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PURPOSE. To demonstrate ultrahigh-speed optical coherence
tomography (OCT) imaging of the retina and optic nerve head
at 249,000 axial scans per second and a wavelength of 1060
nm. To investigate methods for visualization of the retina,
choroid, and optic nerve using high-density sampling enabled
by improved imaging speed.

METHODS. A swept-source OCT retinal imaging system operat-
ing at a speed of 249,000 axial scans per second was devel-
oped. Imaging of the retina, choroid, and optic nerve were
performed. Display methods such as speckle reduction, slicing
along arbitrary planes, en face visualization of reflectance from
specific retinal layers, and image compounding were investi-
gated.

RESULTS. High-definition and three-dimensional (3D) imaging of
the normal retina and optic nerve head were performed. In-
creased light penetration at 1060 nm enabled improved visu-
alization of the choroid, lamina cribrosa, and sclera. OCT fun-
dus images and 3D visualizations were generated with higher
pixel density and less motion artifacts than standard spectral/
Fourier domain OCT. En face images enabled visualization of
the porous structure of the lamina cribrosa, nerve fiber layer,

choroid, photoreceptors, RPE, and capillaries of the inner ret-
ina.

CONCLUSIONS. Ultrahigh-speed OCT imaging of the retina and
optic nerve head at 249,000 axial scans per second is possible.
The improvement of �5 to 10� in imaging speed over com-
mercial spectral/Fourier domain OCT technology enables
higher density raster scan protocols and improved perfor-
mance of en face visualization methods. The combination of
the longer wavelength and ultrahigh imaging speed enables
excellent visualization of the choroid, sclera, and lamina
cribrosa. (Invest Ophthalmol Vis Sci. 2008;49:5103–5110)
DOI:10.1167/iovs.08-2127

Optical coherence tomography (OCT) is an emerging opti-
cal imaging modality for biomedical research and clinical

medicine.1 In the eye, OCT can provide detailed images of
retinal diseases including diabetic retinopathy, age-related mac-
ular degeneration, and glaucoma.2,3 The commercial Stratu-
sOCT instrument (Carl Zeiss Meditec, Inc., Dublin, CA), with 8-
to 10-�m axial image resolution, has become a standard in the
diagnosis and monitoring of diseases such as wet age-related
macular degeneration, diabetic macular edema, and glaucoma.

Recent work in the field of ophthalmic OCT has demon-
strated that spectral/Fourier domain detection methods4–7 en-
able OCT imaging with dramatically improved speed and sen-
sitivity over conventional time domain methods.8–10 Spectral/
Fourier domain OCT uses a broadband light source and a
spectrometer to measure the interference spectrum. Light
backscattered or backreflected from different positions in the
sample is measured simultaneously, rather than sequentially,
improving the imaging speed. The improved speed enables
three-dimensional (3D) and high-definition imaging of the ret-
ina and enhanced visualization of retinal diseases.11–14 Several
companies have developed clinical spectral/Fourier domain
OCT instruments for retinal imaging. These instruments oper-
ate at speeds of 20,000 to 40,000 axial scans per second, 50 to
100 times faster than previous OCT instruments.

Despite the dramatically improved performance of spectral/
Fourier domain OCT, there are several important limitations.
First, spectral/Fourier domain detection utilizes a high-speed
camera and spectrometer for detection, which increases sys-
tem size and complexity. Second, because of spectrometer and
camera resolution limits, detection sensitivity and axial resolu-
tion change as a function of axial position or imaging
depth.7,8,15 This sensitivity decrease may adversely affect the
reproducibility of quantitative measurements. Finally, spec-
trometer losses and camera read out rates limit the maximum
imaging speed.

