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1. Introduction

Abnormalities in eye perfusion have been linked to a number
of sight-threatening diseases including glaucoma, retinal vein
occlusions, diabetic retinopathy, age-related macular degener-
ation!' ), etc. Optical coherence tomography (OCT)!*"), a tech-
nology offering high-resolution cross-sectional imaging of
microstructures in biological tissues, has been widely used in
clinical medicine/®®!. In addition to morphological images,
the functional OCT technology, such as OCT angiography!' !}
and Doppler OCT (DOCT)!"?°], has been proposed to calcu-
late the retinal vessel information.

The disadvantage of conventional single-beam DOCT system
is that flow velocity measurement depends on the Doppler angle
between the incident beam and blood vessel orientation.
Therefore, some researchers suggested using dual-beam detec-
tion systems to overcome this problem!'®!. In 2000, Dave et al.
first, to the best of our knowledge, demonstrated a dual-channel
DOCT system based on a Wollaston prism for absolute velo-
city measurement in highly scattering media'”). In 2014,

© 2022 Chinese Optics Letters

0117011

In this paper, we propose and demonstrate a dual-beam delay-encoded Doppler spectral domain optical coherence tomog-
raphy (OCT) system for in vivo measurement of absolute retinal blood velocity and flow with arbitrary orientation. The
incident beam is split by a beam displacer into two probe beams of the single-spectrometer spectral domain OCT system
with orthogonal polarization states and an optical path length delay. We validate our approach with a phantom and in vivo

Keywords: optical coherence tomography; ocular perfusion; optic nerve head; ophthalmology.

Werkmister et al. presented a dual-beam spectral domain
DOCT system using a beam displacer to split a beam of light into
two detection beams with different polarization states!'®'"),
However, this free space approach requires two separate refer-
ence arms and two spectrometers for detection, which increases
the cost and complexity of the system. Pedersen et al.'*>*! intro-
duced a glass plate into the OCT beam path to divide it into two
probe beams with different group delays and incident angles.
However, due to the strong crosstalk between the two probe
beams, the achievable depth range is limited. On the other hand,
other research groups have also implemented the indirectly bidi-
rectional scanning method through measuring the Doppler
tomography at adjacent vessel cross sections within the 3D data
volume???*), For instance, Wang et al. adopted only two cross-
sectional scans at different positions along the blood vessel to
obtain absolute retinal flow velocity. Furthermore, they mea-
sured total retinal blood flow (TRBF) by scanning around the
optic nerve head (ONH) in two concentric circles?*?7],
However, the accuracy of blood flow measurement is limited
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by the estimation of the vessel center location. Moreover, the
demonstrated DOCT systems based on the time division
dual-beam to calculate the incident angle are still complex
and easily affected by the movement of the eye. Compared with
bi-directional approaches, the triple-beam OCT method!*** is
independent of the en face angle for absolute velocity calcula-
tion. However, due to necessary average division of illumination
power among the three channels, this triple-beam method suf-
fers from reduced sensitivity. To avoid this division of illumina-
tion power, Wartak et al'® introduced an active-passive
channel approach using path length encoding to achieve tri-
ple-channel DOCT. However, the passive channels exhibit more
susceptibility to the ocular aberrations than the active channel.
In 2018, Wartak et al.®" introduced an optical switching to
achieve time-encoded triple-channel DOCT. Similarly, the time
division triple-channel system is also easily affected by the
movement of the eye and decreases the imaging speed.

In this paper, we describe a dual-beam delay-encoded all fiber
DOCT system (DDD-OCT) using only one spectrometer to
measure the TRBF. Compared with Refs. [20,21], a beam dis-
placer splits a beam of detection light into two probe beams
in the sample arms that are delay-coded with different optical
path lengths using a glass plate, which avoids the crosstalk
between two channels. With this technique, only one spectrom-
eter is required. A Dove prism!*? is used to perform the rotation
of the two probe beams. The integrated unit of line scanning
laser ophthalmoscopy (LSLO) is used to preview the fundus
and guide the scanning track of OCT beams on the retina.
The in vivo study demonstrates the ability of the DDD-OCT
to measure the retinal blood flow.

