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CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application
Serial No. 61/692.638 filed on August 23, 2012, which is hereby incorporated by
reference in its entirety,
5 BACKGROUND
The assessment of both the structure of a living tissue and microvascular
functions in the lving tissue provides important information for diagnostics,
treatment, and/or management of pathological conditions.
Ocular perfusion within the reting and choroid of the eye may be assessed to
10 diagnose, treat, and monilor a number of pathological conditions in
ophthalmology, such as glaucoma, papilledema, idiopathic and mflammatory
forms of optic neuritis, and ischeroic optic neuropathics.  Such assessments 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,
15 vasculature microcirculation, comnective tissue struchurves, mternal organs, and
central nervous sysiem are other examples of conditions where measuring
microvascular propertics may be beneficial.
Techniques have been developed to visualize and measure i vivo blood
flow. However, such technigues either only provide information on flow in a
20 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
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5 depth-resolved structure and blood flow within the microcirculation of tissue non-

destructively i vivo.
There is a need for a sensitive, non-invasive method and system for

asscesing properties related to the blood flow within a living tissue of a subject.

10

20
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5 SUMMARY

In accordance with the present mvention, a system and a method are
defined for determining microvascular functions 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
10 signals from the sample during the scan, exiracting data from the spectral
interference signals concerning cell, tissue, or particle motion within the sample,
and calculating volumetric properties from the data mndicative of {fluid motion
within the sample. The data from the spectral interference signals concerning celi,
tissue, or particle motion within the sample may be exiracted via one or more
15 optical microangiography aigorithms. The method may be used for diagnosing,
providing a prognosis, or monitoring treatment a disorder of a sample, such as a
fiving tissue in a subject, for example. Particularly, the subject may be at rigk of
an ocular pathology or has an ocular pathology. The ocular pathology may be but
is not Hmited to one or more of glaucoma, papillederna, mlammatory

20 wneuropathies, and ischernic neuropathics.

In one embodiment, the method may further comprise combining a UHS-

OMAG imaging protocol with a D-OMAG imaging protocol, wherein the D-
OMAG imaging protocol coraprises performmg the repeated scan of two or more
scans at a location, followed by using the phase difference between adjacent A-
25 scans to extract volumetric properties, and the UHS-OMAG protocol comprises
performing a plurality of fast scans on a fast scan axis with the probe beam from
the hight sowrce, performing a plurahity of slow scans on a slow scan axis,
obtaining a data set from the phurality of fast and slow scans, producing at least

one moicrostructural image of the sample, and mapping the determined volumetric
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5 properiies into the microstructural image of the tissue. An fmaging algorithm may
be applied o produce at least one microstructural image of the sample. In an
alternative embodiment, the method may further comprise combining s UHS-
OMAQG imaging protocel with an OMAQG imaging protocol.

In another embodiment, a systern for measuring microcireulation is

10 provided,

The systemn imcludes an optical coherence tomography probe, an optical circulator,
a coupler, a spectrometer, and a physical computer-readable storage mediura. The
systern is configured fo acquite images from living tssue.  The physical
computer-readable storage mediwm has stored thereon instructions executable by a
15 device to cause the device to perform functions o extract microcirculation data
from images acquired from optical coherence tomography scans of the fissue, the
functions coroprising:  determuning a phase diffcrence and a tme 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

20 interval, determining a Doppler angle and a diameter of at least one vessel from

the acquired tmages, and calculating blood flow velocity from the axial velocity,
the Doppler angle, and the diameter of the at east one vessel

These as well as other aspects and advantages of the synergy achieved by
combining the vartous aspects of this technology, that while not previously

25 disclosed, will become apparent to those of ordinary skill in the art by reading the

following detailed description, with reference where appropriate to  the

accompanying drawings,
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5 BRIEF DESCRIPTION OF THE FIGURES
Figure | depicts a block diagram of an imaging apparatus in accordance
2 depicts a schematic of an exemplary system in accordance with at

with at least one embodiment;

Figure

&

depicts an fmage of an ONH taken with the excoplary systero of
feast one

least one embodiment
2
Figure 4a depicts a fundus image of the temporal region of the ONH taken
ordance with at
3D

AR

16
cotresponding

igure
Figure 2 in accordance with at least one erabodiment;
co
projection of

i

the
microvasculatures for the image of Figure 4a in accordance with at least one

with the exemplary system of Figure 2 i a
image

embodiment;
4db  depicts

Figure

s

embodiment;
Figure 4¢ depicis an example cross-sectional image generated by the

exemplary system of Figure 2 at the position moarked as the dashed Hoe in Figure

20 4a, in accordance with at least one embodiment;
Figure 4d depicts a corresponding blood flow image for Figure 4¢, in

weordance with at least one embodiment;
Figure 5 depicts a volumetric rendering for a 3D dataset, n accordance with

of the nerve layer of a living tissue, in accordance with at least one embodiment;
microstruciure image, in accordance

oo

at least one embodiment;
Figures 6a-1 depict images of enface slices taken from the superficial surface
L) L]