Therefore, although 3D imaging with spectral/Fourier do-
main OCT is possible, motion artifacts prevent reliable acqui-
sition of 3D data sets when high sampling density is desired.
For example, at an acquisition speed of 25,000 axial scans per
second, a raster scan of the macula consisting of 512 � 512
axial scans would require �10 seconds. Current ophthalmic
systems solve this problem by sacrificing sampling density
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along one axis of the raster scan or individually acquiring
densely sampled data sets from different portions of the retina.
The first approach does not adequately sample the retina, and
the second approach requires the precise acquisition and reg-
istration of multiple data sets, which may be time-consuming
and cumbersome in subjects with poor fixation. Some com-
mercially available, high-end OCT instruments provide active
eye motion tracking that enables long acquisition times and
high-density data sets. However, eye tracking requires an addi-
tional optical system to determine eye motion and actuators to
correct for eye motion, both of which increase system com-
plexity and cost.

Swept-source OCT10,16–19 is another approach for high-
speed OCT imaging which possesses speed and sensitivity
advantages similar to those of spectral/Fourier domain OCT.
Both methods measure interference as a function of optical
frequency or wavelength. However, swept-source OCT uses a
frequency swept laser that enables measurement of interfer-
ence at different optical frequencies or wavelengths sequen-
tially over time. Swept-source OCT imaging of the retina was
first demonstrated in 2006 at 18,800 axial scans per second and
14-�m axial resolution in air, using a 1050-nm frequency swept
laser.20 Swept-source OCT imaging of the human retina was
also demonstrated at 43,200 axial scans per second and 13 �m
axial resolution in air, using an 850-nm frequency swept la-
ser,21 and 16,000 axial scans per second and 9.5-�m axial
resolution in air using an 850-nm frequency swept laser.22

Recently, swept-source OCT imaging of the human retina was
demonstrated at 28,000 axial scans per second and 14.4-�m

axial resolution in air with a 1050-nm frequency swept laser.23

Our group previously demonstrated swept-source OCT imag-
ing at 236,000 axial scans per second and 19-�m axial resolu-
tion in air with a 1060-nm Fourier domain mode locked (FDML)
frequency swept laser.24 In this article, OCT imaging of the
retina and optic nerve head at 249,000 axial scans per second
and 11-�m axial resolution in air (8 �m in the retina) are
demonstrated.

METHODS

Figure 1A illustrates the concept of swept-source OCT. An optical
frequency sweep is incident on the Michelson interferometer and split
between the sample and reference arms. In this example, the optical
frequency varies linearly over time. Because of the path length differ-
ence 2�L between the two arms of the interferometer, the frequency
sweep reflected from the sample arm (Fig. 1, dotted line) is delayed
relative to the frequency sweep reflected from the reference arm (Fig.
1, dashed line). The two frequency sweeps interfere on the detector,
which detects the average intensity as a function of time. Because the
two frequency sweeps are delayed with respect to each other, there is
a frequency difference between light from the sample arm and light
from the reference arm, which results in a beat frequency in the
intensity. For a linear frequency sweep, the beat frequency is propor-
tional to the path length delay; therefore, the echo time delay can be
measured by Fourier transforming this beat frequency signal.

All frequency swept lasers consist of a gain element, a tunable filter,
and a feedback mechanism. For conventional swept laser designs, the

FIGURE 1. (A) Principles of swept-source OCT detection. (B) Diagram of a FDML laser used as the frequency swept light source. (C) Schematic
of interferometer and OCT data acquisition used for retinal imaging. PC, polarization controller; ISO, isolator; CIRC, circulator; FM, Faraday mirror;
FFP-TF, fiber Fabry-Perot tunable filter; SOA, semiconductor optical amplifier; PD, photodiode; OSA, optical spectrum analyzer; MZI, Mach-Zehnder
interferometer; DAQ, data acquisition; NDF, neutral density filter.
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sweep speed is limited because when the laser is tuned to a new
frequency, it is necessary to build up lasing from amplified spontane-
ous emission at the new frequency and attenuate light at the old
frequency.25 To overcome these limitations, a new approach called
Fourier domain mode locking (FDML) has been developed that enables
a dramatic increase in OCT imaging speeds.26 FDML lasers achieve
improved performance compared with conventional swept lasers by
using an optical fiber delay line in the laser cavity and synchronizing
the sweep speed of the tunable filter in the laser to the roundtrip time
of the light inside the laser cavity.

