(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/161368 A2

6 October 2016 (06.10.2016) WIPO|PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
A61B 5/0285 (2006.01) A61B 3/12 (2006.01) kind of national protection available): AE, AG, AL, AM,
21) Tnt tional Application Number- AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: PCTIUS2016/025713 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
1 April 2016 (01.04.2016) KZ, IA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. ) MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, 8V, §Y, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:
62/142.941 3 April 2015 (03.04.2015) Us (84) Designated States (unless otherwise indicated, for every
’ kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: OREGON HEALTH & SCIENCE UNI- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
VERSITY [US/US]; Office Of Technology Transfer And TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Business Development, 0690 Sw Bancroft St, Portland, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Oregon 97229 (US). DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(72) Inventors: TAN, Ou; 4685 NW Moretti Terrace, Portland, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
A SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Oregon 97229 (US). HUANG, David; 1233 SW 57th Ave, GW,KM. ML, MR, NE, SN, TD, TG)
Portland, Oregon 97221 (US). > > > S ’
== (74) Agent: JACKSON, Jeffrey; Oregon Health & Science T uplshed:
— University, Office Of Technology Transfer And Business —  with declaration under Article 17(2)(a); without abstract;
— Development, 0690 SW Bancrott St, Portland, Oregon title not checked by the International Searching Authority
— 97239 (US).
<
R
\o
e
o
\o
Y
~
\o
e
=]
g\
O (54) Title: METHODS OF MEASURING TOTAL RETINAL BLOOD FLOW USING EN FACE DOPPLER OCT

(57) Abstract:



10

15

20

25

30

WO 2016/161368 PCT/US2016/025713

TITLE
METHODS OF MEASURING TOTAL RETINAL BLOOD FLOW USING EN FACE DOPPLER OCT

FIELD
The field generally involves the use of optical coherence tomography to measure blood
flow in the eye. More specifically, the field involves the measurement of total retinal blood

flow.

ACKNOWLEDGEMENT OF GOVERNMENT SUPPORT
This invention was made with the support of the United States government under the
terms of Grant Numbers RO1 EY023285, DP3 DK104397, RO1 EY02544, TR0O00128, and RO1
EY013516 awarded by the National Institutes of Health. The United States government has

certain rights in this invention.

BACKGROUND

Retinal blood flow is an important clinical parameter for the assessment of many ocular
diseases such as age-related macular degeneration, diabetic retinopathy, glaucoma, and retinal
vein occlusions (1-8). Many techniques have been used to assess ocular circulation, such as
laser Doppler flowmeter, fluorescein and indocyanine green angiographies; ultrasound color
Doppler imaging; magnetic resonance imaging and Doppler optical coherence tomography
(OCT) (9-19). Doppler OCT is of high clinical interest due to the widespread availability of OCT
instrumentation in eye clinics.

Doppler OCT detects Doppler shifts generated by light scattering particles. The Doppler
shift is proportional to the axial component (parallel to the axis of beam propagation) of the
velocity vector. In order to integrate flow in a blood vessel sectioned on an OCT B-scan, the
angle between the OCT beam and the direction of blood flow is needed. This angle could be
obtained by obtaining 2 or more cross-sectional images to establish the vessel orientation (20-
28), but this introduces additional measurement error associated with the angle determination.

Alternatively, a multi-beam OCT with a known angular offset between beams could be used
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(28-33), but this requires special multi-beam optics not available on commercial OCT
instruments. To obviate the need for angle determination, one can employ high-speed 3D
volumetric OCT and then integrate flow across an en face section of the blood vessel. The
simplest en face approach would measure the central retinal veins and artery in the optic nerve
head (ONH). However, these vessels have very high axial velocity and the Doppler shift would
exceed the multiple phase wrapping limit (Doppler phase shift of more than 2n between
consecutive axial scans) unless very-high-speed (200 kHz or higher) OCT systems are employed
(34-36).

Currently, en face Doppler OCT approaches using clinical retinal OCT systems currently
on the market are unavailable. The fastest commercially available retinal OCT in the USis a 70
kHz spectral OCT system (RTVue-XR, Optovue, Inc., Fremont, CA). However, this system is too
slow to determine the Doppler phase shift of the central retinal artery or vein due to fringe
washout and phase wrapping limits (37). Therefore, new techniques that allow measurement of

the Doppler phase shift of the central retinal artery or vein are necessary.

SUMMARY

Disclosed herein is an image processing approach that finds suitable branches of the
retinal vein within the ONH, where an en face Doppler OCT flow measurement can be applied
without exceeding the 2n phase wrapping limit. The image processing algorithm overcomes
problems with the oblique orientation and complex branching pattern of the retinal venous
vascular tree. The automated algorithm outputs the total retinal blood flow (TRBF) based on
analysis of volumetric flow rates in individual vein branches within the retina. In order to
overcome the variation that cardiac cycle pulsation introduces to TRBF measurement, multiple
volumetric scans may be obtained in an imaging session, and TRBF values calculated from each
of these volumes averaged to yield an improved TRBF measurement. In an embodiment
disclosed herein, the specification of scan parameters and scan size using a commercially
available OCT system is disclosed, such that a consecutive series of 5 volumetric en face

Doppler scans amenable to TRBF calculation may be obtained in 3.0 seconds.
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Also disclosed herein are methods for improving the signal-to-noise ratio of Doppler
phase shift OCT data by dividing the full spectrum fringe data into a set of narrower frequency
bands of spectral data. This splitting of the spectrum is achieved by application of a filter bank
to the originally acquired OCT data. Following Fourier transformation of each these narrower
spectral bands of data, the set is recombined according to an equation provided herein to yield
Doppler phase shift data that exhibits improved signal quality.

Also disclosed herein are tests of the disclosed algorithm in terms of repeatability and
the ability to detect reduced TRBF in glaucomatous eyes, compared to age-matched normal
control eyes. Measurements of TRBF of normal and glaucomatous eyes showed that the
proposed algorithm had acceptable repeatability and can be used in a large clinical study and
clinical practice.

