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Abstract. A three-beam spectral domain optical coherence tomography system (OCT) whose center wavelength is
840 nm was developed. The three beams focus on fundus 3.1 mm apart from each other and are detected by a
single line sensor. The distance between the beams is fixed and the beams scan a total area of 10 X 10 mm? while
keeping this separation during three-dimensional (3-D) measurement. The line rate of the sensor is 70 kHz, therefore
the total speed is equivalent to 210k A-scans per second in this system. A 1000(x) x 500(z) x 250(y) voxel volu-
metric 3D OCT data set can be acquired within 2 s. Images of a model eye, a healthy human eye and a diseased eye
taken by this system are shown and evaluated. The image quality of one B-Scan is as good as an image from a single-
beam OCT. Adjustment among the beams is solved by additional signal processing using a model eye. A multi-
beam OCT has the potential not only for high speed imaging but also functional imaging although problems such as
compensation among the beams and motion artifacts must be solved. © 2012 Society of Photo-Optical Instrumentation Engineers

(SPIE). [DOI: 10.1117/1.JBO.17.10.106001]
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1 Introduction

Optical coherence tomography (OCT)' is an interferometric
imaging technique which can non-invasively obtain a tomo-
graphic image of a sample with micrometer resolution. In
ophthalmology, OCT is widely used for retinal imaging. In clin-
ical practice, there is a need for several measurement methods
such as multiple detection of two-dimensional (2-D) imaging®
and three-dimensional (3-D) imaging,3 which take much mea-
surement time. The imaging time, however, should be short
enough in order to avoid motion artifacts or blinking of the
eye. For these reasons, fast and highly sensitive OCTs have
been developed.*

One of the first generation OCTs was a time domain (TD)
system that swept a mechanical mirror! to scan an area. In
ophthalmology, 400 A-scans per second of OCT images can
be obtained with commercial TD equipment. Later, a Fourier
domain (FD) OCT was developed, which improved the scanning
speed by more than ten-fold because there were no moving
mechanical parts. There are two main types of FD OCT system:
a spectral domain (SD) OCT® and a swept source (SS) OCT.%’
These systems have advantages of high sensitivity as well as
fast imaging.®1°

The SD-OCT acquires an interferometric signal by using a
spectrometer with a line sensor. The signal processing of the
data from the line sensor includes background subtraction,
resampling for k-space, and Fourier transformation. With an
experimental setup, 312.5 k A-scans per second was achieved. "'
Currently, most of the commercial OCTs for retinal imaging are
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SD-OCT'? with 800-900 nm wavelength. On the other hand, the
SS-OCT uses a SS laser and detects a signal by a photodiode
instead of the line sensor while sweeping the wavelength.
The detected signal is digitized, and then the similar processing
is applied to this digital signal. The early SS-OCT has lower
axial resolution than the SD-OCT because it commonly uses
a laser with a wavelength longer than 1 ym. To date, several
groups demonstrate the ability of better penetration and good
resolution.'>!'* Furthermore, a speed of more than 400 k A-scans
per second has been achieved with the experimental SS-OCT
setups. 14,15

Thanks to the development of the sensors or the light
sources, the OCT has progressed so much. Here, we are inter-
ested in the multi-beam OCT not only for high speed imaging
but also functional imaging. Until now, a 4-beam TD-OCT
system was reported.'® This used four parallel interferometers
which can image a human tooth at four different depths of
focus. The authors improved the lateral resolution and imaging
depth, and the line rate was 8000 A-scans per second by using
a rapid scanning optical delay. On the other hand, a dual beam
Doppler SD-OCT was reported.'” The system used two beams
with different incident angles and measured the absolute blood
flow using two spectrometers and two reference optical paths.
The maximum line rate was 28,000 A-scans per second, and a
zebrafish larva was imaged.

These two studies were not developed for a human eye; it is
more difficult to measure the eyes because of safety issues and
eye motion. Safety standards, such as International Electrotech-
nical Commission (IEC), International Organization for Stan-
dardization (ISO), and American National Standard Institute
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(ANSI) must be considered, as these safety standards limit the
laser power per unit area on the fundus.