Figure 1B shows a schematic of the FDML laser. A fiberoptic
Fabry-Perot tunable filter (FFP-TF; �icron Optics, Inc. Atlanta, GA)
with a line width of 0.08 nm is used to filter the light propagating in the
cavity. A semiconductor optical amplifier (InPhenix, Livermore, CA) is
used as the gain element; 825 m of optical fiber is used as the cavity.
The fiber is on a spool, and the entire laser can be made compact. The
filter is tuned at the round-trip frequency of �124.5 kHz. As described
previously, the semiconductor optical amplifier (SOA) is turned off
during the forward (short- to long-wavelength) sweep, and an extra-
cavity unbalanced Mach-Zehnder is used to double the repetition
rate.24 The new features of the laser reported herein include the sigma
ring cavity with a Faraday mirror (FM) and circulator (CIRC), and the
intracavity unbalanced Mach-Zehnder. This new design enables im-
proved noise performance, stability, and image quality, as well as
improved imaging speed and resolution.

The OCT system schematic is shown in Figure 1C. The frequency
sweep is split between the OCT interferometer, a reference Mach-
Zehnder interferometer (MZI) used to recalibrate the acquired fringes
in software, and an optical spectrum analyzer (OSA), used to monitor
the time-averaged spectrum. The OCT interferometer consists of a slit
lamp platform for imaging the retina and a reference path. Dual-
balanced detection was used to cancel excess intensity noise. To
enable continuous data acquisition, the 14-bit, 200-MHz acquisition
card (GaGe CompuScope 14,200) was triggered only once at the
beginning of data acquisition to eliminate the downtime required for
trigger rearming. The long record was divided into individual sweeps
by postprocessing software. The axial resolution was 11 �m in air (8
�m in tissue), and the sensitivity was 91 dB for an incident power of
1.2 mW. The incident exposure levels were consistent with the safe
exposure determined by ANSI standards.

For this study, two normal subjects (one 27-year-old man and one
35-year-old man) were imaged at the Massachusetts Institute of Tech-
nology (MIT). The study was approved by the MIT Institutional Review
Board. Written informed consent was obtained from all subjects before
OCT imaging was performed. The research adhered to the tenets of the
Declaration of Helsinki.

Several scan protocols were used. The first generated single high-
definition cross-sectional images with 16,000 axial scans. Each image
could be acquired in approximately 0.064 seconds. The second was a
3D raster pattern with 512 images � 425 axial scans per frame and
required 1 second. The third was a 3D raster pattern with 512 im-
ages � 850 axial scans per image and required 2 seconds. For raster
scans, the fast scan axis was the horizontal (temporal-nasal) one, and

the slow axis was the vertical (inferior-superior) one. In addition,
imaging was performed with two different transverse resolutions, by
using two different ocular lenses with focal lengths of 25 and 50 mm,
resulting in beam diameters of 1.4 and 2.9 mm on the cornea, respec-
tively. For the 1.4-mm beam diameter, the transverse resolution for
retinal imaging was approximately 21 �m, whereas for the 2.9-mm
beam diameter, the transverse resolution was approximately 10 to 15
�m, depending on the ocular aberrations.27 The captions for Figures
2–7 indicate the beam diameter and scan protocol used.

Various visualization and image processing methods were investi-
gated for viewing retinal anatomy. Three-dimensional rendering, image
slicing at arbitrary planes, filtering to reduce speckle, and en face
visualization of selected retinal layers were investigated. Three-dimen-
sional rendering and image slicing were performed (Amira 3.1; Mer-
cury Computer Systems, Inc., Chelmsford, MA) rendering software. For
raster scans of the macula and optic nerve head, 3D OCT data sets were
corrected for axial motion by cross-correlation of consecutive images
from the raster scan. Axial motion during acquisition of a single
cross-sectional image was assumed to be negligible.