25
Figure 7a depicts an fmage of an enfa

with at least one embodiment;
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5 Figure 7b depicts a binary image of the image of Figure 7a, in accordance
with 4t least one embodiment;
Figure 7¢ depicts an image resulting from superimposing the image in
Figure 7b over the tmage in Figure 7a, in accordance with at least one
embodiment;
10 Figure Ra depicts a UHS-OMAQG microangiogram of choroidal and ONH
capiltlary beds at increasing IOP, in accordance with at feast one embodiment;
Figure 8b depicts a graph illustrating the effect of [OP on RBF as a pereent
of baseline plotted over mmHg, n accordance with at least one embodiment;
Figure 8c depicts a graph illustrating the vessel diameter change as a percent
15 ofbasehine plotted over mmHg, in accordance with at least one embodiment;
Figure 9a depicts a UHS-OMAG microangiogram of choroidal and ONH
capillary beds after removal of the retinal vessels, 10 accordance with at least one
embodiment;
Figure 9b depicts a graph illustrating the effect of [OP on choroidal
20 perfusion as a percent of baschine plotted over mmHg, in accordance with af least
one embodiment;
Figures 10a-d depict OCT structural images and corresponding flow images,
in accordance with at least one embodiment;
Figures 10e¢-h depict steps in quantitation of ONH blood perfusion, in
25 accordance with at least one embodiment: and
Figure 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.
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5 DETAILED DESCRIPTION

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 components, unless context dictates otherwise. The
ithustrative embodiments described in the detailed deseription, figures, and claims
10 are not meant to be Hmiting. Other embodiments may be utilized, and other
changes may be made, without departing from the spirit or scope of the subject
maiter presented herein. It will be readily understood that the aspects of the
present disclosure, as generally described hevein, and tilustrated in the figures, can
be arranged, substituted, combined, separated, and designed in a wide variety of

15 different configurations, all of which are explicitly contemplated herein.
Embodiments described herem provide an ulivahigh sensitive optical
microangiography (UHS-OMAG) systern that delivers high sensitivity with a
relatively low data acquisition time. OMAG is an imaging modality that is a
variation on optical coherence tomography (OCT). The imaging is based on the
20 optical signals scattered by moving particles.  The light backscatiered from a
moving particie may carry a beating frequency that may be used to distinguish
scattering signals by the moving clements from those by the static elements.
Thus, the optical signals backscattered from the moving blood cells are isolated
from those originated from the tissuc microstructures. Accordingly, OMAG can
25 be used to image the flow of particles, such as bleod flow. As an extension to the
OMAQG tmaging technique, Doppler OMAG (D-OMAGQG) uses the phase difference
between adjacent A-scans of OMAG flow signals to extract volumetric properties,

such as the flow velocity.
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Fieure | depicts a block diagram of an imaging apparatus in accordance
o o e} }:D

i

with at least one embodiment. The imaging apparatus may be a UHS-OMAG

apparatus 100 suitable for ulirahigh sensitive 2-D and 3-D flow imaging. The

ilhustrated UHS-OMAG apparatus 100 may mclode some featores known in the
art, features which may not be explained m great length herein except where

10 helpful in the understanding of embodiments of present disclosure,

The UHS-OMAG apparatus 100 may be used, among other things, to
measure biomechanical properties of a Hving 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.

15 As shown in Figure |, UHS-OMAG apparatus 100 includes a Light source
1. In one example embodiment, light source 110 comprises a broadband light
source, for example, supertuminescent diode with a central wavelength of 1310
nanometers {nm) and a full-width-at-half-maximom bandwidth of 65 nm. In some
example embodiments, light source 110 comprises a hght source having one or

20 more longer or shorter wavelengths, which may allow for imaging at deeper levels
in a sample.  In other example cmbodiments, tight source 110 may comprise a
tunable laser source, such as, for example, a swept laser source.

UHS-OMAG apparatus 100 may mchide optics 111 to couple the light
from the lght source 110 into the system. The UHS-OMAG apparatus 100 may

25 include a beam sphitter 112 for splitting the Heght from optics 111 into two beams:
a first beam provided to a reference arro 114 and a second beam provided to a
sample arm 116, In some example erobodiments, optics 111 may include various

lenses or fiber optics compenenis suitable for use with the apparatus 100, Beam
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5 sphlitter 112 may comprise a 2x2 single-mode {iber coupler, in one example
ernbodiment.

Reference arm 114 may be configured to provide a refercnce light to a

detection arm 130, from the light provided by heght source 110, for producing a

spectral mterferogram in combination with backscattered hight from a sample 118,

10 Reference arm 114 may ioclude optics 120 and a reference miror 122 for

reflecting light from lght source 1190 for providing the reference light. Optics 111
may include various lenses suitable for use with the apparatus 100.

Reference mirror 122 may be stationary or may be modulated. Modulation

may be equivalent to frequency modulation of the detected signal at detection arm

15 130, Spectral interference signals (interferograms) may be modulated by a

~

constant Doppler frequency by a modulated mirror in the veference armn 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 jocluding, for example, a digital or optical de-

20 modulation method.  Modulation and de-modulation of spectral intereference

signals may advantageously improve the signal-to-noise ratio, resulting in an
improved image quality for the stroctural, flow, and angiographic imaging.