An aspect of the disclosed algorithm is that it allows measurement of TRBF in an
automated fashion using commercially available OCT systems which typically have slower
scanning rates than specialized OCT systems dedicated to research applications. The algorithm
incorporates a multiple plane en face technique that solves the problem of phase wrapping and
fringe washout in the vessels near the disc border, a nonlinear calibration function to convert
Doppler phase shift to blood speed, automated removal of bulk motion artifacts, automated
phase unwrapping, and an automated vessel detection and vein classification scheme.

It is an object of the disclosure to provide an image processing approach that finds
branches of the retinal vein within the ONH where an en face Doppler OCT flow measurement
can be applied without exceeding a 2n phase wrapping limit.

It is an object of the disclosure to provide methods to overcome problems with the
application of Doppler OCT in the retina that arise due to the complex branching pattern of the
retinal vasculature and the range of blood flow rates that exist therein.

It is an object of the disclosure to provide methods to identify an optimized en face
plane for each individual vessel branch and to calculate Doppler phase shift within the branch
using OCT.

It is an object of the disclosure to describe system calibration by a flow phantom so that

Doppler phase shift values can be converted to speed.
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It is an object of the disclosure to provide a method to detect a vein tree rather than an
arterial tree, so that variation due to cardiac pulsatility is reduced in the TRBF calculation. It is a
further object of the invention to count the contribution of each vein branch within the vein
tree only once in a retinal blood flow calculation.

It is an object of the disclosure to provide a method of processing Doppler OCT datasets
in a manner that improves the signal to noise ratio of the resultant Doppler OCT images.

This Summary is provided to introduce a selection of concepts in a simplified form that
are further described below in the Detailed Description. This Summary is not intended to
identify key features or essential features of the disclosed subject matter, nor is it intended to
be used to limit the scope of the disclosed subject matter. Furthermore, the disclosed subject
matter is not limited to implementations that solve any or all disadvantages noted in any part

of this disclosure.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Figure 1 is an illustration of en face Doppler technique for blood flow calculation in a
vessel.

Figure 2 is a scan pattern used for Doppler OCT. The raster scan, or 3D volume scan,
covered a 2X2 mm area around the central retinal vessels and was repeated 5 times in 3
seconds.

Figure 3A is an image of a flow phantom and OCT scanner.

Figure 3B is an image of an articulating base.

Figure 3C is a centration of OCT scan on tube of flow phantom (Left: SLO projection,
Right: a horizontal OCT scan at the center of 3D scan pattern)

Figure 3D is a diagram of the parabolic distribution of blood flow in the tube. The
velocity at the center of tube is about 2 times of overall average speed V.

Figure 3E is a set of four images showing the transverse position of 3 frames (or B-scans)
and their corresponding cross section images.

Figure 4 is a plot of the pulsatility profile of artery and vein.

Figure 5A is a flow chart used in detection of vessels.
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Figure 5B is a Doppler phase shift and reflectance Image on one en face plane.

Figure 5C is a binary mask including the retina.

Figure 5D is a vessel mask in one en face plane after vessel detection.

Figure 5E is missing, but would be a masked Doppler OCT image using a retinal mask.

Figure 5F is a Doppler OCT image of the vessel mask in figure 5D after phase
unwrapping.

Figure 5G is an illustration of two types of vein classification rules: vein (class 1) is the
vein inside the disc, vein (class 2) is the vein outside the disc. At depth showed in this figure, the
en face plane crosses the vein twice.

Figure 5H is an image of two types of vein in the same en face plane.

Figure 5l is an image of veins (class 1) detected in one en face plane (blue circle).

Figure 6A is a set of three en face planes selected for comparison. Each vein had an
optimized en face plane in which the Doppler phase shift was strong enough but without any
artifacts. Blue circle is the valid vein mask. Red circle means the particular vessel obtained
higher flow measurement than other planes.

Figure 6B is an image of two branches merging to form one vessel in a deeper en face
plane. The summation of branches (indicated by the upper two circles in Figure 6A) are
compared to the flow in the merged vessel (indicated by blue circle in figure 6B)

Figure 7A is a Doppler OCT image using full spectrum phase resolve method (cross
section), signal noise ratio (SNR) of Doppler phase shift =3.9.

Figure 7B is a Doppler OCT image using split spectrum phase resolve method (cross
section), SNR=7.9.

Figure 8A is a plot of the relation between Doppler phase shift and speed. Fitting of
estimated axial speed and averaged Doppler phase shift in the center of the tube. The blue line
is the linear polynomial fitting(root measure square error RMSE=0.19) and the red line is the
guadratic polynomial fitting with RMSE=0.17.

Figure 8B is a plot showing the transformation between Doppler phase shift and speed.

Figure 9 is a schematic of a system for processing OCT angiography data in accordance

with the disclosure.
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Figure 10 is an example of a computing system in accordance with the disclosure.
Figure 11 is flowchart showing a method for processing a volumetric OCT dataset to

calculate TRBF.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanying drawings
which form a part hereof, and in which are shown by way of illustration embodiments that can
be practiced. It is to be understood that other embodiments can be utilized and structural or
logical changes can be made without departing from the scope. Therefore, the following
detailed description is not to be taken in a limiting sense, and the scope of embodiments is
defined by the appended claims and their equivalents.

Various operations can be described as multiple discrete operations in turn, in a manner
that can be helpful in understanding embodiments; however, the order of description should
not be construed to imply that these operations are order dependent.

The description may use the terms “embodiment” or “embodiments,” which may each
refer to one or more of the same or different embodiments. Furthermore, the terms
“comprising,” “including,” “having,” and the like, as used with respect to embodiments, are
synonymous.

In various embodiments, structure and/or flow information of a sample can be obtained
using OCT (structure) and Doppler OCT (flow) imaging-based on the detection of spectral
interference. Such imaging can be two-dimensional (2-D) or three-dimensional (3-D), depending
on the application. Structural imaging can be of an extended depth range relative to prior art
methods, and flow imaging can be performed in real time. One or both of structural imaging
and flow imaging as disclosed herein can be enlisted for producing 2-D or 3-D images.

Unless otherwise noted or explained, all technical and scientific terms used herein are
used according to conventional usage and have the same meaning as commonly understood by
one of ordinary skill in the art which the disclosure belongs. Although methods, systems, and

apparatuses/materials similar or equivalent to those described herein can be used in the
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practice or testing of the present disclosure, suitable methods, systems, and
apparatuses/materials are described below.

