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Figure 3
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Figure 5
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METHODS AND SYSTEMS FOR
DETERMINING VOLUMETRIC PROPERTIES
OF A TISSUE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/692,638 filed on Aug. 23,
2012, which is hereby incorporated by reference in its
entirety.

BACKGROUND

[0002] The assessment of both the structure of a living
tissue and microvascular functions in the living tissue pro-
vides important information for diagnostics, treatment, and/
or management of pathological conditions.

[0003] Ocular perfusion within the retina and choroid of the
eyemay be assessed to diagnose, treat, and monitor a number
of pathological conditions in ophthalmology, such as glau-
coma, papilledema, idiopathic and inflammatory forms of
optic neuritis, and ischemic optic neuropathies. Such assess-
ments may be used to provide guidance in medical, laser, or
surgical management for a disorder of the tissue of the eye.
Disorders of a tissue of the skin, heart, vasculature microcir-
culation, connective tissue structures, internal organs, and
central nervous system are other examples of conditions
where measuring microvascular properties may be beneficial.
[0004] Techniques have been developed to visualize and
measure in vivo blood flow. However, such techniques either
only provide information on flow in a single vessel without
providing information about perfusion of the remaining area
of interest, or are limited to a small selected area and the exact
volume of the tissue being measured is not known, restricting
the reproducibility of measurements. Traditional methods
have also been insufficient to measure the depth-resolved
structure and blood flow within the microcirculation of tissue
non-destructively in vivo.

[0005] There is a need for a sensitive, non-invasive method
and system for assessing properties related to the blood flow
living tissue of a subject.

SUMMARY

[0006] In accordance with the present invention, a system
and a method are defined for determining microvascular func-
tions in a sample of a subject. In one embodiment, the method
may comprise performing a repeated scan of the sample with
a probe beam from a light source, obtaining one or more
spectral interference signals from the sample during the scan,
extracting data from the spectral interference signals con-
cerning cell, tissue, or particle motion within the sample, and
calculating volumetric properties from the data indicative of
fluid motion within the sample. The data from the spectral
interference signals concerning cell, tissue, or particle motion
within the sample may be extracted via one or more optical
microangiography algorithms. The method may be used for
diagnosing, providing a prognosis, or monitoring treatment a
disorder of a sample, such as a living tissue in a subject, for
example. Particularly, the subject may be at risk of an ocular
pathology or has an ocular pathology. The ocular pathology
may be but is not limited to one or more of glaucoma, papille-
dema, inflammatory neuropathies, and ischemic neuropa-
thies.
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[0007] In one embodiment, the method may further com-
prise combining a UHS-OMAG imaging protocol with a
D-OMAG imaging protocol, wherein the D-OMAG imaging
protocol comprises performing the repeated scan of two or
more scans at a location, followed by using the phase differ-
ence between adjacent A-scans to extract volumetric propet-
ties, and the UHS-OMAG protocol comprises performing a
plurality of fast scans on a fast scan axis with the probe beam
from the light source, performing a plurality of slow scans on
a slow scan axis, obtaining a data set from the plurality of fast
and slow scans, producing at least one microstructural image
of the sample, and mapping the determined volumetric prop-
erties into the microstructural image of the tissue. Animaging
algorithm may be applied to produce at least one microstruc-
tural image of the sample. In an alternative embodiment, the
method may further comprise combining a UHS-OMAG
imaging protocol with OMAG imaging protocol.

[0008] In another embodiment, a system for measuring
microcirculation is provided.

[0009] The system includes an optical coherence tomogra-
phy probe, an optical circulator, a coupler, a spectrometer, and
a physical computer-readable storage medium. The system is
configured to acquire images from living tissue. The physical
computer-readable storage medium has stored thereon
instructions executable by a device to cause the device to
perform functions to extract microcirculation data from
images acquired from optical coherence tomography scans of
the tissue, the functions comprising: determining a phase
difference and a time interval between adjacent A-lines from
the acquired images, calculating an axial velocity for the at
least one vessel from the determined phase difference and the
time interval, determining a Doppler angle and a diameter of
at least one vessel from the acquired images, and calculating
blood flow velocity from the axial velocity, the Doppler angle,
and the diameter of the at least one vessel.

[0010] These as well as other aspects and advantages of the
synergy achieved by combining the various aspects of this
technology, that while not previously disclosed, will become
apparent to those of ordinary skill in the art by reading the
following detailed description, with reference where appro-
priate to the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0011] FIG. 1depicts a block diagram of an imaging appa-
ratus in accordance with at least one embodiment;

[0012] FIG. 2 depicts a schematic of an exemplary system
in accordance with at least one embodiment;

[0013] FIG. 3 depicts an image of an ONH taken with the
exemplary system of FIG. 2 in accordance with at least one
embodiment;

[0014] FIG. 4a depicts a fundus image of the temporal
region of the ONH taken with the exemplary system of FIG.
2 in accordance with at least one embodiment;

[0015] FIG. 4b depicts the projection image of correspond-
ing 3D microvasculatures for the image of FIG. 4a in accor-
dance with at least one embodiment;

[0016] FIG. dc depicts an example cross-sectional image
generated by the exemplary system of FIG. 2 at the position
marked as the dashed line in FIG. 44, in accordance with at
least one embodiment;

[0017] FIG. 4d depicts a corresponding blood flow image
for FIG. 4¢, in accordance with at least one embodiment;
[0018] FIG. 5 depicts a volumetric rendering for a 3D
dataset, in accordance with at least one embodiment;
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[0019] FIGS. 6a-I depictimages of enface slices taken from
the superficial surface of the nerve layer of a living tissue, in
accordance with at least one embodiment;

