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We have developed an extended source optical coherence tomography (SEES-OCT) technique in an attempt to im-
prove signal strength for ophthalmic imaging. A line illumination with a visual angle of 7.9 mrad is produced by
introducing a dispersive element in the infinity space of the sample arm. Themaximumpermissible exposure (MPE)
of such an extended source is 3.1 times larger than that of a “standard” point source OCT, which corresponds to
sensitivity improvement of 5 dB. The advantage of SEES-OCT in providing superior penetration depth over a point
source system is demonstrated using swine eye tissues ex vivo. © 2014 Optical Society of America
OCIS codes: (170.4500) Optical coherence tomography; (170.3880) Medical and biological imaging.
http://dx.doi.org/10.1364/OL.39.006803

Optical coherence tomography (OCT) has been estab-
lished as an imaging tool for diagnosis of various eye dis-
eases. Current Fourier domain OCT, including spectral
domain OCT and swept source OCT, is capable of per-
forming three-dimensional (3D) imaging of human eyes
in vivo and visualizing many tissue structures in the pos-
terior segment [1–3]. However, there are two unmet clini-
cal needs: visualizing deep tissue structures [4–6] and
faster scanning to reduce motion artifacts in 3D images
[7,8], both of which require better sensitivity. The sensi-
tivity of an existing ophthalmic OCT system is mainly lim-
ited by the maximum permissible radiant exposure
imposed by the laser safety standards [9]. OCT devices
operating with an extended source [10,11] can potentially
improve imaging sensitivity because higher MPE is al-
lowed for an extended source than that of a point source
[9]. Therefore, an extended source OCT technology will
effectively enhance the sensitivity thereby increasing the
penetration depth.
In this report, we report a spectrally encoded extended

source OCT (SEES-OCT) technique that allows signifi-
cantly higher MPE than that provided by commercial
ophthalmic OCT systems. To the best of our knowledge,
this has never been reported before. Imaging was per-
formed using optic nerve head (ONH) tissues from
enucleated swine eyes to demonstrate a sensitivity ad-
vantage of 5 dB over the corresponding point source sys-
tem without significant degradation in transverse
resolution. The hardware system of SEES-OCT device
is almost the same as the current point source system
except for one additional element in the infinity space.
Therefore, any existing ophthalmic OCT system can be
easily modified so that it can be switched between the
point source mode and the extended source mode. Based
on its merits in sensitivity and flexibility, this technique
may help visualize deep ocular tissue structures that
are at risk of damage in glaucoma such as the lamina
cribrosa, the posterior sclera, and the retro-laminar
tissues [4,6,12].

The SEES-OCT setup assumes a free-space Michelson
interferometer design (Fig. 1). The output of a superlumi-
nescent diode (SLD) array (Exalos Ultra-Broadband
EBS4C32) is collimated by lens L1 (AC050-010-B, f �
10 mm, Thorlabs Inc.) with optical power of 5.72 mW
over a 3-dB spectral range of 950−1130 nm. A 50∶50 non-
polarizing beam splitter (BS) splits the source beam into
a reference beam and a sample beam. An equilateral
prism (#43-494, N-SF18, Edmund Optics) transforms
the collimated sample beam into a fan beam by separat-
ing radiation of different wavelength over a propagation
angular range of 7.9 mrad (full angle at half-maximum).
By use of an objective lens of 50-mm focal length (AC254-
050-B, Thorlabs Inc.), the full length at half-maximum
of the illumination line on the sample is ∼380 μm. Light
backreflected from the reference arm and backscattered
from the sample arm is recombined through the beam
splitter before directed to a spatial filter consisting of

Fig. 1. Schematic of SEES-OCT system. AO, analog output;
BS, nonpolarizing beam splitter; IMAQ, image acquisition
board; L1-5, achromatic lenses; DAQ, data acquisition card;
NDF, neutral density filter; PC, personal computer; CL, camera
link cable; RM, reference mirror.
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a focusing lens L4 (AC050-010-B, f � 10 mm, Thorlabs
Inc.), a 10-μm pinhole, and another collimation lens L5
(AC127-030-B, f � 30 mm, Thorlabs Inc.). The spectrom-
eter is composed of an 1450 lines∕mm volume phase
holographic transmission grating (1030 nm, Wasatch
Photonics Inc.), a camera lens (Nikon AF Nikkor
50 mm f∕1.8D), and a linear camera (Sensors Unlimited
GL2048 L). We used 2048 camera pixels to detect a total
spectral range from 925 to 1150 nm and each camera
pixel corresponds to a spectral band of ∼0.11 nm. We
digitized the detected signal at 12-bit resolution and
transferred it to the personal computer through the
camera link cables and an image acquisition board
(KBN-PCE-CL4-F, Bitflow). The camera and the galvo
scanners are synchronized by a triggering signal gener-
ated by the computer. It is worth mentioning that by
replacing the prism with a mirror, a SEES-OCT device
can be changed to a “standard” point source OCT device
(Fig. 1, dashed box).
The illumination line is aligned in the same direction as

