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Abstract
A dual channel dual focus spectral-domain optical coherence tomography was developed for imaging
the accommodation of the eye in real time. The system can provide simultaneous cross-sectional
imaging of all the surfaces of the anterior segment of the eye including the cornea, anterior chamber,
anterior and posterior surfaces of the crystalline lens. Thus, the modification of the curvatures of the
anterior and posterior surfaces of the crystalline lens and the dimensions of the anterior segment of
the eye with accommodation can be calculated. The system was successfully tested in imaging
accommodation. The preliminary results demonstrated the feasibility of this novel approach.

1. Introduction
Accommodation is the act of the eye to adjust the refractive power to bring near objects into
sharp focus. Accommodation occurs through possible controlled changes in the crystalline lens
shape and thickness, and in distances between the major refractive surfaces. The mechanism
of accommodation and its relevance to presbyopia has been debated for more than 150 years
since the debut of Helmholtz’s theory of accommodation [1]. Researches into understanding
accommodation and restoring accommodative function of the eye for millions of people with
presbyopia and cataract surgery have attracted great interest among the ophthalmic research
community [2–7].

A quantitative high resolution imaging technique that can image the whole anterior segment
(the cornea, iris, and crystalline lens) in real time is highly desired and will greatly benefit the
research in accommodation. However, currently there is no in vivo imaging technology that
can meet all the needs for measuring the modifications of the anterior segment during
accommodation, which we believe is one of the major hurdles for the research on
accommodation and reasons why the arguments about the mechanisms are still surprisingly
vehement [2–7]. The conventional technologies for anterior segment imaging are Scheimpflug
photography, A / B scan ultrasound, UBM (Ultrasound Biomicroscopy), slit scanning
topography, and Purkinje imaging [5,8–13]. With these technologies, it is necessary to
stimulate the fellow eye in order to observe the variations of the analyzed eye. The techniques

©2009 Optical Society of America
**E-mail: sjiao@usc.edu.
3Current address: Department of Ophthalmology, Keck School of Medicine, University of Southern California, 1450 San Pablo, Los
Angeles, CA 90033, USA
*Authors have the same contribution to the project
OCIS codes: (170.4500) Optical coherence tomography; (330.5370) Physiological optics; (170.4580) Optical diagnostics for medicine

NIH Public Access
Author Manuscript
Opt Express. Author manuscript; available in PMC 2009 July 30.

Published in final edited form as:
Opt Express. 2009 May 25; 17(11): 8947–8955.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



using ultrasound can only be used with contact systems or with water baths that will modify
the anatomical dimensions or the pressure of the anterior segment. Geometrical reconstructions
are necessary with the Scheimpflug photographic technique while it cannot be used in certain
axes. The eye also needs to be dilated for Scheimpflug photography, which is not a natural
condition for accommodation. MRI (magnetic resonance imaging) was also used to image the
anterior segment of the eye by some authors [12]. But it may not be routinely used.

Optical coherence tomography (OCT) is a low-coherence interferometer-based noninvasive
medical imaging modality that can provide high-resolution cross sectional images of biological
tissues [14,15]. Anterior segment OCT (AS-OCT) provides the advantage of producing non-
contact images of the anterior segment in static and dynamic conditions [16–34]. AS-OCT was
first reported by Izatt et al. using a time-domain system with a superluminescent diode light
source at 800 nm [16]. Baikoff et al. [32,33] and Richdale et al. [34] explored the modifications
of the anterior chamber and lens thickness with aging and accommodation using time-domain
AS-OCT. However, simultaneous imaging of the whole anterior segment (cornea, iris, anterior
chamber and crystalline lens) cannot be realized with commercial time-domain AS-OCT
system because of the limitation of imaging depth as well as imaging speed. Because all the
surfaces of the anterior segment cannot be imaged simultaneously, the contribution of the
posterior surface curvature of the lens to accommodation, which may also play a significant
role, was not discovered in their studies. Furthermore, when imaging the posterior surface of
the lens with conventional AS-OCT usually only one specular reflection spot appears in the
image, which makes it impossible to calculate the curvature of the surface. The accuracy of
the measurement of the lens thickness is also not reliable when only one spot on the posterior
surface can be detected.

The application of spectral domain OCT (SD-OCT) in imaging the anterior segment of the eye
has been reported by several groups [17–28]. SD-OCT provided unprecedented imaging speed,
and thus made possible 3D imaging of the anterior segment of the eye. However, the limited
imaging depth in SD-OCT also made imaging the whole anterior segment formidable. To
improve the imaging depth in SD-OCT several groups have developed techniques to eliminate
the mirror image [19–22,27]. The most recent development by Grulkowski et al. [22] represents
a big step toward real time imaging of the whole anterior segment of the eye using a high-speed
CMOS camera. However, if only single OCT channel is used, these techniques reduce the
imaging speed the same system can achieve since multiple images need to be acquired to
remove the complex ambiguity in SD-OCT. Another limitation in imaging the whole anterior
segment is the limited depth of focus of the objective lens. Unless dynamic focusing is
employed, which is not suitable for high speed imaging, the depth of focus cannot cover the
depth of the whole anterior segment. Multiple-channel [23,26] and multiple-focus OCT [35–
37] offer possible solutions to the problem.

