108] The system may also be used 1n a consumer setting, such as in 3 person’s home,
office, or vehicle. Thus 1s especially desirable for a system designed to be used by mdividuals with
minimal skill or medical training.

{0186] In other examples, the system for detecting edema as described herein can be
implemented in, for example, a medical device. In some embodiments, the system may be a
spectroscopic imaging device. In such embodiments, spectroscopic imaging may be used to obtain
control information from unaffected tissue, such as the upper arm, thigh, or back of the subject and
affected or potentially affected tissue at, for example, the foot, ankle, calf, or hand of the subject.
In some embodiments, the spectroscopic imaging device may include a tunable filter to filter hight

mto one or more wavelength bands. The bands can then be detected using a spectroscopic imaging
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device 1o thereby generate a hyperspeciral image. Thus, the method of some embodiments may
nclude separating the reflected light into wavelength bands and generating a hyperspectral image.
Such methods may further include overlaying or fusing hyperspectral images and, in some
embodiments, overlaying or fusing hyperspectral images with visible images to spatially resolve

mdividual pixels in the hyperspectral image.

EXAMPLES

[0107] The following Examples are provided in order to tllustrate the invention and are
not intended to be limiting. In addition to the components mentioned below, 1t s contemplated
that vanations, additions, and omissions are pernmussible without departing from the scope and
spirit of the disclosure.

[0108] An apparatus was constructed to analyze edema 1n subjects. The exemplary
apparatus included a high defimtion VIS (RGB) image detector having 3.1 megapixels resohution
and outputting color depth of 8 bits. In addition to the VIS camera, the apparatus also included a
SWIR mmage detector outputting a resolution of 640 x 512 pixels and ncorporating an InGaAs
focal plane array. The apparatus also included a multiconjugate filter (MCF) available from
Chemlmage Corporation of Pittsburgh, PA. The apparatus was configured to sense SWIR in the
range of about 900 nm to about 1700 nm, utilizing 8 nm bandpass widths. Lighting was provided
by several 1000 lux quartz tungsten halogen lamps. The collection optics were a high
magnification lens having a 13 mm x 10 mm field of view, and a low magnification lens having a
field of view of 163 mm X 124 mm. The overall weight of the apparatus was 8 3 lbs and 110-120
VAC power was utilized. During operation, tuning increments of 1 nm — 20 nm step size

acquisitions were used. Furthermore, the detection time for hyperspectral image collection was
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50 seconds per collected hypercube. The total amount of time required for a patient was 15 minutes
or less. Data was coliected and analyzed using ChemImage Spectral Kitchen™ software, available
from Chemlmage Corporation of Pittsburgh, PA.

{01091 An observational study was conducted with 67 human patients. Of the 67 patients,
19 were volunteers that did not have edema, while the remaining 48 had edema in some form. The
study endpoints were to discriminate healthy volunteers from edema patients with greater than
0.999 Area Under the Recetver Operating Characteristic (AUROC) curve and to accurately predict
pitting edema grades. The majority of the patients were healthy volunteers or edema patients
having a grade of 2+ or 3+

[0119] The analysis was performed on the shins of the patients, distinguishing between
the right shins and the left shins of the patients, with wavelengths of 1000 nm to 1700 nm. The
shin was selected to avoid mfluence of the tibia. For the first endpoint, discrimmation performance
of 0.99 AUROC was achieved, satisfving the first experimental endpoint. The data was analyzed
using partial least squares discrumunant analysis (PLS-DA), which 1s a statistical method of
analysis employed for model creation and data classification.  This supervised classification
method was used to create a 2-class model discriminating spectra of healthy volunteers and those
of heart failure patients exhibiting peripheral edema. As noted above, performance of the model
is assessed through a recetver operator characteristic (ROC) curve analysis. A ROC curve is a plot
showing sensitivity versus specificity of a test for a binary svstem. AUROC s a measure that is
often used to compare the performance of ROC curves with a single value. The area under a perfect
ROC curveis 1.

{0111] Another observational study was conducted with 40 human patients. Of the 40

patients, 18 were volunteers that did not have edema, while the remaining 22 has edema in some
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form. The study endpoints were to discriminate healthy volunteers from edema patients with
greater than 0.999 AUROC curve and to accurately detect pitting edema grades. The majority of
the patients were healthy volunteers or edema patients having a grade of 2+ or 3+

{0112] This observational study had the same methodology as the observational study
that was performed above, but the analysis was performed on the arms of the patients instead of
on the shins. Thus, the analysis was performed on the right arms and the left arms of the patients,
with wavelengths of 1000 nm to 1700 nm. Discrimunation performance of 0.994 AUROC was
achieved.

