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METHODS AND SYSTEMS FOR BLOOD FLOW MEASUREMENT
USING DOPPLER OPTICAL COHERENCE TOMOGRAPHY

STATEMENT OF FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[0001] The present invention is made, at least in part, with the support of

grants from National Institute of Health (NIH grants ROl EYO13516 and

P30 EY03040). The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to the following U.S. provisional

applications^ Provisional Application Number 60/910,871, filed April 10,

2007, entitled "METHOD FOR TOTAL RETINAL BLOOD FLOW

MEASUREMENT"; Provisional Application Number 60/975,114, filed

September 25, 2007, entitled "TOTAL RETINAL BLOOD FLOW

MEASUREMENT BY CIRCUMPAPILLARY FOURIER DOMAIN

DOPPLER OPTICAL COHERENCE TOMOGRAPHY'; and Provisional

Application Number 61/035,871, file March 12, 2008, entitled "METHOD

FOR TOTAL RETINAL BLOOD FLOW MEASUREMENT'. The benefit

under 35 USC §119(e) of the United States provisional application is hereby

claimed. The above priority applications are hereby incorporated herein by

reference.

FIELD OF THE INVENTION

[0003] The invention pertains to the field of optical coherence tomography.

More particularly, the invention pertains to methods and systems for

measuring blood flow in the retina and other body parts using Doppler

optical coherence tomography.



BACKGROUND OF THE INVENTION

[0004] Tools capable of providing accurate, non-invasive, and quantitative

structural and blood flow measurement of body parts in vivo are highly

desirable in applications such as medical diagnosis and therapeutic progress

monitoring. In this respect, optical coherence tomography (OCT) has been

seen as a promising technology for providing such a capability.

[0005] Optical coherence tomography [l] is a recently developed technology

that is capable of providing high-resolution cross-sectional imaging and is

commonly used in the diagnosis and management of retinal diseases [2-4]

and glaucoma [5, 6]. In addition to obtaining morphological images, OCT

can also detect a Doppler shift of reflected light, which provides information

on flow and movement [7-9]. Several investigators have studied the

visualization of blood flow and flow dynamics using Doppler OCT [10-14].

The availability of Fourier Domain OCT allows the measurement of the

Doppler shift, but this information alone only correlates to the blood flow in

the direction of the scanning beam. Blood movement in the direction

perpendicular to the scanning beam is not directly reflected in the Doppler

shift. Thus, in order to measure volumetric flow, one must also know the

incident angle between the scanning beam and the direction of the blood

flow. This information cannot be obtained from a single cross-sectional OCT

image, hence, volumetric flow measurement by Doppler OCT was hitherto

not possible.

[0006] Therefore, there still exists a need for methods and tools that can

overcome the problems in the art to provide practical, efficient, fast,

sensitive, non-invasive and accurate measurements of in vivo blood flow.



SUMMARY OF THE INVENTION

[0007] Accordingly, one object of the present invention is to provide a optical

tomography based method for measuring and/or monitoring blood flow in a

non-invasive manner that can be performed in real-time.

[0008] A further object of the present invention is to provide systems and

devices capable of non-invasively measuring blood flow in a subject by

optical coherence tomography in real-time.

[0009] These and other objects of the present invention, which will become

more apparent in conjunction with the following detailed description of the

preferred embodiments, either along or in combinations thereof, have been

satisfied by the invention of a method of performing and analyzing Doppler

Fourier optical coherence tomography scans that is capable of decoupling

the Doppler angles from the Doppler shift data obtained in the scans.

[0010] More specifically, in one aspect, the present invention provides a

method for measuring in vivo blood flow in a predefined region of a subject

using Doppler optical coherence tomography. Methods according to

embodiments of the present invention generally include the steps o (l)

scanning the region with a scanning pattern that has at least two planes in

which the planes cross blood vessels within the region; (2) analyzing the

obtained OCT data to determine Doppler shifts and angles between each of

the blood vessels and the incident scanning beam; and (3) determining a

volumetric blood flow rate using the Doppler shift and incident angles of the

beam (i.e., the Doppler angle).

[0011] The scanning patterns are preferably concentric circles, parallel lines,

or arcs. Other scanning patterns may also be used so long as the patterns

have a regular geometry that can yield two Doppler scan images, allowing a



formulation of an equation to calculate the Doppler angles for each of the

blood vessels.

[0012] In another aspect, the present invention also provides methods and

systems for measuring and/or monitoring local blood flow in a subject that is

indicative of a diseased condition by utilizing the Doppler Fourier optical

coherence tomography based methods of blood flow measurement in

accordance with embodiments of the present invention.

[0013] Also provided are computer systems and computer readable medium

for performing methods of the present invention.

[0014] Other aspects and advantages of the invention will be apparent from

the following description and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 shows exemplary OCT scans in accordance with embodiments

of the present invention (a) A circular retinal OCT scan is performed with

a beam that rotates in a cone pattern. The apex of the cone is the nodal

point of the eye. (b) The cylindrical OCT image is unfolded to fit a

rectangular display where the horizontal axis corresponds to scanning angle

from 0 to 360 degrees and the vertical axis corresponds to the depth

dimension along the axis of beam propagation.

[0016] Figure 2 shows an exemplary three dimensional diagram

representation of OCT beams scanning circularly across the retina. Two

scanning radii are shown in this diagram.

[0017] Figure 3 shows an exemplary representation of the spatial relationship

between the OCT beam and a vessel being scanned. The angle β between

the OCT plane S0 and the plane normal to the flow direction Py is indicated.



[0018] Figure 4a shows an exemplary path of the scanning beam in the double

circular scanning pattern! 4b shows an exemplary path of the scanning

beam in two short parallel lines, resulting in two parallel scanning planes.