A 2-beam Doppler SD-OCT for the human eye was
reported,'® with a similar measurement principle to the previous
work!” but different system configuration. The light beam was
split into two polarized beams and focused on the same position
at two different angles. The authors used two spectrometers but
one reference optical path, and the line rate was 18 kHz. Other
2-beam Doppler schemes that focus two beams on neighboring
positions were later reported.'** On the other hand, a dual spot
SS-OCT with 1050 nm wavelength was reported.'* The authors
used parallel interferometers in which the system could measure
different areas on the fundus.

This paper describes a three-beam SD-OCT system for high
resolution retinal imaging by using a center wavelength of
840 nm. The laser safety, including laser power, number of
beams, and an arrangement of the beams for the multi-beam
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OCT system, is precisely considered in Sec. 4.1. The three
beams pass through three interferometers and focus on three
different areas, and are detected by one spectrometer with a sin-
gle line sensor. This configuration achieves more than 200,000
A-scans per second with good image quality even for diseased
eyes. Different characteristics among the beams such as pixel
resolution, roll-off characteristics, and sensitivity are adjusted
by using post-processing. Images of a model eye, a healthy
human eye, and a diseased eye are shown and evaluated. We
discuss the differences in characteristics among the beams and
the imaging results.

2 System

The three-beam SD-OCT is illustrated in Fig. 1. It consists of
three independent optic-fiber Michelson interferometers which
include reference, sample, and detection optical path, respec-
tively. Three super luminescent diodes (SLD) are used, which
have a bandwidth of 45 nm centered at an 840 nm wavelength.
The beams are split by fiber optic couplers with 90/10 coupling
ratio. All fibers used in this system are single-mode fibers. The
objective optics of the sample optical path and the spectrometer
of the detection optical path are shared by the three beams.
Figure 2 shows a picture of the three interferometers and a
collimator lens with a fiber array. The interferometers are
attached to a fundus camera (Canon, Inc.). The sample optical
path consists of polarization controllers, a fiber array, a collima-
tion lens, an XY scanner, a lens 1, a lens 2, a focusing lens, and
an objective lens. All lenses are in common usage for the three
beams and custom designed. The focal lengths of the collima-
tion lens, the lens 1, the lens 2, the focusing lens, and the objec-
tive lens are 14 mm, 45 mm, 30 mm, —52 mm, and 35 mm,
respectively. There is a switching mirror between the objective
lens and the focusing lens. It separates the OCT beams mechani-
cally from the light for the cornea alignment. Nine fibers are
connected to the 3 X 3 fiber array with 0.9 mm separation and
three of them are used in this system for the upper (U), middle
(M), and lower (L) area. The six remaining fibers in the fiber
array are prepared for a probable future extension of this system
but not currently in use. Each beam emitted from the fiber array

Collimation lens Fiber

Fig. 2 Three interferometers and a collimation lens.
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is transferred to the form of parallel by the collimation lens. The
collimation lens is a custom-designed telecentric type.

The three beams are directed to the rotation center of the XY
scanner and are scanned by it. An eye is positioned such that
the pupil of the eye is aligned with the pivot point of the beams.
The reflectivities at the surface of the collimation lens, the lens
1, the lens 2, the focusing lens, and the objective lens are less
than 0.1% at around 840 nm wavelength in order to decrease the
signal loss from the eye and ghosting from the optics. This sys-
tem has three independent SLD power monitors and a scanner
condition monitor which can detect suspending status of the
scanner. Therefore, the system can block the radiating beams
to the eye by using a mechanical shutter when in emergency
or not in measurement.

The reference optical path consists of three sets of polariza-
tion controllers, neutral density (ND) filters, dispersion compen-
sation glasses, band-pass filters (BPF), dispersion compensation
prisms, mirrors, and stages for moving the mirrors. The ND
filters can adjust the power to a line sensor. The BPFs cut unne-
cessary wavelengths to eliminate crosstalk between the beams
on the sensor. The transmittance of the BPF from 815 nm to
865 nm is at least 80% (mainly 95%) and outer range of BPF
is cut off. The ND filters and mirrors are controlled indepen-
dently by the computer.

