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Abstract: Retinal hemodynamics is important for early diagnosis and
precise monitoring in retinal vascular diseases. We propose a novel method
for measuring absolute retinal blood flow in vivo using the combined
techniques of optical coherence tomography (OCT) angiography and
Doppler OCT. Doppler values can be corrected by Doppler angles extracted
from OCT angiography images. A three-dimensional (3D) segmentation
algorithm based on dynamic programming was developed to extract the 3D
boundaries of optic disc vessels, and Doppler angles were calculated from
3D vessel geometry. The accuracy of blood flow from the Doppler OCT
was validated using a flow phantom. The feasibility of the method was
tested on a subject in vivo. The pulsatile retinal blood flow and the
parameters for retinal hemodynamics were successfully obtained.

©2016 Optical Society of America

OCIS codes: (100.2960) Image analysis; (100.6890) Three-dimensional image processing;
(170.4500) Optical coherence tomography; (170.4460) Ophthalmic optics and devices.
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1. Introduction

Currently, serious retinal disorders, such as glaucoma, diabetic retinopathy, and age-related
macular degeneration, are the leading cause of irreversible blindness around the world [1]. To
better understand the pathophysiology of early disorders, one essential measurement is retinal
blood flow. Retinal blood flow is also an important clinical parameter to monitor disease
progression and assess treatment [2—4]. In the past, a variety of techniques have been used for
imaging ophthalmic vessels, such as fluorescein angiography, laser Doppler flowmetry [5],
and ultrasound Doppler imaging [6]. However measurement of the absolute blood flow is still
a challenge because of its pulsatile nature.

Doppler optical coherence tomography (OCT) enables the imaging of retinal blood
velocity in human eyes [7, 8]. The principle of Doppler OCT is based on measuring the
Doppler shift caused by the moving blood cells relative to the OCT probing light. For this
method, there are two key parameters for the measurement of absolute retinal blood flow:
Doppler shift and Doppler angle. Improvements in Fourier domain OCT imaging speed have
enables the easy measurement of Doppler shifts within the vessels. However, the Doppler
shift only represents the flow component along the probing light beam. The Doppler angle,
which is defined as the angle of the probing light beam with respect to the flow vector, is also
required to calculate the absolute blood flow. Several techniques have been developed to
measure the Doppler angle. Several investigators proposed a method using a bi-directional
OCT system that can illuminate the sample from two angles [9—11]. These systems can
measure absolute blood flow regardless of the incidence angle. However it requires
modification of the hardware, which may not be easy to incorporate in existing commercial
OCT instruments already in clinics. Another approach uses double scans with different radii
to extract the Doppler angle [12, 13], which requires careful estimation of the vessel center.
An angle-independent method was also proposed by using en face images [14]. However, this
method requires a high-speed swept-source OCT system, and the measured flow in the blood
vessels is restricted to a relatively high speed.

Currently, increasing acquisition speed of Fourier domain OCT allows volumetric imaging
of the in vivo retina. The Doppler angle can be extracted from volumetric data directly.
Recently, a three-dimensional (3D) segmentation method based only on the intensity of the
image was proposed for reconstruction of blood vessels centered at the macular region [15].
However the contrast between the static tissue and blood vessels based on intensity image was
low. The absence of good contrast made it difficult to determine the boundaries of the vessels.
Thus new techniques are required to distinguish blood vessels from static tissue for 3D
reconstruction of the retinal vessels. Some investigators proposed methods that use the
volumetric data of Doppler OCT to obtain the vessel orientation [16, 17]. However the
contrast of the blood vessels in Doppler OCT is not high with low flow velocities or with
large Doppler angles. Compared with Doppler OCT for measuring flow velocity, OCT
angiography methods map the microvascular networks without providing information on flow
velocity [18-23]. This method is less sensitive to the Doppler angle, and therefore it is
suitable for imaging the microvasculature of the fundus [24]. It also provides good contrast of
retinal vessels in the optic disc [21]. Thus OCT angiography may be an ideal tool for 3D
reconstruction of retinal vessels to yield the vessel orientation.
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In this paper, we present a new method for measuring absolute retinal blood flow in
human eyes using the combined techniques of OCT angiography and Doppler OCT. We used
the intensity-based Doppler variance (IBDV) method to perform OCT angiography, and we
developed a 3D segmentation method to extract 3D boundaries of the retinal vessels and
obtain Doppler angles. The combined techniques enabled us to measure in vivo pulsatile
retinal blood flow in the optic disc with angle correction. We were then able to evaluate the
parameters of retinal hemodynamics, including peak systolic velocity, average velocity, end
diastolic velocity, pulsatility index (PI), and resistance index (RI).