Sample arm 116 may be configured to provide hght from hight source 110

to a sample 118 by way of optics 124, a scanner 126, and optics 128, Optics 124

25 may be used to couple the light from beam splitter 112 to scanner 126. Optics 128

may include various optical lenses, for example, an optical collimator. Scanner

126 may include a pair of x-y galvanometer scanners for scanning sample 118 in

an x-y direction. Optics 111 may comprise the appropriate optics for delivering
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5 the hight form the scanner 126 onio sample 11& In some example embodiments,
scarmer 126 may also receive backscattered light from sample 118,

The light returning from reference arm 114 and from sample arm 116 may
be recombined and coupled into the beam splitier 112 for introduction to the
detection arm 130, As shown m Figwe 1, detection arm 130 comprises a

10 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 llustrated). In an exemplary embodiment, optics 136 includes a 30-
mithimeter (mmy} focal leongth collimator, a 1200 lones/mom diffracting grating, and
an achromatic focusing fens with a 150 mm focal length.

15 In embodiments employing a broadband light source, spectrometer 134
may mclude a detector, such as a hinear detector 138, configured to detect a
spectral miereference signal. Linear detector 138 may include one or more of a
line-scan camera and an arca scan camera. Une example Hnear detector 138 is a
charge-coupled device (CCD). Other hinear detectors may also be envisioned.

20 In embodiments where lght source 110 comprises a tunable laser vather
than a broadband fight source, however, UHS-OMAG apparatus 190 may include
a diffusion amplhifier that may comprise one or more single clement detectors
rather than spectrometer 134, For example, one or more dual-balanced photo-
diode detectors may be used.

23 In some example embodiments, UHS-OMAG apparatus [00 may include
one or more user interfaces 140 for one or more purposes including conirolling
tnear detector 138 and scanner 126, computing data using algorithms, displaying

images, input of data, output of data, and the like.
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5 UHS-OMAG apparatus 100 may be configured to build a 3D data volume
set by scanning sample 118 with a sample hght o %, y, and X (2} directions to
obtain a 30 speciral interferogram data set. Such a 3D data volume set may be

Pl
7
¢

N

buiit using methods described in ULS. Patent Apphication Serial No. 13/577.85
entithed  “Method and  Apparatus for  Ultralugh  Sensttive  Optical
10 Microangiography,” which is incorporated herein by reference.
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
15 scan axis. The fast scan may also be referred to as the x-axis, the lateral axis,
and/or the B-scan axis. Sioilarly, the slow scan may also be referred to herein as
a C-scan, and the slow scan may also be reforred to as the y-axis, the elevational
axis, and/or the C-scan axis. Each fast scan may be performed over a fast scan
time interval, and each slow scan may be performed over a slow scan time
20 interval, where the slow scan time mnterval is at least twice as long as the fast scan
time interval. In some cmbodiments, the scanner may perform the onc or more
fast scans contemporaneously with the one or more slow scans.  In such
embodiments, a plurality of fast scans may be performed durmg one slow scan. A
combination of slow and fast scans provides a 3D data set necessary to obtain a
25 3D image. Thus, a UHS-OMAG tmaging protocol comprises a plurahity of fast
scans on the fast scan axis and a phurality of sfow scans on the slow scan axis,
In each B-scan there may be a number of A-scans, An A-scan 1oay be

performed in the z-axis, orthogonal to both the x-axis and the y-axis. Each A-scan
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may inchude a number of pixels

data points, providing imaging dep
mformation in the z-axis. Similarly, a C-scan may melude a number of B-scans.
In some example embeodiments, an imaging algorithm may be apphed to
the 3D data set to produce at least one image

applied on the slow scan axis

The imaging algorithm may be
In some example embodiments, the tmaging
10 algorithm may separaic a rooving component from a structural coraponent of
sampe. e i

aponent of the
The image may be a full range structural image, and/or a separated
& 3 e 57 A 3

structural flow tmage. In some example embodiments, the image may be of bleod
flow, such as blood flow in the eye

Example 1
Imasgineg and Assessment of a Human Eve In Vivo

Figure 2 depicts a schematic of an exemplary system 200 that was used to
image and assess a huwman eye in vivo

The exemplary system in Figure 2 1s an
OMAG system 200 comprising a light source 210, a fiber optic coupler 211
polarization controller

Q

212, optical circulator 21 olffimators 214, diffraction
20 gratings 215, a reference mwarror 216, focusing lenses 218, an ocular lens 219, an
X-Y galvanometer 220,

0, line scan cameras 221, a main ¢
a display 226. A sample 224

puting system 222, and
is positioned to be imaged and assessed. The system
200 roay be similar o that described m L. An, P. L, T.T. Shen and R. Wan
Speed Spectral

md R, Wang, High
Speed Spectral Domain Optical Coherence Tomography for Retinad Imaging at
500 800 A-lines