[0020] FIG. 7a depicts an image of an enface microstruc-
ture image, in accordance with at least one embodiment;
[0021] FIG.7b depicts a binary image of the image of FIG.
7a, in accordance with at least one embodiment;

[0022] FIG. 7¢ depicts an image resulting from superim-
posing the image in FIG. 75 over the image in FIG. 7q, in
accordance with at least one embodiment;

[0023] FIG. 8a depicts a UHS-OMAG microangiogram of
choroidal and ONH capillary beds at increasing IOP, in accor-
dance with at least one embodiment;

[0024] FIG. 8b depicts a graph illustrating the effect of IOP
on RBF as a percent of baseline plotted over mmHg, in
accordance with at least one embodiment;

[0025] FIG. 8¢ depicts a graph illustrating the vessel diam-
eter change as a percent of baseline plotted over mmHg, in
accordance with at least one embodiment;

[0026] FIG. 9a depicts a UHS-OMAG microangiogram of
choroidal and ONH capillary beds after removal of the retinal
vessels, in accordance with at least one embodiment;

[0027] FIG. 95 depicts a graph illustrating the effect of IOP
on choroidal perfusion as a percent of baseline plotted over
mmHg, in accordance with at least one embodiment;

[0028] FIGS. 10a-d depict OCT structural images and cor-
responding flow images, in accordance with at least one
embodiment;

[0029] FIGS. 10e- depict steps in quantitation of ONH
blood perfusion, in accordance with atleast one embodiment;
and

[0030] FIG. 11 depicts the effect of IOP on ONH blood
perfusion as a signal volume percent plotted over mmHg, in
accordance with at least one embodiment.

DETAILED DESCRIPTION

[0031] In the following detailed description, reference is
made to the accompanying figures, which form a part thereof.
In the figures, similar symbols typically identify similar com-
ponents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, figures,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter pre-
sented 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, com-
bined, separated, and designed in a wide variety of different
configurations, all of which are explicitly contemplated
herein.

[0032] Embodiments described herein provide an ultrahigh
sensitive optical microangiography (UHS-OMAG) system
that delivers high sensitivity with a relatively low data acqui-
sition time. OMAG is an imaging modality that is a variation
on optical coherence tomography (OCT). The imaging is
based on the optical signals scattered by moving particles.
The light backscattered from a moving particle may carry a
beating frequency that may be used to distinguish scattering
signals by the moving elements from those by the static
elements. Thus, the optical signals backscattered from the
moving blood cells are isolated from those originated from
the tissue microstructures. Accordingly, OMAG can be used
to image the flow of particles, such as blood flow. As an
extension to the OMAG imaging technique, Doppler OMAG

Aug. 20,2015

(D-OMAG) uses the phase difference between adjacent
A-scans of OMAG flow signals to extract volumetric propet-
ties, such as the flow velocity.

[0033] FIG. 1depicts a block diagram of an imaging appa-
ratus in accordance with at least one embodiment. The imag-
ing apparatus may be a UHS-OMAG apparatus 100 suitable
for ultrahigh sensitive 2-D and 3-D flow imaging. The illus-
trated UHS-OMAG apparatus 100 may include some features
known in the art, features which may not be explained in great
length herein except where helpful in the understanding of
embodiments of present disclosure.

[0034] The UHS-OMAG apparatus 100 may be used,
among other things, to measure biomechanical properties ofa
living tissue sample of a subject. Thus, the UHS-OMAG
apparatus 100 may be used on a subject in vivo. As referenced
herein, a subject may be a human subject.

[0035] As shown in FIG. 1, UHS-OMAG apparatus 100
includes a light source 110. In one example embodiment,
light source 110 comprises a broadband light source, for
example, superluminescent diode with a central wavelength
of 1310 nanometers (nm) and a full-width-at-half-maximum
bandwidth of 65 nm. In some example embodiments, light
source 110 comprises a light source haying one or more
longer or shorter wavelengths, which may allow for imaging
at deeper levels in a sample. In other example embodiments,
light source 110 may comprise a tunable laser source, such as,
for example, a swept laser source.

[0036] UHS-OMAG apparatus 100 may include optics 111
to couple she light from the light source 110 into the system.
The UHS-OMAG apparatus 100 may include a beam splitter
112 for splitting the light from optics 111 into two beams: a
first beam provided to a reference arm 114 and a second beam
provided to a sample arm 116. In some example embodi-
ments, optics 111 may include various lenses or fiber optics
components suitable for use with the apparatus 100. Beam
splitter 112 may comprise a 2x2 single-mode fiber coupler, in
one example embodiment.

[0037] Reference arm 114 may be configured to provide a
reference light to a detection arm 130, from the light provided
by light source 110, for producing a spectral interferogram in
combination with backscattered light from a sample 118.
Reference arm 114 may include optics 120 and a reference
minor 122 for reflecting light from light source 110 for pro-
viding the reference light. Optics 111 may include various
lenses suitable for use with the apparatus 100.

[0038] Reference mirror 122 may be stationary or may be
modulated. Modulation may be equivalent to frequency
modulation of the detected signal at detection arm 130. Spec-
tral interference signals (interferograms) play be modulated
by a constant Doppler frequency by a modulated mirror in the
reference arm 114. The spectral interference signal may then
be recovered by de-modulating the modulated signal at the
modulation frequency. De-modulation may be achieved
using any suitable method including, for example, a digital or
optical de-modulation method. Modulation and de-modula-
tion of spectral intereference signals may advantageously
improve the signal-to-noise ratio, resulting in an improved
image quality for the structural, flow, and angiographic imag-
ing.