[0113] A further observational study was conducted with 42 human patients. Here, the
model can include both the shuns and forearms simultaneously mn the analysis. Of the 42 patients,
18 were volunteers that had no edema, while the remaining 24 had edema m some form. The study
endpoints were to discriminate healthy volunteers from edema patients with greater than 0.999
AUROC curve to and to accurately predict pitting edema grades. The majority of the patients were
healthy volunteers or edema patients having a grade of 2+ or 3+ The analysis was performed on
the shins and forearms of the patients, and discrimunation performance of AUROCC 0.967 was
achieved.

{0114] In addition to the 2 class PLS-DA model used to discriminate between healthy
patents and those with edema, a § class PLS-DA model was generated where 5 models are built
with each piiting edema level having its own class to address a secondary endpoint of peripheral
edema level prediction. Each shin received a score for each class (0, 1+, 2+, 3+ and 4+) and the
highest score became the predicted edema level. An example SWIR output using a 2+ edema
patient 15 demonstrated in FIG. 7. This methodology vielded an accuracy of 84.1% for the tested

data set. Thus result is encouraging given the subjective nature of the ground truth pitting edema
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test described above. An alternate method to examine the data uses Partial Least Squares
Regression to build a model using extracted spectra and the ground truth edema level as the
dependent variable. The model was applied to the hypercube of a new patient to produce an edema
umage that has a higher pixel intensity correlated to higher edema scores; such images generally
have higher intensity with a higher ground truth pitting edema level.

[0115] Edema 1s predonunantly formed of water, protein, white blood cells, and red blood
cells. Discrinunation among the populations was explored by comparing average spectra from the
healthy and edema populations. Highly discriminating portions of the spectrum were assigned to
water {1165 nm, hydroxyl overtone) and hipid and collagen (1220 nm, methine group second
overtone). Additional assignments for water, lipid and collagen were documented at 1475-1480
nm. Table 1 below demonstrates spectral peak assignments 1n the SWIR range. Based on the
results, lipid, collagen, and water make up the Basis of Discrimination (BOD) between edema

patients having a grade of 3+ and normal subjects (7.e., those having an edema grade of 0},

TABLE 1
Absorption Peak (nm) Assignment Mode
1165 ‘Water OH Overtone
1220 Lipid, Collagen CH str 2" gvertone
1475-1480 {collection range | Water, Collagen, Lipid OH str 1 overtone, CH} str
1300 — 1650 nm)

[8116] A CardioVenfication Index (CVI) was also constructed using a sample of 42
subjects. The CVI used a regression model with a leave one shin out cross-vahidation step to
predict the edema level. Of the 42 subjects, 18 were control subjects, and 24 had edema. A total
of 80 shins were observed of which 36 were normal, 10 were 1+ edema, 14 were 2+ edema, 18
were 3+ edema, and 2 were 4+ edema. The resultant accuracy of the CVI was 85%. It was noted

that incorrect edema predictions were generally inaccurate by only one edema grade level, which
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may indicate discrepancies with the ground truth model rather than the apparatus. 1t was observed
that in partial least squares regression image analysis, there was a general correlation of pixel
ntensity with edema level for exposed soft tissue.

{01171 Testing was also conducted using a 5 class PLS-DA model, with leave one shin
out vertfication utilized. The five classes were normal (0}, 1+, 2+, 3+, and 4+ grades of edema.
Using the extracted spectra, the overall accuracy was 84.1%, though additional subjects having
edema grades of 1+ and 4+ would be required to confum the results. Table 2 below shows the

resulis of the 5 class PLS-DA model:

Normal i+ 2+ 3+ 4+ Riisciass
Rate (%6}
Normal 35 1 i 0 i 7.9
1+ 1 0 2 { 0 100
3+ i 0 2 0 G 333
3+ 0 0 0 11 O 0
4+ 1 0 0 0 i 50
Ave. (%) i5.9

[0118] FIGS. B and 9 are each depictions of the partial least squares algorithms used mn
the Examples. In FIG 8, a partial least squares regression model 1s depicted, where extracted
spectra 605, a raw hypercube 610, and a pre-processed hypercube 615 are input to make masks
620 and thereby build a PLS-R model 625. The model 625 1s then applied to hypercubes 630 and
utilized to make a prediction 635 and calculate the performance 640 by comparing the predicted
edema level with the ground truth edema level. This determines the accuracy of the prediction
that is made by the above experimental procedures.