Example |

roangiography

r Second, Biomed Opt. Express 2(13, 2770-2783 (2011}
18 discussed m detail in An, 1
Micy

Provides

Johnstone, and Wang, R. Oprical
Correlatio

Between

Microstructure  and
Microvasculature of Optic Nerve Head in Human Subjects, Journal Biomedical
Optics 17:116018-116018, 2012

in Example 1, the Hght source 210 comprised a
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centered at 842 nm

T

superluminescent diode with a spectral bandwidth of 45 nm
that provided an axial resolution in air of about The light source 210 was
r via a 20/80 fiber coupler.

pled to a fiber-based Mach-Zehnder interferor
of the light was routed to the

In Example 1, using two optical circulators, 209
to the reference arm. In the sample arm, the Hght was

sample arm and 30%
delivered nto the sample 224 via a scanning opiics setup with a moeasured light

16
power of about 0.8 mW at the cornea. The scanning optics comprised collimators
219, which provided a raster-

214, X-Y galvanometer 228, and ocuolar lens .
scanning of the probe-beam spot at the retina
The main computing system 222 used in Example | may be the same as or

similar to any number of compuling 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 inchude one or more general-purpose
processors and/or dedicated processors, and may be configured to perform an

P—
analysis on the output generated from the hine scan cameras in the systern 200, An
output interface may be configured to trapsmit output from the computing system

20
to a display, such as the display 226

The hght backscattered from the eye and reflected from the reference mirror

t coupler

o
ior

216 was collected and dehivered to two high-speed spectrometers via fib
211, For each line scan camera 221, 800 out of 4096 pixels were selected

sensing the spectral interferogram, resulting i a 250 kHz A-scan rate
| may be vused to image

A system such as the system 200 used for Example

and assess tissue organization and microvascular functions within the optic nerve
and concurrent

ne example embodiment, in 3 non-invasiv

head (ONH}, in o
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5 manner. The ONH comprises a superficial nerve layer, pre-lamina, lamina
cribrosa, and retro-lammima regions.
Figure 3 depicts an image of an ONH 300 taken with the system of Figure 2.
The tmage 300 is a volumetric Fourier domain optical coherence tomography
(FDOCT) image covering an area of about 3x3 mm” centered on the ONH by use
10 of a low lateral resolution imaging probe. To obtain the image 300, 500 A-scans
and 500 B-scans were taken and the A-scans were integrated along the z-axis
direction in the ONIL
The image 300 shows features inchluding the optic disk represented by
dashed line circle 310, scleral rim identified as a region by arrows 320, and the
15 ONH blood vessels, such as a blood vessel 330, Furthermore, S denotes superior,
N denotes nasal, T denotes teroporal, and [ denotes mferior. However, this image
does not show the detailed microstructural and microvascular morphology of the
OINH.
Figure 4a depicts a fundus tmage 400 of the temporal region of the ONH
20 taken with the systcro of Figure 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 resclution of about 6
um at the ONH. To obtam mmaging of the ONH microcirculation, 500 pixels were
captured along the fast-scan direction and 1500 B-frames along the slow-scan
25 direction.  In image 400, RA depicts the retinal artery, and NR rim the
neuroretinal rim.
Figure 4b depicts the projection ioage 410 of corresponding 3D
microvasculatures for the image of Figure 4a in accordance with at least one

embodiment. Figure 4b shows that the ONH is highly vasculanzed, evidence until
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5 now which was only obtainable through in visre corrosion casting technigues or
histologic study. In this Example |, the blood fow in the vessels within the ONH
can be localized to an ONH depth of about 0.8 num.

Figure 4o depicts an example cross-sectional image 420 generated by the
system 200 of Figure 2 at the position marked as a dashed hine 405 in Figure 4a,

16 and Figure 4d depicts a corresponding blood flow image 430 for Figure 4¢. In

Figure 4¢, NFL represents the nerve fiber layer, PL the prelaminar ONH tissue,
and LC the lamina cribrosa.

Figure 5 depicts a volumetric rendering 500 for a 313 dataset obtained using
the system: 200 of Figure 2. The velumetric rendering 500 shows locations of

15 some key features of the ONH such as the lamina cribrosa (represented by LC)

and cupped region “Dise Cup” of the optic nerve. The 3D dataset comprises the
structural, organizational, and vascular information and can be manipulated to
display enface tissue slices at particular depths.