2. Materials and Methods

Figure 1 shows the setup of the DDD-OCT. The light source is a
low coherence superluminescent diode (SLD, Inphenix Inc.)
with a central wavelength of 850 nm and an FWHM bandwidth
of 50 nm. The lateral resolution is 22 pm, and the coherence
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Fig. 1. Schematic of the dual-beam delay-encoded fiber-based DOCT system.
L1-110, lens; L1, cylindrical lens; M1, mirror; M2, strip mirror; D1, D2, dichroic mirror;
C1, C2, line scan camera; FC, fiber coupler; PC, polarization controller: F, fixation
screen; GP, glass plate; BD, beam displacer; LD, 780 nm laser diode; LSLO, line
scanning laser ophthalmoscopy system; SLD, superluminescent diode.
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length is 4.64 pm in tissue (n = 1.37) for this OCT system. A cal-
cite beam displacer (Fujian Crystock, Inc.) splits the light into
two probe beams with a parallel displacement of 2.8 mm. The
two probe beams with a diameter of 1.19 mm each are displaced
by 1.23 mm on the pupil of the eye. A tiltable glass plate is
inserted into one of the probe beams to adjust the optical path
length delay (currently 750 pm) between the two probe beams.
In the detection arm, the dual-beam OCT signal is detected by
only one spectrometer, which is composed of a diffraction gra-
ting (Wasatch Photonics, 1200 lines/mm), an achromatic lens
(L10, f = 187 mm), and a 2048 element line scan CMOS camera
C1 (BASLER SPL2048-70 KM). The system is operated at a rate
of 50,000 lines/s. The total incident light power of the two probe
beams on the cornea is 680 pW, which is well within the maxi-
mum permissible exposure level of the American National
Standards Institute (ANSI).

The LSLO system is used to provide real-time fundus preview
imaging and guide the scanning position of OCT sampling
beams, which is composed of a cylindrical lens (L11) that
diverges the light beam from a 780 nm laser diode (LD) in a
straight line, a strip gold mirror (M2) that isolates the entrance
aperture from the exit aperture, and a line scan camera C2
(Atmel AVIIVA SM2 2014). The incident light power of the
LSLO on the cornea is measured to be 1 mW, which is below
the ANSI safety limit.

As shown in Fig. 2, the incident probe beams P; and P, are
angularly separated by the angle Aa. The en face angle f is de-
fined as the angle between the illumination plane (composed of P,
and P,) and the blood flow velocity vector V. For a dual-beam sys-
tem, calculation of the absolute blood velocity is independent of
the Doppler angle (the angle between the incident beam and blood
vessel orientation). The absolute blood velocity can be given as®*!

(b2 = P10

" dgnt - cos f- Aa’

(1)

where 7 is the time interval between two sequential A-lines, 4 is the
central wavelength of the SLD, ¢, and ¢, are the phase value of P,

y

Fig. 2. lllustration of the incident probe beams and the bload flow velocity.
direction of the blood flow velocity; P; and P,, two probe beams; A«, angle
between the two probe beams; g, angle between Vand the illumination plane
(y-z plane, composed of P, and P,).
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Fig. 3. lllustration of the illumination plane and scanning track. V, direction of
the blood flow velocity; L, scanning track of OCT beams on the retina.

and P,, respectively, and # is the refractive index of blood. The
angle Aa relies on the beam separation at the pupil and the eye
length (24.2 mm)™*. Since the absolute velocity measurement is
not accurate when /3 approaches 90°, then a rotatable Dove prism
is used to adjust the orientation of the illumination plane, which
can maintain § away from 90° for every probed vessel. In case
of a large en face angle f, the measured phase difference
(¢p5 — ¢1) is too small to accurately calculate blood flow velocity,
especially for slow blood flow velocity. Therefore, as shown in
Fig. 3, the scanning track L should be away from the parallel direc-
tion of the blood flow V' by rotating a calibrated angle to ensure the
en face angle f is away from 90°.
According to Eq. (1), the blood flow can be calculated as

F= // VdSdt = // V . dS,, - cos pdt
N Sxz

_ // 5 B2 =90k 4, @)

4ant - Aa

where S is the cross-sectional area of the vessel, and S,, =
S/ cos 3 (Fig. 2) represents the scanned cross-sectional area of
the vessel. Therefore, the absolute blood flow is independent
of the angle .