[0019] Figure 5 shows the influence of sampling step on the measured volume

blood flow.

[0020] Figure 6 shows exemplary Doppler OCT images with grayscale

display of the Doppler frequency shift. The horizontal axis shows the

scanning angle from 0 to 360 degrees! (a) Circular scan at a radius of 1.7

mmJ (b) Circular scan at 1.9-mm radius. Retinal branch veins are labeled

[0021] Figure 7 shows correction of the Doppler noise due to background

motion.

[0022] Figure 8 shows normalized peak flow speed variation with time for the

vessel Vi shown in Figure 6.

[0023] Figure 9 shows a flowchart representation of a method in accordance

with embodiments of the present invention.

[0024] Figure 10 shows a block diagram representation of an exemplary

system in accordance with embodiments of the present invention.

DETAILED DESCRIPTION

[0025] In order to facilitate a full and complete understanding of the present

invention, the following theoretical discussion is provided. However, it will

be appreciated by those skilled in the art that the invention is not bound by

any particular theoretical or mathematical formulation. The following

discussion is provided for the sole purpose of illustration only and other

formulations of the concept disclosed herein are also possible and are within

the skill of the art given benefit of the present disclosure.



Theory

[0026] In Doppler OCT, light reflected by moving blood incurs a Doppler

frequency shift (Af) proportional to the flow velocity component parallel to

the axis of the probe beam. If the angle between the probe beam and the

direction of blood flow is known, the Doppler shift may be simplified to

Af =-2nVcosa/ λ0 (1)

where n is the refractive index of the medium, V is the total flow velocity, a

is the angle between the OCT beam and the flow, Vcos a is the parallel

velocity component, and A0 is the center wavelength of the light. In FD

OCT [13, 14, 16, 17], this frequency shift ∆/ introduces a phase shift ∆Φ in

the spectral interference pattern that is captured by the line camera. With

fast Fourier transform (FFT), the phase difference between sequential axial

scans at each pixel is calculated to determine the Doppler shift.

[0027] One limitation of a phase resolved flow measurement is an aliasing

phenomenon caused by the 2π ambiguity in the arctangent function. This

phenomenon limits the maximum determinable Doppler shift to ∆/ = l/(2r) ,

where τ is the time difference between sequential axial lines. Thus, the

maximum detectable speed is V=A /(4n τcosa) . The minimum detectable

flow velocity is determined by the phase noise of the FDOCT system. In

this scheme, knowledge of the relative angle α between the probe beam and

flow direction is required in order to determine the real flow speed (refer to

equation l).

[0028] To resolve the above mentioned problem, the inventors have devised a

strategy for determining the relative angle by utilizing scans of multiple

planes. To illustrate the strategy of the present invention, an exemplary

derivation based on a double circular scanning pattern (DCSP) is used.



Again, it will be appreciated by one of ordinary skill in the art that other

scanning patterns may also be suitably used to implement the strategy of

the present invention.

[0029] Referring first to Figure Ia, there is shown a diagrammatic

representation of an OCT sampling beam scanning a circular pattern on the

retina. In the circular scan, the probe beam moves on a cone during

scanning. The apex of the cone is the nodal point in the eye. Figure Ib is an

exemplary OCT image that shows the retina structure crossed by the

scanning cone. In Figure Ib, the lateral axis represents the angular

distribution Θfrom 0° to 360°, while the vertical axis D shows the depth

information from the scanning cone. The zero frequency position, which is

equivalent t o the equal path length between the sample and the reference

arm, is defined as D = 0 . Thus, the image shown in Figure Ib can be

thought of as a slice of the optic disc peeled off the circumference and laid

flat into a rectangular skin.

[0030] Referring to Figure 2, there is shown a three dimensional diagram of

the circular scanning pattern, where the retina is scanned circularly by the

probe beam at radius and r2 . A small difference in the radii Ar0 =T - is

chosen so that the blood vessel (VE) between the scanning circles may be

approximated by a linear shape. In the coordinate shown in Figure 2, the

two positions of the blood vessel VE on the two scanning cones have the

coordinates P (r θ zx) , and P1(r2,θ2,z2) , respectively. Accordingly, the

vector of the blood vessel can be expressed in terms of the coordinates as

rb(∆x =rλcos#, - r2cos<?2, Ay = 1sinθx—r2sin θ2, Az =Z1- Z1) . In OCT images, the

structure of the retina is matched t o a coordinate system defined by {θ, D),

as shown in Figure Ib. The blood vessel VE has relative positions θγ,

and (02, Di) in the two OCT images corresponding to the two different radii.

According t o Figure 2, the value of ∆ can be deduced from the image by



relating the difference between the vessel's D coordinate AD = Z), - D2 to Az

as:

Az = AD cosδ - ( j r +h2 - r2 +h2)cos δ (2)

where h is the distance from the nodal point to the retina, 8 is the angle

between the scanning beam and the rotation axis NO, as shown in Figure 2.

With equation 2, the vector of the retina blood vessel which is crossed by

two scanning circles can be determined.

[0031] During scanning, the probe beam BN is on the scanning cone. The

nodal point N has a coordinate of (0,0, h +z0) , where z0 is the distance

between the retina and the XY plane (in Figure 2). For OCT scans at radius

r , when the probe beam scans to the angle θ, the scanning point B on the

retina will have a coordinate (rcos θ rsin θ, -h) . Thus, the vector of the

scanning beam BN is s(r cos θ, r n θ, ~h) . Having determined the values of

vectors s and rb , one can then apply vector calculus to deduce the angle α

between the OCT probe beam and blood flow as follows :

COSCc = ( -S)Z(R
11
R 1 )

Rb - Ax 2 +Ay 2 +Az 2 (3)

Rs r2 +h2

where Rb is the length of the vector rb , and Rs is the length of vector s .