The body of the spectrometer is separated from the inter-
ferometers to avoid vibration during operation, which are con-
nected by three optical fibers. The spectrometer detects the three
beams emitted from the fibers on a fiber unit by using one line
sensor, which consists of a collimation lens, a diffraction grat-
ing, a focusing lens, and a CMOS line sensor (Basler Inc.
spL4096-140,000). The focal lengths of the focusing lens
and the collimating lens are 147 mm and 100 mm, respectively.
The orientation of the fiber ends on the fiber unit is adjusted so
that the beams exit perpendicularly to the principal surface of
the collimating lens. The three beams are diffracted by a single
grating (1200 lines/mm, Wasatch Photonics, Inc.) and incident
angles of the beams with respect to the transmission diffraction
grating are different from each other. These different incident
angles lead to different numbers of pixels of the illuminating
areas on the line sensor and are related to the different diffraction
efficiency.

Table 1 shows the system performance. The transmittance is
the measured value from the objective lens to the spectrometer.
The differences among the values are due to the different cou-
pling efficiency at the fiber array, the loss at the fiber connecters
and the differences among the optical devices. The efficiency in
the spectrometer is the calculated value of the optics by using
Code V (Synopsys, Inc.). The difference is caused by the inci-
dent angle to the grating. As the results, the shot-noise limit
sensitivity® is calculated by using the following value: the sam-
ple powers 830 uW, the integration time 14.2 us, and the center
wavelength 840 nm.

Table 1 System performance.

Upper Middle Lower

Transmittance (%) 33.5 39.9 27.9
Efficiency in the spectrometer (%) 63 76 63
Shot-noise limit sensitivity (dB) 100 102 99
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The total pixel number of the sensor is 4096, so more than
1000 pixels can be used for each beam. This is the minimum
value because the number is related to the range of measurement
depth: a larger number yields a deeper range of depth. For retinal
imaging, a range of deeper than 2 mm is appropriate not only
for the whole retinal imaging but also the alignment of the eye.
The effective pixel number after Fourier transformation is half
of the each beam.

The line rate of the sensor is 70 kHz, giving a total line rate
equivalent to 210 k A-scans per second in this system by using
the three beams. The exposure time is 14.2 us, hence it takes
14.2 ms for one B-scan image (1000 A-scans). However, the
scanner needs time to return, therefore, the cycle time for one
B-scan measurement is about 20 ms. This means that the re-
quired data transfer rate is about 310 MByte/s (12 bits/8 bits X
1000 A-scans X 4096 pixels/20 ms). We use a high-end PC
(Hewlett Packard, Inc., HP Z800 workstation, Windows 64-bit
operating system), a high-speed frame grabber (Matrox, Inc.,
Matrox Solios), and a home-made controller for motor drivers.
For this reason, shared usage of the line sensor as well as the
frame grabber for the three beams avoids overhead time among
the frame grabbers compared to using three frame grabbers.

3 System Evaluation

3.1 Spectrum

Measurements of the reference lights are shown in Fig. 3. The
light from the sample optical path is blocked by a cover of
the objective lens. The vertical axis is the intensity measured
by the line sensor and the horizontal axis is the pixel position.
From O on the horizontal axis to 4096, the three beams are the
upper, middle, and lower areas, respectively. The wavelength on
the smaller pixel number side of those three areas is longer than
on the larger pixel number side. These signals are adjusted by
ND filters so as to be 70-80% of the maximum. The signal level
between the neighboring beams is suppressed by the band-pass
filter and reaches the noise level of the sensor. This means that
there are no crosstalks between the beams. The different shapes
of detected spectra are caused by the use of three independent
light sources. The high-frequency component of each spectrum
is fixed noise from the interferometer, most of which can be
eliminated by signal processing. The widths of 1150 (U),
1200 (M), 1250 (L) pixels which exceed the noise level and cor-
respond with the entire bandwidths of the light sources, are used
from each beam for the signal processing.

Upper Middle Lower

Intensity(A.U.)

0 1024 2048 3072 4096
Pixel Position

Fig. 3 Spectrums of the light sources between 3 beams.
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3.2 Pixel Resolution

The axial resolution of the OCT is determined by the bandwidth
of the light source. We use the same three light sources, how-
ever, the areas extracted from the spectrometer are not exactly
the same bandwidth. Therefore, those pixel resolutions should
be adjusted for 3-D imaging. The bandwidth AK of the spectro-
meter in k space is given by:

1 1

AK = (1)

s
lmin A‘max

where, A,.x and Ay, are the maximum wavelength and mini-
mum wavelength respectively.