2. Methods
2.1 Spectral domain optical coherence tomography

In this study, a custom-built spectral domain OCT (SD-OCT) system was used to acquire
fundus images and data of the optic disc area. A similar system for imaging the posterior
segment of the eye was described previously [25]. Briefly, a superluminescent diode (BLM2-
D; SuperLum Diodes Ltd., Moscow, Russia) with a center wavelength of 850 nm and a
bandwidth of 100 nm was used as the light source. In this system, a charge-coupled device
camera (AViiva EM4; E2v Technologies, Chelmsford, England), with a line rate scan of up to
70,000 A-lines per second, was used to record the interference signal. In this study, to balance
the system sensitivity and acquisition time, the acquisition rate was set at 50 kHz. Assuming a
refractive index of 1.38 [26], the axial resolution was 3.1 pm, and the image range of depth
was 1.98 mm at the retina. The signal to noise ratio of the system was 110 dB near zero
imaging depth at the acquisition rate of 50 kHz. The sample arm power was 0.8 mW, which
was consistent with safe ocular exposure limits set by the American National Standards
Institute. A 6 dB sensitivity roll-off from 0.05 mm imaging depth to1.0 mm imaging depth
was measured.

Custom-built OCT data acquisition and processing software was developed, and real-time
preview of the acquired data was achieved with the help of a graphics processing unit
accelerated computing technique. For raster scans, each set of 3D measurements was
composed of 128 slices of 400 A-lines over a 4.0 x 4.0 mm area. Each slice was composed of
eight sequential B-scans at the same position [27]. The total acquisition time for the 3D
volumetric data was approximately 8.0 seconds.

For circular scans, each frame was composed of 2,048 A-lines with a 2-mm diameter,
which acquired almost 20 frames during one cardiac cycle (75 beats per minute). The image
speed was fast enough to acquire the pulsatility of the blood flow. Each circular scan was
composed of 150 frames and the corresponding acquisition time was approximately 6.0
seconds. Thus at a low heart rate (60 beats per minute), the flow data for at least 5 cardiac
cycles was covered. The subject was asked to fixate on an internal target during image
acquisition.

2.2 OCT angiography and three-dimensional segmentation of blood vessels

The intensity-based Doppler variance method [20, 27] was used to visualize the retinal
vasculature. The data was acquired by raster scan at the optic disc area as described (Section
2.1). The variance value (o) was calculated by sequential B-scans at the same position,
which achieved a high time difference (7)) [27]
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where M was the number of the depth points that were averaged and N was the number of
B-scans at the same position. In this application, the M was set at two and the N was set at
eight. 4, denotes the amplitude value that was extracted from the complex OCT data.

Intensity
images
— | 3D volume of .| 3D median & .| Segmentation
¢ Registration "1 structure "| Gaussian filter d ILM/RPE
Shift(x,y) |
.| 3D volume of Y 2D Vessel
vessels TN images
Angiograph -
Igmf ef ¥ Estimate
& width — [¢
¥ 4 y
Estimate | Volume data | 2D Smoothed | Interactive 2D
vessel center (Single vessel) vessels segmentation
A
Unfolding .| 3D dynamic .| Reconstruct
vessel | programming "1 3Dvessels

Fig. 1. Flow diagram for three-dimensional segmentation of retinal blood vessels. ILM, inner
limiting membrane; RPE, retinal pigment epithelium; 3D, three dimensional; 2D, two
dimensional.