Because the difference in radii between the two scanning circles is small,

the radius r in equation (3) can be approximated as r = ( + 2)/2 . After the

angle between the scanning beam and the blood vessel is determined, the

real flow speed can be determined using the measured Doppler signal for

the volumetric flow calculation.

[0032] When considering the cardiac cycles, the speed of the blood flow can be

expressed as



V(xv,zv,t) =AJx v,zv)P(t) (4)

where A (x ,zv) is the speed distribution of the blood flow at the peak

moment in the cardiac cycle in the cross section Pv that is normal to the

blood vessel, as shown in Figure 3. P(t) describes the variation in flow

speed over the cardiac cycle normalized to 1 at the peak. Using the speed

expression in equation 4, the volumetric flow F can be calculated as

where Tis the period of pulsation.

To determine the real volumetric flow in the blood vessel, the

integration should be done in the plane Pv that is normal to the blood vessel

(flow) direction. But in practice, the sampled Doppler FDOCT plane S o

(shown in Figure 3) that crosses the blood vessel is different from plane Pv

in most cases, or we would not have a Doppler signal. The relationship

between area size σs =rAΘAD in the OCT plane So and area size σv =∆ v∆zv

in the plane Pv is σv = σjcos/?| , where β is the angle between planes Pv and

So. If the angle β can be determined, the retinal blood flow F can be

calculated as

where k is the pulsation factor. With the introduction of angle β , the

integration for the flow calculation can be done within the vessel region S in

the sampled Doppler FD-OCT image directly. According to vector calculus,

the angle between two planes is the same as the angles between the two



vectors normal to each of the planes. For Pv , the vector which is

perpendicular to it is flow vector rb . As shown in Figure 3, the FD-OCT

plane S o is on the scanning cone. The unit vector rs which is perpendicular

to plane So is in the plane determined by probe beam NB and rotation axis

NO, and perpendicular to NB. The unit vector rs can be deduced as

(cos cos.?, cos > sin (9, sin ) , where δ is the angle between NB and NO in

Figure 3. With rb and rs , the angle β can be calculated as

sβ (rs -rb)IR b (7)

[0034] Given the above parameters and the exemplary algorithms for

determining the values for the parameters from the OCT scans of the two

planes, one skilled in the art will have in his possession a strategy for

implementing various methods and systems of Doppler OCT based blood

flow measurements as will be further illustrated with the following

exemplary embodiments.

Exemplary Embodiments

[0035] The above theoretical discussion outlines a framework for devising the

various embodiments of the present invention. In general, embodiments of

the present invention provide efficient and effective approaches to

measuring blood flow by Doppler optical coherence tomography. By taking

multiple OCT scans and analyzing the scans in accordance with the

strategies of the present invention, one may obtain the necessary

parameters to arrive at a blood flow measurement in a fast, accurate, and

non-invasive manner.

[0036] In one preferred embodiment, a dual plane scanning technique is

employed to obtain Doppler signals at two planes with small displacement.

Figure 9 shows a flowchart representation of this embodiment.



[0037] Referring to Figure 9, a dual plane scanning pattern such as double

circular scanning pattern (Figure 4a) is used to scan the area of interest in a

subject. In a Fourier domain optical coherence tomography setup, the

interference signals from the scans are processed by fast Fourier transform

to yield information about the amplitude and phases of the signals. The

amplitude of the Fourier transformed spectra is then used to construct an

OCT image of the physiological structure of the scanned area. The phase

information is used to derive Doppler shift signals in the scan. One

exemplary method of deriving a Doppler shift image is by comparing the

phase differences of axial scans separated by regular intervals (e.g., every

other axial scan). Figure 6 shows an exemplary image representing the

Doppler shift signals. From the Doppler shift images, one can then identify

blood vessels and arrive at estimates of the diameters of the vessels (the

blood vessels seen in these images are actually cross-sections of the vessels

intersecting the scanning plane).

[0038] Using two Doppler shift images representing the two parallel scanning

planes, one can then assign coordinates to the blood vessels. This way, each

blood vessel will have two sets of coordinates corresponding to each

scanning plane. These two sets of coordinates each define an end point of

the segment of blood vessel between the two scanning planes. Therefore,

these two sets of coordinates, together with the sign of the Doppler shift at

the coordinate, define a vector for the blood vessel and direction of flow in

the vessel.

[0039] At this juncture, correction for bulk motion and/or tissue movement

(e.g. eye movement in ocular scans) can be optionally applied. Any

commonly known correction algorithms may be suitably applied.

[0040] Once vectors for the blood vessels are determined, incident angles

between the scanning beam and the vessels (Doppler angle) can be readily



calculated from the angles between the incident scanning beam vector and

the vessel vector. Armed with knowledge of the Doppler angle for a blood

vessel, the real blood flow rate through the vessel is then determined.

[0041] To arrive at volume blood flow (the amount of blood flow per unit time

averaged over a cardiac cycle), one may optionally calculate a pulsation

factor as explained in equation (6). Other algorithms of integrating fluid

flow known in the art may also be suitably used.

[0042] Finally, a sampling density correction factor may be optionally applied

to the volumetric flow. Here the sampling density refers to the step size

between the consecutive axial scans. If the density of the axial scans is too

high, the scan may take too long to complete. On the other hand, if the

density is too low, the Doppler shift calculated by comparing two sequential

scans may not be accurate. Thus, one must strive a balance between

accuracy and speed. To allow a faster scanning speed without substantial

loss of accuracy, inventors of the present invention have invented a method

of correcting for the error due to lower sampling density. In one exemplary

embodiment, a standard curve of flow versus sampling step size (such as

shown in Figure 5) is first constructed. A correction factor is then

extrapolated from the curve and applied to the volumetric flow rate.