One such example of enface tissue slices is shown in Figures 6a-l, which

20 depict images of enface shices taken from the superficial surface of the nerve laye

of a living tissue. Figures 6a,d, g, and j illustratc cnface tissue slices of the
microsiractural images, Figures 6b, e, h, and k illustrate corresponding vascular
mmages, and Figures 6¢, T, 1, and 1 sHhustrate merged structure and vascular images,
aliowing for a better appreciation of their spatial relationships. The images of

25 Figures 6a-c were extracted at about 30 pum (to correspond with the superficial

nerve fiber layer), the images of Figures 6d-{ at about 180 pm (to correspond with

the pre-lamina), the images of Figures 6g-1 at about 400 pm (fo correspond with
the lamina cibrosa), and the images of Figures 6j-1 at about 608 um (to correspond

with the lamina cibrosa).
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5 The high resolation and sensitivity of the system 200 permitted visoalization
of the scleral rim (identified by the arrows 610 in Figure 6g) underiying the nerve
fiber bundles entering the ONH around the ONH circumference. The scleral rim
tissue is highly vascularized (shown by arrows 620 in Figure 6h}, a property not
casily appreciated when examining histologic material in which the circulation is

10 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 eribrosa (shown by arrows
630 in Figure k).

The total intravascular volume within the 3D tissue volume may be

15 quantified. For example, Figure 7a depicts an image 700 of an enface

~

microsiructure image obtained with the results obtained

g

om the sample 224
exargined using svstera 200, The porous structure of the lamina cribrosa can be
casily viewed in Figure 7a, which was taken at a depth of about 400 pm below the
ONH surface. To guantitatively evaluate the distribution of the pore sizes, the LC

20 region i Figure 7a is manually sclected and marked with the white circle 705
The pore arcas were then isolated, as depicted in the binary image 710 of Figure
7b by use of a binarization method. Figure 7¢ depicts an image 720 resulting from
superimposing the image in Figure 7b over the mage m Figure 7a. The pore area
and elongation ratio (ratio of major to mmor axes of an ellipse that fits the pore)

25 can be evaluated using a method such as that i K.M. Ivers ef af., Reproducibility
of measuring lomina cribrosa pore geometry in human and nonhuman primates
with in vive adaptive optics imaging, Invest Ophthalool Vis Se¢i 52(8), 5473-3480
(2011} (hereafter “K.M. Ivers article”). The results obtained using OMAG

mmaging of the ONH were comparable with those reported i the KM, fvers
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5 article (average pore area about 1698 pm? with a standard deviation of 1405, and
the average elongation ratio 1.72 with a standard deviation of 0.29). Such results
dernonstrate the usefulness of using OMAG imaging combined with quantitative
analysis as an examination tool in futare assessment of glancoma.

An ability to concurrently image and assess microstructure and functional

10 microcireudation of the ONH, as described above for Example 1, opens a new

realm of possibilities for diagnosing, monitoring, and therapeutic guidance in the
management of disease processes of the eye. The system and method desertbed 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,
15 the ceniral nervous system, and various other internal organs.
The system 200 may be a useful tool for the study of mechanisms associated

egulation of ONH blood flow, effects of pharmacologic agents

=

with physiologic ©
and vascular components of pathologic processes associated with ONH discase
states. The systern 200 may be used for a subject at risk of any ocular pathology,

20 including but not mited to glaucora, papiiledema, idiopathic and milammatory
forms of optic neuritis, and ischemic optic neuropathies.

In some example embodiments, UHS-OMAG and OMAQG imaging
protocols may be used i combination to achieve 3D data volumes, from which
30 biood flow images may be reconstrucied. Additionally, D-OMAG may be

25 used lo quantity volametric, e.g., blood flow properties.

The OMAG imaging protocol comprises performing a repeated scan (i.e.,
twWo o ote scans at ot across the same location) of a sarople with a probe beam
from a light source, such as the light sources described with reference to Figures

1-2. The more scans that are performed for the repeated scan, the more time is
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5 required to obtain 3D images. The repeated scan may comprise one or more
scanming 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.

10 Volumetric properties may include but are pot hmited to a velocity and a
guarttity of volume of fluid flow through one or more vessels with sumumation of
volumetric data for the volume, a bulk flow within an ONH, and structural
mformation about a blood supply surrounding and within peripheral regions of the
ONH. The peripheral regions of the ONH include, but are not Himited to, vessels

15 arising from posterior ciliary arteries, choroidal circulation that enters an optic
nerve, and a circle of Zinn-Haller.

Volumetric propertics roay be used to measure at least one vessel diameter,
to guantify a total optic nerve vascular volume, to quantify a vascular volume at
each level within an ONH, to measure a prelaminar vascular volume, to measure a

20 total volume of vascular beds of LC, or to measure a flow within a vessel entering
the optic nerve,

The volametric propertics 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. Various correlations may also be drawn from such data. For

25 example, correlations may be made between pulse amplitudes of arterial

circulation and venous circulation and between time and phase relationships

between peaks and froughs of pulse waves of the arterial circulation and the
venous circolations, Additionally, pulsatife flow amplitudes of arterial and venous

circulation of the optic nerve may be calculated. In some examples, amplitude,
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5 phase, and time relationships between pulsatile motions of artertal and venous
systerns, and fluidics {the use of a {huid to perform operations) of cercbrospinal
fluid compartments are determined, including a subarachneid space surrounding
the optic nerve. The fhadics may be determined ndependently from the
amplitude, phase, and time relationships of the palsatile motions, and the Juidics

10 may then be correlated with the determined amplitude, phase, and fime

relationships.  The fhuidics of the cercbrospinal fluid compartment may be
determined based on information from the pulsatile behavior, such as the pulsatile
motions and pulsatile flow amplitudes.

