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7) ABSTRACT

The present disclosure provides systems and methods for the
determining a rate of change of one or more analyte con-
cenfrations in a target using non invasive non contact
imaging techniques such as OCT. Generally, OCT data is
acquired and optical information is extracted from OCT
scans to quantitatively determine a flow rate of fluid in the
target; angiography is also performed using one or more fast
scanning methods to determine a concentration of one or
more analytes. Both calculations can provide a means to
determine a change in rate of an analyte over time. Example
methods and systems of the disclosure may be used in
assessing metabolism of a tissue, where oxygen is the
analyte detected, or other functional states, and be generally
used for the diagnosis, monitoring and treatment of disease.
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DEVICES, METHODS, AND SYSTEMS OF
FUNCTIONAL OPTICAL COHERENCE
TOMOGRAPHY

RELATED APPLICATIONS

[0001] This patent arises from U.S. Provisional Patent
Application Ser. No. 62/329,853, which was filed on Apr.
29, 2016, and U.S. Provisional Patent Application Ser. No.
62/329,849, which was filed on Apr. 29, 2016. U.S. Patent
Application Ser. No. 62/329,853 and U.S. Patent Applica-
tion Ser. No. 62/329,849 are hereby incorporated herein by
reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH FOR
DEVELOPMENT

[0002] This invention was made with government support
under RO1 EY019484, R01 EY019951, R01 EY021470 and
R24 EY 022883 awarded by the National Institutes of Health
and BDI1353952, CBET1055379, and CBET1066776
awarded by the National Science Foundation. The govern-
ment has certain rights in the invention.

BACKGROUND OF THE DISCLOSURE

[0003] Optical Coherence Tomography (OCT) is a non-
invasive optical imaging technique which produces depth-
resolved reflectance imaging of samples through the use of
a low coherence interferometer system. OCT imaging
allows for three-dimensional (3D) visualization of structures
in a variety of biological systems and non-biological sys-
tems not easily accessible through other imaging techniques.
In some instances OCT may provide a non-invasive, non-
contact means of assessing information without disturbing
or injuring a target or sample. In medicine for example, OCT
applications have included but are not limited to non-
invasive means of diagnosis of diseases in the retina of the
eye, interventional cardiology treatment and assessment,
and diagnostics of skins lesion for dermatology.

[0004] Generally, OCT is used to generate 3D images of
various structures, including vessels such as blood vascula-
ture. Previously described methods of OCT provide methods
for obtaining structural information directed at acquiring
information about the size, shape, topology and physical
attributes of the outside structures of vessels. However,
information regarding physical and chemical attributes
inside vessels and structures can also be useful, yielding
more functional and potentially useful information about a
system.

[0005] In medical diagnostics for example, vascular visu-
alization and quantitative information about attributes of
blood can be important for the diagnosis and treatment of
many diseases. For example, approximately 50% of Ameri-
cans will get cancer and approximately 50% of those will die
from cancer. In the example of ocular disease, such as
diabetic retinopathy, age related macular degeneration
(AMID), glaucoma, nearly 10 million people in the U.S. and
over 200 million people worldwide may be at risk for vision
loss or blindness. It is suspected that vasculature remodeling
and biochemical pathways that affect abnormal morphology
of blood supplies in the eye and around tumors may be
correlated with the onset and prognosis of these diseases,
respectively. In some examples, an abnormal increase or
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decrease in metabolism, illustrated through abnormal blood
vessel proliferation may also correlate with disease.

[0006] Non-invasive methods that allow acquisition of
information about tissue attributes related to the etiologies of
diseases, may lead to prevention of such diseases. The
ability to measure blood flow, and other various biochemical
analytes within a blood flow, such as oxygen (pO2), glucose
or other biomarkers can help indicate a functional state of
target tissue, such as metabolic activity. In some examples,
the ability to understand a functional state of a target tissue,
can be useful for treatment, monitoring or prevention of
disease. This especially true when attributes such both as
blood flow and oxygen can both be measured. Currently,
there are no non-invasive three dimensional (3D) imaging
techniques to measure oxygen metabolism in vivo in tissues.
There is need in the art for improved methods and devices
for non-invasive 3D quantitative imaging of metabolism and
other target functions for a variety of applications including
but not limited to the treatment and diagnosis of disease.

INCORPORATION BY REFERENCE

[0007] All publications, patents, and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publica-
tion, patent, or patent application was specifically and indi-
vidually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A illustrates an example spectral resolving
detector array schematic.

[0009] FIG. 1B illustrates an example spectral resolving
principle.

[0010] FIG. 1C illustrates an example spectral response.
[0011] FIG. 2 illustrates an example imaging procedure.
[0012] FIGS. 3A-3B show example blood attenuation

coeflicients for oxygen saturation calculation.

[0013] FIG. 4 shows an example schematic of a system for
ex vivo oxygen saturation measurement.

[0014] FIG. 5 shows an example hyperspectral fundus
camera configuration.

[0015] FIGS. 6A-6B show example transmission spectra
of oxygenated and deoxygenated blood.

[0016] FIG. 6C shows corresponding oxygen saturation
levels for the transmission spectra of FIGS. 6A-6B.

[0017] FIGS. 7A-7B show an example recovered true
color image and representative spectra.

[0018] FIG. 8A shows an example true color retinal image
reconstructed from spectra.

[0019] FIG. 8B shows representative reflection spectra of
artery, vein and surrounding retinal area.

[0020] FIG. 8C shows a false color image with enhanced
contrast between vessels and tissue.

[0021] FIGS. 9A-9B show results of example in vivo
retinal oxygen saturation measurement.

[0022] FIG. 10 illustrates a flow chart of an example
method of oxygen saturation measurement based on fundus
angiography.

[0023] FIG. 11 illustrates a flow chart of an example
method of combined fundus angiography and Doppler OCT
for simultaneous retinal oxygen saturation and flow imag-
ing.

[0024] FIG. 12 illustrates an example high speed imaging
camera integrated onto a fundus camera.
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[0025] FIG. 13 depicts example response curves for each
of 16 channels of an example detector.

[0026] FIGS. 14A-14D illustrates an example vessel cal-
culation.
[0027] FIG. 15 illustrates a visualization of an example

hyperspectral datacube with false coloring applied to
emphasize different channels.
[0028] FIG. 16 illustrates an example fiber-based visible
light OCT endoscopy system.

[0029] FIGS. 17-22 show example images and associated
probes.
[0030] FIG. 23 shows a schematic of an example vs-OCT

endoscopy system.

[0031] FIGS. 24-26 illustrate example computer systems
that can be used to implement the systems, apparatus, and
methods described and disclosed herein.

[0032] The novel features of a device of this disclosure are
set forth with particularity in the appended claims. A better
understanding of the features and advantages of this disclo-
sure will be obtained by reference to the following detailed
description that sets forth illustrative examples, in which the
principles of a device of this disclosure are utilized. and the
accompanying drawings of which:

[0033] The following detailed description of certain
examples of the present invention will be better understood
when read in conjunction with the appended drawings. For
the purpose of illustrating the invention, certain examples
are shown in the drawings. It should be understood, how-
ever, that the present invention is not limited to the arrange-
ments and instrumentality shown in the attached drawings.

DETAILED DESCRIPTION OF THE
DISCLOSURE

[0034] Hyperspectral imaging resolves the light spectrum
from each imaging pixel. It noninvasively reveals abundant
retinal physiological and pathological information, which is
useful for retinal disease diagnosis and therapeutic monitor-
ing. However, most hyperspectral imagers either require
long (>1 s) exposure time, which is sensitive to rapid eye
movement, or use optical dispersive components to separate
wavelength, which complicates the imaging system and
makes their clinical application difficult.

[0035] Certain examples utilize a novel spectral resolving
detector array (SRDA) and provide a compact, high-speed
hyperspectral fundus camera. Certain examples achieve
hyperspectral retinal imaging with 16 bands (470 to 630 nm)
at 20 fps (frames per second). Certain examples also provide
specific spectral recovery and analysis algorithms and dem-
onstrated true-color recovery, false-color vessel contrast
enhancement and retinal oxygen saturation (sO,) mapping.
[0036] In certain examples, high-speed spectroscopic
imaging can be applied to investigate sO, complications of
retinal diseases such as diabetic retinopathy, age related
macular degeneration, etc. Certain examples can be used to
study melanin and lipofuscin related retinal diseases such as
age related macular degeneration, etc. Certain examples can
be used for portable hyperspectral imaging devices such as
a handheld fundus camera, etc. Certain examples can be
applied to real-time spectroscopic imaging technologies
including real-time Raman microscopy and fluorescence
imaging, etc.

[0037] Compared with existing hyperspectral retinal
imagers, example systems and methods disclosed herein
provide higher image speed (e.g., up to 340 fps). Such a high
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image speed greatly decreases image exposure time, reduces
patient discomfort, and reduces spectral channel mis-regis-
tration under eye movement.