{0119] FIG 9 15 similar to FIG. 8 with the exception that a partial least squares
discrimunant analysis (PLS-DA) 1s utilized mstead. In FIG 9, extracted spectra 705 are input to

build a PLS-DA model 725. A raw hypercube 710 and a pre-processed hypercube 715 are
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separately imput to make masks 720. The PLS-DA model is then applied 730 to the hypercube
masks, the results of which are used to make a prediction 735, Finally, the performance 1s
calculated 740 by comparing the predicted edema level with the ground truth level. This
determines the accuracy of the prediction that is made by the above experimental procedures.

{01281 In the above detailed description, reference is made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically wdentify simular
components, unless context dictates otherwise. The illustrative embodiments described in the
detailed description, drawings, and claims are not meant to be limiting. Other embodiments may
be used, and other changes may be made, without departing from the spirit or scope of the subject
matter presented herein. It will be readily understood that the aspects of the present disclosure, as
generally described herein, and illustrated in the Figures, can be arranged, substituted, combined,
separated, and designed 1n a wide variety of different configurations, all of which are explicitly
contemplated herein.

[0121] The present disclosure 15 not to be limited in terms of the particular embodiments
described n this application, which are intended as ilustrations of various aspects. Many
modifications and variations can be made without departing from 1its spirit and scope, as will be
apparent to those skilled in the art. Functionally equivalent methods and apparatuses within the
scope of the disclosure, in addition to those enumerated herein, will be apparent to those skilled in
the art from the foregoing descriptions.  Such modifications and variations are mtended to fall
within the scope of the appended claims. The present disclosure 1s to be limited only by the terms
of the appended claims, along with the full scope of equivalents to which such claims are entitied.
It is to be understood that this disclosure is not limited to particular methods, reagents, compounds,

compositions or biclogical systems, which can, of course, vary. It is also to be understood that the
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terminology used herein is for the purpose of describing particular embodiments only, and is not
intended to be hmiting.

{01221 With respect to the use of substantially any plural and/or singular terms herein,
those having skill in the art can translate from the plural to the singular and/or from the singular to
the plural as 1s appropriate to the context and/or application. The various singular/plural
permutations may be expressly set forth herein for sake of clarity.

[0123] It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (for example, bodies of the appended claims) are generally
intended as “open” terms (for example, the term “including” should be interpreted as “including
but not limited to,” the term “having” should be interpreted as “having at least,” the term “includes”
should be interpreted as “includes but 1s not limited to,” et cetera). While various compositions,
methods, and devices are described in terms of “comprising” various components or steps
{interpreted as meaning “including, but not himited to”), the composttions, methods, and devices
can also “consist essentially of” or “consist of” the various components and steps, and such
termmnology should be interpreted as defining essentially closed-member groups. It will be further
understood by those within the art that if a specific number of an introduced claim recitation is
mtended, such an intent will be explicitly recited in the claim, and n the absence of such recitation
1o such intent 1s present.

{0124] For example, as an aid to understanding, the following appended claims may
contain usage of the introductory phrases "at least one" and "one or more" to introduce claim
recitations. However, the use of such phrases should not be construed to imply that the
mtroduction of a claim recitation by the indefinite articles "a" or "an" limits any particular claim

containing such introduced claim recitation to embodiments containing only one such recitation,
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even when the same claim includes the introductory phrases "one or more" or "at least one" and
ndefinite articles such as "a" or "an" (for example, “a” and/or “an” should be interpreted to mean
“at least one” or “one or more”}; the same holds true for the use of definite articles used to introduce
claim recitations.

[0125] Inaddition, even if a specific number of an introduced claim recitation is explicitly
recited, those skilled 1n the art will recognize that such recitation should be mterpreted to mean at
least the recited number (for example, the bare recutation of "two recitations," without other
modifiers, means at least two recitations, or two or more recitations). Furthermore, in those
instances where a convention analogous to “at least one of A, B, and C, et cetera” 15 used, in
general such a construction is intended in the sense one having skill in the art would understand
the convention (for example, “a system having at least one of A, B, and C” would include but not
be limited to systems that have A alone, B alone, C alone, A and B together, A and C together, B
and C together, and/or A, B, and C together, et cetera). In those instances where a convention
analogous to “atleast one of A, B, or C, et cetera” 1s used, in general such a construction 1s mtended
in the sense one having skill in the art would understand the convention (for example, “a system
having at least one of A, B, or C” would include but not be limited to systems that have A alone,
B alone, € alone, A and B together, A and C together, B and C together, and/or A, B, and C
together, et cetera). It will be further understood by those within the art that virtually any
disjunctive word and/or phrase presenting two of more alternative terms, whether in the
description, claims, or drawings, should be understood to contemplate the possibilities of including
one of the terms, either of the terms, or both terms. For example, the phrase “A or B” will be

understood to mclude the possibilities of “A” or “B” or “Aand B.”
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{0126] In addition, where features or aspects of the disclosure are described in terms of
Markush groups, those skilled in the art will recognize that the disclosure 1s also thereby described
in terms of any individual member or subgroup of members of the Markush group.