Before segmenting vessels of the optic disc area, motion artifacts due to heartbeat and
respiration were corrected [28]. A subpixel registration algorithm [29] was used to align
sequential slices based on intensity images. Corrections for lateral and axial movements, Ax
and Az respectively, between sequential slices were also applied in the OCT angiography
images. The two-dimensional (2D) locations of retinal vessels were first extracted based on en
face views of an OCT angiography image. Based on previous work [27], a 3D expansion of a
dynamic programming method was then modified and improved to segment the cylindrical
shape of the retinal vessels with the help of 2D structural geometry of the vessel. Figure 1
outlines the core steps of the vessel segmentation algorithm for the optic disc area. The
method can be summarized in four steps as follows:

(1) 3D segmentation of inner limiting membrane (ILM) layer: the ILM, which is the first
layer of the retina, was segmented to improve the quality of the en face views of
OCT angiography images as previously described [27]. Briefly, the method
transformed the boundary detection problem to an optimization problem that
searched for an optimal path. Before segmentation, a 3D median filter was applied to
the volumetric data. Then the initial location of the ILM was determined from the A-
scan profile. Finally, the location of the ILM layer was refined by using a 3D
expansion of a dynamic programming method [27].

(2) 2D geometry structure extraction of retinal vessels: Fig. 2(a) shows the flow diagram
of 2D geometry structure extraction. Before segmenting the retinal vessels, a median
filter was applied to en face views of OCT angiography images with a window size
of 8x8 pixels (Fig. 2(b)). Thus the signals for smaller vessels were attenuated while
the signals for larger vessels were preserved (Fig. 2(c)). A manual graphical user
interface was developed to identify the start and end points for each vessel. These
points were usually defined as locations of crossovers or bifurcations. Then a graph-
based segmentation algorithm was used to detect the location of the target vessels
[30]. The final shortest path of each vessel was detected by using Dijkstra’s
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algorithm [31]. Compared with the dynamic programming method, the
computational complexity for Dijkstra’s algorithm was greater, but this algorithm
had the advantage of detecting the boundaries that were almost perpendicular to the
image (Fig. 2(d)). Figure 2(f) shows the segmented result of the retinal vessels.

(@) |

En face functional Input start and Shortest path Automatic adjust Smooth the
image end points (Dijkstra) vessel center vessels

Fig. 2. 2D geometry structure extraction of retinal vessels. (a) Flow diagram of interactive 2D
segmentation. (b) En face view of retinal vessels in the optic disc area. (¢) The filtered image
of retinal vessels in the optic disc area. (d) and (e) Illustration of segment results at the start and
end points. (f) 2D geometric structure of the vessels.

(3) Volumetric data extraction for single vessels: The vessels in the optic disk area were

divided into different segments and represented with different colors (Fig. 2(f)).
Thus, the 3D data set for a single vessel could be extracted based on the 2D
geometric structure. The vessel width was first estimated based on the en face view
of the angiography image. The vectors that were perpendicular to the vessel direction
were calculated, and the data of the 2D images were resampled along the vectors
(Fig. 3(a)). Then the summed data along the direction of flow in the vessel and width
were estimated by obtaining the full width at half maximum of the summed profile
(Fig. 3(b)). In the cross-sectional view (depth direction) of the angiography image
along direction of flow (Fig. 3(c)), the upper and lower boundaries were detected
with a 2D-based dynamic programming method [32], and depth information was
obtained by averaging the two boundaries, thus generating a preliminary estimation
of the vessel center.