The pixel resolution AZ of the Fourier domain OCT is
given by:

AZ = L 2)
2AK
The light source has a center wavelength of 840 nm and
bandwidth of 45 nm. The axial resolution is calculated as
7.8 um in air using this equation. Usually, the bandwidth of
the light source is the full width at half-maximum, but this is
not consistent with the detectable bandwidth of the spectrometer
which is wider than the bandwidth of the light source. For this
reason, the pixel resolution of the SD OCT is better than the
axial resolution. Note that the pixel resolution can be changed
by zero padding, which is equivalent to expanding the band-
width of the spectrometer numerically. In our adjustment, zeros
are added evenly to the longer and shorter wavelength sides.
Figure 4 shows the results of the relationship between the
pixel resolution and pixel number. The vertical axis is the
numerical pixel resolution and the horizontal axis is the total
pixel number after zero padding. The pixel resolution is mea-
sured by the moving distance of the mirror. The squares, trian-
gles and diamonds show the upper, middle, and lower areas,
respectively. The first three data of 1100, 1150, and 1200 are
approximately 6.1 ym without zero padding. This means that
the extracted spectrum has almost same bandwidth even though
the pixel number is different. The other data are calculated by
zero padding. Here we adjust the total pixel number to 1340,
1400, 1460 pixels for 5 um pixel resolution. The image pixels
are 500 in depth range therefore 2.5 mm is sufficient for retinal
imaging.

7.0

g 60 s
=
.S
= . 5
-—'8 5.0 « U
7 LA M
E 4.0 A ‘k
o A
3.0
1000 1200 1400 1600 1800 2000
Total Pixel Number

Fig. 4 Pixel resolutions upper (U), middle (M), and lower (L).
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3.3 Roll-Off Characteristics

The different pixel number and illumination area on the sensor,
which means different spectral resolutions, leads to different
roll-off characteristics. The pixel number is the sampling num-
ber, thus it is related to the period of the sinc function after
Fourier transformation. The illumination area is related to the
diffraction efficiency of the grating. The roll-off characteristics
are shown in Fig. 5(a) upper, 5(b) middle, 5(c) lower, respec-
tively. The vertical axis is relative intensity from zero delay,
and the horizontal axis is the position of the mirrors. A retro-
reflector, which could adjust more easily than a mirror, was
used so that the angle could be changed to reflect perpendicu-
larly on the fundus position. Typical point spread functions were
measured at several points by moving mirrors at the reference
optical paths. Small peaks at the positions around 350 ym and
2400 pum are fixed noise inside the interferometers and can be
eliminated by the background subtraction.

The intensity drop of each beam at 2000 yum was —13 dB,
—11dB and —12 dB, respectively, and the sensitivity at
1000 ym was 95 dB, 97 dB, and 94 dB, respectively. All of
the sensitivities were 5 dB lower as compared to the Shot-
Noise Limit Sensitivity in the Table 1, since they do not contain
losses at the retroreflector, coupling efficiencies at the spectro-
meter input, and losses at the sensor. The performance of the
middle area was better than those of the other areas. This ten-
dency is consistent with our calculation using the model,”'
which is partly due to the higher diffraction efficiency at the
middle area. The sensitivity at middle area and the roll-off char-
acteristic do not show a big difference from our single-beam
SD-OCT in the experimental setup: this sensitivity is near to
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Fig. 5 Roll-off characteristics (a) upper, (b) middle, (c) lower.
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the upper limit to avoid coherence noise.?? The resolutions of the
upper and lower beams are worse than that of the middle beam
in this measurement because the polarization state changed®
due to the temperature change after the original adjustment.

4 Three-Dimensional Imaging

4.1 Llaser Safety Considerations

Figure 6 shows the scan area; (a) the relationship among the
beams, and (b) the scan area of each beam. The formed angles
between the upper and middle beam and ones between the middle
and lower beam are 10.8 deg respectively, which is 188.5 mrad.
The beam diameter of each beam at the pupil is 1 mm and these
beams overlap at the same position theoretically. According to the
IEC 60825-1,%* we must consider two conditions for the safety,
the first is the “maximum angular subtense (Sec. 3.54)”,24
and the other is the “all other retinal limits (Sec. 9.3.3)”.**
Those formed angles exceed the “limiting angle of acceptance
(100 mrad)”.2* This means that the overlapping effects of plural
beams on the retina can be ignored. Therefore, these three beams
are treated as a single beam.

