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Abstract: A paralel Frequency Domain Optical Coherence Tomography
(FD-OCT) system and - to the best of our knowledge- first in vivo
tomograms obtained with such system are presented. A full tomogram of
256(x) x 512(z) pixels covering a sample region of 8 mm x 3,8 mm is
recorded in only 1 ms. Since the transverse as well as the depth information
is obtained in parallel, the structure is free of any motion artifacts. In order
to study cross talk issues for paralel illumination the transversal resolution
for athermal light source is compared to that with an SLD.
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1. Introduction

Recent works on Fourier Domain Opticad Coherence Tomography (FD OCT) - first
introduced to the field of biomedical imaging by Fercher et al. in 1995 [1] - demonstrated the
impressive potential of this technique to perform fast in-vivo imaging of biological tissue with
high sensitivity as well as high resolution. The speed advantage as compared to time domain
OCT systems is based on the fact, that the full depth structure is recorded in parallel without
need of depth scanning. The imaging speed could thereby be improved by a factor of 40 and
more, up to an A-line rate of 30 kHz [2-6]. Still one needs to perform lateral scanning of the
sample that ultimately limits the imaging speed. Especially in applications where an exact
knowledge of the structure is necessary any movements during the lateral scanning cause
structural deformations in the tomograms. The measurement time should therefore be
extremely short in order to minimize such movement artifacts [7]. Parallel time domain OCT
was afirst step to avoid the lateral scanning by recording the full transversal object structure
synchronously with a smart pixel detection array [8]; still, the necessary depth scanning
limited the achievable tomogram rate. The same applies to full field optical coherence
microscopy [9], where in addition a phase shifting device is needed. In 1999 Zuluaga and
Richards-Kortum [10] reported a fully parallel FD OCT system that needs neither lateral nor
longitudinal scanning. They imaged a fixed technical sample for demonstrating the principle.
The content of the current work is to present a fully parallel FD OCT system that alows in-
vivo real time imaging of human eye structures. The motivation is to use the measured data as
input to ray tracing routines that allow a true geometrical reconstruction of eye interfaces and
their topology [11].

2. Methods
2.1 Experimental setup

Figure 1(a) shows a scheme of the setup. In order to produce a dlit illumination on the sample
the collimated light is passed through a cylindrical lens CL (f=100 mm). A chopper wheel is
placed in the focal plane of the lens. It is needed for blocking the light during the read out
process of the CCD camera. The dlit dimension on the sample after lenses L2 and L3

(achromat, f=100 mm) is 8.6 um x 12 mm. (Fig. 1(b)).
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Fig. 1. (8) The schematic of the Parallel FD OCT system. SLD - light source; L1 — collimator;
CL-cylindrical lens, =100 mm; L1- L5 - achromatic lens f=100 mm; NPBS - non-polarizing
beam splitter 50:50; L6, L7 - achromatic lens =310 mm; DG — diffraction grating; (b)
Demonstration of lineillumination (millimeter scale)

Two different light sources were used for illumination: a SLD (Superlum Diodes Ltd) with the
central wavelength at 811 nm and a full width a half maximum spectral width (FWHM) of
17 nm, and a halogen lamp with a center wavelength of 800 nm and an optically filtered
FWHM of 100 nm. Figure 2 displays both spectra together with the temporal coherence
functions of the light exiting from the interferometer. For the SLD one achieves a theoretical
axial resolution of 17 um whereas for the halogen lamp the axial resolution is 3um (Fig. 2(b)).
The power at the sample for the SLD was 2 mW, whereas for the halogen lamp it was only
500 pW.
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Fig. 2. (a) Spectrum of the interferometer output after subtraction of the reference arm light:

