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High-speed ophthalmic optical coherence tomography (OCT) systems are of interest because they allow rapid,
motion-free, and wide-field retinal imaging. Space-division multiplexing optical coherence tomography (SDM-
OCT) is a high-speed imaging technology that takes advantage of the long coherence length of microelectrome-
chanical vertical cavity surface emitting laser sources to multiplex multiple images along a single imaging depth.
We demonstrate wide-field retinal OCT imaging, acquired at an effective A-scan rate of 800,000 A-scans/s with
volumetric images covering up to 12.5 mm × 7.4 mm on the retina and captured in less than 1 s. A clinical fea-
sibility study was conducted to compare the ophthalmic SDM-OCT with commercial OCT systems, illustrating
the high-speed capability of SDM-OCT in a clinical setting. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.383034

1. INTRODUCTION

Since its inception in 1991, optical coherence tomography
(OCT) has revolutionized diagnostic care for retinal diseases
[1,2]. The ability to resolve high-resolution cross-sectional
and volumetric images of the macula has been key for diagnosis
of retina diseases like age-related macular degeneration, macular
edema, diabetic retinopathy, and retinitis pigmentosa [3–7].
Due to imaging speed limitations, volumetric imaging has his-
torically been limited to the macula region of the retina. This
region contains most of a patient’s central vision, making it the
most important region to detect retinal abnormalities. Recently,
there has been increased interest in high-resolution imaging of
the regions outside of the macula, the retina periphery [8,9].
Retinal disease may originate in regions outside of the macula
and may progress for years unnoticed to the patient and with-
out loss of central vision. With high-resolution wide-field im-
aging, these early stage disease progressions can be detected,
and preventative treatment can be commenced. This strategy
could stop vision deterioration before the patient loses any
central vision, greatly reducing morbidity.

One of the key image quality problems in ophthalmicOCT is
motion artifacts [10,11]. Many ophthalmic patients are
elderly and have the inability to sit still for more than a few
seconds. Additional sources of motion artifacts include
involuntary micro saccades and even the patient’s breaths and

heartbeats. To reduce the probability of motion artifacts, oph-
thalmic OCT images must be acquired rapidly, or motion
tracking hardware and software must be employed [12].
Typical OCT eye-tracking systems employ a scanning laser oph-
thalmoscope (SLO) to produce en face images of the retina that
the OCT scans can be registered against [13]. This increases sys-
tem complexity and may not have high enough registration per-
formance to acquire accurate volumetric scans [14]. Most
commercial OCT systems are limited by scan speeds of tens
of kilohertz. Due to the large number of A-scans required
and extended scan periods, OCT volume scans with commercial
systems are often untenable, even over small scan ranges. Many
commercial systems use a range of scan patterns, including
tens of B-scans over small scan ranges (up to 6 mm × 6 mm),
denser cube scans with up to 100 B-scans (3 mm × 3 mm),
and single B-scans over wider ranges (10 mm × 0 mm). An
order of magnitude imaging speed increase is necessary to
produce motion-artifact-free, high-resolution, high sampling
density, and volumetric and wide-field retinal imaging.

Because this is an important problem, the development of
high-speed OCT systems has been an active area of research
[14–17]. Most commercial OCT systems are spectral domain,
which are limited by the spectrometer camera frame rate.
During the last 10 years, there has been increased focus
on the development of swept-source OCT (SS-OCT), which
is limited by the sweep rate of the laser source.
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Microelectromechanical vertical cavity surface emitting laser
(MEMs VCSEL) sources can be implemented at 50–
580 kHz, and Fourier domain mode locking (FDML) sources
have been demonstrated in excess of 3 MHz [15–18].
Additionally, high-speed line-field and full-field SS-OCT sys-
tems have been demonstrated [19,20]. These ultra-high-speed
megahertz systems are capable of rapid volume acquisition, but
they do suffer some limitations. The most pressing limitation is
the reduced sensitivity in these systems due to the reduced ex-
posure time at each sample point. In the 1060 nm wavelength
region, typically used in high-speed retinal imaging, illumina-
tion power is limited to 1.8 mW by the American National
Standards Institute (ANSI) safety standard. This power limita-
tion limits the sensitivity of megahertz systems to less than
90 dB [14,21]. Images acquired with sensitivities below 90 dB
have poor image quality without extensive averaging. Some
megahertz systems use up to 96× averaging to achieve reason-
able image quality, which increases the overall scan time signifi-
cantly [14]. Additionally, ultra-high-speed systems require the
galvanometer scanner to be driven at high frequencies, which
can warp the image or damage the galvanometer. Resonant
scanners may be required.