All publications, patent applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of conflict, the present specification,
including explanation of terms, will control. In addition, the methods, systems, apparatuses,
materials, and examples are illustrative only and not intended to be limiting.

In order to facilitate review of the various embodiments of the disclosure, the following
explanation of specific terms is provided:

A-scan: A reflectivity profile that contains information about spatial dimensions and
location of structures within an item of interest. An A-scan is an axial scan directed along the
optical axis of the OCT device and penetrates the sample being imaged. The A-scan encodes
reflectivity information (for example, complex numbers carrying intensity and phase
information) as a function of depth.

B-scan: A cross-sectional tomograph that can be achieved by laterally combining a series
of axial depth scans (i.e., A-scans) in the x-direction or y-direction. A B-scan encodes planar
cross-sectional information from the sample and is typically presented as an image.

En face image: The planar set of voxels at a given depth along the z-axis of a volumetric
3D dataset (see below). In the present disclosure, the term “en face image” and “en face plane”
are used to denote such data derived from 3D datasets of Doppler phase shift and/or structural
OCT values.

Dataset: As used herein, a dataset is an ordered-array representation of stored data
values that encodes relative spatial location in row-column-depth (x-y-z axes) format. In the
context of OCT, as used herein, a dataset can be conceptualized as a three dimensional array of
voxels, each voxel having an associated value (for example, a complex number, a phase shift,
etc.). An A-scan corresponds to a set of collinear voxels along the depth (z-axis) direction of the
dataset; a B-scan is made up of set of adjacent A-scans combined in the row or column (x- or y-
axis) directions. Such a B-scan can also be referred to as an image, and its constituent voxels
referred to as pixels. A collection of adjacent B-scans can be combined form a 3D volumetric set

of voxel data referred to as a 3D image.
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In the system and methods described herein, the dataset obtained by an OCT scanning
device can be termed a “structural OCT” dataset whose values can, for example, be complex
numbers carrying intensity and phase information. This structural OCT dataset can be used to
calculate a corresponding dataset termed a “Doppler OCT” dataset comprised of Doppler phase
shift values that are proportional to the axial component of flow within the imaged sample.
There is a one-to-one correspondence between the voxels of the structural OCT dataset and
the Doppler OCT dataset. Thus, segmented masks from a structural OCT image may be overlaid,
for instance, on a corresponding Doppler OCT image to aid in image analysis.

An automated algorithm for the calculation of total retinal blood flow (TRBF) using
optical coherence tomography (OCT) is disclosed. In an embodiment described herein, a
commercial grade 70 kHz spectral domain OCT system was used to perform the TRBF
guantification method. An exemplary method of using a flow phantom to calibrate the
transformation from Doppler shift values to speed values is also described. In an embodiment,
the OCT scan pattern can contain a plurality of repeated volume scans to improve calculation of
TRBF. For example, a (2x2 mm) scan pattern centered on central retinal vessels in the optic disc
can be used to a acquire data in 3 seconds for TRBF quantification. Such a scan pattern satisfies
the balance required to collect data of sufficient quality with adequate coverage of vessels to
perform the TRBF calculation method described herein while minimizing the scan time to which
the patient must submit. In the disclosed methods, TRBF can be calculated using an en face
Doppler technique. For each retinal vein detected in the acquired OCT scan, blood flow was
measured at an optimal en face plane where the calculated flow was maximized. The TRBF was
calculated by summing flow in all such veins. In an embodiment described herein, the algorithm
tracked vascular branching so that either root or branch veins are summed, but never both. The
TRBF in a plurality of repeated volumes can be averaged to reduce variation due to cardiac
cycle pulsation. Finally, in embodiments, the TRBF can be corrected for eye length variation.

The disclosed algorithm has utility in detecting retinal blood flow differences for
subjects with vascular pathology of the eye. In an exemplary demonstration described in
greater detail below, twelve healthy eyes and 12 glaucomatous eyes were analyzed to test an

embodiment of the disclosed algorithm. The TRBF was 45.4 6.7 pl/min for healthy control and
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34.7 7.6 pl/min for glaucomatous participants (p-value=0.01). The intra-visit repeatability was
8.6% for healthy controls and 8.4% for glaucoma participants. Thus, the proposed automated
method is able to provide repeatable TRBF measurement.
Theory of En face method for TRBF measurement

Flow calculation using Doppler OCT and the en face plane has been previously described
(34, 36). Briefly (Figure 1), the Doppler phase shift is proportional to the axial component of
velocity, or DxV*cos(a), where D is Doppler phase shift, V is velocity, and a is the angle
between axial component and vessel. The true vessel area, which is perpendicular to the
velocity vector in vessels, is equal to the product of vessel area in the en face plane and cos(a),
or S=S.* cos(a). Here, S is the area of a vessel in the direction perpendicular to the vessel
segment, and S, is the area of the vessel in the en face plane. When the integration of Vin S is
performed, the two cos(a) components cancel each other. Thus, blood flow in a vessel is
proportional to the integration of Doppler phase shift in the vessel region and the en face

plane.

Doppler OCT and Scan pattern

The OCT system used in the exemplary study described herein was an RTVue-XR spectral
domain OCT, a commercially-available device for ophthalmic imaging applications. The RTVue-
XR has a 70 kHz scan rate, a laser source with central wavelength of 840nm and 5 micron depth
resolution. The phase wrapping velocity limit of RTVue-XR is 11.1 mm/s using the formula
Vmax=A/(4nAT) and wavelength A= 840nm, refraction index n=1.36 and axial scan (A-scan) time
interval AT=14.3pus. The scan pattern using this system for TRBF measurement included 5
volume scans covering a 2X2 mm area around the optic disc. The volume scan contained 80 B-
scans and each B-scan contained 500 axial-scans. The scan depth was 2.3mm. The volume scan
was repeated 5 times in the scan pattern and took 3 seconds to obtain (Figure 2).

