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This contribution presents an application of frequency-domain optical
tomography to ophthalmology. Essential theoretical foundations of time-
-domain and frequency-domain optical tomography are presented. Images
of sections through the anterior chamber, the corneo-scleral angle and fun-
dus of the eye are reconstructed from the spectral fringes. The morphological
information gained by tomograms is important for diagnosing and planning
of a treatment of glaucoma.

PACS numbers: 42.30.Wb, 42.66.Ew, 42.66.—p, 07.60.—j, 07.60.Ly

1. Introduction

In optical coherence tomography (OCT), one detects light scattered back
from an object that is illuminated by a light source of low temporal but high
spatial, coherence. The narrow beam of such light penetrates the object, scatters
from the elements of its structure and is brought to interference with a reference
beam by the use of an interferometer. Because of low temporal coherence of the
light the interference can occur only when the optical paths of the reference and
scattered beams are equal to within the range of the longitudinal coherence length.
Therefore, if an optical delay line is employed to change the optical path of the
reference beam, the depth position of the scattering centre is easily obtained from
the corresponding position of a reference mirror on registration of the interference
signal.
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Some improvements in OCT technique have been made to eliminate mov-
ing parts, shorten the collection time, enhance signal-to-noise ratio and make the
system insensitive to low frequency oscillations. One of the most promising new
implementation is frequency-domain OCT [1]. Here, information on the distribu-
tion of the scattering centres along the path of the probing beam is obtained simply
by the Fourier transform of the interference pattern superimposed on a spectrum
of the light produced at the output of the interferometer. Frequency-domain OCT
requires a spectrometer (a grating) to produce a spectrum, and a CCD camera to
register 1t. As it does not require moving parts it potentially could be faster than
time-domain OCT.

At present, the temporal OCT technique dominates. The frequency-domain
technique is less mature and therefore, so far, less popular in application. However,
the elimination of moving parts integral to the measurement [2], the short collec-
tion time, and the inherently direct access to spectral information [3], all render
this technique advantageous in comparison with temporal OCT. The depth range,
which basically depends on spectral resolution, may be extended by application of
a so-called complex analysis [4]. Fourier spectral radar is a technique originating
from frequency-domain OCT. It measures the profile of a skin surface, as first
demonstrated by Hausler and Lindner [5].

The most advanced application of OCT is in ophthalmology, where imaging
studies have demonstrated significant potential for routine clinical examination of
the anterior chamber of the eye, of the crystalline lens, and of the retina [6].

In the present contribution, the technological implementation of frequency-
-domain OCT to ophthalmology is presented.

2. Theory

The basic technique of the OCT is partial coherence interferometry, i.e. in-
terference of broadband light waves. A beam originating from a light source is
split into two partially coherent beams. One beam penetrates an object along the
z-axis, and 1s scattered from the ¢-th scattering centre. The optics ensure that
only the fraction which is scattered back along the z-axis is transmitted back to
the interferometer. The complex representation of the polichromatic light wave u;
scattered from the object 1s following:

+oo
w=ult+m)= / U;(v) exp[—27iv(t 4+ 7;)]dv, (1)
where U;(v) is a complex amplitude.

The complex representation of the beam reflected from the reference

mirror 1s

+oo
up = u(t+ 1) = /_ Up(v) exp[—2miv(t + ) ]dv, (2)

oQ
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These two beams are delayed by 7; = 2z; /¢ and 7, = 2z, /¢, respectively. Resulting
interference is registered by a photodetector.

In order to make theoretical equations more comprehensive we assume one
state of polarisation and equal intensities of light reflected from the reference mirror
and scattered back from an object.

2.1. Time-domain OCT

The information on the position of scattering centres in temporal OCT de-
rives directly from the equation describing the interference of two beams

I(ry, =) =L + L4Re{I' (s — 1)}, (3)

where I, = (u(t + mo)u*(t + 71)) and I; = (u(t + 7)u*(t + 7;)) are the intensities of
light scattered at the i-th centre and reflected from the mirror, respectively, and
I(ri—7p) = {u(t + 1o )u*(t + 73)) is a first-order electric field correlation function.

It is clear from Eq. (3) that interference will be registered if the delay 7
introduced by a mirror displacement is equal to 7; = 2z;/¢ within the coherence
length.