Space-division multiplexing optical coherence tomography
(SDM-OCT) is a high-speed OCT system that takes advantage
of the long coherence length of VCSELs to multiplex multiple
images along the imaging depth [22]. This parallel imaging
technique splits the sample arm light into multiple channels
and imparts an optical path length delay to each channel.
Each of these imaging channels illuminates a different
position on the sample, enabling simultaneous imaging of
multiple locations, increasing the effective image speed.
VCSELs can have coherence lengths on the order of centi-
meters, whereas the penetration depth of near-infrared
(NIR) OCT imaging light is typically less than 2 mm [23].
This mismatch between laser coherence length and imaging
penetration depth means that the total amount of information
that the interference fringe can carry is not being fully utilized
with the use of a single imaging beam. By adding optical path
length delays longer than the optical penetration depth in tissue
to the parallel channels, parallel images can be acquired simul-
taneously without overlapping. The advantage of SDM-OCT
is that the multiple imaging beams can be acquired by a single
detector, which has reduced system complexity compared to
other multi-beam OCT systems [24–28]. Previous implemen-
tations of SDM-OCT have used both fiber-based splitters and
silicon-on-insulator (SOI) photonic chips to generate eight par-
allel imaging channels [22,29]. Also, previous systems have op-
erated at 1310 nm wavelengths. The 1310 nm wavelength
range is not suitable for ophthalmic imaging due to the strong

absorption of water in this region and the necessity to penetrate
through >2 cm of vitreous humor to reach the retina. The
1060 nm light has up to 100× lower absorption in water than
1310 nm light. In this study, we develop a four-beam 1060 nm
SDM-OCT system for wide-field ophthalmic applications.
Table 1 shows a comparison of published SDM-OCT systems.

2. METHODS

A. System Description
The system source is a 1060 nm MEMs VCSEL swept-source
operating at 200 kHz. This source has an output power of
35 mW and a −15 dB bandwidth of 104 nm (Thorlabs).
The source light was further amplified by a booster optical am-
plifier (BOA) to achieve a system input power of 55 mW,
enough power for the Mach–Zehnder interferometer (MZI),
reference arm, and all four sample beams. The system topology
is shown in Fig. 1. After the BOA, 5% of the light is split to an
MZI to produce a parallel calibration signal. From here, the
light is split 95:5 again, with 5% going to a single-pass reference
arm and 95% to the sample arm. The sample arm is then split
80:20, with 20% continuing to a custom 1 × 4 SDM fiber
splitter and 80% of the light lost. After traveling through
the sample arm optics, backscattered light returns through
the 1 × 4 SDM splitter and interferes with light from the sin-
gle-pass reference arm. The interference signal is detected by a
balanced photodetector (Thorlabs PBD481c). The OCT and
MZI interference signals are captured in parallel by a high-
speed digitizer (Alazar Tech ATS9373) operating at 1.5 GHz.
System imaging range is 12.5 mm in air at this sampling fre-
quency. The system design is constrained by the inherent back
coupling losses to SDM-OCT. The sample arm is split into
four beams that cause 6 dB of inherent back coupling losses.
At the high operating speed of the system, every effort must be
made to conserve as much sensitivity as possible. To minimize
further losses, an 80:20 splitter is used to couple the backscat-
tered light to the detection arm. This saves 80% of backscat-
tered light as opposed to 50% with a 50:50 splitter. This results
in a sensitivity gain of ∼2 dB with power on the sample con-
served. The 80:20 splitter also has lower back coupling loss and
broader bandwidth performance than available circulators. The
cost of this design is that 80% of the input power is lost,
requiring high laser power and optical amplification. A
narrowband fiber Bragg grating (FBG) (Δλ � 0.4 nm,
λ0 � 1020 nm, O/E Land) is inserted into one arm of the
MZI for accurate fringe jitter registration. This increases the
phase stability and ensures the axial resolution within the
deeper beams is maintained [30]. In the reference arm, four
lenses, matching the lenses in the sample arm, were used to
match dispersion. Additionally, dispersion-compensating