SLD (Red), Halogen Lamp (Blue), (b) Normalized coherence envelope after FFT of (a): SLD
(Red), Halogen Lamp (Blue).
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An anamorphotic optical scheme is used. The beam propagation and optical arrangement for
the vertical and horizontal planes of that scheme are shown in Fig. 3. The point spread
function in the camera plane after the camera lens (achromatic doublet f=310 mm) has a 1/€?
diameter of 8.6 um with abeam waist of 12 mm at lens L7. With a CCD pixel size of 26 um x
26 um diffraction limited detection is assured. The line illumination can be viewed as a set of
paralel channels, each of them associated with a different transverse position on the sample.
These channels are spectrally dispersed by the diffraction grating (1800 linesmm for the SLD
and 1200 lines'mm for the thermal light) and recorded individualy on different vertical lines
of the CCD area (Andor H1024 x V256, 1 MHz ADC). Thetransversal field of view captured
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by the camera finally amounts to 6.7mm. One full tomogram of 256(x) x 512(z) pixels is
recorded in only 1ms. The data readout and post processing need in total 300 ms. Hence with
the current equipment a full tomogram repetition rate of 3 Hz is achieved. This is mainly
limited by the digital-to-analog conversion speed of the CCD. There are already commercially
available CCD systems that would allow for 60 tomograms per second and more.
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Fig. 3. Diagrams of optical paths for two orthogonal planes of the anamorphic optical system.
The abbreviations arethe same asin Fig. 1.

2. 2 Senditivity and resolution

As already mentioned the important advantage of FD OCT system in comparison to TD OCT
setups is the increased sensitivity [2, 3]. Since the power is distributed over al parallel
channels one ends up with a factor of 1/100 or less of the illumination power for each
transverse channel. The SLD alowed for an optical power of 8 UW per transversal channel
(2mW divided by the 250 lines of the CCD). A theoretical analysis shows that with a mere
power of 8 uW it is still possible to achieve a shot noise limited sensitivity of 96 dB for an
exposure time of 1 mswith FD OCT [2, 3]. The experimental sensitivity of our system in the
center of the transverse dlit is 89 dB. It was measured with an attenuation of —40 dB in the
sample arm and by adjusting the reference arm power until the recorded spectrum was close to
the saturation level of the CCD. The sensitivity was then calculated by measuring the signal-
to-noiseratio (SNR) between signal peak after FFT and the ambient noise rms and accounting
for the additional —40 dB attenuation. Ideally the exposure time should be reduced to < 1 ms
to avoid blurring and averaging of the interference fringes on the CCD [2, 7]. An increased
background level due to coherent and incoherent cross talk might cause the difference of the
measured sensitivity to the theoretical value. It was shown recently that an increase of
incoherent background has a strong advert effect on the system sensitivity and dynamic range
[13]. Moreover, only 7 mm of the full 12 mm line are actually imaged onto the CCD, which
additionally decreases the effective system sensitivity.

The lateral resolution of the system can be measured by determining the smallest
resolvable element of a USAF chromium resolution test target (RTT) (USAF 1951 chromium
positive 04TRP003, Melles Griot) that is clearly resolved (peak maximum is bigger than twice
the modulation depth, disregarding the background). Two types of light sources, an SLD and a
thermal Tungsten Halogen Lamp, are compared to see how their spatial coherence properties
affect the transverse resolution. The smallest resolvable elements for SLD and halogen lamp
were 6.35-line pairsmm (group 2 element 5) and 11.3-line pairsmm (group 3 element 4)
respectively (Fig. 4). This corresponds to a lateral resolution of ~100 um and ~50 um
respectively. The chosen optics (Fig. 1) allows for a one-to-one imaging relation between the
transverse extension of the probed sample region and the vertical CCD plane size. Hence the
theoretical maximal resolution is given according to the sampling theorem by twice the pixel
size of the CCD, i.e. 50 um. One observes that the lateral resolution with the thermal light

#6199 - $15.00 US Received 5 January 2005; revised 8 February 2005; accepted 8 February 2005
(C) 2005 OsA 21 February 2005/ Vol. 13, No. 4/ OPTICS EXPRESS 1134



source matches the theoretical limit, whereas for the SLD it is aimost two times worse. This
can be attributed to coherent cross talk in case of the SLD. A spatially incoherent light source
on the other hand can be viewed of as a set of parallel channels, which consists of a multitude
of gpatially coherent image spots. The extension of these spots is given by Van Zitter -
Zernike' s theorem [14]. Since there is no statistic correlation between different spots it can be
clearly seen that the spatial incoherence of thermal light provides an efficient mechanism for
suppression of coherent crosstalk [15].
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Fig. 4. (a) OCT tomogram of RTT- Group 1 —with SLD; (b) OCT tomogram of RTT- Group 2
with Halogen Lamp; (c) Cross section along the RTT surface for SLD, and in (d) for the
Halogen Lamp.