For en face visualization, the inner segment/outer segment junction
(IS/OS) and vitreoretinal interface were first detected by software. The
nerve fiber layer (NFL) around the fovea was visualized by computing
the median reflectance from the vitreoretinal interface to the region
30-�m posterior to the vitreoretinal interface. The retinal vessels in the
ganglion cell layer (GCL) were visualized by using a surface to approx-
imate the contour of the ganglion cell layer. To compute the retinal
vessel image, each axial scan was multiplied by a Gaussian window
(� � 25 �m) centered on this layer, and a maximum projection filter
was applied along the axial direction. The capillaries of the inner
nuclear layer were visualized by using a surface to approximate the
contour of the inner nuclear layer. To compute the capillary image,
each axial scan was multiplied by a Gaussian window (� � 25 �m)
centered on this layer, and a maximum projection filter was applied
along the axial direction. The foveal avascular zone was detected based
on the foveal contour and excluded from the image. The photorecep-
tors, RPE, and choroid were also visualized by axial integration over the
corresponding regions.20 Speckle reduction was accomplished by up-
sampling the complex images from a 3D OCT data set in the axial
direction by a factor of 4, computing the absolute value, correlating
consecutive frames to remove relative displacements, and forming a
filtered image consisting of the median of the absolute values of the
individual images.

RESULTS

Figure 2 shows high definition images of the retina consisting
of 16,000 axial scans per image. The foveal image (Fig. 2A)
shows all major retinal layers. The image of the optic nerve
head (Fig. 2B) shows light penetration to the deeper structures
of the optic nerve head. Both images show excellent visualiza-
tion of the choroid. Figure 3 shows 3D OCT fundus imag-
ing,28–30 and image slicing along arbitrary planes, with and

FIGURE 2. High-definition imaging
of (A) the retina and (B) the optic
nerve head. Beam diameter at cor-
nea, 1.4 mm. Axial scans per image,
16,000. NFL, nerve fiber layer; GCL,
ganglion cell layer; IPL, inner plexi-
form layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL,
outer nuclear layer; ELM, external
limiting membrane; IS/OS, photore-
ceptor inner segment/outer segment
junction; PR OS, photoreceptor
outer segments; RPE, retinal pigment
epithelium; CH, choroid.
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without motion correction. Figure 3A shows an OCT fundus
image of the macular region, exhibiting no apparent transverse
motion artifacts. Figure 3B shows a nasal–temporal image,
parallel to the fast axis of the raster scan, which takes approx-
imately 0.0034 seconds to acquire. Because of the rapid acqui-
sition, no axial motion artifacts are visible. Figure 3C shows an
orthogonal slice through the 3D OCT data along the inferior–
superior direction, parallel to the slow axis of the raster scan.
Axial motion artifacts are evident. Figure 3D shows the same
image after high-frequency motion correction. Although this
image is interpolated from the 3D OCT data set, the high
sampling density yields an image comparable to the fast axis
image (Fig. 3B). Figure 3E shows an OCT fundus image of the
optic nerve head, without motion correction, again exhibiting
no apparent transverse motion artifacts. Figure 3F shows an
oblique slice through the 3D OCT data set, after correcting for
axial motion.

Figure 4 shows en face visualization of the inner retina. A
foveal image (Fig. 4A) and parafoveal image (Fig. 4B) are shown
with the boundaries delineated. By using the boundaries to
process the 3D OCT data set, as described in the Methods
section, the NFL (Fig. 4C, 4F), GCL vessels (Fig. 4D, 4G), and
inner nuclear layer capillaries (Fig. 4E, 4H) are visualized.

Figure 5 shows en face visualization of the outer retina and
choroid. An OCT cross-sectional image is shown with a white
line outlining the contour of Bruch’s membrane (Fig. 5A).
Different layers are visualized by axial integration of the signal
amplitude over different ranges relative to this contour (Figs.
5B–D). Figure 6 shows the effects of image compounding by
median filtering. While intraretinal layers are visible in a single
cross-sectional image (Fig. 6A), they are not clearly delineated
due to speckle. The results of compounding of 2 (Fig. 6B), 6
(Fig. 6C), and 12 (Fig. 6D) images are shown. Although a
significant improvement is seen between compounding one
image (Fig. 6A) and compounding two images (Fig. 6B), after
compounding six images (Fig. 6C) a point of diminishing re-
turns is reached. Little difference is seen between 6 (Fig. 6C)
and 12 (Fig. 6D) images.