The blood velocity in the central retinal veins has been reported to be as high as
57mm/s based on ultrasound measurements. Because the central retinal vein is oriented along
the axial direction, axial speeds of this magnitude would exceed multiple phase wrapping limit

of a 70-kHz OCT system. The average speed in peripapillary veins is 15 to 16.8 mm/s as assessed
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by Doppler OCT. In this region, the vessels are oriented more closely to perpendicular to the
axial direction. Thus, the axial speed in peripapillary veins may be too low to allow for precise
speed measurement. Therefore, the vein branches near the disc boundary, where blood speeds
fall between those of the peripapillary veins and central retinal veins, were targeted. The axial
speed in these branches near the disc boundary can be reliably measured when the angle is

appropriate in some en face planes.

Doppler phase shift calculation and Bulk motion removal

In an embodiment disclosed herein, the Doppler phase shift was calculated based on the
phase-resolved technique (18, 23). With the use of faster scan rates, however, the noise can be
increased compared to earlier slower OCT systems (38). In an embodiment disclosed herein, in
order to reduce the noise in the OCT image, a split spectrum method adapted for use in
Doppler OCT was applied. A filter bank was applied to divide the full-spectrum interferograms
into a number of narrower bands (39,40). In embodiments, the filter bank can consist of a
plurality of bandpass filters with variable degrees of overlap along the frequency spectrum. The
use of such a split spectrum method reduces noise by averaging the Doppler phase shift in all
bands. This noise reduction also produces the tradeoff of lower depth resolution due to the
small spectral bandwidth in each band.

The split spectrum was generated by passing a full-spectrum fringe through the filter
bank. Then the FFT transform was applied to each band separately (Equation 1).

s(x,j,z) = FFT(S(x, k) & f(j, k) (1)

Here, S(x,k) is the spectrum obtained for xi, A-scan in k-space, f(j, k) is the ji, band pass
filter, FFT is the fast Fourier transform, s(x,j,z) is the complex signal of j, band of xi, A-scan .

Doppler phase shift was then averaged in all bands and neighboring A-scans (Equation
2).

arg(SN5 M s+t j.2)s" (x+it1,).2)

2AT

D(x,z) = (2)

Here, D (x,z) is the Doppler phase shift of x¢, A-scan at depth position z, arg is a function

to give the angle of a complex number, N is the number of neighboring A-scans, M is the

10
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number of bands, AT is the time difference between xi, A-scan and (x+1), A-scan. By averaging
the N A-scans and M bands, the noise of the Doppler OCT image was reduced.

In embodiments, bulk motion due to eye movement along the depth direction can be
calculated and removed using the averaged Doppler phase shift of the static retinal tissue as
the bulk motion induced phase shift. In an embodiment described herein, a revised histogram
estimation method for bulk motion was used (41). The original method of (41) calculated the
histogram of Doppler phase shift in static retinal tissue for an A-scan, and used the value of the
maximum bin as bulk motion. In regions with less effective data points such as regions with
large vessels and a thin retina, the method may be not precise. As each B-scan was acquired in
less than 10 milliseconds and the bulk motion changed gradually along the B-scan, a weighted
polynomial fitting was applied on the bulk motion estimated by the original method. To reduce

the error, weights were set to 0 for A-scans with less effective points.

Doppler phase shift Calibration

Beyond the phase wrapping limit, fringe washout reduces OCT signal strength and
increases phase noise. Therefore phase-unwrapping algorithms often do not recover the full
Doppler shift signal and have a tendency to underestimate flow speed. It has been reported
that the relationship between Doppler shift obtained from the phase-unwrapping method and
the actual speed was not perfectly linear (42). Further, when the space interval between two
consecutive axial scans increases, the correlation between two axial scans becomes weak and
noise of the estimated Doppler phase shift increases. Therefore the summation of Doppler
phase shift in the vessel area will be smaller than actual Doppler phase shift produced by blood
flow. This phenomenon has been called step-size factor and needs to be compensated for (23).
In an exemplary embodiment described herein, compensation for both biases can be achieved
by empirical calibration using a physical flow phantom.

An exemplary procedure for determining such an empirical calibration is as follows. A
syringe was filled with fresh Bovine blood (Animal Technologies, Inc.,Tyler, TX) and then
pumped by a syringe pump (11 plus, Harvard Apparatus, Holliston, MA) . The blood was

pumped with a constant speed through a plastic tube with a 200um inner diameter (Figure 3A).

11
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The tube was fixed in front of the OCT scanner. The angle between the tube and laser beam
could be adjusted using an articulating base (SL20, Thorlabs Inc, Newton, New Jersey) (Figure
3B). An achromatic doublet (AC254-030-B, Thorlabs Inc, Newton, New Jersey) was placed
between the OCT scanner and tube in order to focus the laser beam on to the tube. The same
scan pattern described earlier for TRBF measurement was used to obtain the 3D image of the
tube. In the experiment, the pump flow rate was set to be 60 pl/min, which corresponds to an
average velocity of 31.8mm/s in the 200 um tube. The speed was specifically chosen to
simulate the blood flow rate in retina vessels inside optic disc. The vertical and horizontal
position of the tube was adjusted to center it with laser beam (Figure 3C). Then the incident
angle was changed from 0 to 18 degrees using steps of 3 degrees. The maximum angle was
limited to 18 degrees because the reflectance signal is too weak due to fringe washout when
angle is larger than 18 degrees.

The same TRBF scan pattern used in the herein described human study was also used
for the phantom test in order to maintain a common A-scan space interval. Therefore
compensation for the step-size factor after the calibration need not be considered. The Doppler
phase shift was calculated as described above. Due the difference in the reflectance index
between air, tube, and blood, there is significant shape distortion at the edges of the tube
where the incident angle is much larger than zero. To avoid this distortion, only signal in the
center of the tube was used where the incident angle is close to 0 and the distortion is
negligible. The flow in the tube followed a parabolic distribution (Figure 3D) along the tube
radial direction, in accordance with fluid mechanics theory. Therefore the Doppler shift in the
center of tube was larger than at the edges. The theoretical average speed in the central region
with radius<20 micron was recalculated to be 61.4mm/s. The average velocity was obtained by
averaging the Doppler shift in the center part of tube in the Doppler OCT image. Image
segmentation was applied on reflectance images to find the top position of tube on each B-
scan. Then the beam incident angle was estimated based on the 3D orientation of the tube.
(Figure 3E). The phase unwrapping algorithm is used when it is necessary. The axial speed was

then calculated based on the Doppler shift and estimated incident angle.