Nevertheless the power of the thermal light source was too small for an efficient imaging of
biological tissue. Moreover the broad spectrum allows only for a limited depth range. For
these reasons, the SLD was chosen for the subseguent in-vivo experiments.

2.3. Laser safety issues

Since the beam at the sample forms a line one has different illumination properties of the
horizontal and vertical incident planes. The beam has a high divergence after the eye lens in
the meridional plane, and is focused onto the retinain the saggital direction[16]. According to
the ANSI standards [17] of laser safety the retinal thermal exposure limits depend on the
angular subtence « of the apparent source. Since the lenses L2 and L3 form a telescope with
enlargement equal to one, the position of cylindrical lens relative to the eye is virtually the
same as that of lens L3. The angular subtence depends on the position of the eye relative to
the focal plane of lens L3. In the present case the focal plane lies somewhere between the
cornea and the eye lens, i.e, o= 12 mm/100 mm = 120 mrad (Fig. 5). Assuming an eye
exposure time of t=100 s, one obtains for the maximal permissible exposure at 4 = 811 nm,
MPE = 9.12 mW.mm?.
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Fig. 5. Calculation of MPE for the eye

One can see that an illumination of 2 MW along a line of 12 mm is well below the MPE for
eye exposure. Nevertheless, one should take into account that the power distribution along the
line is not homogeneous but follows a Gaussian profile. This effect is minimized by choosing
a line height at the sample of 12 mm that is larger than the actual eye pupil diameter of
~7 mm.

3. Results and discussion

Figure 6(a) and (b) show the angular region of the anterior chamber of a healthy volunteer. It
is awell-known fact that FDOCT suffers from a decrease of SNR with increasing depth range.
In the present case a SNR drop of 14 dB as one advances to the maximal depth position was
measured. This decay follows a sinc function and is determined by the horizontal pixel width
of the CCD [2]. In order to compensate for this effect, each depth profile was corrected by
multiplication with a function that shows the inverse behavior of the decay. This method is
basically a deconvolution technique. Figure 6(a) and (b) show images of the chamber angle
before and after the correction. One observes an increased contrast especialy in the iris
region. Figure 6(c) shows atomogram of the full anterior chamber.

©

Fig. 6. Human eye in vivo - Anterior chamber angle (a) without and (b) with correction. (c)
Cornea and iris at a position close to iris rim; the scale bars correspond to 1mm vertically and
0.5mm horizontally.
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The current achievable depth range is not sufficient for imaging the central part of the cornea
together with the iris; therefore a region close to the rim of the iris was chosen. At this
position the iris appears fully closed. However, the depth range limitation can be relaxed by
using phase shifting algorithms[18, 19, 20].

4, Conclusions

In conclusion a parallel FD OCT system is presented that is capable of imaging biological
structures in vivo. To the best of our knowledge the first in vivo tomograms obtained with a
full parallel FD OCT system are presented. The system shows sufficient sensitivity to image
biological tissue despite the small power of 8 uW for each transversal channel. A full
tomogram is recorded in only 1ms. Being free of any motion artifacts this data is of great
value for investigating the optical properties such as topography and refractive power of the
cornea and lens of the human eye. It is demonstrated that a spatially incoherent light source
such as the halogen lamp alows for an efficient suppression of coherent crosstalk resulting in
an increased transversal resolution. Although such light source would be the ideal choice for a
paralel detection system the small available output power limits its use for fast imaging of
biological samples.
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