\‘

200 30 00

Fig. 3. Diagram of 3D boundary detection for a retinal vessel. (a, b) Estimate of vessel
diameter. (c) Estimate of vessel depth. (d) Illustration of resample and “unfolding” of 3D data
set for retinal vessel. (e) Cross-section view of boundary detection results. (f) 3D visualization
of vessel morphology.

(4) 3D boundary detection for retinal vessels: to apply the 3D segmentation algorithm,

#255598

the extracted volumetric data of the vessel were required to be warped-around the
boundary of the vessel. In the plane perpendicular to the vessel direction, the
preliminary vessel center was considered as the origin. Figure 3(d) illustrates the
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method for unfolding the vessel boundary into a terrain-like surface. We then applied
a 3D expansion of a dynamic programming method to the resampled 3D data set to
obtain the boundaries of the retinal vessels. These steps yielded a cross-sectional
view of boundary detection (Fig. 3(e)) and 3D visualization of vessel boundaries
(Fig. 3(f)). Finally, manual inspection and a few minor corrections were still
required, especially near crossover or bifurcation regions. A graphical user interface-
based program was developed to accelerate the process. The final vessel center was
determined by ellipse-fitting of vessel boundaries on the plane that was
perpendicular to vessel direction. The 3D vessel direction was obtained by
calculating the tangent of the vessel center line.

2.3 Doppler OCT and angle correction

Phase resolved Doppler OCT obtains the Doppler shift by calculating phase differences
between sequential A-scans. The phase difference (A¢ ) can be expressed as [33, 34]:

> Y [mA,,,,)Re(A,,)-Im(A, Re(A,,, )]
- (2)
[Re(A,,)Re(A ;) +Im(A ) Im(A

J M
_ J
A¢ =arctan| =

2

Jj=1 m=

J,m J+l,m J,m j+],m):|

where 4, was the complex signal at depth m on the j, A-scan. M was the number of the

depth points that were averaged, and J was the average number of A-lines. For Doppler
OCT, M was set at 4 and J was set at 1 to balance axial and lateral resolution. Motion
artifacts [28] will also induce small phase shifts despite the use of a high-speed camera. An
averaged shifted histogram method was used to estimate the bulk motion Doppler shift to
compensate for axial eye movement [35].

Phase change is proportional to the velocity of the moving sample. The velocity along the
incident beam direction (v, ) can be written as [33]:

A AP

, =S — 3
" 4r-n-AT @

where A, was the central wavelength of the OCT system, n was the refractive index of the
human retina, and AT was the time difference between adjacent A-lines. Combined with the
Doppler angle (o ), which was extracted from OCT angiography images (Section 2.2). The
absolute velocity of the blood (v) was calculated as:

y=—:= 4

3. Doppler validation
3.1 Experiment setup

The accuracy of the Doppler OCT method was tested on a flow phantom (Fig. 4(a)). The
blood flow was simulated by a milk phantom moving in a transparent tube with an inner
diameter of 800 um. For better penetration, the milk phantom was diluted with 20% water to
achieve a refractive index of 1.34. The flow was controlled by a syringe pump, and the tube
was mounted on a rotational stage. For each measurement, the raster and repeat scans were
performed sequentially. In the raster scan, the direction of the flow was obtained. Figure 4(b)
shows the lateral projection of the flow phantom (x—z plane) at a Doppler angle of 77.4°.
Each repeat scan was composed of 100 frames, and the scan was set perpendicular to the tube
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(x direction). Figure 4(a) and 4(c) show cross-sectional views of the OCT intensity image
and Doppler OCT image. Figure 4(d) shows the phase difference profile that was marked by
the blue line passing though the center of the tube in Fig. 4(c). The phase difference at the
center of the tube (A¢, ) was obtained by using a parabolic fitting. According to Poiseuille's
law, the volumetric flow rate (@ ) was calculated as follows [36]:
v, nD* D*- 4 -Ag.

c

_E. 4 _16\/§-np-AT-cosa

&)

where n, was the refractive index of the flow phantom, and D was the diameter of the tube.