[0039] Sample arm 116 may be configured to provide light
from light source 110 to a sample 118 by way of optics 124,
a scanner 126, and optics 128. Optics 124 may be used to
couple the light from beam splitter 112 to scanner 126. Optics
128 may include various optical lenses, for example, an opti-
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cal collimator. Scanner 126 may include a pair of x-y galva-
nometer scanners for scanning sample 118 in an x-y direction.
Optics 111 may comprise the appropriate optics for deliver-
ing the light form the scanner 126 onto sample 118. In some
example embodiments, scanner 126 may also receive back-
scattered light from sample 118.

[0040] The light returning from reference arm 114 and
from sample arm 116 may be recombined and coupled into
the beam splitter 112 for introduction to the detection arm
130. As shown in FIG. 1, detection arm 130 comprises a
spectrometer 134 including one or more of various optics 136
including, one or more collimators, one or more diffracting/
transmission gratings, and one or more lenses (not illus-
trated). In an exemplary embodiment, optics 136 includes a
30-millimeter (mm) focal length collimator, a 1200 lines/mm
diffracting grating, and an achromatic focusing lens with a
150 mm focal length.

[0041] In embodiments employing a broadband light
source, spectrometer 134 may include a detector, such as a
linear detector 138, configured to detect a spectral interefer-
ence signal. Linear detector 138 may include one or more of
a line-scan camera and an area scan camera. One example
linear detector 138 is a charge-coupled device (CCD). Other
linear detectors may also be envisioned.

[0042] Inembodiments where light source 110 comprises a
tunable laser rather than a broadband light source, however,
UHS-OMAG apparatus 100 may include a diffusion ampli-
fier that may comprise one or more single element detectors
rather than spectrometer 134. For example, one or more dual-
balanced photo-diode detectors may be used.

[0043] Insonic example embodiments, UHS-OMAG appa-
ratus 100 may include one or more user interfaces 140 for one
or more purposes including controlling linear detector 138
and scanner 126, computing data using algorithms, display-
ing images, input of data, output of data, and the like.

[0044] UHS-OMAG apparatus 100 may be configured to
build a 3D data volume set by scanning sample 118 with a
sample lightinx, y, and A (z) directions to obtain a 3D spectral
interferogram data set. Such a 3D data volume set may be
built using methods described in U.S. patent application Ser.
No. 13/577,857, entitled “Method and Apparatus for Ultra-
high Sensitive Optical Microangiography,” which is incorpo-
rated herein by reference.

[0045] In some example embodiments, scanner 126 may
include an x-scanner and a y-scanner. During the composite
scan, the x-scanner may perform at least one fast scan along
a fast scan axis, and the y-scanner may perform at least one
slow scan along a slow scan axis. The fast scan axis may be
orthogonal to the slow scan axis. The fast scan may also be
referred to as the axis, the lateral axis, and/or the B-scan axis.
Similarly, the slow scan may also be referred to herein as a
C-scan, and the slow scan may also be referred to as the
y-axis, the elevational axis, and/or the C-scan axis. Fach fast
scan may be performed over a fast scan time interval, and each
slow scan may be performed over a slow scan time interval,
where the slow scan time interval is at least twice as long as
the fast scan time interval. In some embodiments, the scanner
may perform the one or more fast scans contemporaneously
with the one or more slow scans. In such embodiments, a
plurality of fast scans may be performed during one slow
scan. A combination of slow and fast scans provides a3D data
set necessary to obtain a 3D image. Thus, a UHS-OMAG
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imaging protocol comprises a plurality of fast scans on the
fast scan axis and a plurality of slow scans on the slow scan
axis.

[0046] In each B-scan there may be a number of A-scans.
An A-scan may be performed in the z-axis, orthogonal to both
the x-axis and the y-axis. Each A-scan may include a number
of pixels, i.e., data points, providing imaging depth informa-
tion in the z-axis. Similarly, a C-scan may include a number of
B-scans.

[0047] In some example embodiments, an imaging algo-
rithm may be applied to the 3D data set to produce at least one
image. The imaging algorithm may be applied on the slow
scan axis. In some example embodiments, the imaging algo-
rithm may separate a moving component from a structural
component of the sample. The image may be a full range
structural image, and/or a separated structural flow image, in
some example embodiments, the image may be of blood flow,
such as blood flow in the eye.

Example 1

Imaging and Assessment of a Human Eye In Vivo

[0048] FIG. 2 depicts a schematic of an exemplary system
200 that was used to image and assess a human eye in vivo.
The exemplary system in FIG. 2 is an OMAG system 200
comprising a light source 210, a fiber optic coupler 211,
polarization controllers 212, optical circulator 213, collima-
tors 214, diffraction gratings 215, a reference mirror 216,
focusing lenses 218, an ocular lens 219, an X-Y galvanometer
220, line scan cameras 221, a main computing system 222,
and a display 226. A sample 224 is positioned to be imaged
and assessed. The system 200 may be similar to a described in
L. An, P. Li, T. T. Shen and K. Wang, High Speed Spectral
Domain Optical Coherence Tomography for Retinal imaging
at 500,000 A-lines per Second, Biomed Opt. Express 2(1),
2770-2783 (2011).