In one example embediment, calculating volumetric propertices from data

15 obtained comprises determining the volume of functional blood from the

volumetric microcirculation mage, calculating the physical volume of the scanned
tissue to defermine a mass of the scanned tissue, and calculating a ratio of volume
of functional blood to the mass to determine the volume of blood flow. The
volumetric properties may be calculated from the microcircnlation image at

20 different tissue depths produced by applying a segmentation algorithm to segment

the volumetric immages. The volumetric propertics may be calculated from a 2D
(x-y)} projection image produced from a 3D {volumetric, x-y-2) microcirculation
image.

In ancther example cmbodiment, calculating volumetric properties from

25 data obiained comprises determining the vohumme of functional blood from the

volumetric microcirculation image, calculating the physical volume of the scanmed

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 microcirculation image at
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5 different tissue depths produced by applying 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.

One exemplary calculation 1s to caleulate retinal blood flow (RBF) from

10 such volumetric data.  First, certain retinal arteries or vessels are selected using
vessel branches located near the ONH. The axial velocity of ecach vessel may then

be determined from a D-OMAQG cross-sectional phase image by calculating the
phase difference beiween adjacent A-lings. The axial velocity ¥y may be

calculated as:

15
Ap-d - . 1
7y o ol Equation 1
Anndt

where Ay is the central wavelength, » is the refractive ndex, d¢ is the

phase difference between adjacent A-hines and Af,1s the time interval between

20 adjacent A-lines. A Doppler angle for a vessel and a blood vessei diameter may
be determined from 313 vasculature maps.

Absohute blood flow velocity may then be caleulated from the axial

velocity Vy after the vahie is corrected by the Doppler angle. The blood flow rate

may then be calculated for each vessel by multipiying the absolute velocity with

the area of the vessel cross-section.

[N
h

In one embodiment, the volumetric properties may be caleulated for an
enttre samopie.  In another embodiment, the volumelric 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

30 for each selected region are then independently calculated.
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5 Volumetric properties may be used to correlate a cardiac pulse-induced
dynamic movement of lanuna cribrosa beams with vascular local and bulk {low
measurmenis within vesseis of the ONH and surrounding tissues, to concurrently
compare vascular dimensions, swrounding X-Y and 3D comnective lissue

16

Example 2

Imaging and Calculation of Microcireulation Parameters within a Rat Eye

In another exaraple, a system such as system 200 described with reference
to Figure 2 was used to image and analyze the tissue and blood flow in a rat retina,

15 ONH, and surrounding choreid.  Quantitative measurements of elevated

miraocular pressure (T0OF) on vascular beds were determined as weil.

Example 2 is discussed in detail m Zhi Z., ef ol Impact of Intraocular
Pressure on Changes of Blood Flow in the Reting, Choroid, and Optic Nerve
Head in Rats Investigated by Oprical Micvoangiography, Biomed Opt. Express

200 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 pm and the fateral resolution
was about 16 pwm in air. The maximal imaging speed of the system was 92,000 A-
scans per sccond, and the measured signal to noise ratio (SMNR) was about 160 dB
at the focus spot of the sampling beam. The total depth range was measured (o be

25 about 2.8 mm in air.

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 Figures 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
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5 frames per sccond (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 swiich between UHS-
OMAG and D-OMAG imaging protocols was controlled by software from a

10 computing device, such as the main computing device 222 described with

reference to Figure 2.

3D blood flow images were reconstructed from the 3D data volumes by
applying high pass {iltering along the slow scan direction to separate the moving
blood flow from static tissues. Thereafter, calculations such as for an RBE,

15 choroidal, and ONH blood flow discussed above, were performed. In order to

assess the effect of 0P on RBF, the flow rates at each level of 10P were
normalized and expressed as a percentage of the baseline readmg (10 muoHg).

In Example 2, UHS-OMAG microangiogram maps 800, shown in Figure 8a,
of the rat RBF showed a progressive decrease in the density of functional

20 capillaries and a decreased diameter of the larger vessels as the 10P was mcreased

from 10 mmHg to 80 nunHg, with near compleic obstruction at 100 mmHg.
Figure 8b depicts a graph 8§10 the quantification of the effect of elevaled

[OP on RBF. Average blood flow rate changes from 6 eyves demonsirated an

approximately lincar decrcase in RBF relative 1o the bascline, starting from 30

25 mmHg to nearly 0 at 106 omig. RBF and flow values reverted to baseline after

OP was returned to 10 yomHg. Figure 8¢ depicts a graph 820 illustrating

corresponding vessel diameter changes. The changes depicted i Figure 8¢ help

identify the contribution of velocity and vessel diameter to the reduced blood flow

rate, showmg that the reduction in vessel diameter was smaller than that of blood
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flow rate, suggesting that the blood flow rate reduction resulted from decreased

(¢
(]

flow velocity as well as reduction in vessel diameter.