[0043] Accordingly, in one aspect, the present invention provides a method for

measuring in vivo blood flow in a predefined region of a subject using

Doppler Fourier domain optical coherence tomography. Methods in

accordance with the embodiments of the present invention generally include

the steps of (l) scanning a region in a subject with a scanning pattern that

includes at least two planes to obtain OCT data; (2) analyzing the obtained

OCT data to determine Doppler shifts and Doppler angles for each of the

blood vessels; and (3) determining a volumetric blood flow rate using the

Doppler shifts and Doppler angles.



[0044] The scanning patterns are not particularly limited. It will be

understood by those skilled in the art that the choice of the scanning

pattern will depend on the location, the type of tissue/organ, and other

factors. For example, circular patterns are particularly suited for scanning

retina blood flows. Linear patterns may be suited for scanning regions in

which consideration of only linear blood flows is sufficient (e.g. finger tips).

Other regions accessible to Doppler Fourier optical coherence tomography,

such as GI track, skin, etc., may also be suitably measured by methods of

the present invention.

[0045] In general, scanning patterns should comprise at least two planes that

are substantially parallel. The term "substantially" as used herein means

that the deviation from parallel is within the relative error of the scanning

machine and the desired measurement accuracy. For example, Figure 4b

shows a dual parallel plane scanning pattern in which the two parallel

planes intersect the same blood vessel (left). The Doppler angle and the

vector of the blood vessel can be easily extrapolated from the Doppler image

(right) using methods of the present invention. Figure 1 —3 dual circle

scanning pattern traced out by a single scanning beam rotated through a

nodal point. The resulting scanning planes are conic in shape, hence, they

are not perfectly parallel. However, when the distance between the two

planes is small compare to the distance between the nodal point and the

retina, the deviation from true parallel is also small. In a typical dual circle

retina scan, the distance between the two planes is preferably about 0.2mm

and the distance between the nodal point and the retina is preferably about

17mm. This will give a ratio of about 0.2/17 (or ~ 1%). Thus, for all

practical purposes, such minor deviations are also within the meaning of

"parallel" in the context of the present invention.



[0046] In some embodiments, scanning patterns that have the planes

circumscribing a region of interest is preferred. Such scanning pattern will

have the benefit that all blood vessels entering and leaving the region will

be accounted for within a single scan. It is also preferred that the chosen

scanning pattern is capable of being completed within a single cardiac cycle.

Preferably, the scanning pattern will yield a scanning frame rate of 4 Hz or

higher.

[0047] The distance between the scanning planes are preferably small so that

segments of blood vessels between the two planes may be approximated by

straight lines. Preferably, the distance is from about 100 µm to about 300

µm, more preferably less than 300 µm.

[0048] In some further embodiments, steps for correcting sampling density

artifacts and bulk movement artifacts may also be included. The various

embodiments can all be automated by computers. An exemplary

automation may be a computer configured with software instructions to

perform the method steps according to Figure 9. Development of such

software is within the skill of the art. Exemplary implementation may be

achieved using programming languages such as C/C++, JAVA, or any other

software development tool commonly known in the art.

[0049] Methods of the present invention are generally applicable to any multi

cellular organisms with a circulatory system. Accordingly, the term

"subject" as used herein encompasses all multr cellular organisms with a

circulatory system that are amenable to optical coherence scanning.

Exemplary subjects may include mammals, avian species, or any other

organisms whose physiology is based on actively pumped circulatory

systems.



[0050] In another aspect, the present invention provides a system for

measuring and/or monitoring local blood flow in a subject that is indicative

of a diseased condition. Systems in accordance with embodiments of the

present invention generally include an optical coherence tomography

instrument, and a processing unit configured to perform methods of the

present invention as set forth above.

[0051] Exemplary diseases and diagnostic applications may include

ophthalmological conditions (e.g., glaucoma), cardiac conditions (e.g. vein

occlusions), dental conditions, or conditions of the GI track, but are not

limited thereto.

[0052] Figure 10 shows an exemplary system in accordance with

embodiments of the present invention. Referring to Figure 10, an optical

coherence tomography instrument generally has a low coherence light

source 10 being guided by a light conducting medium such as fiber optics.

The source light is split up by a beam splitter 20 into a reference beam

forming the reference arm 30 of the instrument and a sampling beam

forming the sampling arm 40 of the instrument. The interference signal is

detected by a scanning camera 50. The detected signal is then processed by

a processing unit 60, the results of which may then be displayed to a user on

a display 70.

[0053] In one embodiment, the processing unit is configured to perform digital

signal processing, including fast Fourier transform, and methods of the

present invention as set forth above.

[0054] The processing unit may be any suitable computer system commonly

known in the art, including general purpose PC, or custom designed

electronics, but are not limited thereto. Methods of the present invention

may be hard coded into the hardware or may be provided in the form of



software encoded on a computer readable medium such as harddrive, read¬

only memory, CD, DVD, or any other computer readable medium commonly

known in the art.

[0055] Having generally described this invention, a further understanding

can be obtained by reference to certain specific examples which are provided

herein for purposes of illustration only and are not intended to be limiting

unless otherwise specified.

EXAMPLES

Materials and Methods

Experimental Setup

[0056] The spectrometer-based Doppler FD-DOCT system employed in this

experiment contains a superlumine scent diode with a center wavelength of

841 nm and a bandwidth of 49 nm. The measured axial resolution was 7.5

µm in air. Considering the refractive index of tissue, the axial resolution

would be 5.6 µm in tissue. The transverse resolution was about 20 µm as

limited by optical diffraction of the eye. Light from the source travels

through an 80/20 coupler with 80% of the source power entering the

reference arm of a standard Michelson interferometer and 20% entering the

sample arm. The sample arm contains a standard slit-lamp biomicroscope

base that has been adapted with custom OCT scanning optics. Power

incident on the cornea is 500 µW, which was well below the ANSI limits for

extended beam exposure. Reference and sample arm light interfere in the

fiber coupler and the composite signal is detected by a custom spectrometer.