In the present work, we developed a dual channel dual focus SD-OCT system to image all the
surfaces of the anterior segment of the eye simultaneously for studying accommodation of the
eye. This technique provides a powerful imaging tool for research on the mechanism of
accommodation and presbyopia.

2. Experimental system and performance
A schematic of the experimental system is shown in Fig. 1. The OCT system consisted of two
fiber-based Michelson interferometers with two independent spectrometers for detecting the
combined light from the reference and sample arms. The scanning and optical delivery system
was built on a modified slit lamp with a video camera for guiding the imaging operation. The
sample light beams coming out of the sample fibers were combined by a beam-splitter cube
and then scanned and delivered to the eye by the same x–y galvanometer scanner and optics.
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The two probing beams were coaxial but focused at different depth in the eye: The light beam
responsible for imaging the cornea and the anterior surface of the lens (OCT-1, consisting of
light source SLD1, optics of channnel1, and spectrometer 1) was focused at the anterior
chamber while the other light beam (OCT-2, consisting of light source SLD2, optics of channel
2, and spectrometer 2) was focused at the posterior surface of the lens. The spectrometer in
OCT-1 was specifically designed for the study, which has a calibrated imaging depth of 5.2
mm in air. The spectrometer in OCT-2 is borrowed from our previously built machine for high
resolution retinal imaging, which has a calibrated imaging depth of 2.5 mm. Two
superluminescent diode-based light sources (SLD, Inphenix, USA and Superlum, Russia) with
FWHM bandwidths of 50nm and 100nm were used for the two OCT systems, respectively.
With the same center wavelength of 840 nm the calibrated depth resolutions are 6µm and 3.3µm
in air for OCT-1 and OCT-2, respectively. The linear CCD cameras (Aviiva-SM2-CL-2014,
2048 pixels with 14 micron pixel size operating in 12-bit mode, e2V) in the two spectrometers
were synchronized and operating at a rate of 24k lines per second.

To tune the system we first adjust the reference arm of OCT-1 so the cornea and the anterior
chamber can be imaged with the reference plane being placed in front of the cornea. We then
adjust the reference arm of OCT-2 so the back surface of the lens can be imaged. The distance
between the two OCT images was then measured with a mirror as a sample, which was mounted
on a translation stage in the sample arm. The measured distance was 3.325 mm in air. Knowing
the distance between the images a composite cross-sectional image can be constructed from
them. Then all the surfaces of the anterior segment can be imaged simultaneously with the two
OCT subsystems. The optimizing process is as following: (1) the objective lens was adjusted
to optimize the images of OCT-1; (2) the collimating lens for OCT-2 was adjusted to optimize
the image of the back surface of the lens.

The optical path length difference between the two reference arms was 11.025mm, which is
the addition of the imaging depths in air of OCT-1 and OCT-2 and 3.325mm. Since the distance
between the two reference arms is bigger than the sum of the imaging depths of the two OCT
systems, there’s a gap between the two simultaneous OCT images. As a result, the core of the
lens was not imaged. However, this has no effect in the study of accommodation.

The two OCT subsystems have a similar sensitivity of 95dB and a 20dB sensitivity drop at the
maximal imaging depth. The lateral resolution and the depth-of-focus are 20µm and 3.7mm,
respectively. The total exposure power at the surface of the cornea was 1.4mW, which is safe
for long exposure to the eye according to ANSI Z136.1 (The light was focused on the anterior
segment not the retina). The fast image acquisition speed (24k lines per second) is potentially
suitable for dynamic and real time imaging of accommodation and helpful for reduction of
motion error.

The optical distance of a target to the eye was changed with the movement of the target or lens
L2, therefore the amplitude of accommodation can be controlled subjectively assuming that
the subject could see the target as clearly as possible. Both the OCT channels are controlled
by a single computer and the whole anterior segment of the eye is imaged simultaneously in
real time.

3. Results and discussions
3.1 Simultaneous imaging of the anterior segment of the eye

The right eye of one of the authors (37-year old, −3.50D) was imaged. During the imaging,
the same eye was fixated on a letter chart (Fixating target as shown in Fig. 1) which is movable
along the optical axis in the experimental setup. The volunteer was asked to see a letter as
clearly as possible when the image was acquired in real time. So the amplitude of
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accommodation can be determined subjectively with the optical distance of the letter chart to
the cornea. The eye was imaged in relaxed status then imaged immediately with 2.00D
subjective accommodation in test session 1 and 5.50D subjective accommodation in test
session 2, respectively. The interval between two test sessions was about 15 minutes.

The simultaneous acquisition of the two raw images using the dual channel dual focus OCT is
shown in Fig. 2. The cross-sections (B-Scans) consisting of 2048 A-scans are shown in Fig. 2
(a) and (b). The imaging ranges in Fig. 2 (a) an (b) are 5.2mm and 2.5mm in air, respectively.
The images are then constructed in scale according to the method described in section 2 (Fig.
3). The whole anterior segment of the eye, including cornea, anterior chamber angle, iris,
anterior and posterior surfaces of the capsule and lens, is clearly visualized.