[0038] Certain examples provide cost-effective and easily
implemented systems and methods. Certain examples
involve no additional optics and can be equipped on a
variety of imaging modalities through camera ports.
[0039] Certain examples relate to hyperspectral imaging,
retinal imaging, retinal oxygen saturation, and retinal vessel
contrast. In certain examples, three algorithms are disclosed
to process hyperspectral image spectra: 1) reconstructing the
spectra from relatively poor spectral resolution (e.g., 10 to
15 nm) and recover the image’s true color; 2) composing
false color with enhanced vessel-tissue color contrast; 3)
accurately calculating sO, from hyperspectral image spectra.
[0040] The sO, calculation can be validated by ex vivo
sO, measurement on bovine blood, for example. Calculated
sO, from SRDA can be compared with sO, obtained from
spectrometer measurements, for example. For example, an
SRDA can be equipped on a home-built rodent fundus
camera to image a Sprague Dawley rat retina in video rate
(e.g., 20 fps). True color reconstruction, false-color vessel
contrast enhancement and in vivo sO2 measurement can be
performed as well.

[0041] While dispersive components can be used to sepa-
rate wavelength and capture image and spectrum in one shot,
the dispersers used with relay lens groups can double or even
triple the system size. Such optical complexity makes the
whole instrument bulky, delicate and impairs the fundus
camera adjustability. Another approach is to use a fiber
bundle to deliver light from fundus camera into a spectrom-
eter. In this design, the limited fiber channels restrict the
pixel number to be less than 500. Certain examples provide
snapshot hyperspectral retinal imaging using a compact
spectral resolving detector array to alleviate concerns, con-
straints, and issues with these other approaches.

[0042] Certain examples provide new systems and meth-
ods of retinal imaging based on hyperspectral retinal imag-
ing techniques. Hyperspectral retinal imaging resolves the
light spectrum from each imaging pixel to noninvasively
reveal abundant retinal physiological and pathological infor-
mation, which is useful for retinal disease diagnosis and
therapeutic monitoring. However, most hyperspectral imag-
ers either require long (>1 s) exposure time, which is
sensitive to rapid eye movement, or use optical dispersive
components to separate wavelength, which complicates the
imaging system and makes their clinical application diffi-
cult. Using a novel spectral resolving detector array
(SRDA), a compact, high-speed hyperspectral fundus cam-
era can be constructed to achieve hyperspectral retinal
imaging with 16 color channels at a speed of up to 340 fps.
Compared with the existing hyperspectral retinal imagers,
certain examples greatly decrease image exposure time,
reducing patient discomfort and minimizing image artifacts
due to eye movement.

[0043] Spectral Resolving Detector Array (SRDA) Work-
ing Principle Examples

[0044] In certain examples, a spectral resolved detector
array (SRDA) (e.g., IMEC, Belgian) is fit onto a fundus
camera. FIG. 1A shows an example detector array 100. The
detector 100 is composed of 1024x2048 sensing elements
110 on an imaging chip 120 (e.g., Quartz Q-2A340, IMEC,
Belgian; 5.5%5.5 pm element size, 340 fps (frames per
second) maximum image speed), divided into 256x512
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hyperspectral imaging pixels (“groups”). Each pixel has 4x4
elements, representing 16 wavelength channels, for
example. For each sensing element 110, a dielectric-thin-
film Fabry-Perot (FP) cavity filter 130 is monolithically
fabricated on top of the sensor 110 (FIG. 1B). In the FP
cavity, incident light 140 interferes with the reflection light,
allowing only resonant wavelength (determined by film
thickness) light to pass. The resonant wavelength is deter-
mined by the dielectric film thickness. 16 different filter
thicknesses are assigned to the 16 channels, allowing light
ranging from 470 to 630 nm to pass, for example.

[0045] In certain examples, a spectral response of 16
wavelength channels is characterized. A white diffusive tile
(e.g., SphereOptics) is illuminated by a monochromatic light
from a super-continuous light source (e.g., SC450, Fianium)
and a monochromator (e.g., acousto-optic tunable filter,
Fianium). The reflected light is collected and uniformly
shined on the SRDA sensing chip 110 (e.g., 10 ms SRDA
exposure time). The spectral response of each hyperspectral
imaging pixel is recorded by sweeping the output wave-
length of the monochromator. To block the second order
transmission of FP cavities, the wavelength range can be
restricted to 470-630 nm by adding a combination of a
long-pass filter (e.g., OD4-450 nm, EdmundOptics) and a
band-pass filter (e.g., BG-38 VIS, EdmundOptics), for
example. The representative spectral responses of 16 chan-
nels are shown in the example of FIG. 1C.

[0046] As shown in the example of FIG. 1C, the 1 to 16
wavelength channel indices in one hyperspectral imaging
pixel are labeled from upper-left to lower-right. In the
example of FIG. 1C, the central wavelengths are 1: 534 nm;
2: 547 nm; 3: 522 nm; 4: 509 nm; 5: 624 nm; 6: 630 nm; 7:
607 nm; 8: 600 nm; 9: 578 nm; 10: 586 nm; 11: 562 nm; 12:
548 nm; 13: 485 nm; 14: 496 nm; 15: 474 nm; 16: 465 nm.
In this example, the bandwidths are 10 to 15 nm. The
quantum efficiency for each channel may not be even, which
may be due to the fabrication process, for example.

[0047] An example imaging procedure is shown in FIG. 2.
The example hyperspectral imaging acquisition method 200
of FIG. 2 begins at 210 with light 220 transmitted or
reflected from one or more samples 230 to be imaged 240 on
the SRDA sensing chip 100 through an appropriate imaging
system (e.g., a microscope to image flat sample, a fundus
camera for retinal imaging, etc.). The raw image data 250 is
then transferred to a computer through a camera link. The
date is then processed 260 through wavelength reconstruc-
tion to get hyperspectral images.

[0048] Example Spectral Analysis Algorithms

[0049] In certain examples, one or more spectral analysis
algorithms can be applied to the image data.

[0050] Spectrum Reconstruction

[0051] In this example, raw data from SRDA is a 1024x
2048 matrix. This matrix is divided into 256x512 groups
with 4x4 elements in one group, for example, representing
one hyperspectral imaging pixel. In spectral reconstruction,
values in one group are assigned to different wavelength
channels according to the wavelength calibration in FIG. 1C.
To compensate the channel bandwidth and quantum effi-
ciency, the values in each channel is divided by integration
of the corresponding response spectrum.

[0052] True Color Recovery

[0053] In an example true color recovery, the spectrum of
each pixel is projected to Red-Green-Blue (RGB) color
space for color display. In certain examples, tristimulus
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values X, Y and Z are calculated by integrating the product
of spectral and CIE 1931 XYZ color-matching functions.
Then the tristimulus values are transferred from XYZ color
space to RGB color space by inverse conversion matrix.

[0054] Vessel Color Contrast Enhancement and False
Color Display
[0055] In this example, an 598 nm image channel minus

474 nm channel is selected as a blue channel, 549 nm minus
474 nm is selected as a green channel, and 474 nm image is
selected as a red channel. Three channels are then displayed
in RGB color space, for example. This arrangement aims to
maximize the contrast difference between blood and tissue,
and adjust the appearance of vessels in red and tissue in
white.

[0056] sO, Calculation

[0057] Foran sO, calculation, the transmission spectra are
converted to optical density (OD) spectra, and an sO, value
is then calculated by least-square fitting OD spectra to the
equation

OD(M=B-N In(h)+4 [ugpr(h)+(1-502)1g500(M)] )]

where B and N represent wavelength-independent and
wavelength-dependent optical scattering, A is the optical
wavelength; A is the product of experimental geometry
factor and vessel diameter; |, .(\) and W, o,(%) are the
fully deoxygenated and oxygenated blood effective attenu-
ation coeflicients convoluted with the SRDA spectral
response (FIG. 3A: original effective attenuation coeflicients
showing standard whole blood effective attenuation coeffi-
cient spectra with hematocrit of 45%; FIG. 3B: convoluted
coeflicients indicating blood effective attenuation coeflicient
spectra convoluted with SRDA spectral response).

[0058] Ex Vivo sO, Measurement

[0059] In certain examples, oxygenated and deoxygenated
blood samples can be prepared by exposing bovine blood
(e.g., Quad Five Inc.) for one hour in air and pure nitrogen,
respectively. As shown in the example of FIG. 4, blood
samples can be added to a thin chamber 410 fabricated by
glass coverslips 420 on a cover slide 430. In the illustrated
example, the chamber thickness is 150 um, determined by
spacing coverslips 420. The chamber 410 can be placed
under a microscope to capture the blood transmission spec-
tra by SRDA 440 (e.g., 10 ms exposure time) and a spec-
trometer 450 successively, for example.

[0060] Fundus Camera

[0061] An example hyperspectral fundus camera setup
500 is shown in FIG. 5. Using the system 500 of FIG. 5,
illumination light from a light source 505, such as a halogen
lamp, etc., is reshaped to a ring pattern and projected on an
eyeball (e.g., a rat cornea, human cornea, etc.) (dashed line
510) using a filter 515, a condenser 520, an annular stop 525,
a beam splitter 530, and a pair of lens 535, 540. The light
reflected from the retina is collected to the SRDA 545 by an
objective lens 550 and a zoom lens 555 (solid line 560). The
fundus camera’s field of view is about 50 degree, covering
a retinal area of 5.6 mm in diameter, for example. The image
resolution is about 20 um, for example, limited by the pixel
number of SRDA. The optical filters 515 can be added in
front of the light (e.g., example illumination spectrum
shown in the inset 570 in FIG. 5). Images can be taken under
20 fps with 45 ms exposure time, for example.