Table 1. Comparison of SDM-OCT Systems

System
Center Wavelength

(nm)
Laser Sweep Rate

(kHz) Beams
Effective A-Scan Rate

(kHz) Sensitivity (dB)

1st generation SDM-OCT [22] 1310 100 8 800 94.6
SOI chip-based SDM-OCT [29] 1310 100 8 800 91
Ophthalmic SDM-OCT 1060 200 4 800 91

540 Vol. 8, No. 4 / April 2020 / Photonics Research Research Article



glasses were inserted into the reference arm to compensate for
dispersion in the ophthalmic lens. Numerical dispersion com-
pensation was used to compensate for dispersion in the vitreous
humor and for dispersion fine-tuning [31].

1. Safety Considerations
The ophthalmic SDM-OCT system was approved for human
imaging by institutional review boards (IRBs) at both Lehigh
University and University of Pennsylvania. The ANSI standard
prescribes the maximum power incident on the eye for a
1060 nm single laser source as 1.8 mW [32]. This system uti-
lizes <1.8 mW per imaging beam, resulting in a total incident
power on the eye of <7.2 mW, seemingly higher than the
ANSI standard. The ANSI standard declares that in the case
of multiple sources, their optical powers may be considered sep-
arately if the angle of incidence on the eye between the sources
is >100mrad [32]. Because the four beams used in the SDM-
OCT system are separated by more than 100 mrad, we can
consider them separately. All four beams intersect at the scan
pivot point, which is near the cornea. This increases the power
density at the cornea by 4 times. Still, the irradiance on the
cornea is quite low, ∼14 mW∕cm2, because the beams are col-
limated at this point. Also, the absorption of NIR light in cor-
neal tissue is many times less efficient than in retinal tissue. Due
to the optical power of the eye, the irradiance on the retina is
typically 2 × 105 higher than that on the cornea. This indicates
that even with multiple beams entering the cornea, the irradi-
ance at the cornea will be 4 orders of magnitude smaller than
the irradiance at each spot on the retina. The lower irradiance,
in combination with the increased translucence of the cornea
over the retina, means that the risk of acute corneal damage is
very low. The irradiance of this device on the cornea is similar
to NIR irradiance in ambient daylight (1–10 mW∕cm2), and
studies have shown that incidental exposures of up to
100 mW∕cm2 are acceptable for several minutes [33].
Therefore, SDM-OCT presents minimal risk to patients.

2. Sample Arm Optics Design
Choosing an appropriate interbeam optical path distance is im-
portant because we must consider the penetration depth of a
single beam, the curvature of the eye, and the system imaging
range. Also, the lateral displacement of the imaging beams is
important to satisfy the ANSI standard for distributed sources.
The fiber tips are laterally spaced by 500 μm on the custom
1 × 4 SDM splitter (AC Photonics) to provide each imaging

beam with sufficient displacement on the eye. The 3 mm fiber
length difference between each channel provides optical delays
necessary to prevent overlapping between adjacent imaging
channels. By choosing a beam path length difference of
3 mm, all four beams do not overlap over a broad scan range
of 60 deg and fit into the imaging depth range of 12.5 mm. The
four imaging beams are relayed to the eye via three lenses. The
beams are collimated by an f 1 � 30 mm lens, focused by an
f 2 � 50 mm lens, and then collimated again with a wide-field
ophthalmic lens to ensure proper focus on the retina. This re-
sults in an estimated lateral displacement between beams on the
retina of ∼1.85 mm, corresponding to an angular separation of
∼100 mrad. Because of the fixed nature of the fiber-based split-
ter, the imaging range without overlap between beams along
this dimension is fixed at 7 mm. This reduces the flexibility
of the system somewhat. A dichroic mirror was used to focus
an illuminated green cross onto the eye for use as a fixation
target for the patient. The sample arm was fixed to a retrofitted
slit lamp base so patients could be comfortably imaged with the
system [Fig. 1(b)].