The most severe condition is a vertical scan (Y direction)
for the alignment shown with a dotted circle in Fig. 6(b).
The “accessible emission limits (AEL)** to the eye is calculated
from Table 5 in Ref. 24: “Accessible emission limits for class 1
laser products in the wavelength range between 400 nm and
1400 nm”.** The duration time in Table 5 in Ref. 24 is 10 s
by referring to Table 10 in Ref. 24, “Correction factors and
breakpoints for use in AEL and MPE evaluations”,** because
the angular subtense in this system 1.2 mrad is smaller than
1.5 mrad. OCT beam is classified into the “Repetitively pulsed
or modulated lasers 8.3(f)” and “For varying pulse widths or
varying pulse durations 3(b),”** since the beams are scanned
on the retina. The AEL is determined by the duration of the
total-on-time-pulse (TOTP). All individual pulse energies
during 10 s are added as 4.2 s under a test mode (small area
scans for model eye measurement) and then the AEL is calcu-
lated as 930 uW. In case of a normal mode (10 mm area scans for
human eye measurement), the TOTP is less than 1 s. The max-
imum beam power of each beam to an eye is set to 830 uW,
which is 10% lower than the AEL.

The IEC 60825-1 only claims the eye safety at retina
while the ISO 15004-2 is filed for corneal safety. The ISO
15004-2 classifies the ophthalmic instruments into two groups.
According to the classification flowchart (Annex F),? this sys-
tem which uses certified components of reducing the emitted

(a) (b)

20pum
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%
V.
[=][=
10mm
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=<

|
Wl
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I 10mm

Fig. 6 Scan area (a) relationship between the beams, (b) scan area of
each beam.
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radiation below the emission limits is classified as the Group 1.
The Group 1 limit values are based upon a 2 h exposure. OCT
measurements take up to 10 min in general for one eye including
the alignment between the eye and the instrument.

We select the parameter from Table 2 in Ref. 25, “Group 1
limit values for continuous wave instruments,” to calculate the
emission limits. This system with 840 nm wavelength is cate-
gorized into “weighted anterior segment visible and infrared
radiation irradiance for convergent beam only (Sec. 5.4.1.5)"%
with wavelength between 380 nm and 1200 nm, since OCT sys-
tem with 1 mm beam diameter at pupil is the “convergent beam”
and no other lights such as the cornea alignment are overlapped
due to the switching mirror. The power limit is calculated at
4(W/cm?) x 7.9 x 1073 (cm?) = 31.6 mW. The total power of
the three beams to the eye is 2.49 mW which is less than one-
tenth of the limits. From these reasons, this clinical study is
approved by Institutional Review Board. Informed consent
was obtained from the volunteers for this clinical study. Note
that the safety standards may vary depending on the country.
The compatibility with other safety standards should be consid-
ered if the same or a similar system is utilized in the other
country.

These three beams are focused on fundus with 3.1 mm
separation in the Y direction. The beam is scanned from the
top-left corner to the bottom-right corner, while keeping these
separations during raster scanning. Each beam scans an area of
3.8 x 10 mm? including an overlapped region of 20% to com-
pensate for eye motion. Solid rectangle area is extracted for the
imaging. The spot size of each beam is 20 ym on the fundus. The
B-scan can be taken by 500, 1000, 2000 A-scans. In the case of
measuring an area of 10X 10 mm?, 250, 500, 1000 B-scan
modes can be selected.

A model eye is used for adjusting each area, in which the
image is compensated for pixel resolution, roll-off characteris-
tics, contrast, and mirror position. The procedure is first to adjust
the pixel resolution, and second the mirror positions. Then the
roll-off characteristics and contrast are adjusted to make the
images of the overlapped area the same. The mirrors are posi-
tioned on the choroid side so that the system measures a region
of interest such as fovea with high sensitivity even if the eye has
a larger curvature.