[0049] Example 1 isdiscussed in detail in An, L. Johnstone,
and Wang, R. Optical Microangiography Provides Correla-
tion Between Microstructure and Microvasculature of Optic
Nerve Head in Human Subjects, Journal Biomedical Optics
17:116018-116018, 2012. In Example 1, the light source 210
comprised a superluminescent diode with a spectral band-
width of 45 nm centered at 842 nm that provided an axial
resolution in air of about 7 um. The light source 210 was
coupled to a fiber-based Mach-Zehnder interferometer via a
20/80 fiber coupler. In Example 1, using two optical circula-
tors, 20% of the light was routed to the sample arm and 80%
to the reference arm. In the sample arm, the light was deliv-
ered into the sample 224 via a scanning optics setup with a
measured light power of about 0.8 mW at the cornea. The
scanning optics comprised collimators 214, X-Y galvanom-
eter 220, and ocular lens 219, which provided a raster-scan-
ning of the probe-beam spot at the retina.

[0050] The main computing system 222 used in Example 1
may be the same as or similar to any number of computing
systems known in the art and may include a processor, data
storage, and logic. These elements may be coupled by a
system or bus or other mechanism. The processor may
include one or more general-purpose processors and/or dedi-
cated processors, and may be configured to perform an analy-
sis on the output generated from the line scan cameras in the
system 200. An output interface may be configured to trans-
mit output from the computing system to a display, such as the
display 226.
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[0051] The light backscattered from the eye and reflected
from the reference mirror 216 was collected and delivered to
two high-speed spectrometers via fiber coupler 211. For each
line scan camera 221, 800 out of 4096 pixels were selected for
sensing the spectral interferogram, resulting in a 250 kHz
A-scan rate.

[0052] A system such as the system 200 used for Example
1 may be used to image and assess tissue organization and
microvascular fanctions within the optic nerve head (ONH),
in one example embodiment, in a non-invasive and concur-
rent manner. The ONH comprises a superficial nerve layer,
pre-lamina, lamina cribrosa, and retro-lamina regions.
[0053] FIG. 3 depicts an image of an ONH 300 taken with
the system of FIG. 2. The image 300 is a volumetric Fourier
domain optical coherence tomography (FDOCT) image cov-
ering an area of about 3x3 mm? centered on the ONH by use
of alow lateral resolution imaging probe. To obtain the image
300, S00A-scans and 500 B-scans were taken and the A-scans
were integrated along the z-axis direction in the ONH.
[0054] The image 300 shows features including the optic
disk represented by dashed line circle 310, scleral rim iden-
tified as a region by arrows 320, and the ONH blood vessels,
such as a blood vessel 330. Furthermore, S denotes superior,
N denotes nasal, T denotes temporal, and I denotes inferior.
However, this image does not show the detailed microstruc-
tural and microvascular morphology of the ONH.

[0055] FIG. 4a depicts a fundus image 400 of the temporal
region of the ONH taken with the system of FIG. 2. To obtain
the image 400, a high resolution optical imaging probe with a
probe beam diameter of approximately 4 mm at the cornea
was installed on the sample arm to deliver a lateral resolution
of about 6 um at the ONH. To obtain imaging of the ONH
microcirculation, 500 pixels were captured along the fast-
scan direction and 1500 B-frames along the slow-scan direc-
tion. In image 400, RA depicts the retinal artery, and NR rim
the neuroretinal rim.

[0056] FIG. 45 depicts the projection image 410 of corre-
sponding 3D microvasculatures for the image of FIG. 4a in
accordance with at least one embodiment. FIG. 45 shows that
the ONH is highly vascularized, evidence until now which
was only obtainable through in vitro corrosion casting tech-
niques or histologic study. In this Example 1, the blood flow
in the vessels within the ONH can be localized to an ONH
depth of about 0.8 mm.

[0057] FIG. 4c¢ depicts an example cross-sectional image
420 generated by the system 200 of FIG. 2 at the position
marked as a dashed line 405 in FIG. 4a, and FIG. 4d depicts
acorresponding blood flow image 430 for FIG. 4¢. InFIG. 4¢,
NFL represents the nerve fiber layer, PL the prelaminar ONH
tissue, and LC the lamina cribrosa.

[0058] FIG. 5 depicts a volumetric rendering 500 for a 3D
dataset obtained using the system 200 of FIG. 2. The volu-
metric rendering 500 shows locations of some key features of
the ONH such as the lamina cribrosa (represented by L.C) and
cupped region “Disc Cup” of the optic nerve. The 3D dataset
comprises the structural, organizational, and vascular infor-
mation and can be manipulated to display enface tissue slices
at particular depths.

[0059] One such example of enface tissue slices is shown in
FIGS. 6a-/, which depict images of enface slices taken from
the superficial surface of the nerve layer of a living tissue.
FIGS. 6a,d, g, and j illustrate enface tissue slices of the
microstructural images, FIGS. 6, ¢, &, and £ illustrate corre-
sponding vascular images, and FIGS. 6¢, £ i, and / illustrate
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merged structure and vascular images, allowing for a better
appreciation of their spatial relationships. The images of
FIGS. 6a-c were extracted at about 80 um (to correspond with
the superficial nerve fiber layer), the images of FIGS. 6d-f'at
about 180 um (to correspond with the pre-lamina), the images
of FIGS. 6g-i at about 400 um (to correspond with the lamina
cibrosa), and the images of FIGS. 6/-/ at about 600 um (to
correspond with the lamina cibrosa).