Figures 7A–B show visualization of the lamina cribrosa by
interpolating 3D OCT data onto en face planes. Figure 7B
shows a trend of decreasing pore size with increasing depth
relative to the RPE, larger pore size in the superior and inferior
portions of the lamina relative to the other portions, and
increasing pore size with increasing distance from the center
of the optic disc. All trends are consistent with known anat-
omy.31,32 Figure 7C shows a single image from the median
filtering six consecutive images along the slow axis. The lamina
cribrosa (LC) is clearly visible in this cross-sectional image.

DISCUSSION

Although spectral/Fourier domain OCT technology operates at
speeds of 20,000 to 40,000 axial scans per second, imaging
performance is limited in practice by the relatively long times
needed to acquire dense 3D OCT data sets. In this study, OCT
imaging speeds of 249,000 axial scans per second were dem-
onstrated, which is almost an order of magnitude faster than
commercial spectral/Fourier domain OCT systems.

Several papers have demonstrated applications of high-
speed imaging including 3D imaging, high-definition imaging,
and quantitative mapping.11–14,33 The advances in imaging
speed reported herein have the potential to improve the per-
formance of these scan protocols in the ophthalmology clinic.
The demonstrated improvements in imaging speed will reduce
motion artifacts significantly in patients with tear film dysfunc-
tion, short attention, excessive blinking, or gross tremor. The
1060-nm center wavelength should improve imaging through
dense or opaque media, and enhance visualization of the cho-
roid, an effect first demonstrated with time-domain OCT34,35

and later with spectral/Fourier domain OCT.36 An added ben-
efit of the longer wavelength is that the beam scanning on the
retina is virtually invisible to the subject and therefore does not
pose a distraction. Although water absorption in the ocular
media has the potential to reduce sensitivity for retinal imag-
ing, permissible exposure levels are higher at 1060 nm com-
pared with 800 nm and help to offset water absorption.

In addition to improving performance of existing scan pat-
terns, the advances in imaging speed presented herein enable
very dense raster scanning protocols. The OCT fundus image
generated from these dense raster scanning protocol has ex-
cellent quality due to the high transverse pixel density, as
shown in Figures 3A and 3E. The results illustrate that axial
motion is present in 3D OCT data sets (Fig. 3C). However, with
axial motion correction it is possible to achieve high quality
cross-sections at any orientation (Figs. 3D, 3F).

3D OCT data sets in Figure 3 were corrected for axial
motion by cross-correlation of consecutive images from the
raster scan. This approach is similar to the approach of the
StratusOCT instrument, which cross-correlates consecutive ax-
ial scans. Cross-correlation of consecutive images improves

FIGURE 3. (A) OCT fundus image of the retina, without motion cor-
rection. (B) Slice through 3D OCT data set along the fast axis. (C) Slice
through 3D OCT data set along the slow axis, showing the severity of
axial motion. (D) Slice through 3D OCT data set along the slow axis,
after correcting for axial motion. (E) OCT fundus image of the optic
nerve head, without motion correction. (F) Oblique slice through 3D
OCT data set, after correcting for axial motion. Beam diameter at
cornea, 1.4 mm (A–D) and 2.9 mm (E–F). 512 � 850 axial scans.
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motion correction compared with correlation of consecutive
axial scans. In an ultrahigh-speed, densely sampled 3D OCT
data set, consecutive images are acquired in a short period and
are highly correlated due to their close transverse spacing.
Cross-correlation corrects local motion artifacts well, effec-
tively removing undulations in the vitreoretinal interface and
RPE caused by eye motion, as shown in Figures 3D and 3F.
However, cross-correlation may not recover the larger scale
retinal contour in the vertical direction. Retinal contour is
preserved in the horizontal direction, because the imaging
speed is so rapid that negligible eye motion occurs during
acquisition of a single cross-sectional image. Alternative ap-
proaches to motion correction are possible, such as the use of
vertical registration scans perpendicular to the fast horizontal
axis of the raster scan. In the future, the performance of
different eye motion correction algorithms must be clinically
validated in eyes with retinal diseases.