The spectrometer contains a 1024 pixel line-scan camera. Data from the

camera is transferred via the Cameralink interface to a high -end PC. The

measured SNR was 107 dB at 200 µm from the zero-path length difference

location. The time interval x between two sequential A lines is 56 µs (with



an integration time of 50 µs, and a data transfer time of 6 µs). The

maximum determinable Doppler shift was 8.9 Khz without phase

unwrapping, yielding a maximum velocity component in the eye (72=1.33) of

2.8 mm/s. The measured minimum determinable speed was 16.3 µm/s due

to phase noise.

Image Sampling and Processing

[0057] The FD-OCT probe beam was scanned on the retina around the optic

nerve head at radii rx and r2 repeatedly, as shown in Figure 4a. There were

3000 A-lines sampled in each circle. The phase differences for every three

A-lines were calculated to get the Doppler frequency shift. So each frame

consisted of 1000 vertical lines. The frame rate for Doppler FDOCT

imaging was 4.2 frames per second for real time display. There were four

pairs of (total of eight) Doppler FD-OCT images sampled for each flow

measurement for a total recording time of approximately 2 seconds.

[0058] The sampled Doppler FD-OCT images were saved for data processing.

There were four Doppler images sampled at radius rλ. The other four

images were sampled at radius r2. The coordinates of a single retina vessel

in those four Doppler images sampled at radius r, were averaged as (θi , Di).

The coordinates of the same vessel in the other four Doppler images were

sampled at radius r2 , and were averaged as (02, D2). The averaged

coordinates (θ
1

D1) and (Θ2, D2) are used to calculate the angle α and β

based on equations (3) and (7). The distance h from the nodal point N to

the retina surface was chosen as 18 mm. The speed profile of a single vessel

in the eight Doppler images was calculated. Peak velocity in the eight flow

profiles was normalized to the maximum one and plotted against time to

show the flow pulsation. This curve was integrated as the pulsation term k

in equation (6). The maximum flow speed profile of the eight analyzed flow



profiles was put in equation (6) as Ap to calculate the retinal blood flow (F).

For some venules, the Doppler flow signal was too weak for an accurate

reading at diastole (minimum flow portion of the cardiac cycle). The

pulsation factor k in the adjacent venules was used instead for flow

calculation.

Influence of Samyling Density

In Doppler OCT, the phase difference between sequential axial scans is

calculated to determine Doppler frequency shift. Ideally, the phase

difference should be compared at the same location. But for retina OCT

system, the probe beam scans continuously across the retina and there is a

small displacement between sequential axial scans. If the sampling

locations were not sufficiently close (relative to the beam diameter), phase

decorrelation would decrease the measured Doppler shift [13]. To evaluate

the influence of sampling step on flow measurement, the inventors

measured the volume flow for the vessel Vs (Figure 4a) at different sampling

steps with dual scanning plane method [15]. The scanning length was 1

mm. The flow at each sampling step was measured three times and

averaged. The result is shown in Figure 5, where the horizontal axis is the

sampling step, and the vertical axis shows the measured volume blood flow.

It can be seen that measured blood flow decreased with increasing sampling

step. This decrease was noticeable starting at the sampling step around 1.4

µm. Therefore, to avoid the influence of phase decorrelation between

adjacent axial scans, the sampling step should be shorter than 1.4 µm. In

this FD Doppler OCT system, the inventors chose 3000 axial lines sampling

density for real time display at 4.2 Hz. At a scanning radius of 1.9 mm

(circle length 11.93 mm), the sampling step was about 4.0 µm. From Figure

5 it can be seen that the ratio between the measured flow at 4.0 µm and 0.7

µm step is 0.683. Because the phase decorrelation between adjacent axial



lines is mainly related with the beam spot size on the retina [13], which is a

system factor, the inventors can use the curve in Figure 5 to correct the

measured flow result for a fixed sampling step.

Results

[0060] The in vivo retinal flow measurement was performed on the right eye

of the first subject. A green cross fixation target was used to direct the

scanning position and reduce the subject's eye movements. Figure 6 shows

the Doppler FD-OCT images recorded in the inventors' experiment using

the circular scanning protocol, with T1=1.7 mm and r2 =1.9 mm. The blood

flow within major blood vessels distributed around the optic nerve head that

are visible in these images.

[0061] The inventors chose to measure retinal blood flow in the branch veins

rather than arteries because the arteries have higher flow velocities, which

can cause excessive phase wrapping and signal fading. The identification of

branch veins among the other vessels distributed around the optic nerve

head was based on the recorded Doppler frequency shift and the calculated

angle between the probe beam and blood vessel. According to equation (l),

the flow that occurs in different directions in the same blood vessel will

introduce different frequency shifts in the back-scattered beam. When the

flow is moving away from the probe direction, cos α > 0, and the scattered

light will have a negative frequency shift. When the flow is toward the

probe beam, cos α< 0, and the scattered light will have a positive frequency

shift. Thus, from the calculated angle α and the sign of the frequency shift,

the direction of flow in the blood vessel can be determined. Knowing the

direction of flow can help separate the veins from the arteries that are

distributed around the optic disk because arteries have a direction of flow

towards the retinal periphery from the nerve head, and veins have a

direction of flow towards the nerve head from the peripheral retina.