[0060] The high resolution and sensitivity of the system
200 permitted visualization of the scleral rim (identified by
the arrows 610 in FIG. 6g) underlying the nerve fiber bundles
entering the ONH around the ONH circumference. The
scleral rim tissue is highly vascularized (shown by arrows 620
in FIG. 64), a property not easily appreciated when examining
histologic material in which the circulationis devoid of blood.
Additionally, Example 1 demonstrates the ability of OMAG
system 200 to visualize the larger blood vessels lying within
the scleral rim periphery adjacent to the deeper region of the
lamina cribrosa (shown by arrows 630 in FIG. 6k).

[0061] The total intravascular volume within the 3D tissue
volume may be quantified. For example, FIG. 7a depicts an
image 700 of an enface microstructure image obtained with
the results obtained from the sample 224 examined using
system 200. The porous structure of the lamina cribrosa can
be easily viewed in FIG. 7a, which was taken at a depth of
about 400 um below the ONH surface. To quantitatively
evaluate the distribution of the pore sizes, the LC region in
FIG. 7a is manually selected and marked with the white circle
705. The pore areas were then isolated, as depicted in the
binary image 710 of FIG. 75 by use of a binarization method.
FIG. 7¢ depicts an image 720 resulting from superimposing
the image in FIG. 7b over the image in FIG. 7a. The pore area
and elongation ratio (ratio of major to minor axes of an ellipse
that fits the pore) can be evaluated using a method such as that
in K. M. Ivers et al., Reproducibility of measuring lamina
cribrosa pore geometry in human and nonhuman primates
with in vivo adaptive optics imaging, Invest Ophthalmol Vis
Sci 52(8), 5473-5480(2011) (hereafter “K. M. Ivers article™).
The results obtained using OMAG imaging of the ONH were
comparable with those reported in the K. M. Ivers article
(average pore area about 1698 um? with a standard deviation
of 1405, and the average elongation ratio 1.72 with a standard
deviation of 0.29). Such results demonstrate the usefulness of
using OMAG imaging combined with quantitative analysis as
an examination tool in future assessment of glaucoma.

[0062] An ability to concurrently image and assess micro-
structure and functional microcirculation of the ONH, as
described above for Example 1, opens a new realm of possi-
bilities for diagnosing, monitoring, and therapeutic guidance
in the management of disease processes of the eye. The sys-
tem and method described in Example 1 is also applicable to
other tissues, such as the heart, walls of vessels elsewhere in
the vascular system, connective tissues such as cartilage and
tendon, the central nervous system, and various other internal
organs.

[0063] The system 200 may be a useful tool for the study of
mechanisms associated with physiologic regulation of ONH
blood flow, effects of pharmacologic agents and vascular
components of pathologic processes associated with ONH
disease states. The system 200 may be used for a subject at
risk of any ocular pathology, including but not limited to
glaucoma, papilledema, idiopathic and inflammatory forms
of optic neuritis, and ischemic optic neuropathies.
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[0064] In some example embodiments, UHS-OMAG and
OMAG imaging protocols may be used in combination to
achieve 3D data volumes, from which 3D blood flow images
may be reconstructed. Additionally, D-OMAG may be used
to quantify volumetric, e.g., blood flow properties.

[0065] The OMAG imaging protocol comprises perform-
ing a repeated scan (i.e., two or more scans at or across the
same location) of a sample with a probe beam from a light
source, such as the light sources described with reference to
FIGS. 1-2. The more scans that are performed for the repeated
scan, the more time is required to obtain 3D images. The
repeated scan may comprise one or more scanning patterns of
the following: a repeated scan at one spatial location
(A-scan), a repeated scan at one cross-section (B-scan), and a
repeated scan at a tissue volume (C-scan). A repeated scan of
the same location is able to capture the data necessary to
obtain a microvascular image.

[0066] Volumetric properties may include but are not lim-
ited to a velocity and a quantity of volume of fluid flow
through one or more vessels with summation of volumetric
data for the volume, a bulk flow within an ONH, and struc-
tural information about a blood supply surrounding and
within peripheral regions of the ONH. The peripheral regions
of the ONH include, but are not limited to, vessels arising
from posterior ciliary arteries, choroidal circulation that
enters an optic nerve, and a circle of Zinn-Haller.

[0067] Volumetric properties may be used to measure at
least one vessel diameter, to quantify a total optic nerve vas-
cular volume, to quantify a vascular volume at each level
within an ONH, to measure a prelaminar vascular volume, to
measure a total volume of vascular beds of LC, or to measure
a flow within a vessel entering the optic nerve.

[0068] The volumetric properties may be used to perform
an analysis of the waveform of the arterial and/or venous
pulse waves within vessels of the optic nerve or retina. Vari-
ous correlations may also be drawn from such data. For
example, correlations may be made between pulse ampli-
tudes of arterial circulation and venous circulation and
between time and phase relationships between peaks and
troughs of pulse waves of the arterial circulation and the
venous circulations. Additionally, pulsatile flow amplitudes
of arterial and venous circulation of the optic nerve may be
calculated. In some examples, amplitude, phase, and time
relationships between pulsatile motions of arterial and
venous systems, and fluidics (the use of a fluid to perform
operations) of cerebrospinal fluid compartments are deter-
mined, including a subarachnoid space surrounding the optic
nerve. The fluidics may be determined independently from
the amplitude, phase, and time relationships of the pulsatile
motions, and the fluidics may then be correlated with the
determined amplitude, phase, and time relationships. The
fluidics of the cerebrospinal fluid compartment may be deter-
mined based on information from the pulsatile behavior, such
as the pulsatile motions and pulsatile flow amplitudes.
[0069] In one example embodiment, calculating volumet-
ric properties from data obtained comprises determining the
volume of functional blood from the volumetric microcircu-
lation image, calculating the physical volume of the scanned
tissue to determine a mass of the scanned tissue, and calcu-
lating a ratio of volume of functional blood to the mass to
determine the volume of blood flow. The volumetric proper-
ties may be calculated from the microcirculation image at
different tissue depths produced by applying a segmentation
algorithm to segment the volumetric images. The volumetric
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properties may be calculated from a 2D (x-y) projection
image produced from a 3D (volumetric, x-y-z) microcircula-
tion image.