[0062] Example Ex Vivo sO, Measurements

[0063] The transmission spectra of oxygenated and deoxy-
genated blood obtained by spectrometer and SRDA (e.g.,
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blood optical density measurements) are shown in FIG. 6A
and FIG. 6B, respectively. Their corresponding sO, levels
are shown in FIG. 6C (e.g., sO2 calculated by least-square
fitting of optical density in FIGS. 6A-6B). In certain
examples, due to the difference in wavelength resolution,
SRDA cannot resolve fine spectral structures below 15 nm
and the spectra looks different from spectrometer data.
However, by fitting the convoluted attenuation spectra, sO,
values calculated from SRDA are identical with that from
spectrometer. In the example of FIGS. 6A-6C, the sO, levels
for oxygenated and deoxygenated blood are 0.99 and 0.68
respectively (less than 3% difference between SRDA and
spectrometer), for example, which is in the reasonable range.
FIG. 6C shows FIG. 6C shows that by least-square fitting the
convoluted hemoglobin attenuation spectra, sO, can be
measured ex vivo by the SRDA as accurately as by spec-
trometer.

[0064] True Color Recovery

[0065] SRDA spectrum recovery can be verified by imag-
ing a color cross pattern. A cross pattern can be drawn by red
and blue markers on a cover slide, for example. Example
recovered true color image and representative spectra are
shown in FIG. 7A and FIG. 7B, respectively. The spectra
clearly pointed out the absorption wavelengths region for
different colors: red color absorbs more in short wavelength,
blue absorbs more in long wavelength, and white color has
a flat spectrum. The color image shows the red and blue
lines, black cross section and white idle area, which is
consistent with the actual color. FIG. 7B shows spectra
corresponding to locations 1, 2, and 3 labeled in FIG. 7A.
[0066] True Color Retinal Image and False Color Vessel
Contrast Enhancement

[0067] True color image shows the natural color of the
subject as it appears to human eyes. True color is an
important information of retinal photographs which helps
ophthalmologists to evaluate eye diseases such as age-
related macular degeneration. The true color retinal image
reconstructed from spectra is shown in FIG. 8A. The overall
color is yellowish due to the restricted illumination wave-
length range. The arteries are light red and the veins are dark
red, which is consistent with common color fundus images.
[0068] The representative reflection spectra of artery, vein
and surrounding retinal area are shown in FIG. 8B. Artery
and vein show different spectral signatures due to the
different sO, values. The spectra signatures are closer to the
convoluted hemoglobin absorption spectra in FIG. 3B rather
than the original spectra in FIG. 3A due to the limited
spectral resolution of SRDA. Surrounding retinal area has a
relatively flat spectrum. Small spectral variation in sur-
rounding area may due to the nerve fiber scattering or the
unresolved small vessels.

[0069] Vessel contrast enhancement is a useful procedure
in vascular visualization and segmentation. Spectral infor-
mation from hyperspectral retinal image can be utilized to
compose a false-color image with enhanced vessel-tissue
color contrast. The false color retinal image is shown in FIG.
8C. Compared with the true color image in FIG. 8A, the
false color clearly shows sharper retinal vessel color con-
trast. Some choroidal vessels hidden in the true color image
are also visualized in the false color image.

[0070] Example In Vivo Retinal sO2 Measurement
[0071] Results of example in vivo retinal sO, measure-
ment are shown in FIGS. 9A-9B. In this example, the blood
vessel OD spectra are calculated by the equation —log, o(1,,/
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1,,.), where I, and I , are the spectra of vessel and the area
adjacent to that vessel, respectively. OD spectrum is aver-
aged for each vessel to minimize the spectral instability. sO,
is calculated by least-square fitting OD spectra to Eq. 1 using
attenuation spectra in FIG. 3B, for example. FIG. 9A shows
the sO, map overlapped or fused with the retinal image (e.g.,
of main retinal vessels). The corresponding sO, values for
individual vessels are shown in FIG. 9B. Arteries and veins
show very distinct sO2 values as artery sO, values are
averagely higher than vein’s by 0.3, for example. However,
the absolute values are lower than other retinal oximetry
reports, where arteries sO, values should be close to 1 and
vein sO, values should be around 0.6 to 0.7, for example.
[0072] sO2 Imaging Based on Angiography Contrast from
Spectroscopic Fast Fundus Camera/Scanning Laser Oph-
thalmoscopy

[0073] Traditional fundus camera, hyperspectral photog-
raphy, scanning laser ophthalmoscopy (SLO) and so on
detect light reflectance from retina to generate structural
fundus images; by scanning across mulit wavelengths, these
imaging devices can obtain retinal reflectance spectrum,
which allows to measure functional information, like retinal
s02. The limitation, however, is that these sO2 measure-
ments may be influenced by light scattering within retina as
well as variation of local ocular geometrical parameters,
such as vessel diameter. To further enhance the precision and
stability of retinal sO2 measurement, fast imaging can be
performed, acquiring a series of consequential images with
narrow-band illumination (e.g., 4-10 nm) with high imaging
speed (e.g., frame rate up to be 60 Hz). By taking a
difference among these acquired image sequences, retinal
vascular network information can be extracted. With retinal
angiography, light reflectance can be precisley detected
directly from retinal vessels. By repeating this procedure
across different wavelengths, a precise reflectance spectrum
can be generated from retinal vessels, which benefits precise
quantification of retinal sO2. The flow chart of retinal sO2
measurement based on fundus angiography is shown in FIG.
10.

[0074] For example, image acquisition begins at block
1002, with SLO/fundus camera/hyperspectrum imaging at a
first wavelength (e.g., 4 nm-10 nm wide, etc.). At block
1004, a series of fundus images is acquired with high image
speed (e.g., frame rate >40 Hz, etc.). At block 1006, SLO/
fundus camera/hyperspectrum imaging is obtained at a sec-
ond wavelength (e.g., 4 nm-10 nm wide, etc.). At block
1008, a series of fundus images is acquired with high image
speed (e.g., frame rate <40 Hz, etc.).

[0075] Oxygen saturatino calculation begins at block 1010
by calculating differences/standard deviation within the
image sequences at the first wavelength to obtain corre-
sponding angiography and reflectance from vessels. At
block 1012, differences/standard deviation within the image
sequences are calculated at the second wavelength to obtain
corresponding angiography and reflectance from vessels. At
block 1014, differences/standard deviation within the image
sequences are calculcated at an Nth wavelength to obtain
corresponding angiography and reflectance from vessels. At
block 1016, the obtained reflectance spectra from the retinal
angiography are fit with known absorption/scattering spectra
of hemoglobin to calculate retinal sO,.

[0076] Fundus angiography based retinal sO2 can be inte-
grated with NIR Doppler OCT to simultaneously measure
retinal blood sO2 and flow rate, thus measure retinal oxygen
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metabolic rate. The flow chart for simultaneous sO2 and
flow measurement is shown in FIG. 11. FIG. 11 illustrates a
flow chart of an example method of combined fundus
angiography and Doppler OCT for simutaneous retinal sO2
and flow imaging (1102). At block 1104, fundus angiogra-
phy is determined at a plurality of wavelengths. Then, at
block 1106, retinal sO, is calculated. At block 1108, Doppler
OCT image data is obtained, and, at block 1110, an absolute
flow rate is determined.

Terminology

[0077] The terminology used herein is for the purpose of
describing particular examples only and is not intended to be
limiting of a device of this disclosure. As used herein, the
singular forms “a”, “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. Furthermore, to the extent that the terms “includ-
ing”, “includes”, “having”, “has”, “with”, or variants thereof
are used in either the detailed description and/or the claims,
such terms are intended to be inclusive in a manner similar
to the term “comprising”.

[0078] Several aspects of a device of this disclosure are
described above with reference to example applications for
illustration. It should be understood that numerous specific
details, relationships, and methods are set forth to provide a
full understanding of a device. One having ordinary skill in
the relevant art, however, will readily recognize that a device
can be practiced without one or more of the specific details
or with other methods. This disclosure is not limited by the
illustrated ordering of acts or events, as some acts may occur
in different orders and/or concurrently with other acts or
events. Furthermore, not all illustrated acts or events are
required to implement a methodology in accordance with
this disclosure.

[0079] Ranges can be expressed herein as from “about”
one particular value, and/or to “about” another particular
value. When such a range is expressed, another example
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another example.
Tt will be further understood that the endpoints of each of the
ranges are significant both in relation to the other endpoint,
and independently of the other endpoint. The term “about”
as used herein refers to a range that is 15% plus or minus
from a stated numerical value within the context of the
particular usage. For example, about 10 would include a
range from 8.5 to 11.5.

EXAMPLES
Example 1
[0080] Purpose:
[0081] To validate the use of a novel spectral resolving

detector array (SRDA) for high-speed hyperspectral retinal
imaging in rodents, and the corresponding functional imag-
ing capabilities including oxygen saturation rate (sO,) mea-
surements.