The theoretical sensitivity of a single-beam OCT system op-
erating at 200 kHz with a 68% duty cycle, 1.8 mW power on
the sample, and 0.7 detector sensitivity is ∼100.4 dB [Eq. (1)]
[21]. Accounting for the 6 dB loss from the 1 × 4 splitter and
the 1 dB loss from the 80:20 splitter brings the theoretical sen-
sitivity of our SDM-OCT system to ∼93.4 dB. Measured sen-
sitivity of this system was ∼91 dB, indicating ∼2.4 dB in
additional optical losses. System axial resolution is measured
to be ∼6.8 μm in tissue with an axial pixel size of
∼4.3 μm:

SNRssoct �
ρSRsΔt

2e
: (1)

B. Image Processing
SDM-OCT fringes were acquired in parallel with MZI calibra-
tion fringes. Every SDM-OCT A-scan fringe was registered to
the FBG peak and interpolated based on the MZI calibration
fringe. SDM-OCT frames were discrete Fourier transform
registered to reduce axial motion artifacts [34]. The four
SDM-OCT beams were manually stitched using ImageJ. A
mean filter was applied to reduce speckle noise. Stitched
SDM-OCT images were flattened by segmenting the retinal
pigment epithelium (RPE) with a graph cut segmentation tech-
nique [35]. Cross-sectional images and en face projections were

Fig. 1. (a) Schematic for the ophthalmic SDM-OCT system. BOA, booster optical amplifier; FBG, fiber Bragg grating; MZI, Mach–Zehnder
interferometer; PD, balanced photodetector. (b) Picture of the ophthalmic SDM-OCT prototype in the clinic.
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Fig. 2. Geometric considerations for ophthalmic SDM-OCT design. (a) Projection of the curvature of the eye onto the imaging space. (b) Image
space separated into four imaging beams with 3 mm optical delay. All four beams fit in the 12 mm image depth. (c) Distance between adjacent beams
shows there is no overlapping between adjacent images. (d) Sensitivity roll-off measured over the entire imaging depth range.

Fig. 3. (a) Four-beam raw SDM-OCT image. (b) En face projection of the RPE layer; yellow line shows location of vertical cross section and green
line shows location of horizontal cross-section. (c) Vertical cross-section. (d) Horizontal cross-section with some selected anatomical features labeled.
CHR, choroid; EZ, ellipsoid zone; ILM, internal limiting membrane; IPL, inner plexiform layer; ONH, optic nerve head; OPL, outer plexiform
layer; RPE, retinal pigment epithelium. (e) Retinal thickness map. (f ) 3D rendering of stitched SDM-OCT images (also see Visualization 1). Scale
bars 1 mm.
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extracted from the flattened image. Retina thickness maps were
generated by segmentation of internal limiting membrane
(ILM) and the RPE. The axial positions of the ILM and
RPE were subtracted for each frame to calculate the two-di-
mensional (2D) retinal thickness. For visualization, retinal
thickness was mapped to hue and projected onto an en face
projection of the RPE.

C. Clinical Feasibility Study
A clinical feasibility study was conducted at Scheie Eye Institute
at the University of Pennsylvania. Ten patients between the
ages of 18 and 80 with previous diagnosis of retinal disease were
recruited. SDM-OCT images were acquired for both of each
patient’s eyes. Reference OCT images were acquired with com-
mercial OCT systems (Heidelberg Spectralis or Zeiss Cirrus).

3. RESULTS

A. System Characterization
To design the optical path length difference between each of
the SDM-OCT channels, the curvature of the retina must
be taken into account to prevent image overlapping.
Figure 2 shows the projection of the curvature of the eye onto
the SDM-OCT image space as calculated by the eye scan
model introduced by Kolb et al. [16]. Equation (2) shows
how the curvature of the image space was calculated, with r
being the radius of the eye, d 0 the depth of the scan pivot point,
and ε the scan angle [16]:

iOPD � n · ��2 − cos ε�r − �1 − cos ε�d 0

−
ffiffiffiffi
r2

p
− �r − d 0�2 sin2 ε�: (2)