Figure 9a depicts a UHS-OMAG microangiogram 900 of choroidal and
ONH capillary beds at increasing I0P from 10 mmHg to 100 mmHg and back to
16 mmig, after removal of the retinal vessels, m 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 ramHg, as demonstrated by
apparent filling voids 205, All changes reverted to baseline once IOP was
returned to 10 mmHg.

To guantitate the reduced choroidal perfusion or filling with increasing IOP,
the area of chovoidal filling at each 10P level was measured and caleulated as a
percentage of the chovoidal filling seen at bascline (10 mmHg). This is shown in
Figure 9b, which depicts a graph 950 plotting percent of bascline over mamHg.

Figures 10a-d depict OCT structural images and corresponding flow images
across the ONH region at two TOP levels (20 muoHg and 60 romHg, respectively).
Capillary flow signals within the ONH are visualized in Fig. 104 with arrow 1010,
however, overlying retinal vessels may shadow the structures within the ONH
which results n low signal strength in the dashed cirele of the OCT image of
Figure 1{a, causing some capillary perfusion to be undetectable in Figure 10b.

Figures 10e-h depict steps in quantitation of ONH blood perfusion. These
steps mclude segmentation of the retinal vasculature from anterior view 3D
vasculature maps of Figures 10e-f, identifying the blood flow signal pixel map at
Figure 10g, and the ONH volume used for the percentage of perfusion calculation

of Figure 10h,
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wwing the effect of IOP on ONH blood

[

5 Figure 11 depicts a graph 1100 sl
perfusion as a signal volume percent plotted over mimHg. The graph 1100 shows
an increase in perfusion at lower IOPs. ONH perfusion reveried fo baseline when
IOP returned to 10 mmHg.

Elevation of IOP is known to affect retinal perfusion, and may play a role n

10 the development of optic nerve damage in some glancoma patients, However,

unless perfusion of the back of the eye can be determined, it is difficult to be

rad
£
)

certain what role reduced perfusion may play in the effects of clevated {OP 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
15 chinical management and experimental research in glascoma.

The above described systems and methods may be used for a number of
optic nerve assessments, including but not limited fo: fomographic measureraent
of the structural organization of the optic nerve, tomographic measurements
permitling quantitation of the size and shape of pores m ecach of the laminar

20 beams, quantitation of the total pore size within the layers of the laminar beams,
uantitative assessment of changes in size and configuration of the laminar pores,
asscssment of prelaminar vascular volume, assessiment of total volume of vascolar
beds of LC, quantification of total or global optic nerve vascular volume,
guarttification of vascular volume at least level within the ONH, characterization

25 of flow patterns of the microcireulation within each level of the prelaminar and
laminar portion of the optic nerve, characterization of vascular flow patterns
within the vessels that arise from the posterior ciliary arteries and pass through the
scleral rim, characterization of the region of the circle of Zinn-Haller,

characterization of flow pattemns of vessels entering the oplic nerve from the
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of flow through vesscls,

S5

of velocity

WO 2014/031961
measurement
measurement of vessel diameters by means of both siructural and phase-based

choroidal  circolation,
techniques, quantitative assessment of flow within individual vessels entering the

S0
optic nerve, assessment of the effect of medications on the above vascular

parameters, and assessments of [OP effects on the vascular parameters.
The determination of nucrovascular functions may be used to diagnose,

i‘ﬂ

L

16
provide a prognosis, monitor treatment and guide treatment decisions for a

disorder of the saraple of a subject. The treatment may inchide medical, laser, or
A treatraent decision may be based on the prognosis,
sucs or regions of the

e determination of microvascular functions

51

surgical intervention.
monitoring or assessment of current properties of the

fissue conducted in accordance with i
While various aspects and embodiments have been disclosed herein, other
f illustration and are

performed m the manner described above.
and embodiments will be apparent to those skilled in the art. The various

aspee

18
aspects and embodiments disclosed herein are for purposes o

not intended to be Hmiting, with the true scope and spirit being ndicated by the

following claims, along with the full scope of cguivalents to which such claims

20
are entitled. It is also to be understood that the terminoclogy used herein is for the

purpose of describing particular embodiments only, and is not intended to be

himiting.
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5 CLAIMS
What is claimed is:
I, 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
10 Hght 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;
exiracting data from the spectral interference signals concerning
15 cell, tissue, or particle motion within the sample; and
calculating volumetric properties from the data mdicative of fluid

motion within the sample.

2. The method of claim [, wherein performing the repeated scan
20 comprises a D-OMAQG tmaging protocol and performing the phurality 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 1o swiich

between ronning the D-OMAG scanning protocol and the UHS-OMAGQG
235 nmaging protocol.

3. The method of any of claims 1-2, wherein the repeated scan

COMprises one of more scanning patierns selecied from the group
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5 consisting of a repeated scan at one spatial location, a repeated scan al one

cross-section, and a repeated scan at a tissue volume.