2.2. Frequency-domain OCT

In frequency-domain OCT, the interferogram is measured as a function of
frequency [7]:

Guu(v) = Gu,uv,(v) + Z Gu,u,(v) + 2Re Z Guu;(v)
i#j

+2Re

Z GUIU,(V)] , (4)

)

where Gy,v,(v) = limp_c [%TU;(V)] is called cross-spectral density func-

tion [8], U:(v) = f_-l_:j u(t 4 1) exp(2mivt)dt = FT™ u(t + )] is the Fourier
transform of the light wave reflected from the reference mirror, and >, U;(v) =

f+oo (t + 7)) exp(2mivt)dt = S, FT™ u(t + ;)] originates from light waves
backscattered along the penetrating beam within the object. Therefore, a Fourier
transform of the cross-spectral density function Gy (k) yields

T Gro(v)]) = FT ™ [Guo, (v)] + ZFT [Guo,(v)]

+2> FT7YGE L, (v)] + QZFT GR o, V)], (5)
i#j
where superscript R denotes the real part of G.
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According to the Wiener—Khinchin theorem [7], there is a correspondence
between a truncated real spectrum and the complex first-order electric field cor-
relation function, I

+oo

I'(ry=4 i GII}IU2(I/) exp(—2mivt)dv. (6)

Applying this theorem to Eq. (5), one obtains

FT Guo(W)] = T(r)+ > _ Li(m) + Y Tr+m—m)+ > T(r+m—1)

i#] i#]

—I-ZF(T—I—TZ'—Tr)+ZF(T+Tr_Ti)~ (7)

The function described by Eq. (7) is symmetrical about 7 = 0 because it represents
a Fourier transform of a real function. Two first terms produce intense peaks at
7 = 0. The two next depend on mutual positions of scattering centres within the
object and do not convey any useful information on the structure of the object.
Both groups may be regarded as parasitic ones. Two last terms in Eq. (7) pro-
vide direct information on the positions of scattering centres with respect to the
(constant) position of the reference mirror. It may be noted that the position of
the first four terms on the 7 scale does not depend on the position of the refer-
ence mirror while the last two terms by definition depend on the position of the
reference mirror.

All terms mix, which deteriorates signal-to-noise ratio and obscures the in-
terpretation of the results. Therefore the most important task is to extract two last
terms which contain direct information on the positions of scattering centres. The
different dependence of parasitic and useful terms on the reference mirror position
allows to extract the useful signal. In the simplest method the reference mirror is
shifted by a distance larger than max(z; — z;) causing that the terms containing
useful information are separated from the obscuring ones. Such a procedure re-
duces a useful measured range which is especially severe in the case of the objects
of considerable thickness. Another method — so-called complex method [4] — al-
lows to calculate the phase ¢(v) and amplitude a(v) of complex Gy,7,(v) from the
five consecutive measurements of Gy (v) at five different positions of the refer-
ence mirror. Finally, the FT=!{a(v)exp[i¢(v)]} yields pure structural information
of the object.

3. Method

The OCT instrument is based on the Michelson interferometer setup (Fig. 1).
The light source is a superluminescent diode emitting at 810 nm with a 20 nm
FWHM (Superlum, Moscow); for detailed description of the superluminescent
diodes see [9]. The reference mirror is placed on the piezo-translator (Fig. 1a) for
the complex method. The detection unit consists of a diffraction grating
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(1800 grooves/mm blazed at A, = 800 nm) and a 16-bit CCD camera (Andor
Technologies). A helium-neon laser serves for beam adjustment. The software,
which controls the equipment and analyses the data, is written in the Lab-View
environment.

Fig. 1. Optical scheme of (a) complex frequency-domain OCT device used in
corneo-scleral angle measurement, (b) frequency-domain OCT applied to measure a
fundus: SLD — superluminescent diode, BC — collimator, EBS — edge beam splitter,
HeNe — helium-neon laser, RM — reference mirror, PI — piezo-element, BS — beam
splitter, OL. — objective lens, .1 — lens, TS — transversal scanner, BE — beam

expander, DG — diffraction grating, CL. — camera objective, CCD — camera.

In order to create images of the corneo-scleral angle it was necessary to
rotate the optical axis of the eye approximately 30° from the optical axis of the
instrument. The transverse scanner TS and the cornea were placed at the focal
points of the object lens OL (f = 80 mm). Such design ensures that the direction of
the beam is insensitive to the scanner angle. The optical system produces relatively
small probing spot size (Az & 35 pm) together with relatively long depth of focus
Az ~ 3 mm.