[0127] As will be understood by one skilled in the art, for any and all purposes, such as
in terms of providing a written description, all ranges disclosed herein also encompass any and all
possible subranges and combinations of subranges thereof. Any listed range can be easily
recognized as sufficiently describing and enabling the same range being broken down into at least
equal halves, thirds, quarters, fifths, tenths, et cetera. As a non-limiting example, each range
discussed herein can be readily broken down mto a lower third, nuddle third and upper third, et
cetera. As will also be understood by one skilled in the art all language such as “up to,” “at least,”
and the like include the number recited and refer to ranges that can be subsequently broken down
mito subranges as discussed above. Fmally, as will be understood by one skilled in the art, a range
mcludes each indrvidual member. Thus, for example, a group having 1-3 cells refers to groups
having 1, 2, or 3 cells. Sumularly, a group having 1-5 cells refers to groups having 1, 2, 3,4, 01 5
cells, and so forth.

{0128] Vanious of the above-disclosed and other features and functions, or alternatives
thereof, may be combined into many other different systems or applications. Various presently
unforeseen or unanticipated alternatives, modifications, variations or improvements therein may
be subsequently made by those skilled in the art, each of which is also intended to be encompassed

by the disclosed embodiments
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CLAIMS

1. A system for detecting edema in a patient, the system comprising:
a hght source configured to irradiate a subject’s tissue with hight;
an image detector configured to collect reflected light from the subject’s tissue and
generate data associated with the reflected light; and
a processing device operably connected to the image detector and configured to:
receive the data associated with the reflected light,
calculate the mtensity of the reflected light, and

determine whether the subject’s tissue extubits symptoms of edema.

2. The system of claim 1, wherein the processing device is further configured to determine a

control measurement for a control sample.

3. The system of claim 2, wherein the processing device is further configured to:

compare the calculated intensity of the reflected light against the control measurement;
and

determine an edema score for the subject, wherein the edema score represents at least one

of whether the subject has edema and a severity of the subject’s edema.

4. The system of claim 1, further comprising at least one filter configured to filter the

reflected hight.

5. The system of claim 4, wherein the at least one filter s a tunable filter configured to filter

the reflected light a specific wavelength range.
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6. The system of claim 4, wherein the at least one filter is at least one of a liquid crystal
tunable filter (LCTF), a Fabry Perot tunable filter, a multi-conjugate crystal tunable filter, and a

conformal filter.

7. The system of claim 1, further comprising a plurality of tunable filters.
8. The system of claim 7, wherein the plurality of tunable filters are configured to filter the

reflected light to wavelength ranges of at least one of visible (VIS), near infrared (NIR}, visible-
near infrared (VIS-NIR), shortwave infrared (SWIR), extended shortwave infrared (eSWIR],
near infrared-extended shortwave infrared (NIR-eSWIR), mud-wavelength infrared (MWIR),

long-wavelength infrared (LWIR), far-infrared (FIR), infrared (IR), and terahertz radiation.

9. The system of claim 1, wherein the light source comprises at least one of mncandescent
lamp, halogen lamp, light emitting diode (LED)}, chemical laser, solid state laser, organic light
emitting diode (OLED), electroluminescent device, fluorescent light, gas discharge lamp, metal
halide lamp, xenon arc lamp, induction lamp, an ambient light source, or any combination of

these light sources.

10. The system of claim 1, wherein the image detector comprises at least one of a 81 CMOS,
S1 CCD, Ge CCD, Ge CMOS, InGaAs CCD, InGaAs CMOS, PtS1 CCD, PtS1 CMOS, HeCdTe
CCD, HgCdTe CMOS, InSh CCD, InSb CMOS, CQD CCD, or CQD CMOS.

11 The system of claim 1, wherein the processor is further configured to fuse intensity data

from two or more imaging modalities.

12. The system of claim 11, wherein the two or more imaging modalities comprise a vistble

image, a hyperspectral image, a shortwave infrared hyperspectral image, a medium-wavelength

-40-
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nfrared hyperspectral image, a long-wavelength infrared hyperspectral image, and combinations

thereof.

13. The system of claim 1, further comprising at least one display device operably connected
to the processing device and configured to display one or more images received from the

processing device, the one or more images representative of the subject’s tissue.

14. The system of claim 1, wherein the system further comprises optics for producing a non-

imaging spectrograph.