[0082] Methods:

[0083] We equipped the SRDA on a home-built rodent
fundus camera. We performed ex vivo sO, measurement on
bovine blood by SRDA and compared the results with that
from spectrometer measurements. We imaged the Sprague
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Dawley rat retina in video rate (20 fps). The true color
reconstruction, false-color vessel contrast enhancement and
in vivo sO, measurement were performed as well.

[0084] Results:

[0085] We achieved hyperspectral retinal imaging with 16
bands (e.g., 470 to 630 nm) in video rate (e.g., 20 fps), for
example. We enhanced the vessel-tissue color contrast from
spectral analysis. The sO, values calculated from ex vivo
SRDA measurements are consistent with that from spec-
trometer measurement (e.g., <3% deviation). In in vivo
retinal vessel sO, measurements, the artery and vein sO, are
around 0.7 and 0.35, for example, respectively. The overall
sO, values offsets from the reasonable values by 0.3, for

example.
[0086] Conclusions:
[0087] Video-rate hyperspectral retinal imaging is

achieved by SRDA. Useful spectral information is success-
fully provided for functional retinal imaging purpose includ-
ing vessel-tissue color contrast enhancement and retinal sO,
measurement.

[0088] Translational Relevance:

[0089] Our high-speed, compact hyperspectral imaging
solution could bring hyperspectral retinal imaging from
bench to bedside. Spectral information from hyperspectral
images could help to analyze macular pigment absorption,
retinal sO,, and cell protein oxidative state, which are
frequently involved in diabetic retinopathy, glaucoma and
age-related macular degeneration.

Introduction

[0090] Hyperspectral imaging captures the light spectrum
from every image pixel. Spectral analysis through hyper-
spectral images provides spectrally carried physiological
and pathological information, which could be applied for
disease diagnosis and surgical guidance. Hyperspectral
imaging can be applied in fields such as oncology, cardiol-
ogy, ophthalmology and dermatology.

[0091] Retinal diseases are often accompanied with retinal
physiological changes and alter the light scattering and/or
absorption properties of retinal tissues. Many important
biomarkers are tightly related to reflection and absorption
spectrum, including retinal vessel oxygen saturation rate
(s0,), macular pigment absorption and cell protein oxidative
state. Hyperspectral retinal imaging has provided a nonin-
vasive way to monitor those retinal biomarkers, and could
potentially benefit diagnosis and therapeutic monitoring of
several retinal diseases such as diabetic retinopathy, age-
related macular degeneration and glaucoma.

[0092] Despite great advantages, clinical applications of
hyperspectral retinal imaging has been limited by the time-
consuming data acquisition or imaging system complexity.
Traditionally, tunable optical filter or filter sets are used to
separate light wavelength. Images of different wavelength
are then registered to extract spectral information. Due to the
need of filter tuning, one image stack takes several seconds
to capture. Such a long exposure time not only raises
patients’ uncomfortableness, but also causes image artifacts
from spectral channel mis-registration under eye movement.
[0093] Another approach is to use dispersive components
to separate wavelength. In 2007, Johnson et al. integrated the
2-d grating disperser into a fundus camera and achieved
snapshot retinal imaging with 50 bands from 450 nm to 700
nm, for example. In 2011, Liang et al. developed a snapshot
hyperspectral technology using prism and lens arrays as
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disperser and achieved retinal imaging in 48 bands from 470
to 650 nm with 5.2 fps, for example. However, the dispersers
along with relay lens groups doubled or even tripled the
system size. Such optical complexity makes the whole
instrument bulky, delicate and impairs the fundus camera
adjustability. So far, a clinically applicable hyperspectral
fundus camera with high speed, high resolution and compact
design is yet to be developed.

[0094] 1In this work, we urilized a novel spectral resolving
detector array (SRDA) and built a compact, high-speed and
robust hyperspectral fundus camera for rats. We achieved
16-band (470 to 630 nm), 256x512-pixel hyperspectral
imaging with 20 fps, for example. We also demonstrated
true-color recovery, vessel contrast enhancement and retinal
sO, measurement through spectral analysis. This work could
bring hyperspectral retinal imaging from bench to bedside
and also provided a solution for other hyperspectral imaging
applications.

[0095] Methods
[0096] Spectral Resolving Detector Array
[0097] We used a SRDA prototype provided by IMEC,

Belgian, for example. The schematic is shown in FIG. 1a.
The 1024x2048 sensing elements on the imaging chip
(Quartz Q-2A340, IMEC, Belgian; 5.5x5.5 um element size,
340 fps maximum image speed) was divided into 256x512
hyperspectral imaging pixels, for example. Each pixel has
4x4 clements, representing 16 wavelength channels, for
example. For each sensing element, a dielectric-thin-film
Fabry-Perot (FP) cavity filter was monolithically fabricated
on the top (FIG. 1B), for example. In the FP cavity, incident
light interferes with the reflection light, allowing only reso-
nant-wavelength light to pass. The resonant wavelength is
determined by the dielectric film thickness. In our device, 16
different filter thicknesses are assigned to the 16 channels,
allowing light ranging from 470 to 630 nm to pass, for
example.

[0098] We characterized the spectral response of 16 wave-
length channels. A white diffusive tile (e.g., SphereOptics)
was illuminated by a monochromatic light from a super-
continuous light source (e.g., SC450, Fianium) and a mono-
chromator (e.g., acousto-optic tunable filter, Fianium). The
reflected light was collected and uniformly shined on the
SRDA sensing chip (e.g., 10 ms SRDA exposure time). The
spectral response of each hyperspectral imaging pixel was
recorded by sweeping the output wavelength of the mono-
chromator. To block the second order transmission of FP
cavities, we restricted the wavelength range to 470-630 nm
by added a combination of a long-pass filter (e.g., OD4-450
nm, EdmundOptics) and a band-pass filter (e.g., BG-38 VIS,
EdmundOptics), for example. The representative spectral
responses of 16 channels are shown in FIG. 1¢. The band-
widths are 10 to 15 nm, for example. The quantum efficiency
for each channel is not even, which may due to the fabri-
cation process. The bandwidth and quantum efficiency dif-
ference are balanced in spectrum recovery.

[0099] True Color Recovery

[0100] We verified the SRDA spectrum recovery by imag-
ing a color cross pattern. The cross was drawn by red and
blue markers on a cover slide. We installed the SRDA on a
commercial microscope’s camera port and applied the opti-
cal filter set described previously in front of the SRDA. The
hyperspectral image was taken under transmission model
with 10 ms exposure time, for example. The spectrum of
each pixel is then projected to RGB color space for color
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display. Specifically, we first calculated the tristimulus val-
ues X, Y and Z by integrating the product of spectral and
CIE 1931 XYZ color-matching functions, for example. The
tristimulus values were then transferred from XYZ color
space to RGB color space by inverse conversion matrix. The
recovered true color image and the representative spectra are
shown in FIGS. 8AD and 8B, respectively. The spectra
clearly pointed out the absorption region for different color
as red color absorbs more in short wavelength, blue absorbs
more in long wavelength, and white color has a flat spec-
trum. The color image also shows the red and blue lines,
black cross section and white idle area, which is consistent
with the actual color.

[0101] Ex Vivo sO, Measurement

[0102] We further validated the SRDA sO2 measurement
ex vivo by comparing the blood transmission spectral analy-
sis between SRDA and spectrometer. We prepared oxygen-
ated and deoxygenated blood samples by exposing bovine
blood (e.g., Quad Five Inc.) for one hour in air and pure
nitrogen, respectively.'” As shown in FIG. 4, blood samples
were added to a thin chamber fabricated by glass coverslips
on a cover slide. The chamber thickness is 150 pm, deter-
mined by spacing coverslips, for example. We then put the
chamber under a microscope (model) and captured the blood
transmission spectra by SRDA (e.g., 10 ms exposure time)
and a spectrometer (model, resolution) successively.
[0103] We used different algorithms to analyze spectrom-
eter and SRDA data due to the different spectra resolution
between these two methods. For spectrometer data analysis,
we first converted the transmission spectra to optical density
(OD) spectra, then calculated sO, value by least-square
fitting OD spectra to the equation'

OD(M=B-N In(M+A [urW)+(1-50)keroo (W] M

[0104] where B and N represent wavelength-independent
and wavelength-dependent optical scattering, A is the optical
wavelength; A is the product of experimental geometry
factor and vessel diameter; |1, (A) and L, ,,(A) are the
fully deoxygenated and oxygenated blood effective attenu-
ation coefficients. For SRDA data, we convoluted i, ()
and L,0.(A) with the SRDA spectral response. The con-
voluted spectra were then used as standard attenuation
spectra for least-square fitting. The transmission spectra of
oxygenated and deoxygenated blood obtained by spectrom-
eter and SRDA are shown in FIG. 6A and FIG. 6B respec-
tively. Their corresponding sO, levels are shown in FIG. 6C.
Due to the difference in wavelength resolution, SRDA
cannot resolve fine spectral structures below 15 nm, for
example, and the spectra looks different from spectrometer
data. However, by fitting the convoluted attenuation spectra,
sO, values calculated from SRDA are identical with that
from spectrometer. The sO, levels for oxygenated and
deoxygenated blood are 0.99 and 0.68 respectively (less than
3% difference between SRDA and spectrometer), for
example, which is in the reasonable range. From FIG. 6C,
we can conclude that by least-square fitting the convoluted
hemoglobin attenuation spectra, sO, can be measured ex
vivo by the SRDA as accurately as by spectrometer.
[0105] Hyperspectral Fundus Camera