Image compounding by median filtering can be used to
reduce speckle and improve visualization of the outer retina as
shown in Figure 6. In addition, it can be used to improve
visualization of deeper structures in the optic nerve head, such
as the lamina cribrosa (Fig. 7C). Although previous studies
have demonstrated the use of retinal tracking and image aver-
aging to reduce speckle,37 they depend on small eye move-
ments to decorrelate speckle in multiple images. In this study,
due to the ultrahigh imaging speed, multiple images can be
rapidly acquired at different transverse positions before the eye
has moved significantly, which should enable more controlled
and repeatable speckle reduction.

The 3D data can also be processed in various ways to
generate en face images. High-quality en face visualizations
require very high-density 3D OCT data sets since each pixel in

FIGURE 4. En face visualization of
retinal layers. Processing a 3D OCT
data set makes enhanced visualiza-
tion of individual intraretinal layers
possible. (A, B) Different layers or
boundaries are delineated and used
to enhance visualization of anatomy.
Imaging was performed over a 3 �
3-mm (C–E) and a 2 � 2-mm (F–H)
field of view. En face visualizations of
the (C, F) nerve fiber layer (NFL), (D,
G) blood vessels in the ganglion cell
layer (GCL), and (E, H) capillary net-
work of the inner nuclear layer (INL)
is shown. Inner retinal vasculature
images (D, E, G, H) are displayed
with an inverted grayscale. Beam di-
ameter at cornea, 2.9 mm. 512 � 850
axial scans.

FIGURE 5. En face visualization of the outer retina and choroid in the
macular region by axial integration of 3D OCT data. (A) Cross-sectional
image showing the contour of Bruch’s membrane (white line), and the
axial integration ranges for (B–D). Shown are en face images of (B) the
photoreceptors and RPE; (C) the choroid showing predominantly
smaller vessels; (D) of the choroid showing predominantly larger
vessels. Beam diameter at cornea: 1.4 mm. 512 � 850 axial scans.
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the en face image requires one axial scan. The advantage of en
face images is that they condense information from the 3D
OCT data set, and enable assessment of microstructure which
would not otherwise be visible. En face visualization of the NFL
bundles (Figs. 4C, F), GCL vessels (Figs. 4D, G), INL capillary
network (Figs. 4E, 4H), photoreceptors and RPE (Fig. 5B),
choroid (Figs. 5C, 5D) and the lamina cribrosa (Fig. 7B) was
demonstrated. In addition to this study, previous spectral/
Fourier domain OCT studies have demonstrated similar meth-
ods of en face visualization of individual retinal layers12,20,30,38

(Ishikawa H, et al. IOVS 2008;49:ARVO E-Abstract 1886). These
methods differ from traditional en face OCT, which is a time-
domain method providing en face images of the retina.39–43 En
face OCT typically acquires individual transverse priority im-
ages at one axial depth, which may intersect multiple layers of
the retina depending on how the retina is tilted. Swept source/
Fourier domain OCT imaging speed enables acquisition of a
densely sampled volumetric data set that can be processed to
create en face images by using flexible image-processing meth-
ods to increase the contrast of or selectively display the layers
of interest.

One hypothesis for the pathogenesis of glaucoma is that
intraocular pressure causes stress and strain resulting in me-
chanical failure of the connective tissues of the lamina cribrosa,
scleral canal wall, and peripapillary sclera.44 Therefore, in vivo
measurements of the lamina cribrosa and connective tissues
may aid in the understanding of glaucoma pathogenesis. Our
results show that the longer wavelength and capability for
image compounding enabled by ultrahigh imaging speeds may
improve visualization of these structures.

Typically, the lamina cribrosa is not visible in normal eyes in
standard fundus photographs. In glaucoma, neural damage

FIGURE 7. Imaging of the lamina cri-
brosa. (A) Images are interpolated
onto en face planes through the 3D
OCT data set at different depths rel-
ative to the RPE. (B) Interpolated im-
ages show the porous structure of
the lamina cribrosa. Depths relative
to Bruch’s membrane are shown.
(C) A series of six consecutive images
compounded by median filtering
along the slow axis shows enhanced
visualization of deeper structures.
The lamina cribrosa (LC) is clearly
visible. Beam diameter at cornea: 1.4
mm. 512 � 450 axial scans.