12
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Pulsatility in vessels

Pulsatility during the cardiac cycle makes the blood flow in the retina variable. To obtain
repeatable TRBF quantification, multiple volumetric scans are needed to match the different
time points in the cardiac cycle. In an embodiment using the OCT system described previously
for the studies disclosed herein, in order to cover the entire optic disc, the scan size needed to
be about 2 X2 mm. The A-scan interval was limited to ensure the correlation of neighboring A-
scans. The B-scan interval was also limited to ensure middle size vessels were included (D>50
micron). Therefore, a scan pattern with 80 B-scan*500 A-scans, covering 2X2 mm area was
chosen. The volumetric scan rate was 1.7Hz.

The pulsatility of an artery cannot be compensated with such a volumetric scan rate.
The pulsatility profile of a retinal artery and vein were compared in an exemplary experiment
using a rapidly repeating circular scan. Eyes were scanned by repeating circular scans with a
1.5mm diameter at 30Hz. In each cross-sectional image, the Doppler phase shift in the artery
and vein was summated in the vessel area and normalized by its own mean. The start position
of each cardiac cycle was detected using the maximum change in artery flow profile. Then, the
profile of all cardiac cycles were aligned and averaged. By this method, an average pulsatility
profile of an artery and a vein in one cardiac cycle was determined (Figure 4). The variance in an
artery was quite large compared to its mean (coefficient of variation=0.26), while the variance
in a vein was relatively small compared to its mean (coefficient of variation =0.05). Thus, the
pulsatility variation can be compensated for if venous flow is measured and a sufficient number
of volumes acquired. The slower flow speed in veins also caused less phase wrapping than in

arteries.

Vessel detection and phase unwrapping

In order to detect veins, an automated algorithm was developed (Figure 5A). In an
embodiment of such a detection algorithm, the retina can first be detected using the
reflectance images from the structural OCT scan (figure 5C). This detection can be performed
using appropriate image segmentation algorithms known in the art. In the example disclosed

herein, a level-set method was applied to obtain a smooth binary retinal mask (43). The level-
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set method sometimes created multiple regions that were not connected, for instance, when
there was extra tissue above the retina. In such cases, the region with maximum volume was
classified as the retina mask.

In an embodiment, vessels are detected inside the retina mask as voxels having large
Doppler phase shifts (i.e., having Doppler shift values exceeding a prescribed detection
threshold). In the example embodiment described herein, the detection threshold was defined
as 2.33 times the standard deviation of Doppler phase shift in the static retinal tissue. In further
embodiments, morphologic operations can then be used to exclude small regions, close holes,
and/or connect nearby regions (for example, erosion and dilation operators can be applied) to
produce a vessel mask. In the specific embodiment described herein, where the spatial interval
between two adjacent B-scans was 25 microns, it was difficult to decide if a region with 1-2
pixels was noise or signal. Therefore any region with a diameter <=50 micron was removed
from the vessel mask (Figure 5D).

Phase wrapping may change the sign of Doppler phase shift in the center of the vessel.
Thus, in an embodiment, an unsupervised phase unwrapping algorithm (44, 45) is applied
before the vein and artery classification. In the implementation described herein, the phase
unwrapping algorithm was applied to the 2D image in each en face plane separately, and was
only applied to pixels inside the retina mask (Figure 5E, 5F).

In an embodiment, after the vessels are detected and the phase unwrapping algorithm
applied, classification of vessels as veins and arteries is performed. In an implementation
described herein, the following classification scheme is used: from the vessel mask, arteries and
veins which were double counted in the same en face plane were excluded. Veins were
identified as vessels having flow directed into the disc. The determination of vessel type is
illustrated in figure 5G. As shown, a typical vein has three segments D1- D3 and the
corresponding Doppler phase shifts in these segments were negative, close to 0, and positive.
The algorithm in the previous paragraph detected two vessel segments: the first one
corresponds to D1, or class 1, where both the Doppler phase shift and the slope of the vessel
segment are negative; the other one corresponds to D3, or class 2, where both the Doppler

phase shift and slope of vessel segment are positive (Figure 5H). Vessel segment D2 cannot be
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detected because the Doppler phase shift is too weak. In arteries, however, vessel segment D1
has a positive Doppler phase shift and a negative slope of vessel segment, while vessel segment
D3 has a negative Doppler phase shift and a positive slope of vessel segment. In an
embodiment described herein, only vessel segments with both negative Doppler phase shift
and negative slope of vessel segment are considered as valid venous mask for TRBF

measurement (Figure 5I).

Multiple planes en face Doppler method

Due to artifacts in the spectral OCT (such as fringe washout, phase wrapping or weaker
reflectance in deeper tissue) it is difficult to find a single artifact-free plane that includes all
veins classified for inclusion in TRBF measurement. To solve this problem, in an embodiment,
an optimized en face plane for each separate vein branch can be determined and then the flow
contribution of all separate vein branches summed (Figure 6A).

In an embodiment, the optimized en face plane for a given vein branch is the plane at
the depth in the tissue for which the blood flow is maximum. On other, non-optimum, en face
planes, artifacts reduce the integration of the Doppler phase shift over the vessel area and thus
create lower blood flow measurement than in the optimized en face plane (Figure 6A). Total
retinal blood flow can then be calculated by summing the optimized flow value of each vein
branch. In an embodiment, if two vein branches are found to merge into a root vein at a deeper
level, the summation of flow values in the branches is compared to the flow value quantified in
the root vein. Either the root or branch veins are then selected for inclusion in the calculation of
total retinal blood flow, depending on which one is larger (Figure 6B). In an embodiment, to
reduce the effect of cardinal pulsation, TRBF values calculated from a plurality of volumes
acquired during one scan session can be averaged to obtain a more reliable TRBF
measurement.