[0106] The hyperspectral fundus camera setup is shown in
FIG. 5. Briefly, the illumination light from a halogen lamp
was reshaped to a ring pattern and projected on the rat
cornea (black dashed line). The light reflected from the
retina was collected to the SRDA by an objective lens and
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a zoom lens (red solid line). The fundus camera’s field of
view is about 50 degree, covering a retinal area of 5.6 mm
in diameter, for example. The image resolution is about 20
um, limited by the pixel number of SRDA, for example. The
optical filters were added in front of the light (illumination
spectrum shown in the inset in FIG. 5). Images were taken
under 20 fps with 45 ms exposure time, for example.
[0107] Animal Preparation

[0108] Sprague Dawley rats were used for in vivo retinal
imaging. The animal preparation and operation are
described in detail in our previous reports. Briefly, animals
were anesthetized in an anesthesia chamber (2% isoflurane
mixed with normal air at 3 liter/minute, 10 minutes), and the
placed on a homemade animal holder for imaging (1.5%
isoflurane at 2 liter/minute). The rat eyes were anesthetized
by a drop of 0.5% Tetracaine Hydrochloride solution and
dilated by a drop of 1% Tropicamide ophthalmic solution.
During imaging, artificial tears were applied every other
minute. All experiments were performed in compliance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and were approved by the Animal Care
and Use Committee of Northwestern University.

[0109] Results
[0110] In Vivo Hyperspectral Rat Retinal Imaging
[0111] Six wavelength channels of a raw rat retinal hyper-

spectral image can be obtained in an example. The obtained
images clearly show the main retinal vessels and nerve
fibers. Some small retinal vessels are vaguely seen. No
choroidal vessel is resolved due to the strong absorption of
RPE layer within the visible spectral range. Magnified
images show that different channels are well co-registered.
Contrast between vessels and surrounding tissues varies in
different channels, e.g., the retinal vessels at 580 nm are
darker than under other wavelength, showing a higher
optical absorption, for example.

[0112] True Color Recovery and False-Color Vessel Con-
trast Enhancement

[0113] True color image shows the natural color of the
subject as it appears to human eyes. True color is an
important information of retinal photographs which helps
ophthalmologists to evaluate eye diseases such as age-
related macular degeneration. The true color retinal image
reconstructed from spectra can include an overall yellowish
color due to the restricted illumination wavelength range.
The arteries are light red and the veins are dark red, which
is consistent with common color fundus images.

[0114] The representative reflection spectra of artery, vein
and surrounding retinal area can be shown in the image(s).
Artery and vein show different spectral signatures due to the
different sO, levels. The spectra signatures are closer to the
convoluted hemoglobin absorption spectra rather than the
original spectra due to the limited spectral resolution of
SRDA. Surrounding retinal area has a relatively flat spec-
trum. Small spectral variation in surrounding area may due
to the nerve fiber scattering or the unresolved small vessels.
[0115] Vessel contrast enhancement is a useful procedure
in vascular visualization and segmentation. We utilized the
spectral information from hyperspectral retinal image and
composed a false-color image with enhanced vessel-tissue
color contrast. In the false-color coding, we empirically
selected the 598 nm image channel minus 474 nm channel
as blue channel, 549 nm minus 474 nm as green channel and
474 nm image as red channel, for example. This arrange-
ment aims to maximize the contrast difference between
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blood and tissue, and adjust the appearance of vessels in red
and tissue in white. The false color retinal image (e.g., FIG.
8C) can be compared with the true color image (e.g., FIG.
8A), and the false color clearly shows sharper retinal vessel
color contrast. Some choroidal vessels hidden in our true
color image are also visualized in the false color image.
[0116] In Vivo Retinal sO, Measurement

[0117] The results of in vivo retinal sO2 measurement can
also be demonstrated. We calculated the blood vessel OD
spectra by the equation -log,,(1,,/1,,,.), where I, and I_,, are
the spectra of vessel and the area adjacent to the vessel
respectively. OD spectrum was averaged for each vessel to
minimize the spectral instability. sO, is calculated by least-
square fitting OD spectra to Eq. 1 using attenuation spectra.
FIG. 9A, for example, shows the sO, map overlapped with
the retinal image. The corresponding sO, values for indi-
vidual vessels are shown in FIG. 9B. Arteries and veins
show very distinct sO, values as artery sO, values are
averagely higher than vein’s by 0.3, for example. However,
the absolute values are lower than other retinal oximetry
reports, where arteries sO, values should be close to 1 and
vein sO, values should be around 0.6 to 0.7, for example.
[0118] Several factors could cause bias of sO,, including
inhomogeneous reflection from selected reference, melanin
concentration in the retinal pigment epithelium (RPE) and
multiple light scattering. One important assumption for
selection of reference 1., in OD calculation is that the
reflectivity from retina beneath the vessel is the same as
from adjacent area. That assumption may not be the case due
to the non-uniform distribution of retinal capillaries and
choroidal vessels and melanin in RPE. Melanin has wave-
length-dependent optical scattering and absorption coefi-
cients, possibly causing errors in vessel OD extraction.
Multiply light scattering may blend different light path
together, e.g., light path passing vessel twice, passing once
or even reflected by vessel upper surface, and cause unpre-
dictable spectral variations. With all those factors together,
estimated vessel OD could deviate from the real value and
cause bias in sO2 calculation. The inaccuracy of sO, esti-
mation from retinal imaging is reported elsewhere and is
numerically analyzed by Mont Carlo method, for example.
[0119] Discussion

[0120] The SRDA hyperspectral imaging solution meets
the compactness requirement of commercial ophthalmologi-
cal instruments. The regular-sized detector can be simply
installed on standard camera potts. The pre-calibration and
post data processing are simple and straightforward. Com-
pared with most other scanning/snapshot technologies
requiring filter scanning or equipping dispersive compo-
nents, SRDA dramatically simplified the imaging system.
Such a scheme also enables low cost, portable hyperspectral
imaging devices for other medical imaging applications,
which is suitable for rural health clinics and point-of-care
disease diagnosis. Furthermore, the dielectric film fabrica-
tion is fully compatible with CMOS fabrication process.
Monolithically fabricated FP filters are capable of being
integrated into current consumer imaging products, such as
web camera and cellphone camera, making it possible to
bring hyperspectral imaging functionality into remote diag-
nostics.

[0121] SRDA is very suitable for time-resolved hyper-
spectral monitoring. The frame rate is only limited by
detector arrays and detector sensitivities. Without compro-
mising imaging quality, we have demonstrated 20 fps imag-
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ing speed, which is about 4 times higher than the previous
reports, for example. The maximum frame rate of this SRDA
is 340 fps, for example. Such a high frame rate may also
provide an opportunity to study transient spectral changes in
retinal neural reactions to light. Other potentially applicable
time-resolved functional imaging applications includes real-
time Raman microscopy, fluorescence imaging and optical
backscattering spectroscopic imaging.

[0122] The current SRDA has its own limit on spectral
resolution and wavelength range. The SRDA provides 16
wavelength channels, 10 to 15 nm spectral resolution in a
wavelength range of 160 nm. It is worse than the disperser
based hyperspectral imaging of 48 channels with 4 to 10 nm
resolution in 200 nm range, for example. The channel
number of SRDA is currently limited by the number of
camera sensing elements. Increasing wavelength channels
will bin more sensing elements to on hyperspectral imaging
pixel and inevitably reduce the imaging spatial resolution.
Fortunately, commercial cameras with pixel numbers from
10 to 20 million, 5 to 10 times of our current sensing chip,
for example, have become the main stream in the market. By
employing such cameras, 80 to 160 channels can be realized
under our current pixel number, for example. The spectral
resolution and wavelength range are ultimately limited by
the transmission bandwidth of each channel and the FP
cavity second transmission band. Those limits are highly
related to the FP design and fabrication. Multiple dielectric
layer (MDL) can effectively reflect light from visible to NIR
range. MDL cavities support strong light confinement and
theoretically can achieve sub-nanometer transmission. We
believe employing MDL cavities in the future will funda-
mentally increase the spectral resolution and wavelength
range of SRDA, making SRDA a very competitive candidate
over other hyperspectral imaging technologies.

[0123] Conclusion

[0124] In conclusion, we utilized a novel SRDA and built
a compact, high-speed hyperspectral fundus camera for rats.
We successfully acquired “true-color” retinal images on rat
in 16 bands from 470 to 630 nm in video rate, for example.
We also demonstrated false-color vessel contrast enhance-
ment and retinal sO, measurement through spectral analysis.
This work demonstrated a hyperspectral imaging strategy
compatible with most ophthalmoscopic instruments and
brought the hyperspectral retinal imaging closer to the final
clinical uses. This strategy also provides an alternative in
other time-resolved hyperspectral imaging applications.