For imaging of the retina the imaging system employs the lens L1 (f =
80 mm), which focuses the beam on the scanner and the object lens OL (f =
12 mm). These two lenses form a telescope producing a parallel beam, which
is focused on the retina by an optical system of the eye. The arrangement of
the optical system guarantees that the scanning beam enters the eye at different
angles but hits the same point at the pupil. The spot size and depth of focus are
Az 2~ 10 pm, Az & 0.5 mm, respectively. In order to increase the signal-to-noise
ratio all lenses were coated with antireflection layers. In both cases the incident
power was approximately 250 pW.

The dynamic range 67 dB was estimated experimentally as the ratio of the
optical power corresponding to camera saturation to the optical power, at which
interference fringes were still distinguishable from the noise.
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4. Results and discussion

The tomogram of the anterior chamber of a porcine eye is presented in Fig. 2.
The image consists of 700 vertical lines. Here the complex method was used to ex-
tract the useful information from the total signal. As a result, a depth of 0.4 cm
in the axial direction, twice more than for the conventional frequency-domain
technique, was obtained. Such clear reproduction of a corneal profile may be
helpful in planning and following up keratotomy operations. The anatomy of the
corneo-scleral angle is partially obscured by the nontransparent sclera.

L

1mm 0.2mm

Fig. 2. Optical tomogram of the anterior chamber of a pig eye in vitro. CR — cornea,
SC — sclera, LS — lens, IR — iris.
Fig. 3. Optical tomographic image of the corneo-scleral angle of a pig eye in vitro.

CR — cornea, SC — sclera, IR — iris, C-S — corneo-scleral angle region.

In order to get an image of details of the corneo-scleral angle hidden under
sclera, the penetrating beam was directed at an angle of approximately 30° to
the optical axis of the eye. The image (Fig. 3) exhibits more details but due to
refraction the geometry of the image considerably differs from that presented at
Fig. 2. Information provided here might be instrumental in planning and perform-
ing trabeculoplasty.
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Fig. 4. Frequency-domain OCT tomogram of part of a pig eye fundus in wvitro,
RFNL — retinal nerve fibre layer.

Figure 4 shows the tomogram of the retina of the porcine eye. The informa-
tion on the position of the scattering centres was separated from the total signal
by an appropriate shift of the reference mirror. The border between the vitreous
and the surface of the retina is sharp and the topography of optic disc is visi-
ble. As structural parts of the retina do not differ in refractive index, its internal
structure, as revealed by OCT, is considerably blurred. Nevertheless, it is possible
to estimate the thickness of the nerve fibre layer — the essential parameter in
diagnosis of glaucoma. The visibility of anatomical details depends on the rate of
change of refractive index along the interrogating beam. If it changes abruptly, as
at the cornea—air, cornea-liquid, vitreous-retina interface, the image is sharp and
clear. If the refractive index varies gently, as in case of the retina, the image is
blurred. Obviously, if there is strong absorption or scattering, the photons are lost
and the image cannot be reconstructed to the desired depth. For weakly absorbing
and weakly scattering media of the anterior chamber the penetration is limited
only by spectral resolution, while for the retina is merely 0.6 mm.

It should be noted that the dimensions in OCT tomograms are in fact prod-
ucts of refractive index and geometrical dimensions. In order to obtain real ge-
ometry, therefore, the image must be corrected by taking refraction into account.
The need of such correction is evident when two tomograms collected at different
angles are compared.

In our original setup the rate determining process was data transmission
between CCD and PC which caused that it took about 1.5 minutes to collect the
data necessary to reconstruct the image composed of 700 lines (like in Fig. 2), the
recent improvements in the CCD driver has shortened this time to 2 seconds not
unacceptably long for a measurement in human patients. Our goal is to achieve
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at least 100 ps per A-scan in order to perform real time retinal OCT imaging.

This will influence patient’s comfort and it will make the method less sensitive for

accidental eye and head movement, which results in improvement of the quality

of retinal tomograms.

5. Conclusions

This work presented in this paper demonstrates the potential diagnostic

value of the OCT and indicates the advantages to be gained from the frequency-

domain method as compared with the time-domain version.
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