[0070] In another example embodiment, calculating volu-
metric properties from data obtained comprises determining
the volume of functional blood from the volumetric micro-
circulation image, calculating the physical volume of the
scanned tissue, and calculating the ratio of the volume of
functional blood to the physical volume to determine the
blood vessel density within the scanned tissue volume. The
volumetric properties may be calculated from the microcir-
culation image at different tissue depths produced by apply-
ing a segmentation algorithm to segment the volumetric
images. The volumetric properties may be calculated from a
2D (x-y) projection image produced from a 3D (volumetric,
X-y-z) microcirculation image.

[0071] One exemplary calculation is to calculate retinal
blood flow (RBF) from such volumetric data. First, certain
retinal arteries or vessels are selected using vessel branches
located near the ONH. The axial velocity of each vessel may
then be determined from a D-OMAG cross-sectional phase
image by calculating the phase difference between adjacent
A-lines. The axial velocity V. may be calculated as:

Ap-Ag
~ dnnAry,

Equation 1

7

z

[0072] whereh,is the central wavelength, nis the refractive
index, A¢ is the phase difference between adjacent A-lines
and At is the time interval between adjacent A-lines. A Dop-
pler angle for a vessel and a blood vessel diameter may be
determined from 3D vasculature maps.

[0073] Absolute blood flow velocity may then be calcu-
lated from the axial velocity V , after the value is corrected by
the Doppler angle. The blood flow rate may then be calculated
for each vessel by multiplying the absolute velocity with the
area of the vessel cross-section.

[0074] In one embodiment, the volumetric properties may
be calculated for an entire sample. In another embodiment,
the volumetric properties may be calculated for a segment or
a selected region of a sample. In this embodiment, data for
each selected region of the sample is obtained and volumetric
properties for each selected region are then independently
calculated.

[0075] Volumetric properties may be used to correlate a
cardiac pulse-induced dynamic movement of lamina cribrosa
beams with vascular local and bulk flow measurments within
vessels of the ONH and surrounding tissues, to concurrently
compare vascular dimensions, surrounding X-Y and 3D con-
nective tissue dimensions, and fluid flow within and sur-
rounding the ONH.

Example 2

Imaging and Calculation of Microcirculation
Parameters within a Rat Eye

[0076] In another example, a system such as system 200
described with reference to FIG. 2 was used to image and
analyze the tissue and blood flow in a rat retina, ONH, and
surrounding choroid. Quantitative measurements of elevated
intraocular pressure (IOP) on vascular beds were determined
as well.
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[0077] Example 2 is discussed in detail in Zhi Z., et al.,
Impact of Intraocular Pressure on Changes of Blood Flow in
the Retina, Choroid, and Optic Nerve Head in Rats Investi-
gated by Optical Microangiography, Biomed Opt. Express
1:3(9):2220-33; 2012. In Example 2, the OMAG system was
operated at a wavelength of 1300 nm The axial resolution was
12 um and the lateral resolution was about 16 um in air. The
maximal imaging speed of the system was 92,000 A-scans per
second, and the measured signal to noise ratio (SNR) was
about 100 dB at the focus spot of the sampling beam. The total
depth range was measured to be about 2.8 mm in air.

[0078] At each IOP level, 3D data volumes covering the
ONH area were captured using the UHS-OMAG scanning
protocol, similar to that described with reference to FIGS. 1
and 2. The raster scanning was performed to capture 256
A-lines within each B-scan and 1000 B-scans for each
C-scan. Using a frame rate of 280 frames per second (fps), a
single 3D data set was obtained in about 3 seconds. Then,
repeated B-scans (using 3000 A-lines per B-scan and a frame
rate of 10 fps) at one cross-section for D-OMAG analysis
were applied to determine the axial blood flow velocity in
selected retinal arteries or veins. A switch between UHS-
OMAG and D-OMAG imaging protocols was controlled by
software from a computing device, such as the main comput-
ing device 222 described with reference to FIG. 2.

[0079] 3D blood flow images were reconstructed from the
3D data volumes by applying high pass filtering along the
slow scan direction to separate the moving blood flow from
static tissues. Thereafter calculations such as for an RBF,
choroidal, and ONH blood flow discussed above, were pet-
formed. In order to assess the effect of IOP on RBF, the flow
rates at each level of IOP were normalized and expressed as a
percentage of the baseline reading (10 mmHg).

[0080] In Example 2, UHS-OMAG microangiogram maps
800, shown in FIG. 84, of the rat REF showed a progressive
decrease in the density of functional capillaries and a
decreased diameter of the larger vessels as the IOP was
increased from 10 mmHg to 80 mmHg, with near complete
obstruction at 100 mmHg.