Example 2

[0125] Hyperspectral retinal imaging is a novel technique
that can non-invasively capture spatially-resolved spectral
information from the retina. Conventional fundus imaging
detects either monochromatic or full-spectrum light that is
reflected by retinal structures, providing great spatial detail
of the retina I(x,y). Hyperspectral imaging adds the ability to
quantify the spectra of the light reflected by the retina in the
same spatial detail I(x,y,A). As different structures and
chemicals have unique spectral reflectance properties,
hyperspectral imaging provides another dimension of infor-
mation for researchers studying human tissue. In the last
decade, spectrally-based measurements of retinal vessel
oxygenation have allowed for the study of tissue perfusion
and metabolic demands of the retina. Similarly, spectral
reflectance signatures are being used to help localize mol-
ecules and cell types within the retina.
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[0126] As the use of hyperspectral imaging is evolving
and expanding in ophthalmology, so too are the systems
themselves. Early hyperspectral systems collected spectral
information in an image by scanning through either wave-
length (M) or position (x,y) in the image plane. These
scanning-type systems required minutes to acquire a com-
plete dataset and relied on complicated image rectification
that is prohibitive when imaging a non-fixed object like the
eye. More modern hyperspectral systems have combined
high resolution detectors with more sophisticated optics to
allow for simultaneous imaging in multiple wavelengths.
Without lag or scanning time, newer snapshot systems
collect an information-dense hyperspectral data cube I(x,y,
) in a single image. The collection time is limited only by
the exposure time of the camera, and thus, does not require
image rectification or extensive post-processing to limit
motion artifacts.

[0127] One example snapshot hyperspectral imaging sys-
tem is a compact, versatile tool that allows for quick,
non-invasive spectral study of the retina without moving
parts, imaging lag, or complicated optical components. The
IMEC high speed imaging (HIS) camera is a system based
on a mosaic layout of Fabry-Perot filters atop a CMOS
detector, for example. With 16 bands from 458 nm to 587 nm
and 256x512 pixels of resolution, for example, we can
capture rich hyperspectral datacubes with the ease and
flexibility of a normal CMOS camera. One of the largest
benefits is that the IMEC camera design does not require any
additional optical image splitting or complicated filters. This
allows for simple integration to a standard fundus camera for
fundus imaging.

[0128] Certain examples demonstrate the versatile and
robust data collection capabilities our hyperspectral retinal
imaging system by performing spectra-based retinal oxim-
etry measurements on 10 healthy patients.

[0129]

[0130] A dual wavelength algorithm for computing retinal
vessel oximetry from reflectance measurements was detailed
by Hickam in 1963. In this algorithm, the optical density can
be derived from the ratio of light absorption at and near the
vessel. The ratio of optical densities at the isobestic wave-
length and a second wavelength, which favors absorption by
oxy hemoglobin only, is proportional to the oxygen satura-
tion of the blood in the vessel. Attempts to improve this
method have included 3 wavelength techniques with vessel
tracking as well as the use of optical filters and elements to
create identical images simultaneously in multiple wave-
lengths. Several popular current commercial retinal oxim-
etry devices are based on a derivative of this 2 wavelength
approach (Oxymap, Imedos), while newer hyperspectral
systems have demonstrated the ability to use of the entire
absorbance spectra of hemoglobin in determining the oxy-
gen saturation.

[0131] Our snapshot system captures reflected light across
16 wavelengths, for example. To analyze oxygen saturation,
we utilize the entirety of the collected spectra with a
least-squares fit to determine the quantity of oxygenated
hemoglobin in retinal vessels.

Principles of Retinal Oximetry

[0132] Methods
[0133] System
[0134] An example integrated HSI/fundus camera system

is shown in FIG. 12. In FIG. 12, an HSI camera (e.g., IMEC
HIS camera, etc.) is integrated onto a fundus camera.
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[0135] The core of the system in this illustrated example
is the IMEC hyperspectral imaging detector. The detector
includes a mosaic pattern of 16 different Fabry-Perot nar-
row-band spectral filters, with emissions ranging from 458
nm to 587 nm, manufactured directly onto a 1024x2048
pixel CMOSIS CMV2000 CMOS imaging sensor, for
example. The filters are arranged in a 4x4 mosaic pattern,
with each filter covering a single pixel, for example. The
mosaic pattern of filters is repeated across the CMOS sensor,
resulting in an effective spatial resolution of 256x512 pixels
in each of the 16 bands, for example. The detector is housed
in an ADIMEC quartz series camera body measuring 80 mm
square and weighing just 400 g, for example. To prevent
contamination from light outside the spectral range of the
detector, a band-pass filter set was installed in the lens mount
of the camera to pass light between 450 nm and 600 nm, for
example.

[0136] The detector and filter set were installed on a
commercial fundus camera with an off-the-shelf relay lens
system. By experiment, we found that the 35° FOV setting
on the fundus camera provided adequate visualization of the
vessels surrounding the optic disc with a sufficiently broad
depth of focus. The camera’s electronic shutter was operated
via its Camera Link data port by a PC running framegrabber
software supplied by IMEC. In order to calibrate the system,
a monochromator was used to measure the response of each
channel in increments. The resulting response curves were
used to adjust for differences in throughput amongst the 16
channels (see, e.g., FIG. 13).

[0137] Subjects

[0138] To demonstrate the performance capabilities of the
system, we recruited 11 healthy volunteers with no known
ocular disease for fundus imaging with the HSI system. The
mean age of the group was 48.0+/-20.3, range 21 to 80 with
6 males and 5 females. Volunteers were dilated with a
combination of Tropicamide 1% (and) Phenylephrine
Hydrochloride (2.5%) drops. For each subject, images were
taken of the optic disc at 35° FOV with the HSI system.
[0139] This study was approved by the institutional review
board of Northwestern University (STU00063366-
MOD0003) and adhered to the tenets of the Declaration of
Helsinki for research involving human subjects. Each par-
ticipant gave informed consent after explanation of the
nature and possible consequences of the study.

[0140] Retinal Oximetry

[0141] From the collected hyperspectral fundus images,
the vessel A-V difference was measured using a multi-
wavelength curve fitting analysis, as shown in FIGS. 14A-
14D.

[0142] FIGS. 14A-14D depict an example calculation of a
vessel. FIG. 14A shows vessels near the optic disc are
selected, and the spectra is analyzed to determine the content
of oxygenation and deoxygenated blood. As shown in FIG.
14B, the results are mapped onto an image of the vessels to
visualize gradients. As illustrated in FIG. 14C, a chart
representation of the data highlights the difference between
artery and vein. In the example of FIG. 14D, the average
A-V difference is plotted.

[0143] In addition to comparing data from volunteers, the
repeatability of the system was assessed by imaging the
same eye 6 times within one session, minimizing the time
between images (e.g., <30 seconds). With the subject at
steady-state, the goal is to determine the variability intro-
duced purely by the system.
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[0144] Results

[0145] An example visualization of the hyperspectral
datacube output is shown in FIG. 15. Spectral analysis of the
fundus images enhances visualization of distinct features in
the retina. For example, vessel detail is best seen in wave-
lengths greater than 550 nm where absorption from hemo-
globin causes the vessels to appear dark. FIG. 15 shows a
visualization of hyperspectral datacube with false coloring
applied to emphasize the different channels.

[0146] The results of the vessel oxygenation analysis are
shown in Table 1. The mean A-V difference varied between
0.205 and 0.319, while the standard deviation of that mean
was between 0.039 and 0.197, for example.

TABLE 1

Subject data and results

Arteries Veins A-V difference
Patient ID  Sex age mean std mean std mean std
WZL M 0.921 0.050 0.620 0.032 0.301 0.060
Joel* M 29 0930 0.032 0.611 0.022 0319  0.039
P2 1test4* M 24 0.893 0.080 0.644 0.075 0.250  0.109
controll F 31 0.899 0.132 0.588 0.143 0.311 0.195
po69 F 21 0.920 0.129 0.649 0.149 0.271 0.197
p70 M 59 0.852 0.066 0.612 0.050 0.240  0.083
p76* F 55 0926 0.143 0.629 0.110 0298  0.180
p8Otest3 M 27 0913 0.060 0.708 0.059 0.205 0.084
p81+ F 74 0954 0.097 0.700 0.077 0.254  0.124
p83 M 61 0914 0.080 0.647 0.082 0267  0.114
p84* M 50 0912 0.082 0.675 0.060 0.236  0.102
[0147] To assess the repeatability of the system, the results

of 6 consecutive images of the same eye were compared.
The standard deviation of O2 sat measurements was 0.014,
for example.

[0148]

[0149] Insummary, we demonstrate a snapshot hyperspec-
tral system capable of taking high-quality spectral images
in-vivo. To our knowledge, this is the first mosaic type
snapshot hyperspectral detector demonstrated in this capac-
ity. This system is compact, easily integrated, and straight-
forward to operate. The mosaic filter design provides good
spectral and spatial resolution without the need for compli-
cated post-processing or image reconstruction.