Figure 2(a) shows how the surface of the retina is curved in
the image space over a scan range of 0.5 rad. By splitting this
space into four imaging “strips” [Fig. 2(b)] with spatial offsets,
we can simulate the shape of the wide-field retinal SDM-OCT
image. Calculating the z distance between each of these retinal
surfaces [Fig. 2(c)] ensures that there is sufficient space between
beams to prevent overlapping over the total scan range. The
3 mm of optical path length difference (OPD) between the
channels was sufficient to prevent interbeam image overlap-
ping. To ensure image quality was maintained over all four
beams, the sensitivity roll-off was measured over the entire im-
aging range. A 3 dB sensitivity roll-off over 12.5 mm was mea-
sured [Fig. 2(d)]. Beam power was measured after the second
lens in the sample arm. Power was measured to be 1.60, 1.78,
1.70, and 1.63 mW for beams 1, 2, 3, and 4, respectively.

B. Tests on Healthy Subjects
Initial tests were conducted on healthy volunteers. The capa-
bilities of ophthalmic SDM-OCT are illustrated in Fig. 3.
Figure 3(a) shows a typical raw ophthalmic SDM-OCT image
with the image zero crossing at the top of the image. There are
no overlaps between adjacent imaging beams and no cross talk
between channels. A single B-scan is 2250 pixels deep by

Fig. 4. SDM-OCT and commercial OCT images from a patient diagnosed with retinal telangiectasia. (a) En face projection SDM-OCT.
(b) Vertical cross-section SDM-OCT. (c) Horizontal cross-section SDM-OCT. (d) En face SLO image of commercial system imaging range
(5 mm × 3 mm). (e) Vertical cross-section commercial OCT. (f ) Horizontal cross-section commercial OCT. (g) Zoomed-in region of interest
(ROI) from SDM-OCT. (h) Zoomed-in ROI from commercial OCT. (i) Retinal thickness map. (j) 3D rendering of stitched SDM-OCT images
(also see Visualization 2). Lateral scale bars 1 mm. Axial scale bars 500 μm for (b), (c), (e), and (f ) and 200 μm for (g) and (h).
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1000 pixels wide. The wide-field capabilities are illustrated in
Figs. 3(b)–3(e). The en face projection of the RPE layer of the
retina in Fig. 3(b) provides a clear illustration of image range
capabilities of this system, whereas Figs. 3(c) and 3(d) demon-
strate that this system is capable of producing high-density cross
sections across both the horizontal and vertical dimensions.
The sub 1 s acquisition time allows this large volumetric acquis-
ition to be implemented free of motion artifacts. A wide-field
retina thickness map is shown in Fig. 3(e). A volumetric ren-
dering of the 12.5 mm × 7.4 mm imaging region is shown in
Fig. 3(f ) with 600,000 total effective A-scans. Visualization 1
shows the B-scan stack from the same SDM-OCT three-
dimensional (3D) dataset. Intensity differences are visible be-
tween each of the imaging beams, with images 1 and 4 having
lower intensity. This is due to power nonuniformity between
the beams and focus differences on the retina.

C. Clinical Feasibility Study
A clinical feasibility study was conducted at the University of
Pennsylvania’s Scheie Eye Institute. SDM-OCT and commercial
OCT images were acquired from 10 patients with various
diagnosed retinal pathologies. Comparisons between SDM-
OCT and commercial OCT images from patients are shown
in Figs. 4 and 5. Figure 4 contains images from the right
eye of a patient diagnosed with retinal telangiectasia. Retinal

telangiectasia is a rare retinal disorder characterized by abnormal-
ities in macular vascular structure and growth of neovascular
membranes in the ellipsoid zone [36]. From the wide-field en face
view of the SDM-OCT images, a large disturbance can be seen in
theRPE around themacula [Fig. 4(a)]. Figures 4(b) and 4(c) show
wide-field vertical and horizontal cross sections from the SDM-
OCT volume image, respectively. The shape and structure of this
abnormality match well with the 5 mm × 3 mm en face SLO im-
age in Fig. 4(d). The red box in Fig. 4(a) represents the scan range
of the commercial OCT system. Figures 4(e) and 4(f) show the
corresponding vertical and horizontal cross sections acquired with
the commercial system.This dense scan consisted of 1024A-scans
× 96 B-scans. The axial resolution of this commercial system is
∼3.9 μm. Figures 4(g) and 4(h) are zoomed-in comparisons of
a region of the macula presenting pathology. Features match well
between the SDM-OCT image [Fig. 4(g)] and the commercial
OCT image [Fig. 4(h)]. The resolution of the SDM-OCT is lower
because of the lower axial resolution of 1060 nm OCT
compared to 800 nm OCT and the filtering used to remove
speckle noise from the image. Figures 4(i) and 4(j) show the
retinal thickness map and 3D rendering, respectively. The corre-
sponding volumetric SDM-OCT image stack is shown in
Visualization 2.