The pixel size of the en face plane is proportional to the axial length of the eye. Since
axial length is variable, a compensation factor is necessary to correct TRBF using a default pixel
size. In an embodiment, a compensation factor c=(L/Ld)2, where L is the axial length of the test

eye and L4 is the default axial length is used. For the exemplary implementation described in
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the studies herein, a value of Ly =24mm was used. This compensation method for vessel area
was consistent to methods used in other imaging modalities (46).
EXAMPLES
The following examples are illustrative of the disclosed methods. In light of this
disclosure, those of skill in the art will recognize that variations of these examples and other

examples of the disclosed method would be possible without undue experimentation.

Example 1 — Improved signal-to-noise ratio using split-spectrum Doppler phase shift

In the split spectrum algorithm for Doppler phase shift calculation (Equation 2 above),
the number of A-scans to be averaged was set at N=6 and the number of bands to be averaged
was set at M=11. For comparison, the signal to noise ratio (SNR) was calculated for both the
traditional full spectrum algorithm and the split spectrum algorithm disclosed herein. The SNR
is the ratio between the average of Doppler phase shift in a vessel and the standard deviation
of Doppler phase shift in the non-vessel static retinal tissue, where the Doppler phase shift was
supposed to be zero due to lack of motion. The SNR of Doppler phase shift for split spectrum
algorithm was larger than traditional phase-resolved algorithm (7.9 vs 3.9) (Figure 7A and
Figure 7B). The improvement of SNR was, however, at the cost of resolution in depth. The
depth resolution using the split spectrum is 20 microns compared to the original 5 micron
depth resolution. The reduction of depth resolution did not affect the blood flow calculations
because blood flow was calculated in the en face plane using adjacent A-scans. However, loss of
depth resolution can potentially limit the selection of the proper en face planes for vein branch

calculations of blood flow.

Example 2 — Calibration experiment for transformation of Doppler shift to speed

The phantom experiments showed a linear relationship between the Doppler phase
shift and the flow speed when the absolute value of the phase shift was less than mt (Figure 8A).
In Figure 8A, each data point corresponds to the average of Doppler phase shift in a cross
section plane of the center of the tube. The axial speed was calculated by 61.4mm/s*sin(B),

where B was estimated by the slope of a fitted line of detected center of tube in the 3D volume.
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The speed corresponding to Doppler phase shift m was 18.5 mm/s, much larger than theoretic
value of 11.1 mm/s. This difference was possibly due to the larger A-scan space interval in the
scan pattern (about 4 micron). When the Doppler phase shift was larger than i, the distribution
of data points became more scattered. A nonlinear fitting (red line) worked better than a linear
fitting (blue line). In the studies described herein, a nonlinear curve was used for transforming

Doppler phase shift values to speed (Figure 8B).

Example 3 — TRBF measurement in healthy versus glaucomatous eyes

To test the ability of the proposed TRBF measuring algorithm to detect differences in
vascular function, participants were selected from functional and structural OCT for glaucoma
study in Casey Eye Institute. The research protocol was approved by the institutional review
boards at Oregon Health & Science University and carried out in accordance with the tenets of
the Declaration of Helsinki. Written informed consent was obtained from each subject.

In the described studies, normal participants had IOPs of less than 21 mm Hg for both
eyes, a normal Humphrey Swedish Interactive Threshold Algorithm (SITA) 24-2 standard visual
field with mean deviation (MD), and pattern standard deviation (PSD) within 95% limits of the
normal reference. They also had a glaucoma hemifield test within 97% limits, a central corneal
thickness >500um, a normal appearing ONH, a normal nerve fiber layer, an open anterior
chamber angle as observed by gonioscopy, and no history of chronic ocular or systemic
corticosteroid use.

The glaucoma participants had at least one eye which had ONH or NFL defect visible on
slit-lamp biomicroscopy defined as one of following: diffused or localized rim thinning, disc
(splinter) hemorrhage, vertical cup/disc ratio greater than the fellow eye by >0.2, or a notch in
the rim detected on baseline dilated fundus examination and confirmed by masked reading of
stereo disc photographs. People were not enrolled if they had other eye diseases, previous
intraocular surgery, age < 40 or > 79 years, or best corrected visual acuity worse than 20/40.

The TRBF measurement algorithm was applied to 12 healthy and 12 glaucomatous
participants. One eye was selected for each participant. The proposed scan pattern with 5

volumes was applied to the tested eye. Three scans were repeated for each eye. The disclosed
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multiple plane en face algorithm was applied for TRBF calculation. The average age was 64 +7
for healthy controls and 7049 for glaucomatous participants. The visual field mean deviation
was 0.7 1.4 dB for healthy controls and -6.1 +7.1 dB for glaucomatous participants. The TRBF
was 45.4 6.7 pl/min for healthy control and 34.7 £7.6 pl/min for glaucomatous participants (p-
value=0.01). The intra-visit repeatability (coefficient of variation) is 8.6% for healthy controls

and 8.4% for glaucomatous participants.

Example 4 - Optical Coherence Tomography Angiography image processing system

Figure 9 schematically shows an example system 900 for OCT image processing in
accordance with various embodiments. System 900 comprises an OCT system 902 configured to
acquire an OCT image comprising OCT interferograms and one or more processors or
computing systems 904 that are configured to implement the various processing routines
described herein. OCT system 900 can comprise an OCT system suitable for OCT angiography
applications, e.g., a swept source OCT system.

In various embodiments, an OCT system can be adapted to allow an operator to
perform various tasks. For example, an OCT system can be adapted to allow an operator to
configure and/or launch various ones of the herein described methods. In some embodiments,
an OCT system can be adapted to generate, or cause to be generated, reports of various
information including, for example, reports of the results of scans run on a sample.

In embodiments of OCT systems comprising a display device, data and/or other
information can be displayed for an operator. In embodiments, a display device can be adapted
to receive an input (e.g., by a touch screen, actuation of an icon, manipulation of an input
device such as a joystick or knob, etc.) and the input can, in some cases, be communicated
(actively and/or passively) to one or more processors. In various embodiments, data and/or
information can be displayed, and an operator can input information in response thereto.

In some embodiments, the above described methods and processes can be tied to a
computing system, including one or more computers. In particular, the methods and processes

described herein, e.g., the methods depicted in Figure 5A described above or in Figure 11
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described below, can be implemented as a computer application, computer service, computer
API, computer library, and/or other computer program product.