[0150] We’ve demonstrated the clinical utility of the sys-
tem by performing retinal oximetry measurements on a
series of healthy subjects. The data from our small cohort
agrees with other published retinal oximetry data. The
variation in this measurement between subjects could be due
to physiologic difference in retinal O2 consumption, sub-
clinical pathology (small vessel disease) or differences in
vitreous media opacity. Regardless, we feel these results
prove that the system is capable of performing in-vivo
studies with reliable performance and easy operation. Addi-
tionally, the data reveals excellent intra-subject variability
(e.g., std=0.014) across the entire fundus, demonstrating
excellent repeatability.

[0151] As demonstrated in FIG. 15, spectral decomposi-
tion of retinal reflectance helps to highlight specific struc-
tures in the retina. In addition to oximetry measurements,
spectral analysis of fundus photography has been shown to
yield information about location of macular pigment. We
feel that the high resolution spectral-spatial data provided by

Discussion
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this system has the potential to allow for detection, local-
ization, and even identification of retina components and
pathological elements.

[0152] A drawback to the system is that several channels
have significant second-order effects (as seen in the example
of FIG. 13). In many cases, the second-order contributions
of the filters were up to 50% of the intensity of the primary
response, making pure spectral decomposition a challenge.
In our analysis, we were able to anticipate these effects by
convoluting. The detector manufacturer claims that future
design iterations of this detector will significantly minimize
second-order effects, resulting in a more simple spectral
recovery.

[0153] An additional downside of this system is the lim-
ited spectral range of the detector. While the 458-587 nm
spectral range, for example, is well suited for oximetry
measurements, it is lacking reception near the UV and IR
boundaries of the visible spectra. To reduce second-order
effects, a bandpass filter is used to exclude light <450 nm
and >600 nm, for example. Consequently, color recovery
from the detector is missing red and blue tones, causing the
“pseudo-color” reconstruction to look abnormal. An
expanded spectral range will allow for better color approxi-
mation of the data and may help to visualize additional
components that interact outside the current spectral range
of our detector.

[0154] Visible Light OCT Endoscopy Example Systems
and Methods
[0155] OCT and related techniques, such as described

above, can also be used with visible light OCT (vis-OCT) for
endoscopy and disease detection.

[0156] Colposcopy is the current standard imaging device
for cervix/vagina diseases detection, and for treatment moni-
toring. However, with limited sensitivity, colposcopy can
only detect the presence of significant changes on the
surface epithelium of cervix/vagina, such as focal bleeding,
ulcers, peeling, and vasculature changes. Recent study sug-
gested that sub-epithelial structural changes may be
involved in cervix/vagina complications. Thus, an imaging
device with high depth resolution and big penetration depth
is highly desired for advanced cervix/vagina diseases detec-
tion. Using wideband illumination and interferometric sens-
ing, optical coherence tomography (OCT) can achieve
micrometer level axial resolution imaging with millimeter-
level penetration depth. In this view, OCT has great potential
applications for cervix/vagina imaging. Previous research
demonstrated that OCT with near infrared light illumination
(1310-nm central wavelength, for example) that is able to
image two layers of vagina: the epithelium layer and the
submucosa layer. Because of long central wavelength
employed, the reported NIR-OCT endoscopy, however, pro-
vided a limited depth resolution (e.g., around 20 pm).
Besides, according to the published results, the imaging
contrasts between epithelium layer and the submucosa layer
are not very distinctive using NIR illumination. Certain
examples use a table top visible light OCT system (Vis-
OCT) in which the epithelium layer and the submucosa layer
can be clearly vascularized with distinctive contrast. Certain
examples provide vis-OCT endoscopy for cervix/vagina
imaging applications.

[0157] Visible Light Optical Coherence Tomography (Vis-
OCT) Endoscopy System

[0158] Certain examples provide a fiber based Vis-OCT
endoscopy system 1600. The schematic is shown in FIG. 16.
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The example uses wide range visible light for illumination
(e.g., from 520 nm to 610 nm), which enables high axial
imaging resolution up to 1.5 um in the air, for example. FIG.
16 employs a fiber coupler 1602 (e.g., with a split ratio
50/50) for interferometric signal sensing, and a spectrometer
1604 to detect and digitize interference signals. In an
example, the spectrometer 1604 offers a 0.044-nm spectral
resolution and a maximum A-line rate of 70 KHz. The axial
imaging range of the current vis-OCT endoscopy is up to 1.7
mm, for example. For flexible imaging, two types of probes
can be used, as shown in FIG. 16 (Probe 1 1606 and Probe
2 1608). Probe 1 is designed for targeted area screening
(e.g., 5 mm by 5 mm imaging area, 512 A-lines by 512
A-lines or 256 A-lines by 256 A-lines, etc.). and is suitable
for detailed examination of region of interest on vaginal
wall. Galvo mirrors can be used to scan probe beam into the
probe 1, and the scanning beam is further relayed to the
imaging sample by a reflection mirror 1610 mounted at the
tip part of probe 1. The collimated beam from OCT engine
is focused into vaginal wall by an anti-reflection coated
achromatic doublet lens with 70-mm focus length and
0.5-inch diameter, for example, mounted in probe 1. Probe
2 is designed for whole vagina screening. There is a motor
1612 built in probe 2, responsible for circularly scanning
illumination beam onto the sample. There is another motor
attaching to probe 2, which drives probe 2 to different depth
locations in vagina, enabling to screen the whole vagina.
During imaging, probe 1 and probe 2 can be interchanged.
For example, an anti-reflection coated achromatic doublet
lens with 35-mm focus length and 0.5-inch diameter, for
example, can be used to focus the beam into vagina wall.
The prototypes of probe 1 and probe 2 are shown in the
example of FIG. 16, and an associated imaging speed is
determined by spectrometer speed, which has as maximum
A-line rate at 140 KHz, for example. In certain examples, we
tested the sensitivity of the Vis-OCT endoscopy to be 90 dB
under 1 mw laser illumination, and the roll of sensitivity is
15 dB.

Some Examples

Example 1

[0159] As shown in FIG. 17, images were taken from an
outer segment of FRT. Image quality was improved. Image
range was 5 mm wide. Clear layer structures were observed
in some of B-scan images.

Example 2

[0160] As shown in FIG. 18, images were taken from an
inner segment of FRT. Image quality was different (worse)
from outer segment. Image range was 5 mm wide. Almost no
layer structure was observed.

Example 3

[0161] As shown in FIG. 19, images were taken from an
outer segment of FT using circular scanning. Layer struc-
tures are clearly observed in some areas.

[0162] Example 4 shows first and second probes in FIGS.
20A-20B, and bscan vaginal images from probe 1 of FIG.
20A are shown in FIGS. 21A-21B, including indication of
the epithelium and submucosa. FIG. 21C shows an enface
image of 5 mm by 5 mm. FIG. 22 shows an example circular
image of macaque vagina from probe 2 of FIG. 20B.
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[0163] FIG. 23 shows a schematic of an example vs-OCT
endoscopy system. As shown in the example of FIG. 23, a
fiber-based Vis-OCT endoscopy system can include dual
spectrometers 1, 7 with dual illumination sources 2, 5 in
conjunction with a pair of fiber couplers 3, 6. As shown in
the example of FIG. 23, reference arms 4, 8 are coupled to
the spectrometers 1, 7 and illumination sources 2, 5, and a
sample arm via the fiber couplers 3, 6. The sample arm
includes first and second probes, in which probe 1 is
designed for targeted area screening and is suitable for
detailed examination of a region of interest (e.g., on a
vaginal wall, etc.) via mirror 11, lens 12 and a transparent
window 13, 14. Probe 2 is designed for whole area (e.g.,
whole vagina, etc.) screening. A motor 17, 18 in probe 2
allows a scanning illumination beam to be circularly focused
onto a target or sample via a lens 16. The probe 2 can also
be adjustable (e.g., depth moving 15). As shown in the
example of FIG. 23, a series of mirrors 9, 10 is used to scan
a beam into the probes 1 and 2.

Example Software and Computer Systems

[0164] In various examples, methods and systems
described and disclosed herein may further include software
programs on computer systems and use thereof. Accord-
ingly, computerized control for the synchronization of sys-
tem functions such as laser system operation, fluid control
function, and/or data acquisition steps are within the bounds
of the present disclosure. The computer systems may be
programmed to control the timing and coordination of
delivery of sample to a detection system, and to control
mechanisms for diverting selected samples into a different
flow path. In some examples of the invention, the computer
may also be programmed to store the data received from a
detection system and/or process the data for subsequent
analysis and display.

[0165] The computer system 2400 illustrated in FIG. 24
may be understood as a logical apparatus that can read
instructions from media 2401, 2402 and/or a network port,
which can optionally be connected to server 2403 having
fixed media 2401, 2402. The system, such as shown in FIG.
24 can include a CPU, disk drives, optional input devices
such as handheld devices for acquiring OCT objective focal
length free flow measurement data 2404 or other instrument
types such as a laboratory or hospital based instrument 2405.
Data communication can be achieved through the indicated
communication medium to a server at a local or a remote
location. The communication medium can include any
device for transmitting and/or receiving data. For example,
the communication medium can be a network connection, a
wireless connection or an internet connection. Such a con-
nection can provide for communication over the World Wide
Web and/or a private network, etc. It is envisioned that data
relating to the present disclosure can be transmitted over
such networks or connections for reception and/or review by
a party 2406 as illustrated in FIG. 24.