[0062] The Doppler information retains motion artifacts from motion of the

human retina and scanning noise of the OCT system. Doppler noise due to

background motion is larger than the phase instability of the system and

will influence the measurement results if uncorrected. In the lateral

direction of Doppler image (Figure 6), the Doppler signals are sampled at

different time. Some parts are dark, some parts are bright. Therefore, the

background motion signals at different horizontal positions are not

correlated. Motion effect can be considered and corrected in a local area.

[0063] Considering the vessel V (enlarged into the white window in Figure

6b), for each axial line, the Doppler signal between the inner retina

boundary and vessel boundary was averaged. This value is the Doppler

signal due to the local tissue motion. This motion value will be subtracted

from the Doppler signal in the whole axial line to get the real signal induced

by blood flow. Figure 7 shows one axial line Doppler signal before and after

background removing. The position of the Doppler signal shows as the

dashed line in Figure 6b. The averaged tissue motion speed is -0.89 mm/s.

In Figure 7, the solid curve shows the original signal. The dashed curve

shows the Doppler signal after background removal. It can be seen that

after subtracting the motion signal, the background speed was close to zero.

Then, the integration can be done near the vessel area to get the volumetric

flow without the need to search the vessel boundary.

[0064] The first vessel Vi as shown in Figure 6b had a negative frequency

shift with positive phase wrapping at the center. After phase unwrapping,

the flow profile A(θ, D) was obtained. The measured positions of Vi in two

sequential Doppler OCT images were (θi=37.60, Di=-307.1 µm) and

µm). The vector of the blood vessel was calculated as

P1P2 ( 154, -128, -71.34). From equation (3), the angle between the scanning

beam and blood vessel was calculated as cos α=0.24, and α=76.10. Since the



signal had a negative frequency shift and cos α > 0, the direction of the flow

in Vi should be moving from P 2 to Pi. In our scanning pattern, Pi is on the

inner cone closer to the nerve head while P 2 is on the outer cone. Thus, this

flow is toward the optic disk, and blood vessel Vi is a vein. Through

continuous scanning, 8 frames of the Doppler signals were recorded. The

flow speed at the center part of vessel Vi shown in Figure 6b was analyzed.

Figure 8 plots the normalized flow speed of vessel Vi. The pulse factor was

calculated based on the curve in Figure 8 as k=0.695. With the value of cos

α, the calculated peak flow speed in Vi was 17.0 mm/s. From equation (7),

the angle β was calculated as cos β = 0.97. With these parameters, the

volumetric flow in vessel Vi was calculated as 3.01 µl /min. Considering the

effect of phase decorrelation due to insufficient sampling density (Figure 5),

the real volumetric flow was 4.41 µl /min.

[0065] The flow directions of the main vessels around the optic nerve head

were similarly analyzed, and the main venules were identified and labeled

Vi to V shown in Figure 6b. The blood flow for each venule was calculated

and shown in Table 1. The summation of these flows determined the total

venous flow out of the retina, which was 53.87 µl/min. Th e measured

scanning angle between the probe beam and blood vessel is also shown in

Table 1.

[0066] There were 7 measurements performed in this experiment in which

the total venous flow was calculated for each measurement. The averaged

total flow was 52.90 µl /min. The standard deviation was 2.75 µl /min,

which is about 5.2% of the average flow. The average flow and standard

deviation for each venule are shown in Table 2. It can be seen that the flow

coefficient of variation in a single vessel is larger than that of the total flow.

This means the total retinal blood flow tends to be stable, but the flow

distribution inside the retina fluctuates. This result shows fast sampling



DCSP method has the advantage to measure the dynamic property of flow

distribution in the retina, which is hard to detect through sequentially

imaging each retinal blood vessel individually due to long sampling time.

[0067] To test the reliability of this method, another subject was measured.

The left eye of the subject was scanned 6 times. Each scan was finished

within 2 seconds in which 8 Doppler FD-OCT frames were acquired. The

scanning radii were r = 1.8 mm and r2 =2.0 mm. Through similar data

analysis, there were a total of 5 main venules identified from the Doppler

image. By analyzing the 6 sets of sampled data, the average flow was 45.23

µl/min. The standard deviation of the total flow was 3.18 µl /min, which

was 7.0% of the average flow of the second subject. The average flow for

both subjects was 49.07 µl/min with a difference of 7.67 µl/min.

Discussion

[0068] This Example demonstrates that the total retinal blood flow can be

determined when a rapid data acquisition time is utilized. The dynamic

retinal flow distribution can also be detected. The measurement can be

used to detect abnormal retinal blood flow and determine if a particular

treatment returns the total flow back to normal levels. The inventors

targeted the major branches of the central retinal veins because their size

and velocities are within the dynamic range of the Doppler FDOCT system.

Because the total venous flow volume is identical to that of arteries in the

retina, as shown by Riva and colleagues [18], measuring the total venous

flow alone is sufficient to quantify the total retinal blood flow. The

measured average total venous flow was approximately 52.9 µl/min and

45.23 µl/min for the two subjects, which was comparable with the reported

total venous flow of 34 ± 6.3 µl/min by laser Doppler velocimetry [18].



There were some limitations in this particular exemplary embodiment.