A second example is shown in Fig. 5. This patient was di-
agnosed with exudative age-related macular degeneration.

Fig. 5. SDM-OCT and commercial OCT images from a patient diagnosed with exudative age-related macular degeneration. (a) En face projection
of RPE SDM-OCT. (b) Vertical cross-section SDM-OCT. (c) Horizontal cross-section SDM-OCT. (d) En face SLO image of commercial system
imaging range. (e) Vertical cross-section commercial OCT. (f ) Horizontal cross-section commercial OCT. (g) Zoomed-in ROI from SDM-OCT.
(h) Zoomed-in ROI from commercial OCT. (i) Retinal thickness map. Yellow arrow indicates region with retinal thinning. (j) 3D rendering of
stitched SDM-OCT images (also see Visualization 3). Lateral scale bars 1 mm. Axial scale bars 500 μm for (b), (c), (e), and (f ) and 200 μm for
(g) and (h).
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Figures 5(a)–5(c) show the en face, vertical, and horizontal cross
sections of the SDM-OCT image, respectively. The images
from the commercial OCT system [Figs. 5(d)–5(f )] were ac-
quired with a typical low-density B-scan scan pattern. Here
only 18 loosely spaced B-scans are acquired. This is a common
scan pattern because it can be acquired rapidly with the low
acquisition speed of the commercial SD-OCT system
(40 kHz A-scan rate). This limits the resolution of vertical cross
sections immensely as can be seen in Fig. 5(e). Once again, a
region of the macula is selected to compare the image quality of
the SDM-OCT and commercial OCT systems. An interrup-
tion in the RPE layer is clearly visible in both images.
A wide-field thickness map of the retina [Fig. 5(i)], generated
from the SDM-OCT image, shows substantial retinal thinning
in the outer region of the retina. Figure 5(j) shows the 3D ren-
dering of the SDM-OCT images (volumetric videos shown in
Visualization 3).

Another patient was diagnosed with non-proliferative dia-
betic retinopathy in his left eye. A similar comparison between
SDM-OCT and commercial OCT images is made in Fig. 6. In
this case, the wide-field volumetric capabilities of SDM-OCT

prove especially useful. En face, vertical, and horizontal cross
sections of the SDM-OCT image are shown in Figs. 6(a)–6(c).
With the small scan range and low B-scan density of the com-
mercial OCT system [Figs. 6(d)–6(f )], the OCT findings were
found to be normal based on the interpretation of an expert
physician, but when the SDM-OCT image is viewed in
the en face plane, some abnormalities become apparent.
Figure 6(i) shows an en face projection of the SDM-OCT image
through the OPL layer of the retina. In the periphery of this en
face projection, many small, bright scatterers can be seen (yel-
low arrows). An experienced ophthalmologist determined that
these scatterers are likely microcysts or microaneurysms.
Figure 6(j) shows a fluorescein angiogram acquired from the
same eye during a visit 2 months before the SDM-OCT images
were acquired. A pattern of matching microcysts can be seen,
indicated by the yellow arrows. The en face SDM-OCT was
also compared with a red free fundus image (not shown), which
further supported that these spots were microcysts. The narrow
range and low scan density of the standard OCT scan missed all
of the bright spots, which could have resulted in missed diag-
nosis. This clearly demonstrates the importance of wide-field