[0081] FIG. 85 depicts a graph 810 the quantification of the
effect of elevated IOP on RBF. Average blood flow rate
changes from 6 eyes demonstrated an approximately linear
decrease in RBF relative to the baseline, starting from 30
mmHg to nearly 0 at 100 mmHg. RBF and flow values
reverted to baseline after [OP was returned to 10 mmHg. FIG.
8¢ depicts a graph 820 illustrating corresponding vessel
diameter changes. The changes depicted in FIG. 8¢ help
identify the contribution of velocity and vessel diameter to the
reduced blood flow rate, showing that the reduction in vessel
diameter was smaller than that of blood flow rate, suggesting
that the blood flow rate reduction resulted from decreased
flow velocity as well as reduction in vessel diameter.

[0082] FIG. 9a depicts a UHS-OMAG microangiogram
900 of choroidal and ONH capillary beds at increasing 10P
from 10 mmHg to 100 mmHg and back to 10 mmHg, after
removal of the retinal vessels, in accordance with at least one
embodiment. This revealed, at low IOPs, a dense and intact
choroidal capillary bed and choroicapillaris with an opening
for the ONH. As the IOP increased, the capillary beds began
to show the effects by 60 mmHg, as demonstrated by apparent
filling voids 905. All changes reverted to baseline once TOP
was returned to 10 mmHg.

[0083] To quantitate the reduced choroidal perfusion or
filling with increasing IOP, the area of choroidal filling at each
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TOP level was measured and calculated as a percentage ofthe
choroidal filling seen atbaseline (10 mmHg). This is shown in
FIG. 95, which depicts a graph 950 plotting percent of base-
line over mmHg.

[0084] FIGS. 10a-d depict OCT structural images and cor-
responding flow images across the ONH region at two TOP
levels (20 mmHg and 60 mmHg, respectively). Capillary flow
signals within the ONH are visualized in FIG. 10d with arrow
1010, however, overlying retinal vessels may shadow the
structures within the ONH which results in low signal
strength in the dashed circle of the OCT image of FIG. 10gq,
causing some capillary perfusion to be undetectable in FIG.
105.

[0085] FIGS. 10e-/ depict steps in quantitation of ONH
blood perfusion. These steps include segmentation of the
retinal vasculature from anterior view 3D vasculature maps of
FIGS. 10e-f, identifying the blood flow signal pixel map at
FIG. 10g, and the ONH volume used for the percentage of
perfusion calculation of FIG. 101-4.

[0086] FIG. 11 depicts a graph 1100 showing the effect of
IOP on ONH blood perfusion as a signal volume percent
plotted over mmHg. The graph 1100 shows an increase in
perfusion at lower IOPs. ONH perfusion reverted to baseline
when IOP returned to 10 mmHg,.

[0087] Elevation of IOP is known to affect retinal perfu-
sion, and may play a role in the development of optic nerve
damage in some glaucoma patients. However, unless perfu-
sion of the back of the eye can be determined, it is difficult to
be certain what role reduced perfusion may play in the effects
of elevated IOP on the relevant tissues. For these reasons,
developing non-invasive methods of imaging and measuring
blood flow in the retina, choroid and ONH is important for
both clinical management and experimental research in glau-
coma.

[0088] The above described systems and methods may be
used for a number of optic nerve assessments, including but
not limited to: tomographic measurement of the structural
organization of the optic nerve, tomographic measurements
permitting quantitation of the size and shape of pores in each
of the laminar beams, quantitation of the total pore size within
the layers of the laminar beams, quantitative assessment of
changes in size and configuration of the laminar pores, assess-
ment of prelaminar vascular volume, assessment of total vol-
ume of vascular beds of LC, quantification of total or global
optic nerve vascular volume, quantification of vascular vol-
ume at least level within the ONH, characterization of flow
patterns of the microcirculation within each level of the
prelaminar and laminar portion of the optic nerve, character-
ization of vascular flow patterns within the vessels that arise
from the posterior ciliary arteries and pass through the sclera
rim, characterization of the region of the circle of Zinn-
Haller, characterization of flow patterns of vessels entering
the optic nerves from the choroidal circulation, measurement
of velocity of flow through vessels, measurement of vessel
diameters by means of both structural and phase-based tech-
niques, quantitative assessment of flow within individual ves-
sels entering the optic nerve, assessment of the effect of
medications on the above vascular parameters, and assess-
ments of IOP effects on the vascular parameters.

[0089] The determination of microvascular functions may
be used to diagnose, provide a prognosis, monitor treatment
and guide treatment decisions for a disorder of the sample of
a subject. The treatment may include medical, laser, or sur-
gical intervention. A treatment decision may be based on the
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prognosis, monitoring or assessment of current properties of
the tissues or regions of the tissue conducted in accordance
with the determination of microvascular functions performed
in the manner described above.
[0090] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments will be
apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration
and are not intended to be limiting, with the true scope and
spirit being indicated by the following claims, along with the
full scope of equivalents to which such claims are entitled. It
is also to be understood that the terminology used herein is for
the purpose of describing particular embodiments only, and is
not intended to be limiting.
What is claimed is:
1. A method for determining microvascular functions in a
sample of a subject comprising:
performing a repeated scan of the sample with a probe
beam from a light source, wherein the repeated scan
comprises two or more scans at the same location;

obtaining one or more spectral interference signals from
the sample during the scan;

extracting data from the spectral interference signals con-

cerning cell, tissue, or particle motion within the sample;
and

calculating volumetric properties from the data indicative

of fluid motion within the sample.