3. Results

An in vitro experiment is carried out to verify our method.
A capillary with an inner diameter of 135 pm, perfused with
chicken blood at a constant flow velocity by a syringe pump,
is used as the phantom sample. The capillary is immersed in
diluted milk to suppress surface reflection. The calculation accu-
racy of the Doppler frequency shift depends on the sampling
step between adjacent A-scans. In order to determine the opti-
mized sampling step, the phantom flow at various sampling
steps is measured to be compared with the set blood flow of
20 pL/min. As shown in Fig. 4(a), the accuracy of the measure-
ment can be ensured with a sampling step less than 1.9 pm.
In our experiment, the step spacing is chosen to be 1 pm.
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Fig. 4. (a) Measured blood flow at the set blood flow of 20 uL/min as a func-
tion of the sampling step. (b) Measured blood flow versus the set blood flow.

The measurement error of the system is within 10% [Fig. 4(b)],
showing good accuracy and repeatability.

To verify the system in vivo study, the blood flow in the retina
of four healthy volunteers is imaged with the DDD-OCT system.
This clinical study was approved by the Institutional Review
Board of the Zhongshan Ophthalmic Center, Sun Yat-sen
University, China and adhered to the tenets of the Declaration
of Helsinki. The vessels with diameters above 60 pm are taken
to calculate the TRBF. Informed consent is obtained from the
subject before the experiment.

The probe beams are scanned around the ONH, as shown
in Fig. 5(a), to determine the TRBF. The structural and
DOCT images of the artery vessel V; incident with the probe
beams P, and P, are shown in Figs. 5(b) and 5(c), respectively,
without clear crosstalk between two channels. Figure 5(d) illus-
trates the absolute velocity of the blood flow with a pulsation
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Fig. 5. Retinal blood flow imaging with the DDD-OCT system. (a) LSLO fundus
view. The black line marks the scanning track. Vi, an artery vessel.
(b) Structural and (c) Doppler OCT images of the vessel V;. (d) Absolute
velocity of the blood flow in V; as a function of time.
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rate of 67 beats/min. The average absolute flow of the artery
vessel V in a cardiac cycle is calculated to be 12.2 pL/min.

The determination of vessel diameter is critical for calculating
the blood flow. To minimize the impact of the low phase differ-
ence at the border of the vessel, we select the OCT phase image
near a systolic peak to extract the vessel diameter™. A bulk
motion algorithm is used to correct the phase background based
on a histogram analysis method'*®!. Before starting the detec-
tion, the volunteers first adjusted to the darkroom for 10 min
to allow the pupils to dilate naturally. The average TRBF of
artery is 40.16 £ 7.48 pL/min, and the TRBF of the vein is
4326 +4.93 pL/min in eight normal eyes.

4. Discussion and Conclusions

In previously published reports by Riva et all*”), 33+
9.6 puL/min for total arteries and 34 + 6.3 pL/ min for total
vein in 12 eyes were determined by laser Doppler velocimetry
(LDV). Using a double-circle scanning pattern, Wang et al. mea-
sured 45.6 + 3.8 uL/min (10 subjects)"*® and 47.6 + 5.4 pL/min
(20 subjects)*”! for the total vein. Haindl et al. reported the total
venous flow values 0f 47.1 + 5.4 uL/min (20 eyes) utilizing a tri-
ple-beam setup. Overall, the values obtained here agree well with
previous findings.

Our study has several limitations, including the angular sep-
aration between both beams, which cannot be adjusted at will.
Secondly, for the poor fixation subjects, our system could not
measure their blood flow. To overcome this difficulty, eye-
tracking technology is needed. Finally, the vascular outlines
are delineated by a human expert, which has certain subjectivity.
A more objective boundary delineating software is needed.

In conclusion, we described a beam-displacer-based DDD-
OCT system to accurately calculate the blood flow over the car-
diac cycle. With two probe beams delay-coded with different
optical path lengths, the DDD-OCT system is capable of
blood flow imaging in both directions at the same time without
crosstalk between two channels, as compared with Refs. [20,21].
The integrated unit of LSLO makes the acquisition process more
intuitive and convenient. The in vivo study demonstrates the
ability of the DDD-OCT to measure the retinal blood flow,
which offers promising potential for monitoring retinal blood
flow abnormalities in patients.
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