the fast scanning direction of the galvo scanners, so that
at a given sample point O the wavelength sweeps over
time as the fast scanning mirror scans the sample beam
across it [Fig. 2(a)]. As a result, at the point O, the arrival
time (A-line sequence number) of different spectral
bands is dependent on the refractive index of the prism
and the galvo scanning speed. Fig. 2(b) shows a B-scan
frame consisting of 512 consecutive spectral lines ac-
quired when the fast scanning mirror scans the sample
beam across a chromium-coated pattern of a United
States Air Force (USAF) 1951 resolution target with
the reference path blocked. Then the B-scan frame
was remapped by arrival time so that every vertical
spectral line contained the spectrum from only one
sample point [Fig. 2(b′)]. Specifically, an edge curve of
the coated pattern [green arrow in Fig. 2(b)] was used
to extract the delay time n (in A-line cycle) of different
spectral bands arriving at the same point with regard to
the first spectral band. The edge curve was extracted us-
ing image processing method. Note that the edge curve
was actually the spectrum from one single point on the
sample. After the arrival-time remapping, the points on
the curve should be in the same A-line, corresponding

to a straight vertical line in the B-scan frame. Therefore,
the A-line number difference between mth camera pixel
and the 1st pixel on this curve was the time delay n of
the spectral band detected by the camera pixel m. This
discrete time delay data was further processed using
6th-order polynomial fitting to obtain a continuous curve
[Fig. 2(c)], which was used as a lookup table to remap
spectral data. The B-scan range was 4.37 mm so that
the spectral remapping process results in a scan margin
of 50 A-lines [yellow arrow, Fig. 2(b′)] where axial
resolution is degraded.

To test whether the transverse resolution of SEES-
OCT may be degraded with respect to the corresponding
point source OCT system, we scanned the resolution
target using the SEES-OCT system. We predicted the
transverse focal spot of the point source system to be
21 μm (1∕e2 power level) based on the mode field diam-
eter of the input single mode fiber (4.2 μm at 980 nm,
Corning HI 980) and the magnification of the sample
arm optics (0.2×). In Fig. 3(a), the vertical direction is
the direction of the illumination line. Therefore, the
vertical line patterns reflect the resolving power of
SEES-OCT, while the horizontal line patterns reflect that
of the corresponding point source OCT. We observed
slight degradation in transverse resolving power in the
vertical direction with regard to the diffraction-limited
resolution in the horizontal direction. The chromium
patterns of element 6 in group 4 [Fig. 3(a), arrow] with
a line spacing of 17.5 μm can be clearly resolved
[Fig. 3(a), inset]. To characterize the axial resolution
of the system, we investigated the axial point spread
functions (PSF) by measuring the A-line profiles of a
partially reflecting mirror sample using both SEES-
OCT and the point source OCT. The axial resolution of
SEES-OCT was tested to be 4.6 μm in air [Fig. 3(b)],
which is 10% lower than that of the point source system.
This may be because in SEES-OCT, the effective spectral
bandwidth of the sample field reflected from a specular
object is smaller than that of the point source case.
Since different spectral bands are reflected at different
locations of the galvo mirror, at a given sample point,
the incident angles of different spectral bands are
slightly different. Therefore, when the spectral bands are

Fig. 2. (a) Schematic of wavelength sweeping. L3, objective
lens; black arrow, direction of the fast scan. (b) 512 consecutive
spectra acquired when scanning across a pattern of the
resolution target. Green arrow, edge line; (b′) spectra in (b)
after remapping. Yellow arrow, scan margin. (c) Time delay
of different spectral bands.