3.2 Doppler OCT flow phantom results

We first verified the accuracy of flow measurements with the fixed Doppler angle. The pump
speed was increased linearly from 0.57 mm/min to 4.55 mm/min while keeping the Doppler
angle constant. A total of 8 measurements, corresponding from 1.17 pl/s to 9.37 pl/s, was
conducted. In addition, we also verified the correlation between Doppler angle and phase
difference. The angle between the phantom flow and the light beam was decreased almost
linearly from 89.9° to 42.8° while the pump speed was fixed at 1.71 mm/s. A total of 10

measurements was collected.
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Fig. 4. Validation of Doppler OCT. (a) OCT intensity image of the flow phantom at a Doppler
angle of 77.4°. (b) Lateral projection of flow phantom at a Doppler angle of 77.4°. (c) Doppler
OCT image corresponding to the intensity image in (a). (d) The blue line is the phase
difference profile that is marked by the blue line in (c), and the red line is the result of
parabolic fitting. () Comparison between pumped flow and detected flow with the fixed
Doppler angle. (f) Validation of relationship between Doppler angle and phase difference with
fixed pumped flow.

There was an excellent correlation between the nominal pump flow rate as set by the
syringe pump and the detected flow rate (Fig. 4(e)). The average deviation between the
nominal flow rate and the detected rate was less than 0.12 pl/s. According to Egs. (3) and (4),
the Doppler angle and phase difference followed a cosine function. The measured data was
well-fitted by a cosine function, with a correlation coefficient (R*) of 0.99 (Fig. 4(f)). A
slight variation may have been associated with phase stability of the SD-OCT system.
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Nevertheless, the Doppler OCT system accurately measured the flow rates in a tube, and the
Doppler angle was accurately corrected by extracting the direction of the tube.

4. In vivo imaging of retinal vessels in the optic disc
4.1 Participant and experiments

The left eye of a healthy subject was enrolled to demonstrate the feasibility of the method.
This study was approved by the Institutional Review Board for Human Research of Wenzhou
Medical University. The subject, who provided informed consent, was treated according to
tenets of the Declaration of Helsinki.

Each measurement was composed of the two consecutive scan modes, raster and circular,
described in Section 2.1. The raster scan data was used to obtain the morphology of the retinal
vessels, and the pulsatile retinal blood flow was acquired from the circular scan data. The
subject was asked to sit in front of the OCT probe with chin and forehead against the rest and
fixate on a target during the acquisition. In addition, three repeat measurements were
performed sequentially within 15 minutes to test the repeatability of the method. The subject
was also asked to hold his head position steady during one of the three measurements, and the
position of optic disc was aligned between each measurement.

Fig. 5. Registration between OCT angiography and Doppler OCT. The blue circular line
indicates the circular scan position corresponding to the en face view of the OCT angiography
image. The circular view of the Doppler image was merged with the angiography image. Eight
major vessels were selected, and the locations of the measured vessels were indicated by short
red lines. The boundaries of the measured vessels were also overlaid on the angiography
image, and the green lines indicate the center of each vessel. The red color indicates arteries
and blue color indicates veins.

After the OCT angiography and Doppler OCT images were obtained from each
measurement, the positions of the two modality images were registered together (Fig. 5).
Eight major vessels (4 arteries and 4 veins) were chosen to obtain the pulsatility of blood
flow. The location of the circular scan corresponding to the OCT angiography image is
indicated by the blue circular line in Fig. 5. The locations of measurement points for blood
flow (Fig. 5, short red lines) were determined by finding the intersections between the
measured vessels and the circular scan. For each cardiac cycle, peak systolic velocity (.S') and
end diastolic velocity ( D ) were measured. The average velocity ( 4 ) was defined as:
A=(S+D)/2. In addition, the PI was defined as P/ =(S—D)/ A, and the RI was defined as