Fig. 6. SDM-OCT and commercial OCT images from a patient diagnosed with non-proliferative diabetic retinopathy. (a) En face projection
SDM-OCT. (b) Vertical cross-section SDM-OCT. (c) Horizontal cross-section SDM-OCT. (d) En face SLO image of commercial system imaging
range. (e) Vertical cross-section commercial OCT. (f ) Horizontal cross-section commercial OCT. (g) 3D rendering of SDM-OCT image stack (also
see Visualization 4). (h) Retinal thickness map. (i) En face projection of the outer plexiform layer showing microcysts highlighted by the yellow
arrows. (j) Fluorescein angiogram showing matching microcysts to Fig. 5(h). Lateral scale bars 1 mm. Axial scale bars 500 μm for (b), (c), (e), and (f ).
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imaging. The 3D rendering and retinal thickness map are
shown in Figs. 6(g) and 6(h), respectively. Cross-sectional
SDM-OCT images are shown in Visualization 4.

4. DISCUSSION

The SDM-OCT system we demonstrated here utilizes a paral-
lel imaging approach to acquire volumetric retinal images at
speeds >10× faster than commercial SD-OCT systems and
4× faster that MEMs VCSEL-based single-beam SS-OCT sys-
tems. Higher OCT imaging speeds have been achieved with
FDML lasers [14,16], but SDM-OCT has some advantages
over these methods. First, the parallel imaging approach means
that each B-scan acquisition is acquired at a much slower rate
than for an equivalent single-beam system. This allows us to use
a traditional galvanometer with a sawtooth waveform with min-
imal distortion. Megahertz OCT systems often require B-scans
to be acquired in excess of 1000 Hz, which may necessitate the
use of resonant scanners and sine waveforms.

The clinical feasibility study conducted here showed good
matching between pathological features seen in SDM-OCT
images and commercial OCT images. We were able to acquire
wide-field structural images in less than 1 s. These wide-field
volumetric images had high resolution over an imaging range of
12.5 mm × 7.4 mm, enabling simultaneous imaging of the op-
tic nerve head and macula with minimal motion artifacts. We
showed the importance of wide-field imaging by illustrating a
case where pathology was missed within a standard OCT scan
but was obvious under wide-field volumetric imaging (Fig. 6).

Although SDM-OCT offers key advantages in imaging
speed, there are some limitations. The biggest drawback of this
method at this stage is the relatively low imaging sensitivity,
which results in more-noisy images and requires extensive filter-
ing to improve image contrast. This system has a sensitivity of
91 dB, whereas commercial OCT systems typically operate
with sensitivities greater than 100 dB. This low sensitivity is
principally caused by the 6 dB backpropagation loss through
the 1 × 4 fiber splitter in conjunction with the already limited
sensitivity of the 200 kHz swept-source engine on which this
method is based. It is important to note that sensitivity of this
system, which operates at 800,000 effective A-scans/s, is theo-
retically identical to an equivalent single-beam OCT system
with a true A-scan rate of 800,000 A-scans/s. We are working
to develop topologies that avoid some of this backpropagation
loss. The current low sensitivity limits the phase stability of the
system and degrades the quality of functional measurement like
Doppler OCT and angiography.

One another limitation of this method is the limited flex-
ibility of the scan patterns that can be used with this method.
The scan range along the vertical direction is fixed due to the
fixed separation distance of the parallel imaging beams.
Changing the distance between beams is possible with changes
to sample arm optics, but the minimum distance between
beams is limited by the ANSI definition of distributed sources.
Beams that are closer than this limit increase the risk of thermal
injury to the retina. This limits the ability to perform small-
range, high-resolution, high-density scan patterns that are com-
parable to commercial OCT macula scan patterns. Additional
limitations include the beam power nonuniformity, which can

cause differences in image brightness between imaging beams
and the necessity to stitch the four parallel images together,
which can be a time-consuming process if done manually.

5. CONCLUSION

We demonstrate an ophthalmic SDM-OCT system, which can
acquire retinal depth sections at an equivalent A-scan rate of
800 kHz. This allows rapid acquisition of volumetric, wide-
field retina images for the diagnosis of retina diseases. A clinical
feasibility study was conducted to analyze the image quality of
the ophthalmic SDM-OCT prototype and make comparisons
between SDM-OCT images and commercial OCT images.
These high-speed, wide-field SDM-OCT acquisitions may re-
duce motion artifacts and prevent missed diagnosis of periph-
eral retinal disease.
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