Fig. 3. Spatial resolution: SEES-OCT versus point source
OCT. (a) An en face view of a 3D image of USAF 1951 resolution
target acquired using SEES-OCT. Inset: cross-sections of group
4, element 6 in horizontal (blue solid curve), and vertical (green
dashed curve) directions. (b) Axial point-spread function of
SEES-OCT (blue solid curve) compared with that of the point
source OCT (green dashed curve).
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reflected by the specular sample, the detection efficiency
drops slightly for the spectral bands at both ends of the
spectral range where the reflection angles are suboptimal
for coupling into the pinhole. However, such a problem
will be minimized for backscattered signal.
The MPE at the cornea for an extended source is

obtained by multiplying the MPE of a point source by
a parameter CE, which is the arithmetic mean of the mini-
mum visual angle αmin (1.5 mrad) and the visual angle α
(Fig. 1) [9]: CE � �α� αmin�∕2∕αmin � 3.135. This MPE
advantage of SEES-OCT over point source OCT provides
a sensitivity gain of 5 dB given the fact that the noise
of both systems is the same. Assuming the maximum
input power at the cornea limited by the MPE of the
point source OCT is 0.67 mW, the corresponding maxi-
mum permissible optical power for the SEES-OCT is
2.1 mW. To characterize the sensitivity of the SEES-OCT
system, we measured the signal-to-noise ratio (SNR) us-
ing a partially reflecting mirror sample (−46.4 dB reflec-
tivity) when the pathlength difference between the
mirror sample and reference arm was maintained at
0.3 mm. The sensitivity was measured to be 102.2 dB.
In order to understand the measured sensitivity, we an-
alyzed the SNR using the following formulas [13]:

S�dB� � 10 × log
�

N ref ×
P

NS

N2
sh � N2

el � N2
RIN

�
(1)

NRIN � �f∕Δv�1∕2N ref (2)

Nsh � �N ref�1∕2 �3�

whereN ref is the number of electrons per pixel generated
by the reference arm light, Nel is the electrical noise of
the photodetector, Nsh is the number of shot noise elec-
trons, NRIN is the relative intensity noise, f is the recip-
rocal of twice the exposure time of the CCD, Δv denotes
the FWHM spectral bandwidth of the reference light re-
ceived by a single pixel, and

P
NS denotes the sum of

electrons over the entire array generated by the sample
arm light returning from a 100% reflector. The full well
depth of the camera pixel is 2.1M e−. With a spectrometer
efficiency of 0.64 and an average fill factor of 0.7, N ref �
937; 440e− and Nsh � 968e−. The line rate and the expo-
sure time were 20,000 Hz and 45 μs, respectively. There-
fore, the NRIN was calculated to be 665e−. The total
electrical noise was found to be 872e−.

P
NS was mea-

sured to be 5.95 × 1010e−. Using Eq. (1), the sensitivity
was estimated to be 104 dB, which was in agreement with
our experimental results. The depth performance of
SEES-OCT is not significantly different from that of point
source OCT, and both have 6 dB of sensitivity roll-off
around 1.2 mm [Figs. 4(a) and 4(b)].
In order to demonstrate the potential of SEES-OCT for

visualizing tissue structures of the posterior eye segment
with enhanced sensitivity, we imaged a swine ONH ex
vivo using both the SEES-OCT system and the corre-
sponding point source system. Freshly enucleated swine
eyes were dissected to expose the ONHs to the focused
beam. 3D images were acquired using the SEES-OCT

system [Figs. 5(a) and 5(a′)], and the point source system
[Figs. 5(b) and 5(b′)] at sample power of 2.1 mW. The
image size was 4.37 mm by 4.37 mm by 2.45 mm (x by
y by z) with a frame rate of 40 Hz and 512 A-lines per
frame. We found that SEES-OCT can image both

Fig. 4. Axial PSFs for different depth delays: (a) point source
OCT system and (b) SEES-OCT system.

Fig. 5. Cross-sectional (longitudinal) images of a swine ONH
tissue acquired using (a) SEES-OCT (2.1 mW sample power)
and (b) the point source OCT (2.1 mW sample power), respec-
tively. (a′) and (b′) Corresponding en face images of the lamina
cribrosa (LC) region. PL, pre-lamina tissue; S, sclera; RL, retro-
lamina; V, central retinal vessels.
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the lamina cribrosa and the retro-laminar tissues
[Fig. 5(a)], and the image quality achieved by the
SEES-OCT setup is comparable with that of the point
source setup operation at the same sample power
[Figs. 5(a) and 5(b)].
SEES-OCT is more sensitive to motion artifacts than its

point source counterpart due to effectively prolonged ex-
posure time for a given sample point. Due to this issue,
SEES-OCT is better suited as an add-on to point source
devices. A simple switch mechanism (Fig. 1, dashed box)
will be enough to integrate SEES-OCT in an existing de-
vice. By doing this, higher penetration and potentially
higher speed can be achieved in the extended source
mode without affecting the functions of the point source
devices.
In conclusion, we have developed a spectrally encoded

extended source OCT technology and demonstrated its
potential to image deeper than the existing OCT technol-
ogy. SEES-OCT can be easily integrated into the existing
point source OCT devices as an add-on option with minor
hardware changes. Therefore, this technology may help
visualize tissue structures that may not be readily seen
using a point source system.
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