RI=(S-D)/S .
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4.2 OCT angiography and 3D segmentation of retinal vessels

OCT angiography was performed on raster scan data, and most of the large vessels were
covered within an area of 4.0 x 4.0 mm. The morphology of the retinal vessels in the optic
disc was obtained by the IBDV method. Figure 6(a) shows an en face view of the intensity
image at the optic disc at 250 pm below the ILM layer boundary. Figure 6(d) shows the
corresponding en face view of the OCT angiography image. Compared with the intensity
image, the microvascular network of the retina at the optic disc can be visualized in OCT
angiography images. Although the major retinal vessels were also visualized in the intensity
image (Fig. 7(a)), OCT angiography (Fig. 7(b)) provided clearer boundaries of the vessels,
and smaller vessels could also be visualized (Fig. 6(d)). The IBDV method provide high
sensitive contrast to vessels that are nearly perpendicular to the probing beam [34]. Therefore,
compared to the 3D reconstruction method based on the intensity image [15] or the Doppler
OCT image [17], the OCT angiography method provides a more suitable technique for 3D
segmentation and reconstruction of the retinal vessels. The 3D volume rendering of the retinal
vessels in the optic disc is shown in Fig. 6(b). The 3D morphology of the retinal vessels was
clearly visualized.

Fig. 6. OCT angiography and three-dimensional segmentation of retinal vessels on the optic
disc. (a) En face view of the intensity image and the OCT angiography image. (b) Rendered 3D
volume of OCT angiography. (c) 3D reconstruction of the selected vessels. The green lines
indicate the center of each vessel. The red color indicates arteries and blue color indicates
veins. (d) OCT angiography image overlayed with boundaries of the reconstructed vessels.

The boundaries of the eight retinal vessels identified in Fig. 5 were also successfully
segmented. Figure 6(c) shows the 3D reconstruction of the eight vessels. The red color
indicates artery and blue color indicates vein. The basic idea of OCT angiography was to
separate moving objects from static tissue. Any changes in light scattering properties within
the light beam can generate a signal for OCT angiography. Capillaries with an average
diameter of 6~9 um can still be visualized despite the fact that the lateral resolution is around
20 pum in the OCT system [18, 20, 21, 37]. However the limited lateral resolution could cause
the diameter of small vessels to appear slightly larger in OCT angiography images. In this
study, we focused on the hemodynamics of relative large vessels, i.c., those that were larger
than 50 um in diameter. The estimated diameters of these larger vessels is not significantly
affected by the 20-um lateral resolution of the OCT angiography images. The boundary of the
larger vessels can still be accurately estimated by applying a correction factor. In addition, the
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uniform expansion of the boundary for vessels does not introduce any obvious errors in the
estimation of the vessel center.

Shadowing artifacts [21, 27, 38] may also cause detection errors for retinal vessels. This
effect is obvious in highly reflective layers such as the retinal pigment epithelium (RPE) layer
(Fig. 7(b)). However the RPE layer can be excluded because of the low reflectivity of the
outer nuclear layer (ONL) layer. In addition, we adjusted the parameters in the 3D dynamic
programming method to maintain the round shape of the boundary compared with structure
segmentation [27]. Finally, we corrected a few minor errors by manual inspection. Figure 6(d)
shows that the en face view of the OCT angiography image and the boundaries of the
reconstructed vessels overlap closely.

The centers of the vessels were obtained by ellipse fitting of the vessel boundaries, and the
Doppler angles were obtained by calculating the direction of the center lines. The centers and
directions of the vessels are indicated by the green lines in Fig. 6(c). The local vessel gradient
was calculated from the continuous center line of the vessel. Compared with extracting vessel
orientation by using two cross-sectional Doppler images with different radii [12, 13], this
method has the advantage of accurate estimation of the Doppler angle. The vessel orientation
can also be obtained from the 3D data set of Doppler OCT [16, 17]. However, the pulsatile
nature of the blood flow limits the angle measurement, especially at the end of the diastolic
phase. In OCT angiography, the contrast of the blood vessels is not obviously affected by
changes of blood flow, which may be more suitable for extracting the velocity vector.