Figure 10 schematically shows a non-limiting computing device 1000 that can perform
one or more of the above described methods and processes. For example, computing device
1000 can represent a processor included in system 900 described above, and can be operatively
coupled to, in communication with, or included in an OCT system or OCT image acquisition
apparatus. Computing device 1000 is shown in simplified form. It is to be understood that
virtually any computer architecture can be used without departing from the scope of this
disclosure. In different embodiments, computing device 1000 can take the form of a
microcomputer, an integrated computer circuit, printed circuit board (PCB), microchip, a
mainframe computer, server computer, desktop computer, laptop computer, tablet computer,
home entertainment computer, network computing device, mobile computing device, mobile
communication device, gaming device, etc.

Computing device 1000 includes a logic subsystem 1002 and a data-holding subsystem
1004. Computing device 1000 can optionally include a display subsystem 1006, a
communication subsystem 1008, an imaging subsystem 1010, and/or other components not
shown in Figure 7. Computing device 1000 can also optionally include user input devices such as
manually actuated buttons, switches, keyboards, mice, game controllers, cameras,
microphones, and/or touch screens, for example.

Logic subsystem 1002 can include one or more physical devices configured to execute
one or more machine-readable instructions. For example, the logic subsystem can be
configured to execute one or more instructions that are part of one or more applications,
services, programs, routines, libraries, objects, components, data structures, or other logical
constructs. Such instructions can be implemented to perform a task, implement a data type,
transform the state of one or more devices, or otherwise arrive at a desired result.

The logic subsystem can include one or more processors that are configured to execute
software instructions. For example, the one or more processors can comprise physical circuitry
programmed to perform various acts described herein. Additionally or alternatively, the logic

subsystem can include one or more hardware or firmware logic machines configured to execute
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hardware or firmware instructions. Processors of the logic subsystem can be single core or
multicore, and the programs executed thereon can be configured for parallel or distributed
processing. The logic subsystem can optionally include individual components that are
distributed throughout two or more devices, which can be remotely located and/or configured
for coordinated processing. One or more aspects of the logic subsystem can be virtualized and
executed by remotely accessible networked computing devices configured in a cloud computing
configuration.

Data-holding subsystem 1004 can include one or more physical, non-transitory, devices
configured to hold data and/or instructions executable by the logic subsystem to implement
the herein described methods and processes. When such methods and processes are
implemented, the state of data-holding subsystem 1004 can be transformed (e.g., to hold
different data).

Data-holding subsystem 1004 can include removable media and/or built-in devices.
Data-holding subsystem 1004 can include optical memory devices (e.g., CD, DVD, HD-DVD, Blu-
Ray Disc, etc.), semiconductor memory devices (e.g., RAM, EPROM, EEPROM, etc.) and/or
magnetic memory devices (e.g., hard disk drive, floppy disk drive, tape drive, MRAM, etc.),
among others. Data-holding subsystem 1004 can include devices with one or more of the
following characteristics: volatile, nonvolatile, dynamic, static, read/write, read-only, random
access, sequential access, location addressable, file addressable, and content addressable. In
some embodiments, logic subsystem 1002 and data-holding subsystem 1004 can be integrated
into one or more common devices, such as an application specific integrated circuit or a system
on a chip.

Figure 10 also shows an aspect of the data-holding subsystem in the form of removable
computer-readable storage media 1012, which can be used to store and/or transfer data
and/or instructions executable to implement the herein described methods and processes.
Removable computer-readable storage media 1012 can take the form of CDs, DVDs, HD-DVDs,
Blu-Ray Discs, EEPROMs, flash memory cards, USB storage devices, and/or floppy disks, among

others.
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When included, display subsystem 1006 can be used to present a visual representation
of data held by data-holding subsystem 1004. As the herein described methods and processes
change the data held by the data-holding subsystem, and thus transform the state of the data-
holding subsystem, the state of display subsystem 1006 can likewise be transformed to visually
represent changes in the underlying data. Display subsystem 1006 can include one or more
display devices utilizing virtually any type of technology. Such display devices can be combined
with logic subsystem 1002 and/or data-holding subsystem 1004 in a shared enclosure, or such
display devices can be peripheral display devices.

When included, communication subsystem 1008 can be configured to communicatively
couple computing device 1000 with one or more other computing devices. Communication
subsystem 1008 can include wired and/or wireless communication devices compatible with one
or more different communication protocols. As non-limiting examples, the communication
subsystem can be configured for communication via a wireless telephone network, a wireless
local area network, a wired local area network, a wireless wide area network, a wired wide area
network, etc. In some embodiments, the communication subsystem can allow computing
device 1000 to send and/or receive messages to and/or from other devices via a network such
as the Internet.

When included, imaging subsystem 1010 can be used acquire and/or process any
suitable image data from various sensors or imaging devices in communication with computing
device 1000. For example, imaging subsystem 1010 can be configured to acquire OCT image
data, e.g., interferograms, as part of an OCT system, e.g., OCT system 902 described above.
Imaging subsystem 1010 can be combined with logic subsystem 1002 and/or data-holding
subsystem 1004 in a shared enclosure, or such imaging subsystems can comprise periphery
imaging devices. Data received from the imaging subsystem can be held by data-holding

subsystem 1004 and/or removable computer-readable storage media 1012, for example.
Example 5 — Processing Steps for TRBF Calculation

Figure 11 shows an exemplary flowchart of a method 1100 for calculating TRBF from an

acquired volumetric OCT dataset 1102 using the methods disclosed herein. In practice, this
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method 1100 can be applied to a plurality of volumetric OCT datasets acquired at the same
location to produce a set of calculated TRBF values, which can further be averaged to reduce
the variation caused by cardiac cycle pulsation effects. At 1104, datasets for the Doppler phase
shift and reflectance images are calculated. In embodiments, the Doppler phase shift can be
calculated using methods known in the art, or by application of Equations (1) and (2) to split the
spectrum and reduce noise in the resultant Doppler phase shift data. At 1106, an algorithm for
removal of bulk motion is applied. At 1108, reflectance images are used to detect the retina
and generate a retina mask within which vessel detection will be performed. Generation of this
retinal mask can be performed using any segmentation approach which provides suitable
delineation of retinal versus non-retinal tissue. Examples of such segmentation approaches
include levels-set methods, active contours, thresholding approaches, clustering methods,
image growing, or other standard segmentation methods known in the art.