Multiplied by the high sampling density necessary to capture the retinal

blood vessels, a large number of axial scans are needed in each circle. This

reduces the frame rate of the Doppler FDOCT. Our frame rate of 4.2 Hz

was barely fast enough to track the variation in flow velocity during the

cardiac cycles (Figure 8) While not wanting to be bound by the theory, the

inventors believe a higher frame rate would improve the accuracy of the

measurements. Secondly, the transverse sampling interval of 4.0 µm

(scanning diameter of 1.9 mm for 3000 axial sampling lines) was not

sufficient to avoid phase decorrelation in the adjacent axial lines. A

measured correction factor had to be used to calculate the volume retinal

flow. At the same time, the venules with diameter less than 65 µm were not

taken into account due to less lateral sampling density. Yet, an even finer

sampling interval could remove the phase decorrelation effect and detect

even smaller vessels and increase the accuracy of our measurement of blood

flow. Thirdly, the Doppler velocity was unreadable due to the fading of OCT

signals that occurred in some arteries during systole. The inventors believe

this is due to the velocity-related interferometric fringe washout —if the

reflector moves by more than a quarter wavelength within the

spectrometer's integration time of 50 µs, the peaks and troughs of the

interference signal average out. Fourthly, at high flow speeds, the Doppler

phase shift can exceed π , causing "phase wrapping." The inventors' phase

unwrapping algorithm can only analyze to one period of phase wrapping. A

very high flow that causes phase wrapping over one period is too complex

for the computer software to analyze reliably. Thus, avoiding high period

phase wrapping is desired for data processing. Finally, any eye motions

during data sampling affects the accuracy of retinal vessel position and

angle measurements. This is especially critical for blood vessels that are



nearly perpendicular to the OCT beam, when a small position shift could

greatly affect the flow measurement.

[0070] All of the above limitations can be lessened with a greater imaging

speed. Decreasing the effective integration time of the spectrometer can

increase the detectable range of flow speeds. A higher speed will also allow

for a finer degree of sampling in time (more time points within each cardiac

cycle) and space (more points sampled within each blood vessel). With the

continual improvement in the speed of line cameras that make up the heart

of the FD-OCT system, it is expected that these limitations will become less

important over time.

[0071] In the inventors' preliminary work, the retinal blood flow

measurement was demonstrated through sequentially imaging each retinal

blood vessel individually. However, the data sampling was time consuming

and precluded clinical measurement of total retinal blood flow. In the

present invention, the fast data sampling (within 2 seconds) became

practical with DCSP method to catch all the retinal blood vessels.

[0072] The present invention compares favorably to existing technologies that

measure retinal blood flow [19-24]. Fluorescein angiography [21, 22] allows

visualization of retinal hemodynamics, but does not measure volumetric

blood flow. Pulsatile Ocular Blood Flowmeter (POBF, Paradigm Inc.) [19]

assumes a scleral rigidity that relates intraocular pressure and eye volume.

Coherence flow measurement technique [21] detects the interference

pattern formed by laser light partially reflected by both the cornea and the

retina to determine the fundus movement in micrometers. This movement

is used as a surrogate for choroidal blood flow. There are two types of laser

Doppler flowmeter (LDF) on the market the Canon (Canon U.S.A., Inc.) and

the Heidelberg (Heidelberg engineering, GMBH, Heidelberg Germany).

Canon flowmeter (CF) was developed to measure the volumetric blood flow



in absolute units [23, 24]. However, its accuracy is limited due to the lack of

the information of the speed distribution across the blood vessel, and

accurate vessel size. The flow volume calculation requires an assumed

relationship between the maximum Doppler shift and the true average

blood velocity. Furthermore, CF requires careful positioning of the scan

across each blood vessel. Measuring the total retinal flow is a laborious and

difficult process. The Heidelberg retina flowmeter (HRT) [25] is also based

on the LDF principle. It utilizes a probe beam that repeatedly sweeps the

fundus to detect the beat signal induced by the Doppler effect from blood

flow. The HRT measures flow in the retinal capillary bed over a small

region. Therefore measurement of the total retinal blood flow that reflects

on the global health of the eye is not possible. Furthermore, the flow is

measured in arbitrary units and the results can be affected by tissue

reflectivity properties unrelated to flow [26]. Most of the existing methods

measure retinal blood flow in arbitrary units because of the use of assumed

parameters. These parameters may differ from eyes, persons and regions of

measurement. Thus, it is difficult to make diagnostic comparisons using

arbitrary measurement units. Direct measurement of total regional retinal

blood flow in absolute physical units is more desirable for detection

abnormally elevated or decreased perfusion in the retina.

Methods in accordance with embodiments of the present invention can

be used to measure the angle of a blood vessel relative to a probe beam to

derive the flow vector. They produce an absolute flow measurement by

integrating the flow profile of the blood vessel cross-section without

resorting to any assumptions on the anatomic or flow parameters. Flow

pulsation was averaged over cardiac cycles. For most of the reported

techniques for measuring blood flow, data sampling is time consuming. In

the exemplary DCSP embodiment, with the data sampled within 2 seconds,



the total retinal blood flow can be calculated. This will greatly reduce the

chair time for the photographer and patient in the clinic. The dynamic

retinal blood flow distribution can also be detected. This is believed to be

the first description of a quick assessment of total fundus flow using a fast

scanning pattern. The measured results in volume flow units can be

compared for different subjects.

[0074] The measurement of total retinal blood flow is important for the

treatment of many eye diseases. The leading causes of blindness in the U.S.

[27-29], such as diabetic retinopathy and age-related macular degeneration,

are related to vascular abnormalities. Central retinal vein occlusion and

branch retinal vein occlusions are also common retinal diseases

characterized by decreased retinal blood flow. Glaucoma is another leading

cause of blindness that is primarily linked to elevated intraocular pressure.

But poor circulation in the retina and optic nerve is thought to be a risk

factor for glaucoma disease progression as well [30-34]. An accurate

measurement of total blood flow with Doppler OCT could enhance our

understanding of pathophysiology, develop treatments that improve retinal

blood flow, and finally improve the diagnosis of many retinal and optic

nerve diseases.

Conclusion

[0075] In summary, in vivo measurements of retinal blood flow using Doppler

Fourier domain OCT are demonstrated in this example. A double circular

scanning pattern was developed to determine the angle between the blood

flow and scanning beam so the real flow velocity can be measured. Based on

the direction of flow, venules can be distinguished from arterioles.