4.3 Velocity measurements

Doppler OCT was performed on the circular scans (Fig. 7(a)), and pulsatile flow was
analyzed in eight vessels (Fig. 7(b), 7(c)). Figure 7(d) shows the averaged histogram of one
A-line scan derived from twenty bins and eight histograms [35]. The bulk motion Doppler
shift is marked by black arrows in Fig. 7(d). Figure 7(c) shows the cross-sectional view of the
Doppler OCT image with bulk motion Doppler shift by using the averaged shifted histogram
method. The phase difference was marked by colors in Fig. 7(c). The blue color indicates
outbound blood flow and the yellow-red color indicates inbound blood flow. An unwrapping
method was also applied when the phase difference at the center of the vessel was
significantly different (=1.5 rad) from the averaged phase difference (Fig. 7(c)).

(d) of Bulk phase shiﬁ_’i

phase broaden

3 2 1 0 1 2 3

Fig. 7. Comparison between OCT angiography and Doppler OCT. (a) Intensity image of optic
disk area with circular scan. (b) OCT angiography image and (c) Doppler image in which two
vessels required phase unwrapping (blue arrows). (d) Averaged shifted histogram of the A-scan
marked by the blue line in (c). The black arrows indicate bulk phase shift and red arrows
indicate phase noise of the in vivo retina.
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The red arrows in Fig. 7(d) show that the phase noise of the in vivo retina was 1.20 rad,
which was similar to previously reported values [35, 39]. This phase noise was significantly
larger than that from a mirror (0.03 rad) in same SD-OCT system. The low in vivo retinal
signal and eye motion may have been the cause of an increased phase noise. The phase noise
was reduced by averaging pixels within the vessel:

c
Ouwe == (6)
v
where o is the phase noise and N is the number of pixels for averaging. The diameters of the
major vessels were larger than 50 pm, which corresponded to an ellipse of 6x25 pixels. The
average phase noise (0, ) was reduced to 0.1 rad. The phase noise was further reduced by

high oversampling of the vessels, which increases the averaging number N . However, this
will also increase the sampling interval between frames for the target vessel. Hence it was
necessary to obtain a balance between Doppler OCT sensitivity and sampling interval to
achieve the most accurate velocity measurements.
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Fig. 8. Pulsatile flow of a retinal vessel. (a) Doppler OCT image for a circular scan of the optic
disc. (b) Enlarged Doppler OCT image of the selected vessel marked by the blue rectangle in
(a). (c) Pulsatile velocity profile of the selected vessel within a time span of ~6 s. Red profile,
velocity before Doppler angle correction; blue profile, corresponding velocity after correction.
Green dashed lines: top, peak systolic velocity (S); middle, average velocity (4), bottom, end
diastolic velocity (D).

The pulsatile retinal blood flow was imaged by Doppler OCT, and absolute retinal blood
flow was obtained by using the Doppler angle that was extracted from the 3D reconstruction
of each blood vessel. Figure 8 shows the pulsatile velocity profile of vessel 3 (see Fig. 5)
within a time span of ~6 s. The red profile presents the velocity profile before Doppler angle
correction, and the blue profile was the corresponding velocity after correction. There was a
slight velocity variance between the sequential cardiac cycles. This was probably due to the
highly dynamic nature of blood flow. Averaging over several cardiac cycles helps to obtain
stable measurements of velocity. The average time interval from diastolic phase to systolic
phase was 0.16 s. The sampling rate for pulsatile measurement of blood flow required more
than 13 frames per second. In this study, the frame rate for the Doppler scan was 24 frames
per second, which is enough for measuring pulsatile blood flow. The green dashed lines from
top to bottom denoted peak systolic velocity, averaged velocity and end diastolic velocity,
respectively.