The total data quantity for 3-D imaging is about 600 MB for
250 B-scans (1000 A-scans) including the 20% overlapped area.
At the maximum data size, it is about 5 GB for 1000 B-scans
(2000 A-scans). However, hardware capacity is continually
improving we expect the capacity issue will be solved in the
near future.

4.2 Model Eye Imaging

A model eye, which was a glass sphere with mainly cross pat-
terns on the bottom, was used to evaluate this system. As its
reflectivity was very high compared to a human eye, an ND filter
was placed in front of it. The time taken to measure an area of
10 x 10 mm? was within 2 s. Each beam scans 96 times in an
area of 3.8 mm wide and each B-scan has 1000 A-scans. The
overlapped area was removed manually (the similar images are
searched between the beams) and 250 B-scans were extracted in
this case. Figure 7(a) is a depth integrated fundus view. The
arrows C and D show the boundary of sub-scanfields. It is
not easy to find the boundary without instruction. Figure 7(b) is
a cross-sectional image at arrow A, and Fig. 7(c) is a tomo-
graphic image at arrow B. All OCT images in this paper are
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Fig. 7 Model eye image, (a) depth integrated fundus view, (b) cross-sectional image at A, (c) tomographic image at B, (d) tomographic image of upper
beam at C, (e) tomographic image of middle beam at C, (f) tomographic image of middle beam at D, (g) tomographic image of lower beam at D.

no-averaging data. Higher contrast around the center is due to
specular reflection. Figure 7(d) and 7(e) are tomographic images
at arrow C, for the upper and middle beams, respectively, show-
ing no clear difference between the images. Figure 7(f) and 7(g)
are tomographic images at arrow D, for the middle and lower
beams, respectively.

4.3 Human Eye Imaging

Figure 8 shows an OCT image of a volunteer’s eye. The mea-
surement mode is the same: an area of 10 X 10 mm? within 2 s.
In the case of a human eye, we believe that the appropriate
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measurement time is less than 2 s for one measurement without
blinking. When the total number of imaging points is 250,000,
high-density B-scan imaging (1000 X 250) is better than equiva-
lent (500 x 500) area scan. Since B-scan is used for diagnosis,
the lower density of B-scans in Y direction could be used for a
screening of disease if the system is used for clinical applica-
tions. The pixel resolution is 10 ym for X (fast scan) and 40 ym
for Y (slow scan) where calculated spot size of the each beam on
the fundus is 20 ym in this case.

Figure 8(a) is a depth integrated fundus view without a
motion correction. Arrows C and D are the boundary of

October 2012 « Vol. 17(10)
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Fig. 8 Human volunteer eye, (a) depth integrated fundus view, (b) cross-sectional image at A, (c) tomographic image at B, (d) tomographic image of
upper beam at C, (e) tomographic image of middle beam at C, (f) tomographic image of middle beam at D, (g) tomographic image of lower beam at D.

sub-scanfields. Figure 8(b) is a cross-sectional image of the
arrow A. We can see a gap at the boundary as well as fluctuation
of layers. Figure 8(c) is a tomographic image at arrow B. It
includes the macular and a part of the optical disk. We can
see several layers such as the nerve fiber layer and retinal pig-
ment epithelium. Figure 8(d) and 8(e) are tomographic images at
arrow C: the upper and middle beams, respectively. The posi-
tions of blood vessels do not match. Figure 8(f) and 8(g) are
tomographic images at arrow D: the middle and lower beams,
respectively. The positions of blood vessels match each other
better than in the images at arrow C.
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The contrast difference between sub-scanfields of the human
eye is bigger than that of the model eye. One of the reasons for
this is the difficulty of alignment. For the model eye, the optical
axis can be adjusted perfectly, but it is difficult to adjust the
human eye because of unstable fixing of not only the eye but
also the head. Additionally, for the alignment, we use the func-
tion of the fundus camera which is not optimized for OCT mea-
surement. When the axis of the beam moves from the center on
the pupil plane during the measurement, optical properties are
differ because of differences in the optical path as well as dis-
persion. In the other case, the pivot position of the beams shifts
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from the pupil, and the upper or lower beam is blocked by the
iris especially far region from the center. The movement of an
actual eye is more complicated such as rotation around the axis
and combinations of thereof.