15. A method for detecting edema in a subject, the method comprising;
irradiating, by a hight source, a subject’s tissue with hght;
collecting, by an image detector, reflected light from the subject’s tissue;
generating, by the image detector, data associated with the reflected light;

recetving, by a processing device operably connected to the image detector, the reflected

light;
calculating, by the processing device, the intensity of the reflected light; and
determining, by the processing device, whether the subject’s tissue exhibits symptoms of
edema.
16. The method of claim 15, further comprising determining, by the processing device, a

control measurement for a control sample.

17. The method of claim 16, further comprising:
comparing, by the processing device, the calculated intensity of the reflected light against

the control measurement; and

Al-
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determining, by the processing device, an edema score for the subject, wherein the edema
score represents at least one of whether the subject has edema and a severity of the subject’s

edema.

18 The method of claim 15, further comprising filtering, by at least one filter, the reflected

light.

19. The method of claim 18, wherein the at least one filter 1s a tunable filter configured to

filter the reflected hight within a specific wavelength range.

20. The method of claim 18, wherein the at least one filter 1s at least one of a multivariate
optical elements (MOE), liquid crystal tunable filters (LCTF}, acousto-optic tunable filter
(ACTF), multi-conjugate tunable filter (MCF), Fabry Perot angle tuned filters, Lyot filters,
Evans split element liquid crystal tunable filters, Solc liguid crystal tunable filters, fixed
wavelength Fabry Perot tunable filters, air-tuned Fabry Perot tunable filters, mechanically-tuned

Fabry Perot tunable filters, and liquid crystal Fabry Perot tunable filters.

21. The method of claim 15, further comprising filtering, by a plurality of filters, the
reflected light to wavelength ranges of at least one of visible (VIS), near infrared (NIR), visible-
near infrared (VIS-NIR), shortwave infrared (SWIR), extended shortwave infrared (eSWIR],
near infrared-extended shortwave infrared (NIR-eSWIR), mud-wavelength infrared (MWIR),

long-wavelength infrared (LWIR), far-infrared (FIR), infrared (IR), and terahertz radiation.

22. The method of claim 15, wherein the light source comprises at least one of incandescent
lamp, halogen lamp, light emitting diode (LED)}, chemical laser, solid state laser, organic light

emitting diode (OLED), electroluminescent device, fluorescent light, gas discharge lamp, metal
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halide lamp, xenon arc lamp, induction lamp, and an ambient light source, and combinations of

the above.

23. The method of claim 15, wherein the detector comprises at least one of a S1 CMOS, S1
CCD, Ge CCD, Ge CMOS, InGaAs CCD, InGaAs CMOS, PiSi CCD, PiS1 CMOS, Hg(CdTe

CCD, HgCdTe CMOS, InSh CCD, InSb CMOS, CQD CCD, or a COD CMOS.

24, The method of claim 15, further comprising fusing, by the processing device, intensity

data from two or more imaging modalities.

25. The method of claim 24, wherein the two or more 1imaging modalities comprise a visible
image, a hyperspectral image, a shortwave infrared hyperspectral image, a medium-wavelength
nfrared hyperspectral image, a long-wavelength infrared hyperspectral image, and combinations

thereof.

26. The method of claim 15, further comprising displaying, by at least one display device
operably connected to the processing device, one or more images recetved from the processing

device, the one or more images representative of the subject’s tissue.

27. The method of claim 15, further comprising producing a non-imaging spectrograph.
28, A method for monitoring edema in a subject, the method comprising:

irradiating, by a hight source, a subject’s tissue with hght;

collecting, by an image detector, reflected light from the subject’s tissue;

generating, by the image detector, data associated with the reflected light;

recetving, by a processing device operably connected to the image detector, the reflected

light:

43
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calculating, by the processing device, the intensity of the reflected light;

comparing, by the processing device, the intensity of the reflected light to a control
measurement to determine a current edema score; and

determining a change in an edema level for the subject based upon a comparison of the

current edema score and previously collected edema information.

29. The method of claim 26, further comprising determining, by the processing device, the

previously collected edema information.

30. The method of claim 26, further comprising determining, by the processing device, the

control measurement for a control sample.

31 The method of claim 26, further comprising displaying, by at least one display device
operably connected to the processing device, one or more images recetved from the processing

device, the one or more images representative of the subject’s tissue.

32. The method of claim 26, wherein the method is performed in at least one of a hospital,
nursing home, doctor’s office, outpatient facility, office, assisted living facility, a car, bus, train,

airplane, ship, workspace, office, mobile home, mohile clinical facility, or personal residence.

44
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