Table 1 shows blood flow measurements of eight retinal vessels. For all of the vessels
except numbers 5 and 6, the velocity could be repeatedly measured. The variation for peak
systolic velocity among three repeated measurements was smaller than 8.24 mm/s. The
variation for end diastolic velocity was smaller than 2.61 mm/s. The measured average
velocity in the arteries and veins was consistent with previously reported values [11-13]. The
failure in flow measurements for vessels 5 and 6 occurred because the Doppler angle was
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close to 90 degrees. Subtle measurement errors due to large Doppler angles can lead to
significant deviations in velocity estimation. Large Doppler angles also include small phase
differences which can degrade measurement accuracy due to phase noise in the system. The
PI and RI, which are usually obtained from Doppler ultrasound, can evaluate the elasticity
index that is a parameter of blood flow [40, 41] and can also be repeatedly measured [39].
Compared to absolute velocity measurement, PI and RI measurements are more consistent
because they are independent of the Doppler angles.

Table 1. Blood flow measurements of retinal vessels”

S A D Artery/Vein
Vessel No. (mm/s) (mm/s) (mm/s) PI RI (A/V)

1 23814824 13574177 3324007 1(_)5(())1i 0.86 + 0.00 A
0.95 +

2 8504200 5794019  2.9940.60 s 0.63 + 0.02 v

3 3220£083  19.59+020  6.99+0.22 1(')230* 0.78 + 0.00 A

4 5684115 3484045 1274067 1(')219; 0.77 + 0.02 v
2533+ 154+

5 o 13994539  3.87+438 o 0.84 +0.01 A

6 N/A N/A N/A N/A NA v

7 5020657 3053+222  10.87+020 1(.)23; 0.78 £ 0.00 A

8 5974045  343+028  088+0.16 1(‘)535 0.86 4 0.00 v

“S, peak systolic velocity; A, average velocity; D, end diastolic velocity; PI, pulsatility index; RI, resistance
index; N/A, not applicable; rates expressed as means + standard deviations.

Although the morphology of vessels can be reconstructed from OCT angiography images
with a large Doppler angle, there are still challenges in absolute flow measurements because
of subtle phase differences caused by the Doppler effect when the vessel is nearly
perpendicular to the probing beam. One solution is to ask the subject to fixate on a different
target between each measurement. For most of the major vessels, the pulsatility of the blood
flow can be measured when the Doppler angle is away from the perpendicular by more than 3
degrees. Another limitation of this method is that there is still slight movement between the
raster scan and the circular scan. This requires manual registration between the OCT
angiography images and the Doppler OCT images (Fig. 5). This may cause some errors in the
estimated location of the measurement points in OCT angiography images. This problem
could potentially be solved by adding an eye tracking system with a fundus camera. The
lateral motion can be corrected with a phase correlation algorithm that calculates the relative
translational offset from fundus images [42].

5. Conclusions

In this study, we proposed a method for the measurement of absolute blood flow at the optic
disc area by combining OCT angiography with Doppler OCT. The 3D morphology of retinal
vessels in the optic disc was visualized by using an intensity-based Doppler variance method.
A 3D segmentation method based on an expansion of dynamic programming was used to
extract the 3D boundaries of retinal vessels. Doppler angles were extracted from the vessel
boundaries, and the absolute retinal blood flow was obtained by applying an angle correction.
The accuracy of Doppler OCT and the relationship with the Doppler angle was validated on a
flow phantom. The validated methodology was then used to measure pulsatile retinal blood
flow in the optic disc of a subject. The parameters for retinal hemodynamics were
successfully measured repeatedly among the major retinal vessels. The pulsatile nature of the
blood flow and absolute velocity can be obtained by this method without modification of the
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hardware. It can easily be incorporated into existing commercial OCT instruments already in
clinics. This method has potential for earlier diagnosis and more precise monitoring in retinal
vascular diseases.
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