Volumetric flow in each venule around the optic nerve head was integrated

in the sampled cardiac cycles. The measured blood flow for two subjects was

52.9 and 45.23 µl/min with a difference of 7.67 µl/min. The present



invention provides a method that measures total retinal blood flow that is

fast, reproducible, and not dependent on any assumption of vessel size or

flow profiles.

Although the present invention has been described i terms of specific

exemplary embodiments and examples, it will be appreciated that the

embodiments disclosed herein are for illustrative purposes only and various

modifications and alterations might be made by those skilled in the art

without departing from the spirit and scope of the invention as set forth in

the appended claims.



Table 1 Vessel diameter, scanning angle, and flow volume for the retinal veins of

first subject



Table 2 Repeatability for all the measured venules
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CLAIMS

What is claimed is

1. A method for measuring in vivo blood flow in a predefined region of a subject

using Doppler Fourier domain optical coherence tomography (OCT), comprising:

scanning the region with a scanning pattern comprising at least two planes to

obtain OCT data, wherein said planes cross blood vessels within said

region;

analyzing the obtained OCT data to determine Doppler shifts and angles

between each of the blood vessels and the incident scanning beam,

wherein said analyzing comprises comparing data corresponding to

two or more planes in the scanning pattern in which the planes cross

the same vessel; and

determining a volumetric blood flow rate using the Doppler shift and the

incident angle corresponding to each blood vessel.

2. The method of Claim 1, wherein said OCT scanning pattern is one that is

capable of crossing all blood vessels entering and leaving the region.

3. The method of Claim 1 wherein said OCT scanning pattern crosses said blood

vessels at an angle not perpendicular to the blood vessels.

4. The method of Claim 1, wherein said scanning pattern is one selected from

concentric circles, parallel lines, or arcs.

5. The method of Claim 4, wherein said scanning pattern is a double circular

scanning pattern.

6. The method of Claim 4, wherein said scanning pattern is one that is capable of

being completed within a single cardiac cycle.



7. The method of Claim 4, wherein said scanning pattern have a distance of less

than 300 µm between the scanning planes.

8. The method of Claim 1, wherein said volumetric blood flow is the volume of

blood flow into or out of the region per unit time averaged over one single cardiac

cycle.

9. The method of Claim 1, wherein said volumetric blood flow is determined by

summing up the volume of blood flow in the veins.

10. The method of Claim 1, further comprising a step of correcting for errors in the

OCT scanned data caused by tissue movement.

11. The method of Claim 1, further comprising a step of correcting for phase

decorrelation.

12. The method of Claim 11, wherein said correcting step comprises constructing a

standard curve of flow rate versus scanning step size between each axial scan,

and correcting the flow rate according to the standard curve.

13. The method of Claim 1, wherein said region is the optic disc of a subject's eye.

14. The method of Claim 1 wherein said subject is human.

15. The method of Claim 1, wherein said determining step comprises at least one of

the following obtaining a 2D speed distribution corresponding to the cross-

section of the blood vessels, calculating a pulsation factor, or an angle between

the plane of the vessel's cross-section and the normal of the vessel.

16. The method of Claim 1, wherein said method is computer implemented.

17. A method for determining a local blood flow rate in a subject by Doppler Fourier

domain optical coherence tomography, comprising:



obtaining at least one pair of Doppler scan images containing Doppler shift signals,

wherein each of the images in the pair correspond to a plane in a pair of planes

intersecting at least one blood vessel;

defining a vector corresponding to the direction of the scanning beam and a vector

corresponding to the direction of blood flow using coordinates of the blood

vessels in the images;

calculating an incident angle between the scanning beam and the blood

vessels using the vector of the scanning beam and the vectors of the

blood vessels; and

determining the blood flow rate using the Doppler shift signals in the blood

vessels and the corresponding incident angles.

18. The method of Claim 17, wherein said planes intersect a portion of the subject's

body to define a scanning pattern selected from circulars, lines, or arcs.

19. The method of Claim 17, wherein said planes circumscribe a location of interest

in the subject.

20. The method of Claim 19, wherein said location is the optic disc of the subject's

eye.

21. The method of Claim 19, wherein volumetric flow is determined by calculating

the blood flow leaving the circumscribed location.

22. The method of Claim 17, further comprising a step of correcting phase

decorrelation.

23. The method of Claim 18, wherein said Doppler scans have a frame rate of at

least 4 Hz.

24. A method of diagnosing a disease condition related to blood flow, comprising:



monitoring blood flow at a location indicative of the diseased condition using

the method of Claim 1.

25. The method of Claim 24, wherein said diseased condition is one selected from

glaucoma or vein occlusion.

26. The method of Claim 24, wherein said location is the optic disc of the eye.

27. A system for measuring and monitoring local blood flow, comprising:

spectrometer based Doppler Fourier domain optical coherence tomography instrument;

and

a processing unit operatively connected to the instrument, wherein said processing unit is

configured to perform the method of Claim 17.

28. A computer readable medium having encoded thereon instructions for

performing the method of Claim 17.

29. A method of measuring total retinal blood flow rate in a subject using Doppler

Fourier domain optical coherence tomography, comprising:

scanning the optical disc of the subject in a circular pattern to obtain Doppler images,

wherein said circular pattern comprises two or more concentric circles

circumscribing the entire optical disc;

analyzing the Doppler images to identify all the veins leaving the optical disc and their

respective Doppler angles; and

determining a volumetric flow rate for each vein and summing the volumetric flow rate to

arrive at the total retinal blood flow rate.

30. The method of Claim 29, wherein said scanning pattern is as shown in Figure

4a.

31. The method of Claim 29, wherein said Doppler angles are obtained according to

equation 2.



2. The method of Claim 29, further comprising a step of correcting for scanning

density phase decorrelation effect.
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