FIGURE 6. (A–D) Median filtering of OCT images improves visual-
ization of the details of retinal layers. Although a dramatic improve-
ment in visualization of intraretinal detail is seen by compounding
two images (B) versus no compounding (A), little improvement is
obtained by compounding 12 images (D) versus compounding
6 images (C). Beam diameter at cornea: 1.4 mm. 512 � 850 axial
scans.
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exposes more of the lamina cribrosa surface, which makes the
lamina funduscopically visible. This enables quantification of
parameters such as pore size and shape in standard clinical
photographs. A recent longitudinal study showed that individ-
ual pore size (mean pore-to-disc area ratio) decreased between
baseline and follow-up (3.9 � 0.7 years) measurements of
glaucomatous eyes.45 Although it is possible to evaluate the
inner surface of the lamina cribrosa funduscopically, the outer
layers of this structure may have different morphology. There-
fore, a method of 3D imaging is required. In addition, it is
desirable to visualize structures such as the scleral canal and
flange tissue, the sclera, and pial sheath.46 This requires an
imaging method with high sensitivity and capability to image
the deeper portions of the sclera and lamina cribrosa.

Scanning laser ophthalmoscopes (SLO) have been used to
perform morphometric measurements on the lamina cribrosa
in normal and glaucomatous eyes.47–49 The SLO uses confocal
detection to suppress light backscattered from axial positions
outside of the focal plane. With standard implementations of
this technology, confocality is limited by ocular aberrations.
The adaptive optics SLO has therefore been used to achieve
improved axial (longitudinal) resolution and image contrast in
the presence of ocular aberrations.50 OCT, by comparison,
achieves axial resolution by using low coherence interferome-
try, and typically achieves larger penetration depths than con-
focal detection alone. The lamina cribrosa has been visualized
using en face OCT with dynamic focusing.51 Although this
method achieves high speed and transverse resolution, consec-
utive en face images may not be precisely registered due to
axial eye motion, and therefore 3D morphology is difficult to
assess. The 3D imaging capability demonstrated herein enables
visualization of the laminar morphology at depths precisely
registered to the RPE (Fig. 7B), which may eventually facilitate
quantitative volumetric measurements.

Although motion artifacts are reduced at imaging speeds of
249,000 axial scans per second, the data sets are still not free
from eye motion. Eye motion can result from tremor, drifts,
and microsaccades.52 Tremor and drifts have small amplitudes
of �50 �m, whereas microsaccades can cause rapid displace-
ments of several hundred micrometers in 25 ms. Microsac-
cades generally occur at �5-Hz frequency, but are dependant
on conditions. Axial motion is also clearly present in the 3D
OCT data sets, as shown in Figure 3C. Therefore, further
improvements in imaging speed are desirable to reduce motion
artifacts. By increasing interferometer detection efficiency and
increasing the average power incident on the cornea to ap-
proximately 3.3 mW35 swept-source OCT technology will scale
to 500,000 to 1,000,000 axial scans per second with compara-
ble sensitivity. Presently, higher speed line scan CCD cameras
are becoming available with speeds of 300 kHz, and therefore
spectral/Fourier domain OCT may be an alternative method of
achieving ultrahigh imaging speeds. However, swept-source
OCT has the potential to achieve more efficient detection and
better sensitivity, which may ultimately make it the preferred
technology for imaging at very high speeds.

In conclusion, OCT imaging of the retina was demonstrated
at 249,000 axial scans per second, a factor of �5 to 10 times
higher speed than commercial spectral/Fourier domain OCT
technology. The results presented herein demonstrate that
high-quality imaging of the retina is possible even at ultrahigh
imaging speeds. The ultrahigh imaging speeds enable high-
density sampling for improved en face visualization of the
architectural morphology of the retina and optic nerve head
such as the nerve fiber layer bundles, intraretinal layer blood
vessels and capillary network, photoreceptors, RPE, and the
lamina cribrosa. The combination of the longer wavelength
and ultrahigh imaging speed enables excellent visualization of
the choroid, sclera, and lamina cribrosa.
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