At 1110, the retinal mask generated at 1108 is applied to images to constrain the search
space to detect vessels within the Doppler phase shift dataset. In an embodiment, voxels having
large phase shift values (i.e., above a given threshold) can be classified as belonging to a blood
vessel structure. In such an embodiment, the threshold value can be determined from the
Doppler phase shift values associated with static (i.e., non-flowing) retinal tissue. For example,
the standard deviation (SD) of the Doppler phase shift values of for static retinal tissue can be
calculated, and then a threshold value set at a multiple of that SD value (e.g., about 2.3 times
SD). Once identified, these detected vessel voxels are used to generate a set of en face vessel
image masks for the dataset. In embodiments, it may be further necessary to perform
morphological operations (e.g., dilation, erosion) to improve the quality of the en face vessel
mask images by filling holes, restoring connectivity, and rejecting vessels below a certain size.
At 1112 a phase unwrapping algorithm is applied to each of the en face images in the dataset,
with the phase unwrapping performed only on pixels lying within the retinal mask for that en
face image.

At 1114, the vessel masks are used with the en face Doppler phase shift images of the
dataset to classify detected vessels as veins or as arteries. In an embodiment (as described

earlier), this classification can be performed using knowledge the measured flow direction (i.e.,
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whether the Doppler phase shift is positive or negative) and the spatial slope of a vessel relative
to the location of the vessel trunk in the optic nerve head. At 1116, the subset of vessels
classified as veins in the en face images are analyzed to characterize the spatial connectivity of
the venous vessel tree through the depth of the dataset. This characterization establishes the
specific branches comprising the venous vessel tree and locations where branches merge or
bifurcate.

At 1118, each of the branches of the venous vessel tree is analyzed to determine an
optimized en face plane depth at which the blood flow rate for that branch is calculated. In an
embodiment, the optimized en face plane depth is defined as the en face depth along the vein
branch where the calculated blood flow rate is maximum. Because of geometric orientation,
artifacts, and noise, the optimized en face plane depth is expected to be different for each vein
branch within the venous vessel tree. At 1120, the blood flow rate is calculated for each vein
branch at its respective optimized en face plane by converting the Doppler phase shift values
within that vein branch to speed (for example, by using an empirical relationship such as that
depicted in Figure 8b), and then integrating those speed values over the en face cross sectional
area of the vein branch. Once all optimized flow rates are determined for all vein branches, and
allowances made for cases where veins merge or bifurcate, a total retinal blood flow (TRBF)
value is calculated at 1122 by summing the flow contributions of the individual branches. Lastly,
at 1124, scaling is performed to account for variation in eye length between subjects.

It is to be understood that the configurations and/or approaches described herein are
exemplary in nature, and that these specific embodiments or examples are not to be
considered in a limiting sense, because numerous variations are possible. The specific routines
or methods described herein can represent one or more of any number of processing
strategies. As such, various acts illustrated can be performed in the sequence illustrated, in
other sequences, in parallel, or in some cases omitted. Likewise, the order of the above-
described processes can be changed.

The subject matter of the present disclosure includes all novel and nonobvious

combinations and subcombinations of the various processes, systems and configurations, and
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other features, functions, acts, and/or properties disclosed herein, as well as any and all

equivalents thereof.
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CLAIMS

1. A method of measuring retinal blood flow using optical coherence tomography (OCT),
comprising:

receiving an OCT scan dataset of a region of the eye;

generating a reflectance OCT dataset, the reflectance OCT dataset comprised of a set of
en face reflectance images;

generating a Doppler OCT dataset, the Doppler OCT dataset comprised of a set of en
face Doppler images;

detecting a set of vessels in the set of en face Doppler OCT images;

applying a phase unwrapping algorithm to the set of en face Doppler OCT images;

identifying a set of vein branches in the set of vessels;

determining an optimized en face plane for each of the vein branches; and

calculating a blood flow on the optimized en face plane for each of the vein branches;

2. The method of claim 1, wherein the region of the eye includes the disc boundary of the

optic nerve head.

3 The method of claim 1, wherein generating a Doppler OCT dataset is calculated

according to Equation (1) and Equation (2).

4. The method of claim 1, further comprising removing bulk motion from the reflectance

OCT dataset and the Doppler OCT dataset.
5. The method of claim 1, wherein detecting a set of vessels in an en face Doppler OCT image

comprises:

generating a retina mask from the reflectance OCT dataset;
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identifying a set of pixels the en face Doppler OCT image having Doppler phase shift
values that exceed a threshold, provided that the pixels are located within the retina mask,
thereby generating a vessel mask;

removing artifacts from the vessel mask; and

identifying a set of vessels in the en face Doppler OCT image using the vessel mask.

6. The method of claim 5, wherein the threshold is about 2.33 times the standard deviation of

Doppler phase shift in a static retinal tissue.

7 The method of claim 1, wherein the optimized en face plane for a vein branch is the depth at

which the Doppler phase shift value is maximized.

8. The method of claim 1, wherein calculating a blood flow on the optimized en face plane for a
vein branch comprises:

identifying the pixels comprising the vein branch on the optimized en face plane;

transforming the Doppler phase shift values associated with the pixels into speed
values;

integrating the speed values over the en face cross sectional area of the vein branch,
thereby generating a blood flow; and

correcting the blood flow for eye length variation.

9. The method of claim 1, further comprising calculating a total retinal blood flow (TRBF) by

summing the blood flow of each vein branch.

10. The method of claim 9, further comprising calculating a mean TRBF from a plurality of OCT

scan datasets.

11. The method of claim 1 further comprising using 70 kHz spectral optical coherence

tomography.
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12. A method of calculating a Doppler OCT dataset having reduced noise comprising:
receiving a full spectrum OCT dataset;
dividing the full spectrum OCT dataset into a set of narrow band OCT datasets according
to Equation 1; and
calculating the Doppler phase shift from the set of narrow band OCT datasets according

to Equation 2.
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