4.4 Diseased Eye Imaging

This clinical study was registered in the University Hospital
Medical Information Network as UMIN000003232 in 22 Feb,
2010.2° We measured more than 200 health and diseased eyes.

The diseased eyes included macular disease, glaucoma, diabetic
retinopathy, and retinal vein occlusion.

Figure 9 shows an OCT image of the epimacular membrane.
The measurement mode is the same: an area of 10 X 10 mm?
within 2 s. The overlapped area was removed manually and
248B-scans were extracted. Figure 9(a) is a depth integrated fun-
dus view. During this measurement it has at least one big
eye motion. Three yellow arrows indicate the results of the
eye motion. This simultaneous motion artifact in three areas
is one of the big disadvantages of the three-beam OCT. The con-
trast of the upper beam area is changed after the motion

Fig. 9 Epimacular membrane, (a) depth integrated fundus view, (b) cross-sectional image at A, (c) tomographic image at B, (d) tomographic image of
upper beam at C, (e) tomographic image of middle beam at C, (f) tomographic image of middle beam at D, (g) tomographic image of lower beam at D.
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especially in the upper beam. This indicates that the part of the
upper beam is blocked by the iris before the movement.

Figure 9(b) is a cross-sectional image of the arrow A. Each
layer on the fundus is fluctuating due to the eye motion during
the measurement. Figure 9(c) is a tomographic image at
arrow B. It includes the macular and a part of the optical
disk. The quality of the OCT image is sufficient for the diagno-
sis. Figure 9(d) and 9(e) are tomographic images at arrow C: the
upper and middle beams, respectively. Figure 9(f) and 9(g) are
tomographic images at arrow D: the middle and lower beams,
respectively. The beams are blocked at red circle area by an
obstacle. Although the blood vessels at the red doted circle area
connect with each other, the blocked area has the discontinuity.
The obstacle may be placed in front of the fundus.

5 Discussion and Conclusion

This paper discussed an OCT with multiple beams. It has poten-
tial not only for high-speed imaging of large areas but also
for functional imaging such as Doppler measurement. In the
three-beam system described in this paper, the imaging speed
is almost three times faster than that of a single beam with same
sensitivity, yet the device does not cost three times more thanks
to shared usage of the line sensor and objective lens system. On
the other hand, adjustment of the spectrometer becomes much
more difficult due to detection of the three beams by one line
sensor; additional signal processing is required to compensate
for the differences in characteristics of the beams.

Comparing light path between the three-beam OCT and a
general single beam OCT, there are no differences from a cornea
to a retina for all measurement areas. This means that the dis-
persion, deviation, and vignetting due to an eye are the same for
both systems. Even if the manufacturing of the fiber array was
not perfect such as the angle and the position among the beams,
the difference was not big as shown in the model eye imaging.
Therefore, the alignment in three-beam system such as the dis-
tance between the eye and the instrument is not critical compar-
ing to the general single beam OCT in terms of the geometrical
optics. But, we perfectly separate the alignment light and the
OCT beam by the mechanical switching mirror. This causes
time delay for the OCT measurement, which is the big disad-
vantage of the multi beam system.

Currently the number of beams in this system is three due to
a scanning pattern. The number could be increased with differ-
ent scanning patterns and speeds. But the larger number of the
beams the system has, the larger overlapping areas in order to
compensate for the eye motion it requires. Moreover the adjust-
ment becomes difficult in proportion to the beam number.
Therefore, increasing the number from three is unrealistic in
this system. Scanning the overlapping areas with different
beams in a short time limits the amount of light to comply
with the safety regulations. One method without overlapping
area is full-field OCT which uses an area sensor instead of a
line sensor.?’ Although we expect there will be a number of
challenges, this produces an en-face image of a certain depth at
one time. The FF-OCT may be the ultimate goal of the multi
beam OCT.

Finally, we note that the high-speed imaging can reduce the
effect of motion artifacts but cannot remove them. When an eye
motion happens during measurement, each area has motion arti-
facts at the same time. A combination of tracking technique?®
with the multi-beam OCT may overcome this problem and this
can eliminate motion of the eye such as drift, but cannot remove
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the effect of fast motion such as micro saccade. Detecting such
eye motion and performing the measurement again with a high-
speed imaging technique is a practical approach.
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