The constructed images are optically corrected for image warping with the corneal refractive
index of 1.389 for 820nm light using a home-developed software (Fig. 4). The algorithm for
the correction is based on the paper by V. Westphal, et al. [38]. The distortion to the OCT
images is mainly caused by the curved boundary between the cornea and air. The difference
of refractive index among the aqueous humour, lens, and vitreous body is relatively small,
which cause negligible distortion of the OCT images.

The change of the shape of the iris can also be observed in the acquired images. In
accommodation status the iris becomes flattened with fewer folds, and the peripheral anterior
chamber becomes more spacious with the contraction of the iris sphincter muscle.

We should admit that the current system was not operating in an optimized condition. We can
see that except the apex the upper part of the cornea isn’t as visible as the posterior part of the
anterior chamber in the OCT-1 images. We believe the reason for the unsatisfactory image
quality is the position of the focal plane. The whole lens was not imaged in the current study
because the imaging depth of one of the subsystems (OCT-2) is only 2.5mm. This problem
can be solved by replacing OCT-2 with a system the same as OCT-1, which has an imaging
depth of 5.2mm.

3.2 Modifications of the anterior segment of the accommodated eye
The dimensions of the anterior segment of the eye, including the central thickness of cornea
and lens, horizontal radii of curvature of the anterior and posterior surface of the lens, were
calculated based on the acquired images. To determine the radius of curvature the boundary
was first segmented manually. The data were then fitted with a circle. The changes of the
dimensions were also calculated in relaxed and accommodated status (Table 1).

Central corneal thickness didn’t change with the test sessions and with the accommodated
status of the eye. The lens became thicker in the accommodated eye than in relaxed eye. And
the depth of the anterior chamber (measured from the apex of cornea to anterior surface of
lens) increased with accommodation. Table 1 also shows the increase of the lens curvature at
both anterior and posterior surfaces of the lens. The accommodation amplitude was calculated
from the distance between the fixating target and the eye.

The differences between the dimensions measured in the condition without accommodation
(columns 1 and 4 of Table 1) are relatively high except that of the central corneal thickness.
Since accommodation has little influence on CCT, we guess that the poor repeatability of the
measurements of other parameters in the relaxed status may be caused by the following factors:
1). The subject might not be completely relaxed in the tests for the condition without
accommodation: the different residual accommodation status might result in different baselines
in these two test sessions. 2). The possible alignment error between the test sessions. These
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two factors also exist in accommodation research using other methods, the effect of which
should be minimized though systematic experimental design.

4. Conclusions
In conclusion, we developed a dual channel dual focus OCT system for real-time imaging of
the accommodation of the eye. This experimental system provides simultaneous imaging of
the whole anterior segment. Thus the modification of the dimensions of the anterior segment,
more particularly the curvatures of the anterior and posterior surface of the lens with
accommodation can be studied non-invasively using high resolution OCT. The preliminary
results presented in this paper demonstrated the feasibility of this approach. However, some
technical details should be optimized and improved in our future work.

The merits of the technique can be summarized as follows:

i. Since two independent channels are used in the system, the imaging speed can be as
fast as the CCD camera can reach.

ii. Since two channels are used the focal planes of the two channels can be in different
depth and can be adjusted independently in the tissue so that the regions of interest
can be selectively enhanced.

The weakness of the current system can be summarized as follows:

i. Since two OCT subsystems are needed the cost for the system is higher

ii. The whole lens was not imaged with our current system because the imaging depth
of one of the subsystems (OCT-2) is only 2.5mm. However, this problem can be
solved by replacing OCT-2 with a system the same as OCT-1, which has an imaging
depth of 5.2mm

iii. Since a beamsplitter was used to couple the two OCT channels, the reflected light in
the sample arm was attenuated 50% for each channel, which affects the signal-to-
noise ratio of the system. However, this problem can be solved if we use two light
sources at different bands, for example one at 840 nm and one at 1050 nm, and a
dichroic mirror is used to couple the two channels
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Fig. 1.
Schematic of the dual channel OCT experimental system. The inserted is the enlargement of
the dual focus configuration of two sample beams.
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Fig. 2.
The simultaneously acquired raw images using the dual channel dual focus OCT show the
anterior chamber (a) and the posterior surface of the lens (b), respectively. These two images
have a distance of 3.325mm in air in the depth direction. Pixels: 2048 × 2048; Imaging range:
5.2 (depth) × 12 (width) mm (a) and 2.5 (depth) × 12 (width) mm (b); White bar: 0.5mm.
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Fig. 3.
The simultaneously acquired images were constructed in scale, but with optical correction. All
the surfaces of the anterior segment of the eye including the cornea, anterior chamber, anterior
and posterior surfaces of crystalline lens and capsule were clearly visualized. The white bar:
0.5mm.
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Fig. 4.
The right eye (−3.50D myopic) of the subject was imaged without accommodation (a) and with
5.5 D accommodation (b). The white bar: 0.5mm.
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