4. The method of any of claims 1-3, wherein calculating the volumetric
properties rom the data further comprises:
10 segmenting selected regions of the sample and olbtaining data for cach
region.
5. The method of any of claims 1-4, wherein calculating the volumetric
propertics from the data further comprises:
15 determining a volume of fonctional blood from a volumetric
microcirculation image;
calculating a physical voluroe of the sampie to detormine 2 mass of
the sample; and
calculating a ratio of volume of functional blood to the mass o

20 determmne the volume of blood flow.

6. The method of any of claims -5, wherein caleulating the vohumetric
properties {rom the data further comprises:
determining a volume of functional blood from a volumetric
23 microcireulation image:;
calculating a physical volume of the sample; and

caleulating a ratio of the volume of functional blood 1o the physical

volume to determine a blood vessel density within the sample.
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5 7. The methods of any of claims S or 6, wherein the vohumetric propertics
from the data are caleulated from the roicrocireulation image at different

tissue depths produced by applving a segmentation algorithm.

8. The methods of any of claims 5 or 6, wherein the volumetric properties
16 from the data are calculated from a 2D projection image produced from a
35 microcirculation image,
9. The method of any of claims 1-4, wherein calculating the volumetric
propertics from the data comprises:
15 determining an axial velocity for the one or more vessels from a phase
difference between adjacent A-lines captured from the scanning;
determvining 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;
20 caleulating an approximate absolute velocity from the corrected axial
velocity:
calenlating an area of @ cross-section of the one or more vessels from
the diameter; and
muftiplying the absolute velocity with the area of the vessel cross-
23 section to obtain a blood flow rate for the one or more vessels.
10, The method of claim 1, wherein the volumetric propertics include one
or more of a velocity, a gquantity or volume of {luid flow through one or

more vessels with summation of volumetric data for the volume, a bulk
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5 flow within an optic nerve head (ONH), and structoral 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
mnchude vessels arismg from posicrior ciliary arteries, choroidal circulation

10 that enters an optic nerve, and a circle of Zion-Haller,

12. The method of claim 10, further comprising one or more of:
corrclating a cardiac pulse-induced dvnamic movement of lamina
cribrosa beams with vascular local and bulk flow measurements within
15 vessels of the ONH and surrounding tissues;
correlating pulse amplhitudes of arterial circulation and venous
circulation; and

correlating time and phase relationships between peaks and iroughs of

pulse waves of the arterial circulation and the venous circulations.

20
13, The method of claim 10, further comprising:
calculating pulsatile flow amplitudes of arterial and venous circolation of
the optic nerve.
23 14, The method of claim 10, further comprising:

determining amplitude, phase, and time relationships between

pulsatile motions of arterial and venous systeras,

15, The method of claim 14, further comprising:
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determining thudics of a cercbrospinal {luid compartment based on
the pulsatile motions.
16, The method of claim 10, further comprising:

concurrently comparing vascular dimensions, surrounding X-Y and
10 313 connective tissue dimensions, and fluid flow within and surrounding

the ONH.

,..‘
~\l
N

he raethod of any of claims 1-16, wherein the subject is at risk of an
ocular pathology or has an ocular pathology and wherein the ocular

15 pathology 18 one or more of glaccoma, papilledema, mflammatory
neuropathies, and ischemic neuropathies.

/
b

8. The moethod of any of claims 1-17, wherein the method is used to

[—y

measure at least onme vessel diameter, to quantify a total optic nerve
20 vascular volume, to quantify a vascular volurne at cach 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.

23 19, The method of any of claims 1-18, wherein the method is used to
diagnose, provide a prognosis, monitor freatment, or provide guidance in
medical, laser or surgical managerment for a disorder of the tissue of the

skin, heart, vasculature microcirculation, connective tissue stractures,

internal organs, or central nervous system siructures.
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5
20, A system for measuring microcirculation comprising:
an optical coherence tomography probe;
an optical circulator;
a coupler;
10 a spectromaeter; and
a physical computer-readable storage mediuny
wherein the system is configured to acquire images from living tissue;
wherein the physical computer-readable storage medium has stored
thereon instructions executabie by a deovice to cause the device to perform
15 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-Hnes from the acquired vmages;
20 caleulating an axial velocity for the at Jeast one vessel from

the determined phase difference and the time interval;

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

calculating blood flow velocity from the axial velocity, the

25 Doppler angle, and the diameter of the at least one vessel.
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METHOD CLAIM 19

1.1 The present application does not meet the requirements set out
in Article 33(1) PCT, since the subject-matter of claim 19 pursuant to
Article 17(2), (i) PCT in combination with Rule 39.1(iv) PCT is excluded
from patentability, the reason being as follows: Claim 19 discloses a
method for determining microvascular functions in a sample of a subject,
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vasculature microcirculation [...] ". In the Tight of the description of
the present application it is clear that the method claimed inclaim 19 is
directed to a medical diagnosis which aims at revealing some pathological
disease. 1.3 Consequently, according to Article 17(2), (i) PCT and
Rule 39.1(iv) PCT the subject-matter of claim 19 can not be considered as
being susceptible of industrial application. Therefore claim 19 has to be
excluded from patentability.
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