[0166] FIG. 2500 is a block diagram illustrating a first
example architecture of a computer system 2500 that can be
used in connection with examples disclosed and described
herein. As depicted in FIG. 25, the example computer
system can include a processor 2502 for processing instruc-
tions. Non-limiting examples of processors include: Intel
Xeon™ processor, AMD Opteron™ processor, Samsung
32-bit RISC ARM 1176JZ(F)-S v1.O™ processor, ARM
Cortex-A8 Samsung S5PC100™ processor, ARM Cortex-
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A8 Apple A4™ processor, Marvell PXA 930™ processor, or
a functionally-equivalent processor. Multiple threads of
execution can be used for parallel processing. In some
examples, multiple processors or processors with multiple
cores can also be used, whether in a single computer system,
in a cluster, or distributed across systems over a network
comprising a plurality of computers, cell phones, and/or
personal data assistant devices.

[0167] As illustrated in FIG. 25, a high speed cache 2504
can be connected to, or incorporated in, the processor 2502
to provide a high speed memory for instructions or data that
have been recently, or are frequently, used by processor
2502. The processor 2502 is connected to a north bridge
2506 by a processor bus 2508. The north bridge 2506 is
connected to random access memory (RAM) 2510 by a
memory bus 2512 and manages access to the RAM 2510 by
the processor 2502. The north bridge 2506 is also connected
to a south bridge 2514 by a chipset bus 2516. The south
bridge 2514 is, in turn, connected to a peripheral bus 2518.
The peripheral bus can be, for example, PCI, PCI-X, PCI
Express, or other peripheral bus. The north bridge and south
bridge are often referred to as a processor chipset and
manage data transfer between the processor, RAM, and
peripheral components on the peripheral bus 2518. In some
alternative architectures, the functionality of the north
bridge can be incorporated into the processor instead of
using a separate north bridge chip.

[0168] In some examples, system 2500 can include an
accelerator card 2522 attached to the peripheral bus 2518.
The accelerator can include field programmable gate arrays
(FPGAs) or other hardware for accelerating certain process-
ing. For example, an accelerator can be used for adaptive
data restructuring or to evaluate algebraic expressions used
in extended set processing.

[0169] Software and data are stored in external storage
2524 and can be loaded into RAM 2510 and/or cache 2504
for use by the processor. The system 2500 includes an
operating system for managing system resources; non-lim-
iting examples of operating systems include: Linux, Win-
dows™, MACOS™, BlackBerry OS™, iOS™, and other
functionally-equivalent operating systems, as well as appli-
cation software running on top of the operating system for
managing data storage and optimization in accordance with
certain examples.

[0170] Inthis example, system 2500 also includes network
interface cards (NICs) 2520 and 2521 connected to the
peripheral bus for providing network interfaces to external
storage, such as Network Attached Storage (NAS) and other
computer systems that can be used for distributed parallel
processing.

[0171] FIG. 26 is a diagram showing a network 2600 with
a plurality of computer systems 2602a, and 26025, a plu-
rality of cell phones and personal data assistants 2602¢, and
Network Attached Storage (NAS) 2604a, and 26045. In
some examples, systems 2602a, 26025, and 2602¢ can
manage data storage and optimize data access for data stored
in Network Attached Storage (NAS) 2604a and 26045. A
mathematical model can be used for the data and be evalu-
ated using distributed parallel processing across computer
systems 2602a, and 26025, and cell phone and personal data
assistant systems 2602c. Computer systems 2602a, and
26024, and cell phone and personal data assistant systems
2602 can also provide parallel processing for adaptive data
restructuring of the data stored in Network Attached Storage
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(NAS) 2604a and 26045. FIG. 26 illustrates an example
only, and a wide variety of other computer architectures and
systems can be used in conjunction with the various
examples of the present invention. For example, a blade
server can be used to provide parallel processing. Processor
blades can be connected through a back plane to provide
parallel processing. Storage can also be connected to the
back plane or as Network Attached Storage (NAS) through
a separate network interface.

[0172] In some example examples, processors can main-
tain separate memory spaces and transmit data through
network interfaces, back plane or other connectors for
parallel processing by other processors. In other examples,
some or all of the processors can use a shared virtual address
memory space.

[0173] The above computer architectures and systems are
examples only, and a wide variety of other computer, cell
phone, and personal data assistant architectures and systems
can be used in connection with example examples, including
systems using any combination of general processors, co-
processors, FPGAs and other programmable logic devices,
system on chips (SOCs), application specific integrated
circuits (ASICs), and other processing and logic elements. In
some examples, all or part of the computer system can be
implemented in software or hardware. Any variety of data
storage media can be used in connection with example
examples, including random access memory, hard drives,
flash memory, tape drives, disk arrays, Network Attached
Storage (NAS) and other local or distributed data storage
devices and systems.

[0174] In some examples of present disclosure, the com-
puter system can be implemented using software modules
executing on any of the above or other computer architec-
tures and systems. In other examples, the functions of the
system can be implemented partially or completely in firm-
ware, programmable logic devices such as field program-
mable gate arrays, system on chips (SOCs), application
specific integrated circuits (ASICs), or other processing and
logic elements.

1. A method for imaging a target, the method comprising:

a. performing optical coherence tomography (OCT) scan-
ning on a target with one or more beams of low
coherence light, wherein the one or more beams of light
comprise one or more near-infrared (NIR) wave-
lengths;

b. acquiring optical information from reflected signals
generated by OCT scanning to determine a flow rate of
a fluid in the target and generating a three dimensional
(3D) image of the target;

c. performing angiography on a target with fast scanning
and/or wide fleld imaging using narrow band illumi-
nation;

d. acquiring optical information from the angiography at
multi-wavelengths;

e. determining a concentration of one or more analytes
including oxygen saturation, from the acquired from
optical information from the angiography

f. determining a rate of change of the one or more analyte
concentrations in the target based on the determining of
flow rate of a fluid and a concentration of one or more
analytes.

2. The method of claim 1, wherein the generating the

3D-imaging in the target is performed without contacting at
least one analyte with an exogenous reagent or label.
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3. The method of claim 1, wherein the OCT scanning
generates one or more A-scans.

4. The method of claim 1, wherein angiography requires
generating multiple repeated images, and calculation of
differences, standard deviation among the acquired image
sequence stacks at each illumination.

5. The method of claim 1, comprising quantitatively
imaging a flow rate of a fluid in the target and a concentra-
tion of one or more analytes in the fluid in the target, and the
determining rate of change of one more analyte concentra-
tions.

6. The method of claim 1, wherein angiography is per-
formed with multiple wavelengths to collect optical infor-
mation spectra.

7. The method of claim 1, wherein the one or more beams
of light are used to perform multi-beam or multi-band
scanning OCT.

8. The method of claim 1 for angiography, wherein the
one or more beams of light illuminate the target concurrently
or sequentially.

9. The method of claim 1, wherein the quantitatively
imaging a flow rate of a fluid in the target and a concentra-
tion of one or more analytes in the fluid in the target occur
substantially simultaneously.

10. The method of claim 1, wherein the OCT scanning on
the target is performed with identical or different pre-defined
scanning trajectories.

11. The method of claim 1, wherein the angiography on
the target is performed with identical or different predeter-
mined illumination wavelengths, bandwidth, illumination
intensities.

12. The method of claim 1, wherein the angiography on
the target is performed with identical or different predeter-
mined repetition times and imaging field of views.

13. The method of claim 1, wherein the target is selected
from the group consisting of tissue, healthy tissue, diseased
tissue, retina, tumor, cancer, growth, fibroid, lesion, skin,
mucosal lining, organ, graft, blood supply and one or more
blood vessels.

14. The method of claim 1, wherein the quantitatively
imaging a flow rate of a fluid in the target is performed using
invisible light.

15. The method of claim 1, wherein the quantitatively
imaging a concentration of one or more analytes (including
oxygen saturation) in the fluid in the target is performed
using visible light at multi wavelengths.

16. The method of claim 1, wherein the fluid is selected
from the group consisting of whole blood, blood plasma,
blood serum, urine, semen, tears, sweat, saliva, lymph fluid,
pleural effusion, peritoneal fluid, meningal fluid, amniotic
fluid, glandular fluid, spinal fluid, conjunctival fluid, vitre-
ous, aqueous, vaginal fluid, bile, mucus, sputum and cere-
brospinal fluid.

17. The method of claim 1, wherein the analyte is selected
from the group consisting of oxygen, hemoglobin, oxygen-
ated hemoglobin, deoxygenated hemoglobin, glucose, sugar,
blood area nitrogen, lactate, hematocrit, biomarker and
nucleic acid.

18. The method of claim 1, wherein determining the rate
of change of one or more analytes is performed by compar-
ing or using a reference.

19. The method of claim 18, wherein the reference is
healthy tissue.
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20. The method of claim 18, wherein the reference is the
target in which the flow rate of a fluid and the concentration

of one or more analytes have been previously been quanti-
fied.
21.-56. (canceled)
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