2. The method of claim 1, wherein performing the repeated
scan comprises a D-OMAG imaging protocol and performing
the plurality of fast scans on the fast scan axis and the plurality
of slow scans on the slow scan axis comprises a UHS-OMAG
imaging protocol, and a physical computer-readable storage
medium executes instructions to switch between running the
D-OMAG scanning protocol and the UHS-OMAG imaging
protocol.

3. The method of claim 1, wherein the repeated scan com-
prises one or more scanning patterns selected from the group
consisting of a repeated scan at one spatial location, a
repeated scan at one cross-section, and a repeated scan at a
tissue volume.

4. The method of claim 1, wherein calculating the volu-
metric properties from the data further comprises:

segmenting selected regions of the sample and obtaining

data for each region.

5. The method of claim 1, wherein calculating the volu-
metric properties from the data further comprises:

determining a volume of functional blood from a volumet-

ric microcirculation image;

calculating a physical volume of the sample to determine a

mass of the sample; and

calculating a ratio of volume of functional blood to the

mass to determine the volume of blood flow.

6. The method of claim 1, wherein calculating the volumet-
ric properties from the data further comprises:

determining a volume of functional blood from a volumet-

ric microcirculation image;

calculating a physical volume of the sample; and

calculating a ratio of the volume of functional blood to the

physical volume to determine a blood vessel density
within the sample.

7. The methods of claim 5, wherein the volumetric prop-
erties from the data are calculated from the microcirculation
image at different tissue depths produced by applying a seg-
mentation algorithm.
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8. The methods of claim 5, wherein the volumetric prop-
erties from the data are calculated from a 2D projection image
produced from a 3D microcirculation image.

9. The method of claim 1, wherein calculating the volu-
metric properties from the data comprises:

determining an axial velocity for the one or more vessels

from a phase difference between adjacent A-lines cap-
tured from the scanning;

determining a Doppler angle and a diameter of the one or

more vessels from vasculature maps captured from the
repeated scans;

correcting the axial velocity using the Doppler angle;

calculating an approximate absolute velocity from the cor-

rected axial velocity;

calculating an area of a cross-section of the one or more

vessels from the diameter; and

multiplying the absolute velocity with the area of the vessel

cross-section to obtain a blood flow rate for the one or
more vessels.

10. The method of claim 1, wherein the volumetric prop-
erties include one or more of a velocity, a quantity or volume
of fluid flow through one or more vessels with summation of
volumetric data for the volume, a bulk flow within an optic
nerve head (ONH), and structural information about a blood
supply surrounding and within peripheral regions of the
ONH.

11. The method of claim 10, wherein the peripheral regions
of the ONH include vessels arising from posterior ciliary
arteries, choroidal circulation that enters an optic nerve, and a
circle of Zinn-Haller.

12. The method of claim 10, further comprising one or
more of:

correlating a cardiac pulse-induced dynamic movement of

lamina cribrosa beams with vascular local and bulk flow
measurements within vessels of the ONH and surround-
ing tissues;

correlating pulse amplitudes of arterial circulation and

venous circulation; and

correlating time and phase relationships between peaks

and troughs of pulse waves of the arterial circulation and
the venous circulations.

13. The method of claim 10, further comprising:

calculating pulsatile flow amplitudes of arterial and venous

circulation of the optic nerve.

14. The method of claim 10, further comprising:

determining amplitude, phase, and time relationships

between pulsatile motions of arterial and venous sys-
tems.

15. The method of claim 14, further comprising:

determining fluidics of a cerebrospinal fluid compartment

based on the pulsatile motions.

16. The method of claim 10, further comprising:

concurrently comparing vascular dimensions, surrounding

X-Y and 3D connective tissue dimensions, and fluid
flow within and surrounding the ONH.

17. The method of claim 1, wherein the subject is at risk of
an ocular pathology or has an ocular pathology and wherein
the ocular pathology is one or more of glaucoma, papille-
dema, inflammatory neuropathies, and ischemic neuropa-
thies.

18. The method of claim 1, wherein the method is used to
measure at least one vessel diameter, to quantify a total optic
nerve vascular volume, to quantify a vascular volume at each
level within an ONH, to measure a prelaminar vascular vol-
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ume, to measure a total volume of vascular beds of LC, or to
measure a flow within a vessel entering the optic nerve.

19. The method of claim 1, wherein the method is used to
diagnose, provide a prognosis, monitor treatment, or provide
guidance in medical, laser or surgical management for a dis-
order of the tissue of the skin, heart, vasculature microcircu-
lation, connective tissue structures, internal organs, or central
nervous system structures.

20. A system for measuring microcirculation comprising:

an optical coherence tomography probe;

an optical circulator;

a coupler;

a spectrometer; and

a physical computer-readable storage medium;

wherein the system is configured to acquire images from

living tissue;
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wherein the physical computer-readable storage medium

has stored thereon instructions executable by a device to

cause the device to perform functions to extract micro-

circulation data from images acquired from optical

coherence tomography scans of the tissue, the functions

comprising:

determining a phase difference and a time interval
between adjacent A-lines from the acquired images;

calculating an axial velocity for the at least one vessel
from the determined phase difference and the time
interval;

determining a Doppler angle and a diameter of at least
one vessel from the acquired images; and

calculating blood flow velocity from the axial velocity,
the Doppler angle, and the diameter of the at least one
vessel.
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